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1 Introduction 

The Division of Combustion Physics is since 1991 a separate division within the Department of 
Physics at the Faculty of Engineering (LTH) of Lund University. The scientific activities have a 
long tradition in developing and applying laser techniques for combustion diagnostics, and in the 
area of chemical kinetics. In 2005, there was a reduction of governmental support to energy 
research in general by a factor of two, which caused a major uncertainty of future support. 
Although this was changed after a year, this was contributing to the decision by two 
internationally recruited staff members to return to their home countries. This loss caused 
vacancies in the area of chemical kinetics and laser diagnostics. In the former case a new 
professorship was announced and we were very happy to be able to recruit Prof. Alexander 
Konnov to this position. The latter loss has been possible, at least partly, to cover by internal 
promotions where we during the last period have had four promotions to associate 
professorships (universitetslektor). 

All scientific activities at the Division 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 in the area of combustion. Thanks to this Centre, the Division has 
during the last years been heavily involved in other large centres, e.g. the Centre of Competence 
in Combustion Processes (KCFP) as well as the National Graduate School in Combustion 
Science and Technology, CECOST.  

Thanks to Centre activities above it was decided by the University to set-up a new building 
located within the Department of Physics. This building, of about 2000 m2, was inaugurated in 
October 2001 and hosts, beside the Division of Combustion Physics, also  personnel from the 
Dept. of Energy Sciences, as well as Dept of Fire and Safety Engineering. 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 and during the last years successful experiments have been 
carried out, mainly within the CECOST and TURBOKRAFT programs. 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 managed by the Department of Energy Sciences and 
Department of Fire and Safety Engineering, respectively.  

During the last period, the main large program running at the Division has been in the 
framework of CECOST, KCFP and TURBOKRAFT, all partly financed through by Swedish 
Energy Agency, and Industry. Also from the Strategic Foundation, SSF, and the VR Linneus 
grant within Lund Laser Centre, there have been important projects. A new large project initiated 
during the last period is an ERC Advanced Investigator Grant which was awarded M. Aldén. 
Another initiative in the framework of soot has been initiated within the framework of the 
Pufendorf Institute where our Division is participating with studies of soot formation processes 
using laser techniques. 
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Teaching and education is important for the Division. Thanks to the policy at the Department as 
well as good work of our staff members, we have a growing teaching activity and are able to 
convey unique research results in an area of large industrial and societal importance directly to 
the students. 

 

Lund 1/3 2012 

 

Marcus Aldén, prof 

Head, Combustion Physics 
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2 General Information 

2.1 Staff 

The staff included the following members: 
 

Marcus Aldén, Professor, Head of Division 

Per-Erik Bengtsson, Professor 

Alexander Konnov, Professor (090801-) 

Mark Linne, adj prof (-090630) 

Ingemar Magnusson, Adj prof (-111130) 

 

Edward Berrocal, PhD, Ass prof (110401-) 

Henrik Bladh, PhD, Ass prof (090701-) 

Joakim Bood, PhD, Docent, Senior 
lecturer (100501-)  

Christan Brackmann, PhD (101231-) 

Robert Collin, PhD  

Elna Heimdahl Nilsson, PhD 

Zhongshan Li, PhD, Docent, Senior 
lecturer (111101-)  

Sven-Inge Möller, PhD, Research 
administrative director (110401-) 

Frederik Ossler, PhD, Docent 

Sven-Göran Pettersson, Senior lecturer 
PhD  

Mattias Richter, PhD, Docent, Senior 
lecturer (110401-) 

Johan Zetterberg, PhD, Ass prof  

 

Vladimir Alekseev, grad. stud (100901-) 

Andreas Arvidsson, grad. stud. (-110228) 

Alexis Bohlin, grad. stud.  

Moah Christensen, grad. stud. (110801-) 

Andreas Ehn, grad. stud. 

Olof Johansson, grad. stud. (-110630) 

Jonathan Johnsson, grad. stud. 

Malin Jonsson, grad. stud. (100815-) 

Billy Kaldvee, grad. stud.  

Elias Kristensson, grad. stud.  

Christoph Knappe, grad. stud.  

Andreas Lantz, grad. stud.  

Tomas Leffler, grad. stud. (111125-) 

Bo Li, grad. stud.  

Johannes Lindén, grad. stud.  

Jenny Nauclér, grad. stud. (100621-) 

Emil Nordström, grad. stud. (100901-) 

Nils-Erik Olofsson, grad. stud. (091001-) 

Per Petersson, grad. stud. 

Anna Pettersson, grad. Stud. (FOI) 

Joakim Rosell, grad. stud. (100815-) 

Anna-Lena Sahlberg, grad. stud. (110101-) 

David Sedarsky, grad. stud. (-100831) 

Johan Sjöholm, grad. stud.  

Zhiwei Sun, grad. stud.  

Linda Vallenhag, grad. stud. (090701-) 

Rikard Wellander, grad. stud. (090901-) 

Ronald Whiddon, grad. stud.  

Bo Zhou, grad. stud. (110501-) 

Jiajian Zhu, grad. stud. (111101-) 

 

Cecilia Bille, economic. adm. 

Sara Holmgren, secretary (090601-100531) 

Anneli Nilsson, secretary (-100430) 

Eva Persson, secretary  

Minna Ramkull, secretary (100601-) 

 

Susanne Dunér, engineer (-110131) 

Åke Johansson, IT-technician (110307-
110930) 

Rutger Lorensson, engineer 

 

Yong He, holder of a scholarship (100816-
110630; 111018-) 

Zhihua Wang, holder of a scholarship 
(100206-110131) 

Li Yang, holder of a scholarship (100206-
100730) 
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Xue Shen, holder of a scholarship (100901-
110630) 

Ramsia Sreij, holder of a scholarship 
(110401-111007) 

2.2 Visitors 

Johannes Kiefer, holder of a scholarship, 
(within Large Scale Facility, 090224-090322, 
100521-100616, 110601-110615) 

Lucia Araneo, holder of a scholarship, 
(within Large Scale Facility 090204-090222) 

Julien Manin, holder of a scholarship, 
(within Large Scale Facility 090207-090222) 

Igor Maglinski, holder of a scholarship, 
(within Large Scale Facility 090330-090401, 
090601-090604) 

Matthis Achilles, holder of a scholarship, 
(within Large Scale Facility 100607-100622) 

Harri Hillamo, holder of a scholarship, 
(within Large Scale Facility 100329-100608) 

Lars Seidel, holder of a scholarship, (within 
Large Scale Facility 100214-100320) 

Marcelo Henrique de Andrade Oliveira, 
holder of a scholarship, (within Large Scale 
Facility 100118-100630) 

Stine Hansen, holder of a scholarship, 
(within Large Scale Facility 090927-091007) 

Stefano di Stasio, (110607-110626) 

Etienne Robert, holder of a scholarship, 
(within Large Scale Facility 110613-110626, 
110829-110902) 

Peter Moukewitz holder of a scholarship, 
(within Large Scale Facility 110829-110902) 

Zeyad Alwahabi, (110713-110902) 

Valeri Baev holder of a scholarship, (within 
Large Scale Facility 111011-111018) 

Sergey Cheskis holder of a scholarship, 
(within Large Scale Facility 111011-111114) 

 

2.3 Academic Degrees during 2009-2011 

Doctorates: 

David Sedarsky, “Ballistic Imaging of Transient Phenomena in Turbid Media”, LRCP-138 

Andreas Arvidsson, “Development of an Automatic Reduction Tool for Chemical Mechanisms 
and an Optimized Sparse Matrix Solver for Systems of Differential and Algebraic Equations”, 
LRCP-141 

Olof Johansson, “Development and application of photofragmentation laser-induced 
fluorescence for visualization of hydrogen peroxides”, LRCP-143 

 

Diploma paper: 

Linus Frantzich, “Experimental and theoretical design of a near-field LIDAR telescope”, 
LRCP-134 

Nils Hernäng, “Experimental investigations of carbon black aerosols”, LRCP-136 

Martin Levenius, “Stand-off species detection through picosecond Raman LIDAR with 
temporal flourescence suppression and telescope charaterisation”, LRCP-137 

Susan Lindecrantz, “Investigation of flame emission and absorption spectroscopy using 
HITRAN/HITEMP database and simulations for concentration and temperature determination 
in combustion environments”, LRCP-140 



2.4 SEMINARS 5 

 

Bo Zhou, “Spatially resolved temperature and comcentration determination in flames using 
FTIR emission spectroscopy combined with HITRAN/HITEMP”, LRCP-142 

Odd Hole, “In situ HF-concentration measurements in combustion environments using diode 
laser absorption spectroscopy”, LRCP-144 

Moah Christensen, “Chemical kinetics of formaldehyde in biofuel combustion”, LRCP-145 

Nawzad Al-Habib, “Investigations on the detection of signal decays originating from Laser 
Induced phosphorescence”, LRCP-146 

Robert Koch, “Design and application of a test setup for measuring phosphor annealing 
processes”, LRCP-147 

Fahed Abou Nada, “Investigations on Detector Non-Linear Response for the Optimization of 
Laser-Induced Phospjorescence Decay-Time Detection”, LRCP-148 

Dmitri Marchand, “In situ detection of benzene molecules with UV absorption spectroscopy”, 
LRCP-149 

Joakim Jönsson, “Acceleration and Optimisation of a Monte Carlo Code for Light propagation 
in sprays and other scattering media”, LRCP-150 

Andreas Wirtz, “Measurement of various exhaust gas components using broadband absorption 
spectroscopy with a UV-LED light source”, LRCP-133 

Kajsa Larsson, “?”, LRCP-151 

2.4 Seminars 

Derek Dunn-Rankin, University of California Irvien, “In-situ particle sizing and counting with 
novel laser spectroscopies”, 091126 

Wanghau Shu, Tianjin University, China, “A hybrid control strategy of diesel combustion and 
spray structure studies in engine.like condition by PLIEF”, 100617 

Stefano di Stasio, Aerosol and Nanostructures Lab, Head Istituto Motori – CNR, Napoli, 
“Metal/Metal Oxide Quasi 1-D Nanostructures: synthesis, properties, applications to gas sensors 
and energy conversion technology”, 110621 

George Skevis, School of Mechanical Engineering National Technical University of Athens, 
Greece, “Numerical and Experimental Combustion Chemistry for Thermochemical 
Applications”, 110126 

2.5 Participation in International and National Projects 

EU and ESA Program Subject 

 ESA COSYMONA Combustion Synthesis of Functional Metal Oxide 
Nanoparticles 

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

LUCC RITA Transnational Access to Lund University Combustion 
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Centre - Specific support action 

AEROTEST Remote Sensing Technique for Aeroengine Emission 
Certification and Monitoring 

ECO-ENGINES Energy Conversion in Engines. 

INTELLECT Integrated Lean Low Emission Combustor Design 
Methodology 

NICE New Integrated Combustion System for future Passenger 
Car Engines. 

TLC Towards Lean Combustion 

HELIOS High Pressure Electronically controlled gas injection for 
marine two-stroke diesel engines 

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

 

Funding agency   Subject 

FOI/VINNOVA Remote detection of explosive substances, DETEX 

Swedish Research Council MENA, Egypt. Detailed studies of premixed burners 
using highly advanced laser-based techniques 

Swedish Research Council Development and application of laser techniques for 
combustion/flow diagnostics 

Swedish Research Council High-resolution studies of particle formation processes in 
reactive systems: Implications to combustion and 
environmental control 

Swedish Research Council Understanding soot formation, growth and aggregation 
using elastic light scattering and laser-induced 
incandescence 

Swedish Research Council 
Development and application of mid-infrared resonant 
four-wave mixing laser techniques for diagnostics and 
optimization of Thermochemical Conversion Processes  

Swedish Research Council Development of a laser method for characterization of 
Nano particles from combustion 

Swedish Research Council Investigation of NOx combustion chemistry in laminar 

flames in H / N / O system  

Swedish Research Council Development and application of polarization spectroscopy 
for high temperature gas-phase diagnostics 
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 Swedish Energy Agency Advanced laser spectroscopy using coherent Raman 
techniques for diagnostics of combustion processes and 
other gaseous systems 

Swedish Energy Agency High-resolution studies of particle formation processes in 
reactive systems 

Swedish Energy Agency Research in the Lund University High Pressure 
Combustor Rig within CECOST and other 
national/international research programs 

Swedish Energy Agency Upgrading of the High Pressure Combustion Rig at Lund 
University 

Swedish Energy Agency D60l - The 60% efficient Diesel engine - laser-based 
diagnostics 

Swedish Energy Agency Center of Competence in Combustion Processes (KCFP) 

Swedish Energy Agency 

 

Laser diagnostics on fuels in combustion processes with 
advanced coherent Raman Techniques 

Swedish Energy Agency 

 

Model based control of the internal combustion engine 

Swedish Energy Agency A Swedish-Chinese collaborative project: Technology 
development related to solid-fuel gasification and oxy-fuel 
combustion 

Swedish Energy Agency Turbo power  

Danish GREEN 

 

The division of Combustion Physics administrates the Centre for Combustion Science and 
Technology (CECOST). The Center is financed by the Swedish Foundation for Strategic 
Research and the Swedish Energy Agency together with Swedish industry.   

Combustion Physics cooperates with a number of industrial partners e.g. E.ON Sweden AB, 
Tetra Pak Sweden, Husqvarna AB and Siemens Industrial Turbomachinery AB either within the 
program activities or in bilateral projects. 

2.6 Budget 

The Division’s turnover (income per year) for 2009 totaled 33 MSEK of which ~83% came 
from external sources, for 2010 totaled 35 MSEK of which ~85% came from external sources 
and for 2011 totaled 43 MSEK of which ~84% came from external sources.   
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3 Courses 

The division of Combustion Physics contributes to teaching of a large number of courses at the 
Physics department. In four of these courses we have course responsibility. 

3.1 Fundamental Combustion (FBR012) 

This is an optional course for students in Engineering physics, Mechanical engineering, and 
Environmental engineering. The course has the last years been given by Alexander A. Konnov. 
The course gives 7.5 ECTS and runs over a period of two months (March-May). The course 
literature consists of texts written by the course responsible and some excerpts from text books. 
The course has one laboratory exercise, and a project corresponding to about 2 ECTS points. 
There is a written examination at the end of the course. 

The aim of the course is to provide a fundamental understanding for the physical processes in 
combustion. Important areas are thermodynamics, chemical kinetics, radiation, transport 
processes. From this basic understanding combustion phenomena and systems can be analysed 
such as autoignition, flame propagation, extinction, and pollutant formation.  

Lectures summarize course parts and exemplify different parts of the text book. Exercises give 
training for students to work with problems. Laboratory exercises trains students in experimental 
work and to summarize the results in a technical report. Demonstrations exemplify the course 
parts and facilitate learning. In the project the student investigates a specific topic, writes a report 
and presents it orally. 

3.2 Laser-based Combustion Diagnostics (FBR024) 

Advanced course optional for fourth-year students on the Engineering Physics program (F), 
Master students on the Photonics programs (Master in Physics at the Science Faculty and the 
international Master program), and for graduate students. The course has the last year been given 
by Mattias Richter. It gives 7.5 ECTS and is given annually from January to March. The aim of 
the course is to provide a fundamental understanding (based on physics) of the potential for 
laser-based techniques to non-intrusively measure parameters such as species concentrations and 
temperatures in combustion processes. The course literature has been the textbook by A.C. 
Eckbreth: “Laser diagnostics for combustion temperature and species” (2nd edition, Gordon and 
Breach, 1996). Additional text material produced at the Division of Combustion Physics 
complements the textbook. The course includes two laboratory practicals, 10 hand-in exercises, 
and a minor project (corresponding 1 ECTS). Final grades are determined from scores on a 
written exam as well as scores on hand-in exercises. 

3.3 Molecular Physics (FBR030) 

This is an optional course for students on the fourth year of engineering physics. The course has 
been given by Zhongshan Li since the year 2011. The course gives 7.5 ECTS and runs over a 
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period of two months (October-December). The main course literature is Banwell and McCash, 
“Fundamentals of Molecular Spectroscopy”, 4th Ed., McGrawHill, 1994. The course has one 
laboratory exercise, and a project corresponding to about 2 ECTS point. The course is held every 
second year (odd years). 

3.4 Thermodynamics with Applications (FMFF05) 

This is a compulsory course for second year students on the Engineering Physics program. 
Responsible for the course is Gunnar Ohlén, Mathematical Physics, and Per-Erik Bengtsson, 
Combustion Physics. The course runs over two study periods from September to December. 
The first half of the course deals with thermodynamics, and the second half mainly with a project 
related to thermodynamics and sustainable development. The students have two laboratory 
exercises, and one of them is about combustion, held by Combustion Physics. One third of the 
students perform their projects with supervisors from Combustion Physics. 
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4 Laser Techniques for Combustion Diagnostics 

4.1 Rotational Coherent anti-Stokes Raman Spectroscopy 

Alexis Bohlin, Emil Nordström, Fredrik Vestin, M. Marrocco
1
, C. Kliewer

2
, T. Settersten

3
, P. 

Joubert, J. Bonamy, H. Carlsson
4
, X.-S. Bai

4
, Per-Erik Bengtsson 

Coherent anti-Stokes Raman Spectroscopy (CARS) is a non-linear technique, which has a high 
potential for gas-phase thermometry and relative major species concentration measurements. 
CARS experiments are performed under well-controlled laboratory conditions for development 
of the technique, and the experimental data is analyzed using a theoretical CARS code consisting 
of a program for generation of theoretical spectra and a fitting program. The technique has been 
applied to practical combustion systems such as engines and gas turbines. 

A typical experimental setup for rotational CARS is shown in Fig. 4.1.1, and examples of 
rotational CARS spectra recorded in cells are shown in Fig. 4.1.2. 
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Figure 4.1.1. Experimental setup for dual-broadband 
rotational CARS. 

Figure 4.1.2. Experimental rotational CARS spectra of N2 
and N2O recorded at room temperature and atmospheric 
pressure.  

A main activity during the last years has been the work on line-broadening coefficients to 
improve the accuracy of rotational CARS measurements, and a special focus has been put on the 
influence of hydrogen on evaluated CARS temperatures from nitrogen in situations where both 

species are present. This is the case in fuel-rich premixed flames
5
. It is also the case on the fuel 

side of diffusion flames where nitrogen has diffused into the fuel region. In validation 
experiments, binary mixtures of nitrogen and hydrogen have been measured at three 
temperatures; 300 K, 500 K, and 700 K, and evaluated using two different modelizations of line 

                                                 

1 ENEA, Rome, Italy 
2 Sandia National Labs, Livermore, USA 
3 Université de Franche-Comté, Besancon, France 
4 Energy Sciences, Lund University 
5 A. Bohlin, F. Vestin, P.Joubert, J. Bonamy, P.-E. Bengtsson, Improvement of rotational CARS thermometry in fuel-rich 
hydrocarbon flames by inclusion of N2-H2 Raman linewidth, J. of Raman Spectroscopy 40, 788-794 (2009). 
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broadening. In Fig. 4.1.3, both N2-N2 (o) and N2-H2 () Raman line widths are shown at the 

temperatures 300 K, 500 K, and 700 K
1
. It is obvious that the N2-N2 Raman line widths are 

much steeper versus J quantum number, and this steepness affects the spectral envelope of the 
theoretically calculated spectra. In Fig. 4.1.4, results are shown which demonstrates that 
evaluation of CARS temperatures from pure N2-N2 Raman line widths (shown as triangles) 
severely underestimates the real temperatures. Inclusion of N2-H2 Raman line widths (shown as 
squares) properly weighted by the H2 mole fraction clearly improves the evaluated temperatures, 
however slightly overestimated. In Fig. 4.1.4, it is also shown that increasing concentrations of 
methane has negligible influence on the evaluated CARS temperatures when using self-

broadened N2 linewidths only
2
. 

 

 

Figure 4.1.3. Rotational Raman line widths for N2-N2 (o) 

and N2-H2 () at 300 K, 500 K and 700 K (from the 
highest to the lowest curve2. 

Figure 4.1.4. Difference between evaluated CARS 
temperature and thermocouple temperature for binary 
mixtures of N2 and H2 (CH4). Evaluations have been made 
using N2-N2 Raman line widths (triangles), both N2-N2 
and N2-H2 Raman line widths (squares), and both N2-N2 
and N2-CH4 Raman line widths2,3. 

 

With further application of these results, experiments in a hydrogen diffusion flame have been 
performed, in which rotational CARS thermometry has been used and where the evaluated 
temperatures have been corrected with the hydrogen mole fractions obtained from experiments3. 
In Fig. 4.1.5, the relative signal strengths between the N2 spectrum and the H2 line (S0) is shown 
for different binary mixtures of N2 and H2. In Fig. 4.1.6, the temperature profile from a 
hydrogen diffusion flame is shown where the temperature has been measured from the nitrogen 
spectrum corrected with the influence of hydrogen on the nitrogen linewidths3. 

The applicability of the technique and the developed theoretical rotational CARS model for CO2 
has been shown in CO/air diffusion flames. With inclusion of a CO2 model it was possible to 

characterize a CO diffusion flame for temperature and concentration of all major species
3
. 

                                                 

1 A. Bohlin, F. Vestin, P.Joubert, J. Bonamy, P.-E. Bengtsson, Rotational CARS N2 thermometry: Validation experiments 
for the influence of nitrogen line-broadening by hydrogen, J. of Raman Spectroscopy 41 (8), 875-881 (2010). 

2  A. Bohlin, P.-E. Bengtsson, Rotational CARS thermometry in diffusion flames: On the influence of nitrogen spectral line-
broadening by CH4 and H2, Proc. Combust. Inst. 33, 823-830 (2011). 

3 F. Vestin, P.-E. Bengtsson, CARS for simultaneous measurements of temperature and concentrations of N2, O2, CO, and CO2 
demonstrated in a CO/air diffusion flame, Proc. Combust. Inst. 32, 847-854 (2009). 
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Recently, the one-dimensionality of flat flame McKenna burners have been questioned, and we 
have performed a series of experiments with the aim to clarify the influence of the shielding gas 
flow on this property. In Fig. 4.1.7, the temperature profile is shown as a function of height for 
ethylene/air flames at an equivalence ratio of 2.1 using either an outer annular shielding gas of 

nitrogen or air
2
. A minor temperature difference of ~10 K was observed independent of flame 

height at the central axis and radially (at a height of 10 mm) within the flame. However, at the 
flame edge, a nitrogen shroud cooled the flame, whereas an air shroud led to an outer diffusion 
flame, in which the products CO and H2 resulting from incomplete combustion was burning, as 
illustrated in Fig. 4.1.8. 

A method has been developed to suppress the unwanted stray light from a rotational CARS 
experiment. By using a special optical filter manufactured from Semrock Inc. and using it by 

                                                 

1  A. Bohlin, P.-E. Bengtsson, Rotational CARS thermometry in diffusion flames: On the influence of nitrogen spectral line-
broadening by CH4 and H2, Proc. Combust. Inst. 33, 823-830 (2011). 

2 A. Bohlin, P.-E. Bengtsson, Rotational CARS for accurate thermometry in standardized flat premixed flames, Proceedings of 
the Joint Meeting of the Scandinavian-Nordic and French Sections of the Combustion Institute, Snekkersten, 

November 9-10, 2009. 

  

Figure 4.1.5. Rotational CARS spectra of  N2 together with 
the first H2 rotational CARS line of H2 for different binary 

concentrations of N2 and H2
1. 

Figure 4.1.6. Temperature profile using uncorrected rotational 
CARS N2 temperatures (open circles) and temperatures corrected 
for N2-H2 Raman linewidths (solid circles). Solid line represents 
thermocouple temperature1. 

  

Figure 4.1.7. CARS temperatures as function of height above 

burner, evaluated for an ethylene-air flames at =2.1 with 
shielding co-flows of air (○) and nitrogen (•).  

Figure 4.1.8. Radial CARS temperatures at 10 mm height, 

evaluated for ethylene-air flames at =2.1 with shielding co-
flows of air (○) and nitrogen (•).  
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tuning its angle, the stray light could be effectively suppressed leaving the rotational CARS 

spectrum nearly unperturbed
1
. This is illustrated in Fig. 4.1.9. 

A collaboration was started with the group of Dr Chris Kliewer, Sandia National Labs, in 2010, 
and in the beginning of 2011 our group worked in his laboratory for a period of about three 
weeks. In that work, time-resolved dual-broadband picosecond pure rotational CARS was 
applied to measure S-branch N2-N2 and N2-H2 Raman linewidths in the temperature range 294–

1465 K
2
.  The coherence decays were detected directly in the time domain by following the J-

dependent CARS signal decay as a function of probe delay, see examples in Fig. 4.1.10. The 
rotational Raman N2-N2 linewidths shown in Fig. 4.1.11 were derived from these time-dependent 
decays and evaluated for thermometric accuracy 

                                                 

1 A. Bohlin, P.-E. Bengtsson, Effective Suppression of Stray Light in Rotational Coherent Anti-Stokes Raman Spectroscopy Using 
an Angle-Tuned Short-Wave-Pass Filter, Appl. Spectroscopy 64 (8), 964-966 (2010). 

2 C. J. Kliewer, A. Bohlin, E. Nordström, B. D. Patterson, P.-E. Bengtsson, T. B. Settersten, Picosecond pure rotational 
coherent anti-Stokes Raman spectroscopy for time-domain measurements of S-branch N2-N2 Raman linewidths, submitted to Appl. 
Phys. B (2011). 

 

 

 

 

 

 

 

 

 

Figure 4.1.9.  The upper figures show rotational 
CARS N2 spectra a) without filter and b) with 
filter. The lower figures show nonresonant argon 
spectra c) without filter and d) with filter1. 

 

Figure 4.1.10.  Three J-specific coherence decays are shown 
together with exponential fits2. 

 

 

Figure 4.1.11. N2-N2 self-broadened Raman linewidths 
obtained from time-domain coherence decay measurements (red 
symbols) from 294K to 1465K.  Temperature-interpolated 
linewidths are shown (black lines) in even increments of 100K 
from 300K to 1400K2. 

http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Q2Ff5GIf1OpoLe2ObEo&page=1&doc=2
http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Q2Ff5GIf1OpoLe2ObEo&page=1&doc=2
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In collaboration with Dr M. Marrocco, ENEA, Italy, the influence of the Herman-Wallis factor 

for N2 on rotational CARS thermometry was investigated
1
. In particular, it was found that 

spectral line strengths was modified by a significant amount (up to 10-15 % at high rotational 
levels) in comparison with cases neglecting vibration-rotation interaction, see Fig. 4.1.12. An 
analysis of the uncertainty inherent in the choice of the HW factor was made, and the choice was 
limited to the twosome that had the largest difference. Replacing one factor with another 
resulted in temperature differences of 0.5% across the investigated interval of 300-2100 K, which 
means about 10 K at the highest temperatures, see Fig. 4.1.13. In a follow-up investigations a 

similar study was made for oxygen
2
. 

  

Figure 4.1.12.   Squared values of four S-branch HW factors 
for N2 

1 
Figure 4.1.13. Difference temperature T between evalua-ted 
temperatures from simulated experimental spectra using 
Tipping/Ogilvie HW and theoretical spectra calculated using 
HW factors from Martinsson et al. 1. 

In another work, pure rotational coherent anti-Stokes Raman scattering (CARS) spectra of N2O 
was recorded in a series of temperature calibrated cell measurements in the range 295 K – 796 K, 

see Fig. 4.1.14 
3
. A theoretical rotational CARS code for N2O was implemented and temperature 

analysis was performed by fitting the modeled theoretical spectra to the experimental spectra. 
Excellent agreement between experimental and modeled spectra was obtained and the 
thermometric accuracy for the measurements was evaluated better than 1%. Also, rotational N2 
CARS spectra were recorded at the same measurement conditions and the temperature analysis 
performed on these spectra resulted with the same accuracy. The peak signal strength was found 
to be ~5 times stronger for N2O than for N2 at ambient temperature and pressure. The 
temperature precision was evaluated to a relative standard deviation of 2.0 % – 2.7 % in the 
studied temperature range, about half of the values for N2, which is attributed to the increased 
number of spectral lines for N2O. Rotational N2O CARS thermometry show great potential, due 
to a high Raman cross-section and large number of populated rotational states at any 
temperature. 

                                                 

1 A. Bohlin, P.-E. Bengtsson, M. Marrocco, On the sensitivity of rotational CARS N2 thermometry to the Herman-Wallis 
factor, Journal of Raman Spectroscopy, 42 (10), 1843-1847 (2011). 

2 A. Bohlin, E. Nordström, P.-E. Bengtsson, M. Marrocco, On the sensitivity of rotational O2 CARS thermometry to the 
Herman-Wallis factor, accepted by Journal of Raman spectroscopy (2011). 

3 A. Bohlin, A. Kindeya, E. Nordström, P.-E. Bengtsson, Validation of a rotational coherent anti-Stokes Raman scattering 
model for N2O at temperatures from 295 K to 796 K, accepted by Journal of Raman Spectroscopy (2011). 
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Figure 4.1.14. Experimental rotational N2O CARS spectra recorded at 295 K and 796 K, averaged from 1000 laser shots 
displayed with best-fit theoretical spectra and residual (above). Deviation between evaluated CARS temperatures and thermocouple 

temperature displayed versus reference thermocouple temperature (below)1. 

Temperature and O2-concentrations have been measured using pure rotational coherent anti-

Stokes Raman spectroscopy (RCARS) in a low swirl turbulent premixed flame
2
. This lean flame 

burning methane has previously been investigated using laser diagnostic techniques and 
numerical modeling of flame characteristics. In the present work, single-shot RCARS 
measurements were performed and analysed statistically to obtain temperature and O2-
concentration probability density functions. The results were compared with large eddy 
simulations (LES) showing fairly good agreement. The rotational CARS technique was 
successfully applied in the whole range of temperatures (300-1700 K) and O2-concentrations (9-
21%), and based on the simultaneous measurements of temperature and O2-concentration an 
improved understanding of the air entrainment from the surroundings can be achieved. This 
work was submitted to the International Symposium on combustion 20122. 

                                                 

1 A. Bohlin, A. Kindeya, E. Nordström, P.-E. Bengtsson, Validation of a rotational coherent anti-Stokes Raman scattering 
model for N2O at temperatures from 295 K to 796 K, accepted by Journal of Raman Spectroscopy (2011). 

2 A. Bohlin, E. Nordström, H. Carlsson, X.-S. Bai, P.-E. Bengtsson, Pure rotational CARS measurements of temperature 
and O2-concentration in a low swirl turbulent premixed flame, submitted to the 34th International Symposium on 
Combustion, Warsaw, Poland, 2012. 
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4.2 Soot Diagnostics 

Jonathan Johnsson, Nils-Erik Olofsson, Henrik Bladh and Per-Erik Bengtsson 

Soot is an unwanted by-product in many combustion processes and the emission of these sub-
micron sized particles into the atmosphere has been recognized as both a health hazard and a 
potential factor affecting climate change. Soot particles mainly consist of carbon and form small 
near-spherical primary particles in the typical size range 5 – 50 nm. The primary particles add to 
each other and form aggregated structures. Fig. 4.2.1 shows a typical image of soot sampled from 
a premixed ethylene-air flame.  

One of the most promising non-intrusive 
measurement techniques for soot particles 
available today is laser-induced 
incandescence (LII). It is based on the 
detection of the increased light emission 
from the soot particles after being heated 
by a short laser pulse. From the LII signal 
both the soot volume fraction, fv, and the 
primary particle size distribution, P(dp) can 
be evaluated. Another valuable technique is 
elastic light scattering (ELS) where laser 
light scattered on the soot particles are 
detected and interpreted in terms of soot 
particle size and morphology. 

During the years 2009-2011 soot diagnostic 
research has covered many aspects resulting in fundamental as well as applied studies. Focus has 
been on the laser-induced incandescence (LII) technique where a system for time-resolved 2-
color LII (2C-LII) has been improved and applied for soot particle size measurements in flames 
as well as cold soot. This report will start with a description of the 2C-LII setup and the studies 
where it was used. Then a number of studies in flat premixed flames, cold soot and counter-flow 
diffusion flames will be presented. The section will end with a short summary of theoretical work 
related to measurement technique development. 

4.2.1 The 2C-LII system 

The LII technique has been developed for particle sizing, and this information is extracted from 
experimentally obtained time-resolved signal curves using a theoretical model for LII developed 

during the years 2001-2007
1 , 2 . The work on developing a laboratory setup for the 2C-LII 

technique was finalized in 2008 and the work in the time period covered by this report has been 
mostly to apply the technique to various systems and to some extent improve it further. 

The system is shown in Fig. 4.2.2. A single-mode Nd:YAG laser operating at 1064 nm delivers 
laser pulses at a frequency of 10 Hz and with a duration of ~10 ns. The beam is expanded and a 

                                                 

1 Bladh, H., On the Use of Laser-Induced Incandescence for Soot Diagnostics: From Theoretical Aspects to Applications in Engines, 
in Department of Physics. 2007: Lund. 

2 Bladh, H., J. Johnsson, and P.-E. Bengtsson, On the dependence of the laser-induced incandescence (LII) signal on soot volume 
fraction for variations in particle size. Applied Physics B, 2008. 90(1): p. 109-125. 

 

 
 

Fig. 4.2.1. Transmission electron microscopy image of soot 
particles sampled in a premixed ethylene-air flame. 
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central profile with a homogeneous intensity distribution is imaged to the measurement position. 
The spatial beam profile at the measurement location is monitored using a beam profile CCD 
camera positioned after the flame, onto which the spatial profile at the measurement location is 
imaged using a single-lens 1:1 imaging system. On the detection side a dual setup of 
photomultipliers (PMT) built into custom made aluminum boxes are used. In this way, point 
measurements with high spatial resolution can be made at two different detection wavelengths 
simultaneously (time-resolved 2-color LII). A beam splitter arrangement will make it possible to 
align the signal into both detection systems. Each system is built inside a shielded box equipped 
with one opening covered by a narrow band pass filter. Inside the box a lens will focus the light 
onto the detector sensitive area.  

 

Fig 4.2.2. The experimental setup for time-resolved 2-color LII. 

4.2.2 Studies in premixed flat flames 

Three studies have been made in premixed flat flames. The soot particle growth was investigated 

in a sooting flat ethylene/air-flame with =2.1 on a bronze McKenna burner, as shown in Fig. 
4.2.3. The corresponding time-resolved LII signals are shown in Fig. 4.2.4. It is clearly shown 
that the LII signal decay becomes slower at increasing heights in the flame. 

 

 

Figure 4.2.3. Premixed flat flame on a McKenna burner with 
ethylene/air mixture at an equivalence ratio of 2.1. The outer shroud 
gas is nitrogen. 

 

Figure 4.2.4. Time-resolved LII curves at three heights in the 
flame in Fig. 4.2.3. The LII signals are normalized to the same 

peak height. 
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Thermophoretic sampling was performed of the soot particles in the flame shown in Fig. 4.2.3, 
at the three heights where the LII signal curves in Fig. 4.2.4 were recorded. The sampled soot 
particles were analysed by transmission electron microscopy (TEM) and the results are shown in 
Fig. 4.2.5. It is shown that the soot particle size distribution increases with height above burner. 
Also, an interesting phenomenon is that the aggregation increases with flame height as can be 
seen from the TEM micrographs shown in the right column in Fig. 4.2.5. 

 

Fig 4.2.5. Size distributions evaluated using Transmission Electron Microscopy (TEM) from thermophoretically sampled soot at the 
same heights as where the LII signals (in Fig. 3) were recorded. In the right column a typical sample from a TEM image is shown. 

These results were published
1
 in a work with the aim to investigate the influence of the spatial 

beam profile on the size evaluation from time-resolved LII signals. It was found that this 
influence was marginal in comparison with uncertainties in some other parameters, mainly the 
flame temperature and the thermal accommodation coefficient. 

A second study in the flat flame was carried out to evaluate the capability of 2C-LII to 
characterise optical properties in flames. This was made by utilizing the possibility of measuring 
soot particle temperature with 2C-LII. First, axial flame temperatures in the flat ethylene/air 
flame (Fig. 3) were measured using rotational CARS (See Chapter Z). 2C-LII was then applied at 
the same height positions and maximum soot heat-up temperatures were determined for each 
height for constant laser pulse energy. The two temperature curves are shown in Fig. 4.2.6. As 
can be seen, the temperature gap increases with height above burner, which suggest that the 
absorption function E(m) = –Im[(m2 – 1)/(m2 + 2)] changes with height (m is the refractive 
index of the soot particles). Applying the model for LII on the data resulted in the values of 
E(m) shown in Fig. 4.2.6. This work was presented by Jonathan Johnsson at the 33rd 

                                                 

1 Bladh, H., J. Johnsson, and P.-E. Bengtsson, Influence of spatial laser energy distribution on evaluated soot particle sizes using 
two-colour laser-induced incandescence in a flat premixed ethylene/air flame. Applied Physics B, 2009. 96(4): p. 645-656. 
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International Symposium on Combustion held in Beijing, China, August 2010, and was selected 

for publication in the conference proceedings
1
. 

The third study was undertaken 2011 and 
involves radially-resolved measurements 
of soot and temperature profiles in a flat 
ethylene/air flame. The motivation for 
this work is that there has been a debate in 
the LII community concerning the 
homogeneity of these flat flames: Are they 
really that flat? To answer this question, at 
least for our own flat flame burners, we 
performed, together with the CARS 
group, radially resolved flame temperature 
and soot volume fraction and size 
measurements. This work has been 
submitted to Combustion Science and 

Technology
2

. In Fig. 4.2.7 such 
measurements are shown for an 
ethylene/air flame with an equivalence 
ratio of 2.1. The flame was surrounded by a shielding gas flow of either air or nitrogen producing 
two slightly different flames. 

a)  b)  

c)  d)  

Figure 4.2.7. Radially resolved flame temperatures (a) soot volume fractions (b) soot particle sizes (c) and differential 
scattering coefficient, Qvv, in the premixed flat ethylene/air flames. 

                                                 

1 Bladh, H., et al., Optical soot characterization using two-color laser-induced incandescence (2C-LII) in the soot growth region of a 
premixed flat flame. Proceedings of the Combustion Institute, 2011. 33: p. 641-648. 

2 Olofsson, N.-E., et al., Are sooting premixed porous-plug burner flames one-dimensional? A laser-based experimental investigation. 
accepted by Combustion Science and Technology, 2011. 

 

Fig. 4.2.6. Evaluated maximum soot particle temperatures, Tp,max, 
flame temperatures, Tg,CARS, and the absorption function, E(m), as 
function of height above burner 
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As can be seen in Fig. 4.2.7 the air-shielded flame seems to be more flat than the nitrogen-
shielded. This is a result from the formation of an outer diffusion flame when using the air 
shroud. This flame heats the flame boundaries and results in more uniform soot properties 
throughout the flame. 

4.2.3 Measurements on cold soot 

In collaboration with the division of Aerosol Technology at Lund University an experimental 
investigation was made on cold soot with the aim to establish the influence of soot aggregation 

on the decay of laser-induced incandescence (LII) signals
1
. A soot generator based on the 

principle of quenching a propane/air diffusion flame with a cold gas stream of air was used to 
generate a steady flow of soot particles. Three operating conditions were chosen for which the 
soot particles, as determined by transmission electron microscopy (TEM), were found to be of 
different levels of aggregation but at the same time of quite similar primary particle sizes (See 
Fig. 4.2.8a). Measurements were carried out for all three cases both using a scanning mobility 
particle sizer (SMPS) and using the laser-induced incandescence technique. The SMPS data 
showed quite different mobility size distributions as a result from the varying aggregate size. 
More interestingly, the LII signal decay was found to differ quite significantly between the cases 
and we speculate that this is due to the varying degree of heat conduction between the soot 
particles and the surrounding gas as a result from different particle morphology (Fig. 4.2.8b).  

a)  

 

b)  

Figure 4.2.8. Results from the study on cold soot from a soot generator. In a) the primary particle size distributions obtained from 
transmission electron microscopy is shown together with examples of TEM images for three stable operating conditions  (named A, B and C) 
of the soot generator. In b) the corresponding time-resolved LII signals are shown for the same cases. 

4.2.4 Measurements in the strainless diffusion flame 

During 2011 collaboration between our group and Dr Etienne Robert at KTH was initiated with 
financial support from the CECOST Network programme. In this project we are investigating 
sooting flames produced in a unique counter-diffusion burner developed by Dr Robert and Prof. 
Peter A. Monkewitz at EPFL, Lausanne, Switzerland. The burner makes it possible to investigate 
nearly unstrained diffusion flames (Fig. 4.2.9a) over a wide range of Lewis numbers to provide 

                                                 

1 Bladh, H., et al., Influence of soot particle aggregation on time-resolved laser-induced incandescence signals. Applied Physics B, 
2011. 104(2): p. 331-341. 
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direct validation of theoretical models for thermal-diffusive instabilities in diffusion flames. The 
aim of the present work is to investigate the soot formation in these flames. Among other things, 
the extremely low radial bulk velocities of the species in the fuel rich zone makes it possible to 
achieve residence times long enough for soot particles to become super sized (Fig. 4.2.9b), 
clearly visible by the naked eye. 

 

Figure 4.2.9. Example of a sooting flame (a) and a single-shot LII image with super aggregates (b). 

The experimental configuration is a variation of the counter-diffusing burner in which the 
difficulty of evenly supplying the reactants and removing the combustion products across the 
burner cross-section is addressed by using an array of closely spaced needles. As opposed to the 
conventional counter-diffusion burners, this configuration minimizes strain by allowing the 
combustion products to escape between the reactant supply needles, see Fig. 10. A paper has 

been submitted to the 34th symposium on Combustion
1
. 

 

a) 

 

 

 

b) 

Figure 4.2.10. a) Cross-section of the burner. (1) The oxidizer injection array, (2) the injection layer and 
(3) the secondary burners to reduce heat loss through the windows. b) A photo of the combustion chamber of 
the burner. 

 

 

 

                                                 

1 Robert, E., et al., Soot formation in unstrained diffusion flames. Submitted to the 34th Symposium of Combustion, 2012. 
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4.2.5 Theoretical work within measurement technique development 

A theoretical work has been performed to 
investigate the influence of bimodal size 

distributions on time-resolved LII signals
1
. It 

was found that a unimodal evaluation of a 
signal from a bimodal distribution is only 
slightly affected by its small-size mode, 
meaning that LII can be used to determine the 
approximate parameters of the large-size 
mode, which is illustrated in Fig. 4.2.11. 

The importance of assessing the influence of 
particle morphology on the optical techniques 
like LII and ELS, has resulted in quite some 
effort the recent years. The influence of the 
particle shape on light scattering was studied 
in collaboration with Prof. Anders Karlsson at 
the Dept of Electrical and Information 
Technology, Lund University. In this study, 
light scattering was modelled treating the 
problem as quasi-static and solving with the finite element method for simple structures like the 
ones shown in Fig. 4.2.12. 

 

Figure 4.2.12. Simple geometries tested in the first study on light scattering on aggregates soot particles. 

The shape and orientation of the particles were found to be highly influential on the scattering 
signal and work continues for improved theoretical models and more realistic particle 

geometries. The first study was published in Journal of the Optical Society of America A
2
. 

Recently, much effort has been put on developing numerical tools for studies on realistic soot 
geometries. Numerical aggregates are generated following a methodology based on the 
assumption of fractal morphological properties. These aggregates may later be input to various 
physical models as representative specimens for soot in combustion. The LII signal decay shape 
is related to the heat conduction between the soot particle surface and the surrounding gas. For 

                                                 

1 Johnsson, J., H. Bladh, and P.-E. Bengtsson, On the influence of bimodal size distributions in particle sizing using laser-induced 
incandescence. Applied Physics B, 2010. 99(4): p. 817-823. 

2  Karlsson, A., H. Bladh, and P.-E. Bengtsson, Accurate method for predicting light scattering from soot aggregates with 
subparticles arbitrary shape and structure. Journal of the Optical Society of America A, 2009. 26(7): p. 1704-1713. 

 

Figure 4.2.11. Bimodal size distribution from which an LII 
signal has been calculated. This calculated LII signal was then 
evaluated either as a single lognormal distribution or a 
monodisperse distribution (one size only). It is shown that the 
lognormal distribution is in good agreement with the large-size 
mode of the distribution. 
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isolated spherical particles, relatively straight-forward physical models may be applied to solve 
the heat transfer problem. If, on the other hand, the particles are aggregated (see Fig. 4.2.1) this 

is no longer true, as experimentally assessed in
1
. An aggregated particle will due to reduced 

surface area and shielding, be less prone to exchange energy with the gas than if all primary 
particles making up the aggregate were to be separated. The ratio between the heat conduction 
for the aggregate and that of the isolated constituents is called the shielding factor η and is less 
than unity. 

The behaviour may be studied using a Monte-Carlo-based approach, where the interaction 
between the gas molecules and the numerically generated soot aggregates are calculated for the 
particle size and morphology of choice. One example is shown in Fig. 4.2.13a where two groups 
of aggregates particles are shown: One where all spheres are in point-contact and two where they 
to varying degree have been overlapped with each other forming structures more resembling real 
soot. In Fig. 4.2.13b the shielding factor is shown as function of the number of primary particles 
per aggregate, Np. A paper is to be submitted to Journal of Quantitative Spectroscopy and 

Radiative Transfer
2
. 

 
 

Figure 4.2.13. The influence of aggregation on the heat conduction process, crucial for accurate predictions of particle sizes using LII. In 
a) three groups of numerically generated particles are defined and in b) the shielding factor is shown as function of the number of primary 
particles per aggregate 

 

                                                 

1 Bladh, H., et al., Influence of soot particle aggregation on time-resolved laser-induced incandescence signals. Applied Physics B, 
2011. 104(2): p. 331-341. 

2 Johnsson, J., et al., Influence of aggregates with bridging on particle sizing using laser-induced incandescence. To be submitted to 
Journal of Quantitative Spectroscopy and Radiative Transfer 2012. 
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4.3 Gas turbines activities 

R. Collin, A. Lantz, R. Whiddon and M. Aldén 

Within the gas turbine activities different laser-based techniques are applied to gas turbine 
burners and burner concepts to provide information about the combustion, such as flame 
position, burnt gas regions and flow fields. The burner hardware is mainly decided in 
collaboration with industry and at the moment SIEMENS is a main partner. Experiments are 
performed both at atmospheric pressure and at high pressure conditions. Measurements during 
atmospheric pressure conditions are performed either in a test rig in Lund or in the atmospheric 
combustion chamber located at SIEMENS in Finspång. Experiments at high pressure are 
performed in the high-pressure combustion rig located in Lund.  

The different gas turbine activities of Combustion Physics are divided by two national programs, 
the CECOST program and the Turbo Power program. The work performed within Turbo 
Power is performed in close collaboration with the Division of Thermal Power Engineering and 
the activities are focused on experimental investigation of syngas combustion (studies of low 
calorific value fuel) both at atmospheric and at high pressure conditions. The goal is to 
investigate generic fuel mixtures of methane, hydrogen, carbon monoxide, and inert gases. 
Within CECOST one main activity is to characterize a TARS burner. This is performed in 
cooperation with the Division of Fluid Mechanics in Lund and the University of Cincinnati in 
collaboration with Prof. E.J. Gutmark. Also within CECOST, measurements of industrial gas 
turbine burners are performed in collaboration with SIEMENS. Here, a number of different 
measurement campaigns have been performed on-site at SIEMENS in Finspång and different 
industrial gas turbine burners and operating conditions have been investigated. 

Research within the Turbo Power program centers on the LBX2 burner, a Siemens prototype 
burner that was designed as a fuel flexible concept. It is desired that the burner should function 
when powered by both high hydrogen fuels and fuels with high levels of inert diluent (N2, CO2) 
in addition to the standard Natural gas fuel. Over the project timeline the prototype entered 
production as a low emissions burner that could operate on Natural gas or liquid fuel; however, 
continuous operation on the mentioned non-standard fuels is still being investigated. Fuels that 
have high hydrogen content often burn with at a faster rate than other gases. This can result in a 
flame that burns too close to the burner surfaces which damages the burner. With low energy 
fuels, a flame burns slowly, which can allow the flame to extinguish. Additionally both hot and 
cool flames can cause high emissions of certain pollutants. The likelihood of a flame to be too 
close to metal surfaces or to extinguish is dependent not only on the fuel composition, but also 
the design of the combustor, which affects the flow of reactants, and reaction starting 
conditions- temperature, pressure, equivalence ratio (phi), and velocity. Recording the chemical 
makeup of the flame exhaust, imaging the flame reaction by OH planar laser induced 
fluorescence (pLIF) and measuring flow velocities and structure with PIV, allows a better 
understanding of how all these variables work together. 

The LBX2 burner has three specific combustion regions which can each have a local equivalence 
ratio. The burner setup can be seen in Fig. 4.3.1, left, while the three burner zones are seen more 
clearly in Fig. 4.3.1, right. Moving from the centermost to the outermost zones, one finds the 
RPL (rich-pilot-lean) zone, the Pilot zone, and the Main zone. The RPL acts to ignite the other 
two zones as well as stabilize the whole combustion, while the Pilot zone also stabilizes 
combustion. The Main zone, as its moniker implies, is where the bulk of fuel is combusted. 
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Figure 4.3.1. LBX2 flexible-fuel prototype burner. RPL is centermost circular port with blue 
flame, Pilot is shown with swirlers and orange heat, Main is outermost surrounding port in shadow. 

Tests performed at atmospheric pressure observed the stability of, and emissions from the flame 
for different settings of equivalence ratio in each of the three combustion zones. Planar OH LIF 
is used to identify the regions of active combustion and hot post combustion gases from the 
flame. Fig. 4.3.2 shows, from left to right, the flame OH LIF signal from the RPL, RPL and 
Pilot, and finally all three combustion zones, for a high hydrogen flame at atmospheric pressure. 
As successive zones are added to the total combustion there is an interaction between the zones 
which stabilizes the respective zones. To support the OH LIF imaging, the reaction flow field 
has been visualized with PIV, shown in Fig. 4.3.3. 

 

Figure 4.3.2. Three zones of combustion at atmospheric pressure. From left to right: RPL only, RPL + Pilot and 
RPL + Pilot + Main. RPL phi =1.00, Pilot and Main phi: 0.447. 

As the RPL has a second role of stabilizing the 
other combustion zones, it was isolated and 
mounted in the DESS facility, and the OH 
LIF emission recorded at several pressures 
and equivalence ratios. To simplify the data 
presentation, the OH LIF images are binarized 
so that only the presence or absence of OH is 
indicated, then averaged. Effectively, this 
eliminates the error contribution of unstable 
laser energy and energy distribution. What 
results is a probability map that gives the 
likelihood of the flame at a given position in 
the laser measurement region- The flame 
probability diagram is shown in Fig. 4.3.4 for a 
high hydrogen syngas flame with phi of 1.20 at 
pressures of 3, 6 and 9 Bar. 

 

Figure 4.3.3. Average flow field of combustion case for hydrogen 
syngas at 1700 K adiabatic flame temperature using PIV. 
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Figure 4.3.4. Flame probability map for high hydrogen syngas at phi of 1.20. From left to right, reactor pressures are 3, 6 and 9 bar. 

For the CECOST activities focused towards the TARS burner the aim is to investigate the 
effects of different swirler designs on flame behavior, stabilization, and lean blow out. In the 
experiments simultaneous visualization of flame and flow field have been successfully performed 
by applying OH LIF and PIV, respectively. A photograph of the test setup and an example of a 
simultaneous snapshot showing OH radical distribution and PIV velocity field is presented in 
Fig. 4.3.5. The burner nozzle with its three swirlers and the premixing tube in quartz can be seen 
in the photograph. Different degrees of premixing are achieved by using different lengths of the 
premixing tube (in the experiments tube lengths of 50 mm and 150 mm have been used). The 
premixing tubes were positioned on top of the burner nozzle and measurements were performed 
both inside and above the tubes. Fig. 4.3.6 shows examples of OH LIF measurements with the 
two different mixing tubes investigated. 

 

Figure 4.3.5. To the left: A photograph of the TARS test setup. To the right: Simultaneous snapshot of OH radical 
distribution and PIV velocity vector, Re=9600 and f=0.67. The coordinates are non-dimensionalized with the outlet 
diameter D=50.8 mm. 

Visualization of fuel distributions and flame, have been performed for a number of gas turbine 
burners and operating conditions, on-site at SIEMENS in Finspång. The measurements were 
performed in an atmospheric pressure combustion chamber and natural gas fuel distribution for 
different burners were visualized using LIF with acetone as tracer species for the fuel since the 
fuel itself does not fluoresce. OH radicals in the flame were visualized using LIF to study where 
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combustion has occurred. In addition also high-speed video recordings of the flame luminosity 
where performed for the different operating conditions. Fig. 4.3.7 shows the test rig in Finspång 
and Fig. 4.3.8 shows examples of simultaneous LIF measurement of fuel (green) and flame (red) 
measured there. 

 

Figure 4.3.6. Left pair: Single-shot images of OH LIF with a 50 mm long premixing tube. The white dashed lines show the position 
of the premixing tube. The height of the laser sheet covers 20 mm above and 30 mm inside the premixing tube. Right pair: Single-shot 
images of OH LIF with a 150 mm long premixing tube. The white dashed lines show the position of the premixing tube. The height of 
the laser sheet covers 50 mm inside the premixing tube. 

 

 

Fig. 4.3.7. Atmospheric pressure 
combustion chamber at SIEMENS 
in Finspång equipped with optical 
access for direct applications of laser 
diagnostic techniques. 

 

 

 

Figure 4.3.8. Simultaneous flame (red) and fuel visualization (green) measured across the exit of a SIEMENS gas 
turbine burner. To left a laser sheet illuminates the transversal cross-section of the flow. To right the laser-sheet is turned 
90 degrees and illuminates the longitudinal cross-section of the flow, here the flow direction is from left to the right. The 
examples show operating conditions with both pilot and main flame burning and with only main flame. 

A pilot burner has been investigated in the Lund high-pressure combustion rig to study fuel 
vaporization and consequent mixing of fuel with air in a swirling co-flow. The fuels used were 
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Jet-A and Bio-Jet. High-speed fuel LIF and Mie scattering were applied to follow and visualize 
the fuel distribution and OH LIF was performed to visualize the flame. A Multi-YAG laser 
cluster, capable of producing eight laser pulses in a rapid burst, was applied in combination with 
an optical parametric oscillator (OPO) to perform high-speed laser imaging. A high-speed 
framing camera was used as detector; the high repetition rate of the camera is obtained by 
exposing eight different ICCD modules in sequence synchronized with the laser. Fig. 4.3.9 and 
4.3.10 shows the experimental setup and some examples of measured data obtained during the 
tests. 

 

Fig. 4.3.9. To left, the optical setup of the high-speed measurements is shown. To right, an example of OH LIF signals of 
Bio-Jet is exemplified. Here, the left signal shows a single-shot LIF image with the laser tuned on an OH transition; the 
right signal shows the corresponding LIF signal for the laser tuned off an OH transition, the OH LIF contribution to the 
signal is here missing.. 

 

 

Figure 4.3.10. Time-resolved series of fuel LIF with Jet-A as fuel. The time separation between images is 145 microseconds. 
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4.4 Advanced imaging with kHz/multi-YAG laser systems 

4.4.1 Simultaneous visualization of OH, CH, CH2O and toluene PLIF in a 
methane jet flame with varying degrees of turbulence  

Johan Sjöholm, Joakim Rosell, Bo Li, Mattias Richter, Zhongshan Li, Xue-Song Bai, Marcus 

Aldén 

This is the first simultaneous 2D measurements of four species in a flame. OH, CH, CH2O and 
toluene LIF have been measured synchronously in a turbulent jet flame with varying degrees of 
turbulence resulting in a rather complete picture of the flame, from fuel/air mixture (toluene) to 
postflame zone (OH) via the preheat zone (CH2O) and the high temperature reaction zones (CH 
and OH), enabling the study of spatial correlations between the species. 

Figure 4.4.1 shows a sketch of the experimental setup. The wavelengths of the four lasers were: 
266 nm for fuel-tracer LIF (toluene), 355 nm for formaldehyde (CH2O) LIF, 431 nm for CH 
LIF and 309.24 nm for excitation of OH LIF. The burner was a McKenna burner, modified with 
an added central tube for the Jet flame. The jet flow speed spanned 10 m/s to 150 m/s at the 
exit producing one laminar flame and several flames with increasing turbulence. 

 

Fig. 4.4.1. Sketch of the optics-setup and the modified McKenna Burner (lower right) with the imaged area 
marked with a red square. 

Figure 4.4.2 show sets of simultaneously recorded single shot images for different jet flow 
speeds. Each image is composed of two simultaneous single shot images, one colored black-to-
red and one colored black-to-green with the spatial overlap highlighted with black-to-white. 
Each set contain three images showing: Left: OH (red) and CH (green), Middle: CH2O (red) and 
CH (green) and right: CH2O (red) and toluene (green). 

These image sets show that flame wrinkling and unsteadiness increases with jet flow speed 
leading to increased overlap between species. Also, the OH distribution becomes thinner and 
less intense with increasing flow speed. 
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Fig. 4.4.2. Set of images for different jet flows. Each set contain the following three images: Left: OH (red) 
and CH (green), Middle: CH2O (red) and CH (green), Right: CH2O (red) and toluene (green). 

The overlapping area between different species is 
seen in Fig. 4.4.3. The OH x CH2O overlap 
(corresponding to the oxidation layer of CH2O) is 
small in all cases and the CH2O x toluene overlap 
is large since low temperature reactions largely 
cover the interior of the flame. The broadened 
preheat zone and thin CH layer for high jet 
speeds indicate that the flame is in the thin 
reaction zone regime. This indicates that 
turbulence in the present jet flames affects 
primarily the mixing in the preheat zone and the 
wrinkling of the reaction layers. It does however 
not significantly affect the inner flame front 
structures represented by the CH radicals as the 
thickness of the CH layer remains fairly constant 
under the investigated flame conditions. 
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Figure 4.4.3 Overlapping area (multiplication of binarized 
images) for: Red: CH2O x ltoluene, Black: OH x CH, 
Blue CH x CH2O and Green OH x CH2O. 
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4.4.2 Time resolved, 3D imaging (4D) of two phase flow at a repetition rate of 1 
kHz 

R.Wellander, M. Richter, and M. Aldén 

The main objective with the presented project is to develop a measurement technique that 
extends planar laser based measurement techniques, like PIV and PLIF to time resolved three 
dimensional measurements. As a first step, a laser sheet from a diode pumped Nd:YAG laser, 
continuously operated at 20 kHz, is scanned through a plume of nebulized water droplets with a 
central nitrogen-jet. 3D images are recorded at a frame rate of ~1 kHz. 

Resonant oscillating mirrors are used to scan the laser sheet. Such mirrors oscillate in a sinusoidal 
manner, and in order to generate a more linear displacement of the laser sheet, i.e. angular 
deflections following the shape of a triangle wave, the angular deflections from more than one 
oscillating mirror are added together. 

As indicated in Eq. 1, a triangle wave,  can be created by summing up an infinite amount of 
sine waves, 
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Thus, adding odd overtones with decreasing amplitude, step by step converts the initial sine 
wave into a triangle wave. The adding up of sinusoidal deflections is achieved by placing 
oscillating mirrors in each end of a 4f setup as illustrated in Fig.4.4.4. 

 

Fig. 4.4.4. Schematic drawing of a 4f-setup. The wave front exiting the first (left) 
oscillating mirror is identical to the wave front at the second oscillating mirror. 

To obtain information regarding the spatial energy distribution of the laser sheet and pulse to 
pulse fluctuations, a fraction of the laser sheet irradiance is reflected by a glass plate into a dye 
cuvette. The illuminated flow of water droplets above the nebulizer and the laser induced 
fluorescence from the dye cuvette are simultaneously imaged onto a high speed CMOS camera 
(Photron Fastcam SA5) by a f = 135 mm F/22 objective with a magnification of m ~0.4. This 
yields an imaging focal depth of 18 mm wherein the two dimensional spatial resolution is still 
limited by the pixel size. The laser intensity profiles cover a narrow strip ~30 pixels wide at the 
edge of the CMOS while the Mie-scattered light from the nebulized water droplets covers the 
rest. The maximum resolution of the camera is 1064x1064 pixels. However, to reach a frame rate 
of 20 kHz it is limited to a region of interest of 640x512 pixels. At these settings, the 8 gigabyte 
internal memory of the camera can store up to 17463 images (corresponding to 873 3D stacks 
with 20 images in each stack). 

The measurement technique is demonstrated on a nebulizer water droplet nitrogen flow. As the 
nitrogen propagates through the nebulizer, small droplets of water are pulled along the flow and 
through the 21.5 mm diameter nozzle. The bulk flow velocity is estimated using cross correlation 
between images of the same sections recorded within consecutive 3D images, to approximately 
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0.4 m/s. To increase the complexity of the flow, an inner flow of pure nitrogen is added with a 
circular exit diameter of 4 mm. 

The volume illuminated during one scan (29x24x15 mm3) covers the entire width and half the 
depth of the nebulizer. In Fig. 4.4.5 four of the recorded 3D images are plotted. To better 
visualize the dynamics of the flow, the time separation has been increased from 1 ms to 3 ms by 
selecting every third image. From studying this image sequence, it is clear that a part of the flow 
in the upper right corner is detached from the main flow. From only two dimensional images, 
including recordings with high frame rate, it would not be possible to judge whether a structure 
is in fact detached, or merely folding in from a region outside the probe volume. 

 

Fig. 4.4.5. From the 3D image sequence (Media 1), four images (a)-(c) have been selected. Although consecutive images are not 
identical, two images between each image pair, (a)-(b) (b)-(c) and (c)-(d) has been discarded. This results in a time separation of 3 
ms which better visualizes the dynamical processes of the flow. The two dimensional images are plotted at the corresponding position 
of the laser sheet with transparency proportional to their intensity values. A semi transparent surface helps to judge the boundaries 
of the nebulizer flow. All values are given in mm. Approximately half of the spray is scanned and the droplet free nitrogen flow 
can be seen as a pillar in the center of the spray. The spray propagates in the upward direction with the lowest part just above the 
nozzle tip. 

A technique has been demonstrated that utilizes a high frequency Nd:YAG laser in combination 
with oscillating mirrors and a high speed CMOS camera to record sequences of up to 873 3D 
images at a frame rate of 1 kHz and with a resolution of 610x512x20 voxels covering a volume 
of 29x24x15 mm3. The scanning of the laser sheet is achieved by adding the deflections from 
two oscillating mirrors in order to create more equidistant positions between the laser sheets. 
The frame rate is limited by the maximum repetition rate of the laser (20 kHz) as well as the 
desired number of images recorded for one 3D image. The technique is not, however, 
constrained to Mie-scattering. The kHz laser system presented here can be used to extend other 
planar laser measurements into three dimensions, e.g., PIV, flow tagging, fuel PLIF and OH 
PLIF, providing there is sufficient signal, and that the flow is slow in comparison to the image 
acquisition time. From LIF measurements, 3D- isosurfaces of concentrations can be mapped, 



34 CHAPTER 4. LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 

and if the measurements are performed quantitatively with adequate signal to noise and spatial 
resolution, scalar dissipation rates could be calculated. 

4.4.3 3D measurement of local extinction coefficient in a dense spray 

Rikard Wellander, Edouard Berrocal, Elias Kristensson, Mattias Richter and Marcus Aldén 

Laser extinction, signal attenuation and multiple scattering are the three main phenomena 
limiting qualitative and quantitative measurements in planar laser imaging of sprays. In this 
project a method is developed where Structured Laser Illumination Planar Imaging (SLIPI) is 
used to remove the signal contribution from multiply scattered light. Based on this technique,  

 

Fig. 4.4.6. Schematic drawing of the scanning procedure. At each position m, a SLIPI image is constructed from 
nine modulated images. At position m = 0, the data are recorded without any scattering media. At m = 1, the signal 
attenuation is assumed to be negligible. The successive layers are recorded with a separation of 500 μm. Si(m), Str(m) 
and Ssm(m) represent the SLIPI data from the upper part of the dye cuvettte (averaged in 2D), from the main part of 
the dye cuvette (averaged over its width) and from the probed scattering medium, respectively. 
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data from side scattering and transmission measurements are obtained simultaneously. An 
algorithm, compensating for signal attenuation and laser extinction, is further applied to calculate 
the local extinction coefficient. The extinction coefficient is a physical quantity describing the 
probability for the photons to be scattered within the sample, and is in contradiction to the 
recorded signal independent on the measurement system. 

In Fig.4.4.6 the scanning procedure used to collect the data required to calculate the extinction 
coefficient is shown together with examples of the recorded data. 

The method was first validated on a homogeneous sample, with good results, and then applied 
on an air-assisted water spray generated by a Delavan AL-45 nozzle.  

A comparison between conventional planar imaging, SLIPI and the measurement of the 
extinction coefficient is shown in Fig. 4.4.7. 

 

Fig. 4.4.7. Images of the conventional, SLIPI and the extinction coefficient data. Parts (a)–(c) are plotted as seen from the camera 
(front view) at the center of the spray. Parts (d)–(f) and (g)–(i) are plotted as seen from above the spray (top view) at 23 and 35 mm 
from the nozzle, respectively. The data are scaled to the maximum value in each of the data matrices (conventional SLIPI or μe). In the 
conventional and SLIPI images, the units are arbitrary, while in the images of the extinction coefficients, the numbers shown in the color 
bar to the right have the units mm−1. 

Even though the conventional planar images are strongly affected by multiple light scattering 
effects, it appears as if the spray is symmetric. By filtering out these unwanted intensities, the 
SLIPI images of the spray become particularly asymmetric, with an increase of signal suppression 
along the positive direction in X and Y. This asymmetry is a clear indication that effects from 
laser extinction and signal attenuation are severe in the spray. In the conventional images, such 
effects are hidden by the contribution from multiple scattering. Thus, the fact that the symmetry 
is conserved in the conventional data does not guarantee that the signal attenuation and laser 
extinction can be neglected. By calculating the extinction coefficients using the developed 
algorithm, the spray symmetry is restored but with a shape that is clearly different to the one 
based on the conventional data. One should therefore be careful when drawing qualitative 
conclusions from conventional planar images based solely on the fact that signal attenuation and 
laser extinction are not visible. When using SLIPI, these effects are highlighted thanks to the 
multiple light scattering intensity suppression. Finally, the image of the extinction coefficient 
distribution provides a more reliable qualitative representation of the real spray structure. 
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4.4.4 Simultaneous high-speed PIV and OH PLIF measurements for investigating 
flame-flow interaction in a low swirl stratified turbulent lean premixed flame 

P. Petersson
1
, R. Wellander, J. Olofsson

1
, M. Richter, M. Aldén 

Combined High-Speed OH planar laser-induced fluorescence (PLIF) and particle image 
velocimetry(PIV) measurements were performed in turbulent low swirl stratified premixed 
flames to investigate the flame flow interaction in detail. The combined PIV and OH-PLIF 
images where captured with up to 4 kHz, sufficient to follow the spatially resolved flame and 
flow dynamics in time. Typically several sets of 2000 combined PIV and OH-PLIF images where 
collected for two different flame conditions. Characteristic features include the strong local 
dilatation of the flow field due to expansion in the flame creating regions with low axial velocity 
upstream of the flame where the flame can propagate upstream and expand in the radial 
direction. The large-scale vortex structures continuously created in the outer shear layer influence 
the mixing of unburnt and burnt in and are part of the flame stabilization mechanism for the 
low-swirl flame. The low-swirl flow is created by an outer annular swirler where ~60% by 
volume of the mixture pass, with eight swirl-vanes, in combination with an inner perforated plate 
that allows for about 40% by volume of the mixture to pass through. After passing the 
swirler/perforated plate the premixed methane/air mixture of equivalence ratio 0.62 discharges 
through a 50 mm nozzle into a co-flow of air at about 0.25 m/s. The resulting outflow from the 
nozzle has an inner low velocity non-swirling region (-10 mm < r < 10 mm, r = radius) and an 
outer region with higher axial and tangential velocities. 

Two methane/air flames are investigated both with equivalence ratio of 0.62. The Reynolds 
numbers (Re) based on the bulk flow velocity (6.2 and 9.3 m/s) and diameter at the burner exit 
are about Re=20000, and Re=30000. The laminar flame speed calculated using Peters’ 
mechanism is 12 cm/s for the inlet gas temperature of 300 K and pressure of 1 atm. 

Two separate laser systems were used for the combined high-speed PIV and PLIF 
measurements. The high repetition rate laser system, used to excite the OH radical consists of a 
diode pumped Nd:YAG laser (EdgeWave HD 40IV-E). The fundamental wavelength at 1064 
nm is frequency doubled to 532 nm and used to pump a high repetition rate dye laser (Sirah 
Credo). The 283 nm laser pulses emitted from the dye laser are formed into a ~27 mm high laser 
sheet using ordinary UV-coated sheet forming optics. The excited OH radicals are imaged onto 
an image intensified (Lambert HiCATT 25 Gen 2) high-speed camera (Photron Fastcam SA5). 

For PIV a double cavity diode pumped kHz Nd:YLF laser (DualPower 1000-10, Dantec 
Dynamics) with integrated light sheet optics were used to provide successive Mie scattering from 

the flow tracer ~1 m-sized ZrSiO4 particles. In the probe volume the light sheets had a height 
of ~50 mm and a thickness of ~ 1 mm. 

The laser beams generated by the two systems were arranged in a counter-propagating manner 
and formed into overlapping sheets to illuminate a planar region of the flame, crossing the 
vertical centerline of the burner. 

The combined PIV and PLIF image sequences clearly visualize some of the characteristic flame-
flow interaction of the unconfined turbulent flame. Of particular interest is the vortex motion in 
the inner shear-layer. The inner shear-layer is located between the inner low velocity non-swirling 
region (-10 mm < r < 10 mm, r = radius) and the outer region with higher axial and tangential 
velocities. In Fig. 1, a sequence (image 1 to 6) of six simultaneous PIV and OH PLIF images 
shows the typical roll-up of the outer part of the flame base (case Re=30000). 

 

                                                 

1 Dantec Dynamics A/S, DK-2740, Skovlunde, Denmark 
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Fig. 4.4.8. The characteristic roll-up of the outer flame base visualized by the sequence (1 –6) of simultaneous PIV and 
OH PLIF images (dt= 250μs, case Re=30 000). 

The time between each image is dt=250μs and the field of view covers half of the flame width 
and the outer unburnt stratified region, 0 mm < r > 24 mm. The vortices in this region are 
continuously formed due to the shear-layer instability (Kelvin-Helmholtz instability). As 
indicated by images 1 and 2 (upper row) in Fig. 4.4.8 the flow just upstream of the flame base 
has mainly a radial component  that can increase the shear locally and trigger the onset of vortex 
formation in this region. The vortex rotates counter-clockwise and mixes burnt and 10 unburnt 
as it is transported by the flow upwards indicated by images 3 to 6 in Fig.1. There are also vortex 
rings rotating clockwise in the outer shear-layer between the fuel stream and the ambient co-flow 
that further increases the mixing between burnt and unburnt and is a contributing mechanisms 
in stabilizing the flame in the outer region. This phenomenon explains the in average low 
position of the flame in the high-speed region of the flow field reported in previous 
investigations. 

 

4.4.5 Liquid Spray Penetration Length during Late Post Injection in an Optical 
Light-Duty Diesel Engine 

G. Lequien
1
, R. Wellander, J. Rosell, Ö. Andersson

1
, M. Richter, B. Johansson

1
, M. Aldén 

Late post injections are commonly used in modern Diesel engines in order to enable high 
enough temperatures in the exhaust stream for regeneration of the Diesel Particulate Filter. At 
these late injection timings, in-cylinder densities are low compared to Top Dead Center. The 
liquid spray penetration length in these conditions is longer than for burning jets at higher 
ambient densities, thus increasing the probability for the jet to impinge on the in-cylinder wall. 
This risk is especially significant in small bore engines. When wall impingement do occur, liquid 
fuel may pass by the piston rings and mix with the crank case oil, modifying oil viscosity and 
causing further engine damages. The problem is aggravated when biodiesel is blended into the 

                                                 

1 Department of Energy science, Lund University, Lund, Sweden 
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ordinary diesel fuel, due to the lower volatility of these fuels and therefore longer liquid 
penetration length. 

A study of the liquid penetration length is carried out on an optically accessible light duty diesel 
engine with a Bowditch design. Different fuel injection strategies commonly used for the 
particulate filter regeneration are investigated. The study aims at finding out how the spray 
penetration length is affected by the different injection strategies. An additional focus is put on 
the effects of blending biodiesel into ordinary diesel fuel. The study is motivated by the current 
trends to increase the portion of bio-derived fuels in trade fuels, especially in Europe, where 
rapeseed methyl ester (RME) is the most common biofuel blended with trade diesel. The 
Swedish standard diesel fuel MK1 and a reference fuel free of RME (VSD10) are tested. Then a 
Biodiesel fuel composed with 10% of RME is tested in order to evaluate the impact of this blend 
on the liquid spray penetration length. 

Laser pulses, short enough to freeze the mothion of the spray are formed into laser sheets 
oriented in the vertical direction and directed along the spray to illuminate the dropplets in a 
cross section of the spray. Part of the light scattered by the dropplets are imaged through the 
quartz liner onto a high speed CMOS camera located perpendicular to the spray and laser light 
propagation. From the recorded image the spray penetration at the time of the laser pulse can be 
extracted. The laser light is emitted from a solid state high speed Nd:YAG laser operated at 20 

kHz. Thus the spray evolution can be resolved in time with a time separation of 50 µs between 
the recorded images. In order to reproduce combustion and in-cylinder conditions equivalent to 
all-metal engines, a metal piston with a realistic bowl shape is mounted on the test engine and the 
in-cylinder conditions are matched to data obtained from a multi cylinder engine running at 
relevant operating points. 

The data are still under evaluation. In Fig. 4.4.9 the spray penetration as a function of time after 
start of injection is shown for one of the tested spray durations and late post timings. 

 

Fig. 4.4.9. Late post spray penetration length as a function of time after start of injection. (a) VSD10, 
(b) MK1 and (c) VSD10 10 % RME. 
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4.4.6 Quantitative in cylinder fuel measurements in a heavy duty diesel engine 
using Structured Laser Illumination Planar Imaging (SLIPI) 

Johan Sjöholm, Elias Kristensson, Mattias Richter, Marcus Aldén, Clément Chartier
1
, Öivind 

Andersson
1
, Bengt Johansson

1
 

Quantitative laser induced fluorescence (LIF) is at best difficult in an optical engine. Problems 
with pressure and temperature dependent LIF signals can in some cases be handled with careful 
calibration but problems associated with scattered light usually remain. This can cause volume 
illumination, creating erroneous signals, or decreases in signal level as photons are lost between 
the laser and the detector. These photons can also be detected with altered angels, thus causing a 
blurring of the image. By using a technique called Structured Laser Illumination Planar Imaging 
(SLIPI) it is possible to remove these effects from scattered light. SLIPI uses laser sheets that are 
spatially modulated with a sinusoidal pattern and can remove the scattered light showing the 
original signal from the laser sheet. These measurements represent the first SLIPI measurements 
in an optical engine and at the same time the first gas phase LIF measurements using SLIPI. 

Image  Reconstructed LIF image 

     

SLIPI image  Comparison LIF image 

     

Fig. 4.4.10. Image with modulation (upper left), reconstructed LIF image (upper right), SLIPI image (lower 
left) and a comparison LIF image captured without modulation (lower right) but with correct background 
subtraction. All images are recorded under the same engine conditions. 

Figure 4.4.10 illustrates the results from the measurements. The first image (top left) shows one 
of three measured images with modulation of the laser light giving horizontal lines across the 
image. The laser enters the image from the left and the part of the image showing the quarts 
piston (to the left in the images) has been blocked due to excessive quarts fluorescence. The 
second image shows a reconstructed LIF image illustrating the scattered laser light illuminating 
the entire combustion chamber and the liquid fuel close to the direct injector. The bottom 
images show the final SLIPI image (left) and a comparison LIF image (right) recorded without 
modulation of the laser sheet. A background image (without fuel injection) has been subtracted 
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from the LIF image in order to make a fair comparison with the SLIPI image. Most importantly 
for these measurements is the difference in signal strength close to the bowl wall. The 
comparison LIF image fails to capture the wall jets accurately due to scattered laser light and 
quarts fluorescence interfering with the fuel LIF signal. 

 

4.4.7 Analysis of EGR Effects on the Soot Distribution in a Heavy Duty Diesel 
Engine using Time-Resolved Laser Induced Incandescence 

Ulf Aronsson
1
, Clément Chartier

1
, Öivind Andersson

1
, Bengt Johansson

1
, Johan Sjöholm, 

Rikard Wellander, Mattias Richter, Marcus Aldén, Paul Miles
2
 

The soot distribution as function of O2 mole fraction in a heavy-duty diesel engine was 
investigated at low load with cycle-resolved laser induced incandescence (LII). The engine was a 
Scania D12, converted into an optically accessible single cylinder engine of Bowditch design. A 
Multi-YAG laser system and a high-speed framing camera were utilized for the cycle-resolved 
2D LII, using 8 laser pulses with a spacing of one CAD. The optical setup in the engine rig is 
seen in Fig. 4.4.11. The LII signal is detected from below, through the quartz piston top. 

  

Figure 4.4.11 Sketch of the engine setup. The inset shows the 
laser sheet (green) propagating the combustion chamber. 

Figure 4.4.12  Engine out emissions of smoke and NOx. 

Engine-out smoke levels typically increases with decreasing oxygen fraction up to a certain level 
(11.4% O2 in this case), after which it decreases again (see Fig 4.4.12). The attempt was to 
correlate this curve to in-cylinder processes. Fig. 4.4.13 shows the area containing soot for 
varying O2 % as a function of CAD after start of injection (SOI). For higher O2 fractions the 
area shows a maximum but for lower O2 fractions it keeps growing continuously. 

The initial soot area growth rate (Fig. 4.4.14 (top)) increases for decreasing O2 fraction between 
21% and 13% thus indicating greater net soot production. Below 12% O2, past the peak in 
smoke emissions, the area growth rate decrease. Note that, both soot formation and oxidation 
affect the early soot area growth rate. An estimate of the soot residence time is also shown in 
Fig. 4 (bottom). The residence time curve show a plateau between 11 and 15 % O2,. These values 
correlate with the peak in engine out smoke (11 %) and the start of increase in engine out smoke 
on the high O2 side (15 %). 
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The two trends: increasing initial soot area growth rate and increasing soot residence time 
together indicate and increased net soot production with decreasing O2 fraction from 21% to 
13%. A reduced soot oxidation at low O2 fractions is also very likely, but cannot be quantified 
from the present data. Below 12% O2, past the peak in smoke emissions, both area growth rate 
and residence time decreases, thus decreasing the total net soot formation. Engine out soot 
indicates that this trend is stronger than the expected decrease in soot oxidation for lowered O2 
fractions. 
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Figure 4.4.13 Soot area as function of CAD ASOI for 21, 
14, 12, and 10% O2. 

Figure 4.4.14 Initial soot area growth rate (top) and estimated 
residence time (bottom) as a function of O2 percentage. 

4.4.8 Challenges for In-cylinder High-Speed Two-Dimensional Laser-Induced 
Incandescence Measurements of Soot 

Johan Sjöholm, Rikard Wellander, Henrik Bladh, Mattias Richter, Per-Erik Bengtsson and 

Marcus Alden, Ulf Aronsson, Clement Chartier, Öivind Andersson and Bengt Johansson 

This work is the first crank-angle resolved in-cylinder laser-induced incandescence (LII) 
measurements in an optically accessible diesel engine. With this technique is possible to follow 
the evolution of soot distributions inside e.g. a reacting diesel jet in detail. The measurements 
were made using a Multi-YAG laser cluster, capable of producing a rapid burst of eight high-
power laser pulses during one combustion event and a high-speed framing camera as detector. 

Initial tests with multiple pulses in a stable atmospheric premixed flame on a McKenna burner 
showed that the effect of sublimation can be significant for high-speed LII measurements. 
Figure 4.4.15 show the result when two laser pulses were sent through the flame and the LII 
signal induced from the second pulse was detected. For long time separations the signal from the 
second pulse is unaffected by the first pulse, but for < 20 ms the signal starts to drop to around 
70 % of the maximum indicating permanent sublimation of soot particles. Figure 4.4.16 show 
the LII signal for each pulse in a train of eight pulses. The signal level drops almost linearly for 
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the first five pulses due to sublimation and then levels out due to flow transport of new soot, 
morphological effects or regrowth of soot between the laser pulses. 
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Figure 4.4.15 Normalized LII signal from the second of two 
laser pulses sent through an atmospheric flame as a function of 
pulse separation. 
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Figure 4.4.16 Normalized LII signal as a function of laser 

pulse. 

 

 

 

 

Figure 4.4.17 –Bottom and side view of the quartz piston top 
with the outlines of the four diesel jets (cross). The green areas 
show the region that is covered by the laser. The rectangle 

represents the imaged area. 

Figure 4.4.17 shows a sketch of the modified combustion chamber indicating the orientation of 
the laser sheet and imaged area. The laser sheet was tilted at an angle, matching the umbrella 
angle of the jets and intersected two of the recirculation zones. The entire piston crown was 
made from quartz and the bowl had straight vertical walls in order to allow the laser sheet to 
follow the entire fuel jet in the bowl. The engine was a heavy-duty diesel engine (Scania D12), 
converted into an optically accessible single cylinder engine of Bowditch design. 

 

Fig. 4.4.18. Figure A1 – Two series of LII images (upper right CAD ATDC and lower right CAD ASOI). The 
color bar represents the signal count level. 

Two, cycle resolved, image series of in-cylinder LII measurements can be seen in Figure 4.4.18. 
The soot, in this case, starts to form close to the point where the jet impacts the wall of the bowl 
and then extend along the bowl wall.The standard deviation in the measurements is quite large 
due to cycle-to-cycle fluctuations and the effect of laser attenuation is significant. Regardless, the 
engine measurements does not reveal decreasing signal levels for later laser pulses as was seen in 
the atmospheric flame measurements. Either enhanced local soot formation or increased 
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turbulent gas flow is believed to be the reason for this. This implys that it is possible to make 
cycle-resolved LII measurements with crank-angle resolution. 

4.4.9 Comparison of three schemes of two-photon laser-induced fluorescence for 
CO detection 

Joakim Rosell, Johan Sjöholm, Mattias Richter, Marcus Aldén 

The study presents an investigation of three alternative excitation/detection schemes for 
performing two-photon excitation laser induced fluorescence (LIF) on carbon monoxide (CO). 
Three different emission bands in the Hopefield-Birge system are investigated and compared: the 

Ångström B1Σ+A1Πu band, with two photon excitation through B1Σ+←X1Π around 230 nm, 

the Herzberg band C1Σ+A1Πu, with two photon excitation, C1Σ+←X1Π, around 217 nm and 

the Third Positive Group b3Σa3Π, also with excitation of B1Σ+←X1Π around 230 nm. The 
measurements are performed in two laminar pre-mixed flames with various equivalence ratios as 
well as in a pressurized cell, where pressure and species concentrations are varied in order to 
investigate the fluorescence quenching dependence. The aim is to investigate the signal from the 
Third positive band closer and compare the signals from the three LIF bands regarding C2 
crosstalk, pressure and propane quenching dependence. 
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Fig.4 .4.19. CO LIF emission spectra recorded in a tube flame with premixed propan/air, phi = 1.3, and a flow 
rate of 1 m/s. The left and right column shows measurements with 230 nm and 217 nm excitation respectively. The top 
row (A and B) shows measurements slightly above the primary reaction zone, i.e. in the burnt gas region. The bottom 
row (C and D) shows measurements through the primary flame front. The lower case letters at the top of the Figures 
indicate the location of the CO peaks and the roman letters show the location of the C2 peaks. 

The C2 crosstalk reduces the number of useful, interference free, emission lines for CO 
detection. This in turn affects the collected signal intensity and, hence, the precision and accuracy 
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as well as the detection limit. C2 emits LIF signals around 430-700 nm, i.e. the Swan bands giving 
rise to crosstalk with the Ångström bands and also to a degree with the Herzberg bands of CO. 
C2 can also be formed by laser photolysis due to the short laser wavelength required for CO LIF 
the spectral interference from C2 is very hard to eliminate. 

Figure 4.4.19 shows spectra recorded from a water cooled laminar tube burner operated with 
premixed propane / ai  = 1.3 and a flow speed of 1 m/s. Measurements at two different 
heights above the burner (HAB) are shown. The top row (Figure 4.4.19 A and B) shows 
measurements slightly above the primary reaction zone in the hot product gases. The bottom 
row (Figure 4.4.19 C and D) shows measurements through the primary flame front. Only signal 
from the area where the laser beam intersects with the flame front are presented in Fig. 4.4.19 C 
and D. 

The peaks around 515 (IV) and 470 nm (IV) from the Swan band are clearly seen in both figure 
9 C and D. And quite clearly, it can be seen that only the 451 (f) and 484 nm (g) peaks of the 
Ångström band are free from C2. 

For the LIF signals from the Herzberg band, it can be seen that the peak at 466 nm (n) is 
completely covered by C2 emission (IV). Also, the peak around 438 nm (m) is obviously 
disturbed by C2 (III) since it has a double peak structure in Figure 4.4.19 D. A higher spectral 
resolution (up to a factor of 100 higher) will not separate these two lines. 

The peak around 389 nm (k) is widened at the base in Figure 4.4.19 D (II). This is caused by the 

=0 transition in the Deslandres d'Azambuja C2 band that is situated close to the CO peak. 
Additionally, the peak at 360 nm (I) in Figure 4.4.19 D is purely caused by C2 LIF from the 

C1
gA1

u, =+1 transition indicating the possible level of C2 interference in these measurement. 

This proves that even weaker bands like the Deslandres d'Azambuja (C1
gA1

u) in the C2 spectra 
can cause problems and great care shall be taken when evaluating CO LIF spectra. 

The CO peak at 413 nm (l) overlaps with a very week peak in the Deslandres d'Azambuja C2 
band (a factor 6 weaker than the peak at 385 nm (II)). Thus, theoretically, only the CO peak 
around 368 nm (j) is completely without interference from C2 LIF. 

However, there is further interference with both the Herzberg and the Third positive bands 
from broad-band emission in the flame. The cause is probably PAH but can be any number of 
species that can be excited with the short UV wavelength of the laser and emit broad-band 
radiation. As the interference is broad-band it is easier to eliminate in the post processing 
compared to overlapping C2 LIF signals that have similar peak widths as the CO LIF peaks. 

As both the Ångström and Third positive band are excited with the same laser wavelength of 
230 nm, using the full spectra gives five peaks that do not suffer from interference from C2. This 
increases the signal to noise ratio significantly compared to measurements of solely the 
Ångström or Herzberg band. 

Measurements conducted on the methane flame showed similar trends as to Figure 4.4.19 and 
the conclusions above but slightly less C2 and PAH interference in general. This is ongoing work 
and more details on properties such as power- and pressure- dependence will be investigated in 
the near future. 
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4.5 Thermographic Phosphors 

4.5.1 Investigations on phosphor layer thickness in a Toyota car engine 

Christoph Knappe, Johannes Lindén, Mattias Richter 

In the present work, investigations have been undertaken to explore the phosphorescence 
temperature response in a non-thermal equilibrium application. 

In past years it has been debated, whether the 
temperature information obtained from the 
phosphor material on top of the surface is 
corresponding to the actual surface temperature. 
This might be especially relevant when it comes to 
experimental conditions far from thermal 
equilibrium, such as fast changing temperature 
gradients between the wall surface and the hot gas 
region inside a reciprocating combustion engine, see 
figure 4.5.1. 

Phosphor lifetime measurements were carried out 
in a Toyota car engine, modified with a piston 
extension and a quartz ring to enable optical access 
to the combustion chamber. Different layer 
thicknesses (between 5µm and 95µm) of phosphor coating (CdWO4 and La2S2O:Eu ) were 
applied onto the inner side of the quartz ring allowing to obtain temperature information from 
the gas- and the wall-side of the phosphor simultaneously. 

 

Figure 4.5.2. Experimental setup for two-face phosphor temperature determination in an optical engine using temporal Laser-Induced 
Phosphorescence of CdWO4 and La2S2O:Eu. 

Different thicknesses between have been evaluated for HCCI combustion and external 
motoring. The outcome of these experiments (see figure 4.5.3, 4.5.4) showed for the first time, 

 

Fig. 4.5.1.  Estimated temperature gradient in a 
combustion engine showing the Thermal Boundary Layer 
(TBL) close to the chamber surface. 
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that keeping track of the phosphor layer thickness is of crucial importance to the measurement 
accuracy in environments with temporal and local temperature gradients. Depending on the type 
of application layer thicknesses below 10µm are recommended in order to keep deviations to the 
surface temperature reasonably low. 

 

Figure 4.5.3. Gas- and phosphor temperature comparison between 
fired- and motored operation using the example of the 59 µm 
phosphor coating experiment. 

 

Figure 4.5.4. Phosphor temperature (thick coating) at -180 
CAD and +5 CAD as a function time, passing from stable 
combustion on to motored operation. 

 

4.5.2 Phosphor Calibration Automation 

Xin Xu, Christoph Knappe, Mattias Richter 

Conventional temperature calibration usually relies upon a set of stable temperatures that 
correspond to the full temperature sensitivity range of a thermographic phosphor. In practice, a 
calibration tube furnace needs to be heated to each of these temperatures and after thermal 
equilibrium was reached, a set of typically 100 phosphorescence decays is recorded and averaged 
together with the current oven temperature. This process is often tedious and can take up to 
several days upon completion, depending on the sensitivity range of the current phosphor and 
the temperature step size that was chosen. 

  

Figure 4.5.5. The front panel of Phosphor Project.vi. 
Figure 4.5.6. Conventional- and automated Phosphor 
calibration curve for CdWO4. 

In another automated approach, the oven is ramped across the whole temperature interval 
instead, while measurements are taken continuously leading to a tighter grid of measurement 
points while greatly reducing the measurement time. This however needs a logging process in 
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which individual phosphorescence decays can be matched to their temperature counterparts 
without ambiguity. This has been realized by controlling the calibration process in a LabView 
environment, see figure 4.5.5. 

Both calibration results are illustrated in a comparison, as seen in figure 4.5.6. The oven has a 
maximum ramp speed of 4 K/min. In the case of CdWO4 that spans over 300K, allowing the 
automated calibration to be completed within 75 minutes, instead of 2 days previously as  
for the manual calibration. With a maximum sampling rate of 1 decay per second, 15 decays  
can be matched within a 1 K interval, leaving a temperature step size of less than 0.1K compared 
to at least 10K in the conventional calibration. In summary, the LabViewautomation allows 
much faster and more accurate temperature calibration for phosphor thermometry. Furthermore, 
being able to assign single shot decays to individual temperature values opens up for a series of 
new exciting experiments, such as studying the impact of laser fluence on the phosphor sample 

temperatureDegeneration processes in La2O2S:Eu 

Robert Koch, Christoph Knappe, Mattias Richter 

La2O2S:Eu is a phosphor sensitive to temperatures in between room temperature and 300°C. In 
this range its time decay varies several orders of magnitude, which guarantees a very high 
temperature precision. The temporal resolution, which is in the same order of magnitude as the 
phosphorescence decay time, ranges from nanoseconds to microseconds and can thus be 
employed for surface temperature investigation in combustion in engines, where changes 
typically occur within several tens to hundreds of microseconds. In previous studies the spectral 
response seemed to vary significantly throughout the course of experiment. Longtime studies 
have been performed to identify irreversible changes of emission characteristics of La2O2S:Eu as 
a function of time and ambient temperature, see figure 4.5.7, 4.5.8. These are most likely by 
triggered the Eu2+/Eu3+ ratio that is influenced upon external impact. Subject for further studies 
will be additional Eu-dopant concentrations as well as elemental analysis from electron 
microscopy to investigate quenching by oxygen or diffusion of substrate atoms into the 
phosphor layer. 

 

Figure 4.5.7. La2O2S:Eu time decays at room temperature as a function of time. 
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Figure 4.5.8. La2O2S:Eu phosphorescence from 538nm emission line, normalized by the initial peak, 
as a function of phosphor age and temperature 

4.5.4 2D Surface thermometry applied on a aircraft jet engine 

Johannes Lindén, Christoph Knappe, Mattias Richter 

This part involves evaluation of surface temperature measurements done on stationary targets in 
a Volvo RM12 fighter jet test engine at Volvo Aero Corporation, Trollhättan, Sweden. The 
measurements where done on the variable exhaust nozzle and is marked out in figure 4.5.9. The 
engine, Volvo RM12, is a low-bypass-ratio turbofan engine. It is of twin-spool design and 
equipped with an afterburner that modulates fully from minimum to maximum augmentation. 
The engine is based on the General Electric F404 engine. The Volvo RM12 is used in the 
Swedish multi-role combat aircraft JAS 39 Gripen which has been in service since 1997. It  has a 
maximum thrust of 80.5 kN and an airflow of 68 kg/s (150 lb/s). A cross-section diagram of the 
Volvo RM12 engine and some typical engine data are presented in figure 4.5.9. 

 

Figure 4.5.9. A cross-section diagram of the Volvo RM12 fighter jet engine. Marked in the picture is the areas of 
investigation, the Variable exhaust nozzle segment. 

Figure 4.5.10 shows the selected area of the 
exhaust nozzle segment coated with 
thermographic phosphor. 

A laser beam from a Quantel Brilliant b, 
10Hz, pulsed, Nd:YAG laser operating in it’s 
third harmonic producing 355 nm radiation, 
is expanded and illuminates the phosphor 
coated area. An ICCD camera FlameStar II, 
LaVision equipped with a stereoscope is 

 

Figure 4.5.10  BAM coated on part of exhaust nozzle segment 
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detecting the subsequent phosphorescence through the two pertinent interference filters. This 
result in a double image which is later processed in order to achieve a temperature map. 

Temperature maps using BAM were achieved for a range of different thrust levels. Additionally, 
measurements were also done using a second kind of thermographic phosphor, YAG:Dy (from 
Phosphor Technology, UK). YAG:Dy also has blue phosphorescence emission and has been 
used previously in similar measurement situations. However it features a significantly longer 
phosphorescence lifetime than BAM, about 600µs, making it unsuitable for measurements on 
fast moving targets. When probing on the stationary nozzle vanes this will not impose a 
problem. YAG:Dy also has a slightly different temperature sensitivity range, from about 300 to 
1100°C. 

Figure 4.5.11 shows intensity ratio images of the exhaust nozzle segment achieved at 6 different 
thrust levels. 

 

Figure 4.5.11 Ratio images of BAM at 6 different engine loads, increasing from lowest load in the upper left corner to highest in the 
lower right corner. 

The results from these measurements are unexpected. Even though a clear trend is visible, the 
detected ratios show deviations from the ratios achieved during the calibration measurements, 
when compared to the temperature measured by a thermocouple mounted on the backside of 
the investigated segment. The reasons could be several. Since BAM is a phosphor with 
extraordinary high quantum efficiency and thus have very intense phosphorescence, the high 
signal might cause nonlinearity of the intensity response of the camera. Also the process of flat 
field and background corrections indicates to be more crucial and sensitive to variations in this 
application than previously experienced. 

During the end phase of this project some new discoveries about BAM were made. There are 
observations indicating instability of the phosphorescence at temperature above about 400°C. 
Until further investigations are performed, other thermographic substrates are therefore 
suggested. 

Figure 4.5.12 shows four evaluated temperature maps using the TP; YAG:Dy. Since the 
temperature sensitivity range of YAG:Dy is towards higher temperatures than that of BAM only 
the four measurements with highest engine load are considered. 
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Figure 4.5.12 Temperature maps of nozzle segment using YAG:Dy. The black dot marks the position of a thermocouple attached 
on the backside of sheet metal segment. 

The resulted temperature maps are as expected, regarding temperature distribution. However, 
regarding absolute temperature, comparison with the read out temperature from a thermocouple 
attached on the back of the nozzle segment indicates a slight offset. This is probably due to the 
same reasons as mentioned above, involving flat field and background corrections. 

The black dot in figure 4.5.12 marks the position of a thermocouple attached to the back of the 
nozzle segment. Figure 4.5.13 shows this thermocouple temperature compared with the 
evaluated temperature from the LIP measurements using YAG:Dy as thermographic phosphor. 

 

Figure 4.5.13 Evaluated temperature from YAG:Dy compared with the temperature read by the 
thermocouple. The bars of the blue curve indicated the temperature distribution inside the marked area in figure 
4.5.12 

Contrary to what would be expected, the temperatures read out from the thermocouple are 
higher than the temperatures evaluated from the phosphor. It would be expected to be higher 
temperature on the surface facing the hot exhausts than on the backside of the segment. This 
indicates that something went wrong during the measurements, probably respecting the flat field 
and background corrections. However, the offsets between the evaluated temperature and the 
reference thermocouple of about 65 degrees are rather constant, hence the relative temperature 
variations are captured correctly. This indicates a promising potential once these issues have 
been addressed. 

Despite the unexpected deviation in the read out of the absolute temperature, the measurement 
indicates a very high precision for both BAM and YAG:Dy. Regarding the YAG:Dy 
measurements, the standard deviations over the nozzle segment temperature are small, about 40 
degrees. This should be noted in respect to that the actual temperature of the nozzle segment 
most likely possess a heterogeneous distribution. According to the calibrations measurements, a 
precision as high as 0.6% is possible for YAG:Dy, around temperatures where YAG:Dy shows 
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the highest temperature sensitivity. This corresponds to a precision of +/-7 degrees at about 
600°C. BAM indicates a precision of about 2%. 

In Särner et al
1
 an investigation of different thermographic phosphors was described and it was 

concluded that the thermographic phosphor BaMg2Al16O27:Eu (BAM) was a promising candidate 
because of its suitable temperature sensitivity range, phosphorescence emission color and short 
emission lifetime. 

Temperature measurements are being demonstrated on stationary targets in a Volvo RM12 
fighter jet test engine at Volvo Aero Corporation, Trollhättan, Sweden. The results indicated that 
measurements with high precision are possible. However, because of various difficulties 
regarding signal detection, image processing and equipment limitations, further investigation 
needs to be done regarding evaluation of the absolute temperature accuracy. 

During the last phase of the project some new discoveries regarding the feasibility of BAM as a 
thermal sensor was made. Degradation mechanisms due to oxidation of the activator Eu2+ leads 

to a decrease of luminous efficiency
2
. How this effect the spectral temperature response needs to 

be investigated further. 

4.5.5 Limitations of ICCD detectors and precision investigation in 2D phosphor 
thermometry 

Johannes Lindén, Christoph Knappe, Mattias Richter 

Thermographic phosphors have proven to be a robust technique capable of delivering qualitative 
and quantitative data also when applied in harsh environments such as engines. However, what 
has been lacking is detailed knowledge about the precision and accuracy of the measurement 
technique. The two main approaches (decay time and spectral) are both in need of thorough 
studies in order to reach a level where absolute temperatures can be presented with reliable error 
bars. An extensive effort has been focused on refining the two-dimensional temperature 
measurement technique in order to bring it to the desired level. 

This study includes detailed investigations on: 
reproducibility, spectral ratio dependence of 
phosphorescence intensity, laser intensity, 
detector gain, detector integration time and 
phosphor layer thickness. All these parameters 
must be taken into account if real quantitative 
data with known measurement errors should 
be possible. It has been revealed that 
commonly used ICCD cameras suffer from 
non-linearity when illuminated with to high 
irradiance at a much lower count level than 
expected. Figure 4.5.14 illustrates this problem 
and indicates that one is restricted to count 

                                                 

1 G. Särner, M. Richter, M. Aldén, Investigations of blue emitting phosphors for thermometry Meas. Sci. Technol. 19 125304 (10pp) 
(2008) 

2 Bizarri G and Moine B 2005 On BaMgAl10O17 : Eu2+ phosphor degradation mechanism: thermal treatment effects Journal of 
Luminescence 113 199-213 (2005) 

 

Figure 4.5.14 Camera response function for the two different filter 
wavelengths (400 nm - blue circles; 456 nm red triangles). The 
straight dashed line indicates the ideal linear response curve, limit 
to 65 000 counts by the A/D converter’s bit depth. 
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levels below 30 000 counts (in this particularly case) in order to avoid results that could be 
mistaken for as false temperature readouts. This is quite remarkable since the maximum counts 
allowed are 65 000. 

Ones sure that the cameras are used in a suitable manner, ensuring stability, reproducibility and 
linearity, it is possible to expect that the spectral intensity ratio should depend on the surface 
temperature only. This means that even if the original measurements performed at two different 
wavelengths should show intensity variations due to laser intensity variations or variations in 
phosphor concentration, the resulting ratio between these two images should only reflect 
temperature, se example in figure 4.5.15. 
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Figure 4.5.15 Examples of measurement images at 331 K (59°C). A sample of the thermographic phosphor BAM coated on a 
surface was placed in a water bath and illuminated with laser. Images if phosphorescence at 400 nm (a) and at 456 nm (b) are 
divided and results in a ratio image (c). It can clearly be seen how variations in the raw data, caused by laser intensity variations, are 
canceled out when the ratio is calculated 

The phosphor sample used to achieve the images in figure 4.5.15 is submerged in a liquid bath 
and images are achieved at several temperatures between 0 and 200 degrees C. This is done in 
order to investigate the best precision achievable. Figure 4.5.16 shows the setup for the 
experiment. 

 
Figure 4.5.16 Precision investigation setup. 

For each temperature, the mean and standard deviation of the ratio within the mark area in 
figure 4.5.15c is evaluated. These results in a graph illustrating the relation between ratio and 
temperature, see figure 4.5.17. 
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Figure 4.5.17 Relation between 
phosphorescence ratio and temperature. 
The error bars indicates the standard 
deviation of the evaluated ratio, which 
together with the slope of the line 
(0.005 K-1) enables conversion of the 
error bars into precision in Kelvin. 

As can bee seen, the slope is quite linear (0.005 K-1), and it is clear that the error bars are 
increasing with temperature, indicating that the precision is decreasing with higher temperature. 
At room temperature the size of the error bar is ±0.015, giving a precision of ±3 K, or 1 %. 
Figure 4.5.18 shows the degradation in precision with temperature, from 280 to 471 K. 

As can be seen, there is a discontinuity 
between the measurements at 360 and 
370 K. This is due to a drift over time 
in one of the ICCD cameras used, 
becoming noticeable because of a break 
in the measurements for 3 hours. 
During this break the sensitivity of one 
of the cameras drifted, causing this 
degradation in precision. This 
instability in the cameras is hardly 
noticeable in other applications, and 
indicates how sensitive the two-color 
ratio method is to small interferences. 

From figure 4.5.18 it can be seen that 
the precision at the lowest temperature 
(280 K) is ±2.6 K, or 0.9 %, and at the 
highest temperature (471 K) is ±9.6 K, or 2 %. In order to get an understanding of the meaning 
of these results when applied on a realistic application, one has to consider the precision in 
relation to the spatial resolution, since these two quantities involved a trade-off in this case: the 
precision might get better as the spatial resolution decreases. The area of the phosphorescence 
images achieved in these experiments are 2.5x2.5 cm which in the image corresponding to about  
1000x1000 pixels. This gives an maximum resolution of 40 pixels/mm, or 25µm/pixel. This 
however is the maximum resolution, and doesn’t necessarily say anything about how easily 
details in the image are distinguished. This dependence on a various numbers of conditions such 
as optics, focus, motions and obstructing objects in front of the camera. This apparent 
resolution, henceforth only resolution, has to be estimated using a resolution test target. Doing 
so one gets a value of the resolution in lines per mm. Therefore, in addition to the 
measurements, an image of a resolution test target was achieved, in order to measure the spatial 
resolution. 

In order to investigate the relation between spatial resolution and precision, the individual images 
from each camera was software smoothed with Gaussian filtering using MATLAB, prior to 
division. In that way the standard deviation within the resulting ratio image decreases, and hence 
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Figure 4.5.18 Evaluated precision versus temperature of data achieved 
using the second configuration setup 
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the precision of the ratio is increased, but with the expense that the spatial resolution decreases. 
By repeating the software filtering on the image of the resolution test target, an estimation of the 
spatial resolution was achieved. By repeating this procedure with different strengths of the 
software Gaussian filtering, both to the image of the resolution test target and to the resulting 
ratio images, a relation between precision and spatial resolution is achieved. 

Figure 4.5.19 illustrate how these precisions are improved when the phosphorescence images are 
subjected to Gaussian software filtering. 

For the lowest temperature, the precision is increased to ±1.2 K, or 0.4 %, as the resolution is 
decreased to 2 lines/mm. For the highest temperature, the precision is increased to ±5.4 K, or 
1.2%. Accordingly, in the case of the second configuration setup, the precision vary from 0.4 % 
to 2 %, depending on absolute temperature and resolution. 

During this work it has been 
noticeable how sensitive this two-
color ratio method is two small 
interferences. There was a non-
linearity discovered in the ICCD-
cameras used, and the cameras still 
suffer from an internal drift in 
sensitivity over time, that causes 
minor problems (as the 
discontinuity in figure 4.5.18). 
Despite these problems, a precision 
of less than 2 % for 2D 
temperature probing is truly 
outstanding for a technique with 
such high temporal resolution. 

 

4.5.6 Investigations on Detector Non-Linear Response for the Optimization of 
Laser-Induced Phosphorescence Decay-Time Detection 

Fahed Abou Nada, Christoph Knappe, Mattias Richter 

Laser-Induced Phosphorescence (LIP) is a temperature measuring technique that relies on the 
temperature dependence of the decay-time of the thermographic phosphor.1 The phosphor is 
excited by laser radiation and the phosphorescence decay time is measured using a photoelectric 
detector that converts photon in to electrons. However, using the photomultiplier or any other 
photoelectric detector under intense light conditions and very high gain causes the detector to 
deviate from normal operation. The nonlinearity of the photodetector can be contributed to two 
effects, electric and optical saturation. Electrical saturation is resulted from the nonlinear 
response in the amplification process in the detector that is governed by the secondary electron 
emission. The optical saturation is due to electron depletion that occurs at the photocathode. 

These saturation effects result in variation of the evaluated phosphorescence decay-time and by 
succession in a variation of the temperature calculated. The degree of variation depends on the 

                                                 
1
 Khalid, A. and K. Kontis, Thermographic Phosphors for High Temperature Measurements: Principles, 

Current State of the Art and Recent Applications. Sensors, 2008. 8(9): p. 5673-5744. 
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Figure 4.5.19 The increase in precision with decreasing resolution at three 
different temperatures measurements with the second configuration setup, i.e. with 
two cameras. 
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conditions applied during the operation of the photoelectric detector. The aim of this 
investigation is to characterize four detectors as a function of phosphorescence intensity and 
gain by investigating the detected decay time. Measurement results are mapped into a detector 
specific response matrix containing averaged decay times in each matrix element. The detectors 
used are varying from normal photomultiplier tube (PMT), avalanche photodiode (APD), micro-
channel plate photomultiplier tube (MCP-PMT), to time-gated photomultiplier tube. 

The phosphor of choice is Cadmium tungstate CdWO4 which is excited using 266 nm laser 
radiation. CdWO4 has a broad emission spectrum that is centered on 470 nm. The phosphor has 
a decay time range that extends from 15µs at room temperature up to 5ns at temperature of 290 
°C. The Phosphor temperature calibration curve is shown in the figure below. The 
measurements are done at five different temperatures that cover the sensitivity range of the 
CdWO4 phosphor. Measured decay time curves were fitted using least squares fitting code that 
uses fixed window method for decay time calculation. This means that the beginning and the end 
of the fitted section of the decay have to be set manually. Setting the start of the window and the 
end of the window assures similar fitting conditions for curves measured at the same 
temperature. This is important to rule out the effect of the fitting routine in temperature 
deviation. 

 

Figure 4.5.20 Cadmium Tungstate temperature calibration curve (left) and Experimental setup (right). 

The phosphor is excited using laser beam at 266 nm produced by Brilliant b laser. When a laser 
pulse excites the CdWO4, phosphorescence is emitted from the plate. The phosphor plate was 
placed at almost 45 degrees so it could be excited from the furnace side. The phosphor plate is 
placed in the oven and heated up to different temperatures and then matrix measurements are 
taken by holding the gain constant and scanning the laser pulse energy starting from 5.0 mJ 
down to 70 µJ. Two plano-convex lenses are used to focus the phosphorescence radiation onto 
the detectors. A reference system was built in the setup to measure the relative laser energy and 
the number of photons reaching the detector. The reference system uses two PMTs of the same 
module as detection elements and for signal intensity measurements in relevance to the 
phosphorescence and laser energies. In order to prevent unwanted laser radiation or scattered 
light from entering the detector two sets of filters are placed in front of the detector. The first 
filter is an interference filter with central acceptance wavelength band of 450 nm ± 20 nm, while 
the second filter is a high wavelength edge filter with acceptance wavelengths greater than 
400nm. Then the oscilloscope using the 50-Ω termination registers the signal produced by the 
two reference PMTs and the detector. The two reference PMTs are kept at the same gain value 
(gain= 6300) for whole duration of the experiment regardless of the detector used. 

The detector specific response matrices are represented as two-dimensional matrices (detector-
gain and number of photons per 1ns) with the third dimension presented as color gradient of the 
information added. The third dimension information could be mean decay time, standard 
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deviation, percentage error, number of averaged files in each single matrix element, and signal to 
noise ratio. 

The PMT experiences nonlinear response at regions of high gain and high intensities, while 
linearity is achieved at regions of low input light levels and low gain. Time-gated PMT provides a 
greater linear response regions compared to the normal PMT. The MCP-PMT shows regions of 
linear mode of operation at areas of high intensities and high gain. The APD matrix has almost 
half of it cells lost because of the limitations of APD gain range. At higher temperatures the 
phosphor quantum efficiency drops that means the phosphor emits lower radiation with the 
same laser pulse energy used at the lower temperatures. Lower phosphorescence intensity cause 
the extension of the linear mode of operation of the detectors tested. 

Time gating the time-gated PMT and the MCP-PMT doesn’t improve the performance of the 
device in terms of linearity. Time gated PMT would prove more effective if applied to phosphors 
that are characterized by an intense peak just before the exponential phosphorescence decay. 
The time-gated PMT is the most promising detector with large area of linear response in relation 
to the detection of laser induced phosphorescence signals emitted from CdWO4. 

 

 

Figure 4.5.21  Decay time vs. detector gain and number of incident photons at a measurement temperature of 100 °C. Top left: PMT, 
top right: time-gated PMT, bottom left: MCP-PMT, bottom right: APD. 

These measurements are vital to show the decay time drift for each detector. In laser-induced 
phosphorescence, the accuracy and precision of the determination of the decay times plays an 
important role in the validity of the data. For this reason, this study aimed to clarify the effects of 
detector nonlinearity on the deviation of the evaluated decay time and consequently the 
temperature. This overview provided by the detector specific response matrix, grants a deeper 
investigation that takes the detector gain and input light intensity as factors. 
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4.6 Picosecond laser diagnostics 

In the early spring in 2011 the division received a 
new diagnostic system based on an advanced 
picosecond laser arrangement, which is shown in 
Fig. 4.6.1. The picosecond laser system consists 
of an Nd:YAG laser (Ekspla PL 2143 C) whose 
1064-nm laser beam is further amplified by an 
amplifier unit (Ekspla APL70-1100). About 100 
mJ at 355nm is used from the amplifier to pump 
two Optical Parametric Generator (OPG) 
systems (Ekspla PG 401-P80-SH). The PG 401-
system is divided into two parts, one optical 
parametric generator (PG) and one second 
harmonic generator (SH). The OPGs are tunable 
in a broad wavelength range, 210-680nm and 
740-2300nm, via a signal beam (visible region) 
and an idler beam (IR region) by tuning the PG 
or the SH stage (UV region), respectively. The 
laser pulses have pulse duration of 80ps and a 
pulse repetition rate of 10Hz. The generated 
beam has a diameter of 18mm and the laser 
linewidth varies between 4 and 9cm-1 depending 
on the wavelength. The output laser pulse energy 
is strongly dependent on the wavelength and 
varies from approximately 280µJ at 2200nm to 
5.8mJ at 460nm. Various combinations of the 
dual picosecond-OPG-system with a streak 
camera (Optronis, Optoscope) and an ICCD (Princeton Instruments, PI-MAX III) allow a 
variety of different combustion diagnostics, such as quantitative laser-induced fluorescence 
(LIF), light detection and ranging (LIDAR), pump-probe experiments like photofragmentation 
LIF, lifetime imaging, et cetera. 

4.6.1 Simultaneous OH and CO lifetime measurements along a line 

M. Jonsson, A. Ehn, M. Aldén and J. Bood  

Quantitative species concentration measurements are of significant importance to fully 
understand combustion processes, pollutant formation, and to develop models of the complex 
chemical kinetics. Laser-induced fluorescence (LIF) is the most common technique to measure 
relative concentrations of minor species in combustion environments. Unfortunately, the 
generated fluorescence signal strength is not only dependent on the species concentration, but is 
also dependent on which molecules the excited species collide with; a phenomenon termed 
quenching as it quenches (reduces) the emitted fluorescence. Hence the LIF signal is generally 
dependent on the local conditions, i.e. chemical composition, temperature and pressure. The 
quenching rate can be determined by measuring the fluorescence signal temporally resolved, 
which for example can be done using a picosecond laser and a streak camera (ultrafast camera). 
By using the new picosecond laser system and overlapping the two tunable OPG beams, the 
quenching rate of two species can be investigated simultaneously in one dimension (along a line). 

 

 

Fig. 4.6.1 Image on the advanced picosecond laser system. A 
indicates the Nd:YAG laser and B the amplifier. The 
generated 355-nm beam is split into two beams pumping the 
two OPG/OPA systems (C). 
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Ultimately, absolute concentrations of the two species can be measured simultaneously, which is 
information of utmost value for the development of chemical kinetics models. 

Quenching rates of CO and OH have been measured in a methane/air Bunsen flame, at 
different heights above the burner and for different fuel/air mixtures. CO and OH were excited 
with a laser beam at 230 nm and 308.95 nm, respectively. There was a delay between the 230-nm 
and 309-nm laser pulses of around 3ns. Figure 4.6.2a shows an example of a recorded streak 
camera image. The shorter signal to the left is the detected CO fluorescence, while the longer 
signal to the right is OH fluorescence. Fluorescence lifetimes are determined via exponential fits 
to the fluorescence signal curves (see Fig. 4.6.2b), from which quenching rates are extracted by 
calculating the inverse of the fluorescence lifetimes. 

 

 

Fig 4.6.2 a) Streak camera image of the generated fluorescence signal from first CO, followed by signal generated from OH. b) 
Fluorescence signal decays of CO and OH. The measurement was performed 23 mm above the burner in a stoichiometric  
methane/air flame. 

 

 

 

a) 

b) 
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4.6.2 Investigations of picosecond excitation for laser-induced two-photon 
fluorescence of CO 

C. Brackmann, M. Aldén, J. Bood 

Formation of carbon dioxide (CO2) as a final combustion product goes via formation of carbon 
monoxide (CO) and the degree of CO to CO2 oxidation is dependent on stoichiometry. Fuel-
rich low temperature conditions may result in CO as an undesirable toxic combustion product 
and emissions are controlled by strict regulations. Thus, CO visualization using two-photon 
fluorescence is a method of high interest in diagnostics of combustion. However, under fuel-rich 
conditions fluorescence from C2 radicals, produced via laser photolysis of hydrocarbon 
compounds, poses a problem for CO detection. Compared to excitation of two-photon 
fluorescence using a laser emitting nanosecond pulses, excitation in the picosecond regime allows 
lower pulse energies while maintaining high peak power.  To investigate if this alternative was 
beneficial for CO detection with reduced interferences from photolytic C2, CO measurements 
using excitation with pico- or nanosecond laser pulses were carried out in premixed ethene-air 
flames. Figure 4.6.3 shows fluorescence emission spectra measured in fuel-rich flames. All 
spectra show C2 contributions interfering with the CO lines (arrows), however spectra obtained 
with picosecond excitation clearly shows a higher CO/C2 signal ratio. 

 

Fig. 4.6.3 CO fluorescence emission spectra measured using picosecond (black) and nanosecond (grey) excitation in premixed 
ethene-air flames. Interferences from photolytic C2 can clearly be seen (arrows), however their magnitude relative to the CO 
signal is lower for picosecond excitation. 

In addition, further reduction and compensation for C2 interference could be achieved using 
picosecond excitation with minimized detection gate and time-resolved measurements. 

4.6.3 Picosecond lidar thermometry in a measurement volume surrounded by 
highly scattering media 

B. Kaldvee, M. Aldén, J. Bood 

Temperatures can be measured accurately in non-sooty regions with ps-LIDAR Rayleigh 
scattering. In sooty regions no Rayleigh thermometry can be conducted. Despite this limitation 
reliable temperatures could possibly be extracted from non-sooty regions located behind particle-
laden areas, which is the main question addressed in the present work. Application of ps-LIDAR 
for Rayleigh thermometry in enclosed volumes containing regions with highly scattering media, 
such as soot, is challenging. Intense signal contributions due to Mie scattering from large 
particles as well as laser light reflections from hard targets, e.g. the edges of the aperture 
providing optical access to the measurement region, must be suppressed in order to take 
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advantage of the full dynamic range of the detector for detection of the weak Rayleigh scattering. 
Any sources of continuous radiation along the detection line of sight must also be accounted for 
in the data analysis. Figure 4.6.4 shows a part of the experimental setup for measurements in 
furnace with a sooty flame blocking the telescope field of view. 

The second harmonic, 532 nm, of a mode-locked Nd:YAG 
laser system (Ekspla, PL 2143C) with 30 ps laser pulse 
duration was used. A streak camera (Optronis, Optoscope), 
was used as detector. The backscattered light was collected 
using a telescope having a 10 cm primary mirror. A furnace, 
Entech 89260 1,4 kW, with a 5.8 cm diameter and 40.3 cm 
long pipe, and a maximum temperature of 1500 K was used 
to heat up a part of the air in the measurement volume. The 
reference temperature in the oven was measured with a type S 
thermo couple (Microtherma 2 thermometer) through a 
perpendicular oven pipe, connecting to the middle of the 
measurement pipe. A porous-plug burner similar to a 
McKenna burner was used to provide a sooty ethylene flame 
that blocked the optical access of the oven. The results show 
that evaluation of two dimensional oven temperature can be 
done with the flame in front of the oven and still keep 
dynamic range to monitor the scattering from the sooty 
flame. In the left of Fig. 4.6.5 one dimensional temperature 
evaluations with different oven temperatures are shown. The right part of Fig. 4.6.5 show 
corresponding one dimensional scattering profiles and it is clearly seen that the scattering from 
the flame is within the dynamic range of the detector. The basic principle used, not to saturate 
the detection from the position of the flame, is to focus the detection mirror as far away as 
technically allowed, due to the intensity of the interesting signal, from the Mie scattering of the 
sooty flame and use a small pinhole when collecting light with the streak camera. 

In the one dimensional temperature image in Fig. 4.6.5 it is seen that the temperature evaluation 
closer than 2.75 m becomes a noise signal. This is due to the low LIDAR scattering signal seen at 
the corresponding position in the right figure. The temperature curves show good agreement 
with the thermo couple reference measurement at 3.05 m presented in the legend. It also shows 
good agreement with the control measurements made without any disturbing flame in front of 
the oven. 
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Fig. 4.6.5 The left image shows one dimensional temperature evaluations for different oven temperatures. The thermo couple 
temperatures measured at 3.05 m are presented in the legend The right image shows the raw scattering signal with 4 different oven 
temperatures.  

 

 
Fig. 4.6.4 Photo of the measurement 

objects in the experimental setup. The optical 

axis, defining both the propagation of the 

laser beam and the center of the telescope 

field of view, goes through the flame in to the 

furnace pipe. 
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4.6.4 Single-ended room fire measurements using picosecond-LIDAR 

B. Kaldvee, M. Jonsson, C. Brackmann, J. Bood  

LIDAR measurements were performed in large scale room fire experiments. The laser diagnostic 
part of the experiment aimed at investigating the feasibility of ps-LIDAR as measurement tool 
by comparing temperature result with thermocouples. Furthermore the results can be compared 
with CFD calculations of the temperature distribution inside the room, where it would be very 
cumbersome to position thermocouples to map out e.g. a plane of temperatures. The flame used 
(not the one shown in figure 4.6.6) was a methanol pool fire and the room used for the fire was 
an ISO9705 ½-scale room. Figure 4.6.6 shows photographs of the experimental setup. In figure 
7 both the preliminary result of the Rayleigh thermometry and the CFD results are shown. They 
show a fair agreement and further evaluation of the data shows that the Rayleigh thermometry 
can be expected to have less than 10 percent deviation at temperatures between 300 and 400 K 
with the prevalent conditions at this measurement setup. 

        

Fig. 4.6.6 The left image shows the laser propagation in the measurements mapping the temperature in a plane inside the 
room. The right image shows a methane flame burning inside the room and the spot where the laser beam hits the back wall can 
be seen. 

 

 
 

Fig. 4.6.7 The left image shows the laser Rayleigh thermometry across the door. The right image shows the corresponding CFD 
calculations. 
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4.6.5 Investigation of plane wall jets: Towards quantitative species concentrations 
using picosecond LIF 

Andreas Ehn, Joakim Bood, and Marcus Aldén 

Information about species concentrations, mixing, chemistry and temperature close to surfaces is 
important in many combustion devices. The presence of a wall may have a significant influence 
on the flow dynamics and the combustion processes in the near-wall area. The temperature 
difference between the wall and the reacting mixture introduces a heat flux towards the wall. 
Because of the high temperature sensitivity of the chemical reactions, the heat transfer to the 
wall will substantially influence the combustion processes in the near-wall region. Examples of 
phenomena that may occur as a result of the heat flux near the wall are local quenching, 
turbulence and re-ignition. The purpose of the project is to develop experimental methods and 
carry out quantitative experimental investigations in a 2-D wall jet geometry. These experimental 
investigations are used to validate results from DNS modeling. 

A test rig has been constructed in order to provide 
measurement data for the DNS modeling. This 
experimental setup consists of two parts; the flow 
channel geometry (seen in Fig. 4.6.8a) and the 
flow system, providing a channel with well-defined 
flows. The part of the flow channel that forms the 
flow for the co-flow is shown in Fig. 4.6.8b. The 
jet flow is controlled by mass-flow controllers 
(Bronkhorst). The fan seen to the left in Fig. 
4.6.8b is adjustable to provide variable flow 
speeds. The flow passes a mass flow meter, 
ensuring a well defined mass flow, before it enters 
the flow-heater unit. The co-flow enters the wall-
jet geometry through a series of perforated plates 
with different hole-sizes to make the co-flow 
evenly distributed. Initial visualization imaging of 
the wall jet has been carried out using continuous 
lasers and high speed cameras. In these 
measurements the jet flow was seeded with smoke. 
Furthermore, laser induced fluorescence 
measurements have been carried out where the jet 
flow was seeded with acetone. These experimental 
investigations provided information that lead to 
further development of the flow rig design. In 
addition to the visualization studies, particle 

induced velocimetry (PIV) measurements have been conducted in order to study the flow 
characteristics. The PIV-images were recorded at three positions downstream, and merged into 
one image in the analysis. As the co-flow has a flow speed that is 10 % of the Jet flow, the PIV 
measurements had to be carried out with different time separation between the two laser pulses 
to capture the dynamics of the jet and the co-flow. The PIV cells that showed the smallest 
relative RMS-values were then chosen in order to form one single image for the flow field. The 
resulting image is seen in Fig. 4.6.9. 

Velocity profiles at three different heights are seen in Fig. 4.6.10. The color of these lines 
corresponds to the locations downstream marked with identical colors in Fig. 4.6.9. The velocity 
profile displays an averaging effect as it travels downstream becoming wider with a slower 
maximum velocity. 

 

Fig. 4.6.8 (a) A photo of the jet and co-flow inlet in the 
flow cannel. The rig is constructed in aluminum. (b) Flow rig 
that provides an adjustable well defined flow with adjustable 
temperature. 
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Fig. 4.6.9 The red arrows represent velocity vectors determined from PIV data. The color map indicates statistical RMS-values based 
on 100 images. Velocity profiles at three positions are seen in Fig. 4.6.10. These locations are shown as dashed lines with different 
colors.  

To be able to carry out measurements close to a surface an experimental technique has been 
developed where the temporal domain is utilized to discriminate scattered light. This technique is 

described in detail in a journal paper by Ehn et al.
1
. Initial studies of thermo neutral chemistry 

have been carried out in a small-size 2-D geometry. Reaction and mixing processes between an 
O3 jet and a co-flow with NO were investigated by imaging of NO and NO2 concentration 
distributions using planar laser-induced fluorescence (PLIF). The results provide not only key 
knowledge about “cold” chemistry in a reacting wall-jet system but also reliable data for 

validation of numerical simulations. This work was published in the journal Fuel in 2010
2
. 

To perform quantitative 2-D LIF measurements a fluorescence lifetime imaging technique has 

been developed
3
. This technique allows both averaged and single-shot measurements. The 

method is based on measuring fluorescence lifetimes, which in most cases are dependent on 
non-radiative transfer processes such as quenching. Quenching is dependent on a number of 
parameters, such as temperature, ambient quenching species concentrations, and pressure. In 
designed flow systems, only one of these parameters can be varied as the others are held fix,  

                                                 

1 A. Ehn, B. Kaldvee, J. Bood, and M. Aldén, Development of a temporal filtering technique for suppression of interferences in 
applied laser-induced fluorescence diagnostics, Appl. Opt. 48, 2373-2387 (2009). 

2 Z.H. Wang, B. Li, A. Ehn, Z.W. Sun, Z.S. Li, J. Bood, M. Aldén, and K.F. Cen, Investigation of flue gas treatment with 
O3 injection using NO and NO2 planar laser-induced fluorescence, Fuel 89, 2346–2352 (2010). 

3  A. Ehn, O. Johansson, J. Bood, A. Arvidsson, and M. Aldén, Single-laser shot fluorescence lifetime imaging on the 
nanosecond timescale using a Dual Image and Modeling Evaluation algorithm, Optics Express, 20, 3043-3056 (2012). 

 

Fig. 4.6.10 The top figure shows velocity profiles at three different locations downstream in the geometry. The bottom graph 
displays the calculated RMS-value for these velocities. 
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allowing quantitative gas phase 
measurements of temperatures as well as 
quencher molecule concentrations. Studies 
have been performed where the 
fluorescence lifetime of toluene has been 
measured as a function of oxygen partial 

pressure
1

. Furthermore, in LIF 
experiments where the signal has large 
quenching variations, the molecular 
concentration is not directly proportional 
to the signal intensity. The developed 
lifetime-imaging technique offers the 
possibility to correct for quenching 
variations and hence provides more 
accurate concentration measurements. 
This experimental approach has been 
tested in a flame visualizing formaldehyde 
by 355 nm excitation. In this study the 
formaldehyde fluorescence signal was 

corrected for quenching
2
. A number of 

posters where these results have been 
shown have been presented within these 

three years
3, 

4, 5. 

 

 

                                                 

1 A. Ehn, M. Jonsson, O. Johansson, J. Bood, and M. Aldén, Time-resolved picosecond fluorescence lifetime measurements of 
toluene as a function of the O2/N2 concentration, submitted to Applied Physics B (2011). 

2 A. Ehn, O. Johansson, J. Bood, A. Arvidsson, B. Li, and M. Aldén, Fluorescence lifetime imaging in a flame, Proc. Comb. 
Inst. 33, 807-813 (2011). 

3 A. Ehn, B. Kaldvee, O. Johansson, M. Jonsson, J. Bood, and M. Aldén, Development and application of quantitative 
picosecond laser techniques for combustion diagnostics, Poster at Optics in Sweden, Lund, Oct. 19-20, 2010. 

4 A. Ehn, O. Johansson, J. Bood, A. Arvidsson, B. Li, and M. Aldén, Fluorescence Lifetime Imaging in a Flame, Poster at 
the 33rd International Symposium on Combustion, Beijing, China, August 1-6, 2010. 

5 A. Ehn, B. Kaldvee, M. Levenius, J. Bood, and M. Aldén, Suppression of Interfering Fluorescence in Raman Spectroscopy 
Using Temporal Filtering, Paper at the Joint Meeting of the Scandinavian-Nordic and French Sections of the 
Combustion Institute, Snekkersten, Denmark, November 9-10, 2009. 

 

Fig. 4.6.11 A fluorescence lifetime image of toluene in a distribution of 
oxygen concentration. Areas with longer lifetime has a lower partial 
pressure of oxygen. 
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4.7  Development and applications of photofragmentation 
laser-induced fluorescence (PF-LIF)  

O. Johansson, B. Li, M. Jonsson, A. Ehn, Z.S. Li, M. Aldén, and J. Bood 

Laser-induced fluorescence (LIF) is a well-established technique for species-specific detection 
and imaging in a variety of different research areas. The method requires that laser light is 
absorbed by the species of interest followed by spontaneous emission of radiation, i.e. 
fluorescence. There are, however, numerous molecules that cannot be detected with LIF, since 
the bond energy between a pair of atoms might be lower than the photon energy of the laser 
light, leading to dissociation into fragments. Although, LIF cannot be used to directly probe the 
species of interest in such cases, the species might be detected indirectly as long as any of the 
photofragments fluoresces, either spontaneously or upon stimulation with a laser (LIF). 
Hydrogen peroxide (H2O2) and the hydroperoxy radical (HO2) are two examples of molecules 
for which the weak bond between the two oxygen atoms breaks upon illumination with 
ultraviolet (UV) light. The created photofragments, OH radicals in this case, are commonly 
studied in combustion research and often detected using LIF. 

Both H2O2 and HO2 are very important species within atmospheric chemistry and combustion 
processes. In addition, H2O2 is also of great importance in many industrial applications due to its 
strong oxidizing property. Hydrogen peroxide is for example used as a sterilization agent in the 
pharmaceutical and food packaging industry. In a bilateral collaboration project with Tetra Pak in 
Lund a novel laser-based method for two-dimensional imaging of hydrogen peroxides been 
developed. The method is based on photodissociation of hydrogen peroxides followed by 
detection of generated OH fragments with LIF. The technique is referred to as 
photofragmentation laser-induced fluorescence (PF-LIF) and is schematically illustrated for 
detection of H2O2 in Fig. 4.7.1. 

 

Fig. 4.7.1 Basic principle of PF-LIF. First 
the molecule is illuminated with a UV laser 

1) which breaks the O-O bond and 
creates two OH fragments. In the second step 
these fragments are are probed by LIF using a 

2) tuned to an 
absorption line of OH. The generated 

3) is proportional to the 
number of OH fragments and thereby also to 
the concentration of H2O2. 

The PF-LIF technique has succesfully been applied for visualization of hydrogen peroxides in an 
industrial sterilization rig at Tetra Pak, in premixed laboratory flames, and recently also in an 
optical engine operating in HCCI (Homogeneous Charge Compression Ignition) mode. In the 
following sections a few results from these studies are given. Experimental and theoretical 
development of the PF-LIF method as well applications are described in detail in a doctoral 

thesis by Johansson
1
 and references therein. 

 

                                                 

1  Olof Johansson, Development and application of photofragmentation laser-induced fluorescence for visualization of hydrogen 
peroxides, PhD thesis, LRCP-143, Division of Combustion Physics, Lund University (2011). 
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Measurements in an industrial sterilization rig at Tetra Pak 

PF-LIF images were recorded during injection of 
vaporized H2O2/H2O/air mixtures into a 
measurement chamber, see Fig. 4.7.2. Panel (a) 
shows a single-shot image, panel (b) shows the 
average signal from 30 single shots, and panel (c) 
displays the standard deviation of the single-shot 
images forming the average in panel (b). Panel (b) 
gives an indication of the region where the jet is 
located on average, and panel (c) shows the 
concentration fluctuations. By measuring the 
slopes of the edges of the jet in panel (b), the cone 
angle of the jet was estimated to 9.5◦. The location 
of the steady core of the jet is clearly seen as the 
hollow center in panel (c), and it can further be 
observed how the thickness of the fluctuating layer 
grows with the downstream distance. The 
turbulent jet accelerates the surrounding air and 
thereby creates vortices of different sizes. At the 
edge of the jet, surrounding air flows into the jet 
and becomes entrained, thus, enhancing mixing. 
The main conclusions are that the PF-LIF 
technique can be used to perform spray studies on 
vaporized H2O2 sprays with sufficient signal-to-
noise, and, hence, this study demonstrates the 
ability of PF-LIF to provide data in 2D. The 
results presented here were acquired at high H2O2 
concentrations, typically 10000 ppm in the injected 
gas mixture, which of course leads to very strong 

PF-LIF signals. However, previous laboratory measurements in H2O2/H2O/air mixtures at 
ambient temperature and pressure have shown that concentration levels down to 30 ppm can be 
detected in 2D single-shot experiments. 

 

Measurements in premixed flames 

Two-dimensional measurements of primarily HO2 have, for the first time, been demonstrated in 
flames. The measurements were performed in different Bunsen-type premixed flames (H2/O2, 
CH4/O2, and CH4/air) using PF-LIF. Photofragmentation was done by laser radiation at 266 
nm, and the generated OH photofragments are probed through fluorescence induced by a laser 
tuned to the Q1(5) transition at 282.75 nm. The signal due to naturally occurring OH radicals, 
recorded by having the photolysis laser blocked, is subtracted, providing an image that reflects 
the concentration of OH fragments generated by photolysis, and hence the presence of primarily 
HO2, but also smaller contributions from H2O2 and, for the methane flames, CH3O2. A typical 
result acquired in the CH4/air flame (equivalence ratio 1.15) is shown in Fig. 4.7.3. For the 
methane flames the measured radial profiles of OH photofragments and natural OH agree well 
with corresponding profiles calculated for laminar, one-dimensional, premixed flames using 
CHEMKIN-II with the Konnov detailed C/H/N/O reaction mechanism, as shown in Fig. 
4.7.4. An interfering signal contribution is observed in the product zone of the methane flames. 
It is concluded that the major source for the interference is most likely hot CO2, from which O 
atoms are produced by photolysis, and OH is rapidly formed as the O atoms react with H2O and 
H2. This conclusion is supported by the fact that the interference is absent for the hydrogen 

 

Fig. 4.7.2 PF-LIF results acquired upon injection through 
a pipe. (a) First recorded single-shot image. (b) Average of 
the first 30 single-shot images. (c) Standard deviation of the 
30 single-shot images forming the average in panel (b). 
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flame, but appears when CO2 is seeded into the flame. Another strong indication is that the 
Konnov mechanism predicts a similar buildup of OH after photolysis. 

 

Fig. 4.7.3 (a) Image recorded in 
the CH4/air flame with both 
photolysis and probe lasers fired. 
(b) Image after subtraction of 
signal from natural OH. (c) 
Cross-section plot (blue dots) taken 
at the white arrow in (b) and 
temperature profile (red line). 

  

 

 

Fig. 4.7.4 Experimental signals 
from OH photofragments and 
natural OH together with the 
corresponding calculated signals for 
the CH4/air flame at equivalence 
ratio 1.15. 
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Measurements in an optical engine 

Recently the PF-LIF technique was applied to an HCCI engine for H2O2 concentration 
measurements. The laser wavelengths used were the same as in the flame measurements 
described above with the only difference that the probe laser here was tuned to the Q1(6) 
transition at 282.92 nm. An on-line calibration process was performed by introducing a known 
amount of vaporized H2O2/water solution into the engine cylinder. Crank-angle resolved mass 
fractions of H2O2 were obtained, and for the first time, single-shot imaging of H2O2 was realized 

in an engine (see Fig. 4.7.5)
1
. It has also been verified that the PF-LIF signal originates mainly 

from H2O2 with a smaller interference from HO2. The crank-angle resolved experimental data 
were compared to calculated mass fractions. The calculated H2O2 profile agrees well with the 
experimental results regarding mass fraction level, while the shapes of the profiles deviate 
slightly. Calculated mass fractions of HO2 indicate that interfering signal contributions from HO2 
is the major reason for the deviation. 

 

 

Fig. 4.7.5 Single-shot images recorded at three different CADs. The images in the upper row were recorded with 
both the pump and probe laser whereas the images shown in the middle row were acquired using the probe laser only. 
The images displayed in the bottom row are background images to be subtracted from the images recorded with the 
probe laser only. The two white ellipses indicate the position of the inlet and outlet valves. 

 

 

                                                 

1 M. Jonsson, B. Li, J. Bood, Z.S. Li, O. Johansson, M. Aldén, M. Algotsson, M. Tunér, B. Johansson, “Imaging of  
hydrogen peroxide in an HCCI engine using photofragmentation laser-induced fluorescence”, in Laser Applications to 
Chemical, Security and Environmental Analysis (LACSEA) (Optical Society of America, Washington, DC, 2011), 
presentation number LT3B.04. 
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4.8 Detection of CO2 from catalytic oxidation of CO using 
planar laser-induced fluorescence 

J. Zetterberg, S. Blomberg
1
 , J. Gustafson

1
, E. Lundgren

1
, Z.S. Sun, Z.S. Li 

During the last year, a collaboration with the Division of Synchrotron Radiation Research at 
Lund University has been initiated, with the emphasis to measure CO2 in close proximity to a 
catalytic sample. During the last decades, laser diagnostics have been very important in 
combustion to determine e.g. species concentrations and flow characteristics. In catalysis, 
however, measurements of gas phase species have been limited to measure stable species by 
mass spectrometry, without spatial and high temporal resolution. Within the collaboration the 
objective is to develop tools to measure gas phase species relevant to both combustion and 
catalysis. There are several interesting species such as CO2, CO, CH4, NO etc., all very much 
related to combustion phenomena, and they are all important in the exhaust gas treatment from 
combustion engines, i.e. catalysis. 

Gaseous CO2 produced through oxidation of CO by O2 close to different catalyst surfaces have 
been studied at various sample temperatures, pressures and gas mixtures. 

The two-dimensional CO2 measurements were performed in a well-controlled cell, with the 
possibility to be operated either in flow or in batch mode. The gases were controlled individually 
by mass flow controllers and the gas pressure was controlled by a digital pressure controller. A 
mass spectrometer was connected to the cell to monitor the overall species concentrations. Thus 
far, two different setups have been utilized, one for a single-crystal model-catalyst Rh, where the 
sample hung from the top of the cell, and one for the on-line comparison between two powder 
catalysts Pt and PtPd mounted in the center of the cell. In both cases type C thermocouples were 
attached to the sample holder in order to measure the temperature of the samples. The cell was 
equipped with CaF2 windows in order to let the laser beam in and fluorescence signal out. 

The light source used was a single-longitudinal-mode Nd:YAG laser operating at a repetition rate 
of 10 Hz with an 8 ns pulse length. The second harmonic at 532 nm pumped a tunable dye laser 
operating on LDS 765 dye. The residual of the fundamental Nd:YAG beam (at 1064 nm) from 
the frequency doubling was difference frequency mixed with the output of the dye laser (at ~763 
nm) in a LiNbO3 crystal, yielding a tunable infrared laser beam at ~2.7 µm, with a pulse energy 
of 5-8 mJ and a 5 ns pulse length. 

The fluorescence signal at 4.3 µm was imaged on and detected by an InSb focal plane array. As 
the sample is heated, the thermal background from the sample holder and the sample itself 
creates problems, interfering with the much weaker fluorescence signal. This is minimized by 
choosing the integration time wisely (in our case ~15 µs) and by using an interference filter 
centered on the fluorescence wavelength. This, however, is not enough. In order to further get 
rid of the thermal background, a continuous background subtraction is needed. As the 
background is temperature dependent and the temperature changes during the measurements, 
the camera is triggered 20 Hz, while the laser is running 10 Hz. This means that every second 
image is a pure background image with the thermal background at that specific temperature. This 
solves the background problem above expectations. Another problem associated with laser 
measurements is the interference from laser light, this could be avoided as the radiative lifetime 
in the infrared is much longer than in than in the visible spectral range (in the order of 100 µs at 
these pressures). 

                                                 

1 Division of Synchrotron Radiation Research 
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In the first set of measurements the sample, a single-crystal Rh model-catalyst, was positioned 
hanging from the top of the cell. The laser was formed into a laser sheet and sent just below the 
catalyst surface. The measurement was made at discrete temperature steps, and averaged for 250 
shots per temperature. The overall gas composition was simultaneously monitored with a mass 
spectrometer. The results can be found in figure 8.4.1. 

 

Fig. 4.8.1. The plot shows the CO2 concentration 3.5 mm below a Rh surface, estimated from the LIF signal, and the 
overall CO2 measured by MS. The images show the CO2 distribution below the catalyst. The pressure was concentration 
100 mbar. 

The fluorescence signal was calibrated for known CO2 concentrations and by using a kernel 
density estimation taking into account the self-absorption (both from produced CO2 in the cell 
and naturally abundant CO2 in the air outside the cell) but neglecting quenching related to 
different collisional partners (the overall pressure was kept constant). In this way a crude 
estimation of the concentration could be made, and the LIF data follows the MS data quite well. 
This shows that, at least, a rough estimation of the concentration can be deduced from the 
fluorescence measurements. 

The measurements above show the feasibility to measure concentrations but for the overall 
concentration of stable species a MS is a simpler choice. With LIF, however, it is possible to 
measure both with higher temporal and spatial resolution. This makes it possible to measure 
above (at arbitrary height) two different catalysts simultaneously. In these measurements two 
industrial powder catalysts Pt and PtPd were used. The sample setup was a little bit different 
than for the single-crystal Rh case. Here the samples were placed on the sample holder in the 
center of the cell. The laser sheet was directed just above the samples. The sample temperatures 
were then gradually increased; this made it possible to get a very good reading of the activation 
temperature of the two different catalysts. Parts of these measurements are shown in figure 4.8.2, 
where it clearly can be seen when the first catalyst becomes active and when the second catalyst 
becomes active. Further it can be seen that the MS has a hard time to keep up with the process, 
as would be expected.  It is also evident that that the two catalysts can be followed 
simultaneously, which is not possible by just using only MS. 

This study is still a work in progress and other catalytic reactions and other catalysts are planned, 
as well as a new cell design. Where the long term goal would be to combine gas phase 
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measurements with surface sensitive techniques such as surface FTIR and synchrotron based 
measurements. 

 

Fig. 4.8.2. The plot shows the CO2 concentration 3.5 mm below a Rh surface, estimated from the LIF signal, and the 
overall CO2 concentration measured by MS. The images show the CO2 distribution below the catalyst. 
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4.9 Spray imaging diagnostics 

4.9.1 Structured Laser Illumination Planar Imaging - SLIPI 

E. Kristensson, E. Berrocal and R. Wellander 

Understanding and improving signals transmitted through a turbid environment is a common 
difficulty in practical laser diagnostics, where particles such as liquid droplets, soot, or dust may 
be present. Environmental disturbances caused by scattering and absorption in the sample 
volume result in reduced signal-to-noise levels due to both the loss of signal intensity and 
through multiple-scattering noise contributions. These effects limit the application of many laser 
diagnostics to environments with low turbidity. This is problematic since there is a great need for 
non-intrusive measurements in optically dense environments. The fuel sprays used in liquid-fed 
combustion systems represent an important example where accurate description of both the 
fluid dynamic interactions and of the resultant spray structure is particularly challenging to 
obtain. 

In 2008 a novel side-scattering approach called Structured Laser Illumination Planar Imaging 
(SLIPI) 1  has revealed efficient capability in removing light intensity introduced by multiply 
scattered photons leading to significant image contrast enhancement2. The method is based on 
using a laser sheet with a sinusoidal intensity pattern along the vertical direction. While the origin 
of multiply scattered light is mostly independent of the modulation pattern the position of the 
first scattering events remains entirely faithful to it. This implies that the amplitude of the 
modulated component is a direct signature of the single light scattering. The SLIPI process 
consists in extracting, at each position along the direction of light propagation, the modulation 
amplitude of the laser sheet. This is performed by both recording several modulated images (> 3 
images) where the modulation is adequately vertically shifted between each of these images and 
extracting a measure of the modulation amplitude by means of the “SLIPI equation”. Note that 
by averaging these modulated images, an image corresponding to conventional laser sheet 
imaging can also be extracted; this is of interest in analyzing the capability and efficiency of the 
SLIPI filtering. These respective processes are shown in Fig.4.9.1 for an atomizing hollow-cone 
water spray. 

By probing homogeneous scattering samples, it has been observed 3  that the SLIPI filtering 
process is capable of extracting the exponential light extinction decay predicted by the Beer-
Lambert law. Based on this observation, the new possibility of accurately extracting quantitative 
information of optically dense sprays, based on averaged imaging, has become accessible. 
However, effects due to laser extinction and signal attenuation still remain and must also be 
corrected for. Various ways to account for laser extinction and signal attenuation, after SLIPI 
filtering, have been recently developed in order to measure the local extinction coefficient μe 
either in 2D or 3D. By definition μe corresponds to the product of the droplet number density N, 

times the extinction cross-section e , which is related to the droplets size. Therefore, for a 
hypothetical monodisperse spray, a mapping of the extinction coefficient provides a relative 
distribution of droplets concentration. 

                                                 

1 E. Berrocal, E. Kristensson, M. Richter, M. Linne, and M. Aldén, Opt. Express 16, 17870-17881 (2008) 
2
 E. Kristensson, E. Berrocal, M. Richter and M. Aldén, Atomization Sprays, 20, 337-343 (2010) 

3
 E. Kristensson, L. Araneo, E. Berrocal, J. Manin, M. Richter, M. Aldén, and M. Linne, Opt. Express 19, 13647-

13663 (2011) 
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The first technique created to reconstruct the extinction coefficient field in 3D is named SLIPI-
Scan1. Based on this technique, data from side scattering and transmission measurements are 
obtained simultaneously. An algorithm, compensating for signal attenuation and laser extinction 
is further applied to calculate the local extinction coefficient. 

 

Fig. 4.9.1. Illustration of the SLIPI technique: 3 images are taken successively using a 
spatially modulated laser sheet. In each of these images, the spray is illuminated differently by 

vertically shifting the phase  of the modulation (1 = 0º, 2 = 120º and 3 = 240º). 
When averaging the three images, a conventional planar image is obtained. However, when 
summing up the absolute value of the pair-wise differences between the images, the SLIPI 
image is formed. In this new image, all light intensity contribution which does not represent 
the incident sinusoidal modulation is suppressed. This suppression corresponds to the multiple 
light scattering intensity. 

 

Fig. 4.9.2. Results from the SLIPI-Scan, Tomo-SLITI and Dual-SLIPI for the same spray 
system. Here, an air-assisted water spray generated by a Delavan AL-45 nozzle is used at 3 and 4.2 
bar pressureof injection for the water and air respectively. Due to the internal mixing, primary 
breakups occur already at the nozzle tip, producing a dense cloud of droplets. Both the SLIPI-Scan 
and Tomo-SLITI generate a 3D representation of the extinction coefficient while the Dual-SLIPI 
provides rapid 2D images of the of µe directly in the central region of the spray. 

                                                 

1
 R. Wellander, E. Berrocal, E. Kristensson, M. Richter and M. Aldén, Meas. Sci. Technol., 22, 125303 (2011) 
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The second technique, also able to extract μe in 3D, is called Tomo-SLITI (Structured Laser 
Illumination Transmission Imaging). This technique is based on the use of a large laser beam, 
instead of a laser sheet, which is modulated in both the horizontal and vertical direction. Based 
on the transmitted information where the multiple light scattering is filtered out, a tomographic 
approach is applied to reconstruct the spray structure in 3D. 

The third technique, called Dual-SLIPI, is able to directly extract the extinction coefficient in the 
central region of the spray, without the use of extensive algorithm. The approach is based on the 
use of two cameras which simultaneously image the spray on each side of the laser sheet. 
Accurate description of the technique can be found in the literature1 . An illustration of results 
provided by each respective SLIPI-based technique is provided in Fig. 4.9.2. 

Finally another promising application is the SLIPI-LIF/Mie to extract 2D values of the droplet 
Sauter Mean Diameter (SMD) by using the ratio of the fluorescence signal generated from doped 
liquid droplets over the Mie scattering signal. This approach has been applied to a non-
combusting Diesel spray 2  at late time after injection start. A comparison between the 
conventional and SLIPI results of the relative SMD obtained from the LIF/Mie ratio is given in 
Fig.4.9.3. These results demonstrate the new possibility, with SLIPI-LIF/Mie, of observing the 
appearance of large droplets generated due to the effect of the needle closing. It also proves the 
inadequacy of the conventional technique for droplet sizing in this situation. 

 

Fig. 4.9.3. Two-dimensional mapping of the non-reacting Diesel spray at late time after injection start (between 2000 µs and 3000 
µs), showing the distribution of the relative droplet SMD calculated from Conv. LIF/Mie on the left side and SLIPI-LIF/Mie on the 
right side. This comparison demonstrates the new possibility, with SLIPI-LIF/Mie, of observing the appearance of large droplets 
generated due to the effect of the needle closing. 

4.9.2 Modeling of light scattering in sprays 

E. Berrocal and J. Jönsson 

In most industrial and fuel sprays, the scattering of light occurs within the so-called intermediate 
scattering regime where the average number of scattering events is too great for single scattering 
to be assumed, but too few for the diffusion approximation to be applied. An understanding and 
adequate prediction of the radiative transfer in this scattering regime is a challenging task that can 
significantly improve the accuracy and efficiency of optical measurements. Monte Carlo (MC) 
modeling provides the most versatile approach to quantitatively and qualitatively investigate light 
scattering within optically dense media. The goal of such computational work is twofold. First, it 
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can provide insights into the physical processes relevant to turbid environments that are difficult 
or simply not available experimentally1. Second, it can be used to deepen understanding of a 
specific diagnostic technique and optimize an optical set-up by simulating situations that would 
consume too many resources to measure directly 2 . Third it can improve and help the 
interpretation of experimental results. 

A computational model has been recently developed for the simulation of light propagation in 
inhomogeneous polydisperse scattering media (such as spray systems) and for the image 
formation by a single collecting lens. While the modeling of light scattering is operated by a MC 
approach, the detection of the signal through the collecting lens and image formation on a 
matrix array is modeled using a Ray-Tracing approach. The code has been recently optimized 
and accelerated by means of General Purpose computing on Graphics Processing Units (GP-
GPU). As results of this optimization a 40x speed-up of the computational speed has been 
reached and hundreds of detection conditions can now be simultaneously simulated (instead of 
only one detection condition) without harming the total simulation time3. These new features 
allow the calculation of the measurement accuracy and image enhancement for various spray 
diagnostics (e. g. for Dual-SLIPI, Ballistic Imaging, Ensemble Light Scattering, etc). Examples of 
result are given in Fig.4.9.4. 

 

Fig. 4.9.4. (a) Example of a MC simulation. Here a modulated laser sheet crosses a scattering cubic volume 
containing a collection of water droplets of 15 μm in diameter. Light scattered out of this simulated spray system is 
collected by a lens to form a one-to-one image in a matrix. By means of such numerical simulation, the accuracy of 
various SLIPI measurements can be evaluated. (b) Time sequence of the forward scattering Fourier imaging of water 
droplets of diameter 20 µm and at optical depth OD = 5. The top raw shows all scattering orders while the second 
raw shows single light scattering only.This type of investigation is usefull to improve droplet sizing in turbid sprays, 
based on the “laser diffrection” technique. 
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4.10 X-ray studies of nanoparticles and their precursor in flames 

O F. Ossler, Linda Vallenhag, Sophie E. Canton
1
, Jörgen Larsson

2
 

During the last years the research and development have been focused on building and testing a 
prototype of a combined multichannel Small-Angle and Wide-Angle X-Ray Scattering (SAXS 
and WAXS) detector for in-situ studies of particle generation processes in combustion. The 
detector has been tested and used for different combustion related studies. Papers have been 
published where the detector is described and how it can be applied to different types of 
dynamics studies 3 , 4 . Fig.4.10.1 shows an example of measurements 5  performed at MAX-lab 
beamline D611. 

 

Fig. 4.10.1. a). The scattering signal intensity for different times from the ignition of a fuel rich flame 
measured slightly below a stabilizing metal plate and plotted as a function of the momentum 

exchange,q. b). The corresponding data plotted as a the ratio, , between the scattering intensity at a 
certain time and that from the beginning of the experimental run. c).The temperatures measured with 
thin thermocouples T1, close to the burner surface, T2, the middle height between the burner surface 
and the plate, T3 close to the plate. 
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Experiments have been performed on the same flame system at beamline 73 at MAX-lab using 
infrared microscopy on samples extracted from the flame1 in order to explore the chemical 
properties of nanoparticles. 

X-ray scattering experiments have also been performed at the European Synchrotron Radiation 
Facility (ESRF) in Grenoble, 2010, on the same flame system but another set-up for SAXS and 
WAXS studies already present at the beamline ID-02, where the experiments were performed. 
Last year we proposed experiments utilizing vertically polarized x-ray radiation at the ESRF in 
order to enhance the sensitivity towards smaller species and precursors of nanoparticles and soot. 
We were invited to perform experiments using our newly developed SAXS/WAXS detector at 
beamline ID-12, where we installed the equipment and did the measurements. The data is 
currently being evaluated. 

The project is now focused on the further development of multichannel detection system 
increasing the number of detection angle in order to improve the resolution for particles close to 
one nanometer. 

The work has also included studies using High-Resolution Transmission Electron Microscopy 
(HRTEM) on particles sampled from different flames. Of particular interest were the relatively 
large few-layered sheet-like structures similar to graphene obtained from a Bunsen flame2. The 
work is continuing on studying different carbon structures and how they can be controlled and 
produced from different combustion systems. 

 

                                                 

1 Frederik Ossler, Linda Vallenhag, Sophie E. Canton, Anders Engdahl, Per Uvdal, An infrared study of carbon-
based materials produced by ethylene flames on CaF2 substrates and metal plates, Carbon 2011, Shanghai. 
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4.11 Resonant-enhanced 4-wave mixing techniques 

4.11.1  Quantitative HCN measurements in CH4/N2O/O2/N2 flames 

Z.W. Sun, Z.S. Li, A.A. Konnov and M. Aldén 

Hydrogen cyanide (HCN) plays important role in NOx formation during combustion process 
concerning both the fuel-NO and prompt-NO path. It has been demonstrated computationally 
and experimentally that the key reaction of the prompt-NO route CH + N2 = NCN + H 
produces NCN radicals, rather than HCN, as was originally proposed. However, modeling 
results show that a significant part of NCN formed in flames is converted into HCN mostly 
through NCN + H = HCN + N, which was not included in to the recent model describing 
formation and consumption of HCN in combustion. Quantitative measurement of HCN in 
flames is required for chemistry model improvement. Furthermore, HCN, as well as NH3, is one 
of the most important precursors of NOx formation in biomass and coal combustion. 

All experiments were performed in laminar flat flames lifted on top of a home-built McKenna-
type burner which consists of a porous sintered metal disk of 70 mm diameter and surrounded 
by an annular N2 co-flow. The flames were stabilized by a steel disk of 16 mm above the burner 

surface. A typical flame photograph is shown in the upper of Figure. 4.11.1, which is a  = 1.6 
CH4/N2O/N2 flame. 

  

Figure 4.11.1 (Above): Photograph of a laminar 

CH4/N2O/N2 flame with  = 1.6. (Below): the simulated 
profiles of temperature , HCN and CH using GRI-Mech 3.0 
reaction mechanism in two kinds of models, the Premixed 
Laminar Flame-Speed Calculation model (in red) and the 
Premixed Laminar Burner-stabilized Stagnation Flame model 
(in blue) 

Figure. 4.11.2. IRPS spectra. (Above): simulated IRPS 
spectra of water at 2000 K, (below): excitation scan collected in 

the CH4/N2O/N2 flame with  = 1.6 as shown in Figure 
4.11.1. Two HCN lines are marked based on IRPS measured 
in HCN cold gas and the HITRAN database. 

Shown in the lower part of Figure. 4.11.2 is an IRPS scan spectrum, collected at position A in 
the flame shown in Figure. 4.11.1, with the simulated spectrum of H2O at 2000 K based on the 
HITEMP database. The P20 line of HCN was chosen as probed line for mole fraction 
measurement due to its spectral free from the noticeable H2O lines. The lines beside P20 line are 
weaker lines P8e, P8f, P8, P14f and P14e covered in a shadow. 
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Figure 4.11.3 Measured (dots) FWHM of the P20 line 
obtained by a de-convolution process of the recorded IRPS 
signals with laser line width at different temperatures; and 
values from the polynomial fit (line) are used for the spectral 
overlap simulation. The relative spectral overlap factors (dash-
line) are calculated and shown as well.  

Figure 4.11.4 The measured line-integrated IRPS signals 
(circles) of the HCN P20 line as function of temperature. 
Simulations with (solid line) and without (dash-line) the 
correction factor of T are shown as well.  

Absolute mole fraction of HCN molecules in flames can be obtained through in situ calibration 
of the IPPS signals in flames by that measured in a nonreactive gas flow of N2 seeded with 
known amount of HCN on the same setup. During such a process two factors, i.e. spectral 
overlap coefficient between laser and molecule absorption and collision effect changes with 
temperature should be considered. Testing the C2H2 IRPS line width and integrated intensity 
changes as a function of temperature, as shown in Figure. 4.11.3 and Figure. 4.11.4, a value of 
2.08 was taken accounting for increase in the spectral overlap coefficient and a value of 9.34 was 
taken for collision effect decrease. Combining with flame temperature profile calculated using 
Konnov mechanism and the corresponding absorption cross sections of P20 line of C2H2 
extracted from the HITRAN database, the HCN mole fractions at different heights above the 
burner surface (HAB) in three flames are obtained, as shown in Fig. 4.11.5, as well as the 
calculated HCN profiles using Konnov mechanism. 

 

Figure. 4.11.5 HCN mole fractions at different 
HABs in three CH4/N2O/N2 flames. The data 
points are from IRPS measurements and the solid line 
represents the calculated results. The dash line 
represents temperature simulated for flame (b). 

This is the first work of quantitative HCN measurements performed using non-intrusive and 
space resolved laser-based on techniques. Generally good agreement was found with some 
discrepancies indicating the need for further model improvement. 



80 CHAPTER 4. LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 

4.11.2 Quantitative C2H2 measurements in sooty flames 

Z.W. Sun, Z.S. Li, B. Li, Z.T. Alwahabi
1
, and M. Aldén 

Some small molecular species play important roles in the formation and nucleation of polycyclic 
aromatic hydrocarbon (PAH) and soot particles in sooty combustion process, such as hydrogen 
atoms and acetylene (C2H2) molecules due to the H-abstraction/C2H2-addtion sequences in soot 
formation and growth. The qualitative and quantitative measurements of these species are highly 
demanded in evaluating and improving the theoretical modeling. However, the harsh 
environment in sooty flames, meaning background emissions and existing particles, hinders the 
application of the traditional powerful laser-based techniques. Based on sampling technique, only 
a few works have been reported on the concentration measurements of major and minor 
hydrocarbon species in sooty diffusion flames with mass spectrometer. 

 

Figure 4.11.6. Photographs of premixed 
C2H4/air sooty flames of different 
stoichiometric ratios. The black line indicates 
the measured points (height above the burner 
surface is 8.5 mm) in this experiment. 

Quantitative measurements of C2H2 molecules in a series of rich premixed C2H4/air flames were 
non-intrusively performed spatially resolved using IRPS by probing its fundamental ro-
vibrational transitions. An atmospheric-pressure flat premixed ethylene/air sooty flame was 
produced in a McKenna burner, which had a water-cooled, sintered porous-plug of stainless steel 
with a diameter of 60 mm. For flame stabilization, a steel plate of 60 mm diameter was located at 
the height of 21 mm right above the burner surface. Nitrogen was used as shouldering co-flow 
gas to shield the flame from the surrounding air. The gas flows of ethylene, air and nitrogen were 
controlled by mass flow controllers independently and the total gas flow of ethylene and air was 
kept at 10 L/min (liters/minute) for every equivalence ratio while the nitrogen co-flow was kept 
at 10 L/min. Shown in Figure.4.11.6 are photographs of flames with equivalence ratio of 1.50, 
2.00, 2.40 and 2.50, and all measurements in this work were performed at the height of 8.5 mm 
above the burner surface (HAB = 8.5 mm) as marked in Figure 4.11.6. 

Figure 4.11.7 shows examples of IRPS excitation scans in the calibration gas and three different 
flames (Ф = 1.00, 1.50 and 2.40), and the simulated IRPS for water, CO2 and C2H2 at different 
temperatures are also shown for spectral identification. The simulated IRPS spectra of water and 
CO2 were based on the molecular parameters extracted from the HITEMP database while that 
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of C2H2 was based on the HITRAN database. In process of simulation, all of the lines were 
characterized by a Lorentzian profile and a uniform line width was adopted and adjusted to be 
consistent with the measured spectra. The line intensities were calculated based on the fact that 
the IRPS signal is proportional to the square of absorption coefficient and the square of 
transition geometry factor. 

On-line calibration of the optical system was performed in a laminar C2H2/N2 gas flow at 
ambient conditions. Using the flame temperatures measured by coherent anti-Stokes Raman 
spectroscopy in a previous work, C2H2 mole fractions in different flames were evaluated with 
collision effects and spectral overlap between molecular line and laser source being analyzed and 
taken into account. By probing both the P13e and P19e line the mole fractions of C2H2 as a 
function of flame equivalence ratio in flames are shown in Figure 4.11.8. An error bar shows 
possible systematic errors. 

 

Figure 4.11.8. C2H2 mole 
fractions in different flames measured 
using the P13e and P19e lines, 
respectively. 

 

Figure 4.11.7. IRPS excitation spectra in: a) 
C2H2/N2 gas and three C2H4/air flames: b) Ф = 
1.00, c) Ф = 1.50 and d) Ф = 2.40. Most of the 
measured spectral lines shown in b) belong to hot water 
and CO2 although some of them cannot be reproduced in 
the simulated spectra due to the limitation of the 
available molecular data. The two strongest spectral lines 
shown in both b) and c) saturated the detector. Spectral 
lines from C2H2 and other hydrocarbons start to 
dominate in the recorded IRPS spectra shown in c) and 
d), and the simulated C2H2 IRPS spectrum is shown as 
the green solid lines in d) as identification.  Note that the 
intensity of the spectra in flames b), c) and d) are in the 
same scale. 
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The soot volume fractions (SVF) in the studied flames were measured using a He-Ne laser 
extinction method, and no obvious degrading of the IRPS technique due to the sooty 
environment has been observed in the flame with SVF up to ~ 2×10-7. With the increase of 
flame equivalence ratios not only the SVF but also the C2H2 mole fractions increased. The 
presented IRPS technique can be readily expanded to measurements of other key molecular 
species in sooty flames. However, there are still some points to be improved in building it a 
mature technique. Especially, the collision quenching effect on IRPS signal for different 
temperatures, different species, and even different pressure should be further experimentally and 
theoretically investigated to improve the accuracy in the calibration process. 

4.11.3  Quantitative HCN measurements in a tube furnace 

Z.W. Sun, M. Försth
1
, Z.S. Li, B. Li and M. Aldén 

The tube furnace, Carbolite AGD 12, is shown schematically in Fig. 4.11.9. The length of the 
furnace was 80 cm. A quartz tube with a length of 1700 mm was fixed in the furnace and 
protruded on both sides from the furnace. The inner and outer diameters of the quartz tube 
were 42 and 47 mm, respectively. An 800 mm silica boat containing the investigated PVC carpet 
specimen or Nylon 6.6 was delivered into the quartz tube with a speed of 4 cm/min driven by a 
step motor. The inner and outer widths of the boat were 36 and 41 mm, respectively. The boat 
was dragged through the furnace instead of pushed. The constant speed of the boat ensures a 

continuous fuel feed to the burning point A, whose position is normally x  150 - 200 mm with 
the set temperatures 670ºC and 750ºC used in this study. 

 

Figure 4.11.9. Schematic view 
of the cross section of the tube 
furnace setup. See the text for a 
detailed description. 

An example of the raw spectra from a measurement in the tube furnace is shown in Figure 
4.11.10. The y-axis has arbitrary units while the unit of the x-axis is second. The upper (red) 
spectrum shows the result of the line-of-sight integrated absorption (AS) measurement. There 
are three important structures in the AS spectrum: (1) the laser wavelength is constantly scanned 
over the selected resonance wavelength of HCl. When the scanning changes direction the laser 
beam disappears for a short while which results in the large dips in the AS spectrum. (2) the 
environment in the tube furnace quickly becomes heavily laden with smoke and soot. This 
causes a non-resonant attenuation of the laser signal due to absorption and scattering. (3) The 
resonant absorption is seen as dips in the AS spectrum. 

The lower spectrum in Fig. 4.11.10 shows the IRPS signal of HCN. IRPS and AS show different 
trends of HCN production as function of time, which indicate the necessary of adopting the 
techniques being spatial resolved, like IRPS. 
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Figure 4.11.10. Example spectra in HCN measurements. The upper (red) spectrum is the absorption signal 
and the lower (blue) spectrum is the PS-signal of HCN emitted from burning Nylon 6.6. 

4.11.4  High spatially-resolved single-shot HF imaging in flames 

Z.W. Sun, J. Zetterberg, Z.S. Li, Z.T. Alwahabi, and M. Aldén 

Since the first imaging of flame species using planar laser-induced fluorescence (PLIF) in the 
early eighties, this technique has become one of the most important tools for a deepened 
understanding of combustion processes. The application of PLIF has mainly been limited to the 
UV/visible part of the spectrum probing electronic transitions. However, in combustion or 
other reactive environments many key molecular species such as hydrocarbons, H2O, CO2, 
HCN, hydrogen halides, are lacking accessible single-photon electronic transitions in the 
UV/visible range. PLIF probing molecular ro-vibrational transitions has been demonstrated in 
the IR spectral region, but this technique is suffering from the inherently weak transition 
probability and long lifetime of molecular ro-vibrational lines and thus spectral interferences 
from thermal radiation. 

 

Figure 4.11.11. IRPS excitation scans in CH4/air flames; (a) without and (b) with SF6 seeding and (c) the 
simulated HF IRPS spectrum. The rotational lines R(J) are assigned, where J = 1 to 3 for the (1-0) band and J = 7 to 
10 for the (2-1) hot band. A zoom-in of the R(9) line of HF is shown for clearance. 
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In this work, HF was chosen to demonstrate the imaging feasibility using 2D IRPS. Firstly, HF 
spectra were studied using an IRPS point-measurement setup. Figure 4.11.11 shows two IRPS 
excitation scan spectra together with an HF spectrum simulated at 1800K based on the 
HITRAN database. The spectra were recorded in the product zone of a flat, premixed, CH4/air 
flame (equivalent ratio = 1.15) stabilized on a McKenna burner, with and without a 600 ppm 
sulfur hexafluoride (SF6) seeding in fuel gas flow, respectively. Note that neither smoothing nor 
corrections relative to the laser energy fluctuation and IR detector response have been 
performed in the measured spectra. Most spectral lines are assigned to H2O in the flames. Three 
rotation lines of HF, R(1-3) of the (1-0) band, can be easily identified in the spectrum with the 
SF6 seeding as shown in the simulated spectrum. Rotational lines belonging to the hot band (2-1) 
of HF were also identified as indicated in Figure. 4.11.11. The measured transition frequencies 
are 4047.55, 4072.16, 4094.26, 4115.15 and 4134.72 cm-1 for the R(7-11) lines. The R(9) line of 
the (2-1) band is zoomed as an inset to show the single-to-noise ratio. The R(3) line of the (1-0) 
band was selected for the imaging investigations. 

 

Figure 4.11.12. Schematic setup of the 
two-dimensional infrared polarization 
spectroscopy. BS, beam splitter; P, 
polarizer; CL, cylindrical lens; SL, 
spherical lens; D, beam dump and A, 
aperture. Polarizations of laser beams are 
indicated in green color. 

A schematic diagram of the 2D IRPS setup is shown in Figure 4.11.12. All optical components 
were made of CaF2 and all the reflection mirrors were gold coated. The vertical-polarized 
infrared laser beam was split into a reflected weak probe beam and a transmitted strong pump 
beam. To improve the spatial profile of the probe beam, which is important for good image 
quality, a spatial filter composing of two lenses (f = 150 mm and 300 mm) and a pinhole (125 
μm) was used. Due to the poor beam quality, only around 10% of the infrared laser beam passed 
through the spatial filter system. The probe beam was optically delayed to temporally overlap 
with the pump beam, and then transmitted through two crossed IR polarizers (YVO4) with an 
extinction ratio of about 1×10-7. The pump beam was shaped into a sheet with a thickness of 
about 80 μm by a cylindrical lens (CL, f = -40 mm) combined with a spherical lens (SL, f = 250 
mm), and then crossed with the collimated probe beam in the flame. The pulse energies of the 
probe and the pump beam at the measurement position were 25 μJ and 2 mJ, respectively. Two 
crossing angles were employed, 41˚ and 90˚. The polarization of the probe beam was rotated into 
45˚ to vertical by a half-wave plate while two polarization schemes were used for pump beam, 
circular for the 41˚ and linear vertical for the 90˚ case. A 4f (f = 500 mm) imaging system was 
adopted, in which both the flame and the focal plane of the IR camera (Santa Barbara Focal 
plane, 256×256 pixels) were located in focal plane of the imaging lenses. The spatial resolution 
of the setup was estimated to be around 100 μm by inserting a scaled target plate into the probe 
beam at the measurement point. The camera worked with an exposure time of 0.96 μs, and had a 
spectral response range from 1 to 6 μm. 

The imaging ability of IRPS was demonstrated in a CH4/O2 jet flame (Φ = 2.0) seeded with 2% 
SF6. A photograph of the flame is shown in Figure 4.11.13 (a). Due to the small solid angle of 
the IR camera, even without using any spectral filters the flame thermal emission gave only a 
homogenous background and was easily subtracted together with the electronic background 
from the IRPS signal. Shown in Figure 4.11.13 (b) is a single-shot HF IRPS image obtained using 
the orthogonal pump-probe geometry via the R(3) line. By comparing with the flame photo, a 
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high HF molecular density can be identified in the preheat zone of the flame front, right beneath 
the reaction zone characterized by the strong chemiluminescence. The thickness of HF layer in 
Figure 4.11.13 (b) is around 200 μm. 

 

Figure 4.11.13. (a) Photograph of the jet flame and (b) a single-shot image of HF using 2D-IRPS with 90˚ 
pumping geometry. The broaken lines box visualize the region of the IRPS image. 

4.11.5  Thermometry using Mid-infrared Degenerate Four-wave Mixing 

Z.W. Sun, Z.S. Li, B. Li, and M. Aldén 

The hot water lines in flames are broad and the relative line intensities vary dramatically between 
neighboring lines with the surrounding temperature, following Boltzmann distribution, see 
Figure 4.11.14. Water is generally available in a combustion environment, and this motivates the 
use of ratios of two lines in the water spectra for temperature measurements using IR-DFWM. 
The IR-DFWM setup was described in our previous work1. 

 

Figure 4.11.14. Simulated H2O IR-DFWM spectra at 1800 K and 1200 K based on the HITEMP 2010 database 
using μ4 dependence. The insert shows the change of line intensity ratio with temperature and it is also the spectral range of 
performing measurements. In bands of B1 and B3 there is more than one single spectral line. 
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IR-DFWM spectra of H2O were recorded in a homogenous gas flow with different 
temperatures, from 1000 K to near to 2000 K. The band peak intensity ratios are shown in 
Figure 4.11.15. The intensity ratios between bands, B2/B3, change more than 200 times from 
1000 K to 1900 K, which is very sensitive of temperature, especially in the range 1000 – 1500 K. 
For the same group of spectral lines, IR-DFWM thermometry is more sensitive than linear 
optical techniques, like absorption spectroscopy, in a factor of two. This technique can be 
extended to low pressure flames, in which nonintrusive thermometry is changeling. IRPS of hot 
H2O lines is also possible, working in the same way. 

 

Figure 4.11.15. Peak intensity 
ratios of B2/B3 and B2/B1; The 
ratio of B2/B3 was chosen as 
temperature sensor, for which a 3 
order polynomial fit (red line) was 
performed. The ratio of B2/B3 was 
simulated based on HITEMP2000 
and is shown as blue square-line. 

 

4.11.6 PS and LIF of OH radicals for flame thermometry 

J. Kiefer
1
, A. Meyerhöfer

2
, Z.S. Li and M. Aldén 

OH is the most widely studied flame radical and has been extensively investigated by means of 
spectroscopy in the past. For instance, laser-induced fluorescence (LIF), degenerate four-wave 
mixing (DFWM) and polarization spectroscopy (PS) have been employed. However, for the 
reason of a comparatively weak transition probability, the off-diagonal transition, i.e. the A-X 
(1,0) band has not been studied by means of PS so far. The present work investigates this band 
with the aim to determine temperature information. 

OH thermometry has been done using numerous approaches: conventional emission and 
absorption spectroscopy, cavity ring-down absorption spectroscopy, and spatial heterodyne 
absorption spectroscopy. However, the most frequently used method for the determination of 
OH temperature is LIF detection after excitation of the diagonal A-X (0,0) transition. In 
addition, off-diagonal transitions, e.g., the A-X (1,0) or A-X (3,0) bands have been utilized for 
LIF thermometry as well including the so-called thermally assisted LIF after A-X (0,0) excitation. 
Furthermore, nonlinear optical techniques have been employed for OH thermometry. 
Resonance-enhanced coherent anti-Stokes Raman scattering enabled measurements in high-
pressure flames, but since all three laser beams need to be in resonance with OH at different 
wavelengths this method is rather complicated. A simpler approach is DFWM as all laser beams 
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have the same color where the spectrum can either be generated by tuning a narrowband laser 
through the spectral region of interest, or instantaneously by employing a broadband laser source 
for multiplex DFWM. PS as a related technique has also been applied using narrowband and 
broadband lasers for OH thermometry in the A-X (0,0) band. 

In general, the electronic transitions of OH are located at a well suited spectral region for 
spectroscopic studies. In order to get a general idea of the OH absorption spectrum, a calculated 
spectrum of the A-X band at 2000 K over a broad spectral range is displayed in Fig. 4.11.16 The 
strongest bands originate from the diagonal transitions at around 32000 cm-1, mainly (0,0) and 
(1,1). The off-diagonal bands are basically much weaker due to the lower transitions 
probabilities. However, because of rotational and vibrational energy transfer processes strong 
fluorescence emission from the (0,0) and (1,1) bands occurs after excitation of the off-diagonal 
bands as it is utilized in this work. The spectral region in the A-X (1,0) band investigated herein 
is indicated by dotted lines. The simulations were performed using the LIFBASE software. 

The experimental setup is illustrated in Fig. 4.11.17. 
The radiation of a Nd:YAG pumped dye laser 
system operated with the dye Rhodamine 6G was 
frequency-doubled using a BBO crystal in order to 
deliver a laser beam at around 283 nm with a line 
width of 0.2 cm-1. The laser beam was split into a 
weak probe and a strong pump beam using a beam 
splitter (reflectivity ~1%). In the pump beam a 
variable beam attenuator was employed in order to 
adjust the pump beam intensity at constant probe 
pulse energy. A Fresnel rhomb in the pump beam 
changed the pump laser polarization state from 
linear to circular. The probe beam was overlapped 
with the pump beam at an angle of 3.8° defining the PS measurement volume. Before and after 
the intersection region a polarizing prism was placed acting as polarizer P and analyzer A, 
respectively. The signal that passes the analyzer is then spatially filtered in order to suppress stray 
light and flame emission interferences and finally detected by a photomultiplier tube connected 
to a digital oscilloscope. 

Simultaneously the laser-induced fluorescence 
emission was collected perpendicular to the 
laser beam pathway, spectrally filtered using a 
conventional glass filter (Schott UG5) and then 
detected by a second photomultiplier tube 
connected to the oscilloscope. A third channel 
of the oscilloscope recorded the signal from a 
photodiode which was exposed to the reflected 
radiation from an optical component hence 
delivering information about pulse to pulse 
fluctuations of the laser intensity. Great care 
was taken to ensure that both measurement 
volumes were coincident with each other. For 
this purpose a pin hole in front of the LIF PMT 
guaranteed adjustment of a proper LIF measurement volume length. Note that the laser beams 
were collimated and had diameters of 1 mm, which was achieved by an aperture in the beam 
resulting in a top head spatial profile. The probe laser beam intensity was so weak that no LIF 
signal could be detected when the pump laser was blocked. 

 

Fig. 4.11.16  Simulated OH A-X absorption 
spectrum: the dotted lines indicate the spectral region 
of interest . 

 

Fig. 4.11.17 Atom ratio H/O and breakdown 
threshold as function of radial measurement position in the 
non-premixed methane flame. 
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OH radicals have been produced in laminar, rich premixed methane/air, hydrogen/air and 
methane/ oxygen flames stabilized on a 1.8 mm diameter welding torch nozzle. The equivalence 

ratio in all cases was set at  = 3 so that the flames revealed a double flame structure with a 
premixed reaction zone where the supplied oxygen is consumed and further downstream a 
diffusion flame front where the intermediate species (mainly CO and H2) react with the 
surrounding air. The measurement volume was positioned at the stoichiometric contour of the 
flames, i.e. the diffusion flame front. 

In order to obtain temperature information 
experimental PS and LIF spectra recorded over 
a relatively broad spectral range, hence covering 
numerous individual lines, have been compared 
to a library of calculated spectra using a least-
squares fit algorithm. The temperature of the 
best fit theoretical spectrum has been assigned 
to the experimental one. For this contour fit the 
theoretical spectra have been calculated in the 
spectral range 35461-35211.3 cm-1 using 
LIFBASE. In principle, it is not possible to 
calculate PS spectra with this software. 
However, in order to obtain data for the 
comparison with the experiment, degenerate 
four-wave mixing (DFWM) spectra have been 
calculated. DFWM is a fully resonant four-wave 
mixing technique as well and has similar 
selection rules. Therefore, its use is reasonable 
in this study. Note that in LIFBASE this option 
can be used for isolated branches only because 
polarization and geometrical factors are not included. 

Figures 2 and 3 show the experimental PS and 
LIF spectra, respectively recorded in the 
methane/air flame along with the best-fit 
simulated DFWM and LIF data. Both spectra 
pairs, i.e. the measured PS and calculated 
DFWM spectra on the one hand and the 
measured and calculated LIF spectra on the 
other hand, show good agreement with each 
other. For the LIF simulation the best 
agreement was found assuming saturation 
conditions at an OH temperature of 2210 K, 
while for PS/DFWM a temperature of 2250 K 
was evaluated. However, this difference is 
negligible and for the sake of completeness it 
should be noted that using conventional 
Boltzmann plots similar temperatures were 
obtained. For comparison the adiabatic flame 
temperature is calculated to be 2226 K. 
Recording several spectra consecutively we 
obtained temperatures with deviations of less 
than 100 K from the value given above. This yields an estimate for the precision of the method. 
Comparing the LIF and PS one can see that in the LIF spectrum much more individual lines are 

 

Fig. 4.11.18  Experimental PS and best fit calculated 
DFWM spectra recorded in the methane/air flame . 

 

Fig. 4.11.19   Experimental LIF and best fit calculated 
LIF spectra recorded in the methane/air flame . 
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present. This is because of the different selection rules for both processes. Furthermore, the LIF 
line shapes show a broader linewidth so that in the PS spectrum almost all lines are well 
separated while in the LIF case some lines are strongly overlapping with each other. A 
comparison of the experimental PS and the calculated DFWM spectra show good agreement 
which demonstrates the close relationship of both techniques concerning selection rules, and 
proving the reasonability of the employed thermometry approach. 

In conclusion, we have investigated the A-X (1,0) transition of OH by means of polarization 
spectroscopy and laser-induced fluorescence. Saturation effects as well as line broadening due to 
pump laser pulse energy were studied. Eventually, the two methods were utilized to obtain OH 
temperature information from laminar rich premixed methane/air, hydrogen/air and methane/ 
oxygen flames. In general, both spectroscopic techniques gave similar results. An advantage of 
LIF is its experimental simplicity so that it is preferable in free flames. PS as a coherent method 
may be the technique of choice when the optical access is limited. Finally it should be noted that 
both PS and LIF provide the potential for two-dimensional measurements. In such an 
arrangement particular care must be taken in order to achieve a homogenous laser sheet intensity 
distribution accounting for saturation effects. 
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Energy Agency through CECOST (Centre for Combustion Science and Technology) and VR 
(Swedish Research Council). The authors gratefully acknowledge financial support for parts of 
the work by the German Research Foundation (DFG) and for funding the Erlangen Graduate 
School in Advanced Optical Technologies (SAOT) within the framework of the German 
Excellence Initiative. J. Kiefer acknowledges support from the European Union (Large Scale 
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4.12 Development and Application of PLIF 

4.12.1  NCN detection in atmospheric flames 

Z.W. Sun, N.J. Dam
1
, Z.S. Li, and M. Aldén 

The first extensive spectra of NCN in atmospheric pressure flames, as well as qualitative planar 
LIF images of its spatial distribution, are recorded in this work. The spectra have been recorded 
by LIF in lifted, fuel-rich CH4/N2O/N2 and CH4/air flames, and are compared to simulations 
using PGOPHER. In the CH4/air flames, the NCN LIF signal peaks around Φ = 1.2. Planar 
LIF imaging illustrates the very confined NCN distribution in the CH4/N2O/N2 flame. The 
spectral information of NCN presented in this work is helpful for NCN diagnostics in flames 
that is essential for its chemistry researches in combustion, like CH + N2 = NCN + H. 

All data have been recorded on lifted flat flames on a home-built 70 mm diameter McKenna-
type burner. Fluorescence is induced by radiation around 329 nm from a frequency-doubled dye 
laser (Continuum ND60) running on a mixture of DCM and LDS698. Resonant fluorescence 
was collected by a UV collimator (f = 50 mm, f/1, B. Halle), and detected by a photomultiplier 
tube (PMT; Hamamatsu R758) behind a horizontal slit and a UG11 filter to reduce the natural 
flame luminosity above 390 nm. 

 

Figure 4.12.1. Excitation scans over the region of 
the main NCN band head at 3291.3 Å in the 
atmospheric pressure CH4/N2O/N2 flame (a) and in 
the CH4/air flame (b), including simulations by 
PGOPHER. Both spectra are averages of 4 scans of 
ca.3000 laser shots each. In the upper panel the 
contributions from NH and NCN have been 
separated (offset vertically for clarity), in the lower 
panel NCN is the only contributor. 

The strongest band head of NCN is found at 329.13 nm, very close to a hardly resolved triplet of 
R-branch lines of NH. Two spectra of this range recorded at higher resolution are shown in 
Figure 4.12.1. Trace (a) is recorded on the N2O-flame, trace (b) on the air-flame, both at 
atmospheric pressure. PGOPHER simulations are included as well. The 329.1 nm region 
contains several band heads of various branches of the NCN spectrum. 

Vertical distributions of the NH and NCN fluorescence have been obtained by planar LIF 
(PLIF) imaging. Two examples are presented in Figure 4.12.2 for NCN (a) and NH (b). The 
images are the result of 200 accumulations each, with ca.10 μJ of laser pulse energy and the laser 
wavelength fixed to the maxima of the part-spectra of Figure 4.12.1. The background due to the 
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luminous flame was recorded separately, and has been subtracted from the fluorescence images. 
Vertical cross sections integrated over the horizontal direction (the plane of the flame) result in 
the fluorescence distributions of Figure 4.12.2 (c). No corrections for temperature or quenching 
have been made to these images, but we expect them to be indicative for the species 
distributions. NH and NCN occur in a narrow zone (halfwidth ≈ 0.5 mm) coinciding with the 
luminous reaction zone. 

 

Figure 4.12.2. Planar LIF images of the fluorescence of NCN (a) and NH (b) recorded in the flat N2O flame at 
atmospheric pressure. HAB, height above burner surface. (c) Vertical cross sections of the fluorescence distribution, integrated 
over the horizontal direction. The luminous flame contribution has been subtracted from the images. 

4.12.2  NO Measurements Laser-Saturated Fluorescence 

B. Li, Y. He
1
, Z. S. Li, A. A. Konnov, M. Aldén 

Nitric oxide (NO) is one of the major pollutant emissions from combustion, especially from 
nitrogen-containing fuels, e.g., biomass. Thus it is of great interest and value to combustion 
community to measure NO concentration quantitatively. Recently, A. A. Konnov 2  et al. 
measured NO concentration in NH3-doped CH4/O2/N2 flames by probe sampling method, and 
in most cases the experiments and modeling agree well. A large deviation, however, was found in 
fuel-rich region when oxygen dilution ratio in O2/N2 mixture is below 20.9. 

The measurements were carried out in NH3-doped CH4/air flames stabilized on a perforated 
plate burner. An image of the burner is shown in Fig. 4.12.3. The burner is compliant with the 
Heat Flux method, being able to generate adiabatic premixed laminar flames. A detailed 
description of the burner as well as the Heat Flux method can be found elsewhere3, and only the 
key elements are introduced here. 

The Heat Flux method is based on measuring the net heat loss from the flame to the burner 
plate. The burner plate is surrounded by a heating jacket with circulating hot water at 85 ºC, and 
the initial gas mixture is kept at 25 ºC. When the flame is stabilized, in terms of the net heat loss, 
the heat gain of the initial gas from the plate is the source term, and the heat loss of the flame to 
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the plate is the sink term. When the two terms get balanced, i.e. net heat loss is zero, an adiabatic 
flame is created. The heat transfer, however, is hardly possible to be measured, so the indirect 
method developed is of great practical value, to monitor the temperature distribution of the 
burner plate with eight thermal couples beneath. And by changing the flow rate of the initial gas 
mixture, the uniform temperature of the burner plate can be achieved, indicating the flame on it 
being adiabatic. 

 

Figure 4.12.3 Photo of an adiabatic flame on the 
perforated plate. The short horizontal bars indicate different 
measuring positions, i.e. 5 mm, 10 mm, and 15 mm height 
above burner (HAB). 

The gas mixture is composed of CH4 (doped with NH3 of ~4370 ppm in mole fraction) and air. 
The gas flow rate was controlled by mass flow controllers (Bronkhorst Hi-Tech, EL-FLOW), 
and the equivalence ratio of the flame was adjusted from 0.65 to 1.45. For each equivalence ratio, 
the adiabatic flame was generated for NO measurements. 

The strategy for LSF measurements of NO concentration is the same as in the paper by J. R. 
Reisel1 et al. The experimental setup is shown in Fig. 4.12.4. The Q2(26.5) transition line of NO 
at 225.509 nm in A2Σ+-X2Π (0, 0) band is excited using the third harmonic radiation from a dye 
laser (Continuum ND60, working with LDS 698) pumped by the second harmonic radiation 
from an Nd:YAG laser (Spectra-Physics, PRO-290). The laser was focused above the burner 
plate by a spherical lens (f=1000 mm) with its pulse energy of ~1.7 mJ and focus spot size of 
~300 μm. The LSF from the focus region of the laser was collected perpendicularly by a UV 
condenser (B-Halle, f=50 mm, f/1.0), and a 1:1 image was focused onto the entrance slit of a 
monochromator (Acton SP-150, 300-groove/mm grating with blaze angle of 300 nm). The 
monochromator was turned 90 degree with its entrance slit parallel with laser beam axis, which 
caters the saturation behavior more easily. The entrance slit was 100 μm wide and 4 mm long, 
and was adjusted to be in the center of the LSF image, and by such a probe volume ~90% 
saturation was achieved2. The exit slit of the monochromator was 150 μm which covered a 
spectra region ~3.5 nm wide and was centered at γ(0, 1) band of NO fluorescence spectra. The 
LSF was then captured by a PMT (Hamamatsu, R758) after the exit slit. The signal from the 
PMT was sent to an oscilloscope (LeCroy, WaveMaser 8300, bandwidth: 3G Hz), and the 
fluorescence curve was integrated with a gate width of 500 ps at the peak, which was recorded as 
LSF signal. For each measurement, averaging of 500 single shots was performed. 

Calibration is required for LSF technique prior to formal measurements, and it was performed 

by doping NO in a lean CH4/air flame (Φ=0.7) with known concentrations from 20 ppm up to 

100 ppm, since researchers now generally accept that a small amount of NO (e.g., <100 ppm) 
doped into a lean flame does not react (within 10%). Another reason for using this flame as 
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2 C.S.T. Marques, L.G. Barreta, M.E. Sbampato, and A.M. dos Santos, Laser-saturated fluorescence of nitric oxide and 
chemiluminescence measurements in premixed ethanol flames, Experimental Thermal and Fluid Science, 34 (2010) 1142-1150. 
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calibration environment is that the original NO from the flame is less compared with doped NO, 
which has been confirmed by both modeling and experimental results. 

 

Figure 4.12.4 Experimental setup for laser-saturated fluorescence measurements of NO. PB, Pellin-Broca prism; 
SL1, spherical lens, f=1000 mm; SL2, UV condenser, f=50 mm, f/1; PM, laser power meter.  

NO concentration was also measured by probe sampling method. A quartz probe with a 1-mm-
wide nozzle was inserted into the flame at 5 mm HAB (see Fig. 4.12.3). The sampling gas was 
then sent to a chemiluminescence NO analyser (ECO PHYSICS AG, model: CLD 700 EL ht). 
Before measurements in flames, calibration of the NO analyser was performed using NO/N2 
gas with NO concentration of 30.7 ppm. 

The calibration results were plotted and fitted linearly, and the relative NO concentration, Nppm,Re, 
was extrapolated accordingly. Then the absolute NO concentration, Nppm,abs, is 
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where T is the flame temperature, and TC the calibration flame temperature, and fB the 
Boltzmann fraction. Since the flames are adiabatic as mentioned above, the adiabatic 
temperatures calculated by GRI 3.0 mechanism were applied in equation (1). 

The estimation of the uncertainty in NO concentration involves two main sources: the statistical 
uncertainty of 5 measurements at each equivalence ratio, and the calibration uncertainty. And the 
latter includes two parts: statistical uncertainty of 5 measurements at each calibration point, and 
doped NO concentration uncertainty. Furthermore, the doped NO concentration uncertainty 
was estimated by NO concentration uncertainty in the gas bottle, NO consumption in the flame, 
and mass flow controller uncertainty. Then the overall uncertainty was estimated to be ~15% for 
all the NO concentrations measured. The uncertainty in equivalence ratio was also estimated. It 

is ~0.03 at Φ=0.65 and 1.45, and it is ~0.016 at Φ=1.05 and 1.20. 

NO concentration curves as a function of equivalence ratio in NH3-doped CH4+air flames are 
plotted in Fig. 4.12.5. Solid line with symbols is the calculation modelled by Konnov mechanism; 
open triangles are the experimental results by probe sampling method; open circles are probe 
sampling results in this work; solid line with symbols are the experimental results by LSF method 
in this work. The two measurements in this work, probe sampling and LSF, agree well with each 

other, which are also in agreements with modelling in the whole region of 0.65<Φ<1.45, in 
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terms of not only the trend but also the absolute quantity. Although it seems that the model 
underestimates the NO concentration, it is still within the uncertainty of the experimental results. 

 

 

 

 

 

Figure 4.12.5. Equivalence ratio-
dependent NO concentration in 
NH3-doped CH4/air flames. Solid 
line with symbols: calculations by 
Konnov mechanism 1 ; open triangle: 
probe sampling measurements2 (10 
mm HAB); open circle: probe 
sampling measurements in this work 
(5 mm HAB); dotted line with 
symbols: LSF measurements in this 
work (5 mm HAB). 

4.12.3  Laser-induced photofragmentation of acetylene 

P.C. Miles
2
, B. Li, Z.S. Li, and M. Aldén 

C2H2 is an important intermediate species in hydrocarbon (HC) combustion. It also plays a 
crucial role in soot formation and growth. Meanwhile, it is one of the dominant HC species in 
the products of partial oxidation from combustion of moderately rich mixtures. 

Detection of C2H2 could help to understand the sources of unburned HC emissions in engines, 
and could evaluate the effectiveness of the mixing processes in various practical combustion 
devices. Besides, quantitative measurements of C2H2 would be very valuable for validation of 
chemical kinetic models of HC combustion, and would help to develop and validate soot 
formation models. 

The detection of C2H2 by LIF is not an easy task. C2H2 could be excited to the first excited 
electronic state (A) by a laser in 210-240 nm region, while the fluorescence from C2H2 in this 
state would be easily quenched3. Hence, it is too difficult for LIF technique to detect C2H2 by 
this transition in practice (e.g., engines). Furthermore, when exposes to vacuum UV (VUV) light, 
C2H2 pre-dissociates4. So C2H2 is often detected in IR region5,6. 
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In this work, we excite C2H2 through a three-photon process 1  (transition 1-3), and detect 
fluorescence (transition 4) through the C2 Swan band: 
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One objective of this work is to explore the effect of excitation wavelength on the C2 
fluorescence intensity. We also examine the impact of temperature on the C2 excitation spectrum 
to ascertain if advantageous single wavelength excitation strategies exist to detect thermally 
excited C2H2. 

The experimental configuration is shown in Fig. 4.12.6. The 3rd harmonic (355 nm) of a 
Nd:YAG laser (Spectra-Physics, PRO-290) was used to pump an OPO system (GWU Premi-
Scan/MB). The output from the OPO was frequency-doubled in a β-barium borate (BBO) 
crystal, and a UV beam was achieved with its tunable wavelength range of 210-242 nm. The UV 
beam was focused by a spherical lens (f=200 mm) over the exit of a heated jet (OSRAM 
SYLVANIA, Series I-014372). The heated jet is a quartz tube (8.3 mm in inner diameter) with a 
coil of heating wire inside. The gas is supplied from the bottom of the jet and will be heated by 
the wire when it passes through the tube. By tuning the gas supply speed, and the voltage on the 
heating wire, we can control the temperature of the outlet gas at the exit of the jet. The gas 
supply to the heated jet in this paper is 2% C2H2/nitrogen mixture. Excitation scans of C2H2 
were performed between 210 –242 nm, followed by monitoring the Swan band of C2 
fluorescence (d 3Πg – a 3Πu). Each excitation scan was performed at constant laser energy, which 
was held at a fixed level of ~ 2 mJ. The corresponding irradiance level near the beam focus was 
approximately 5x108 W/cm2. Under these conditions, with the laser tuned to a C2H2 absorption 
band, the blue-green Swan band emissions were readily visible to the naked eye. 

 

Figure 4.12.6 Illustration of the experimental setup and photo of heated jet with C2 fluorescence visible. 

The fluorescence of C2 was collected with a 70-mm-focal-length UV condenser, and focused 
with 1:1 image onto the entrance slit of a spectrometer (Princeton, Acton 2300i, grating: 300 
g/mm, blazing at 300 nm) with an ICCD (Princeton PI MAX 2, 1024 x 1024 pixels) in the exit 
plane. The spectrometer provides a dispersion of 10.6 nm/mm, a bandwidth of approximately 
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140 nm, and a resolution of 2.6 nm. The center wavelength of the spectrometer was set to 498 
nm, such that Swan emissions from the Δv = ±1 bands were also visible. At each excitation 
wavelength, emission spectra were collected and averaged over 1000 laser pulses. Average signal 
levels were determined by integrating the signal over 19240-19680 cm-1 (519.8-508.0 nm, the C2 
Swan band at ~516 nm). 

Low resolution scans were performed at a fixed wavenumber increment of 100 cm-1 (50 cm-1 
near known strong C2H2 absorption bands), and were followed by more moderate resolution (20 
cm-1) scans to clarify the structure of absorbing regions identified in the low-resolution scans. 
The OPO linewidth, prior to doubling, is specified to be 3-6 cm-1 FWHM. The specification was 
verified with an optical spectrum analyzer (Yokogawa, AQ6375). 

The excitation scans were performed at temperatures of 295 K, 600 K, and 800 K near the exit 
of the heated jet. The jet fluid was delivered from a gas cylinder of 2% C2H2 in N2. Jet exit 
temperatures were maintained within ±10 K of the setpoint. 

Low-resolution fluorescence excitation scans obtained at 295 K are shown in Fig. 4.12.7. The 
emissions rise steadily with decreasing laser wavelength, and there is no obvious discontinuity at 
D0 (C2H-H bond energy). Rising signal levels could be associated with increased efficiency in 
either absorption or dissociation processes at higher energies. 

 

Figure 4.12.7 Low resolution excitation spectrum of C2 Swan band emissions at 295 K of 2% C2H2 in N2. 

A moderate resolution scan of wavelengths with photon energies greater than D0 was also 
performed. The spectra shown in Fig. 4.12.8 indicate that the C2 Swan emissions are closely 
correlated with the A←X absorption probability, indicating that more efficient dissociation plays 
a minor role in enhancing the signal levels. 

The structure of the C2 emission spectrum changes significantly at higher jet temperatures, as 
shown in Fig. 4.12.9a and b. In order to compare relative signal intensities as closely as possible, 
the signals obtained at the higher jet temperatures have been scaled by temperature, which is 
inversely proportional to the relative C2H2 number density at the jet exit. 
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Figure 4.12.8 (upper) Moderate (20 cm-1) resolution scan for excitation energies greater than D0; (lower) 
labelled transitions within the low energy portion of the spectrum of Fig. 4.12.7. 

At elevated temperature, significant C2 emissions are observed at excitation wavelengths that are 
non-resonant with C2H2 A-X transitions–with the non-resonant signal strength rising at shorter 
wavelengths. At resonant wavelengths, however, the peak C2 emissions are comparable to those 
seen in Fig. 4.12.6. The overall shape of the low resolution spectrum in Fig. 4.12.9a suggests that 
with increasing temperature, the central portion of the spectrum (46000-44000 cm-1) is enhanced 
relative to the higher energy portion that dominated Fig. 4.12.6. Examination of the particular 
vibrational transitions involved indicates that this is likely due to the decreased population of the 
v4”=0 and 1 states characterizing excitation wavenumbers >46000 cm-1, relative to the v4”=2 and 
3 states that are more prevalent in the central portion of the spectrum. The higher resolution 
spectrum, in particular, further suggests that the transition probabilities for the v4”=2 and 3 
states are greater than the probabilities for the v4”=0 and 1 states. This observation seems 
physically plausible, as the higher energy vibrations are more likely to achieve nuclear positions 
that match the positions of the trans-bent A state more closely. 
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Figure 4.12.9 (upper) Low resolution C2 excitation spectra in the heated jet; (lower) moderate (20 cm-1) 
resolution spectra focusing on the dominant transitions observed at elevated temperature.  

 

4.12.4  High resolution imaging of flameless and distributed turbulent combustion 

C. Duwig
1
, B. Li, Z.S. Li, M. Aldén 

This section2 shows the application of high spatial resolution of 2D Rayleigh thermometry and 
PLIF imaging in flameless and distributed turbulent combustion. It can be seen that statistical 
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analysis of the images is able to reveal the facts hiding behind single shot images, and will 
provide a deeper understanding of the phenomena. 

The modern solution to avoid NOx/soot formation and peak temperature consists of diluting 
the reactants with large amount of inert gases. In practice, this can be achieved by using low 
calorific value fuels, diluted by steam or intensive exhaust gas recirculation (EGR). Consequently, 
the reaction rate is considerably lowered by the dilution, and the reaction zone expands, which 
departs significantly from the flamelet regime. This technique is frequently referred to as MILD 
(Moderate or Intense Low oxygen Dilution). Similarly, one may consider very lean or diluted 
flames (with significant preheat) which are almost sightless referring to as flameless combustion. 

Previous works have shown promising results when applying flameless technology to gas 
turbines. These activities, however, are limited by the lack of a theoretical understanding for the 
mechanism of flameless combustion. High Ka combustion in general is not well understood and 
has not been investigated extensively. The reason lies in the difficulties of reaching this regime in 
laboratory scale experiments. 

This sub-section focuses on a novel burner which can operate at a uniquely high Ka value. 
Further we present the laser diagnostic system for acquiring images with high spatial resolution 
and to precisely capture the reacting zones. 

The burner is referred to as Distributed and Flameless Combustion Burner (DFCB) and is 
presented in Fig. 4.12.10. 

 

Figure 4.12.10 Schematic of the plug and burner layout with examples of premixed jet combustion 
featuring strong and weak light emissions. 

Counter-flow configuration was again modeled as reference. Tab. 1 summarizes the characteristic 
thicknesses based on the steepest OH and temperature gradients. The thermo thickness in Tab. 
1 will be well resolved in the Rayleigh images. The OH gradients are steeper but can still be well 
captured by the present imaging techniques. 

Table 1 Counterflow laminar flame characteristic thicknesses at different equivalence ratios based on 
the steepest OH and temperature gradient. 

Φj δOH (m) δT (m) 
Max(|▽T|) 

(K/m) 

0.4 0.00042 0.00150 1.10x106 

0.8 0.00023 0.00053 3.15x106 
6.0 0.00068 0.00205 0.79x106 

Figure 4.12.11 presents the norm of the temperature gradient for Φj=0.4, and 0.8 (60 m/s). High 
gradient concentrates within long thin bands that are nearly parallel to the axis in the proximal 
region of the jet. The value of the norm for both equivalence ratios is similar, while the 
maximum norm values from the computations of laminar flames (Tab. 1) show a big difference. 
It can be concluded that the thermal thickness of the present reacting jets are determined from 
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the geometry of the burner rather than thermo-diffusive balance. In other words, the thermal 
thickness scales with the jet shear-layer thickness. It explains the weak sensitivity of the gradient 
field to major changes in the stoichiometry. 

 

Figure 4.12.11 Single shots of the norm of the field of temperature gradient for Φ j=0.4, and 0.8 (60 m/s).  

Figure 4.12.12 presents the OH and CH2O signal distribution at two axial locations, y/d=4 and 
y/d=12. Both average and root-mean-square values are based on the statistics of 500 single 
shots. It can be seen that OH and CH2O signals increase with the jet velocity showing the 
influence of the turbulent mixing upon the fuel oxidation. It advocates that turbulence enhances 
the mixing of the fresh and burned gases, hence prepares efficiently an ignitable mixture where 
reactions proceed. In addition, the relatively high rms levels for CH2O (up to 50%) and low OH 
levels would suggest the intermittent passage of pockets of higher formaldehyde concentration. 
For Φj=0.4, the peaks of OH and CH2O overlap and the rms maxima lie in the same location 
(r/d=1.2) characterizing the strongest intermittent passages of OH and CH2O pockets. 

 

Figure 4.12.12 Average and root-mean-square (rms) of the OH and CH2O PLIF signals along two radial 
lines.  
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Figure 4.12.13 presents joint probability density function (PDF) of OH and CH2O PLIF signal 
peaks’ width (h). The measured thickness values are of the order of the jet diameter indicating 
that the reaction layer has been distributed to be larger than most of the coherent structures 
present in a turbulent jet. For Φj=6.0, there is very clear correlation between the peak width 
(large OH-pocket) and a thin CH2O peak, and vice versa. For the two lean cases, the correlation 
is less clear as the OH brush is more irregular and wrinkled. In addition, the CH2O brush is 
constrained between the fresh gas along the axis and the OH layer which limits the fluctuation of 
the CH2O brush thickness. A similar limitation exists for the rich case but as the OH layer is 
further away from the axis, it leaves more room for the brush to grow, as measured in Fig. 
4.12.13. Although the leaner cases do not show an equally clear correlation, the domains of 
probable events are shaped as a triangle which corners correspond to the two options: thick OH 
brush/thin CH2O brush and thin OH brush/thick CH2O brush excluding having simultaneously 
thick OH brush/thick CH2O brush. 

 

Figure 4.12.13 Joint probability density function (PDF) of OH and CH2O PLIF signal peaks’ width (h) at y/d=12.  

Large eddy simulation (LES) is now being used to investigate the flames presented. The purpose 
is to identify the exact effect, upon combustion, of the different coherent structures present in 
the turbulent jet. 

 

4.12.5 Laser induced breakdown spectroscopy for gas analysis and combustion 
diagnostics 

J. Kiefer,
1,2

 J.W. Tröger
2,3

, T. Seeger
2,3,

 A. Leipertz
2
, Z.S. Li, M. Alden 

Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission spectroscopy. In 
general, LIBS facilitates detection of all species (not only in gases but also in liquids and solids) at 
the same time with high sensitivity, but with the disadvantage of atomizing molecules and 
consequently providing information of the sample’s elemental composition only. In principle, 
molecular information can be reconstructed afterwards to some extent when the molecular 
species are already known. In a typical experiment the beam of a pulsed laser, usually a 
nanosecond pulsed Nd:YAG laser, is focused into the measurement volume to form a plasma 
where the sample is atomized, ionized and excited to high temperature. When the nuclei/ions 
and electrons recombine and further relax light of characteristic wavelengths is emitted. A 
spectral analysis of the emission can eventually be utilized to derive information about the 
elemental composition of the sample. Due to the fact that all elements emit light of characteristic 
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frequencies when they are sufficiently excited, LIBS can in principle detect all elements. 
Limitations in this respect arise from the available laser power, the wavelength range and 
sensitivity of the detector. Another issue can be the dynamic range of the detection system, e.g., 
when transitions with significantly different line strength are studied or when strong background 
emission underlies the spectrum and eventually overwhelms the specific signals. The latter is a 
particular problem when LIBS is performed with ungated detectors as the bright plasma 
continuum emission which results from non-species-specific effects like bremsstrahlung can 
hardly be avoided. Moreover, elastically scattered laser light through Rayleigh and Mie scattering 
can cause strong interferences when the laser wavelength is in the spectral vicinity of the signal 
of interest. 

In this work we describe a polarization filtering scheme to suppress interference from elastically 
scattered light. Moreover, an approach for online background monitoring and correction is 
shown. The experimental setup was based on a frequency-doubled, pulsed Nd:YAG laser 
(wavelength 532 nm, repetition rate 10 Hz, pulse duration 8 ns, pulse energy 35 mJ). The beam 
had a diameter of 11 mm and was focused by a 200 mm focal length lens into the measurement 
volume where the resulting high intensity created a laser-induced plasma. The plasma emission 
was collected and focused onto an optical fibre by a 100 mm focal length fused silica lens. The 
fibre finally guided the laser-induced emission into a spectrometer (OceanOptics USB2000) 
where it was dispersed by a 600 grooves/mm grating and recorded on a CCD chip. In front of 
the fibre a thin film polarizer that was oriented in a way to block the polarization direction of the 
incident laser was installed. The exposure time of the spectrometer CCD chip was set 50 ms. As 
the laser ran at 10 Hz repetition rate two pulses were separated by approximately 100 ms, hence 
the used exposure time ensured that when a series of measurements was conducted every second 
spectrum contained a LIBS event while the other spectra could be utilized for online background 
correction. 

      

Fig 4.12.14 LIBS spectra of air (a) without and (b) with polarization filtering. 

Figure 4.12.14 illustrates the polarisation filtering approach. It is very clear that the thin film 
polariser allows for effective suppression of elastically scattered light. Figure 4.12.14 highlights 
the online background correction procedure by showing eight consecutive spectra (I-VIII) 
recorded in room air. The upper row (odd numbers I, III, V, VII) displays the raw spectra of the 
LIBS events. Every second spectrum (middle row, even numbers II, IV, VI, VIII) shows the 
background. In between this measurement the ceiling light in the lab was switched on and as a 
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consequence the spectral shape of the background changed dramatically (see diagrams VI and 
VIII). The lower row (numbers i-iv) displays the LIBS spectra after subtraction of the 
subsequently recorded corresponding background. In diagram iii several wavelengths with even 
negative intensity can be observed. This indicates that the ceiling light was switched on between 
recording spectrum V and VI or during recording spectrum VI as the additional background 
light is present in VI but not in V. In the following pair of spectra the background correction 
works again properly. These results show that the employed experimental setup can be used for 
real-time gas diagnostics even in the case of temporally varying background illumination. 

 

Fig. 4.12.15: Real-time background correction: Diagrams I-VIII show 8 consecutively recorded spectra 
(50ms exposure time); odd numbers (upper row) show raw LIBS spectra, even numbers (middle row) show 
background spectra taken in between the laser pulses; diagrams i-iv (lower row) show the resulting LIBS 
spectra after background correction. 

The experimental setup was characterized and calibrated. For example, the detection limits of 
hydrogen atoms using the peak at 656 nm can be estimated to be around 1 ppm. Experiments 
were carried out in a number of laminar and turbulent flames. Figure 3 shows the results 
obtained in a non-premixed methane/air flame. The diamonds represent the ratio H/O as a 
measure for the local equivalence ratio. Starting at the burner centre axis the H/O ratio 
continuously decreases with radial distance from the burner axis. In the non-premixed flame 
where pure methane is introduced from the burner only a very small but measurable amount of 
oxygen atoms is present in the flame centre at 5 mm height resulting in a finite H/O ratio. As 
surrounding air is mixing with the fuel the H/O ratio becomes smaller and goes toward zero at 
large radial distances. In addition, the breakdown threshold pulse energy is plotted in Fig. 
4.12.15. It remains constant until 2 mm then it increases within 3.5 mm to reach a maximum and 
then decreases again to approximately the initial value at 9 mm. The threshold changes observed 
in the flame are mainly a result of alterations in density. Therefore, the breakdown threshold can 
be used as a qualitative measure for temperature. 
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In conclusion, the novel polarisation filtering in 
LIBS has been proven an effective method to 
suppress elastically scattered light. Results from 
experiments in non-reacting and reacting gases 
demonstrate a strong potential for future 
applications. Even the determination of the local 
temperature seems possible. 

This work has been financed by SSF (Swedish 
Foundation for Strategic Research) and the Swedish 
Energy Agency through CECOST (Centre for 
Combustion Science and Technology) and VR 
(Swedish Research Council). J.K. acknowledges 
support from the European Union (Large Scale 
Facility in Combustion). Furthermore, the German 
Research Foundation (DFG) is acknowledged for 
funding SAOT in the framework of the German 
excellence initiative. 

 

4.12.6  UV absorption spectroscopy in flames using LEDs 
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Light emitting diodes (LEDs) have recently become available in wavelength ranges (e.g., the 
ultraviolet) that are interesting for optical metrology purposes. LEDs are different from lasers as 
their light is not strictly monochromatic but rather broadband and not coherent. On the other 
hand LEDs are cheap and they have a high efficiency with low thermal losses. The spectral 
bandwidth, which may be considered as a disadvantage, can actually be a feature as it facilitates 
multiplex spectroscopy when multiple transitions of a single species and/or transitions of 
different species are covered. 

In the present work the first application of UV LEDs to the in situ detection of flames radicals is 
demonstrated. The flame radicals OH and CH have been selected as target species for this study 
as they are commonly exploited for flame studies using planar laser-induced fluorescence. The 
spectroscopy of both radicals is well known and their absorption spectra can easily be calculated, 
e.g., using the freely available software LIFBASE. Regarding OH the strongest absorption can be 
observed in the A-X (0,0) band which corresponds to the wavelength region around 310 nm. For 
CH also the A-X (0,0) transition is the strongest one, but as the molecular structure is different 
compared to OH it appears around 430 nm. The spectra of both species are displayed in Fig. 1 
together with the emission spectra of two LEDs with characteristics suitable for detecting the 
radicals. 

OH radicals were detected using a 310 nm LED (Seoul UV, output power 0.2 W), CH radicals 
by a 430 nm LED (Powerlight Light Systems, output power 0.2 W). It should be mentioned that 
both LEDs are available at low cost (a few EUR or USD) and can be purchased from any 
electronicals supplier. An issue, however, may arise from the fact that the emission spectra are 
significantly broader than the absorption bands. This can lead to cross sensitivities with other 
species when not a spectrally resolved detection is performed, e.g., using a photodiode or 
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Fig. 4.12.16 Atom ratio H/O and breakdown 
threshold as function of radial measurement position 
in the non-premixed methane flame. 
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photomultiplier. Further problems may arise as only a small absorption would be measured on 
top of a high integrated signal intensity on a detector limiting the dynamic range and 
measurement sensitivity. In order to avoid such problems interference filters in terms of band 
pass filters are installed. The filter for the OH experiments has its peak transmission of 16.8% at 
300.1 nm and a full width at half maximum bandwidth of 21.4 nm. The CH interference filter 
had a 20.3% transmission maximum at 431 nm with 16.2 nm FWHM. 

For absorption experiments in a flame, the LED 
radiation was collimated by a combination of 
two 1 mm diaphragm apertures and a focusing 
lens (focal length 75 mm) in between positioned 
in front of the LED. This arrangement results in 
a collimated light beam of approximately 1 mm 
diameter. The power of the 1-mm diameter 
beam was 0.04 mW for both OH and CH 
measurements. The beam crossed the flame and 
was subsequently focused by a second lens (200 
mm focal length) onto the detection cathode of 
a photomultiplier tube. In order to avoid 
interference from chemiluminescence the LED 
light is amplitude modulated at 100 Hz by a 
chopper. This means that the absorption signal 
is recorded for 5 ms followed by 5 ms of 
recording background luminescence. 

Experiments were carried out in different 
methane/air flames stabilised on a McKenna flat 
flame burner. The measurements revealed that 
OH radicals can be found at any position 
downstream the flame front while CH radicals 
are located in the flame front only. These results 
are in concert with our previous work and the 
findings reported in the literature. 

In conclusion, our study has shown that LEDs 
are suitable light sources for combustion 
diagnostics. Especially as they are nowadays commonly available at low cost and, at the same 
time, delivering stable radiation, LEDs have a great potential for future applications in this field 
and provide certain advantages over laser sources. For instance the broad spectral bandwidth will 
facilitate multiplex and multi-species spectroscopy, while lasers suffer from being rather 
narrowband in the UV. For example, it will be possible to detect CH and C2 radicals 
simultaneously at 430 and 475nm, respectively. For such an experiment either a spectrometer 
could be employed to obtain spectral separation or two photomultipliers/photodiodes equipped 
with appropriate bandpass filters. 

This work has been financed by SSF (Swedish Foundation for Strategic Research) and the 
Swedish Energy Agency through CECOST (Centre for Combustion Science and Technology) 
and VR (Swedish Research Council). S.S. is grateful for the financial support from the Ernest-
Solvay-Stiftung. J.K. acknowledges support from the European Union (Large Scale Facility in 
Combustion). Furthermore, the German Research Foundation (DFG) is acknowledged for 
funding SAOT in the framework of the German excellence initiative. 

 

 

 

Fig. 4.12.17 Spectral analysis of the LED suitability. 
The lines show the calculated absorption spectra for the 
A-X bands of (a) OH at 2000 K and (b) CH at 1800 
K. In addition, the experimental emission spectra of the 
employed LEDs are displayed.. 
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5 Combustion Research 

5.1 High pressure combustion rig  

S.-I. Möller, R. Collin, R. Lorensson and M. Aldén 

The high pressure combustion rig is designed for phenomenological and applied studies of gas 
turbine and jet engine related combustion at elevated pressure. The high pressure combustion 
facility constitutes a significant installation for the combustion related activities at Lund 
University. The high pressure combustion rig in direct connection to the state of the art 
optical/laser based diagnostics equipment and expertise available at the world leading optical 
laboratories in the Enoch Thulin laboratory, constitutes a truly exceptional facility for advanced 
studies of combustion applications of high industrial and societal relevance, nationally as well as 
world-wide. 

The objectives of the activities are: 

 to gain increased detailed knowledge of the combustion process at for gas turbine 
relevant conditions at elevated pressure, 

 to test new diagnostic techniques in a semi-industrial environment prior to application in 
a full scale application, and 

 to provide data for validation of combustion models. 

Possible fields of applications of the high pressure combustion rig can be illustrated by the 
following examples: 

 utilization of new fuels such as bio-mass derived gaseous or liquid fuels, 

 studies of various combustion concepts such as LPP, RQL, etc., and 

 burners for processes such as Humid Air Turbines, CO2-free processes.  

The scale of the test rig facility implies that the experimental studies can be performed at 
industrially relevant conditions. Possible studies include: 

 combustion parameter evaluation, 

 liquid fuel vaporisation studies, 

 fuel/air mixing studies, 

 ignition tests, and 

laser diagnostic measurements (CARS, LIF/MIE, LDV, PIV) of temperature, species 
concentrations, vapour/liquid relation in vaporisation zones and velocity. 

The high pressure combustion rig is designed for so called single sector tests of burners for gas 
turbines and jet engines. The design specifications of the high pressure combustion rig have been 
decided in close collaboration between scientific experts in the areas of modelling and 
diagnostics together with specialists from the industry. The rig is designed for experimental 
studies and tests at industrially relevant conditions. 
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The specifications of the high pressure combustion rig are: 

 maximum air flow rate: 1.2 kg/s, 

 maximum pressure: 16 bar, 

 preheated air temperature: up to 800 K. 

The high pressure combustion rig is equipped with systems for: 

 liquid and gaseous fuel, each with two independent fuel supply lines, normally used for 
main and pilot, 

 a test section with optical access to the combustion chamber,  

 an afterburner to facilitate fuel evaporation studies, and 

 a steam generator to allow for studies of combustion in humid air. 

The combustion air is provided by an air compressor (750 kW). Combustion air can be 
preheated by an electrical heater (1 MW). The test section has optical access from four sides. The 
liquid fuel system can provide Jet-A and synthetic Jet-A up to 100 kg/h. A separate compressor 
and gas tank can provide natural gas up to 86 kg/h and 13 bar. Other fuel options can be 
considered. The test rig is connected to the laser diagnostic laboratory with easy access to the 
laser equipment for CARS, Raman scattering, high repetition rate diagnostics, LIF, LDA, PIV, 
etc. High speed video systems are also available. 

5.1.1 Activities in the high pressure combustion rig 

Two extensive measurement campaigns have been carried out in the high pressure combustion 
rig during the reporting period 2009 to 2011. One of them is a European collaboration project 
and the other is a collaboration project with Siemens Industrial Turbomachinery in the 
framework of a national program for gas turbine related research funded by the Swedish Energy 
Agency and the participating industries. These campaigns are briefly described in section 5.1.2 
below. 

Besides the measurement campaigns, major efforts have been spent on improving the high 
pressure combustion rig during this period. The rig has undergone two major hardware revisions 
and upgrades in order to increase the flexibility of the high pressure combustion facility. 

In order to increase the versatility of the high pressure combustion rig the air heating system has 
been modified to allow for longer operation at moderate flow rates in the combustion chamber. 
Besides the existing bypass system for combustion air, a secondary bypass system for heated 
combustion air has been installed. This includes a new regulating valve, cooler and mass flow 
meter and a necessary additional new piping for the combustion air system, see Figure 5.1.1. 

In order to facilitate the continuation of the Turbopower tests, mentioned in section 5.1.2, a 
second major hardware revision has taken place during the reporting period. A new test section 
has been designed, manufactured and installed during the period, see figure 5.1.2. This test 
section is designed to be able to house larger burners than the original test section. The test 
section is also equipped with a more versatile combustion chamber with the possibility to have a 
longer outlet section which reduces the downstream influence on the flow in the combustion 
chamber. The instrumentation of the high pressure facility has also been improved by the 
installation of a dedicated emission measurement system. 



5.1 HIGH PRESSURE COMBUSTION RIG 109 

 

 

Figure 5.1.1. Operator’s control panel with the bypass system for heated air highlighted by the red rectangle (mass flow meter, air 
cooler and regulating valve). 

 

 

Figure 5.1.2. A picture of the new test section. 

From 2010 the high pressure combustion rig has been incorporated in the national research 
program CECOST (Centre for Combustion Science and Technology). Through CECOST the 
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high pressure combustion facility is supported by the Swedish Energy Agency. Coordinated by 
CECOST, the rig constitutes a national resource to be utilized within national and international 
programs. TurboPower is one example of such a national program where the rig has been used. 

5.1.2 Projects in the high pressure combustion rig 

Towards Lean Combustion, TLC (EU project) 

This campaign, carried out in 2009, was part of Task 2.3.1.2 in the EU project Towards Lean 
Combustion. The campaign in the high pressure combustion rig was preceded by spectral 
investigations of Jet-A and Lean-Jet. 

Several optical techniques for characterization of the combustion process were tested and 
demonstrated in the high pressure combustion rig. The tests were performed with a generic 
injector in a swirling co-flow. Also techniques for studies of fuel vaporization and consequent 
mixing were utilized. Lean-Jet was investigated as a possibly advantageous alternative to Jet-A 
when performing optical flame characterization. Time-resolved visualizations of fuel LIF was 
demonstrated, using the Lund Multi-YAG laser cluster, for the two fuels and for two excitation 
wavelengths cases, 266 and 300 nm. The 300 nm excitation wavelength was produced using an 
OPO laser source pumped by the Multi-YAG laser system. In addition, three-dimensional 
measurements of fuel LIF were demonstrated for the Lean-Jet fuel and the Mie scattering 
technique was used to identify the location of the liquid core of the vaporizing injected fuel. 
Furthermore, the OPO laser system was utilized to see the potential to perform time-resolved 
measurements of OH LIF using the OPO laser system combined with the Multi-YAG laser 
cluster. For results please see section 4.3. 

Turbopower (Swedish Energy Agency and industry) 

This campaign, carried out in the end of 2010, was part of the Turbopower program. 
Turbopower is a national research program for gas turbine applications, financed by the Swedish 
Energy Agency and the participating industrial partners. The campaign was carried out in 
collaboration between the Division of Combustion Physics and the Division of Thermal Power 
Engineering at Lund University. The test object was a part of an experimental burner provided 
by Siemens Industrial Turbomachinery AB, Finspång, The tests in the high pressure rig were 
preceded by extensive tests at atmospheric conditions, also carried out at Lund University. The 
flame from the burner was primarily investigated by planar OH-LIF for an extensive set of 
running conditions and fuel compositions. For results please see section 4.3.  

A continuation of this project is planned for 2012, when the full burner will be installed in the 
new test section of the high pressure combustion rig. 
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5.2 Low-swirl flame activities 

B. Zhou, Z.S. Li, A. Bohlin, E. Nordström, P.-E. Bengtsson, R. Wellander, M. Richter, 

P. Petersson
1
, J. Olofsson

1
, R. Collin, and M. Aldén 

Background and current status 

In order to develop more advanced understanding of the premixed swirl stabilized flames a 
version of the Low Swirl Burner developed by Robert Cheng at Lawrence Berkeley Labs in 
California have been investigated. The low swirl burner stabilizes a turbulent premixed flame 
hydro-dynamically, without reliance on a bluff body or a pilot flame. The stabilization 
mechanism has been of special interest to study as it is not well understood. In addition the 
flame reaches the thin reaction zone of the regime diagram, meaning that it is possible to 
investigate turbulence/chemistry interactions. Finally, the outer region of the flame is a partially 
premixed flow under strong shear. For model developments it is a special challenge to capture 
this flow region correctly. 

In order to understand local flame behavior and stabilization mechanism of different flames, and 
to validate Large Eddy Simulation (LES), including the required combustion models, it is 
necessary to perform measurements of the velocity field and of scalar parameters such as 
temperature and combustion products. It is also of vital importance to have burners/flames that 
are suitable for validation purpose. The low-swirl stratified turbulent lean premixed flame has 
been used as validation target in the validation project for several years and has proved to be 
suitable for premixed combustion research.  

The structure and dynamics of turbulent premixed stratified flames are influenced by many 
parameters e.g. local gas velocity, entrainment, large-scale structures, curvature, and flame strain. 
The stabilization of premixed flames is also expected to be influenced by the mixing of the 
fuel/air mixture with the hot products produced in the reaction zones. Combustion models are 
required to capture the processes that cannot be simulated, partly due to the fact that they are 
occurring in the very thin reaction layer that cannot be resolved in e.g. LES. Experimental data 
e.g. velocity conditioned on the flame front are often the only information available to validate 
and develop new combustion models. Furthermore, increased insight in flame-flow interaction 
and possible flame stabilization mechanisms also requires combined measurements of the 
velocity field and an appropriate flame front marker. Several groups are today using data from 
the measurements previously performed in the project both for boundary conditions to start the 
simulations (e.g. stereo PIV data of outflow from the nozzle in the low swirl burner) and for 
validation of LES. Both cold and reacting flow field data are available from the Cecost Low Swirl 
project for LES validation.  

To validate the combustion part of the LES PLIF capturing the flame front location gives 
fundamental information on mean flame position but additional information is required. Within 
the Cecost validation project three major measurement campaigns have been carried out this 
period to add information for the LES validation, those are: 

 CARS measurements (point measurements of the temperature field) 

 CH-PLIF (flame front marker) 

 PIV (flow field) and OH-PLIF (flame front & burnt), time resolved & simultaneously 
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Temperature data is provided by applying coherent anti-Stokes Raman spectroscopy (CARS). 
CH radicals are used as marker for the flame front and are measured by applying planar laser-
induced fluorescence (PLIF). The flame-flow interaction is measured time-resolved by 
simultaneously applying PLIF and particle imaging velocimetry (PIV) to measure OH radicals 
and velocity field, respectively. The aim with the project is to generate a detailed model validation 
database for premixed swirl stabilized flames using advanced laser diagnostic techniques. This 
database should enable detailed experimental and modeling investigations of the flame-flow 
interaction in a low-swirl premixed flame. The current goal is to complement the already existing 
validation data base with new measured data for two selected low-swirl flame conditions, also 
previously investigated. 

Burner arrangement 

For the experimental campaigns the same low-swirl burner set-up and flame conditions were 
used as in previous work performed at the Division. The burner arrangement and the low-swirl 
flame are shown in Fig. 1. The low-swirling flow is created by an outer annular swirler, with eight 
swirl-vanes, in combination with an inner perforated plate that allows for about 40% by volume 
of the fuel mixture (methane and air) to pass through. After passing the swirler/perforated plate 
the premixed methane/air mixture of equivalence ratio 0.62 discharges through a 50 mm nozzle 
into a co-flow of air. The resulting outflow from the nozzle has an inner low velocity non-
swirling region (-10 mm< r < 10 mm, r = radius) and an outer region with higher axial and 
tangential velocities. 

 

Figure 5.2.1. Left: The low-swirl burner and co-flow region. Right: The low-swirl flame stabilized above the nozzle. 

Two methane/air flames are investigated both with equivalence ratio of 0.62. The Reynolds 
numbers (Re) based on the bulk flow velocity (6.2 and 9.3 m/s) and diameter at the burner exit 
are about 20000, and 30000. With an inlet gas temperature of 300 K and pressure of 1 atm the 
laminar flame speed calculated is 12 cm/s. The turbulent flames considered here are categorized 
in the laminar flamelet regime. 

Results 

CARS measurements 

The two flame conditions were investigated using coherent anti-Stokes Raman spectroscopy 
(CARS) in order to provide temperature data, a photograph from the experiment is shown in 
Fig. 5.2.2. A standard dual-broadband rotational CARS approach was used. A recent 
improvement of the setup is on the detection side, where a holographic grating is used in the 
spectrometer in combination with a back-illuminated CCD camera. 

A planar BOXCARS phase-matching scheme was used, and the angle between the focused 
beams was increased in comparison with a standard setup in order to improve the spatial  
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resolution of the measurements. For both 
flames a vertical scan (as a function of height 
above burner) was performed together with 
seven horizontal scans at different heights. 
Each scan consisted of 10-25 measurement 
points, at which 1000 single-shot spectra were 
recorded. 

The huge amount of data will be evaluated in 
terms of temperature and relative oxygen 
concentration. The resulting probability 
distribution functions of these parameters will 
be compared with theoretical simulations by 
the group of Prof. Xue-Song Bai at 
Department of Energy Sciences. 

CH PLIF measurements 

For the CH PLIF measurement campaign, the 
second harmonic centered at 396.35 nm from 
a pulsed alexandrite laser was utilized. The 
output laser energy was about 55 mJ after frequency doubling, the bandwidth was approximately 
2.5 cm-1 and the pulse width was 50 ns. A 20-mm laser sheet was formed and directed through 
the center of the low-swirl burner and the fluorescence from CH radicals occurring in the flame 
was captured.  

Images of CH PLIF were measured for the two flame conditions with two differenent height 
positions of the laser sheet resulting in a total vertical measurement range of 4 cm. For the 
higher measurement position, because the flame wings are extended horizontally, the camera 
window was shifted 2.5 cm to left and to right accordingly to capture the extended flame wings 
on both sides of the vertical axis. The measurement window for the lower measurement position 
was centered around the vertical axis of the burner. Examples of single-shot measurements 
obtained at the lower measurement positions for the flame with Re 20000 are presented in Fig. 
5.2.3. 

 

Figure 5.2.3. Examples of CH PLIF measured for flame 1 at the lower measurement position. 

Time-resolved and simultaneously measured flow-field (PIV) and flame location (OH-PLIF) 

Previous in the Low Swirl project single-shot PIV- and multi-shot PLIF-measurements were 
performed which gave valuable information for validation but the full dynamic of the flame was 
not captured. The next step in the investigation was therefore to perform measurement time-
resolved (TR) with PIV and PLIF simultaneously to measure flow-field and burnt region. For 
this two separate laser systems were applied. A high repetition rate laser system, consisting of a 
diode pumped Nd:YAG laser was used to pump a high repetition rate dye laser in order to excite 
the OH-radicals. The OH-region primarily marks the burnt region in the flame but the 

 

Figure 5.2.2. Dual-broadband rotational CARS 
measurements of temperature and relative oxygen concentration in 
the low swirl flame. 
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maximum gradient of the OH-signal is often used as an approximate representation of the flame 
front. The OH-radical is selected since the laser energy in each pulse is limited and the relatively 
strong signal of the OH-radical makes these measurements possible to perform with reasonable 
large field-of-view, also at sampling rates of several kHz. To measure flow-field with PIV, a 
double cavity diode pumped kHz Nd:YLF laser were used to provide scattering from the flow 
tracer (seeding) particles. The laser beams generated by the two systems were arranged in a 
counter-propagating manner and formed into overlapping sheets to illuminate a planar region of 
the flame, crossing the vertical centerline of the burner. Typically several sets of 2000 images at 
4 kHz where collected for both flame conditions. Additional sets with a sampling rata of 1 and 
2 kHz with up to 5000 images were collected for e.g. POD analysis.  

The first combined film sequences of the flame-flow interaction clearly visualize some of the 
characteristics of the unconfined turbulent flame. Due to large differences in axial (and 
tangential) velocity in the low velocity core (-10 mm< r < 10 mm) and in the outer swirling 
region, where the flow origins from the passages in the vanes, helical shear layers surrounds the 
flame. In the outer part of the flame in Fig. 4 (Re 20000), the characteristic roll-up of the flame 
in the shear layer is observed and is believed to be important phenomena of the flame 
stabilization mechanism for the low-swirl flame. This “bluff-body” effect caused by the 
expansion creates regions of very low axial velocities where the flame can propagate. From the 
captured sequences it appears that the randomly occurring bending of the streamlines increases 
the shear and triggers the vortex shedding in these regions which in turn roll-up the flame and 
mixes burnt and unburnt. This flame-flow interaction is one dynamic mode of the investigated 
low-swirl that will be studied in detail. Preliminary results from the POD-analysis capture the 
vortex shedding in the shear layer in several strong modes describing the flow. It is clear that the 
3D-motion of the flame is not captured with the performed planar imaging techniques. 
However, the planar data shows how flame segments move in and out in the image plane in the 
outer swirling region and the flame seems to have a similar dynamic in the out-of plane direction 
as in the captured image plan. 

 

 

 

 

 

 

 

 

Figure 5.2.4. Simultaneous PIV 
and OH-PLIF data showing the 
characteristic “roll-up” of the flame in 
the shear-layer in the low-swirl flame. 
The time between images is 250 µs 
and field-of-view is 15x12 mm. The 
complete sequence consists of 2000 
images 
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5.3 Development and Research on Novel Combustion Devices 

5.3.1 Design of a novel mult-jet calibration burner 

B. Li, Z.S. Li, M. Aldén 

We demonstrate a novel multi-jet burner as temperature calibration source. For most of other 
calibration burners, the flames on them are of a unity. This burner, however, is composed of 91 
jets, and for each jet a separated flame is attached. This design makes every single flame free of 
being influenced by the dilute flow. In this work, we investigated the premixed CH4/Air/O2 
flames with nitrogen as dilute flow. Then by just changing the flow rate of nitrogen, we can easily 
achieve a wide range of temperatures from ~1000 K up to ~2000 K in the burned gas region. 
Two-dimensional Rayleigh scattering thermometry was carried out. The results indicate that the 
burner can be used to provide a stable and handy temperature standard for the calibration of 
new optical diagnostic techniques. 

The structure of the multi-jet burner is illustrated in Fig. 5-1. The photo of the burner as well as 
the flame on it is shown in Fig. 5.3.1(a). The top view (Fig. 5.3.1(b)) and the side view (Fig. 5-
1(d)) of the burner demonstrate its structure and dimension. Figure 5-1(c) illustrates the gas 
supply of the jets and the co-flow. 

The burner is made of stainless steel, and can be divided into two main parts: jets and co-flow. In 
total there are 91 jets evenly distributed in a big tube (see Fig. 5.3.1(b)). All the jets are connected 
with a plenum chamber beneath them, which makes the gas flow the same through each jet. 
Between the big tube and the jets a mask is inserted forming another plenum chamber for co-
flow gas. Small holes are drilled in the mask (see Fig. 5.3.1(b)), and each jet is surrounded by six 
of them. This design ensures the co-flow gas to be homogeneous. To cool down the burner a 
cooling water jacket is attached from the outside of the big tube, which is not shown in Fig. 
5.3.1(d), but can be seen in Fig. 5.3.1(a). A shielding ring is placed on top to make sure that there 
is enough distance for the burned gas from the jets and the co-flow gas to mix homogenously, 
and to shield the mixed gas from being influenced by the ambient air. A stabilizer is also adopted 
to keep the flow field stable, which is 2 cm above the shielding ring. 

Premixed methane/air/O2 gas was introduced into the jets. Since the diameter of the jets is 
smaller than the quenching distance of the flame, flashback is prevented. Nitrogen or argon or 
any other inert gases can be introduced into the co-flow to change the temperature of the burned 
gas. By varying the equivalence ratio of the jets gas, dilute gas and their flow rates, one can easily 
produce burned gas with different temperatures above the burner. Furthermore, all kinds of 
tracers can be easily seeded into the flame through either the multi-jets or the co-flow if it is 
necessary. 

Fig. 5.3.1(a) shows a typical stoichiometric methane/air/O2 laminar flame stabilized on the 
burner with nitrogen as dilute-flow. It can be seen that there are flames attached on top of each 
jet. Measurements were made in the uniform burned gas region, which is above the shielding 
ring and under the stabilizer. 

Two-dimensional laser Rayleigh scattering thermometry was carried out over the burned gas 
region to measure the temperatures for different flame conditions. Rayleigh scattering 
measurements is a resonant technique, and accordingly, no filter can be applied on the camera to 
remove the stray laser light from optical components, especially from the burner itself. So it is 
very important to find out the contribution from this stray laser light to the Rayleigh signal. 
Hence, the validation experiments were performed prior to the temperature measurements. 
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Pure methane and pure nitrogen at 300 K were introduced into the burner alternatively, and 
Rayleigh scattering measurements were carried out on both gases. 

 

 

 

(a)  (b) 

 
 

(c) (d)  

Figure 5.3.1 Structure of the multi-jet burner: Photo of the burner and the flame on it (a); Top view (b) 
and side view (d) of the burner; Gas supply of the jets and co-flow (c). 

According to the Rayleigh scattering theory, the ratio of the Rayleigh signal for two gases should 
be equal to the ratio of their differential cross sections, which is calculated to be 2.19, while the 
experimental results give a ratio of 2.19±0.01. The difference is lower than 0.5%, and is within 
the uncertainty of the experiments. 

In this work, four flames with equivalence ratio varying from 0.9 to 1.1 were measured by 
Rayleigh scattering. Figure 5.3.2 shows the 2D Rayleigh scattering from the burned gas region of 
a flame, and the temperature field calculated accordingly. 
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(a) (b) 

Figure 5.3.2 (a) 2D Rayleigh scattering from the burned gas region of a flame (the unit of the colorbar is 
counts); (b) temperature field calculated based on (a) (the unit of the colorbar is temperature (K)). 

5.3.2 Post-flame gas-phase sulfation of potassium chloride 

B. Li, Z.W. Sun, Z.S. Li, M. Aldén, J.G. Jakobsen
1
, S. Hansen

1
, and P. Glarborg

1
 

Alkali chlorides such as KCl in combustion of biomass are a concern due to the increased 
deposition and corrosion propensity. Conversion of alkali chorides to alkali sulfates is beneficial, 
since the chlorine is then tied up as HCl and less active in corrosion. In Sweden, sulfur 
compounds are used as additives to full-scale biomass-fired units to limit the operational 
problems. However, the sulfation kinetics for KCl are still controversial; it is even an issue 
whether it takes place in the gas-phase or only in molten or solid state (Glarborg and Marshall2; 
Hindiyarti3 et al.). The purpose of this study was to analyze the KCl sulfation process under well-
controlled conditions in a flame, in the absence of surfaces. The study involves an atmospheric 
pressure hydrocarbon/O2/N2 flame, doped with an alkali component KCl. Profiles for the gas-
phase KCl concentration and the temperature are measured as function of distance from the 
burner, at different temperature region of the flame. The experiment is then repeated under 
conditions with excess SO2. 

The KCl concentrations were measured by absorption spectroscopy. The optical setup for the 
absorption spectroscopy is shown in Fig. 5.3.3. A deuterium lamp was used as light source. The 
broadband light was formed into a 1-cm-diameter beam after being sent through an aperture and 
a telescope. In order to increase the absorption path length the beam was guided by three UV 
enhanced aluminum mirrors and thus passed over the burner four times. Then the beam was 
coupled into the fiber with a collimating lens and a fiber collimator and, was finally sent to a 
fiber coupled spectrometer (USB4000, Ocean Optics). A home-made multi-jet burner was 
adopted, and detailed information about the burner can be found in previous section in this 
report (Fig. 5.3.1). In order to introduce KCl into the flame, a KCl water solution was 
evaporated by a humidifier into a fog, which was carried into the burner through the jets by a 
premixed methane/oxygen/nitrogen gas. Sulfur dioxide was introduced in varying amounts into 

the burner through the co‐flow by nitrogen. The flame conditions were given in Tab. 1. 

HCl concentrations were measured by infrared polarization spectroscopy (IRPS). The 
measurement procedure of HCl using IRPS was described in a previous paper [18], and only a 
brief description is given here. In the optical setup, an IR laser at ~3.2 μm of 1 mJ/pulse was 
generated by a Nd:YAG pumped dye laser system. The IR laser was amplified in an optical 
parametric amplifier to 5 mJ/pulse. The linewidth of the IR laser was 0.025 cm−1. A co-

                                                 

1 DTU Chemical Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark 
2 P. Glarborg, P. Marshall, Combust. Flame, 141 (2005) 22-39. 
3 L. Hindiyarti, F. Frandsen, H. Livbjerg, P. Glarborg, P. Marshall, Fuel, 87 (2008) 1591-1600. 
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propagating PS setup was utilized with an angle of 2.8° between the probe and pump beams. 
The probe beam, formed by a 7% reflection of the IR beam from a beam splitter, was focused 
with a f=90 cm lens. The transmitted part of the IR beam was reflected by a mirror and focused 
with another f=90 cm lens to serve as pump beam. A quarter-wave plate was placed after the 
focusing lens in the pump beam to create a circularly-polarized pump beam, which enhances the 
probing of the R branch HCl lines (R(8) line of H35Cl). Two crossed IR polarizers were used as 
analyzers. The IRPS signal was detected with an InSb detector. The probing volume was 
0.3x0.3x6 mm3. 

Table 1 Flame conditions. 

 Jets Flow Rate (ln/min) Equivalence 

Ratio  in Jets 

Co-flow 

(ln/min) 

Temperature at 

3cm HAB (K) 

CH4 Air O2 N2 

Flame 1 

1.04 4.98 1.27 0.9 

8 1410 

Flame 2 10 1300 

Flame 3 12 1180 

Flame 4  14 1100 

Flame 5 16 1030 

 

 

Figure 5.3.3 Experimental setup of KCl and SO2 absorption. 

Elastic scattering Presence of aerosols in the post‐flame region was investigated through elastic 

scattering. The second harmonic (532 nm) from an Nd:YAG laser was used as a light source, and 
the elastic scattering from the burned gas of the flame (flame 3, 3 cm HAB) was monitored by a 
digital camera (Canon, EOS 350D). Accumulation of 10 laser shots was achieved by setting the 
exposure time to be 1 second. 

The plots of KCl concentration versus HAB are shown in Fig 5.3.4. and Fig. 5.3.5. It can be seen 
that before SO2 being seeded KCl concentration in the burned gas region is about 40 ppm. And 
after SO2 being seeded KCl concentration decreases gradually at moderate temperature range. 
Besides, when the temperature is too high (flame 1), after seeding SO2 we can’t detect obvious 
decrease of KCl concentration; when the temperature is too low (flame 5), after seeding SO2 we 
can’t find KCl at 3 cm HAB, i.e. KCl is totally consumed before 3 cm HAB; when SO2 
concentration is too low (66 ppm), after seeding SO2 we can’t detect obvious decrease of KCl 
concentration. HCl concentrations were shown in Fig. 5.3.6. It can be seen that HCl 
concentration increases with increasing HAB. 



5.3 DEVELOPMENT AND RESEARCH ON NOVEL COMBUSTION DEVICES 119 

 

3 4 5 6 7 8
-10

0

10

20

30

40

50

60
980 K1010 K

 Without SO
2
 addtion

 With SO
2
 addition (650 ppm)

 

 

K
C

l 
C

o
n

c
e
n

tr
a
ti
o

n
 (

p
p

m
)

Height Above Burner (cm)

1100 K

 

3 4 5 6 7 8
-10

0

10

20

30

40

50

60
1020 K1030 K

 

 

K
C

l 
C

o
n

c
e
n

tr
a
ti
o

n
 (

p
p

m
)

Height Above Burner (cm)

 Without SO
2
 addtion

 With SO
2
 addition (650 ppm)

1180 K

 

Figure 5.3.4 KCl concentration versus height above burner with (650 ppm in the burned gas) and without SO2 addition: 
(left) flame 3, and (right) flame 4. 
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Figure 5.3.5 KCl concentration versus height above burner with (320 ppm in the burned gas) and without SO2 addition: 
(left) flame 3, and (right) flame 4. 

 

 
 

Figure 5.3.6 HCl concentrations at different HAB with SO2 addition (650 ppm in the burned gas) for (left) flame 3, and 
(right) flame 4. 

Figure 5.3.7 shows results of the elastic scattering experiments, conducted for the conditions of 
flame 3. The elastic scattering was monitored for different situations: (1) without seeding (see 
Fig. 5.3.7(a)); (2) with only KCl seeded (Fig. 5.3.7(b)); (3) with only SO2 seeded; (4) with both 
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KCl and SO2 seeded (Fig. 11(c)). The results show no difference between the scattering in the 
situation (1), (2), and (3), i.e., no aerosol formation, while for situation (4) with seeding of both 
KCl and SO2 in the flame aerosols are detected, proving that sulfation of KCl and subsequent 
nucleation of K2SO4 occur. Considering that the mean diameter of the indoor aerosols in the 
laboratory is ~50 nm, and that the scattering light from K2SO4 in the flame and from indoor 
aerosol surrounding the flame is about the same intensity (see Fig. 5.3.7(c)), we estimate the size 
of K2SO4 aerosol to be less than 100 nm. 

All these experimental data will be used for model validation. 

 

Figure 5.3.7 Elastic scattering from flame 3 
at 3 cm height above the burner: (a) without 
seeding; (b) with only KCl seeded; (c) with both 
KCl and SO2 seeded. 

 

5.3.3 Development of the Heat Flux method 

B. Li, J. Lindén, Z.S. Li, A.A. Konnov, M. Aldén, and L.P.H. de Goey
1
 

This section2 describes the further development of the Heat Flux method with its experimental 
uncertainty being significantly reduced by the LIP technique. 

The adiabatic laminar burning velocity is an important and basic parameter for various 
combustible mixtures. It is invaluable for characterization of combustion properties of different 
fuels. Accurate measurement of this parameter will help to understand the underlying chemistry, 
and to validate models. 

The Heat Flux method is one of the common methods to measure the adiabatic laminar burning 
velocity. The key issue of this method is to measure the radius temperature distribution along the 
perforated plate of the burner. It was previously carried out by eight thermocouples (TC) with an 
accuracy of ~1-2 cm/s, which is not good enough for model validation and development 
especially in measurements of slowly burning lean and rich flames. Hence it is necessary to 
improve the accuracy. 

The theory for the Heat Flux method can be found in the reference1. Here only the experiments 
will be briefly introduced. The experimental setup is shown in Fig. 5.3.8. Phosphor material 

                                                 

1 Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

2 B. Li, J. Lindén, Z.S. Li, A.A. Konnov, M. Aldén, L.P.H. de Goey, Accurate measurements of laminar burning velocity 
using the Heat Flux method and thermographic phosphor technique, Proceedings of the Combustion Institute, 33 (2011) 939-
946. 
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(ZnO:Zn) was firstly mixed with a liquid binder (HPC2) in order to be attached to the burner 
plate. The mixture was coated on top of the cap of each TC, and after drying a thin layer of 
ZnO:Zn remained, which can be seen in Fig. 5.3.9 as white dots labeled from 1 to 8. The third 
harmonic radiation (355 nm) from an Nd:YAG laser system (Quantel Brilliant B) was adopted as 
light source. The laser was reflected and expanded to the burner plate by a UV-enhanced 
concave mirror, which covered the 8 phosphor dots. The phosphorescence from the dots was 
collected by a camera system, which includes a stereoscope, an objective (Nikon, 105 mm, f/2.5), 
and an ICCD camera (Princeton PI MAX 2, 1024x1024 pixels). The stereoscope3 is an image-
doubling device attached to the objective of the camera for simultaneous recordings of two 
optically identical images on a single CCD-chip. An interference filter (390 ± 5 nm) and a long 
pass filter (GG420) were used in the stereoscope to obtain the two images on the CCD-chip. 
The ICCD camera was synchronized with the laser, and the gate width was set to be 30 ns. The 
typical twin phosphor images are shown in Fig. 5.3.9 as well. By calculating the ratio for the 
intensities between the two corresponding phosphor dots in the twin images, we can get the 
temperature distribution on the burner plate. 

 

Figure 5.3.8 The schematic of 
the experimental setup for the 
laser-induced phosphorescence 
measurements. 

 

 

Figure 5.3.9 Photo of the 
perforated burner disc coated with 
eight thermographic phosphor dots on 
top of the thermocouples installed 
(left). Showing right are typical twin 
laser-induced phosphorescence images 
collected through two different filters 
as marked. 

The sensitivity of the TP method has been tested on the burner plate by varying the temperature 
of the heating jacket water. The results are shown in Fig. 5.3.10, in which the error bars in 

                                                                                                                                                        

1 L.P.H. de Goey, A. Vanmaaren, R.M. Quax, Stabilization of Adiabatic Premixed Laminar Flames on a Flat Flame Burner, 
Combustion Science and Technology, 92 (1993) 201-207. 

2 G. Särner, Laser-induced emission techniques for concentration and temperature probing in combustion, PhD dissertation, Lund 
University, (2008) 

3 H. Seyfried, G. Särner, A. Omrane, M. Richter, H. Schmidt, M. Aldén, Optical Diagnostics for Characterization of a Full-
Size Fighter-Jet Afterburner, ASME Turbo Expo, (2005) Paper GT2005-69058. 
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horizontal direction represent temperature uncertainty of the water heating system (provided by 
the manufacture) and error bars in vertical direction represent the standard deviation of three 
independent measurements of the intensity ratio, which have been performed for temperatures 
at 80, 82.5 and 85 oC. For such an error bar, the corresponding uncertainty of the temperature is 
about 60 mK, which is in good agreement with the results of Särner et al.1. Hence the ratio from 
the twin images (see Fig. 5.3.9) can be converted into temperature and the temperature of eight 
dots can be obtained at each flame condition. 

 

Figure 5.3.10 Temperature 
sensitivity calibration curve of ZnO:Zn 
using the ratio between phosphorescence 
intensities collected with an interference 
filter (390±5 nm) and a long pass 
filter (GG420). 

With the new experimental procedure measurements of the adiabatic burning velocity of 
methane/air flames at initial mixture temperatures of 318 K are performed, and the 
measurements uncertainties were analyzed and assessed. The main results are presented in Fig. 
5.3.11. Data evaluation processes and uncertainty estimation can be found in detail in paper IV. 
In this section only the improvement of the experimental technique will be discussed. 

 

Figure 5.3.11 Above, comparison of 
results of flame speed measurements 
obtained with the thermocouple (TC) 
method and the thermographic 
phosphor (TP) method. Below, error 
bars for the flame burning velocities 
measured with the TP method for 

methane/air flames at Φ=0.65 and 
0.7. Black bars represent the possible 
values employing the online calibration 
method. 

                                                 

1 G. Särner, M. Richter, M. Aldén, Two-dimensional thermometry using temperature-induced line shifts of ZnO : Zn and ZnO : 
Ga fluorescence, Optics Letters, 33 (2008) 1327-1329. 
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Previously, tiny thermocouples mounted on several places in the thin burner plate served to 
evaluate the heat flux of the flame to the burner. Systematic errors of the order of 1 K in the 
measurements account for the bottleneck in the accuracy of the method so far. The new LIP 
technique was proved to provide the sensitivity better than 60 mK for in situ measurements. The 
uncertainty of the measured adiabatic burning velocities due to the temperature scattering was 
reduced from typically ±1.5 cm/s (TC) to ±0.25 cm/s (TP) in Φ=0.7 methane/air flame. 

The overall accuracy of the burning velocities including the uncertainty from the employed mass 
flow controllers (MFCs) was evaluated to be better than ±0.35 cm/s. It can be seen that after 
adopting the LIP technique, the uncertainty from the MFCs is no longer negligible in the overall 
uncertainty. Hence in order to further improve the accuracy, a novel method for on line MFC 
calibrations was proposed. 

The online calibration method is to calibrate the MFCs during experiments, instead of the 
normal method (calibration before experiments). The weight changes in the fuel bottle and air 
bottle can be measured along with the experiments. Then the error from the MFCs will be 
determined only by the uncertainty of the scales and weight change. Online calibration in 
principle will not only remove the uncertainties introduced by the MFCs but also reduce 
substantially the error bars in the equivalent ratio values. According to the estimation, it will only 
introduce an uncertainty of less than 0.003 for all the stoichiometric ratios, and add an 
uncertainty of less than 0.004 cm/s to the flame burning velocity for all the stoichiometric ratios. 
The overall error from normal calibration and online calibration are compared in Fig. 5.3.11, and 
the advantage of the online calibration is obvious. 

5.3.4 Detection of hydrogen peroxide in an HCCI engine 

B. Li, M. Jonsson, M. Algotsson
1
, J. Bood, Z. S. Li, O. Johansson, M. Aldén, M. Tunér

1
, and 

B. Johansson
1
 

Photofragmentation laser-induced fluorescence (PF-LIF) technique has been successfully applied 
to detect hydrogen peroxide (H2O2) by Johansson et al. at room-temperature vapor-phase2 and in 
flames 3 . In this section, this technique is extended to a homogeneous charge compression 
ignition (HCCI) engine. 

In various engines thermal decomposition of H2O2 is a key chain-branching reaction4,5. In spark 
ignition engines it will lead to engine knock. In diesel engines ignition occurs when H2O2 
decomposes. It is especially important for HCCI engines, since the operation of HCCI engines 
depends on simultaneous autoignition at multiple locations, which is controlled by the 
decomposition of H2O2. Thus, in order to better understand and control autoignition in engines, 
in-cylinder measurements of H2O2 concentrations are of great value and can provide information 
highly desired by combustion modellers and engine designers. 

                                                 

1 Division of combustion Engines, Lund University, P.O. Box 118, 221 00 Lund, Sweden 

2 O. Johansson, J. Bood, M. Aldén, U. Lindblad, Hydroxyl radical consumption following photolysis of vapor-phase hydrogen 
peroxide at 266 nm: Implications for photofragmentation laser-induced fluorescence measurements of hydrogen peroxide, Applied 
Physics B-Lasers and Optics, 97 (2009) 515-522. 

3 O. Johansson, J. Bood, B. Li, A. Ehn, Z.S. Li, Z.W. Sun, M. Jonsson, A.A. Konnov, M. Aldén, Photofragmentation 
laser-induced fluorescence imaging in premixed flames, Combustion and Flame, 158 (2011) 1908-1919. 

4 C.K. Westbrook, Chemical kinetics of hydrocarbon ignition in practical combustion systems, Proceedings of the Combustion 
Institute, 28 (2000) 1563-1577. 

5 J.F. Griffiths, K.J. Hughes, R. Porter, The role and rate of hydrogen peroxide decomposition during hydrocarbon two-stage 
autoignition, Proceedings of the Combustion Institute, 30 (2005) 1083-1091. 
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The detection strategy of H2O2 molecules, however, is not as straight forward as OH. The 
electronic structure of H2O2 prevents direct detection using LIF (basing on electronic excitation). 
Owing to the unbound excited electronic states, UV excitation leads to dissociation into 
fragments and results in a continuous featureless absorption spectrum 1 . The parent H2O2 
molecules, however, can be detected indirectly by probing the generated OH fragments with 
LIF, which then often requires an additional laser pulse tuned to an absorption line of OH. This 
technique is often referred to as PF-LIF. 

Optical arrangements and measurements strategy 

The experimental setup is illustrated in Fig. 5.3.12. The 4th harmonic radiation (266 nm) from of 
an Nd:YAG laser (Quantel, Brilliant B) was used as “pump” laser for photolysis of H2O2 into 
two OH fragments. The photolytically generated OH fragments and naturally occurring OH 
radicals (if there is any) were then detected by common LIF technique, where OH was excited by 
a “probe” laser via the Q1(6) transition at 282.927 nm (wavelength in air) of the 

A2Σ+(v=1)X2Π(v=0) band. The probe laser light was generated by a dye laser (Sirah, CSTR-
G-2400), pumped by the second harmonic radiation (532 nm) from another Nd:YAG laser 
(Spectra-Physics, Quanta-Ray Pro-250-10). Both lasers have pulse repetition rates of 10 Hz and 

pulse durations of 10ns. 

 

 

Figure 5.3.12 Experimental setup used for PF-LIF measurements in an HCCI engine with horizontal laser 
sheet (upper) for quantitative measurements, and with vertical laser sheet for single-shot imaging (lower). 

The two laser were overlapped spatially after a dichroic mirror, and thereafter laser sheets were 
formed by a cylindrical lens (f=-40 mm) and a spherical lens (f=300 mm). The horizontal laser 
sheets (see Fig. 5.3.12 upper image) were guided through the quartz liner of the engine for 
quantitative measurements. The horizontal laser sheets were later changed into vertical in order 
to perform single-shot imaging (see Fig. 5.3.12 lower image). The configuration of a horizontal 
laser sheet is firstly to avoid the blockage by the engine piston, and secondly to enhance the 
signal-to-noise ratio. Both laser sheets were 40 mm wide and ~150 µm thick at the center of the 

engine cylinder. The laser fluence in the measurement volume was 8 mJ/mm2 for the pump 

                                                 

1 H. Okabe, Photochemistry of Small Molecules, John Wiley and Sons, New York, 1978. 
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laser and 2.5 mJ/mm2 for the probe laser. The probe laser pulse was delayed 20 ns relative to 
the pump pulse in all measurements. 

The fluorescence from OH was collected and detected perpendicular to the laser sheet 
propagation direction using an ICCD camera (Princeton, PI MAX 2, 256x256 pixels after 
binning 2x2) equipped with a UV-objective (UV-Nikor, f=105 mm, f/4.5). The collected signal 
was spectrally filtered with a bandpass filter (Semrock, BrightLine FF01-320/40-25) centered at 
320 nm with a bandwidth of 43.8 nm (FWHM). 

The PF-LIF signal is highly sensitive to the spatial overlap of the two laser sheets. Therefore the 
overlap was carefully optimized by maximizing the PF-LIF signal generated in a flow of room-
temperature vaporized H2O2 introduced into the engine cylinder through a pipe. The H2O2 vapor 
was produced by bubbling air through a liquid solution of H2O2/H2O (50/50 wt. %). 

The description of the HCCI engine can be found in section 2.4.4 as well as its operating 
condition and the fuel composition. The engine was synchronized with the lasers, and at each 
crank-angle degree (CAD), three measurements were carried out. The first measurement was 
performed with both the pump and the probe beam present (PF-LIF), the second with only the 
probe beam present (OH LIF), and the third with only the probe beam present but with its 
wavelength detuned from the OH absorption line (background of OH LIF). Hence, the OH 
fluorescence recorded in the first measurement originates from three sources: OH 
photofragments created by the pump laser, OH photofragments generated by the probe laser, 
and, where appropriate, OH radicals resulting from combustion. In the second measurement, 
however, the OH fluorescence stems from the last two sources only. The third measurement 
reflects background luminescence and scattered laser light. For each measurement 100 
accumulations were performed. 

Quantitative measurements of H2O2 were based on an in-situ calibration procedure. The fuel was 
replaced by an H2O2 solution (7.6 wt. % H2O2 in water), which was vaporized, mixed with hot 
air, and carried into the engine cylinder, while  operating the engine in the regular way. PF-LIF 
measurements were performed with a gas mixture in the cylinder containing a known constant 
mass fraction of H2O2 (0.4%) regardless of CAD. 

Although there will be no combustion in the cylinder, the fact that H2O2 is expected to be 
present only prior to combustion justifies the calibration procedure in terms of comparable 
conditions regarding temperature and pressure. The difference in quenching of OH fluorescence 
between the calibration and PRF50 measurements is also expected to be small prior to 
combustion since the chemical composition of major species is similar for the two 
measurements. With the fuel lean mixture used in the experiment (Φ=0.26), the mole fraction of 
fuel is predicted to be less than 0.5%, hence, in both cases, the quenching rate is expected to be 
dominated by collisions with nitrogen and oxygen in air. A calculation based on the equations 
and quenching cross sections given in the reference1 indicates that the difference in quenching 
rates for the two cases is less than 10%. It is reasonable to assume that the PF-LIF signal is 
proportional to the number density of OH fragments, and by that to the number density of 
H2O2. It has been found that the difference in total mass in the cylinder for the calibration and 
the PRF50 experiments is less than 1% regardless of CAD. Thus, the measurement data can be 
converted into mass fraction by directly comparing the fluorescence intensity with the 
corresponding intensity for the calibration measurement, which thus corresponds to an H2O2 
mass fraction of 0.4%. 

Excitation scan 

                                                 

1  S. Singh, M.P.B. Musculus, R.D. Reitz, Mixing and flame structures inferred from OH-PLIF for conventional and low-
temperature diesel engine combustion, Combustion and Flame, 156 (2009) 1898-1908. 
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PF-LIF excitation scans were performed at different CADs, and were compared with an OH 
excitation scan simulated using LIFBASE1 to verify that the PF-LIF signal collected indeed 
originates from OH. Figure 5.3.13 shows a PF-LIF excitation scan recorded at -23 CAD as well 
as an OH excitation scan simulated with LIFBASE (1000 K, 10 bar). As can be seen, the two 
spectra agree well, which proves that the detected fluorescence is emitted by OH 
photofragments having a temperature of around 1000 K. 

 

Figure 5.3.13 PF-LIF excitation scan recorded 
at -23 CAD (upper panel) and simulated OH 
excitation scan at 1000 K and 10 bar (lower 
panel). 

H2O2 concentration at different CADs 

Crank-angle resolved measurement results are displayed in Fig. 5.3.14. The dashed curves 
correspond to (1) PF-LIF, (2) OH LIF, and (3) background of OH LIF. By subtracting (2) from 
(1), the curve plotted with square symbols was obtained, representing OH photofragments 
generated by the pump laser (266 nm) only, hence qualitatively reflecting the H2O2 concentration 
at different CADs. In the same way, the qualitative OH concentration profile (circle) was 
extracted by subtracting (3) from (2). For CADs lower than -5 CAD the temperature is too low 
(<1000 K) for any significant chemical production of OH radicals and therefore the non-zero 
signal ranging from -30 to -5 CAD most likely stems from OH photofragments produced and 
detected by the probe laser. Qualitatively, the curves reflecting H2O2 concentration (squares) and 
OH concentration (circles) show that H2O2 is a precursor to OH, present in a temporal window 
(~30 CAD wide) preceding the production of OH radicals. 

A quantitative H2O2 concentration profile (circles) is depicted in Fig. 5.3.15. This result was 
achieved using the calibration procedure described above. The calibration curve (triangles) is 
plotted as well. The calibration signal corresponds to an H2O2 mass fraction of 0.4% regardless 
of CAD. The signal intensity, however, varies with CAD as a result of variations in OH 
fluorescence quantum yield due to quenching variations and the pressure broadening of OH 
transition line, as well as, to a minor extent, variations in the population on the OH rotational 
level used for excitation. Since the calibration measurements were performed without 
combustion, it is not surprising that the minimum signal appears near top dead center (TDC) as 
this is the point where the pressure curve peaks and, consequently, collisional quenching is also 
expected to be highest at this point. The quantitative H2O2 mass fraction profile (circles) was 
extracted by dividing the raw data (squares) by the calibration data (triangles) and multiplying by 
0.04. 

                                                 

1 J. Luque, D.R. Crosley, "LIFBASE: Database and spectral simulation (version 1.5)",  SRI International Report MP 99-009 
(1999). 
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Figure 5.3.14 Experimental results of PF-LIF 
and OH LIF measurements. Up triangle: PF-LIF 
signal recorded with both pump laser and probe 
laser fired; down triangle: OH LIF signal recorded 
with only the probe laser present; diamond: 
background signal recorded with the probe laser 
tuned off the OH absorption line; square: signal 
reflecting H2O2 concentration; circle: signal reflecting 
OH concentration. 

 

 

Figure 5.3.15 Experimental results of PF-LIF 
measurements of H2O2. Triangle: calibration data; 
square: signal before correction using the calibration 
data (already displayed by squares in Fig. 5.3.14); 
circle: quantitative mass fraction. 

The quantitative experimental results have been compared with concentration profiles simulated 
with the software package DARS (see paper VIII), as can be seen in Fig. 5.3.16. The 
experimental data are represented by the solid line and the standard deviation of 100 single shots 
at -23, -8 and 2 CAD are depicted as error bars, whereas simulated concentrations of H2O2 and 
HO2 are indicated by a dashed and a dotted line, respectively. The simulated H2O2 
concentrations agree well with the experimental data in terms of both overall concentration level 
and temporal position and extent, while there are also differences. The calculated H2O2 profile 
has almost a top-hat shape, while the experimental curve shows two peaks, one at the rising edge 
and the other at the falling edge. The two peaks might well be due to photolytic OH fragments 
stemming from HO2, as the calculated HO2 curve predicts peaks at essentially the same 
positions. The double-peak structure located between 0 and 10 CAD of the simulated curve is 
not visible in the experimental profile, which might be due to too low crank-angle resolution in 
the experiments. Another discrepancy is between -10 to -3 CAD, where the simulated curve of 
H2O2 is flat while the experimental curve drops about 30%. Furthermore, it should be noted that 
the HO2 concentration is generally several orders of magnitude lower than the H2O2 
concentration, except in the regions of the peaks. This observation justifies the calibration 
procedure, which is based on H2O2 only, and thus suggests that the experimental data (solid 
curve) should represent reliable H2O2 concentrations to a large extent. 

 

Figure 5.3.16 Comparison between 
experimental results (filled circles) and mass 
fractions of H2O2 (dashed line) and HO2 
(dotted line) calculated with DARS. 
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Thus, the review of potential OH precursors, which has been discussed in detail in paper VIII, 
suggests that no species other than HO2 could cause interfering signal contributions to the H2O2 
PF-LIF signal. The fact that the simulated HO2 concentration profile has two peaks, one situated 
at a CAD where the H2O2 concentration is rising steeply and the other at a CAD where the H2O2 
concentration is falling, supports interference from HO2 as the experimental profile shows 
similar peaks, as can be seen in Fig. 5.3.16. 

Since it was not possible to experimentally distinguish HO2 from H2O2, the signal contribution 
from HO2 has been estimated based on simulated concentrations. It is then found that the HO2 
contribution to the PF-LIF intensity curve (see Fig. 5.3.15) is about 30% at the first peak (-23±1 
CAD), and it dominates at the second peak (2±2 CAD), while it is below 10% at the plateau 
region between the two peaks. Thus, the experimental H2O2 concentrations shown in Fig. 5.3.16 
should be fairly accurate especially in the plateau region. 
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6 Combustion Chemistry 

6.1 Activities of the Combustion Chemistry Group 

All combustion phenomena both in labs and in practical applications involve complex 
interaction of physical and chemical processes. Combustion researches therefore require 
extended expertise in physics, fluid dynamics, diagnostics, chemistry, etc. At the Division of 
Combustion Physics most of earlier activities related to chemical kinetics were vanished since 
2005 when Prof. Fabian Mauss quited his position. After extended period of calmness, new 
direction of combustion chemistry research was put forward by Alexander Konnov who took 
the chair of Professor in Combustion Physics Including Combustion Chemistry in August 2009. 

The Combustion Chemistry Group is steadily growing since then and now it consists of 1 senior 
researcher, Elna Heimdal Nilsson, and 3 PhD students: Jenny Naucler, Moah Christensen, and 
Vladimir Alekseev.  Given these limited human resources it was indispensable to establish vivid 
cooperation both within the Division of Combustion Physics and with external institutions.  
Several researchers have visited the group and contributed to our studies.  They are: Jeroen P.J. 
van Lipzig (Technische Universiteit Eindhoven), Xu Chaoqi (Northwestern Polytechnical 
University), Jeroen Vancoillie (Ghent University), Joris A. Olsthoorn (Technische Universiteit 
Eindhoven), Dr. Valeri Baev (Institut fuer Laser-Physik, Universitaet Hamburg), Prof. Sergey 
Cheskis (Tel Aviv University). 

Current scientific activities cover fundamental research in combustion of conventional fuels and 
of bio-fuels (bio-mass, syngas, etc.), dynamics of laminar flames, oxy-fuel combustion, 
development of predictive models for NOx and other pollutants formation based on detailed 
reaction mechanisms. These studies always include dedicated experiments and model 
development. 

Hereinafter research activities of the Combustion Chemistry Group are presented as following: 
first, the studies originated from internal cooperation within the Division of Combustion Physics 
are shortly outlined since they are described in the previous sections of this Report; then the 
studies performed by Alexander Konnov in collaboration with external institutions are 
presented; finally research within the Group is described in some details. 
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6.2 Internal cooperation 

Accurate Measurements of Laminar Burning Velocity Using the Heat Flux Method and 
Thermographic Phosphor Technique1 

The Heat Flux method was further developed to significantly reduce its experimental uncertainty 
and used to determine burning velocities under conditions when the net heat loss from the flame 
to the burner is zero. Non-stretched flames were stabilized on a perforated plate burner at 1 atm. 
Measurements of the adiabatic burning velocity of methane/air flames at initial mixture 
temperatures of 318 K were performed. Previously, tiny thermocouples in the thin burner plate 
were used to evaluate when the heat flux of the flame to the burner is zero. Related errors limit 
the accuracy of the method so far. A new experimental procedure based on thermographic 
phosphors is developed which avoids these errors. An UV thermographic phosphor ZnO:Zn 
was selected and used to sensitively control the temperature uniformity on the burner plate to 
within 60 mK. Uncertainties of the measurements were analyzed and assessed experimentally. A 
more accurate evaluation of the gas velocities, using mass weighting, was introduced to increase 
the accuracy further. The uncertainty of the measured adiabatic burning velocities due to the 

temperature scattering can be reduced from typically  1.5 cm/s at  = 0.7 methane/air flame to 

 0.25 cm/s. The overall accuracy of the burning velocities including the uncertainty from the 

employed mass flow controllers was evaluated to be better than  0.35 cm/s. 

Quantitative HCN measurements in CH4/N2O/O2/N2 flames using mid-infrared 
polarization spectroscopy2 

Quantitative measurements of hydrogen cyanide (HCN) were nonintrusively performed using 
mid-infrared polarization spectroscopy (IRPS) in atmospheric pressure flames. The flat, laminar, 
premixed CH4/N2O/O2/N2 flames were stabilized on a 7 cm diameter home-built McKenna-
type burner with variable proportion of N2O and O2. The characteristic spectral structure of 
HCN molecules was identified in the rotational line-resolved IRPS spectra collected in flames at 
around 3248 cm-1. The P20 line belonging to the C-H stretching band was chosen for 
quantitative measurements and the lineintegrated IRPS signal was recorded in a series of fuel-
rich CH4/O2/N2O/N2 flames with equivalence ratios of 1.2, 1.4 and 1.6. Absolute mole 
fractions of HCN molecules in these flames were obtained through in-situ calibration of the 
optical system with nonreactive gas flow of N2 seeded with known amount of HCN on the same 
burner. Moreover, the experimental results were compared with calculations performed using the 
Konnov detailed C/H/N/O mechanism, which implements NCN prompt-NO reactions. 
Generally good agreement was found with some discrepancies indicating the need for further 
model improvement. 

Photofragmentation Laser-Induced Fluorescence Imaging in a Premixed Flame3 

Two-dimensional measurements of primarily hydroperoxyl radicals (HO2) are, for the first time, 
demonstrated in a flame. The measurements are performed in a Bunsen-type premixed 
methane/air flame using photofragmentation laser-induced fluorescence (PF-LIF). 
Photofragmentation is done by laser radiation at 266 nm and the generated OH fragments are 

                                                 
1 LI, B., LINDEN, J., LI, Z.S., KONNOV, A.A., ALDEN, M., de GOEY, L.P.H. Accurate Measurements of Laminar 
Burning Velocity Using the Heat Flux Method and Thermographic Phosphor Technique. Proceed. Combustion Institute, 33: 939-946 
(2011) 
2 SUN Z.W., LI Z.S., KONNOV A.A. and ALDEN M. Quantitative HCN measurements in CH4/N2O/O2/N2 flames 
using mid-infrared polarization spectroscopy. Combust. Flame, 158: 1898-1904 (2011) 
3 JOHANSSON O., BOOD J., LI B., EHN A., LI Z.S., SUN Z.W., JOHNSSON M., KONNOV A.A., ALDEN M. 
Photofragmentation Laser-Induced Fluorescence Imaging in a Premixed Flame.  Combustion and Flame, 158: 1908-1919 (2011). 
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probed through fluorescence induced by a laser tuned to the Q1(5.5) transition at 282.75 nm. The 
signal due to naturally occurring OH radicals, recorded by having the photolysis laser blocked, is 
subtracted, providing an image that exclusively reflects the concentration of OH fragments 
generated by photolysis, and hence the presence of primarily HO2, but also, for the current 
flame, smaller contributions from H2O2 and CH3O2. A horizontal cross section of the image 
shows two distinct peaks, stemming from the OH photofragments, symmetrically located on 
either side of the flame center. The measured radial profiles of OH photofragments and natural 
OH agree well with corresponding profiles simulated for a laminar, onedimensional, premixed 
CH4/air flame using CHEMKIN-II with the Konnov detailed C/H/N/O reaction mechanism. 
In particular the experimental ratio between the peak intensity of OH photofragemts and the 
maximum of the signal from natural OH is in excellent agreement with the corresponding 
calculated ratio. The influence of H2O2 and CH3O2 on the calculated ratio is found to be 
negligible, leaving HO2 as the only significant source at the peak of the PF-LIF signal. 

Experimental and modeling study of laminar burning velocity of biomass derived 
gases/air mixtures1 

Biomass derived gases produced via gasification, pyrolysis, and fermentation are carbon neutral 
alternative fuels that can be used in gas turbines, furnaces, and piston engines. To make use of 
these environmentally friendly but energy density low fuels the combustion characteristics of 
these fuels have to be fully understood. In this study the structure and laminar burning velocity 
of biomass derived gas flames are investigated using detailed chemical kinetic simulations. The 
studied gaseous fuels are the air-blown gasification gas, co-firing of gasification gas with 
methane, pyrolysis gases, landfill gases, and syngas, a mixture of carbon monoxide and hydrogen. 
The simulated burning velocities of reference fuel mixtures using two widely used chemical 
kinetic mechanisms, GRI Mech 3.0 and the San Diego mechanism, are compared with the 
experimental data to explore the uncertainties and scattering of the simulation data. The different 
chemical kinetic mechanisms are shown to give a reasonable agreement with each other and with 
experimental data, with a discrepancy within 7% over most of the conditions. The results show 
that the structures of typical landfill gas flames and co-firing of methane/gasification gas flames 
share essential similarity with methane flames. The reaction zones of these flames consist of a 
thin inner layer and a relatively thick CO/H2 oxidation layer. In the inner layer hydrocarbon fuel 
(methane) is converted through chain reactions to intermediates such as CH3, CH2O, CO, H2, 
etc. The structures of gasification gas flames, pyrolysis gas flames, syngas flames share similarity 
with the oxidization layer of the methane/air flames. Overall, the chemical reactions of all 
biomass derived gas flames occur in thin zones of the order of less than 1 mm. The thickness of 
all BDG gas flames is inversely proportional to their respective laminar burning velocity. The 
laminar burning velocities of landfill gases are found to increase linearly with the mole fraction of 
methane in the mixtures, whereas for gasification gas, syngas and pyrolysis gas where hydrogen is 
present, the laminar burning velocities scale linearly with the mole fraction of hydrogen. 

 

6.3 External cooperation 

Formation and consumption of NO in H2 + O2 + N2 flames doped with NO or NH3 at 
atmospheric pressure1 

                                                 

1 YAN, B., WU, Y., LIU, C., YU, J.F., LI, B., LI, Z.S., CHEN, G., BAI, X.S., ALDEN, M., KONNOV, A.A. 
Experimental and modeling study of laminar burning velocity of biomass derived gases/air mixtures . Int. J. Hydrogen Energy, 36: 
3769-3777 (2011) 
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Flat premixed burner-stabilized H2 + O2 + N2 flames, neat or doped with 300-1000 ppm of NO 
or NH3, were studied experimentally using molecular-beam mass-spectrometry and simulated 
numerically. Spatial profiles of temperature and concentrations of stable species, H2, O2, H2O, 

NO, NH3, and of H and OH radicals obtained at atmospheric pressure in lean (=0.47), near-

stoichiometric (=1.1) and rich (=2.0) flames are reported. Good agreement between measured 
and calculated structure of lean and near-stoichiometric flames was found. Significant 
discrepancy between simulated and measured profiles of NO concentration was observed in the 
rich flames. Sensitivity and reaction path analyses revealed reactions responsible for the 
discrepancy. Modification to the model was proposed to improve an overall agreement with the 
experiment. 

The Differentiated Effect of NO and NO2 in Promoting Methane Oxidation2 

It has long been recognised that nitric oxide (NO) and nitrogen dioxide (NO2) can promote the 
oxidation of methane and other hydrocarbons under various fuel-lean and fuel-rich conditions 
and a range of temperatures and pressures conditions. However, despite the ease with which NO 
and NO2 interconvert under the oxidation conditions, the reactions responsible for initiating the 
oxidation process for methane are different. This is demonstrated experimentally by the different 
temperature characteristics of the sensitised reaction and supported by kinetic modelling. In this 
study, the effect of NO/NO2-sensitised oxidation of methane was experimentally studied with 
two fuel-lean mixtures, viz. 2.5% methane-in-air and 0.05% methane-in-air mixtures, at 
atmospheric pressure, over temperature ranges of 823 - 948 K, and 873 - 1023 K, respectively. 
Kinetic modelling of the experimental results showed satisfactory agreement and an exhaustive 
sensitivity analysis was conducted. It was shown through brute-force sensitivity analysis that the 
difference in key reactions in both NO and NO2 system leads to the observed trend: the effect of 
NO starts at lower temperatures while NO2 appears to be more potent at higher temperatures. 
Another salient point emerging from the sensitivity analysis is that the initiation reaction in NO-
promoted system was identified to be CH3O2 + NO = CH3O + NO2; for NO2-sensitised case, 
CH4 + NO2 = CH3 + HONO is the most important initiator at lower temperatures while NO2 + 
O = NO + O2 and NO2 + HO2 = HONO + O2 appear to be of prime importance at higher 
temperatures. 

Experimental study of local axial mixing in a pilot-scale cold burner3 

The residence time distribution (RTD) approach was used to characterize the flow and mixing 
behavior of burners. This analysis consists of injecting an inert gaseous tracer into the feed and 
measuring its change in concentration at various detection points. The responses are then used 
to characterize the flow behavior and, thus, the local mixing in the space delimited by the 
injection and probe points. The outcome of this RTD analysis is a flow model that, combined 
with an appropriate kinetics, constitutes an efficient tool in examining the ways to reduce NOx 
emissions in existing installations. A replica made in plastic at a 1:1 scale of an industrial gas 
burner was used for cold experiments. As preliminary information, a chart of local mixing in the 
axial section of the burner chamber was obtained. Even though far from working conditions, 
cold experiments are beneficial because they reveal the existence of possible major flow 
disturbances, leading to imperfect or incomplete combustion, a source of NOx. 

                                                                                                                                                        
1  SHMAKOV A.G., KOROBEINICHEV O.P., RYBITSAKAYA I.V., CHERNOV A.A., KNYAZKOV D.A., 
BOLSHOVA T.A., KONNOV. A.A. Formation and consumption of NO in H2 + O2 + N2 flames doped with NO or NH3 at 
atmospheric pressure . Combustion and Flame 157: 556-565 (2010) 

2 CHAN, Y.L., BARNES, F.J., BROMLY, J.H., KONNOV, A.A., ZHANG, D.K. The Differentiated Effect of NO and 
NO2 in Promoting Methane Oxidation. Proceed. Combustion Institute, 33: 441-447 (2011) 

3 DINCULESCU, D.D., LAVRIC, E.D., KONNOV, A.A., DE RUYCK, J., LAVRIC, V. Experimental study of local 
axial mixing in a pilot-scale cold burner. Ind. Eng. Chem. Res. 5 0: 1070-1078 (2011). 
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Measurements of laminar flame velocity for components of natural gas1, 2 

This paper presents new experimental measurements of the laminar flame velocity of 
components of natural gas, methane, ethane, propane, and n-butane as well as of binary and 
tertiary mixtures of these compounds proposed as surrogates for natural gas. These 
measurements have been performed by the heat flux method using a newly built flat flame 
adiabatic burner at atmospheric pressure. The composition of the investigated air/hydrocarbon 
mixtures covers a wide range of equivalence ratios, from 0.6 to 2.1, for which it is possible to 
sufficiently stabilize the flame. Other measurements involving the enrichment of methane by 
hydrogen (up to 68%) and the enrichment of air by oxygen (oxycombustion techniques) were 
also performed. Both empirical correlations and a detailed chemical mechanism have been 
proposed, the predictions being satisfactorily compared with the newly obtained experimental 
data under a wide range of conditions. 

The temperature dependence of the laminar burning velocity of ethanol flames3 

The Heat Flux method was extended for the first time towards liquid fuels and used to 
determine burning velocities under conditions when the net heat loss from the flame to the 
burner is zero. Non-stretched flames were stabilized on a perforated plate burner at 1 atm. 
Uncertainties of the measurements were analyzed and assessed experimentally. The overall 

accuracy of the burning velocities was estimated to be better than  1 cm/s. Excellent 
reproducibility of the experiments over an extended period of time was demonstrated. 
Measurements of the adiabatic burning velocity of ethanol + air flames in the range of initial 
mixture temperatures from 298 to 358 K are presented. Experimental results are in a good 
agreement with the recent literature data obtained in constant volume bombs. Both the ethanol 
combustion mechanism of Saxena and Williams and the Konnov mechanism significantly over-
predict ethanol laminar burning velocities in lean and near-stoichiometric mixtures. The effects 
of initial temperature on the adiabatic laminar burning velocities of ethanol were interpreted 
using the correlation SL = SL0 (T/T0)

α. Particular attention was paid to the variation of the power 
exponent α with equivalence ratio at atmospheric pressure. Experimental data and proposed 
empirical expressions for α as a function of equivalence ratio were summarized. They were 
compared with the predictions of detailed kinetic models. The existence of a minimum in α in 
the slightly rich mixtures is demonstrated experimentally and confirmed computationally. 

 

 

NCN concentration and interfering absorption by CH2O, NH and OH in low pressure 
methane/air flames4 

Absorption spectra in the wavelength region around 329 nm have been recorded with the cavity 
ringdown technique in various low pressure (200 hPa) CH4/air flames, two of which with N2O 

                                                 

1 DIRRENBERGER P., LE GALL H., BOUNACEUR R., HERBINET O., GLAUDE P.A., KONNOV A.A., 
BATTIN-LECLERC F. Measurements of laminar flame velocity for components of natural gas.  Energy and Fuels  25: 3875-3884 
(2011) 

2  P. DIRRENBERGER, P.A. GLAUDE, H. LE GALL, R. BOUNACEUR, O. HERBINET, F. BATTIN-
LECLERC, A.A. KONNOV. Laminar flame velocity of components of natural gas. Proceed. of the ASME Turbo Expo 
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3 KONNOV, A.A., MEUWISSEN, R.J., de GOEY, L.P.H. The temperature dependence of the laminar burning velocity of 
ethanol flames. Proceed. Combustion Institute, 33: 1011-1019 (2011) 

4  KLEIN-DOUWEL R.J.H., KONNOV A.A., DAM N.J., ter MEULEN J.J. NCN concentration and interfering 
absorption by CH2O, NH and OH in low pressure methane/air flames with and without N2O. Combust. Flame, 158: 2090-2104 
(2011). 
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(nitrous oxide) addition. NCN (cyanonitrene) absorption appears to be significant only in N2O-
enriched flames, which also reveal spectrally nearby absorption by NH. In a u = 1.14, N2O 
oxidizer volume fraction = 57.0% flame, an upper limit for the NCN mole fraction of 4.0 _ 10_6 
has been found. Absorption spectra have been recorded as a function of height and these clearly 
show the presence of CH2O (formaldehyde) and OH as well. In CH4/air flames, absorption by 
CH2O at and near the flame front is strong enough to mask any possible absorption signal due to 
NCN. OH absorption spectrally coincident with the maximum NCN absorption has been 
observed as well. CH2O absorption is present throughout the whole 327–331 nm range, which 
can severely affect the accuracy of NCN concentration measurements if both species are present 
in the measurement volume. This necessitates the acquisition of continuous spectra instead of 
absorption measurements at a few specific wavelengths. Absorption signals at wavelengths 
characteristic for NCN, CH2O, NH and OH are analysed as function of height in the flame. 
Probabilities that these signals may be assigned unambiguously to a single species are discussed. 
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6.4 Research within the Combustion Chemistry Group 

6.4.1 Laminar burning velocities of liquid fuels 

Elna Heimdal Nilsson, Alexander Konnov, Moah Christensen, Jenny Naucler, Jeroen van 

Lipzig, Jeroen Vancoillie 

The laminar burning velocity, the speed at which the flame front move relative to the gas, is an 
important property of a combustible gas mixture. The laminar burning velocity depends on a 
range of parameters, and it is of value to understand its variability with respect to temperature, 
fuel to oxidizer ratio, and composition of the oxidizer mixture. 

Laminar burning velocities are commonly determined using closed vessel methods or opposed 
jet methods, the drawback of these methods are that they require corrections for stretch effects 
and possibly other types of flame structure. The needs for stretch corrections are circumvented 
by using the heat flux method, where a flat flame is stabilized on a perforated burner plate. The 
principle is based on measuring the temperature profile of the burner plate; the temperature will 
be constant over the plate when the velocity is equal to the adiabatic burning velocity of the 
flame. The method was developed at the University of Eindhoven by de Goey and van Maaren1. 
A heat flux setup for measuring laminar burning velocities of liquid fuels has been operational in 
Lund since May 2010. A schematic overview of the setup is presented in Fig. 6.4.1. Experiments 
can be performed with gas mixtures in the temperature range 298-358 K. Laminar burning 
velocities of a wide range of fuels; alcohols, ethers, furans and more, can be determined using 
this heat flux setup. Table 1 give an overview of the fuels studied in Lund this far. Pure fuels as 
well as mixtures have been studied, and several studies include investigation of temperature 
dependence as well as composition of oxidizer mixture. 

One of the main applications for laminar burning velocity data at standard conditions is model 
validation and development. Most of the experimental studies presented in Table 1 have been 
combined with modeling, either using the in house model “Konnov 0.6” or one or several other 
models. The results of these modeling studies also give valuable information on the reaction 
chemistry of the flames. Modeling is in most cases performed with the Chemkin program2. 

Laminar burning velocities of pure ethanol have been studied using a range of methods, 
including the heat flux method, and repeated using the present setup for validation purposes3. 
Figure 6.4.2 present results from the present setup, together with previous determinations. 

 

                                                 
1  L. P. H. de Goey; A. van Maaren; R. M. Quax,Stabilization of adiabatic premixed laminar flames on a flat flame burner 
Combust. Sci. Tech. 92  (1993) 201-207.  

A. van Maaren, D.S. Thung; L.P.H. de Goey,Measurement of flame temperature and adiabatic burning velocity of methane/air 
mixtures Combust. Sci. Tech. 96  (1994) 327-344.  

A. van Maaren; L.P.H. de Goey,Stretch and the adiabatic burning velocity of methane- and propane-air flames Combust. Sci. Tech. 
102  (1995) 309-314 

2 Chemkin-PRO, Reaction Design, San Diego, California USA, 2010. http://www.reactiondesign.com 

3 J. P. J. van Lipzig; E. J. K. Nilsson; L. P. H. de Goey; A. A. Konnov,Laminar burning velocities of n-heptane, iso-octane, ethanol 
and their binary and tertiary mixtures Fuel 90 (8) (2011) 2773-2781 

http://www.reactiondesign.com/
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Fig. 6.4.1. Schematic of the experimental 
Heat Flux setup for liquid fuels 

Table 1: Fuels and mixtures investigated in the liquid heat flux setup. 

Fuel Oxidizer  T (K) 

iso-octane Air 0.6 - 1.1 298 - 338 

n-heptane Air 0.6 - 1.3 298 - 338 

ethanol Air 0.6 - 1.5 298 - 338 

iso-octane/n-heptane Air 0.6 - 1.3 298 - 338 

iso-octane/ethanol Air 0.6 - 1.3 298 - 338 

n-heptane/ethanol Air 0.6 - 1.3 298 - 338 

iso-octane/n-heptane/ethanol Air 0.6 - 1.3 298 - 338 

methanol Air 0.7 - 1.1 298 - 358 

methanol/water (10-35 wt%) Air 0.7 - 1.5 298 - 358 

methanol CO2(65%):O2(35%) 0.55 - 1.0 298 - 338 

methanol N2(71%):O2(19%) 0.7 - 1.5 298 - 358 

acetone air 0.7 - 1.3 298 - 358 

methanol/formaldehyde (5-25 wt%) air 0.7 - 1.0 298 - 338 
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For both modeling development and practical application purposes, determination of 
temperature dependence of laminar burning velocities is important. Figure 6.4.3 presents the 
experimental and modelled laminar flame speeds of methanol+air at different temperatures, as 
temperature increase the flame speed increase. A commonly used correlation between laminar 
burning velocity and temperature is given in equation 1. 

uL = uL0 · (Tu /Tu0 )
α
      (1) 

An example of the use of this correlation for methanol-air flames is shown in Figure 6.4.4, where 
the symbols represent experimental data obtained using the heat flux method, and the full drawn 
line is a result of chemical kinetics modeling using the Li et al. (2997) mechanism1. The other 
lines represent previously estimated correlations. The trend showing a minimum in the power 
exponent at slightly rich mixtures has been validated also for flames of ethanol-air and acetone-
air, with good agreement between experiments and modeling. 
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Fig. 6.4.2. Laminar burning velocities of ethanol + air flames at atmospheric pressure and initial temperature of 298 
K.  Open triangles, squares, solid triangles and diamonds are previous experimental results, crosses from present work.  
Symbols are connected by lines for eye guidance. 

The heat flux method was used to measure the laminar flame speed of methanol-water2 and 
methanol-formaldehyde3 mixtures. For mixture compositions and temperatures, see Table 1. To 
validate the experimental results comparisons with previous work as well as modeling was been 
performed. 

Figure 6.4.5 presents the laminar flame speeds of methanol-formaldehyde mixtures at different 
concentrations and equivalence ratios, at an initial gas mixture temperature of 318 K. There is a 
trend of increasing flame speed with increasing formaldehyde concentration. This is most likely 
due to an increased number of radicals generated. The model predictions for the lower 

                                                 

1 Li, J., Z. Zhenwei, A. Kazakov, M. Chaos and F. Dryer (2007). " A Comprehensive Kinetic Mechanism for CO, CH2O, and 
CH3OH Combustion." Wiley InterScience 39(3): 109-136. J. Vancoillie, M. Christensen, E. J. K. Nilsson, S. Verhelst, A. A. 
Konnov, Energy Fuels  (2011) 
2 Vancoillie J., Christensen M., Nilsson E.J.K., Verhelst S., Alexander A. Konnov, The temperature dependence of the laminar 
burning velocity of methanol flames. Energy and Fuels accepted. 
3 CHRISTENSEN M., NILSSON E.J.K., KONNOV A.A, Laminar burning velocities of formaldehyde + methanol flames. 
Proceedings of the  European Combustion Meeting – 2011,  CD Paper, 4 pp, June 28- July 1, 2011, Cardiff, Wales.  



138  CHAPTER 6. COMBUSTION CHEMISTRY 

concentrations are good but at higher concentrations there is an increasing deviation between the 
experimental results and those predicted by the model. The reason for this discrepancy is not 
clear yet. 

 

Fig. 6.4.3. The experimentally determined flame speeds (symbols) of a methanol-air flame at 298, 318 and 338 K at 
1 atm. The results have been compared to that of the Li et al. mechanism (solid line) The error bars indicate that there 
is a bigger uncertainty for the lower equivalence ratios. 

 

 

Fig. 6.4.4 Temperature correlation for methanol+air flames 

First measurements of the adiabatic laminar burning velocities of lean ethanol + oxygen + 
carbon dioxide flames have been performed 1 .  The oxygen content O2/(O2 + CO2) in the 
artificial air was 35%. An important aspect of oxidizer composition is the fact that Nitrogen, 

                                                 

1
 NAUCLER, J.D., CHRISTENSEN, M., NILSSON, E.J.K., KONNOV, A.A. Laminar burning velocities of C2H5OH 

+ O2 + CO2 flames. Proceedings of the Swedish-Finnish Flame Days, 26-27 January 2011, Pitea, Sweden, 8 pp. 
NAUCLER J.D., NILSSON E.J.K., KONNOV A.A, Laminar burning velocities of C2H5OH + O2 + CO2 flames. 
Proceedings of the  European Combustion Meeting – 2011,  CD Paper, 4 pp, June 28- July 1, 2011, Cardiff, Wales.  
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Argon and Helium present in air are not chemically reactive in combustion, while CO2 is 
chemically reactive and participate in chemical processes. Studying ethanol flames under oxy-fuel 
conditions is of high relevance since it is a popular alternative to traditional fuel. The results were 
found in qualitative agreement with modeling performed using Marinov mechanism, San Diego 
mechanism and Dagaut mechanism1, all of which have been previously validated for ethanol+air 
flames. All three models have been validated for ethanol+air flames. Sensitivity analyses and 
reaction path analysis of the three models showed significant differences. Marinov and San 
Diego mechanisms share the same most important species, while the Dagaut mechanism differs 
from the other mechanisms with the radicals CH3CH2O and HCO missing, and the importance 
of the radicals CH3CO and CH3O. These and other differences between these commonly used 
models call for further investigations to fully understand the combustion of ethanol. 

 

Fig. 6.4.5. The experimentally determined flame speed of various methanol-formaldehyde mixtures (symbols) compared 
to that of the modeled velocities by the Li et al mechanism (solid line) at 318 K and 1 atm 

 

                                                 

1 N. M. Marinov,A detailed chemical kinetic model for high temperature ethanol oxidation Int. J. Chem. Kinet. 31 (3) (1999) 183-
220. The San Diego Mechanism version 20051201 http://maeweb.ucsd.edu/combustion/. N. Leplat; P. Dagaut; C. Togbe; J. 
Vandooren,Numerical and experimental study of ethanol combustion and oxidation in laminar premixed flames and in jet-stirred 
reactor Combust. Flame 158 (4) (2011) 705-72 

http://maeweb.ucsd.edu/combustion/
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Fig. 6.4.6. Laminar burning velocity vs. the equivalence ratio (Φ) for ethanol + O2 + CO2 at 318 K. The 
experimental data are represented, with crosses (X) for measurement data from Dec 2011 and dots (.) for measurement 
data from Dec 2010, with error bars for laminar burning velocity and Φ and the modeling data by lines. Marinov 
mechanism are solid line (-), San Diego mechanism are broken line (--) and Dagaut mechanism are dotted line (..). 

 

The effect of temperature on the adiabatic laminar burning velocities1 of CH4 + air and H2 + air 
flames was analyzed.  Available measurements were interpreted using correlation SL = SL0 
(T/T0)

α.  Particular attention was paid to the variation of the power exponent α with equivalence 
ratio at fixed (atmospheric) pressure.  Experimental data and proposed empirical expressions for 
α as a function of equivalence ratio were summarized.  They were compared with predictions of 
detailed kinetic models in methane + air and hydrogen + air flames.  Unexpected non-
monotonic behavior of α was found in rich methane + air flames.  Modeling results are further 
examined using sensitivity analysis to elucidate the reason of particular dependences of the 
power exponent α on equivalence ratio. 

6.4.2 Study of a solid fuel particle in Electrodynamic Balance 

Vladimir Alekseev, Elna Heimdal Nilsson, Alexander Konnov 

Electrodynamic levitation2 is a well-known technique in atmospheric or particle chemistry, which 
allows studying physical or chemical transformations in a single droplet or solid particle without 
any interaction with supporting surfaces or other particles in cloud. Regarding to combustion 
research, levitation can be applied to study the processes of oxidation of single coal or biomass 
particle, which is of great importance in terms of finding more efficient and cleaner ways of 
industrial combustion of solid fossil or biomass fuels, e.g. in fluidized bed reactors. 

                                                 

1 KONNOV, A.A. The effect of temperature on the adiabatic laminar burning velocities of CH4 - air and H2 - air flames. Fuel 89: 
2211-2216 (2010) 

2 ALEKSEEV V.A., NILSSON E.J.K., KONNOV A.A., JOHNSON M.S., Studies of Carbon Microparticles by Light 
Scattering Methods in an Electrodynamic Balance. Proceedings of the  European Combustion Meeting – 2011,  CD Paper, 5 pp, June 
28- July 1, 2011, Cardiff, Wales. 
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The combination of the electrodynamic levitation and absorption microspectroscopic 
techniques, i.e. FTIR, is a promising approach for studies of single particles. FTIR can provide 
extensive information about the presence of different functional groups in a studied sample. 
Detection of functional groups where nitrogen and especially oxygen atom are participating is of 
great interest since they can be found on the particle surface during its burnout. For the 
verification of the applicability of the above techniques, in the present study carbon particles 
were treated with different gases and liquids to modify the surface properties. 

Our group has got the Electrodynamic Balance setup from Prof. Matthew S. Johnson from 
Copenhagen Center for Atmospheric Research. The setup was developed at the University of 
Copenhagen and was previously used for studies of liquid droplets of organic compounds. 
During the ongoing project, the EDB was implemented to study solid carbon particles. 

The principle of the EDB is based on a superposition of DC and AC electric fields, applied to a 
coulombically charged particle. The former provides a restoring force which transports an 
arbitrarily located particle to the central point of the EDB chamber (so-called null-point) while 
the latter makes it possible to stabilize the particle there, compensating the gravitational force. 
Therefore, the only requirement to the particle is to get charged which is an advantage of the 
EDB in comparison to optical levitators, where the particle should be transparent or non-
absorbing. 

In the present study Norit CA3 activated carbon particles (www.norit-americas.com) were used 
as a sample. This carbon was prepared by phosphoric acid activation and has a size distribution 
in the range of 7-100 μm with a median in 35 μm. The particles were exposed to different 
chemicals in order to modify the surface composition: nitric acid (HNO3), nitric and nitrous 
oxides (NO+N2O), ozone (O3) and sulphuric acid (H2SO4).  FTIR measurements were 
performed using a Bruker IFS66V/S spectrometer coupled to a Bruker Hyperion 3000 
microscope with 15x objective at Maxlab, Lund, Sweden. 

The FTIR measurements were performed on bulk samples or single particles on a glass surface 
and on single particles being levitated in the EDB. Figure 1 left shows typical FTIR spectra of the 
single particles of 20-40 um on a glass plate. The sizes are similar to the typical size of carbon 
particles observed in the EDB. It is evident from the spectra, that nitrogen and oxygen 
containing functional groups are distinguishable from FTIR data. Samples treated with HNO3 
and N2O-NO showed highly similar behavior in the region of 1270-1320 cm-1 and 1520 cm-1

 in 
comparison to untreated samples (curves AC-HNO3, AC-NOx and AC in Figure 1). The sample 
treated with ozone (AC-O3) showed intense absorption at 1590 and 1690 cm-1 which was 
referred to as a presence of oxygen groups at the surface. 

Figure 6.4.7 right presents spectra of levitated particles, corresponding to motionless particle 
spectra in Figure 6.4.7 left. All of them are influenced by particle oscillations resulting in strong 
disturbances in the FTIR interferogram. As evident from Figure 1, the “transformed” signal 
from the sample at low wavenumbers increased the background, resulting in negative values in 
curves of Figure 6.4.7 right. Almost all spectral information in 1200-1800 cm-1 was suppressed. 
The most intense peaks in AC-O3, at 1690 and 1590 cm-1, are the only identified features. The 
AC-HNO3 shows a change in curvature in the same region, but no detailed information is 
available in the spectra. 

The experiments with the EDB installation were initiated in September 2010.  Provisionally it 
can be concluded that the available EDB setup is operational for levitating a single carbon 
particle. The particles can be easily injected to the EDB and once a particle is trapped it can be 
kept levitated for as long time as needed. 

http://www.norit-americas.com/
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Fig. 6.4.7. FTIR spectra of typical particles on glass plate (left) and of single particles in the EDB. At the left picture, curve for AC-
O3 is shifted downward by 0.33, curve for AC-H2SO4 by 0.02. 

 

Combining the electrodynamic levitation and FTIR microspectroscopic techniques seems to be a 
promising approach for studies of single particles. The main challenge ahead is to increase the 
particle stability in the electrical field. When particles can be kept levitated with small or no 
oscillation, it is expected that FTIR spectra with a quality similar to that for single particle on a 
glass plate will be obtained. Further improvement of the performance of the EDB-FTIR setup is 
utilization of a synchrotron radiation as IR light source that will increase the quality of the IR 
signal. 

 

6.4.3 Fiber Laser Intracavity Absorption Spectroscopy 

Vladimir Alekseev, Alexander Konnov 

Measurement techniques based on absorption of light can provide extensive data about species 
concentration, e.g. flame radicals, with high sensitivity, which can be extremely important for 
combustion chemistry modeling. The major drawback of all absorption methods, i.e. “line-of-
sight” measurements, can be overcome when the experiments are performed in one-dimensional 
flame, which is the most practical in terms of modeling as well. 

Many combustion radicals and stable molecules, like CO2, CO, H2O, OH, C2H2 or HCN, have 
vibrational absorption lines in short-wave infrared (SWIR), i.e. 1.4-3 um. Therefore, infrared 
absorption of a broadband laser light in this region can provide simultaneous detection of several 
species in flame. 
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The main advantage of the use of fiber lasers as an IR light source is that they are easy in 
operation and at the same time can provide both broadband and tunable signal in SWIR. 

In Intracavity absorption spectroscopy, the absorbing medium is placed inside a laser cavity, 
therefore the effective absorption path length can reach extremely high values. The laser gain 
from a fiber compensates broadband cavity losses, e.g. mirror transmission, which allows for in-
situ measurements in hostile environments like flames or combustion engines. 

 

Fig 6.4.8  FLICAS (Fiber Laser Intracavity Absorption Spectroscopy) setup 

The scheme of the experimental setup is shown at Fig. 6.4.8. The setup was built by Dr. Valeri 
Baev from the University of Hamburg and Prof. Sergey Cheskis from Tel-Aviv University, who 
have been previously using the technique for detection of different species in flames at normal 
and low pressures. 

A FLICAS spectrometer is based on an external cavity Er3+ -doped fiber laser, which is optically 
pumped by a single mode diode laser at 980 nm (S-980-9mm-0350, Axcel Photonics). One end 
of a fiber is directly coated, providing a high reflection (HR) mirror with 99.5% reflectivity at λ - 
1.5 mm. Another end of the fiber is anti-reflection (AR) coated for the same spectral range. An 
AR coated aspheric lens L3 collimates the laser radiation exiting the fiber to the output mirror 
(OM). Spectral tuning of the laser emission is achieved by moving the lens L3 along the optical 
axis, exploiting the effect of chromatic aberration. The output mirror of the laser is a flat mirror 
with 95% reflection, wedged by 10° to avoid interferometric fringes. The spectra are recorded by 
a linescan CCD camera (1024 pixels of 25 mm, Sensors Unlimited, Inc.). The laser pulse duration 
is controlled by a square modulation of the pump power, resulting in generation frequency of 5 
kHz and pulse duration of the order of 20 μs. The single shot spectra are averaged on a CCD 
chip and lately with a computer, therefore the resulting spectrum consists of more than 1000 
shots and is plotted in real time on a screen. 

The experiments with FLICAS were conducted on a heat flux burner, which was discussed in 
Section x.x. Fig. 6.4.8 top shows transmitted signal in flame with φ=0.7 at 1 mm above the flame. 
Red lines mark OH absorption, which spectrum in that region is obtain with a HITRAN 
database and is shown in Fig. 6.4.8 bottom for reference. All other peaks on experimental 
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spectrum correspond to water absorption, which structure is very strong in SWIR. Further 
efforts will therefore be aimed at determination of temperature from the water absorption, since 
its theoretical spectrum has a complicated temperature-dependent structure. 

 

Fig 6.4.9. top – flame spectrum, bottom – OH transmission. 

 

6.4.4 Study of stretched flames in the Counterflow Rig 

Vladimir Alekseev, Joris A. Olsthoorn, Alexander Konnov 

The principle of laminar flame speed determination by creating stretch stabilized twin flames and 
the corresponding experimental apparatus was first introduced by Wu and Law in 1985, and 
since that time this method has become one of the most often used for laminar flame speed 
measurements. Even though nowadays it is not the most accurate, since the laminar flame speed 
can only be obtained by extrapolation of experimental points, it can be used complementary with 
the measurements made e.g. on a heat flux burner. Besides that, the counterflow configuration 
has no heat losses to the burner walls, and these conditions can be accurately simulated, 
therefore counterflow flames coupled with some diagnostics methods can provide important 
data for combustion chemistry modeling. 

The apparatus for obtaining twin counterflow flames usually consists of two symmetrical nozzles 
with inner and outer channels. The cold mixture of required composition flows through inner 
nozzles, forming two jets which then meet at the stagnation plane. A stable flat flame 
configuration in a counterflow burner is achieved due to a flame stretch, i.e. the presence of an 
axial velocity gradient. Since the burner nozzles have no flame-forming elements, and the jets 
only interact with each other downstream, there are almost no external heat losses. The outer 
channels create co-flow jets of inert gas (N2), which stabilize the inner flow at the borders and 
prevent any chemical reactions with ambient air. 

Our group has recently started experiments with a counterflow burner, which was built in Lund. 
The first experiments include investigation of flame geometry by monitoring velocity profiles 
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with Particle Image Velocimetry (PIV). The flow uniformity at the nozzle is a main prerequisite 
for obtaining a flat flame. However, different parameters, e.g. heating of the upper burner by 
combustion products, or non-uniformity of the initial flow, can affect the final jet configuration. 
For that reason, the present experiments are aimed to test the performance of different parts of 
the rig: cooling system, laminarization grids in the initial flow, burner geometry etc. 

Fig. 6.4.10 shows first data of the velocity profiles on a counterflow burner made with PIV. The 
aim of the experiments was to investigate flow uniformity in the absence of flame. It was 
expected to obtain symmetrical profiles with a stagnation plane in the center of symmetry. 
However, it can be seen that the stagnation plane is shifted towards the lower burner, and the 
reasons for that will be investigated at the next step of the project. 

 

 

Fig 6.4.10  PIV measurements on a counterflow rig: top – one of the laser shot images, bottom – calculated velocity profile. 
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