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Cover illustration: High resolution spray images from laser-induced Mie scatterging. a) a 
conventional Mie scatterging image illuminated wih a laser sheet; b) improved image obtained 
using the novel SLIPI technique (see section 4.4.3 for details) with substantial suppression of 
multiple scatterings. 
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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. The scientific activities have a long tradition in 
developing and applying laser techniques for combustion diagnostics and the Division has also 
had a strong activity in the area of chemical kinetics. Around 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, Fabian Mauss and Mark Linne, to 
return to their home countries during the last period. This loss caused vacancies in the area of 
chemical kinetics and laser diagnostics, respectively. In the former case a new professorship has 
been announced and a new person is under recruitment right now. The latter loss has been 
possible, at least partly, to cover by internal promotions. 

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 within the Institute 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 as well as the National Graduate School in 
Combustion Science and Technology, CECOST.  

Thanks to Centre activities above it was decided by the Dean of the Institute to investigate for 
the construction of a new building located within the Department of Physics. This building, of 
about 2000 m2, was inaugurated in October 2001. The building does, beside the Division of 
Combustion Physics, also host personnel from the Dept. of Heat and Power Eng, as well as 
Dept of Fire and Safety Eng. Besides the increase of number of people, an additional reason for 
the building was a grant to LUCC on 20 MSEK from DESS (Delegationen för Sydsveriges 
Energiförsörjning) for the construction of a burner with the possibility to study turbulent 
combustion phenomena at elevated pressure and preheated air. The burner has been 
commissioned and during the last years successful experiments have been carried out, mainly in 
the EU programs INTELLECT, HEATTOP and TLC. In addition to the DESS facility and 12 
laboratories more or less dedicated for laser developments and small scale combustion 
experiments there are within the building also special laboratories for combustion engine studies 
as well as fire experiments belonging to the Dept. of Energy Sciences and Dept.of Fire and 
Safety Eng., respectively.  

During the last period, despite the economic uncertainty described above, and thanks to a 
successful evaluation, the CECOST program was financially supported by Swedish Energy 
Agency, and Industry, for four years. Also, the Strategic Foundation, SSF, had a national call for 
Strategic Centres in all areas of Science, Engineering and Medicine. After significant national and 
international evaluations, LUCC, was one of the 18 proposals that was granted support for such 
a Centre. Other large programs where the Division has been involved is in a project sponsored 
by MISTRA, LUCIFER, towards pulsating combustion and projects within the Centre of 
Competence. There are also several EU project running, out of which the participation in the 
Large Scale Facilities, Lund University Combustion Centre, LUCC, and Lund Laser Centre, LLC, 
should be mentioned. 



2 CHAPTER 1. INTRODUCTION 

In terms of teaching and education, the Division has since the start had a small amount. Thanks 
to a change in policy at the Department as well as good work of our staff members, we will now 
be able to increase the teaching activity and by that be able to convey unique research results in 
an area of large industrial and societal importance direct to the students. 

 

Lund 20/1 2009 

 

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 
Mark Linne, Professor (-060630) and adj 
prof (060701-) 
Fabian Mauss, Professor (-060331) 
Ingemar Magnusson, Adj prof 
 
Edward Berrocal, PhD (061110-) 
Henrik Bladh, PhD 
Edward Blurock, PhD (-060726) 
Joakim Bood, PhD, Docent  
Robert Collin, PhD  
Zhongshan Li, PhD  
Annika Lindholm, PhD (-060131) 
Gladys Moréac, PhD (-060331) 
Sven-Inge Möller, PhD 
Frederik Ossler, PhD, Docent 
Sven-Göran Pettersson, Senior lecturer 
PhD (080701-) 
Mattias Richter, PhD, Docent 
 
Syed Sayeed Ahmed, grad. stud. (-060831) 
Andreas Arvidsson, grad. stud. 
Alexis Bohlin, grad. stud. (080301-) 
Ngozi Ebenezer, grad. stud. (-070228) 
Andreas Ehn, grad. stud. 
Olof Johansson, grad. Stud. (Tetra Pak) 
Jonathan Johnsson, grad. stud. (061101-) 
Billy Kaldvee, grad. stud. (060505-) 
Elias Kristensson, grad. stud. (061101-) 
Christoph knappe, grad. stud. (080815-) 
Andreas Lantz, grad. stud. (070301-) 
Harry Lehtiniemi, grad. stud. (-060131-) 
Bo Li, grad. stud. (080301-) 
Johannes Lindén, grad. stud. (060501-) 
Martin Linvin, grad. stud. (-070216) 

Pirooz Moradnia, grad. stud. (070426-
080531) 
Karl Netzell, grad. stud. (-060831) 
Jimmy Olofsson, grad. stud. (-070430)  
Per Petersson, grad. stud. 
Anna Pettersson, grad. Stud. (FOI070301-) 
Fikret Saric, grad. stud. (-060331) 
David Sedarsky, grad. stud.  
Hans Seyfrid, grad. stud. (-071231) 
Johan Sjöholm, grad. stud. (060109-) 
Zhiwei Sun, grad. stud. (080510-) 
Gustaf Särner, grad. stud. (-080831) 
Martin Tunér, grad. stud. (-060430) 
Fredrik Vestin, grad. stud. (-080430) 
Ronald Whiddon, grad. stud. (080501-) 
Johan Zetterberg, grad. stud.  
 
Cecilia Bille, economic. adm. 
Anneli Nilsson, secretary  
Nina Mårtensson, secretary (071212-
080831) 
Eva Persson, secretary (061120-) 
Marie Persson, secretary (-060205) 
 
Susanne Dunér, engineer (070820-) 
Rutger Lorensson, engineer 
Thomas Wendel, engineer (-061013) 
 
Changhong Hu, holder of a scholarship 
(060607-061207) 
Bo Li, holder of a scholarship (070305-
080305) 
Megan Paciaroni, holder of a scholarship 
(-060808) 
Zhiwei Sun, holder of a scholarship 
(070510-080509)
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2.2 Visitors 
Johannes Kiefer, holder of a scholarship, 
(within Large Scale Facility 060730-060805, 
070802-080131) 

Mikael Orain, holder of a scholarship, 
(within Large Scale Facility 061203-061206) 

Joep Aerts, holder of a scholarship, (within 
Large Scale Facility 070130-070305) 

Frank Delattin, holder of a scholarship, 
(within Large Scale Facility 070219-070315) 

Abderahman Rabhiou, holder of a 
scholarship, (within Large Scale Facility 
070219-070315) 

Mark Prince, holder of a scholarship, 
(within Large Scale Facility 070326-070406, 
070930-071010) 

Ajay Jayaray, holder of a scholarship, 
(within Large Scale Facility 070326-070406) 

Jere Hyvönen, holder of a scholarship, 
(within Large Scale Facility 070619-070912) 

Jordy Fransen, holder of a scholarship, 
(within Large Scale Facility 070930-071010) 

Kuo Tian, holder of a scholarship, (within 
Large Scale Facility 070917-070920, 071022-
071026) 

Susanne Staude, holder of a scholarship, 
(within Large Scale Facility 070924-070928) 

Hilco van den Bogaard, holder of a 
scholarship, (within Large Scale Facility 
080106-080118) 

Nicole Clerz, holder of a scholarship, 
(within Large Scale Facility 080106-080118) 

Xavier Deckers, holder of a scholarship, 
(within Large Scale Facility 080817-080831) 

Shivanand Wasan, holder of a scholarship, 
(within Large Scale Facility 080902-080914) 

Miao Yu, holder of a scholarship, (within 
Large Scale Facility 080526-080619) 

Guido Göritz, holder of a scholarship, 
(within Large Scale Facility 080825-080829) 

Kai Knebel, holder of a scholarship, (within 
Large Scale Facility 080825-080829) 

Zeyad Alwahabi, holder of a scholarship, 
(080831-081215) 

Jan Hrdlicka, holder of a scholarship 
(060410-061222) 

Yu Li, holder of a CSC scholarship, 
(080905-090904)  

 

2.3 Academic Degrees during 2006-2008 
Doctorates: 

Fikret Saric, “A Detailed Kinetic Model for Calculation of the Soot Particles Size Distribution 
Function”, LRCP-112 

Karl Netzell, “Development and Application of Detailed Kinetic Models for the Soot Particle 
Size Distribution Function”, LRCP-114 

Sayed Sayeed Ahmed, “A Detailed Modeling Study for Primary Reference Fuels and Fuel 
Mixtures and Their Use in Engineering Applications”, LRCP-115 

Jimmy Olofsson, “Laser Diagnostic Techniques with Ultra-High Reptetition Rate for Studies in 
Combustion Environments”, LRCP-117 

Henrik Bladh, “On the Use of Laser-Induced Incandescence for Soot Diagnostics - From 
Theoretical Aspects to Applications in Engines”, LRCP-119 

Hans Seyfried, “Laser Spectroscopic Techniques for Combustion Diagnostics Directed 
Towards Industrial Applications”, LRCP-123 
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Johan Zetterberg, “Development of Laser-Spectroscopic Techniques for New Detection 
Schemes in Combustion Diagnostics”, LRCP-124 

Fredrik Vestin, “Development of dual-broadband rotational CARS for applied flame 
diagnostics”, LRCP-125 

Martin Tunér, “Stochastic Reactor Models for Engine Simulations”, LRCP-126 

Gustaf Särner, “Laser-Induced Emission Techniques for Concentration and Temperature 
Probing in Combustion Devices”, LRCP-127 

 

Diploma paper: 

Olof Johansson, “Pico-second LIF Spectroscopy Close to Metal Surfaces”, LRCP-110 

Felix Saphir, “Development of an X-ray Detector for Nanoparticle Measurements in Flames”, 
LRCP-111 

Karl-Henrik Nilsson, “Thermographic phospors - a practical guide to theoretical 
thermometry”, LRCP-113 

Emelie Cederholm, “Desing and simulation of an ultra narrow atomic Rubidium filter fo 
detection of Rotational Raman with high efficiency”, LRCP-116 

Johan Zetterberg, “Development of UV Filtered Rayleigh Scattering for Combustion 
Diagnostics”, LRCP-118 

Emil Åkesson, “One- and Two-Dimensional Tikhonov-Regularized Tomography for 
Axisymmetric Flames”, LRCP-120 

Kristin Nilsson, “Development and Validation of a Theoretical Model for Rotational CARS 
measurements on CO2”, LRCP-121 

Fredrik Kahlén, “Development of Raman Spectroscopy for Thermometry in Liquids”, LRCP-
122 

Alexis Bohlin, “Investigation of high resolution vibrational CARS thermometry”, LRCP-128 

Anneli Igeklint, “Concentration measurements in fluids using Raman spectroscopy”, LRCP-
129 

Linda Näslund, Petra Käck, “Surface temperature measurements of EBD vacuum window 
using Thermographic phosphors”, LRCP-130 

Peter Leander, Johnny Håkansson, “Preliminary Tests to Use Speckle and Speckle Contrast 
Analysis to Detect Activity Differences in Skin”, LRCP-131 

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

2.4 Seminars 
Stefan Andersson-Engels, Div of Atomic Physics, Lund University, Sweden, “Medical 
Applications of Laser Physics”, 061026 

Ulf Lindblad, Tetra Pak, Lund, Sweden, “Designing aseptic filling machines with CFD and laser 
based flow visualisation techniques”, 061123 

Christer Fureby, FOI, Sweden, “Modelling and Simulation of Turbulent Combustion”, 061207 
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Campbell D. Carter, Air Force Research Laboratory, Wright-Patterson AFB, USA, “AFRL 
High-Speed Propulsion Research: The Role of Advanced Diagnostics”, 070329 

Ove Axner, Dep of Physics, Umeå University, Sweden, “Fiber Laser Based NICE-OHMS and 
UV Diode Laser Absorption Spectrometry for Ultra-Sensitive Trace Species Detection”, 070614 

Mark G. Allen, Photonics Enterprise, Physical Sciences Inc. USA, “Tunable Diode Laser Sensor 
Applications to Automobile Production Engines”, 080214 

Thomas B. Settersten, Sandia National Laboratories, Combustion Research Facility USA, 
“Picosecond Laser Applications in Combustion Research”, 080228 

James. R. Gord, Wright Patterson, Air Force Research Laboratory, USA, “Ultrafast-Laser-
Based Propulsion Diagnostics”, 080424 

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 
Centre - Specific support action 

AFTUR Alternative Fuels for industrial gas TURbines 

AEROTEST Remote Sensing Technique for Aeroengine Emission 
Certification and Monitoring 

ECO-ENGINES Energy Conversion in Engines. 

INTELLECT Integrated Lean Low Emission Combustor Design 
Methodology 

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

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

NICE New Integrated Combustion System for future Passenger 
Car Engines. 

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

LSF Eurpean Large Scale Facilities 

Marie Curie Training site Marie Curie Training site 
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TLC Towards Lean Combustion 

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 

MISTRA LUCC Utilizing Combustion Instabilities for Emissions 
Reduction (LUCIFER) 

Swedish Research Council Development and application of laser techniques for 
diagnostics in combustion/flow environments and 
validation of combustion modelling 

Swedish Research Council Development and application of laser techniques for 
diagnostics in combustion/flow environments and 
validation of combustion modelling 

Swedish Research Council Fundamental investigation of liquid core breakup on 
atomizing sprays 

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

Swedish Research Council Development and application of laser diagnostics for 
supervision and optimization of the hydrogen peroxide 
sterilization process 

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 Development of a laser method for characterization of 
nanoparticles from combustion 

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 formationprocesses in 
reactive systems 

Swedish Energy Agency Model based control of the internal combustion engine 

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

 

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, 
Toyota, 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 budget for 2006 totaled 25 MSEK of which ~71% came from external sources, 
for 2007 totaled 26 MSEK of which ~78% came from external sources, for 2008 totaled 30 
MSEK of which ~73% 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 Per-Erik Bengtsson. 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 been given by Joakim 
Bood. 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 
the last years been given by Frederik Ossler. The course gives 7.5 ECTS and runs over a period 
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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 Coherent Anti-Stokes Raman Spectroscopy (CARS) 

M. Afzelius, A. Bohlin, K. Nilsson, F. Vestin, 
and P.-E. Bengtsson 
Rotational CARS (Coherent anti-Stokes Raman 
Spectroscopy) is a non-linear laser technique, 
which has a high capability of measuring 
temperatures in combustion processes. The 
technique can to some extent also be used for 
concentration measurements. During the last 3-
year period nine papers have been accepted as a 
result of the activities in the CARS field. The 
results from some of these papers were presented 
already in the previous three-year report. 

A major focus during the last three-year period 
has been to measure on carbon dioxide. A 
theoretical rotational CARS model for CO2 has 
been developed and validated for pure CO2 in the 
temperature interval 294 – 1143 K using 
experimental measurements from a heated cell, in 
which the temperature was probed with 
thermocouples1. In Fig. 4.1.1, experimental single-
shot spectra are shown at three different 
temperatures. In the rotational CARS 
experiments, high spectral resolution of ~0.2 cm-1 
was achieved using a single-mode Nd:YAG laser, 
a 1-m spectrometer and a relay imaging lens 
system at the exit of the spectrometer. The results 
show that CO2 can be probed for accurate 
rotational CARS thermometry in this temperature 
regime, see Fig. 4.1.2. The rotational CARS setup, 
with the Nd:YAG laser operating in single mode, 
and using a spectral weighting scheme, gave a 
relative standard deviation of the evaluated 
temperature from CO2 of ~2%. 

                                                 

1 F. Vestin, K. Nilsson, P.-E. Bengtsson, Validation of a rotational coherent anti-Stokes Raman spectroscopy model for carbon 
dioxide using high-resolution detection in the temperature range 294-1143 K, Applied Optics 47 (11) 1893-1901 (2008) 

40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

In
te

n
s
it
y 

(a
rb

it
ra

ry
 u

n
it
s
)

294 K

40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Raman shift (cm-1)

947 K

40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

646 K

Fig. 4.1.1. Single-shot spectra recorded in pure CO2 at 
294, 646 and 947 K. The evaluated temperatures were 
298, 643, and 935 K, respectively. 
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Fig. 4.1.2. The evaluated 
temperature as a function of 
the measured thermocouple 
temperature. Evaluations of 
measurements with a single-
mode (circle) and multi-mode 
(solid square) Nd:YAG 
laser are shown for 
comparison, with the 
corresponding standard 
deviation of the 500 single-
shots as error bars. 
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Fig. 4.1.3. DB-RCARS spectra (averaged over 
200 laser shots) recorded in a laminar CO 
diffusion flame stabilized on a Wolfhard-Parker 
burner. The shown spectra have been recorded at a 
height of 9 mm and at 0, 3 and 6 mm lateral 
positions, where 0 mm corresponds to the middle 
and the central axis of the burner. The 
experimental spectrum (solid), theoretical (dashed) 
and the corresponding difference (dot) between the 
two is shown for each position. Evaluated 
temperatures are (a) 496 K, (b) 1379 K, and (c) 
1856 K. 
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The theoretical rotational CARS models for CO2 and N2 were applied for simultaneous flame 
thermometry and relative N2/CO2 concentration measurements in premixed CO/air flames at 
equivalence ratios ranging from 0.8 to 2.5. The temperatures extracted from the N2 rotational 
CARS model was in good agreement with temperatures evaluated using the N2 and the CO2 
rotational CARS models together. However, thermometry based on the part of the spectrum 
with the CO2 spectral envelope (below 150 cm-1) showed too high evaluated temperatures at 
flame temperatures. The reason might be uncertainties in rotational Raman linewidths and 
assumptions made in the CO2 model that become more critical at flame temperatures because 
rotational CARS signals loose in spectral sensitivity. The potential for concentrations 
measurements of CO2 in the product gas of a premixed CO/air-flame was also demonstrated. 
The evaluated CO2 concentration was without exception too low and the approximation of 
constant polarizability anisotropy was proposed to be a reason for the deviation. 

In a follow-up project, the newly developed rotational CARS code for carbon dioxide was tested 
by measurements in calibrated mixtures of N2 and CO2

1. The rotational CARS technique was 
then applied to a CO/air diffusion flame. Temperature and relative CO/N2, O2/N2 and CO2/N2 
concentrations were measured at a lateral cross section in a Wolfhard-Parker diffusion flame, see 
Fig. 4.1.3. The major species N2, O2, CO and CO2 constitute more than 98.5% of the total 
composition and therefore the evaluated relative concentrations could be transferred into 
absolute concentrations. 
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Fig. 4.1.4. Evaluated concentration and 
temperature profiles in a laminar CO/air 
diffusion flame. The measurements were 
performed at 9 mm above the burner surface 
and at lateral positions from -2 to 7.5 mm 
(0.5 mm steps). The central axis of the 
burner corresponds to 0 mm. 

 

The spatial resolution and spectral information gained by the technique reproduced characteristic 
features and gave detailed information from a CO/air diffusion flame. Spectra of high quality 
were recorded in every region of the flame, as shown in Fig. 4.1.4. Concern has to be raised 
about uncertainties in the anisotropic polarisability for excited vibrational states of CO2, which 
leads to uncertainties in the relative CO2/N2 concentrations. Further studies should be 
performed to find out more about how to model the anisotropic polarisability at increasing 
temperatures. Finally, as alternative to much more complex multi-color vibrational CARS setups, 
it is shown that an ordinary DB-RCARS setup gives the opportunity for simultaneous multi-
species detection and thermometry in diffusion flames. 

                                                 
1 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. (2009) 
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A project was also started with the aim to 
increase temperature accuracy by using 
improved linewidth data. Rotational CARS 
has previously been used for flame 
thermometry in the product gas of 
ethylene/air flames for equivalence ratios in 
the range 1.0 to 2.5. The present work 
extends this analysis, which exploits the 
impact of different linewidth models on 
evaluated CARS temperatures. By 
implementing the Raman linewidths from 
N2 perturbed by H2, line-broadening 
coefficients from all major species (N2-N2, 
N2-CO, N2-CO2, N2-H2O, and N2-H2), see 
Fig. 4.1.5, in the product gas of a rich 
hydrocarbon flame are considered in the 
calculations. To incorporate N2-H2 
broadening was motivated since the mole 
fraction of H2 increase strongly for equivalence ratios above 1, (reaching 0.20 at Φ = 2.5), and 
the J-dependence of the N2-H2 line-broadening coefficients is clearly different from the self-
broadened nitrogen linewidths, see Fig. 4.1.5. Line-broadening coefficients from all major 
species (N2-N2, N2-CO, N2-CO2, N2-H2O and N2-H2) weighted by their respective mole fraction 
resulted in increased evaluated temperatures by at most 72 K (at Φ=2.5) in comparison with 
linewidths only from self-broadened nitrogen N2-N2. Half of this increase in temperature is an 
effect of the implementation of the recently derived N2-H2 line-broadening parameters1. 

 
Fig. 4.1.6. Comparison between the averaged experimental spectrum from 1000 single shots and the theoretical 
CARS spectrum (using the CARS code CARSFT) at a temperature of 900 K with order starting from above. Also, 
a difference spectrum between the experimental and best fit theoretical spectrum is shown. 

                                                 
1 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 linewidths, submitted to Journal of Raman Spectroscopy 
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The results emphasize the importance of rotational Raman linewidths in the calculations of 
theoretical spectra. Although the linewidth models as well as the rotational CARS technique have 
been validated and calibrated in experiments in different gas mixtures and in a large range of 
temperatures and pressures, it would be of great interest to compare the evaluated temperatures 
from this study with calibration measurements using other optical as well as probe techniques for 
further validation. 

Initial work has also been performed to test the potential of high-resolution vibrational CARS at 
low temperatures1. Previous studies have shown that the unresolved vibrational CARS peak at 
relatively low temperatures, where the hot-band is not visible, results in low accuracy and 
precision. In this work, it was found that highly resolved nitrogen vibrational CARS spectra gave 
very high precision. The precision was found to be in the range 2.5 – 3.3 % which is slightly 
better than rotational CARS at the same conditions. An example of an averaged vibrational 
CARS spectrum of nitrogen is shown in Fig. 4.1.6. 

                                                 
1 Alexis Bohlin, Investigation of high-resolution vibrational CARS thermometry, Master Thesis, Lund reports on Combustion 
Physics-128, 2008 
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4.2 Laser-induced incandescence soot particle measurements 
H. Bladh, J. Johnsson and P.-E. 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. Research on LII has been 
ongoing at the division during several 
years. During the last three years the 
activities have increased resulting in a 
mature theoretical model for the technique 
as well as a new experimental setup for 
two-colour LII (2C-LII). 

4.2.1 Development and application of a theoretical model for LII 

Work on developing and establishing a theoretical model for the laser-induced incandescence 
technique has been ongoing for some time. The complete model package is based on a heat and 
mass transfer (HMT) model, which physically describes the interaction between laser light and 
soot particles. Given a set of input parameters defining the physical conditions, the HMT model 
will output a time-resolved LII signal. Results from this model will not be directly comparable to 
results obtained from experiments since soot particles within a measurement volume are of 
different size and will be exposed to different laser fluences due to the non-uniform spatial 
distribution of laser energy present in most laser beams. The purpose of the complete model 
package is its direct applicability to a real experimental setup, and for this reason these effects 
have been incorporated into an overall structure. 

The basic flow scheme is shown in Fig. 4.2.2. The non-uniform distribution of laser energy 
within the measurement volume can be defined both radially (cross section profile) and along a 
laser beam propagation direction (propagation profile) by defining distribution functions that 
together with the total laser pulse energy is used to define a range of laser fluence values for 
which the heat and mass balance is solved. The temporal distribution of the laser pulse  

 

 

Fig. 4.2.1. Transmission electron microscopy image of soot 
particles sampled in a premixed ethylene-air flame. 
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Fig 4.2.2. Overview of the model for laser-induced incandescence. 

(temporal profile) and the laser wavelength are also needed. The properties of soot are used to 
predict the response of the soot particles to the laser radiation and include the possibility of 
using arbitrarily defined primary particle size distributions and accounting for aggregation. The 
model may be applied for both atmospheric and high pressure conditions. The spectral 
sensitivity of the detection system (defined by the characteristics of the filter, collection optics 
and detector sensitivity) may be defined arbitrarily facilitating direct comparison with 
measurements when using broadband detection. The gate and delay time is used for creating 
predictions of time-integrated signals. Given this set of input parameters, the HMT model is 
used to calculate the LII signal response. There are three output options, where the first is the 
pure time-resolved modelled LII signal. The program may also output images of time-integrated 
signals which correspond to experimentally obtained soot volume fraction data using an ICCD 
camera. The last output option gives the total integrated signal as function of laser fluence, i.e. 
the fluence curve of the system. The program assumes a homogeneous distribution of soot 
properties within the measurement volume, i.e. the optical properties as well as the size 
distribution, morphology and other physical properties are constant. This means that any 
variation in signal strength within an image is solely due to the fluence dependence of the system. 

 

Fig. 4.2.3 The physical 
mechanisms illustrated 
here for a single primary 
soot particle when 
exposed to laser 
radiation. 
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The physical model used to predict the signal response is based on a heat and mass balance for 
one particle exposed to a laser pulse. The physical mechanisms are shown in Fig. 4.2.3. The heat 
and mass balance can be written according to 
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where iQ&  is the energy rate for the respective physical mechanism, D is the primary particle 
diameter, ρs and cs the density and specific heat of soot, Np the Avogadro constant, M the soot 
particle mass and T the particle temperature. By numerically solving the differential equations the 
temperature and diameter can be obtained. With these known it is possible to calculate the time-
resolved LII signal according to 
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where Np is the number of particles per aggregate, R the detector spectral response, ε the 
emissivity of soot and Tg the gas temperature. 

 

Fig. 4.2.4. The LII system used within the EC project AEROTEST when used for non-intrusive 
online monitoring of soot volume fraction levels in the exhausts from an aero-engine. 

A number of studies have been carried out during the last years within the EC project 
AEROTEST. Some results from these investigations have been covered in the last activity report 
and these are only briefly summarised here. The aim of the project has been to improve existing 
experimental equipment for non-intrusive measurements in aero-engine exhausts. One of the 
measurement techniques is LII, and the equipment is based on a backward configuration, where 
the LII signal and laser beam is transferred through the same optics (see Fig. 4.2.4). 
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The experimental work within the project has 
been carried out by the group of Dr. Pascale 
Desgroux at CNRS, University of Lille, France 
whereas our contribution has been development 
and application of the theoretical model for LII. 
However, one laboratory study was made in 
collaboration using the backward LII system 
and theoretical modelling to see the effects of 
spatial averaging over a non-uniform beam 
profile resulting in a publication in the first 
special issue on LII in Applied Physics B1. The 
LII signal was generated in a laminar diffusion 
flame using a thin non-uniform beam profile 
and the signal was imaged both in the 
commonly used right-angle detection and using 
the backward configuration as shown in Fig. 
4.2.5. The spatial profile was monitored using a 
beam profiler CCD camera and by using this 
and other experimental parameters as input to 
the model, theoretical images of the same cases could be obtained. Fig. 4.2.6 shows the results 
for both configurations using a 100 ns gate time starting before the laser pulse. 
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Fig. 4.2.6. LII signal images obtained using both the backward and the right-angle configuration with a 100 ns 
prompt gate. Both experimental and theoretical data are shown for a choice of different mean fluences. 

As can be seen in Fig. 4.2.6 theoretical and experimental two-dimensional images were in general 
in good agreement. The model was, however, found to underestimate the signal decrease for 
increasing laser fluences in the high-fluence regime. As a consequence this resulted in a stronger 
hole-burning in the centre of the experimental backward-LII images than predicted theoretically. 
Moreover, the results implicate that the mass loss in reality occurs earlier than predicted by the 
current mass loss mechanism and we speculate that this might be due to a non-thermal process. 

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

 

Fig. 4.2.5. Overview of the laminar diffusion flame and 
the thin laser beam. The signal was imaged both using the 
right-angle and backward direction. 
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Our main scientific achievement during the AEROTEST project was a detailed investigation of 
the relationship between the soot volume fraction and the particle size1 . Since the primary 
particles are small enough to be considered as volume-absorbers and emitters within the Rayleigh 
limit assumption, the prompt LII signal has often been assumed to be volume-dependent. 
Neglecting effects of laser light attenuation and signal trapping, the signal can be assumed to be 
linearly dependent on the number density of soot particles, N, in the measurement volume. Since 
the soot volume fraction for spherical particles may be written according to 

6

3DNfv
π

=
 

the LII signal ought to be proportional to the volume fraction, an assumption most often used 
when evaluating soot volume fraction data using the LII technique. Already in the study by 
Melton2 it was shown theoretically that this assumption of linearity needs to be modified. He 
derived a power-law relationship between the LII signal and particle size for high-fluence 
conditions according to 

det/154.03, λ+=∝ xNDS x
LII  

where the detection wavelength λdet is given in microns. Though the absorption and emission 
processes will be approximately volume-dependent, the heat conduction and sublimation 
processes are area-dependent, the mathematical expressions showing even less dependence than 
∝ D2 with increasing influence of the continuum regime terms that comes to play for elevated 
pressures. 

The relationship between the soot volume fraction and the LII signal is tested for a variety of 
experimental conditions including varying gas temperature and pressure, laser fluence, spatial 
profile etc. It was found that the power-law expression derived by Melton only is valid for 
certain conditions and that the relationship strongly deviates from a power-law dependence for 
other. For LII applications, it is desired that there is linearity between LII signal and soot volume 
fraction, fv, without any particle size influence on this relationship. To minimize such an effect, it 
was generally found that it was beneficial to use short prompt gates, and longer detection 
wavelengths. For atmospheric flame conditions, the particle size influences the relationship 
between prompt LII signal and fv to a low degree in the low-fluence regime, but showed a clear 
influence in the high-fluence regime. Increased gas pressure was found to increase the non-
linearity between LII signal and soot volume fraction for variations in particle size, also when 
using prompt detection. From this point of view, the high-fluence regime is recommended for 
high pressure measurements as the sublimation process competes with the heat conduction 
effectively reducing the pressure influence on the non-linearity during the first 10-15 ns of the 
LII signal. 

Apart from the two investigations reported here, the theoretical model has been used numerous 
times to explain and predict the behaviour of the LII system for aero-engine applications. A 
paper covering the complete achievements on LII during the AEROTEST project will be appear 
in Applied Physics B3. The contribution from our group is theoretical investigations with regards 

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

2 Melton, L.A.,  Soot diagnostics based on laser heating’, Applied Optics, 23:2201-2208, 1984. 

3 Delhay, J., Desgroux, P., Therssen, E., Bladh, H., Bengtsson, P.-E., Hönen, H., Black, J.D. and Vallet, I., Soot 
volume fraction measurements in aero-engine exhausts using extinction-calibrated backward laser-induced incandescence, to appear in 
Applied Physics B (2009) 
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to the special conditions of using the backward configuration and measuring in aero-engine soot 
with typical gas temperatures of 700 K. 

4.2.2 Two-colour laser-induced incandescence (2C-LII) for soot particle sizing 

From late 2006 and onwards a new experimental setup has been developed for two-colour time-
resolved laser-induced incandescence (2C-LII) aimed primarily for particle sizing but also for 
soot volume fraction measurements. The setup consists of three main parts: A laser and beam 
shaping system, a signal collection and detector system and a system for online monitoring of the 
laser pulse. The system is schematically shown in Fig. 4.2.7.  

 

Fig. 4.2.7. The setup for two-colour laser-induced incandescence (2C-LII). 

The laser used for the experiments is a Nd:YAG laser (Quantel Brilliant B) operating at a 
wavelength of 1064 nm. The beam shaping system is designed to create a uniform spatial 
distribution of laser energy in the measurement region. This is achieved using a combination of a 
telescope and a relay imaging system. The telescope expands the beam using a magnification of 
~9. The central part of the expanded laser beam with nearly homogeneous intensity distribution 
is transmitted through a diaphragm, after which the transmitted radiation is relay imaged into the 
measurement region using a pair of convex lenses. The relay imaging system reduces the size of 
this beam by a factor of ~5 in order to create a measurement volume with sufficiently high laser 
fluence for LII. The laser pulse energy was adjusted by a combination of a half-wave plate and a 
thin-film polarizer positioned after the diaphragm. 

The detection system is based on two separate photomultiplier tubes, PMTs, (Hamamatsu 
H6780-MOD20 and H6780-MOD04) positioned inside separate custom-made aluminium boxes. 
Light collection is achieved using a three-lens system as shown in Fig. 4.2.7. The spatial 
resolution in the direction along the beam is controlled using an aperture in the image plane of 
the first achromat (f = +100 mm). After passage through the aperture, the signal beam is 
collimated using a second achromat (f = +200 mm), and a beam splitter (Edmund Optics B47-
949) reflects wavelengths below 500 nm. The transmitted signal beam above 550 nm is reflected 
into the detector box using an aluminium mirror. Two band-pass filters at 445 nm (ΔλFWHM = 25 
nm) and 575 nm (ΔλFWHM = 32 nm) are covering the openings to the respective box. The band-
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pass filters, manufactured by SEMROCK, have very sharp edges and typical transmission above 
90%. Once transmitted into the aluminium boxes, the light is focussed onto the cathodes of the 
photomultiplier tubes using f = 200 mm lenses. The detector system is calibrated for absolute 
signal intensity using a tungsten halogen-based point-source calibration lamp (Labsphere 
IES1000) which, contrary to open-air calibration lamps, provides an easy-to-use package where 
the lamp is built inside a module illuminating a diffuser. Data is collected using a 1 GHz 
oscilloscope (LeCroy 204MXi). 

The online monitoring of the laser 
pulse includes the total pulse energy 
and its temporal and spatial 
distribution. The pulse energy is 
measured using a pyro-electric laser 
pulse energy meter (Ophir 
PE25BB-DIF, not shown in Fig. 
4.2.7). The spatial distribution of 
the laser energy in the measurement 
volume is monitored using a beam 
profile CCD camera (Gentec EO 
WinCamD) which provides 14-bits 
dynamic range and a spatial 
resolution of 4.65 μm in both the 
vertical and horizontal dimensions. 
Before entering the camera, the 
laser beam is attenuated using a 
series of glass wedge plates and 
neutral density filters. The spatial 
laser energy distribution in the measurement volume is imaged onto the beam profile CCD 
camera using an f = 100 mm lens. The temporal distribution of laser energy is measured using a 
10 GHz InGaAs photo diode (Electro Optics ET-3500) installed as a part of the system (not 
shown in Fig. 4.2.7).  

Fig. 4.2.8 shows normalised time-resolved LII signals from a flat ethylene-air flame1. The signals 
have been obtained using the detection wavelength at 575 nm at three different heights above 
the burner (HAB). In this kind of flame the particle size increases with height and this is 
obviously also the case for the decay time of the LII signals. The physical reason for this is that 
the LII signal is dependent on the soot particle temperature after the end of the laser pulse, a 
temperature that is governed by the heat conduction from this particle to the surrounding gas. It 
is this cooling process that is responsible for the particle size sensitivity (a large particle cools 
much slower than a small one). 

Primary particle size distributions are obtained by fitting modelled LII signals to the 
experimental results. Usually a lognormal particle size distribution function is assumed. The 
particle temperature history is calculated from the LII signals using the expression 
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1 Bladh, H., Johnsson, J. and Bengtsson, P.-E., Influence of spatial laser energy distribution on evaluated soot particle sizes using 
two-colour laser-induced incandescence in a flat premixed ethylene-air flame, to appear in  Applied Physics B (2009) 

 

Fig. 4.2.8. Time-resolved LII signals from the 2C-LII system (575 nm 
channel) recorded in a premixed flat ethylene-air flame for three heights 
aboved the burner (HAB). 
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where λi is the detection wavelength, Si the LII signal and Ci the calibration constant for each of 
the two wavelengths. This experimental particle temperature is used as initial value for creating 
modelled LII signals for the same case, the primary particle size distributions determined by 
fitting these model curves to the experimental LII signal decay curves. The model used for 
predicting the time-resolved LII signals has been described in detail in the thesis by Henrik 
Bladh1 and is briefly described in Chapter 4.2.1 in this report. It consists of a heat and mass 
balance for soot particles undergoing absorption of laser radiation with subsequent cooling to 
the surrounding gas molecules. When run, the model generates a temperature curve from soot 
particles of predefined size. From this curve, the LII signal can be calculated using the Planck 
radiation law.  

                                                 
1 Bladh, H., On the Use of Laser-Induced Incandescence for Soot Diagnostics: From Theoretical Aspects to Applications in Engines, 
Doctoral Thesis, Department of Physics, Lund University, 2007 
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4.3 Gas turbines activities 
R. Collin, A. Lantz, R. Whiddon and M. Aldén 
The objective of the stationary gas turbine activities is to develop and apply laser-based 
techniques for measurements in gas turbine burners and burner concepts which are decided by 
industry (mainly SIEMENS). By using the laser-diagnostic approach on industrial-based burners 
with optical access, knowledge on the combustion process can be generated with the goal to 
strengthen the fundamental understanding of the combustion behavior of gas turbine 
combustors. This is important in order to reduce emissions from power plants and others and to 
increase the efficiency. It is of special interest to focus the measurements to characterize 
boundary operating conditions of gas turbine burners, by mapping the air/fuel mixture, and by 
measuring the fuel profile at various positions inside the burners and at the outlet. It is of interest 
also to visualize the temperature field both in the combustion zone and outside. To achieve a 
more complete understanding of the different processes involved, measurements of fuel profile 
are combined with other diagnostic techniques when possible. For instance, high-speed video, 
velocity measurements, or simultaneous multi-parameter measurements is of interest to combine.  

The different activities are divided by two projects within the national CECOST program and 
one project, in collaboration with Division of Thermal Power Engineering, in the national Turbo 
Power Program. Within CECOST the main activities are directed towards measurements of fuel 
profiles using laser-induced fluorescence (LIF) and development of temperature visualization 
using the 2-line LIF approach. The activities within Turbo Power are focused on experimental 
investigation of syngas combustion (studies of low calorific value fuel) at high pressure. The goal 
of this project is to generate knowledge on flame position and flashback properties of generic 
fuel mixtures of methane, hydrogen, carbon monoxide, and inert gases. 

4.3.1 Fuel profile measurements 

Initially the activities here have gone through a detailed planning period including several major 
meetings with representatives from SIEMENS, the Division of Combustion Physics, also with 
the input of personnel from the Division of Fluid Mechanics at the Faculty of Engineering, Lund 
University. SIEMENS is preparing an optical burner which will be set-up on the premises of the 
Enoch Thulin laboratory in early 2009 to be used within CECOST and Turbo Power projects. 
The burner is planned to be used for several combustion modes, e.g. mild combustion, RQL etc. 

Visualization of fuel distributions, flame front position and burnt gas regions for a number of 
gas turbine burners and running conditions have been carried out successfully twice during the 
project, in 2007 and in early 2008. Both these campaigns were executed on-site at SIEMENS in 
Finspång in the atmospheric pressure combustion chamber (see Fig. 4.3.1). During the 
campaigns natural gas fuel distribution was visualized using LIF by using acetone as tracer 
species for the fuel. OH radicals, in the flame front and burnt gas regions, were visualized using 
LIF to study where combustion has occurred. In the second campaign the LIF measurement of 
acetone and OH were performed simultaneously. 
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Fig. 4.3.1. Atmospheric pressure 
combustion chamber at SIEMENS 
in Finspång equipped with optical 
access for direct applications of laser 
diagnostic techniques. 
 

When using natural gas as fuel, the fuel visualizing LIF measurements were performed by 
exciting an acetone tracer added to the fuel because the fuel itself does not fluoresce. For flame 
front investigations the OH radical is one of the most important chemical intermediates formed 
during combustion. In general, OH marks regions where combustion has occurred and the 
radical is formed in high concentrations in the propagating flame front. 

A schematic of the experimental set-up from the campaign performed in 2008 is presented in 
Fig. 4.3.2 showing at left the laser sheet alignment and at right the simultaneous data from 
acetone LIF (shown in green color) and OH LIF (shown in red color). The same laser source 
was used for both measurements of acetone LIF and OH LIF. 

 

Fig. 4.3.2. At the left: The experimental set-up showing the laser sheet alignment and the position of the detectors in 
relative to the combustion chamber. At the right: Example of simultaneous data showing acetone LIF (in green color) 
and OH LIF (in red color). 

During the two campaigns conducted at SIEMENS in Finspång an extent number of running 
conditions where investigated with the laser diagnostic techniques. Both campaigns were 
performed successful regarding both OH and acetone LIF for the natural gas fueled SIEMENS 
burners. It was seen that flame front positions and burnt gas regions show a highly random 
spatial distribution on single-shot basis, confirming turbulent combustion. On average basis, the 
distribution shows a more static nature. From the second campaign, the data obtained from the 
simultaneous measurements of fuel tracer and OH LIF has been delivered for further analysis to 
SIEMENS modelers. 

Besides the measurements performed at SIEMENS in Finspång, two measurement campaigns 
have been performed in the atmospheric pressure combustion rig located in the Enoch Thulin 
laboratory in Lund. For these campaigns the measurement rig was equipped with a multi-swirler 
fuel injector (TARS) and measurements of acetone tracer LIF and OH LIF were performed to 
characterize the burner. For the second of these two campaigns, carried out in 2008, 
simultaneous measurements of acetone tracer LIF, OH LIF and PIV were performed to 
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characterize fuel distribution, reaction zone, and flow field of the burner. This campaign was 
conducted in co-operation with Professor Ephraim J. Gutmark from the University of Cincinnati 
and together with personnel from the Division of Fluid Mechanics at Lund University. The 
result has been submitted as contribution to the proceedings of the ASME TurboExpo 2009 
conference held in Orlando, USA. Two examples of instantaneous snapshots from the campaign 
are presented in Fig. 4.3.3 and Fig. 4.3.4. 

Fig. 4.3.3. Instantaneous snapshot from 
measurement performed above the exit of the 
TARS burner. The image shows OH LIF 
(yellow-red), acetone LIF (blue), and 
velocity field (vector). 

 

 

 

Fig. 4.3.4. Instantaneous snapshots for a higher swirl case of the TARS burner. LIF is obtained 
from a slightly tilting horizontal laser sheet, acetone seeding shown in blue and radical OH in yellow-
red. Black background is here chosen for a better contrast. 

4.3.2 Flame Temperature Measurements by 2-Line Laser Induced Fluorescence 

Two-line laser induced fluorescence is a fluorescence based technique which can accurately 
generate temperature information from the fluorescence intensity difference between two 
particular transitions. The temperature value is derived from the Boltzmann temperature relation 
which predicts a shift toward higher energy as an atom or molecule's temperature increases. This 
shift is born out experimentally as change in the emission spectrum of a sample at various 
temperatures. By measuring the fluorescence intensity for two specific lines in a spectrum, the 
population ratio for those levels is inferred, and the temperature equated from the Boltzman 
relation. With this method one can generate two dimensional temperature maps in sub-
microsecond measurement intervals, similar to other methods based on Rayleigh and Raman 
scattering. 2L-LIF typically benefits from higher signal than other optical methods; and by 
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proper transition selection, quenching factors can be self cancelling, simplifying temperature 
evaluation. Present investigations are focussed on improving the accuracy and precision of the 
temperature measurement, and achieving a greater understanding of pressure, temperature and 
excitation source factors that could affect the temperature determination. 

Rudimentary temperature measurements can be made by comparing a fluorescence emission 
spectrum against a library of temperature dependant spectra. This was performed as a proof of 
concept for LIF temperature measurement in spring 2008. The emission spectrum for the OH 
radical, a combustion reaction intermediate, was measured for a variety of equivalence ratios and 
fit to theoretical spectra generated by the fluorescence simulation program LIFBASE. A one 
dimensional method, LIF was recorded in an ethane/air premixed flame at a height of 8 mm 
above the surface of a McKenna burner; the same burner and position as used in the CARS 
temperature measurement chosen as a temperature reference.1 The values from the LIF method 
show correlation to those from the CARS measurement, supporting that fluorescence techniques 
are viable for temperature determination (Fig. 4.3.5) . 

Fig. 4.3.5. Evaluated temperatures 
from excitation scan compared with 
temperatures evaluated from CARS 
measurement (F. Vestin, et al.). The 
measurements were performed in a 
premixed ethane/air flame from a 
McKenna burner. 

 

A non-scanning technique, 2L-LIF measurements can be recorded quickly, promising the 
possibility of non time averaged temperature measurements. More importantly 2L-LIF 
measurements can easily be expanded into two dimensions by using an intensified CCD for 
fluorescence measurement. The first efforts toward 2L-LIF temperature mapping were made in 
summer 2008 by recording the LIF image of a lean methane/air flame from a cone-flame 
burner.(Fig. 4.3.6) Fluorescence images were recorded for two transitions that were indicated to 
be temperature dependant and spectrally pure by LIFBASE simulation. In addition to the flame 
fluorescence, the laser sheet energy distribution is recorded in each measurement for later image 
correction. Though it was possible to make relative temperature charts, turbulence made it 
difficult to get images for the two transitions with the same flame shape.  The solution to this 
was to record the fluorescence from the two transitions in a time window where turbulence was 
not a factor. In winter 2008 a second dye laser and intensified CCD were added to the 
experimental setup, and triggered so that fluorescence from the two transitions could be imaged 
within a 500 ns gap. Fluorescence images were recorded for an ethane/air flame, produced by a 
McKenna burner, for equivalence ratios from 0.7 to 1.0. Data analysis is ongoing, the immediate 

                                                 
1 F. Vestin, M. Afzelius, C. Brackmann, P.-E. Bengtsson, Dual-broadband rotational CARS thermometry in the product gas 
of hydrocarbon flames, Proceedings of the Combustion Institute 30 (2005) 1673-1680 
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goal is to produce temperature maps that are calibrated to CARS values for the same burner type 
and air/fuel ratios. Also, image correction for laser spatial intensity is being investigated as to 
whether a shot to shot correction is significantly better than correction by an average laser sheet 
profile. 

Fig. 4.3.6. Single shot OH fluorescence 
image. Figure right is OH fluorescence 
from a lean premixed methane/air flame, 
figure left is the relative spatial energy 
distribution of the laser sheet. 

 
It is the intention of the 2L-LIF temperature measurement project to develop an independent 
measurement method that can be used for high pressure combustion systems. Before this can 
happen, temperature and pressure dependant quenching coefficients are needed, and 
measurements must be corrected for inhomogeneity of laser sheet energy. Also, the spectral 
overlap of the laser and energy transition must be found. With these values the Boltzmann 
relation can be solved rather than approximated, and 2L-LIF can be used without external 
reference for temperature measurement. If it develops that the current transitions are not 
optimal for temperature measurement, additional OH radical transitions or seeded atomic 
species (In, Th, K) will be considered as alternative fluorophores. An added benefit of atomic 
fluorescence is that measurement can be made in rich combustion where OH is in low 
abundance. Ultimately, 2L-LIF will be used to temperature map a Siemens gas turbine 
combustor, as well as other combustion devices. 
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4.4 Advanced imaging with multi-YAG laser systems 

4.4.1 New high speed laser system, Multi:YAG-II 

J. Sjöholm, M. Richter and M. Aldén 
In the late nineties a laser/detector system which consisted of a cluster of four q-switched 
double pulse Nd:YAG lasers in combination with an ultra-high repetition rate framing camera 
was developed for recording eight ultra high speed PLIF images  

A new system has now been designed along the same basic layout. The new system has higher 
pulse energy, a more flexible design, higher detector resolution and better overall image quality. 
The system, named Multi:YAG-II as shown in Fig 4.4.1, is based on four SAGA 230 lasers from 
Thales Laser. Each laser is a Q-switched Nd:YAG laser with double pulse option operating at 10 
Hz and emitting 1064 nm. The four lasers are built into one single laser head and the four laser 
beams are combined using a special doubling and combination setup. The new system is so 
flexible that it takes less than ten minutes to change between the different output wavelengths 
532, 355 and 266 nm. It is further possible to change from combined mode to four separate laser 
beams with similar ease. The output power from each laser in the second harmonic, 532 nm, is 
~1.4 J when separate output is used. The maximum output energy from the combined beams is 
over 4 J in 532 nm. The pulse separation in double pulse mode can be changed from 5 to 200 μs. 

Fig. 4.4.1. Multi:YAG 2 laser inside. From the left to the right are the q-switches, oscillator pumping chambers, 
amplifiers and finally recombination optics. 

 

 
 

Fig. 4.4.2. SIM 8 camera. Fig. 4.4.3. 3D image of a turbulent flow imaged by Mie 
scattering from water droplet. 
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The new detector that complements the Multi:YAG-II is a SIM 8 framing camera (as shown in 
Fig. 4.4.2) from Specialized Imaging. The SIM 8 uses seven beam splitters cubes to divide the 
incoming light onto eight separate CCD’s. Compared to the older framing camera design with an 
eight faceted prism this results in a better image quality and a higher signal level on each channel. 
The SIM 8 further has the option of double pulsing the detectors giving a train of 16 images. 
The CCD’s have 1280 times 960 active pixels and 12 bits resolution. The SIM 8 further has an 
auxiliary optical port on one side for attaching e.g. a high-speed video camera or spectrometer. A 
single intensifier positioned just behind the front lens amplifies the signal and allows for UV 
detection. 

4.4.2 Ultra high speed pumping of an optical parametric oscillator (OPO) for high 
speed laser induced fluorescence measurements. 

J. Sjöholm, E. Kristensson, M. Richter, M. Aldén, G. Göritz and K. Knebel 
This study was aimed at testing the feasibility of pumping an optical parametric oscillator (OPO) 
with the ultra high repetition rate Multi:YAG laser system. For this investigation a midband 
OPO (“premiScan/MB”) from GWU was selected. This was followed by a frequency doubler 
and a fibre coupled wavemeter. The OPO was pumped with 355 nm radiation from the 
Multi:YAG laser system producing a very versatile laser system with variable timing and a tuning 
range from 213 to 2630 nm. 

premiScan/MB
uvScan

SHG 213 - 405 nm
OPO 405 - 2630 nm

SHG
crystalsM M F

comp.BBO

BBO: OPO crystal
comp.: compensator
M: OPO resonator mirrors
F: filter
T: telescope

λ
2

λ
2

λ
2: broadband   -waveplate for SHG Idler

T

lambdaScan

PBP

PBP: Pellin-Broca prism

pump

355 nm

Fig. 4.4.4. Sketch of the Multi:YAG laser. To the left 
are the laser cavities and amplifiers and to the right are the 
combination optics with SHG and THG crystals. 

Fig. 4.4.5. Schematic sketch of the OPO unit, frequency 
doubler and wavemeter. 

 

One of the main concerned addressed in this work was the pulse stability of the OPO unit. In 
order to address this issue, the energy output from the OPO as a function of pulse separation 
was measured down to pulse separations of 400 ns and was found to be completely independent 
of the pulse separation as can be seen below. 

Fig. 4.4.6. Laser power at 
283 nm as a function of pulse 
separation between two laser pulses. 
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The system was found to give a slightly lower efficiency when double pulsing the Nd:YAG 
lasers. This is attributed to a somewhat elongated pulse length from the Nd:YAG lasers giving a 
lower pump energy density. In order to test the beam quality further, the system was set up for 
OH PLIF measurements in a Bunsen burner. 

2 3 4

5 6 7 8  

Fig. 4.4.7. A series of PLIF-images taken in a Bunsen flame. The time separation between each image was 139 
μs. The excitation wavelength was 282.97 nm. 

 

4.4.3 Structured Laser Illumination Planar Imaging (SLIPI) 

E. Kristensson, E. Berrocal, M. Richter, S-G. Pettersson, M. Linne and M. Aldén 
Planar laser imaging is widely employed in the field of two-phase flow diagnostics and can 
provide both qualitative and quantitative two-dimensional information. However, one major 
issue and limitation with this technique, apart from signal attenuation and laser extinction, is 
multiple scattering phenomena. When light is repeatedly scattered within the illuminated sample, 
structural information is lost and instead blurring effects are created. This may lead to large 
uncertainties and false interpretations, due to the highly reduced image quality and contrast. One 
solution to this problem, while still achieving two-dimensional visualization is to, rather then 
using a homogeneous laser sheet, use one which is sinusoidal intensity modulated in the spatial 
domain, a technique called Structured Laser Illumination Planar Imaging (SLIPI). Applying such 
an intensity modulation requires three successive images (see Fig. 4.4.8) to be recorded, where 
the spatial phase of the modulation is shifted one third of a period. By studying the pair-wise 
absolute difference between these three images, the multiply scattered light, which is unaffected 
by this induced shift, may be highly suppressed. Due to the phase shift, directly scattered light 
will give rise to unique features in each image and will thus be mostly unaffected by this pair-wise 
subtraction. Sinusoidal intensity modulation can also be used to achieve depth-resolution on a 
back-scattering arrangement 1 , where both multiply scattered and out-of-focus light can be 
suppressed. 

                                                 
1 E. Kristensson, M. Richter, S-G Pettersson, M. Aldén and S. Andersson-Engels, “Spatially resolved, single-ended two-
dimensional visualization of gas flow phenomena using structured illumination,” App. Opt. 47, 3927-3931 (2008). 
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Fig. 4.4.8. Example of the three images that are needed for planar structured illumination. The modulation is shifted 
one third of a period between each image. 

 

 

 

Fig. 4.4.9. Single-shot conventional and SLIPI imaging of a slow flow of water droplets. The measured contrast is 
indicated in the upper left corner of each image. 

SLIPI has been tested on both a single-shot basis1 and on accumulated imaging2 with promising 
results. Fig. 4.4.9 shows an example of a single-shot SLIPI measurement on a slow flow of water 
droplets. The number in the top left corner of each image indicates the measured contrast. Fig. 
4.4.10 shows an example accumulated imaging, where SLIPI has been applied on a hollow-cone 
water spray, injection at 50 bars pressure. In this image the laser sheet was positioned slightly off-
axis, crossing an area behind the central axis. Light must therefore travel through the spray and 

                                                 
1 E. Kristensson, B. Berrocal, M. Richter, S-G Pettersson and M. Aldén, “High-speed structured planar laser illumination 
for contrast improvement of two-phase flow images,” Opt. Lett., 33, 2752-2754 (2008) 
2 E. Berrocal, E. Kristensson, M. Richter, M. Linne and M. Aldén, “Application of structured illumination for multiple 
scattering suppression in planar laser imaging of dense sprays,” Opt. Express, 16, 17870-17881 (2008) 
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the resulting image is therefore highly affected by multiple scattering. As can be seen in the 
conventional image, light is detected even in regions which are not illuminated (close to the 
nozzle), clearly emphasising the inaccuracy of conventional laser sheet imaging when applied to 
highly scattering media. 

Fig. 4.4.10. Comparison between the conventional planar Mie imaging and SLIPI. The planar illumination is ~5 
mm off-axis (behind) from the nozzle centre. Each image corresponds to an average of 50 images. 

It has further been shown in paper 1 (footnote last page) that an unwanted contribution from 
diffuse light of up to 44 % could be suppressed and that such suppression could give an increase 
from 55% to 80% in image contrast. Such an improvement allows a more accurate description of 
the near-field region and of the spray interior. 

4.4.4 Study of Fuel Stratification on Spark Assisted Compression Ignition (SACI) 
Combustion with Ethanol Using High Speed Fuel PLIF 

H. Persson, J. Sjöholm, E. Kristensson, B. Johansson, M. Richter and M. Aldén 

By applying spark ignition to an 
engine running in a Homogeneous 
Charge Compression Ignition 
(HCCI) mode, Spark Assisted 
Compression Ignition (SACI) is 
achieved. The aim of this study was 
to investigate the influence of fuel 
stratification by means of different 
port fuel injection (PFI) strategies as 
well in combination with direct 
injection (DI) when running in SACI 
mode. 

Due to cycle-to-cycle variations, any 
possible fuel stratification may only 
fully be investigated by measuring 
the fuel distribution on a single cycle 

 

 

Fig. 4.4.11. PLIF images of the fuel concentration around – 40 CAD 
ATDC for various percentages of DI (0, 1, 5, 18, 30 and 60 %). The 
calculated homogeneity index for each image is indicated in the top right 
corner. 
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Fig. 4.4.12. PLIF images taken between -8 and -2 CAD ATDC with 1 CAD separation as indicated by the 
number in the lower right corner of each image. Each column was taken in one cycle for a specific DI duration. The DI 
duration was 1, 5, 30 and 60 % from left to right. The DI timing was -50 CAD ATDC. In each column, the gray 
scale was set between minimum and maximum values. 

basis. This was performed by using the multi-YAG laser system (see section 4.4.1) in 
combination with a high-speed framing camera, allowing up to eight images to be recorded 
within a single cycle. Furthermore, this approach allows the rapid HCCI combustion to be 
separated from the slower spark ignited flame. By adding acetone as a fuel tracer, the fuel 
distribution could be viewed by recording the laser induced fluorescence (PLIF). Charge 
homogeneity was quantified by calculating a homogeneity index from the PLIF images, see Fig. 
4.4.11. It was shown that a moderate charge stratification could be achieved using port fuel 
injection strategies in a swirling combustion system. The induced stratification seemed to 
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decrease the reaction rate, as the end of combustion was delayed. A strong stratification was 
achieved by combining PFI and DI, as exemplified in Fig. 4.4.11. With increased stratification by 
means of DI, an increase in combustion duration was observed while combustion phasing 
remained constant. As the homogeneity was decreased, a higher amount of ignition sites were 
found to occur. Although, it was not necessarily the most fuel-rich zones that ignited first, which 
was deduced to the heat of vaporization lowering the temperature in these regions. Ignition 
could therefore occur in the mixing region between the colder rich zones and the hotter lean 
zones containing a higher amount of port-injected fuel, residuals and radicals. Fig. 4.4.12 shows 
five different cycles, where the amount of DI (indicated above each column) was varied. 

4.4.5 Analysis of the Correlation Between Engine-Out Particulates and Local Φ in 
the Lift-Off Region of a Heavy Duty Diesel Engine Using Raman 
Spectroscopy 

J. Sjöholm, M. Richter, M. Aldén, U. Aronsson, C. Chartier, Ö. Andersson and R. Egnell 

This work was aimed at measuring the local equivalence ratio, Φ, in a fuel jet inside a heavy duty 
diesel engine. This was achieved by laser-induced spontaneous Raman scattering in an optical 
engine. The objective was to find and study factors that influence the soot formation in the 
engine and to find correlations with engine-out particulate matter (PM). All measurements were 
performed at 1200 rpm and at a quarter load (6 bar IMEP). Design of Experiments (DoE) was 
used in order to facilitate the measurements and analysis of the results. The Rail pressure (1500–
2500 bar), O2 conc. (12–16 %) and density at TDC (24–30 kg/m3) were selected as engine 
variables in order to achieve satisfactory trends in emissions, mainly PM, at the used levels. 

Apart from the Raman measurements the position of the lift–off region was determined from 
OH chemiluminescence, the liquid penetration length was measured with Mie scattering and the 
stability of the flame was studied with high speed video. The naturally low Raman signal strength 
was increased by using the new Multi:YAG-II laser system. The laser pulses was formed into a 
pulse train 52.5 μs long containing a total energy of 100 mJ thus avoiding damage to the quarts 
liner around the combustion chamber while maintaining a high signal strength. The detector was 
a Princeton PI-MAX II camera and an Acton 2300i spectrometer giving both spectral and spatial 
(1D) resolution. The setup can be seen below  

Fig.4 .4.13. Sketch of the 
engine and optical setup. 
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Fig. 4.4.14. Raman spectrum taken in the engine (left) and corresponding Φ curve (right). 

In Fig. 4.4.14, one can be seen an image of the Raman spectrum taken in the engine. The y-axis 
denotes distance along the laser beam in mm and the abscissa indicates the Raman shift in cm-1. 
The small graph to the right shows the corresponding Φ values along the laser beam. 

In Fig. 4.4.15, one can be seen the Φ value in the center of the jet as a function of different 
engine parameters. In Fig. 4.4.14, one can see the PM emissions for the same variables. As can 
bee seen from these figures there is a surprisingly low correlation between the two. This indicates 
that the soot forming rate is not the dominant factor behind the trends in engine-out PM. An 
exceptionally high correlation coefficient between PM and the portion of heat released after end 
of injection, not shown here, also suggests that the soot oxidation process may be more 
important. 
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Fig. 4.4.15. The Φ value in the center of the jet as a 
function of engine parameters.  

Fig. 4.4.16. PM emissions as function of engine 
parameters 

4.4.6 High-Speed PLIF Imaging for Investigation of Turbulence Effects on Heat 
Release Rates in HCCI Combustion 

H. Seyfried, J. Olofsson, J. Sjöholm, M. Richter, M. Aldén, A. Vressner, A. Hultqvist and B. 
Johansson 
In this study the Multi:YAG laser system was utilized for single-cycle resolved studies of the fuel 
distribution in the combustion chamber of a truck-size HCCI engine. Up to eight PLIF images 
of the fuel tracer acetone was captured by excitation with 266 nm radiation from the Multi:YAG 
laser and using the high-speed framing camera. The separation between images was set to 0.5 
crank angels (79 μs) thus giving high temporal resolution within one single cycle event.  
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Fig. 4.4.17. Sketch of the disc piston, left, and the square bowl in piston, right. White area is quartz and gray 
is titanium. All dimensions in mm. 

The combustion evolution was studied in terms of spatial distribution and rate of fuel 
consumption for different engine hardware configurations as well as operating conditions e.g. 
different stoichiometries and combustion phasing. In addition, the impact of turbulence effects 
was studied by calculating the rate of heat-release and combustion phasing from the pressure 
trace.  

Two different piston crown geometry were used for altering the degree of turbulence in the 
combustion chamber. The bowl geometry has showed through LDV measurements to give 
higher levels of turbulence compared to the pancake geometry. It also gives a significantly lower 
rate of heat release compared to the flat piston. 

 

 

Fig. 4.4.18. Image sequences of seven single shot PLIF images showing the fuel consumption for the two piston geometries 
at λ=3.3. The upper sequence represents the disc piston case with an imaged area of 30 mm x 67 mm, whereas the lower 
sequence represents the bowl piston case with an imaged area of 30 mm x 45 mm. 

The results revealed, as expected, multiple ignition kernels and a gradual oxidation of the bulk 
charge through distributed reactions for the flat piston geometry. For the square bowl piston 
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there were instead few isolated ignition kernels and the progression of the following combustion 
shows remarkably similarities to conventional flame front propagation. 

Possible causes for this behavior are that hot residuals are trapped in the deep square bowl 
or/and heat transfer from the bowl walls. This would introduce zones with steep temperature 
gradients in the bowl that prompt early flame front like combustion from the hot zones towards 
colder mixtures. 

Line of sight chemiluminescence imaging of the bowl case indicates that the colder charge at the 
top land volume burns later, when the conditions become favorable, in a fashion similar to what 
is seen for the flat piston thus giving longer burn durations over all for the bowl geometry. The 
high turbulence intensity shown in earlier LDV measurements for the bowl geometry should 
increase the combustion rate thus contradicting these results. However, LES modeling by Bai et 
al. indicates that the gas in the bowl actually has a low flow speed and thus long residence time 
facilitating heat transfer. From the simulations and the PLIF images it was concluded that 
temperature stratification was the main reason for the increased combustion duration for the 
square bowl. 
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4.5 Advanced Picosecond diagnostics 

4.5.1 Development of picosecond-lidar for applied combustion diagnostics 

B. Kaldvee, A. Ehn, J. Bood and M. Aldén 
The research aims at development of a light detection and ranging (lidar) system that has the 
potential to be applied for single-ended measurements in large-scale combustion devices (typical 
size: 10 m). Lidar is a well-established remote sensing technique commonly used for probing the 
atmosphere1,2. It utilizes the radar principle to obtain measurements of atmospheric constituents. 
A beam from a pulsed laser is directed towards the region of interest and the back-scattered 
radiation is collected and focused onto a detector. 

Range-resolved information is obtained by time-
resolved detection of the back-scattered radiation. 
See Fig. 4.5.1 for a schematic overview of the 
technique. 

In atmospheric sensing usually a conventional 
nano-second pulsed laser is used, which results in a 
range resolution on the order of one meter. Clearly 
this resolution is far too coarse, requiring 
substantial improvement. 

Obviously, pico-second laser pulses will result in a 
much higher range resolution. With our mode-
locked Nd:YAG laser system, providing pulses of 
30 ps duration, in combination with an ultrafast 
detector (streak camera) a range resolution of 0.5 cm may be achieved. The fact that only one 
optical access is needed for lidar measurements is a major advantage in terms of the method’s 
applicability in practical combustion devices. These features make the pico-second lidar (ps-lidar) 
technique interesting for e.g. studies of particle formation and distribution inside large-scale 
industrial combustion devices.  

When designing a ps-lidar system for application in full-scale combustors we have considered the 
following specifications: 

• The optical collection equipment must be able to collect light from a varying distance in 
the near field (1-10 m).  

• The duration of the laser pulses must be short and the optical detector must be fast to get a 
high range resolution, i.e. better than 1 cm.  

• In order to achieve 2-dimensional information the image must be sharp over as large 
distance as possible in the range of interest (1-10m). In practice this requirement means 
that the depth of field should be as large as possible. 

• For species specific measurements a special variant of lidar, called differential absorption 
lidar (DIAL), has to be used. 

                                                 
1 R.M. Measures, Laser remote sensing: Fundamentals and applications, (John Wiley & Sons, Inc., 1984)  
2 V.A. Kovalev and W.E. Eichinger, Elastic Lidar, (John Wiley & Sons, Inc., 2004). 
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Fig. 4.5.1. The simple principle of Lidar 
measurements. 
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The range resolution along the optical axis and total measurement range has been characterized 
using a lens based lidar-device using all available streak rates on the streak camera. The 
experimental set-up for resolution measurements is shown in Fig.4.5.2. The result of the 
resolution measurements shows, as expected, a linear dependence of the range resolution on the 
streak-rate. The highest range resolution is measured to 0.48 cm using the streak rate 10 ps/mm. 

 

Fig 4.5.2.  Schematic 
experimental setup for 
measurement of the 
temporal resolution of the 
system, i.e. range resolution 
along the optical axis. 

 

4.5.2 Rayleigh scattering measurements in water aerosols and Bunsen flames 

Results from measurements in water aerosols indicate that ps-lidar has a strong potential for 
relative particle density measurements. The system has also been demonstrated in a non-sooty 
and sooty Bunsen burner propane flame, respectively, as shown in Fig. 4.5.3. The result from the 
non-sooty flame indicates that ps-lidar might be applicable for single-shot Rayleigh thermometry, 
even two-dimensional, in combustion devices with insignificant particle concentrations. The 
measurement in the sooty flame shows that the technique might be used for qualitative mapping 
of soot distributions. 

 

 

Fig. 4.5.3. Lidar curves recorded in ambient air 
with a Bunsen flame located 3.0 m from the receiver 
lens. The black curve was recorded with a sooty flame 
on the burner, while the gray curve was obtained with 
a non-sooty flame. 

Fig. 4.5.4. Lidar measurements in a Bunsen flame located 
2.52 m from the receiver lens. a) 2-D single shot Lidar image of 
the Rayleigh scattering intensity. b) Corresponding horizontal 
intensity profile (sum of 20 pixels along the vertical axis) 
around the vertical center position (0 cm). c) Temperature profile 
extracted from the curv120e shown in b. 

To further investigate the potential of lidar Rayleigh thermometry, single-shot measurements in a 
non-sooty flame located 2.52 m from the receiver lens was conducted and the result is shown in 
Fig. 4.5.4. The range resolution was 1.2 cm and what we see in Fig. 4.5.4(a) is a two-dimensional 
lidar image of the elastic backscattering of the laser beam. The temporal axis, i.e. the horizontal 
axis, of the streak-camera image corresponds to the spatial axis along the laser beam, while the 
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axis orthogonal to the temporal axis corresponds to one of the spatial axis perpendicular to the 
laser beam direction. The images of the Rayleigh scattered intensity appears as if they were 
viewed from above and the circular flame front between the premixed inner cone and the outer 
diffusion flame is faintly indicated by the darker (lower intensity) regions surrounding a lighter 
(higher intensity) circular area located at 252 cm. The flame structure is, however, more clearly 
shown by taking a horizontal cross section at the center of the image. Fig. 4.5.4(b) shows a signal 
intensity profile. 

Assuming pure Rayleigh scattering, ideal gases, and neglecting differences in Rayleigh cross 
sections, the intensity profile can be used to determine the temperature profile, which is shown 
in Fig. 4.5.4(c). As expected, the temperature profile shows two peaks, indicating the flame front 
between the inner premixed region and the outer diffusion flame. 

4.5.3 Rayleigh thermometry in a flat flame 

In order to make a quantitative investigation of the potential for lidar Rayleigh thermometry, an 
ethylene/air flame on a McKenna burner was studied. This burner ideally produces a flat flame, 
i.e. temperature and species concentrations in the flame vary with height above the burner while 
they are constant at a fixed height. The equivalence ratio was varied from 0.5 to 2.0. As in the 
Bunsen-burner experiments a two-dimensional lidar image of the elastic backscattering of the 
laser beam was recorded. A streak rate of 100 ps/mm was used, which gave the same resolution, 
1.2 cm, as in the single-shot Bunsen burner experiments. As the McKenna burner has a flame 
diameter of 6 cm the measurement resolution was high enough, even for accumulated 
measurements, adding the contribution due to time jitter, to be able to make temperature 
evaluation that is not influenced by the cooler ambient air. 

Fig. 4.5.5(a) shows an accumulation of 100 two-dimensional lidar images of a stoichiometric 
flame, i.e. the equivalence ratio is 1.0. The elastic backscattering of the laser beam is seen as the 
horizontal line in the middle of the image. The backscattering decreases when the laser beam 
passes above the McKenna burner, due to the lower number density in the flame. 

Before temperature evaluation, superpixels consisting of 30 × 90 pixels, corresponding to the 
physical dimension 0.6 × 0.4 cm, were formed in all images. The overall resolution in the setup 
in this experiment is lower than the physical dimension corresponding to the superpixels, which 
means that no information is lost due to the formation of superpixels. Fig. 4.5.5(b) shows the 
evaluated temperature in the same area as shown in figure 5(a). The temperature has been 
evaluated by comparing the image with a reference image recorded in air at room temperature. 
The ratios between the intensities in the super pixels in the burner measurements and the 
reference measurement are proportional to the ratios of the corresponding number densities if 
the gas mixture is constant. As the constituents are not the same in air and the product gases of 
the flame, the temperatures have been corrected for the contribution to the total Rayleigh cross 
section from CO, CO2, H2, H2O, N2, and O2  using the same mole fractions as Vestin et al.1 and 
using Rayleigh cross sections from Sutton and Driscoll.2 

                                                 
1 F. Vestin, M. Afzelius, C. Brackmann, and P-E. Bengtsson, “Dual-broadband rotational CARS thermometry in the product 
gas of hydrocarbon flames,” in Proceedings of the Combustion Institute, Vol. 30. (The Combustion Institute, 2005), pp 1673-
1680. 
2 J. A. Sutton and J. F. Driscoll, "Rayleigh scattering cross sections of combustion species at 266, 355, and 532 nm for thermometry 
applications," Opt. Lett. 29, 2620-2622 (2004). 
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The high temperature pixels in the 
peripheral parts of the laser beam in 
Fig. 4.5.5(b) is due to numerical 
noise induced when calculating the 
Rayleigh ratio with a denominator 
close to zero. This is not a problem 
in the main region of the laser beam. 
For each equivalence ratio the 
average temperature is calculated 
using the superpixels in the central 
area of the recorded image (see Fig. 
4.5.5(b)), ranging from 206 to 209 
cm horizontally and from -0.6 to 0.2 
cm vertically. To validate our results 
the flame temperatures were 
compared with flame temperatures 
from CARS measurements made by 
Vestin et al.1, as shown in Fig. 4.5.6. 
The average temperatures from our 
measurements are indicated by 
circles, while the CARS data are indicated by stars. The error bars correspond to standard 
deviations of the temperatures evaluated from all superpixels within the region of interest as 
specified previously. 

The Rayleigh temperatures are in good 
agreement with the CARS temperatures up 
to an equivalence ratio of 1.3. At higher 
equivalence ratios the temperatures are 
under predicted. This behavior is due to 
increased soot and particle content in the 
product gases of rich flames. The average 
standard deviation of our data is 27 K, i.e. 
the average temperature precision (due to 
differences between temperatures evaluated 
for different superpixels) is ± 27 K. The 
mean absolute deviation from the CARS 
temperatures is 33 K. The measurements 
indicate that two-dimensional thermometry 
can be conducted with an uncertainty of 
less than ± 60 K in each superpixel. 

                                                 
1 F. Vestin, M. Afzelius, C. Brackmann, and P-E. Bengtsson, “Dual-broadband rotational CARS thermometry in the product 
gas of hydrocarbon flames,” in Proceedings of the Combustion Institute, Vol. 30. (The Combustion Institute, 2005), pp 1673-
1680. 
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Fig.4.5.5. a) Two-
dimensional Lidar 
image (100 
accumulations) of a 
stoichiometric 
ethylene/air flame. b) 
Temperature map 
extracted from the 
image shown in (a) 
and a corresponding 
Rayleigh scattering 
image recorded in air 
at room temperature. 
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Fig. 4.5.6. Measured Rayleigh temperatures (circles) and 
temperatures measured with CARS (stars). 
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4.5.4 DIAL measurements of acetone concentrations 

Pico-second lidar can also deliver species-
specific information by tuning the laser 
frequency to a molecular absorption line1. 
Tests of the potential for species detection 
using DIAL have been performed. Using a 
pico-second laser, emitting light at 266 nm 
and 532 nm, respectively, together with 
streak-camera detection, we have performed 
single-ended spatially resolved DIAL 
measurements of absolute acetone 
concentrations. The measurements were 
performed along a 2-m path intersected by 
two 2-cm wide acetone jets. In these 
measurements basically the same setup as 
shown in Fig. 4.5.2 is used. The 266-nm 
laser beam is absorbed by acetone while the 
532-nm laser beam is not absorbed. The 
backscattered light is collected with an 
achromatic quartz lens (B. Halle) and 
focused onto the entrance slit of a 
spectrograph. The signals from the different 
wavelengths, shown in the upper part of 
Fig. 4.5.7, are then focused individually, not 
simultaneously, onto the entrance slit of the 
streak camera. By dividing the curves from 
the different wavelengths a DIAL curve is 
obtained, which is shown in center part of 
Fig. 4.5.7. Using a differential absorption cross section2 of Δσ = 4.36x10-20 cm2 the acetone 
concentration versus distance was determined using the DIAL equation3 as shown in lower part 
of Fig. 4.5.7. 

Lidar-system upgrade 

Within the ps-lidar project, calculations and design of a new lidar-system has been carried out. 
The system has been designed to obtain the best combination of light collection and depth of 
field using a Newtonian telescope design and a spherical mirror. The telescope has currently 
been implemented and its performance will soon be characterized. This work is performed 
within two Master projects4,5. 

                                                 
1 V.A. Kovalev and W.E. Eichinger, Elastic Lidar, (John Wiley & Sons, Inc., 2004) 
2 M.C. Thurber, Acetone Laser-Induced Fluorescence for Temperature and Multiparameter Imaging in Gaseous Flows, Topical 
Report TSD-120, (Stanford University, 1999) 
3 S. Svanberg, Atomic and Molecular Spectroscopy: Basic Aspects and Practical Applications (Springer-Verlag, 2001), pp. 419. 
4 L. Frantzich, Experimental and theoretical development of a telescope for near-field Lidar diagnostics, ongoing Master project, 
Division of Combustion Physics, Lund University, Lund. Report expected in February 2008. 
5 M. Levenius, Characterization of a near-field Lidar-system aiming at standoff detection of explosives using ps-Raman scattering, 
ongoing Master project, Division of Combustion Physics, Lund University, Lund. Report expected in February 
2008. 

 

Fig. 4.5.7 DIAL measurement along a path intersected by 
two acetone vapor jets at 340 cm and 385 cm from the 
collection lens. The acetone absorption cross section used for 
calculation of the lower curve is 4.36⋅10-20 cm2. 



44 CHAPTER 4. LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 

4.6 Temporal Filtering close-to-Surfaces PLIF measurements 
A. Ehn, B. Kaldvee, J. Bood and M. Aldén 
Information about species concentrations and temperature close to surfaces is important in 
many combustion devices, for example in internal combustion engines. The presence of a cold 
wall may have a significant influence on the combustion process 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 and re-ignition. These issues are most often simplified and studied in model 
experiments to verify computer based physical models. In these studies gas-flow fields, 
temperature gradients, turbulence among other important phenomena are studied in presence of 
surfaces1-2. In case of non gaseous fuels, other kind of surfaces present in the measurement 
volume, causing measurement problems. These medias could be liquids, as in pray 
investigations3 or solid fuels, such as wooden pellets4. 

There is a wide range of laser-based methods available for species and temperature 
measurements. Unfortunately, usually the methods lack the ability to measure really close to a 
surface. Conventional laser-induced fluorescence (LIF) is problematic to apply close to a surface 
due to interfering signals from the surface. The strongest addition is stray light, which in some 
cases could be filtered out using conventional spectral filtering. Weaker signals, originating from 
surface impurities (soot, dust, etc) or the surface itself, are often spectrally shifted and may in 
some cases spectrally overlap the LIF signal. These unwanted contributions distort the LIF 
signal, giving erroneous information. 

A LIF-signal is a response from a laser excitation and if a short enough laser pulse is used to 
measure the LIF-signal in the time domain, an exponential decaying signal is seen. Even if the 
lifetime of the signal is dependent on the measurement conditions, e.g. temperature, pressure 
and ambient gas molecules, the time duration of the LIF-signal is always longer than the laser 
pulse. As stated above the strongest interferences signal is elastic scattering, especially when 
measuring close to surfaces. Since this essentially is the laser pulse, the elastic scattering (in the 
ideal case) is shorter than the LIF-signal. This makes temporal filtering possible in LIF-
measurements, which simply is done by delaying the detection (by the delay time τ), only 
detecting the tail of the exponential LIF-signal. If other laser induced interfering signals with 
lifetimes shorter than the signal of interest, these interferences could also be filtered out using 
the same technique. 

The fundamental idea of temporal filtering is to use the difference between the signal of interest 
and the interference signal in the time domain to suppress the interference contribution. 
However it is crucial that these signals are: 

                                                 

1 J. Brübach, J. Zetterberg, A. Omrane, Z.S. Li, M. Aldén, and A. Dreizler, ”Determination of surfacenormal temperature 
gradient using thermographic phosphors and filtered Rayleigh scattering“, Appl. Phys. B 84, 537-541 (2006). 
2  D. Ahlman, “Numerical studies of turbulent wall-jets for mixing and combustion applications”, Doctoral Thesis in Fluid 
Mechnics, Stockholm, Sweden (2007). 
3 M. Paciaroni, and M. Linne, “Single-shot, two-dimensional ballistic imaging through scattering media”, Appl. Opt. 43, 5100-
5109 (2004). 
4 C. Brackmann, M. Aldén, P.-E. Bengtsson, K. O. Davidsson, and J. B. C. Pettersson, “Optical and Mass Spectrometric 
Study of the Pyrolysis Gas of Wood Particles”, Appl. Spectrosc. 57, #2, 216-222 (2003). 
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1. Laser induced  
2. Differently distributed in time.  

Moreover this technique has strong requirements on the measurement system: 

1. The laser pulse duration has to be significantly shorter than the longest life time of the 
two signals. 

2. The time jitter between the laser and the trigger pulse has to be much shorter than the 
longest lifetime of the signals, if the data is accumulated. 

3. The fall and rise time of the gate function of the detector system needs to be short. 

 

 

Fig. 4.6.1. A principle illustration of temporal 
filtering applied in a LIF-experiment. Here the 
total signal consists of an exponential decaying 
LIF-signal and an interfering Gaussian shaped 
Mie-scattering signal. In principle the filter is 
controlled by shifting the delay time (τ) between 
the time of laser induction and the rising edge of 
the detector gate, only detecting the latter part of 
the signal, seen as the darker area in the picture. 

 

Since every measurement system will have its own characteristics and every measurement 
situation will have a unique interference signal, a computer based mathematical model was 
developed to make this investigation useful for other research groups in need of such a filter 
tool. In total, five input time-dependent functions; the two signals, laser pulse, time-jitter and 
detector gate is characterizing the temporal filter in this model. A detailed description of this 
model is found in Ehn et al.1. 

Fig. 4.6.2. Experimental setup of the investigation. 
The30- ps laser pulse is focused down into the 
measurement volume, where both point and imaging 
measurements were conducted, using different optics. To 
the right of the measurement volume the laser-induced 
signals are analyzed, both in the spectral and temporal 
domain. The ICCD-camera is placed on the opposite 
side for 2D-imaging. 

Temporal filtering is applicable in any probe experiment that fulfills the above stated conditions. 
However, we have used and demonstrated this technique in combustion related flow-dynamic 
visualizations. In these measurement situations, the instantaneous and short lived interference 
signals are suppressed through temporal filtering, while acetone and toluene LIF-signals with 
rather long lifetimes are detected by only detecting the latter part of the total signal. This is 
schematically illustrated in Fig. 4.6.1, where the dark area is the total integrated signal.  

                                                 
1 Ehn, A., Kaldvee, B., Bood, J., and Aldén M., “Development of a temporal filtering technique for suppression of interferences in 
applied laser diagnostics”. Submitted to Optical Society of America, November 2008. 
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To cope with the above stated requirements of a measurement system, a state-of-the-art 
picosecond laser system along with a fast gated ICCD-camera was used to perform temporal 
filtering. An ultrafast detector (streak camera) equipped with a spectrograph allowed us to 
analyze and develop a detailed understanding of temporal filtering. The measurement setup is 
seen in Fig. 4.6.2, where detection systems both for imaging and signal analysis are seen. 

Three case investigations have been carried out; 

o Gas jet PLIF embedded in water droplet cloud. 
o Gas jet PLIF close to metal surfaces. 
o Gas jet PLIF close to organic surfaces. 

The gas jet measurements within a liquid droplet cloud 
were performed using water to avoid inelastic 
contributions to the interfering signal, allowing the 
temporal filter to exclusively suppress elastic scattering. 

When performing LIF-measurements close to surfaces, 
not only elastic scattering is problematic, but also inelastic 
signals from the surface. Therefore several different 
surface materials and surface contaminations have been 
investigated, which will be presented below. 
Measurements, where Mie scattering were suppressed by 
temporal filtering, were performed in the measurement 
volume seen in Fig. 4.6.3. Planar laser-induced 
fluorescence measurements of the acetone jet and the 
water aerosol were performed for various gate-delays of 
the CCD-camera. Fig. 4.6.4 shows results from single-
shot measurements for three different gate-delay times, 
with both the acetone jet and the aerosol present in the 
probe volume. For the results  

Fig. 4.6.4. Single-shot images of 
measurement volume B for three different 
gate delays. The upper-row images were 
acquired with a gate width of 10 ns 
whereas the images in the lower row were 
recorded with a gate width of 20 ns. 

 

shown in the upper picture series a 10-ns gate width was used and for the lower picture series the 
gate width was 20 ns. No significant difference is seen in the two cases which is due to the 
similar rise times of the camera gate function. Using such a camera in temporal filtering is 
favorable since long lived LIF-signals offers more signal. 

At τ = -1.1 ns the Mie scattering signal from water droplets is significantly stronger than the 
acetone-LIF signal, which makes the gas jet visible as a darker stripe in the center of the images. 

 

Fig. 4.6.3. The measurement volume in the 
Mie scattering experiement, indicated in the 
overall experimental setup shown in Fig. 
4.6.2. An acetone-seeded air jet surrounded 
by a water aerosol generated by a nebulizer. 
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At τ = -0.1 ns the total intensities of the respective signal are roughly equal, and the two signals 
can still not be distinguished. At τ = 0.9 ns the LIF-signal from the acetone jet is clearly visible in 
the image, whereas no Mie scattering signal is visible. Accumulated data was acquired for 
different time delays (τ). These images were analyzed and compared to simulations performed 
using the mathematical model mentioned above. The calculated results agreed well with the 
measurement data. For a more detailed analysis we advice the reader to study Ehn et al.1. 

 

Fig. 4.6.5. Measurement volume for 
measuring close to metal surfaces, indicated in 
the overall experimental setup shown in Fig. 
4.6.2. A toluene-seeded nitrogen gas jet 
impinging on an aluminum surface with a 
coflow of nitrogen gas. 

 

When performing laser measurements close to metal surfaces, not only instantaneous Mie 
scattering is problematic here, but also short lived luminescence from the surfaces. To use the 
most advantageous setup for gas flow investigations a tracer molecule with long signal-life time 
was chosen in a collision-quench free environment. Therefore nitrogen gas was seeded with 
toluene-tracer molecules, and the gas jet was let out in a nitrogen dominated environment. In 
this study several different surfaces has been investigated. Two surface studies are shown here, 
one aluminum surface and one organic surface of a wood pellet. 

 

Fig. 4.6.6. Spectrally and 
temporally resolved images of the 
aluminum surface luminescence 
(left) and the toluene-LIF signal 
(right). Spectrally the signals are 
initially overlapping. Hence the 
significant difference in duration of 
the two signals indicates that 
temporal filtering is applicable. 

The surfaces were also contaminated by several impurities, such as soot and oil. In general this 
makes the situation problematic, since they increase the life time of the interfering signal, 
especially if the surface is contaminated with big organic molecules such as oil. 

Measurements were carried out in the measurement volume seen in Fig. 4.6.5, where the toluene 
gas was impinging onto an aluminum surface. Point measurements were performed with the 
streak camera/spectrograph combination to acquire both the spectral and temporal 
characteristics of the toluene-LIF signal and the surface luminescence. The two signals were 
acquired sequentially. The result of 400 accumulated toluene-LIF signals is shown to the right in 

                                                 
1 Ehn, A., Kaldvee, B., Bood, J., and Aldén M., “Development of a temporal filtering technique for suppression of interferences in 
applied laser diagnostics”. Submitted to Optical Society of America, November 2008. 
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Fig. 4.6.6, while the result of 1200 accumulated recordings of surface luminescence signal is 
shown to the left in the same figure. Fitting a single exponential function to the toluene-LIF 
signal (integrated from 270 to 340 nm) results in a lifetime (1/e) of 5.2 ns. As can be seen, the 
surface luminescence signal is significantly shorter; the intensity has decreased to 1/e after 0.5 ns. 
Thus, the surface luminescence is about one order of magnitude shorter than the toluene-LIF 
signal.  

Fig. 4.6.7. Single-shot images for three 
different gate delays (laser coming in from the 
right). The upper row images were acquired 
with the toluene-seeded gas jet impinging on the 
aluminum surface. Underneath, images 
acquired with gas jet switched off are shown. 
The signal visible in the images in the lower 
row is thus due to laser-induced luminescence 
from the aluminum surface. 

 

 

Fig. 4.6.8. The measurement volume 
involves a cylindrical biomass pellet 
kept in a nitrogen rich environment. A 
toluene seeded nitrogen-gas jet directed 
towards the pellet surface, is probed by 
the laser sheet, coming in from the right. 

 

Spectrally, the toluene-LIF signal ranges from 275 to 350 nm. The upper limit of this range is in 
agreement with data reported by Koban et al. 1, whereas the lower limit value is slightly higher 
than the value reported by the same authors. The reason for this discrepancy is that the liquid 
filter (N,N-dimethyl formamide) used to reject 266-nm radiation also blocks a small part of the 
fluorescence on the blue side of the spectrum. The surface luminescence signal is significantly 
broader than the toluene fluorescence, ranging from 280 to 550 nm. Hence, the surface 
luminescence spectrum almost entirely overlaps the toluene fluorescence spectrum (275 - 350 
nm). This result clearly demonstrates a situation in which interference suppression using merely 
spectral filtering would be inadequate. 

                                                 
1 W. Koban, J.D. Koch, R.K. Hanson, and C. Schulz, “Absorption and fluorescence of toluene vapor at elevated temperatures”, 
Phys. Chem. Chem. Phys. 6, 2940-2945 (2004). 
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In order to make sure that the detected surface 
luminescence was not specific to excitation with 
picosecond laser pulses, measurements were also 
performed using laser pulses of 5-ns duration with roughly 
the same pulse energy as the picosecond pulses. The 
surface luminescence signal appeared also with the 
nanosecond pulses, showing the same spectral 
characteristic as for picosecond excitation. 

Results from single-shot imaging of the toluene jet close to 
the aluminum surface are shown in Fig. 4.6.7 for three 
different gate delay times, τ. The same liquid filter as was 
used in the point measurements was applied for 
suppression of 266-nm radiation. A 50-ns gate width of the 
ICCD camera was used. For the results shown in the 

upper picture series, both the toluene jet and the surface was present in the probe volume, while 
for the images shown in the lower part the toluene jet was turned off, showing only laser induced 
surface luminescence. The intensity of the luminescence signal is dependent on the orientation of 
the surface with regards to the laser beam, and the amount of absorbed laser light by the 
turbulent toluene-gas jet. As can be seen, the toluene-LIF signal is clearly visible for all three 
delay times, whereas the surface luminescence is hardly discernible for delay time 8.9 ns and 
completely gone for delay time 34.9 ns. 

     
         τ=0 ns           τ = 10 ns             τ = 20.2 ns              τ = 30.4 ns   τ = 41.4 ns 

Fig. 4.6.10. PLIF-images at different delay times (τ), suppressing the surface luminescence signal. Using more 
than 20 ns time delay, the surface interference signal is not noticeable. 

PLIF-images were detected at different delay times (τ) showing good suppression of the wooden 
pellet surface luminescence at delay times longer than 20 ns. These temporally filtered results are 
seen in Fig. 4.6.10. 

PLIF-measurements close to an organic wooden pellet surface were conducted in room 
temperature: The probed molecule was toluene in nitrogen rich environment. This is a rather 
crudely constructed experiment, only investigating the potential to use temporal filtering in such 
a PLIF-measurement. The measurement volume of the experiment is seen in Fig. 4.6.8. A 
temporal and spectral description of the wooden pellet luminescence is seen in Fig. 4.6.9, which 
is reminiscent of the luminescence signal from the aluminum surface, temporally and spectrally. 

 

Fig. 4.6.9. The luminescence spectral 
signal from the biopellet (excitation; 266 
nm), dispersed both temporally and 
spectrally. 
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4.7  Ballistic imaging  

4.7.1 Ballistic imaging in transient sprays 

D. Sedarsky, E. Berrocal and M. Linne  
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 fluid dynamic interactions in the 
dense regions are both very important, and are not well-understood. 

Conventional imaging measurements in highly turbid media yield poorly resolved images, which 
include sizeable interference from multiply-scattered source light. This light carries little or no 
meaningful information about the fluid structures which may form inside the dense medium. 
Under such conditions, it is not possible to form useful images unless measures are taken to 
reduce the noise contributions from multiply-scattered photons. 

 

 

Fig. 4.7.1. (a) shows an image of a spray taken with the BI collection optics and ultrafast source light, but no Kerr-effect 
time-gate.  (b) shows a time-gated ballistic image of the spray taken at the same instant in time.  (c) shows an image of a 
test chart at OD = 13, taken with ultrafast light and BI collection optics but no time-gating.  (d) shows a time-gated 
ballistic image of the test chart shown in 1(c) at OD = 14. In (c) and (d), the scattering medium used was a solution of 
distilled water containing mono disperse polystyrene microspheres of 0.7 microns. 

(a) 

(c) (d) 

(b) 

(c) 
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Ballistic imaging (BI) is an optical diagnostic which preferentially collects unscattered and 
marginally scattered photons, resulting in a high resolution shadowgram-type image in which the 
effects of multiply-scattered light are greatly reduced.  BI selects only a portion of the light 
ordinarily collected to form a conventional shadowgram.  Since the BI optics block a significant 
fraction of scattered light, a ballistic image will appear darker than a shadowgram produced with 
the same light source. 

BI is an extension of shadowgraphy, and can be applied in variety of ways; the term merely 
implies the use of photon selection methods to reduce noise in the image signal.  As such, BI 
represents the continuum of methods from a shadowgram setup with simple spatial filtering, to 
the time-, space-, and polarization-filtered ultrafast measurements developed in Lund for very 
dense sprays. 

Fig. 4.7.1(c) shows a ballistic image, with no time-gating, of a resolution test chart embedded in a 
solution of polystyrene microspheres with an optical depth (OD) of 13. Here, the bars of the test 
chart are distorted by multiply-scattered light. Fig. 4.7.1 (d) shows a time-gated ballistic image of 
the same test chart in a microsphere solution with OD = 14. In this case the bars of the test chart 
are discernible despite the increased OD, due to mitigation of multiply-scattered light by an 
ultrafast (~2 ps) time-gate. Fig. 4.7.1 (a) shows an image of a spray taken with the BI system 
without time-gating; Fig. 4.7.1 (b) shows a time-gated ballistic image of the spray at the same 
instant in time.  Here, the time-gated system reveals details of liquid structures in the spray with 
less distortion than the case with no time-gating. 

(a) (b) 

Fig. 4.7.2. Ballistic images of: (a) a liquid jet in a crossflow of air. (b) a diesel fuel injector spray. 

High-resolution ballistic images provide detailed qualitative visualization of the fluid dynamics 
inside a dense spray.  With proper image analysis, additional quantitatively rigorous information 
can be reliably extracted from both single ballistic images, and from statistics gathered from 
many images.  The development and application of software tools which automate or simplify 
quantitative analysis of ballistic images is a secondary goal of this research effort.  Fig. 4.7.3 
shows preliminary results of velocity analysis of a pair of ballistic images of an aerated water 
spray taken with a time-separation of 10 μs.  Here, a variety of image-processing techniques are 
combined to extract liquid-gas boundary features, which are correlated to produce an estimate of 
local velocity in the spray. 

The general purpose of this work is to develop a practical, versatile, and effective system for the 
imaging of sprays at extreme conditions of pressure and temperature.  BI is a promising 
technique for the visualization of combustion sprays and, with proper development and 
application, should enable a wealth of measurements in combustion sprays.  To date, we have 
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demonstrated the ability of this diagnostic to acquire high-resolution images through turbid 
sprays at ambient conditions in a variety of sprays relevant to combustion, including a diesel fuel 
injector, an aerated spray for supersonic combustion, and a jet-in-crossflow for gas turbine 
applications and spray model validation. 

(a) (b) 

Fig. 4.7.3. Aerated water spray with 2% gas-to-liquid ratio. (a) shows the time-gated ballistic image taken at time, t1. (b) 
shows the velocity field generated from ballistic image pair, taken at times t1 and t2. 

4.7.2 Monte Carlo and Ray Tracing modeling of laser light scattering in dense 
sprays 

E. Berrocal, D. Sedarsky and M. Linne 
Spray and other industrially relevant turbid media can be quantitatively and qualitatively 
characterized using modern optical diagnostics. However, current laser based techniques 
generate errors in the dense region of sprays due to the multiple scattering of laser radiation 
effected by the surrounding cloud of droplets. 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. A novel modeling approach has been developed for the 
propagation of laser radiation in inhomogeneous polydisperse scattering media such as sprays. 
The computational model is aimed to provide both predictive and reliable information, and to 
improve the interpretation of experimental results in spray diagnostics. The scattering of the laser 
light in the spray is simulated using a Monte Carlo (MC) approach; while the transmission of the 
detected signal through the optics is modeled using a customized Ray Tracing software. 

At present, MC models provide 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 can provide insights into the diagnostics that are difficult or simply not 
available experimentally.  Second, it can be used to deepen understanding of the diagnostic by 
simulating situations that would consume too many resources to measure directly. When 
validated and applied appropriately, the MC simulation can provide an accurate description of 
the physical processes relevant to turbid environments of practical interest.  When associated to 
a Ray Tracing code which takes into account the properties of the collection optics, MC 
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modelling is a powerful tool for understanding, improving and testing new optical 
diagnostic/imaging techniques while reducing the cost of experimental investigations. 

 

Fig. 4.7.4. Illustration of the simulation for the characterization of a ballistic imaging instrument: Photons from a 100 fs 
laser pulse traverse a volume containing randomly distributed fuel droplets with a given size distribution.  Scattered light is 
traced through the collection and time-gate optics and forms an intensity distribution at the detector. A test chart located at 
the centre of the scattering volume allows specific spatial frequencies to be analyzed. 

 

Fig. 4.7.5. Transmission of an 
ultra-short (100 fs) incident pulse 
versus time: A polydisperse 
distribution of fuel droplets centred 
at 14 μm is considered here along 
an optical path of 10 mm. Results 
are compared with monodisperse 
scatterers of 1 μm size at optical 
depth OD = 10 and λ = 800 nm. 

 

The 3-dimensional computational MC code used here has been verified against analytical results1 
and validated against the experiment by means of homogeneous solutions of suspended 
polystyrene spheres 2 . Versatile usage of this model is exemplified by its correction of 

                                                 
1 Berrocal E., Churmakov D. Y., Romanov V. P., Jermy M. C., and Meglinski I. V., "Crossed source-detector geometry for a 
novel spray diagnostic: Monte Carlo simulation and analytical results," Applied Optics 44, 2519-2529, 2005. 
2 Berrocal, E., Sedarsky, D., Paciaroni, M., Meglinski, I.V. and Linne, M., “Laser light scattering in turbid media part I: 
Experimental and simulated results for the spatial intensity distribution”, Optics Express, 15:10649-10665, 2007 
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experimental Beer-Lambert measurements, its quantification of the single light scattering 
contribution and its prediction of ultra-short laser pulses propagating in turbid media1,2. The last 
application is fundamental for the development and testing of advanced optical spray 
diagnostics, particularly for those based on time-gating detection such as ballistic imaging. Such 
modeling approach allows understanding the respective effects of time-gating, polarization and 
spatial filtering on the resultant image contrast. Figure 1 show an example of such simulation for 
the optimization of a ballistic instrument previously used by M. Paciaroni et. al 3. 

 

Fig. 4.7.6.  Illustration of the simulation for the SLIPI imaging configuration: A laser sheet enters a 3D scattering 
medium representing a hollow-cone fuel spray. The scattering/optical properties the full spray are defined using 
homogeneous cubic cells. This approach allows accurate simulation of the scattering inhomogeneities of the spray. 

A second application of such a model concerns the study and optimization of Structured Laser 
Illumination Planar Imaging. SLIPI is a new laser sheet based diagnostic4,5 able to significantly 
increase the image contrast of spray images by removing the multiple scattering noise 
contribution. The technique is based on the use of an incident spatially modulated laser sheet 
coupled to image post-processing. It has been shown, for the study of a conventional hollow-
cone water spray, that 44% of the total optical interference corresponding to multiply scattered 
photons could be removed6  [6]. Applying the numerical calculation in the case of a planar 
imaging configuration allow a better understanding of the SLIPI process, highlighting in the 
same time its limitations. The main goal of such simulation is to estimate and to optimize the 
capabilities of the technique for future application in dense fuel sprays such as air-blast atomizer 
and diesel sprays. The general purpose of such a work is to develop practical, versatile and 
effective systems for the imaging of sprays at extreme conditions of pressure and temperature. 

                                                 
1 Sedarsky, D., Berrocal, E. and Linne, M., Spatial resolution simulations for time-gating and spatial filtering in ballistic imaging, 
Laser Applications to Chemical, Security and Environmental Analysis, March, 2008 
2 Linne, M., Paciaroni, M., Berrocal, E. and Sedarsky, D., “Ballistic Imaging of Liquid BreakupProcesses in Dense Sprays”, 
invited review article, Proceedings of the Combustion, 32:2147-2161 2009 
3 Paciaroni, M., Linne, M., Hall, T., Delplanque, J.P. and Parker, T., “Single-shot two-dimensional ballistic imaging of the 
liquid core in an atomizing spray.” Atomization and Sprays, 16:51-69, 2006 
4 Berrocal, E., Kristensson, E., Richter, M., Linne, M. and Aldén, M., Application of Structured Illumination for Multiple 
Scattering Suppression in Planar Laser Imaging of Dense Sprays, Optics Express, 16: 17870-17881, 2008 
5 Kristensson E., Berrocal E., Richter M., Pettersson S.-G., and Aldén M., "High-speed structured planar laser illumination 
for contrast improvement of two-phase flow images," Optics Letters 33, 2752-2754, 2008 
6 Berrocal, E., Kristensson, E., Richter, M., Linne, M. and Aldén, M., Application of Structured Illumination for Multiple 
Scattering Suppression in Planar Laser Imaging of Dense Sprays, Optics Express, 16: 17870-17881, 2008 
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Fig. 4.7.7. Simulated images of planar Mie imaging in a hollow-cone fuel spray. Here the optical depth equals OD = 6 
in the dense region and OD = 3 in the dilute spray. In (a) and all photons are detected while (b) is generated from the 
singly scattered detected photons only. The laser sheet enters the spray on the left hand side of the images. 
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4.8 Thermographic phosphors  
Temperature sensitive phosphors particles, known as thermographic phosphors, has continued 
to be developed and used for temperature measurements in different combustion applications. 
Several new phosphors substances has been investigated and the feasibility of temporal 
temperature measurements on fast moving objects has been shown. The technique was 
successfully applied in aviation and combustion engine. Also, attempts have been made seeding 
the particles and enabling temperature measurements in gaseous flows. 

Introduction:  

Thermographic phosphors technique is relatively a new technique for remote thermometry of 
surfaces. It is used in scientific and industrial applications of surface thermometry to complicated 
geometries, e.g., rotor engines1, turbine engines2, and also in medicine. Other quantities such as 
heat flux through a surface have been investigated, because of its high importance to science and 
engineering community. During the last years, as the applications of thermographic phosphors 
have expanded, some attempts have been made in combustion environment3. A useful review 
article4  could be a good assistance as an introduction to the subject of phosphor thermometry. 
A phosphor becomes highly fluorescent or phosphorescent when it is excited by an appropriate 
source, e.g. an electron beam or ultraviolet radiation. Typically the emission is in the visible 
region and has a lifetime of the order 10-6-10-3 s. The phosphor consists of a host material and a 
doping agent, from which the light is emitted. A large number of different phosphors are 
produced today covering a large band of temperatures from cryogenic temperatures up to 1673-
1873 K or higher, making them suitable for many applications. Each selected phosphor is very 
sensitive in a specific range of temperatures exhibiting an accuracy of the order 1-5 K. The 
lifetime of the phosphorescence decay and the emission line intensities are temperature sensitive 
and therefore used for temperature measurements. Measuring the lifetime and the correlation 
between emission line intensities are known as the temporal and spectral method, respectively. 
The temporal method is based on extracting the lifetime at a certain temperature from a simple 
exponential fit procedure. The spectral technique is on the other hand based on determining the 
proportion between two or more spectral line intensities, e.g., the ratio between two emission 
lines. However, to be able to measure more accurately in high temperature, harsh environment 
with intense background and on fast moving objects, new phosphor materials for thermometry 
are needed. These conditions require the phosphors to have emission in the blue spectral region 

                                                 
1 S. Allison, R. M. Cates, W. B. Noel, G. T. Gillies, Monitoring permanent-Magnet Motor Heating with Phosphor thermometry, 
IEEE transaction and measurement, 37(4) (1988) 637-641. 
2 S. Alaruri, T. Bonsett, A. Brewington, E. McPheeters and M. Wilson, Mapping the surface temperature of ceramic and 
superalloy turbine engine components using laser-induced fluorescence of thermographic phosphor, Optics and Lasers in Engineering, 
31(1999) 345-351. 
3 R. L. Van der Wal , P. A. Householder, and T. W. Wright II, Phosphor thermometry in combustion applications, App1ied 
Spectroscopy, 53(10) (1999) 1251-1258; A. Omrane, U. Goransson, F. Ossler, G. Holmstedt, and M. Aldén, Surface 
temperature measurement of flame spread using thermographic phosphors, In the proceeding of the Seventh International 
Symposium on Fire Safety Science, 2002; A. Omrane, F. Ossler, and M. Aldén, Two-dimensional surface temperature 
measurements of burning materials, Twenty-Ninth Symposium (International) on Combustion, The Combustion 
Institute, 29 (2002) 2653-2659; A. Omrane, J. Svensson, J. Petterson, F. Ossler, M. Aldén, Surface temperature of 
decomposing construction materials studied by laser-induced phosphorescence, (In press in J. Fire and Materials). 
4 S.W. Allison , G.T. Gillies, Remote thermometry with thermographic phosphors: Instrumentation and applications, Review of 
Scientific Instruments, 68(7) (1997) 2615-2650. 
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and short emission lifetime to better stand plank radiation interference and enabling time gate 
for background discrimination. 

4.8.1 Surface thermometry using Laser-induced phophorescence appled in the 
afterburner and aircraft jet engine 

H. Seyfried, M. Richter 
In the present work surface thermometry using a method based on the spectroscopy of inorganic 
luminescent material has been applied in a full-size aircraft jet engine on-site at Volvo Aero 
Corporation, Sweden. The technique utilizes laser-induced emission from thermographic 
phosphors for remote temperature diagnostics in combustion applications with high sensitivity 
and accuracy. In the present application the laser-induced phosphorescence technique has 
demonstrated its usefulness even in the extreme harsh environment prevailing next to a jet 
engine operating at full load. The measurement object, Volvo RM 12 (see Fig. 4.8.1), is a low-
bypass-ratio turbofan engine consisting of a total of seven modules including a three-stage fan, a 
seven-stage compressor and an afterburner. It is based on the General Electric F404 engine, 
from which it has been developed to meet single-engine operating criteria and achieve higher 
performance. It has a maximum thrust of 80.5 kN and an airflow of 68 kg/s (150 lb/s). 

A phosphor material having suitable sensitivity in the expected temperature range was applied to 
the area of interest on the flameholder of the engine afterburner. 

Fig. 4.8.1. Image showing the RM12 engine to the left and the afterburner flame holder to the right. The white dot represents 
the coated surface. 

Phosphorescence radiation was generated using the forth harmonic (266 nm) of a pulsed 
Nd:YAG laser (10 Hz) as an excitation source and the signal was detected with a photo multiple 
tube (PMT). Spectral filtering of the phosphorescence signal was utilized using a band-pass filter 
centred at 657 nm, thus a distinct molecular transition in the phosphorescent material could be 
selected. Phosphorescence lifetime decays were recorded with a 1GHz oscilloscope over a wide 
operational range of the engine, including various use of the afterburner. By analyzing the 
lifetime decay temperature data was acquired through implementation of a regression equation 
extracted from well-defined calibration measurements of the phosphor used. An exampled is 
shown in Fig. 4.8.2. 
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Fig. 4.8.2. Calibration data for the specific phosphor is shown to the left. To the right is a plot showing the time resolved 
temperature on the flame holder as the engine load is varied. 

4.8.2 Investigations of fast blue emitting phosphors 

J. Lindén, G. Särner, M. Richter 
Using thermographic phosphors (TP) and laser induced phosphorescence (LIP) temperature can 
be monitored by register the change in phosphorescence lifetime or the change in spectral 
profile1. However, many current TP have the drawback of emission in the red spectral region 
making them more sensitive to background noise due to plank radiation, and also long emission 
lifetime, obstructing the possibility to time gate for background discrimination. To overcome this 
obstacle TP with emission in the blue region and with short phosphorescence lifetime is 
preferable2. BaMg2Al10O17:Eu, or BAM, is a blue emitting phosphors with an emission peak at 
440 nm. This peak broadens towards shorter wavelengths with increasing temperature, making it 
suitable for 2D temperature measurements through use of detector equipped with an image 
doubling device (stereoscope) and interference filters3. BAM also has a very short lifetime, 2 µs 
at room temperature, decreasing to 10 ns at 1150 K, which enhances background discrimination 
and temporal resolution. BAM is therefore a strong candidate for temperature measurements and 
is particularly suitable for measurements on fast moving objects in hot environments such as gas 
turbine blades etc.4 Attempts have also been made to seed TP into gaseous flows. 

BAM has been investigated regarding spectral temperature dependence and temporal resolution. 
In gas-phase LIP measurements a laser beam is formed into a laser sheet in order to establish 
spatial resolution in the depth dimension. Doing so a high laser fluence (up to 1.5 J/cm2 in 
typical applications) can be produced which is necessary for achieving sufficient signal from the 
relatively diluted particle flow. When reaching higher fluences an obvious question is whether the 

                                                 
1 A. H. Khalid, K. Kontis, Thermographic Phosphors for High Temperature Measurements: Principles, Current State of the Art 
and Recent Applications Sensors 8, 5673-5744 (2008). 
2 G. Särner, M. Richter, M. Aldén, Investigations of blue emitting phosphors for thermometry, Meas. Sci. Technol. 19 125304 
(10pp) (2008). 
3 H. Seyfried, G. Särner, A. Omrane, M. Richter, M. Aldén, Optical diagnostics of a full-size fighter-jet afterburner, ASME 
GT2005–69058 (2005). 
4 S.W. Allison , G.T. Gillies, Remote thermometry with thermographic phosphors: Instrumentation and applications, Review of 
Scientific Instruments, 68(7) (1997) 2615-2650. 
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laser itself is heating the particles or not. This has also been investigated by recording 
phosphorescence spectrum at different laser fluences. 

Fig.  shows the emission spectrum of BAM at different temperatures. A 10 Hz pulsed Nd:YAG 
laser running at its third harmonic producing 355 nm radiation was used as excitations source. 
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Fig. 4.8.3. BAM emission spectrum at different 
temperatures when excited with 355 nm laser radiation. 

Fig. 4.8.4 Calibration of BAM for 2D measurements. The 
ratio of the intensities collected through the 400 nm ±20 nm to 
that collected through the 456 nm ±5 nm interference filters 
shows a significat temperature dependence. 

The spectral investigations reveals a blue-shift with increasing temperature. The emission peak 
wavelength remains at 440 nm, but the peak broadens towards the UV. In addition a small blue-
shift is also visible around 450 nm. Thus the ratio of the intensities through a 40 nm wide 
interference filter centered at 400 nm and a 10 nm wide interference filter centered at 456 nm 
respectively will show a temperature-dependence as shown in Fig. . 

Using these two filters in combination with a stereoscope, which enables double image recording 
using a single detector, 2D temperature images of a coated surface could be achieved. The ratio 
is derived by pixel-to-pixel overlapping the two images in every double image, and the calibration 
shown in Fig.  gives the temperature. 

For the temporal measurements, a stainless steel disc coated with BAM was placed in a high 
pressure/temperature burner rig and an ICCD-camera with a stereoscope equipped with the 
interference filters mentioned above was used. The coating was applied to 12 sectors, separated 
by uncoated regions, enabling detection of motion blur. The disc was spun at 21.000 rpm, 
resulting in a periphery speed of 100 m/s. At this speed phosphorescence measurements could 
be performed without motion blur, see Fig. 4.8.4. This is possible thanks to the short lifetime of 
the phosphorescence from BAM. This couldn’t be performed with previously used materials. 

For the fluence dependence measurements, a laser beam was illuminating a BAM-seeded air flow 
at room temperature. The phosphorescence signal, collected with a lens system into a 
spectrometer, was detected at different laser energies. Spectra were detected in a range of 
fluences from 0.15 to 1.5 J/cm2. The setup is shown in Fig. 4.8.4. In this experiment a special 
treated BAM batch was used, coated with Al2O3. This makes the powder less cumbersome in 
free flow applications, since it shows lesser tendencies sticking on surfaces. Spectral 
investigations at different temperatures show no indications of difference between BAM powder 
coated with Al2O3 and ordinary BAM powder. 
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Fig. 4.8.5. Part of image taken with stereoscope of a disc 
rotating at 21.000 rpm seen through the 456 nm 
interference filter. Despite the resulting periphery speed of 
100 m/s in the right part of the image, no indications of 
motion blur can be seen. 

Fig. 4.8.6. Setup for the fluence dependence experiment. 

Fig. 4.8.5 shows spectra recorded at different laser fluence. As can be seen, the spectra are 
completely overlapping showing no indication of temperature change, making the phosphor 
suitable for free flow applications using LIP. Fig. 4.8.6 shows the calculated ratio with respect to 
the transmission of the two interference filters as a function of laser fluence. 
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Fig. 4.8.7. BAM emission spectra at three different 
laser fluence. 

Fig. 4.8.8. Evaluated ratio with respect to the transmission of 
the 400 nm ±20 nm and 456 nm ±5 nm  interference filters, 
as a function of laser fluence. 

Other phosphors suitable for 2D measurements on fast moving object that has been investigated 
are ZnO:Zn and ZnO:Ga1. 

ZnO:Zn shows exceptional temperature sensitive line shifts, usable for very accurate 2D 
temperature ratio measurements. ZnO:Zn has two emission lines, one at 389 nm and the other 
at 510 nm. The green emission line has an emission decay time constant of about 1µs, whereas 
the UV-emission line at 389 nm has a time constant of less than 1 ns. In the present work a 10 
Hz pulsed Nd:YAG laser running on its third harmonic was employed, producing 355 nm light, 

                                                 
1 G. Särner, M. Richter, M. Aldén, Investigations of blue emitting phosphors for thermometry Meas. Sci. Technol. 
19 125304 (10pp) (2008). 
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with a pulse power of about 40 MW (18mJ/cm2), resulting primarily in UV phosphorescence 
and in only a small amount of green emission, the green being visible only at low temperatures. 
The peak wavelength of the UV-emission line has very strong temperature dependence and a 
basically linear red shift with an increase in temperature, see Fig. 4.8.9. 

 

Fig. 4.8.9. ZnO:Zn spectra as a function of temperature. 
A 10 Hz pulsed Nd:YAG laser at 355 nm was used as 
an excitation source. A small green emission peak at  around 
510 nm is visible at low temperatures. As the temperature 
increases the UV-emission line shows an increasingly red 
shift. 

Fig. 4.8.10. Temperature sensitivity calibration of 
ZnO:Zn and ZnO:Ga using an ICCD camera equipped 
with a stereoscope. The plot shows the ratio of a 390 ±5 
nm interference filter to either an edge long pass filter or a set 
of GG absorption high pass filters. 

Calibrations for 2D ratio measurements were made using an ICCD camera and a stereoscope. 
An interference filter at 390 ±5 nm was used for the short wavelength part. Two types of long 
pass filter sets were used for the long wavelength part of the ratio: a GG420 filter and a long- 

Fig. 4.8.11. ZnO:Ga spectra at 
different temperatures. The peak 
wavelength is strongly shifted to 
longer wavelengths. 

 

pass edge filter cutting at 441.6 nm. A dichroic mirror was used to reflect any 355 nm laser light 
propagating together with the signal. A short camera gate was used to discriminate against the 
long lived 510 nm emission line at low temperatures. Fig. 4.8. shows the ratios of the both the 
filter sets for both ZnO:Zn and ZnO:Ga, the latter described below. Standard deviations of 
about 1% were obtained at 800 K. At room temperature the standard deviation was negligible. 

When tested for temperature sensitivity, ZnO:Ga revealed an exceptionally large line shift, very 
similar to the one of ZnO:Zn, that could be used for obtaining accurate 2D temperature 
measurements. When excited by 355 nm radiation ZnO:Ga shows an emission peak at 386 nm at 
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room temperature. The lifetime of ZnO:Ga is very short, well below 1 ns and was in fact too 
short to be measured by use of a 35 ps long excitation laser pulse and a streak camera. Fig. 4.8.10 
show there to be a strong red shift in emission wavelength at higher temperatures. 2D ratio 
calibrations of the phosphor are shown in Fig. 4.8.11. 

4.8.3 Development of thermographic phosphors in free flow temperature 
measurements 

J.  Lindén, N. Takada1 and M. Richter 

The technique of using thermographic 
phosphors in free flow, enabling temperature 
cross section maps of gas volumes, is under 
development. It is of great interest applying this 
technique in combustions diagnostics, for 
example by studying the temperature 
distribution in the combustion chamber inside a 
combustion engine. Attempts have been done 
to seed BAM in the inlet air of an optical engine, 
equipped with an typical diesel bowl piston 
geometry. Fig. 4.8.12 shows an overview of the 
setup. A laser sheet produced by a 10 Hz pulsed 
Nd:YAG laser of wavelength 355 nm is guided 
into the combustion chamber through an 
optical liner. Two cameras where positioned on 
each side of the engine, detecting the 
phosphorescence signal through each of the two 
filters suitable for BAM. Since the picture from 
one camera was reversed relative the picture 
from the other camera, and both of the pictures 
where distorted by the piston geometry, 
reference grid images where recorded to achieve 
the necessary flat field compensation and pixel-to-pixel correspondence. 

The intensity from the picture taken through the 400 ±20 nm interference filter was divided by 
the intensity from the picture taken through the 456 ±5 nm interference filter, pixel by pixel. The 
resulting ratios where then converted into temperatures. Fig.  shows an example of a resulting 
temperature image. 

It should be noted that the application of thermographic phosphors in gaseous media is still in at 
novel stage. More work is required before this can be considered as readily available, especially in 
enclosed environments. An obvious question is, e.g. what implications might arise from high 
laser fluence in a free flow with seeded particles. 

                                                 
1 Division of Combustion Engines. 

Fig. 4.8.12 Sketch of experimental setup seen from the 
side (top) and from above (bottom). 
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For this purpose the same setup as shown in Fig. 4.8.13 
another phosphor, YAG:Dy, sensitive in a range of 400 K 
to 1700 K, was illuminated with laser light of wavelength 
355 nm and by focusing achieving a range of fluences. 
Fig. 4.8.14 shows the spectrum recorded at approximately 
2 J/cm2, which is very similar to a normal emission 
phosphorescence spectrum of the phosphor at room 
temperature. Fig. 4.8.15 shows the emission spectrum 
with laser fluence of approximately 8 J/cm2. As can be 
seen this is a totally different photo dissociation 
spectrum, probably due to break down of the crystal 
structure of the individual phosphor particles. 

This fluence is far more than that used in conventional 
LIP applications. Most LIP applications are limited below 
even 2 J/cm2 in any case, due to the risk of optical 
components damaged. Since the spectrum from this 
fluence indicate no tendency of break down of the 
particles, it is assumed that free flow measurements are 
not limited by high laser fluence, in the aspect of 
breakdown. 
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Fig. 4.8.14. Normal phosphorescence spectrum of 
YAG:Dy 

Fig. 4.8.15. Photo dissociation emission spectrum. 

 

Fig. 4.8.13. Temperature distribution image 
of a cross section area inside the optical bowl 
piston. Timing -36 deg ATDC (324 
CAD). 
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4.9 Low-swirl flame activities 

4.9.1 Laser diagnostics of velocity and scalars and Large Eddy Simulations in a 
low-swirl flame 

P. Petersson, R. Collin, A. Lantz, M. Linne, M. Aldén , K-J. Nogenmyr1, X.S. Bai1, C. Fureby2 
Lean-premixed low swirl flames are suitable benchmarks for testing state-of-the-art numerical 
simulations such as Large Eddy Simulation (LES). A low swirl burner, see Fig.4.9.1, was studied 
during a joint effort between TU Darmstadt, LTH Lund, FOI, and Lawrence Berkeley 
Laboratories. For the LES verification, the inflow boundary condition has been mapped using 3-
component Particle Image Velocimetry (PIV) (see e.g. Fig.4.9.2). In addition Laser Doppler 
Velocimetry (LDV) has been applied at several points in the flow field in order to probe flame 
dynamics such as local velocity and turbulence intensity. Flame front location, flow-flame 
interaction and evaluation of conditional velocities across the flame front were extracted from 
simultaneous two-dimensional Laser-Induced Fluorescence (LIF) from OH and PIV 
measurements, see Fig.4.9.3. In addition temperature measurements have been performed using 
the filtered Rayleigh scattering technique. The experimental data are used to compare two 
different LES models; one based on level-set G-equation and flamelet chemistry, and the other 
based on finite rate chemistry with reduced kinetics. The LES and experimental data reveal 
several interesting features of the low swirl flame such as the W-shape at the leading front, the 
highly wrinkled fronts in the shear layers, and the existence of extinction holes in the trailing 
edge of the flame. 

 

  

Fig. 4.9.1. Left: Low-swirl burner swirl-arrangement viewed from above with the 
surrounding perforated co-flow region. Right: The low-swirl flame stabilized above the nozzle. 

 

                                                 
1 Division of Fluid Mechanics, Lund University, Lund, Sweden 
2 Defense Security Systems Technology, The Swedish Defense Research Agency – FOI, Stockholm, Sweden 
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Fig. 4.9.2. Left: The time-averaged axial velocity field at the nozzle exit from the PIV measurements. The shape 
of the outlet profile corresponds to the eight vanes in the swirler (see Fig.4.9.1).  Right: The phase averaged PIV-
field used as boundary condition for LES. 

 

 

Fig. 4.9.3. Evaluation of conditional data (across the flame front) from simultaneous PIV (velocity vectors) and OH-
LIF measurements. The black contour marks the beginning of the OH-radical. OH is created during combustion and 
the black contour approximately marks the structure and position of the flame front. In this case acceleration across the 
flame front occurs due to thermal expansion in the flame. 

 

Burnt

Un-burnt

0.41m/s 

0.48m/s 

(a) (b) 
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4.9.2 Simultaneous measurements of the OH-radical, Fuel-distribution and the 
velocity field in a low-swirl flame 

P. Petersson, R. Collin, A. Lantz, M. Linne and M. Aldén 
Simultaneous measurements of e.g. the velocity field, fuel distribution, and radicals (eg. 
combustion produced radicals such as OH and CH or combustion pre-cursers e.g. H2CO) can 
give important information about flame stabilization mechanisms, local distribution of heat 
release and how the flame interacts with the fluid flow. This overall understanding is of vital 
importance for e.g. developing and interpreting simulation models. 

 

Fig. 4.9.4. The schematic experimental set up for the simultaneous PIV and OH-LIF measurements. 
With and additional intensified camera and filters also e.g. the fuel distribution can be measured. 

 

   

Fig. 4.9.5. Left: A combined acetone-LIF (fuel-tracer, green color) and OH-LIF (burnt, Red-color) image of the low-
swirl flame. Center: The black no-signal region marks the reaction region. Right: The flame front marked using the 
gradient of the OH signal. 

Simultaneous acetone (fuel tracer)-, OH- laser induced fluorescence (LIF) and particle image 
velocimetry (PIV) measurements were for the first time performed in a turbulent low swirling 
stratified premixed flame. Fig. 4.9.4 shows an example of a relevant experimental set-up for this 
type of measurements (an additional camera can be used). A laser at 283 nm were used for both 
the acetone- (seeded in to the premixed lean methane/air flow) and OH-LIF measurements. 
Two image-intensified CCD detectors (LaVision, Flamestar II) equipped with Nikkor UV lenses 
(f=105mm, f#=4.5) and appropriate filters (WG 345, SP500) were used to collect the LIF 
signals. For PIV measurements, a double pulsed Nd-Yag laser operating at 532 nm were used as 
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a light source. MgO particles with a mean diameter of 2µm were added to the flow to serve as 
flow tracers. When combining the two images (OH and acetone) a thin black region (no signal = 
black) between the acetone- and the OH-signal is clearly visible. Acetone (here acting as our fuel 
tracer) starts to decompose in the preheat layer and is totally decomposed at temperatures above 
1000K - thus the edge of the acetone fluorescence signal corresponds to the edge of the 
unburned zone. The OH-radical is a post-flame species and peaks in the burned side where the 
temperature reaches a maximum. Thus, the black region in the combined images (Fig. 4.9.5, 
center) can be reasoned to be a good marker of the reaction region. The combined PIV/LIF 
images (e.g. Fig.4.9.6) revealed that large scale vortex structures (in the outer shear layer) had an 
important influence on the flame stabilization mechanism. Further, pockets of unburnt reactants 
were occasionally detected above the local flame front. In the outer region of the flow the 
entrainment of air was shown causing dilution of the methane/air mixture finally causing 
extinction. For each investigated flame condition 500 joint PIV, OH-LIF and fuel-LIF sequences 
were collected in order to generate statistics. 

 

  

Fig. 4.9.6. A combined PIV (velocity field), acetone-LIF (fuel-tracer, green color) and OH-LIF (burnt, Red-color) 
image of the low-swirl flame. A pocket with unburnt fuel and an island of OH below the main flame are captured in 
the image, indicating the complex flame structure. 
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4.10 Engine measurements 

4.10.1  High-speed video investigations of a truck-sized Diesel engine 

R. Collin, H. Seyfried, M. Richter, U. Aronsson1, C. Chartier1 and R. Egnell1 
Measurements were performed employing a Phantom v.7.1 high-speed video system to the 
truck-sized Scania engine. The aim was to perform cycle-resolved, line-of-sight diagnostics of the 
combustion in a parametric study where the engine was running at different operating conditions 
varying the injection pressure, the boost pressure, and the size of injection nozzle. A secondary 
aim was to investigate the potential of the high-speed video system for more advanced engine 
investigations. Recordings of OH chemiluminescence combined with simultaneous detection of 
luminescence from hot soot using a stereoscope were acquired with the system. Another 
investigation was focused on spectral investigation of the cycle-resolved natural luminescence 
using the high-speed video system combined with a spectrometer and thereby evaluate the 
feasibility of using a band-pass filter for OH detection. Finally, cycle-resolved high-speed video 
recordings of two-color pyrometry were performed in order to deduce temperature information 
from the burning fuel sprays. 

OH luminescence and simultaneous OH and natural luminescence using a stereoscope 

Table 1 summarizes the different measurement conditions with varying injection pressure that 
were executed for the fixed boost pressure of 2 bar. For the simultaneous recordings using a 
stereoscope, one channel was equipped with a band-pass filter for OH chemiluminescence and 
the other channel was recording the un-filtered natural luminosity (soot, CH, etc.). 

Table 1. Measurement cases for the high-speed video recordings using OH filter and the recording 
using stereoscope, with OH band-pass filter (310nm) and natural luminosity in different channels. 

Boost pressure Engine operating 
condition 

2 bar 2 bar 

1400 bar OH+Nat.L.* OH 

1700 bar OH+Nat.L. OH 

Inj. Pressure 2000 bar OH+Nat.L. OH 

Nozzle: 

Frame rate: 

Small & large nozzle 

9 kHz 

Small nozzle 

36 kHz 

(1 spray only) 

Small nozzle: 0.10 mm, large nozzle: 0.14 mm 
* measured using only small injection nozzle 

Fig. 4.10.1 shows an example frame from a high-speed video recording of the simultaneous OH 
(310 nm band-pass) and unfiltered luminescence signals. The injection pressure for this case was 
2000 bar, a small injection nozzle was used, and the boost pressure was 2 bar. 

                                                 
1 Involved from Div. of Combustion Engines. 
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Fig. 4.10.1. One single frame from of a high-speed video recording of simultaneous OH 
(band-pass filtered) to the left and unfiltered luminescence (to the right) using a 
stereoscope. 

The operating condition in Fig. 4.10.1 is a sooty case and since the Plank radiation from soot has 
a broad spectral distribution the signal detected through the OH filter does not necessary have to 
originate only from OH but may also originate from the soot radiation. By using the stereoscope 
to visualize the signal detected through the OH filter and comparing it to the signal detected 
through the channel without any filters (which signal is dominated by the radiation from soot) 
makes it easy to distinguish what part of the “OH signal” that is originating from soot radiation 
and what part is actually originating from OH luminosity. As an example, the “legs” close to the 
nozzle probably originate from OH luminosity. This observation is based on the comparison of 
the OH frame with the reference image to the right containing the unfiltered luminosity where 
these “legs” close to the nozzle are not that pronounced. By comparing the OH signal with the 
reference signal, exemplified in the frame in Fig. 4.10.1, it can be interpreted that OH seems to 
surround the sooty parts as a shell. It should be noted however, that the image discussed is 
detected using a line-of-sight technique and is not a 2D measurement using a laser diagnostic 
technique which makes the interpretation less certain. 

In Fig. 4.10.2, two selected frames from different spectra recorded with the high-speed video 
system combined with a spectrometer are shown. On top a spectrum recorded without any 
filters is shown, and below, the spectrally resolved signal for the same engine condition is shown, 
but with the OH filter applied. 

 
Fig. 4.10.2. Two selected 
spectra obtained during 
combustion. On top, spectra 
obtained without the use of 
any filters, and below, spectra 
obtained applying the OH 
filter. 

 

The two spectra, showed in Fig. 4.10.2, are both recorded during combustion and with the same 
engine operating condition. The spectrum on top is recorded without the use of filters and is 
thus mostly showing signal from hot soot. For the shortest wavelengths presented (<330 nm) 
the intensity of the signal is enhanced in order to better see the lines from OH that are weakly 
seen in the region of 310 nm. As can also be seen, the blackbody radiation from soot reaches 
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these short wavelengths and interferes with the OH lines. This implies that signal from soot 
radiation may also be detected trough the OH filter. The spectrum in bottom of figure 5 shows 
the recorded signal with the use of the interference filtering for OH and all signals outside the 
wavelength region of the filter is discriminated as should be the case. The conclusion drawn 
from this investigation is that OH is detectable with the equipment, however, care must be taken 
with the interpretation of the signal, especially under sooty conditions, since the signal detected 
through the filter for OH not necessary needs to originate from OH luminescence alone, but is 
more likely to have the origin also from blackbody radiation from soot. By using the stereoscope 
to compare the visualized signal through the channel equipped with filter for OH with unfiltered 
luminosity through the reference channel (mainly dominated by signal from soot for the sooty 
conditions) it is possible to identify the signal that corresponds to OH luminosity and the signal 
that does not. Areas that show signal in the OH image but not in the unfiltered image are 
considered to origin from excited OH radicals. 

High-Speed Two-Color Pyrometry 

Two-color pyrometry has been carried out using the high-speed video system and was applied to 
the truck-sized diesel engine operating in sooty conditions. The technique was proved to work 
well for this case. However, earlier experiences from significant less sooty operating conditions, 
using a car-sized diesel engine, showed that the blackbody radiation from soot was not sufficient 
luminous under those engine conditions to be detected by the high-speed video system, at least 
not without using an image intensifier. 

The two-color pyrometry measurements were carried out as a parametric study where the 
injection pressure, the boost pressure, the size of nozzle, and the injection timing were varied. 
Table 2 summarizes the different engine operating conditions where the injection pressure, the 
boost pressure, and the size of nozzle were investigated with the two-color pyrometry technique, 
and in table 3 the conditions where the injection timings were varied are presented. 

Table 2. The engine operating conditions where the injection pressure, the boost pressure 
and the size of nozzle were varied while the two-color pyrometry technique was applied. 

Boost pressure Engine operating 
condition 

1.8 bar 2.0 bar 2.2 bar 

1400 bar √ √ √ 

1700 bar √ √ √ 

Inj. Pressure 2000 bar √ √ √ 

Nozzle: Small & large Small & large Small & large 

Small nozzle: 0.10 mm, large nozzle: 0.14 mm 
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Fig. 4.10.3. Two 
frames selected from 
the two-color 
pyrometry high-speed 
video recordings. (To 
the left: small 
injection nozzle, to 
the right: large 
injection nozzle) 

Fig. 4.10.3 shows two examples of frames from the high-speed video recordings of the two-color 
pyrometry measurements. The injection pressure for both conditions was 2000 bar and the boost 
pressure was 2 bar. For the frame to the left in the figure, a small injection nozzle was used, and 
to the right a large nozzle was used. 

4.10.2  Studies of smoke-less spary combustion in a Diesel engine, using 
combinations of OH-LIF, 355nm-LIF and LII 

R. Collin, H. Seyfried, M. Richter, U. Aronsson1, C. Chartier1 and R. Egnell1 
An extensive measurement campaign, using three different laser-diagnostic measurement 
techniques (OH-LIF, 355nm-LIF, and LII), high-speed video, and chemi-luminescence was 
conducted. The aim of the investigations was to study the lift-off region of the burning spray in 
the truck-sized Scania diesel engine. Three different operating conditions were investigated, with 
emphasize at case A and C. The laser-diagnostics were performed by simultaneously apply two 
measurement techniques which gives three possible measurement combinations as can be seen in 
table 1. 

Table 3. Operating conditions and measurement techniques used during lift-off measurements. 

  Case A, standard 

No EGR,  21% O2 

17 CAD 

Pinj = 1700 bar 

Case B  

EGR, 17.2% O2 

17 CAD 

Pinj = 1250 bar 

Case C 

EGR, 17.6% O2 

17 CAD 

Pinj = 1700 bar 

OH & 355nm-LIF 

Chem. 

X 

- 

X 

X 

X 

X 

OH & LII 

Chem. 

X 

X 

- 

- 

X 

X 

355nm-LIF & LII 
Chem. 

X    +24,28 CAD 

- 

- 

- 

X +24,28 CAD 

- 

HSV X - X 

                                                 
1 Involved from Div. of Combustion Engines 



72 CHAPTER 4. LASER TECHNIQUES FOR COMBUSTION DIAGNOSTICS 

A close-up of the laser-sheet alignment for the imaging techniques can be seen in figure 1, 
showing the laser-sheet position relative the combustion chamber and the spray direction. The 
laser sheet was tilted in the horizontal plane in order to intersect with the spray central axis. The 
detection region, when visualizing from beneath, is shown by the marked rectangle. 

Examples of single-shot measurements for case A can be seen in Fig. 4.10.3. OH-LIF is 
represented by blue, 355-nm LIF (termed Partially Oxidizes Fuel (POF) in the figure) by green, 
and LII (soot) by red. Generally no soot is found in the volume covered by the laser sheet. 
However, soot was found on the piston and cylinder head. The inevitable conclusion is that soot 
is most probably formed more downstream of the spray and close to the surfaces. 

355nm-LIF, showing areas with intermediate species 
such as formaldehyde, is found inside the borders 
with OH-LIF signal that is surrounding the spray, 
but surprisingly no signal from 355nm-LIF is found 
upstream of the reaction zone. The signal from 355-
nm LIF is in addition buried in a background from 
natural luminescence originating from radiating soot 
distributed below the laser-sheet, in the bowl. This 
makes it difficult to judge what is LIF signal from 
the spray and lift-off region, and what is not. 
Especially in the measurement situation without the 
guidance from any OH-LIF. When comparing case 
A with case C it seems that the reactions are more 
pronounced around the spray in case A (without 
EGR), whereas in case C they appear more distributed. 

 

Fig. 4.10.4. Examples of single-shot measurements for case A. OH-LIF is represented by blue, 355-nm LIF 
(termed POF in the figure) by green, and LII (soot) by red. 

 

Fig. 4.10.3. Laser-sheet alignment and position 
relative to the combustion chamber and the direction 
of the sprays. The detection region is shown by the 
marked rectangle. 
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The results from this campaign have been summarized and a paper titled, “Analysis of Smokeless 
Spray Combustion in a Heavy-Duty Diesel Engine by Combined Simultaneous Optical 
Diagnostics”, is accepted for publication at the 2009 SAE world Congress. 
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4.11 PF-LIF H2O2 and HO2 measurements 

4.11.1  Photofragmentation laser-induced fluorescence for hydrogen peroxide 
concentration measurements 

O. Johansson, J. Bood, M. Aldén and U. Lindblad1 
Many molecules have only weakly or non-fluorescing excited electronic states because of a large 
degree of internal energy transfer or because the excited state is unbound or has a very long 
lifetime. Hence, conventional laser-induced fluorescence (LIF) cannot be used for detection of 
such species. One example of such a species is hydrogen peroxide (H2O2). Hydrogen peroxide is 
commonly used for sterilization of food packages. In most situations the sterilization conditions 
have been determined empirically. The traditional method of evaluation, microbiological testing, 
is time consuming and expensive. In a bilateral project aiming at increased knowledge about the 
sterilization process, the Div. of Combustion Physics and Tetra Pak Packaging collaborate on 
development of a method capable of measuring H2O2 concentration, namely 
photofragmentation laser-induced fluorescence (PF-LIF). 

 

Fig. 4.11.1. Basic principle of PF-LIF detection of hydrogen peroxide. 

The PF-LIF technique is based on laser photolysis of larger molecules into less complex 
fluorescent fragments, from which the parent molecule can be detected. The experiments are 
performed using two different lasers in a pump-probe fashion. The first laser (pump) 
photodissociates the parent molecule and produce fragments. The second laser (probe) generates 
fluorescence from the fragments and this radiation is the signal to be detected. Thus, PF-LIF 

                                                 
1 Tetra Pak Packaging Solutions, Ruben Rausings gata, 221 86 Lund 
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provides a means for indirect detection of H2O2 by detection of the OH fragments produced by 
photodissociation of the H2O2 molecules. The method is schematically described in Fig. 4.11.1. 

A pulse from a frequency-
quadrupled Nd:YAG laser 
(266 nm) dissociates the H2O2 
molecule into two OH 
fragments. A second laser 
pulse, from a frequency-
doubled dye laser, is tuned to 
an absorption line of OH and 
excites the fragment. The 
fluorescence emitted from the 
OH fragment (309 nm) upon 
deexcitation is detected. The 
intensity of the fluorescence is 
dependent on the H2O2 
concentration. 

Measurements have been 
performed in a free flow of 
vaporized H2O2 generated by 
bubbling nitrogen gas through 
various H2O2/H2O solutions. Fig. 4.11.2 shows a measured excitation spectrum (2 µs time delay 
between photolysis and probe pulses) together with a fit based on spectra simulated in 
LIFBASE1. The fit corresponds to a temperature of 310 K, i.e. in reasonable agreement with the 
actual temperature in the laboratory (297 ± 2 K). An appropriate excitation wavelength for the 
following PF-LIF measurements was also determined from the excitation scans. The combined 
peak of the Q1(3) and the Q21(3)-transitions (Hund’s case b) at ~282.25 nm was selected due to 
its high intensity. 

  

Fig. 4.11.3 PF-LIF signal vs time delay between 
photolysis and probe pulse. 

Fig. 4.11.4. PF-LIF signal vs H2O2 vapor concentration. 
The red line corresponds to a linear fit to the data points. 

With the probe laser tuned to the Q1(3)-line, PF-LIF signals were recorded for different time 
separations between the photolysis and probe laser pulses, ranging from 0 to 400 µs. The result 
of this study is shown in Fig. 4.11.3. Each measurement point is an average of 600 single shots. 

                                                 
1 J. Luque and D.R. Crosley, LIFBASE: Database and Spectral Simulation Program (Version 1.5), SRI International 
Report MP 99-009 (1999). 

Fig.4.11.2. Excitation scan of OH A-X (1-0). 
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For PF-LIF measurements using a fixed time delay, it is clear from Fig. 4.11.3 that using a time 
delay on the order of a few hundred nanoseconds is appropriate, because the OH ground state 
population is thermal and it yields maximum signal. 

The PF-LIF signal was measured for different 
H2O2/H2O solutions in the bubbler. Fig. 
4.11.4 shows measured signal intensity vs H2O2 
vapor concentration (calculated from vapor 
pressures of Schumb et al.1). As can be seen in 
the figure, the PF-LIF signal is linearly 
proportional to the H2O2 concentration. 

Two-dimensional imaging has been performed 
by forming the laser beams to sheets and 
detecting the fluorescence using an intensified 
CCD-camera. Fig. 4.11.5 shows a single-shot 
H2O2 PF-LIF image recorded just above the 
bubbler flask. The imaged area is 45 mm 
(width) × 35 mm (height). The rectangle in the 
lower part of the image corresponds to 
fluorescence from the top of the bubbler flask. 

The project is financially supported by Tetra Pak and the Swedish research council (VR). 
Preliminary results have been published at [O. Johansson, J. Bood, M. Aldén, and U. Lindblad, 
Appl. Spectr. 62, 66 (2008).] 

4.11.2  Photofragmentation Laser-Induced Fluorescence Imaging of Hydroperoxyl 
and Hydrogen Peroxide in Flames 

B. Li, O. Johansson, Z.W. Sun, Z.S. Li, J. Bood and M. Aldén 
Hydroperoxyl radical (HO2) and hydrogen peroxide radical (H2O2) are elusive but crucial 
intermediate species in various oxidation processes, such as atmospheric chemistry, combustion 
and plasma chemistry. In combustion for instance, the formation of HO2 from H2 and O2 is the 
only important initiation reaction at moderate temperatures. The decomposition of H2O2 into 
two OH radicals has been indentified as the triggering ignition reaction in homogeneous charge 
compression ignition (HCCI) engine. And reactions related with them are pivotal in low 
temperature combustion such as autoignition and engine knock. Thus, detecting their 
concentration and distribution has since long time ago been an important but challenging task 
owing to their low concentration and short lifetime. Different techniques have been applied to 
detect them.  

This work presents, for the first time, a 2D detection of H2O2 and HO2 radicals in flames. The 
experimental setup is shown in Fig. 4.11.6. A fourth harmonic laser (266 nm) was firstly 
generated for HO2/H2O2 photodissociation by an Nd:YAG laser (Quantel Brilliant b) equipped 
with a fourth harmonic package, which was then frequency mixed with the fundamental 
frequency (1064 nm) in the frequency mixing crystal to generate the fifth harmonic (212.8 nm). 
After Pellin-Broca prism, the fourth and the fifth harmonic lasers were separated and directed 
through attenuators, respectively. The attenuator for the 266 nm beam consisted of a half-wave 

                                                 
1  W.C. Schumb, C.N. Satterfield, and R.L. Wentworth, Hydrogen Peroxide (Reinhold Publishing Corporation, New 
York, NY, 1955). 

Fig. 4.11.5. Single-shot PF-LIF image of H2O2 
concentration. The rectangle in the lower part of the image 
corresponds to fluorescence from the top of the bubbler flask.
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plate followed by a polarizing beam-splitter cube, while the attenuator for the 212.8 nm beam 
was a regular one with two rotational quartz plates setup. The maximum pulse energy was 
around 12 mJ and 0.9 mJ for 266 nm beam and 212.8 nm beam, respectively. 

Nd:YAG pumped dye laser

Nd:YAG laser2w4w

PB

HRHR

DC
Burner

FM

l /2

PBS

Att

ICCD

CL

212.8 nm

266 nm

283 nm

Fig. 4.11.6. Experimental setup. FM, frequency mixing crystal; PB, Pellin-Broca prism; HR, high reflection 
mirror at 266 nm; λ/2, half-wave plate; PBS, polarizing beam-splitter cube; Att, attenuator; DC, dichroic 
mirror; CL, cylindrical lens. 

Detection of OH fragments generated in the photolysis process was done through laser-induced 
fluorescence (LIF). The laser adopted was a frequency-doubled dye laser (Continuum ND60) 
operated on Rhodamine 590. It was pumped by the second harmonic of a Nd:YAG laser 
(Continuum NY82). The dye-laser was tuned to the Q1(5) transition, and was overlapped onto 
the 266 nm beam by the use of a dichroic mirror. The 212.8 nm beam was elevated somewhat 
above the two other beams and then directed via a quartz prism so that it overlapped the other 
two in the flame. Laser sheets were formed using a 300 mm cylindrical lens. 

Whenever the 266 nm beam was used, 
the 212.8 nm beam was blocked and vice 
versa. The time separation between 
photolysis and probe was 500 ns. After 
optical filters (Scott, UG11 and WG305), 
the LIF signal was collected by an 
objective (B-halle UV, 100 mm, f/2) and 
then imaged on an ICCD camera 
(Princeton PI-MAX, 512x512). Each 
image was accumulated 500 times (5 on-
chip accumulations and 100 software 
accumulations). Typically, one image was 
recorded with both probe beam and one 
of the photolysis beams active, directly 
followed by another image recorded as 
background with probe beam active only. 
The background image was then subtracted from the previous image. Hence, the signal 
originating from the photolysis was obtained. Signal was recorded for different photolysis laser 
energies adjusted by attenuators. 

A specially designed piloted coaxial jet burner, as shown in Fig. 4.11.7, was employed in this 
experiment. The burner consists of two coaxial tubes with 22 mm and 2.2 mm in diameter for 
the outer and inner tube, respectively. Between the inner and outer tube, a ceramic flame holder 
with squared holes of 1 mm in side length is inserted. Both the inner and outer tubes were fed 

CH /air

(inner)
4CH /air

(outer)
4

ceramic
holder

Φ i=2.2mm

Φo=22mm

 
(a) 

 
(b) 

Fig. 4.11.7. (a) Piloted coaxial jet burner configuration; and (b) 
premixed laminar flame on the burner.  
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independently with premixed CH4/air mixtures of equivalence ratio equal to 1. The gases are 
controlled by independent mass-flow controllers (Bronkhorst, EL-flow), and the flow rate for 
inner and outer tube is 12 m/s, and 0.4 m/s, respectively. A stable, premixed laminar flame was 
then stabilized on the burner. 

Typical PF-LIF images are shown in Fig. 4.11.8 (The images position is indicated by the white 
rectangle in Fig. 4.11.7(b)). The images present OH distribution in the flame. Fig. 4.11.8(a) was 
obtained with both photolysis laser (266 nm) and probe laser (283 nm) being used. Fig. 4.11.8(b) 
was acquired with only probe laser on. And Fig. 4.11.8(c) resulted from the subtraction of (a) 
minus (b). And cross-section plots of (a), (b), and (c) were presented in Fig. 4.11.8(d), which 
were achieved along the horizontal direction in the images (indicated by the white arrows), with 
20 vertical pixels being taken into account. 
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Fig. 4.11.8. Image (a) is a typical PF-LIF image of 1500 times of accumulation obtained with both photolysis and 
probe lasers being used; image (b) was acquired with only probe laser on; and image (c) resulted from the subtraction of 
(a) minus (b). Cross-section plots of (a), (b), and (c) were presented in (d). 

In Fig. 4.11.8, it is hard to tell the difference between image (a) and image (b), while their 
subtraction leads to two clear symmetric strips in image (c). The reason is that HO2 and H2O2 
radicals were photodissociated by photolysis laser, and contributed extra OH radicals to the 
flame. The probe laser can’t distinguish these extra OH radicals from the background OH 
radicals originated from burning, and then both OH LIF signals were captured by ICCD camera. 
In order to extract HO2/H2O2 related OH LIF signal, we subsequently gained background OH 
LIF signal by blocking the photolysis laser. Then after subtraction, two OH LIF strips stemming 
from HO2 and H2O2 showed up. This region corresponds to the preheat zone and the beginning 
of the reaction zone. The difference between Fig. 4.11.8(a) and (b) can be seen in Fig. 4.11.8(d). 
There, curve-(a) is slightly higher than curve-(b) at the positions of radial distance equaling to ±1 
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mm, which correspond exactly to the two symmetric peaks in curve-(c). Each peak combines 
both contributions from HO2 and H2O2, so it is necessary to separate them apart. 

In this work, the 2D imaging of HO2/H2O2 radicals has been achieved in methane/air flames by 
subtracting background OH LIF signal from PF-LIF images. In the further efforts, mole fraction 
ratio of HO2 and H2O2 in the flame will be investigated since they are overlapping at preheat 
zone and reaction zone. More experiments will be performed with a different photolization 
beam the fifth harmonic laser (212.8 nm) and the results will be compared with the simulations 
by GRI 3.0 mechanism.  
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4.12 Resonant-enhanced 4-wave mixing techniques 

4.12.1   High resolution spectroscopy of CH in a low pressure flame 

J. Kiefer1, Z.S. Li, J. Zetterberg, M. Linvin and M. Aldén 
Due to the feature of non-intrusive diagnostics laser based techniques are broadly applied in 
combustion science for studies of minor species. Among these techniques laser-induced 
fluorescence (LIF) is one of the most established ones for the detection of intermediates. 
However, for high resolution spectroscopy its applicability is limited since Doppler broadening, 
which is strong in combustion processes due to high temperatures, eliminates the resolving of 
transitions that are spectrally close to each other even at low pressure. In contrast, laser-induced 
polarization spectroscopy (PS) provides the possibility of sub-Doppler measurements utilizing a 
velocity-selective excitation approach. 

CH as combustion intermediate 

In general, the CH radical is a crucial trace species in all hydrocarbon combustion processes, e.g., 
in modern internal combustion engines and gas turbines. It takes part in the decomposition 
reaction of the primary fuel and acts as a key species within the formation of nitrogen oxide via 
the prompt NO mechanism. Furthermore it is widely used as a flame front marker for the 
investigation of turbulent flame structures. CH has been studied by a large number of different 
techniques, e.g., laser induced fluorescence, cavity ring-down absorption spectroscopy, two-color 
resonant four-wave mixing, degenerate four-wave mixing and tunable diode laser absorption. 
However, polarization spectroscopy has not been applied to CH detection so far, even though it 
is a common technique for the investigation of combustion intermediates like, e.g., OH, C2, 
CH3, NO and atomic H using excitation approaches in different spectral regions. Moreover PS 
is relatively easier to apply compared to other nonlinear optical techniques since no phase 
matching is required, hence, the experimental alignment is straightforward. 

In this work the simultaneous application of LIF and sub-Doppler PS to the CH radical is 
demonstrated. By using both techniques at the same time spectra were recorded under identical 
experimental conditions. This enables a comparison between both methods. In particular 
saturation behaviours as well as line broadening due to different pump pulse energies are 
investigated. 

Measurement principles and experimental setup 

As already mentioned LIF is one of the most common techniques in the field of combustion 
diagnostics. It can be understood as an absorption process followed by emission. Regarding the 
CH radical there are two electronic transitions, A2Δ-X2Π and B2Σ--X2Π, which are usually excited 
for LIF applications in the near ultraviolet and visible spectral range. In the experiments 
presented here excitation around the R2(5) transition of the B-X(0,0) band was made near 387.3 
nm and broadband fluorescence from the B-X(0,1), A-X(1,1) and A-X(0,0) bands overlapping at 
around 431 nm was collected. The fluorescence emission caused by population of the A state is 
due to electronic energy transfer from the B state. This approach allows sufficient suppression of 
the elastically scattered light by a simple color glass filter (Schott GG-400). 

                                                 
1 Lehrstuhl für Technische Thermodynamik, Universität Erlangen – Nürnberg, Am Weichselgarten 8, D-91058 
Erlangen, Germany 
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In contrast, laser-induced PS is a nonlinear optical technique. In a typical PS setup, two laser 
beams, a comparatively strong pump beam and a weak probe beam, of the same frequency tuned 
to an optical transition of the target species, are overlapped at the interrogated region. The 
optical pumping with either linearly or circularly polarized light produces an optical anisotropy in 
the gas sample. This induces birefringence and dichroism, which lead to a respective rotation and 
ellipticity of the polarization state of the probe beam. It can be detected using crossed polarizers 
in the probe beam on opposite sides of the crossing point. In this work circularly polarized light 
was used in order to emphasize spectral lines belonging to transitions from the R-branch. 

Fig. 4.12.1. Schematic of the 
experimental setup. SL, seeding laser; 
BS, beam splitter; M, mirror; FP, 
Fabry-Perot etalon; FD, frequency 
doubling crystal; PB, Pellin-Broca prism; 
P, polarizer; A, analyzer; PMT, photo 
multiplier tube; λ/4, quarter-wave plate; 
IF, interference filter; RS, Raman shifter; 
the output of the different detection devices 
to the digital oscilloscope is indicated as 
Channel Ch1…4. 

 Fig. 4.12.1 shows a schematic of the experimental arrangement. A pulsed alexandrite laser was 
operated single-mode using a tuneable external cavity diode laser for injection seeding. The laser 
has a spectral band width of around 50 MHz, pulse duration 120 ns and pulse energy 200 mJ in 
the fundamental output. The weak reflection from a beam splitter was sent through a Fabry-
Perot etalon whose transmission curve was detected by a photo diode (indicated as Ch1) and 
utilized as a relative frequency marker during the scanning procedure. The transmitted beam 
after the beam splitter was frequency doubled and split into a strong pump beam and a weak 
probe beam for polarization spectroscopy. The pump beam was polarized circularly by a quarter-
wave plate in order to enhance the R-branch PS signals. The probe beam was polarized linearly 
by a BBO Glan polarizer before the low pressure burner. A second crossed polarizer was placed 
in the probe beam acting as analyzer after the object of investigation. Both collimated beams 
with a diameter of 1 mm were superposed at an angle of 6° in a counter propagating geometry in 
order to achieve Doppler-free PS spectra. The PS signal was detected by a photo multiplier tube 
(PMT) (indicated as Ch2). Due to the resonant excitation by the pump beam laser-induced 
fluorescence emission occurred at the same time and was collected by a 50 mm focal length lens 
and detected by another PMT (indicated as Ch3). The residual of the fundamental laser beam 
after the second harmonic generation was separated from the frequency doubled radiation and 
used to pump a hydrogen Raman shifter. The resulting first anti-Stokes shift radiation at around 
585 nm was sent through a cell filled with molecular iodine to generate LIF emission which was 
collected by another 50 mm focal length lens and detected by a third PMT (indicated as Ch4). 
Since iodine is a well known molecule with a very dense spectral structure that can be calculated 
quite easy, it was used to obtain the frequency scale. The outputs of all detection devices were 
recorded, time-integrated and stored in a 3 GHz bandwidth digital oscilloscope. 

CH was produced in a methane-oxygen flame established on a low pressure McKenna burner at 
60 mbar. The equivalence ratio was set φ=1.34, since one can expect a large amount of CH in 
the inner reaction zone for this stoichiometry. 
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 Fig. 4.12.2 shows the curves obtained 
simultaneously. The individual channels indicated 
as Ch1…4 in Fig.1 are illustrated in Fig. 4.12.2 
a)-d), respectively. Fig. 4.12.2a) shows the 
transmission curve of the Fabry-Perot etalon. 
One can see that the fringes are not equidistant 
due to nonlinearities in the scanning procedure. 
For the evaluation of the data the distance of the 
fringes is made equal by a polynomial fit in order 
to obtain a linear frequency scale. Fig. 4.12.2d) is 
the LIF excitation spectrum of molecular iodine 
where several lines can be observed within the 
scan of about 1 cm-1. Fig. 4.12.2b) and c) 
represent the Doppler-free PS signal of CH, 
whose line shape is obviously close to a pure 
Lorentzian profile, and the LIF signal of CH, 
whose line shape is close to pure Gaussian, 
respectively. 

Results 

The saturation behavior was examined by 
keeping the probe beam energy constant (the 
pulse energy was <10 nJ) and varying the pump 
pulse energies using an attenuator consisting of a 
half-wave plate and a Glan polarizer in the pump 
beam pathway. The laser wavelength was tuned 
to the centre of the R2(5) line. The saturation 
fluences were determined to be 70 and 5 J/cm2 
for LIF and PS, respectively. The difference 
between the saturation energies mainly comes 
from the different line broadening nature, namely 
inhomogeneous for LIF and homogeneous for 
PS. 

High resolution excitation scan spectra were 
obtained by scanning the laser over the whole 
R2(5) line with different pulse energy of the 
pump beam resulting in different fluences. The 
resulting line shapes at 237.5 J/cm2 are presented 
in Fig. 4.12.3 for the PS and LIF signals. On the 
left hand side PS spectra can be observed while the corresponding LIF spectra are shown on the 
right. In addition to the measured values indicated as grey dots a black line is plotted 
representing a best fit Voigt profile, which represents a convolution of Gaussian and Lorentzian 
shape. 

On the first look one can see that the PS line is much narrower. The PS spectrum could be fit to 
a pure Lorentzian profile, which emphasises the suppression of Doppler broadening, 
characterized by the Gaussian contribution. The PS line shape is a result of contributions due to 
collisional and power broadening, although collisional effects are weak because of the low 
pressure. The simultaneously recorded LIF spectrum looks close to a pure Gaussian profile; 
however, there is a small Lorentzian contribution. This can be attributed to collisional 
broadening. 

Fig. 4.12.2. Simultaneously recorded signals. a) Ch1 
(corresponding to Ch1 in Fig.1), transmission fringes of 
Fabry-Perot etalon; b) Ch2, PS signal of CH; c) Ch3, 
excitation LIF signal of CH; d) Ch4, excitation LIF 
signal of molecular iodine. Note that the wavenumber 
scale which is given for iodine is not linear. 
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Fig. 4.12.3. Line shapes of PS (left) and LIF signals (right) at a fluences of 237.5 J/cm2; the grey 
dots represent measured values; the black solid lines are fitted Voigt profiles 

4.12.2  Non-resonant pump-resonant probe 4-wave mixing 

Z.W. Sun, J. Kiefer1, Z.S. Li, B, Li and M. Aldén 
In general, nonlinear optical techniques, such as CARS and DFWM have been proven to be 
useful tools in many applications under harsh conditions like in internal combustion engines and 
other industrially relevant devices. However, suffering either from the fact of limited sensitivity 
in the case of CARS, due to the weak Raman resonance excitation, or from the strong saturation 
behaviour in the case of DFWM, both techniques have their limitations. Being a well known 
method for the determination of thermophysical properties of condensed phase matters, the 
laser-induced grating (LIG) technique has been developed for gas-phase diagnostics in recent 
years. Electrostrictive gratings, which arise from a non-resonant pumping, have been utilized, e.g. 
for measurements of temperature, mixture fraction and flow-velocity. However, being a non-
resonant method this approach suffers from limited species selectivity. The detection sensitivity 
and selectivity can be enhanced by resonantly exciting one species and thereby creating a thermal 
LIG. Owing to the species-specific character this technique can additionally be used, e.g. for 
studies of molecular relaxation, concentration determination in the ppm regime or even 
simultaneous measurements of temperature and pressure. However, for the detection of trace 
species in flames the thermal LIG technique also reaches its limits due to the low absolute 
molecular number density at flame temperature.  

An alternative four-wave-mixing technique for the detection of combustion intermediates can be 
proposed in the following way. By employing non-resonant pumping the saturation limitation 
can be overcome, and by using resonant probing high sensitivity along with species selectivity 
can be achieved. In principle, this non-resonant pumping four-wave-mixing (NRP-FWM) can be 
described as a laser-induced grating technique placed in between coherent Rayleigh scattering 
(CRS), where all beams are off-resonant, and degenerate four-wave-mixing as a fully resonant 
technique. In the present work2 the application of the NRP-FWM technique to detect the OH 
radical is demonstrated in a premixed methane/air flame at atmospheric pressure as a proof-of-

                                                 
1Lehrstuhl für Technische Thermodynamik, Universität Erlangen – Nürnberg, Am Weichselgarten 8, D-91058 
Erlangen, Germany  
2 Z.W. Sun, J. Kiefer, Z.S. Li, B. Li and M. Aldén, ‘Four Wave Mixing with Non-Resonant pump and Resonant probe for OH 
Detection in Flames’, Appl. Phys. B. 92, 287 (2008). 
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principle experiment. OH is a particular interesting intermediate species as it is widely distributed 
in typical flames and thus it can provide substantial information about flame structures and 
chemistry. By scanning the probe laser wavelength measurements are conducted during non-
resonant pumping and resonant OH probing. This procedure allows a high-resolution study of 
the transition of interest. Furthermore, the dependences of the FWM signal on pump and probe 
beam pulse energy are investigated in order to study the saturation behaviours. Finally, coherence 
effects of the pump beams are examined as a multimode laser is employed for the non-resonant 
pumping. 

The NRP-FWM can be described in common with CRS, CARS and DFWM. In this approach 
the signal intensity INRP-FWM can be expressed as 

2(3) 2~NRP FWM pump probeI I Iχ− ⋅ ⋅
,   (1) 

where χ(3) is the third order susceptibility, Ipump and Iprobe represent the intensities of the pump and 
probe laser beams, respectively. However, in order to avoid confusion and for the sake of 
completeness it should be noted that in CARS the nomenclature of the individual beams is 
usually different. In the case of NRP-FWM one can consider the third order polarization as a 
result of an interaction of three monochromatic electrical fields oscillating with frequencies ω1, ω2 
and ω 3 of the pump (ω 1 = ω 2) and probe (ω3) laser beams. The third order susceptibility χ(3)
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where Nρ(0)
mm is the initial number density of the species of interest in the ground state m, when 

the same polarization of all four interacting radiation fields is assumed. The parameter γmn 
denotes the resonant transition dipole moment and (dσ/dΩ)ω1,Rayleigh denotes the Rayleigh cross 
section at the pump beam frequency ω1. A schematic energy level diagram along with a vector 
diagram of the participating wave vectors in planar boxcars phase-matching configuration is 
illustrated in Fig. 4.12.4a and b, respectively. The electronic levels are named m for the initial and 
n for the excited states, while v indicates a “virtual” state. 

 

Fig. 4.12.4. a) Energy level diagram 
of the NRP-FWM process; b) wave 
vector diagram of the planar 
BOXCARS configuration of NRP-
FWM: k(ω) indicates the wave vector 
at frequency ω; Energy level diagrams 
of the c) DFWM, d) CARS and e) 
CRS processes, respectively; m: initial 
energy level, v: virtual energy level, n: 
excited energy level. 
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The resonant enhancement and species selectivity of the NRP-FWM scheme is contained in Eq. 
(2) with µmn and the denominator ω3-ωnm+iγnm. This is further illustrated in Fig. 4.12.4a by the 
resonant excitation between the rovibronic states m and n. In Eq. (2) the Rayleigh cross section 
appears corresponding to the non-resonant pumping process. In principle, the Rayleigh cross 
section is much weaker than absorption cross sections for resonant excitation as they are present 
in DFWM (as depicted in Fig. 4.12.4c). However, this can be compensated in practice with a 
strong pump laser, as only a fixed wavelength laser is needed here. It has been demonstrated by 
Lee et al. [App. Phys. Lett. 85 (2004) 546] in a flame C2 measurement, where the NRP-FWM 
signal was found to be a factor of 250 times stronger than the conventional DFWM signal before 
the start of strong saturation. For purposes of further comparison the CARS and CRS schemes 
are depicted in Fig. 4.12.4d and e, respectively. Due to their non-resonant (concerning single 
photon processes) or two-photon resonant nature, they are not applicable to minor species 
detection. Nevertheless, the species-specific property of CARS provides substantial advantages 
in major species detection in practical applications. Furthermore, by employing a resonant probe 
in CARS, which is done in ERE-CARS, the sensitivity can be enhanced for the detection of trace 
species. However, the ERE-CARS technique is fairly complicated from an experimental point of 
view as three laser beams at different wavelengths are involved.  

The scheme of the experimental setup is 
shown in Fig. 4.12.5. The radiation for 
non-resonant pumping at 532 nm is 
provided by a frequency-doubled 
Nd:YAG laser (Brilliant B, Quantel) 
with a spectral bandwidth of about 1 cm-

1. The laser output is split into two equal 
pump beams. In the optical pathway of 
each pump laser beam an optical delay 
line is installed in order to achieve 
coherent superposition in the probe 
volume. The probe beam at around 283 
nm (bandwidth ~ 0.2 cm-1) is provided 
from the second harmonic of a 
Nd:YAG (Continuum NY-82) pumped 
dye laser system (Continuum ND 60 operated with Rhodamine 6G dye). Note that in practical 
measurements one single Nd:YAG laser with sufficient output power would be enough to 
perform NRP-FWM experiments using part of the radiation to pump the dye laser and another 
part for the pump beams. However, in this proof-of-principle investigation, two independent 
lasers were employed in order to provide the flexibility in the study of the temporal behavior of 
the grating. A precision trigger clock (Stanford Research System, DG535) is used to synchronize 
the two laser systems. For alignment purposes a frequency doubled cw Nd:YAG laser is 
employed in order to trace the signal. The four laser beams are focused by a fused silica lens 
(diameter 2 inch, focal length 500 mm) into the probe volume. The pump beam crossing angle is 
θ=4.2°. A telescope in the pump beam pathway ensures that the foci of all beams are located in 
the intersection region. After passing the measurement volume the pump and probe laser beams 
are blocked, and the NRP-FWM signal is spatially filtered using an aperture and a pair of fused 
silica lenses (f = 500 mm). Finally, the signal is sent through a set of apertures and an 
interference filter (centre wavelength 280 nm) and then detected by a photomultiplier tube 
(PMT). The signal is time integrated and stored in a 1 GHz digital oscilloscope (Lecroy 
WaveRunner 6100). In order to facilitate the variation of the probe beam pulse energy a variable 
attenuator is employed, and an energy meter (Laser Probe, RjP-636 and Rm-3700) is used for 
real-time determination of the pulse energy. OH is produced in a steady, laminar premixed 

 

Fig. 4.12.5. Experimental setup: SHG, second harmonic 
generation; T, telescope; BS, beam splitter; VA, variable 
attenuator; EM, energy meter; Os, digital oscilloscope; DL, delay 
line; L, lens; F, band-pass filter; PMT, photomultiplier tube; cw, 
continuous wave Nd:YAG laser. 
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methane/air flame (equivalence ratio φ=1.21) established on a water-cooled porous-plug 
McKenna burner at atmospheric pressure. 

A NRP-FWM excitation scan was performed by tuning the wavelength of the probe beam. The 
probe laser pulse energy was kept constant at 1.3 µJ in order to be in the linear probe regime (see 
the next subsection), while the total pulse energy of the pump laser beams was 50 mJ. The 
excitation scan over the Q1(5) rotational line after correction for fluctuations of the probe laser 
pulse energy is displayed in Fig. 4.12.6. The resonantly enhanced signal is clearly visible in the 
spectral region close to the electronic transition. Note that the signal intensity does not become 
zero when the laser frequency is off-resonant, because still an electrostrictive grating is formed 
allowing diffraction of the probe laser beam. This non-resonant signal is to a certain extent 
comparable to non-resonant signals in CARS measurements. In addition, a Voigt profile fitting 
shown also in Fig.4.12.6 indicates a full width at half maximum (FWHM) line width of 0.75 cm-1. 
The contributions from both the Gaussian and Lorentzian part were determined to be 0.53 cm-1 
and 0.3 cm-1, respectively. Note that assuming 2000 K flame temperature the Doppler width 
(FWHM) of the investigated transition is around 0.3 cm-1. The resulting discrepancy between the 
measured Gaussian contribution to the signal and the actual Doppler broadening may be due to 
the bandwidth of the probe laser, which was approximately 0.2 cm-1. The laser spectral profile 
can be assumed to be Gaussian. The comparatively large Lorentzian contribution beyond the 
collision broadening may be explained by the relatively high pump laser intensities.  

The result shown for OH clearly 
indicates the feasibility of the 
NRP-FWM technique in high-
resolution studies of typical flame 
species. However, for the sake of 
completeness it should be noted 
that the obtainable spectral 
resolution is limited by Doppler 
broadening which can not be 
suppressed with the NRP-FWM 
technique. As a high signal-to-
noise ratio can be achieved with 
low probe pulse energy, it would 
be possible to perform multiplex 
NRP-FWM OH measurements 
using a broadband probe laser. 
Moreover, this makes the NRP-
FWM a potential technique for 
simultaneous multi-species 
measurements. As the OH radical 
is a common species in 
combustion environments, multiplex OH NRP-FWM can in addition be a powerful tool for 
flame thermometry. 

In the present work two-color NRP-RP 4-wave-mixing technique was successfully demonstrated 
as a potential tool for applications in the field of combustion diagnostics. The described 
technique is related to well-known methods likeDFWM, CRS and the LITG techniques. In a 
proof-of-principle experiment the Q1(5) transition of the OH A 2Σ-X2Π (1,0) band was studied. 
More details of coherence effects and the saturation behavior can be found1. As an outlook it 

                                                 
1 Z.W. Sun, J. Kiefer, Z.S. Li, B. Li and M. Aldén, ‘Four Wave Mixing with Non-Resonant pump and Resonant probe for OH 
Detection in Flames’, Appl. Phys. B. 92, 287 (2008). 

 

Fig. 4.12.6. Excitation scan over the OH Q1(5) line employing 50 mJ 
pump laser pulse energy and 1.3 µJ probe laser pulse energy; circles are 
experimental data, and the solid line indicates a fitted Voigt profile. 
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should be also mentioned that the technique using a multiplex scheme holds the possibility for 
single-shot measurements of temperature and multi-species concentration in future applications. 

4.12.3  Single-shot 2D imaging of H atom in flames with TPP-PSP 

M. Rupinski, Z.S. Li, J. Zetterber and M. Aldén 
Atomic hydrogen plays important role in reactive flows such as flames and plasmas because of 
its high reactive and diffusivity. Non-intrusive and sensitive detections of H atoms are important 
for a deep understanding of those processes. Several laser-diagnostic techniques have been 
applied up to now, which include two-photon laser-induced fluorescence 1  and two-photo 
induced polarization spectroscopy (PS)2 . The application of these two techniques, however, 
limited by photo-fragmentation contamination and relatively low sensitivity, respectively. 
Kulatilaka et al. 3  reported recently a so-called two-color, two-photon laser-induced PS 
measurement of atomic hydrogen in atmospheric flames. By using cross beam geometry and the 
longest possible excitation wavelength, this technique provides spatial-resolved measurements 
with relatively less photolysis problem. 

In this work, we demonstrate a novel two-photon-pump 
polarization-spectroscopy-probe (TPP-PSP) scheme in 
obtaining single-shot two-dimensional imaging of native 
hydrogen in flames with high spatial resolution and high 
sensitivity. The scheme of the new approach is illustrated in 
Fig. 4.12.7. One single tunable 486 nm laser beam was 
sufficient in this experiment. The 2nd harmonic at 243 nm 
was applied to populate the 2s level of atomic hydrogen via 
two-photon excitation. The population of the 2s level was 
further probed by a polarization spectroscopy (PS) with 486 
nm laser probing the 2s to 4p transition. As only the 
population of the 2s level are needed at the first step of the 
two photon excitation, neither molecular alignment or 
orientation are required, phase matching requirement 
between the two laser beams are needed. 

The experimental setup is shown in Fig. 4.12.8. The 355 nm 
third harmonic beam from a Nd:YAG laser was used to 
pump a OPO laser, which provided the required tunable 
laser beam at around 486 nm. Through a frequency 
doubling process, both 243 nm and 486 nm laser beams are 
separated after a Pellin-Broca prism. The 243 nm laser beam 
was sent through a delay line and finally cross the sample 
flame before the beam dumper. The 486 nm laser beam was 
collimated through a telescope system before split into a 
weak probe beam and a strong pump beam for the polarization spectroscopy (PS) probing. The 
pump beam was changed to circularly polarized with a quarter wave plates. The collimated probe 
and pump beam was crossed with a small angle over the sample flame. The 243 nm beam 
crossed the 486 nm beams with 90 degree.  

                                                 
1 see Gasnot et al Appl. Phys. B 65, 639-646 (1997) and reference therein 
2 see Grutzmacher et al Appl. Phys. B 76, 775-785 (2003) and reference therein 
3 Comb. Flames 137, 523-537 (2004) 
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Fig.4.12.7. Two-photon-pump 
polarization-spectroscopy-probe (TPP-
PSP) excitation scheme for hydrogen atom. 
The 1s – 2s transition is pumped by 
linearly polarized 243 nm beam and the 
population in the 2s level is further probed 
with a normal polarization spectroscopy at 
486 nm. 
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A pair crossed high 
quality polarizer was 
placed in the probe 
beam over the sample 
flame. By slightly open 
the crossed polarizer, a 
weak transmitted 
probe beam was able 
to be used to align the 
PS signal through the 
Fourier optics to an 
ICCD chips. An 
acetylene/oxygen 
flame stabilized on a 1 
mm diameter welding 
torch was used as the 
sample flame of the H 
source. 

Fig. 4.12.9 Two dimensional depictation of the 
TPP-PSP H detection setup. Collimated beams 
were adopted in the PS probing to produce 2D 
measurements. The 243 nm beam was form into 
a thin laser sheet with cylindrical lens. The 
counter propagating geometry provides Doppler 
free excitation, which has the advantage of both 
detecting all H atoms and the potential of high 
spectral resolution. The special setup provides 
also much higher spatial resolution, as good as 
30x30x50 μm compare with typical PS 
technique. 
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Fig. 4.12.10. Image of the 
hydrogen distribution in a 
H2/O2 flame with an equivilance 
ration of Φ = 1.3 and with 
camera gain = 9. 

 

Fig.4.12.8. Schematic experimental apparatus. Tuneable beam at 486 nm was frequency 
double in a BBO crystal. The 243 nm were separated through a Pellin/Broca prism and 
formed the two photon pump beam and remaining 486 nm laser beam forms the PS probe 
system. The PS signal formed in the cross-section with the 243 nm pump beam. The probe 
beam was imaged one-to-one to the ICCD chip. 
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Due to the high transition probability, the PS probe can be easy saturated; besides, the two-
photon excitation has also one of the highest absorption cross-sections. So the adopted scheme 
provides sensitive hydrogen atoms detection. Also because of the incoherent connection 
between the pump and probe process, a perpendicular crossing-beam geometry, as shown in Fig. 
4.12.9 in detail, can be employed1. 

The counter propagating geometry of the 243 nm pump beam was realized with the reflection of 
the input beam from a right angle prism as shown in Fig. 4.12.9. The focused laser sheets for 
both back and forth beam was achieved through the use of two identical cylindrical lenses. With 
the thin laser sheet crossing perpendicular to the almost collinear collimated PS beams, a single-
shot H imaging with spatial resolution 25*25*50 μm was achieved. An example of the Single 
shot TPP-PSP image of atomic hydrogen in an atmosphere pressure acetylene/oxygen flame is 
shown in Fig. 4.12.10. Similar schemes can also be applied in detection of other combustion 
important atomic species such as O, C and N. 

This research was supported by the Swedish Research Council and the Swedish Energy 
Administration.  

4.12.4  Mid-infrared polarization spectroscopy 

Z.S. Li, Z.W. Sun, B. Li, J. Zetterberg, M. Linvin and M. Aldén 
Despite of the successful application of laser spectroscopy in reacting-flow diagnostics during 
the last 40 years2, there are still large amount of important molecules and radicals which can 
hardly be detected in-situ with sufficient sensitivity due to the lack of proper strong electronic 
transitions to be probed in the applicable UV/Vis spectral range. There is a long list of such 
‘dark’ molecules and radicals, to mention a few, most small hydrocarbons C2H2, CH4, CH3, C3H3, 
C2H6 and toxic species HCl, HF, HCN, OCS, CO etc. Sensitive in-situ detections of these species 
are always highly demanded in understanding the detail chemistry to provide concrete bases for 
chemical processing design, combustion modelling and pollution control. 

Owing to the asymmetric stretching vibrations, all the above mentioned species have strong 
absorptions in the mid-infrared spectral range (2-5 µm) and this provides a good potential for 
developing a spectroscopic detection technique. Fourier transform spectrometry in the infrared 
(often termed as FTIR) is one of the most common spectroscopic technology for studying 
molecular ro-vibration transitions in this spectral range and most of the spectroscopic 
information of the above mentioned molecules were obtained experimentally with FTIR 
spectroscopy. However, the FTIR technique is not fit for practical in situ measurement due to its 
line-of-sight nature and relatively low sensitivity. Probing molecular ro-vibration transitions in 
the infrared to achieve a direct spectroscopic detection in a stand-off instrument has always been 
attractive to the combustion diagnostic community. However, the challenges faced by the mid-
infrared laser spectroscopy exist in the facts of the poor availability of proper mid-infrared laser 
source, the low sensitivity of infrared detectors mostly limited by thermal background radiation, 
and the relatively low infrared fluorescence quantum yields. 

With the differential-frequency-generation technique (DFG) as an additional option to the 
common Nd:YAG-dye laser system, pulsed tuneable mid-infrared laser recently became 
commercialy available. Both polarization spectroscopy (PS) and degenerate four-wave mixing 

                                                 
1 M. Linvin, Z.S. Li, J. Zetterberg and M. Aldén, ‘Single-shot imaging of ground state H atoms with a novel nonlinear laser 
spectroscopic technique’, Opt. Lett. 11, 1569 (2007). 
2 K. Kohse-höinghaus and J. B. Jeffries, eds., applied combustion diagnostics, Combustion: An international series, Taylor 
& Francis, New York, 2002. 
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(DFWM) are well established nonlinear techniques broadly applied in the UV/visible spectral 
range probing molecular electronic transitions for sensitive detection of trace molecular species. 
The application of the nonlinear techniques PS for probing molecular ro-vibration transitions 
becomes possible with the availability of the high peak power, pulsed mid-infrared laser. PS is in 
favour for the applications in the mid-infrared techniques for some of their key properties. First 
of all, the absorption-based nature of the two techniques circumvents the generally low infrared 
fluorescence quantum yield from molecular vibration transitions. Secondly, the high sensitivity 
can be ensured by the fully resonant-enhancement and the large absorption cross section 
associated with the probed fundamental molecular vibration transitions. Thirdly, the cross-beam 
geometry enables spatial-resolved, stand-off, nonintrusive measurements and the short laser 
pulse duration provides the possibility of temporal-resolved measurements as well, e.g. in a 
pump-probe experiment. Lastly, as typical coherent spectroscopic techniques, the signals are 
generated in laser-like collimated beams, which can be detected in far field giving high contrast 
against the generally problematic thermal background in the infrared. In principle, PS can 
provide powerful tools in achieving sensitive in-situ detection of the above mentioned IR-active 
molecular species with high spatial and temporal resolution. 

During the past 3 years, our group has been working intensively in the developing of IRPS 
technique and substantial progresses have been made. One key issue for IRPS is to find a pair of 
polarizer with high extinction ratio. At around 3 µm, we found that Glan-laser polarizer made of 
YVO4 crystal can provide an extinction ratio up to 10-7. The other key issue is a good alignment 
of IRPS setup which involves the focusing of two beams together and collecting the signal beam 
into the detector in the far field. This had been tough due to the lack of proper beam indicator 
for the mid-infrared laser beams, before a routine for alignment has been developed in our lab 
for a quick set up of an IRPS system. The IRPS technique was successfully applied to detect 
hydrocarbon molecules in the nonreactive gas flows1. Shown in Fig. 4.12.11 is an excitation scan 
of IRPS for a gas mixture contains methane and ethane. One can see that individual rotational 
lines belong to different hydrocarbon molecules can be readily resolved in an IRPS spectrum. 
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Fig. 4.12.11. IRPS excitation spectrum of a gas mixture containing CH4 and C2H6 prepared in a 10 mm gas jet at 
ambient pressure and temperature. The sample gases were composed with 1.93% CH4, 0.57 % C2H6 and 97.5% Ar. 

                                                 
1 Z. S. Li, M. Rupinski, J. Zetterberg, and M. Alden, Proceedings of the Combustion Institute 30 (2005) 1629. 
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The application of IRPS in combustion condition was tested in low pressure laminar flames. 
Shown in Fig. 4.12.12b is an IRPS excitation spectrum recorded in a H2/O2 flame1. All the lines 
can be attributed either to water as shown in Fig. 4.12.12a or to OH as shown in figure Fig. 
4.12.12c. One can see that OH as an example of minor combustion intermediate species can be 
properly detected with IRPS. 

 

Fig. 4.12.12. High resolution simulated and measured IRPS spectra of OH N=9 lines and the surrounding 
hot water lines in a H2/O2 flame. a) simulation of the relative hot water line at 1650K. b) the recorded IRPS 
spectrum in flame. c) simulated OH IRPS spectrum. 

Stand-off detection of HCl as an example of application of IRPS technique to toxic emissions 
from combustion was performed in an atmospheric laminar flame2. The HCl molecules were 
introduced to the flame by seeding small amount of chloroform into the laminar CH4/air flame. 
Shown in Fig. 4.12.13 is an IRPS excitation scan in the flames of with and without chloroform 
seeding as C1 and C2 respectively. The simulated water IRPS spectrum at 2000 K is shown in 
figure3 as C3. The HCl concentration in the flame was estimated to be 2000 ppm in obtaining 
the C3 IRPS spectrum. One can see that the finger-print spectrum structure of HCl in the flame 
can be recognized, in spit the dense lines from hot water in the vicinity. 

In summary, the recent achievements with IRPS technique includes: demonstration of the 
detection of CO2, H2O

3, C2H2
1, CH4, CH3 and HCl both in flame and non-reactive flows; the 

                                                 
1 Z. S. Li, C. H. Hu, J. Zetterberg, M. Linvin, and M. Alden, Journal of Chemical Physics 127 (2007). 
2 Z. S. Li, Z. W. Sun, B. Li, M. Alden, and M. Forsth, Optics Letters 33 (2008) 1836. 
3 Z.S. Li, M. Rupinski, J. Zetterberg, Z.T. Alwahabi and M. Aldén, ‘Mid-infrared polarization spectroscopy of polyatomic 
molecules: Detection of nascent CO2 and  H2O in atmospheric pressure flames’, Chem. Phys. Lett. 407, 243 (2005). 
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detection limits of HCl in flame condition approached 50 ppm, which could of course be made 
better with better laser, optic and detectors; regarding the flame measurements, species-specified 
or even quantum state specified detection of individual hydrocarbon has been demonstrated to 
be achievable in spite of the strong spectral interference from other major species, e.g. water and 
CO2. 
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Fig. 4.12.13. IRPS excitation scans obtained in flames with (C1) and without (C2) chloroform seeding. A 
simulated IRPS spectrum of water lines at 2000 K in the same spectral range is also shown (C3). 

In order to obtain quantitative measurements in practical applications with IRPS, a proper model 
is needed for converting the IRPS signal to number densities. The collision effects and 
temperature dependence etc. should be included in such a model. Due to the fact that many 
infrared-active molecules are exist as close-shelled molecules like C2H2, the present of stable 
molecules provides good convenience for the sample preparing, in studying e.g. the collision 
effects.  

The proper interpretation of the recorded IRPS spectrum also relies on the availability of the 
spectral information of the sample molecules. The HITRAN database2  is one of the most 
popular free-access molecular databases for the infrared spectral range. However, the spectral 
data for hot bands of especially the multi-atom molecules are generally poorly available. Due to 
the fact that the general interest of the application of IRPS is at high temperature condition, it is 
important to develop a molecular database for multi-atom molecules at high temperature. We are 
interest in developing such a molecular database for important molecules like water, CO2 and 
some key hydrocarbon molecules. 

The IR laser system employed so far in an IRPS experiments are a multi-longitudinal-mode laser 
with a line width of about 0.1 cm-1. It is well known that multi-longitudinal-mode laser can 

                                                                                                                                                        
1 Z.S. Li, M. Levin, J. Zetterberg, J. Kiefer, and M. Aldén, ‘Mid-Infrared Polarization Spectroscopy of C2H2: Non-Intrusive 
Spatial-Resolved Measurements of Polyatomic Hydrocarbon Molecules for Combustion Diagnostics’, Proceedings of Combustion 
Symposium 31, 817-824 (2007). 
2 (http://www.cfa.harvard.edu/hitran/) 
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course substantial signal intensity jittering for nonlinear laser spectroscopic techniques due to the 
mode beating from shot to shot. Modeless laser or single-longitudinal-mode (SLM) laser can give 
a great improvement of the nonlinear measurements. Due to the advent of the OPO (optical 
parametric oscillator) technique, it is possible to prepare in the mid-IR spectral range SLM laser 
by injection seeding with narrow line-width cw laser. Due to the fact that no commercial SLM 
mid-infrared laser is presently available, we will setup a SLM mid-infrared laser by pumping 
OPO made of LiNbO3 with SLM 1064 nm Nd:YAG laser, with injection seeding with external 
cavity diode lasers. The SLM laser will be powerful tool for IRPS line-shape measurements, 
which will shine light to the understanding of collision effects. 

Multiplex measurements with IRPS technique are also of great interest due to the fact that 
abundant water hot lines exist over a short spectral range in the mid-infrared as shown in Fig. 
4.12.12, which can be readily used for temperature measurements on a single shot based manner. 
The asymmetric vibration of the H-C band of most hydrocarbon molecules are within a narrow 
spectral range around 3 µm, spectral interference between different hydrocarbon molecules 
could be a substantial problem in one hand in complex conditions like in a flame where different 
hydrocarbon species exist simultaneously. In other hand, at a properly chosen spectral range, 
multi species hydrocarbon measurement can be achieved with multiplex infrared spectroscopy. 
Since the required broadband mid-infrared laser can be manufactured in a similar way as for the 
SLM laser with the OPO concept, multiplex IRPS can potentially be feasible for both 
temperature measurements and simultaneous multi species detection, provides the knowledge of 
the relevant molecular spectra. Developing of the multiplex IRPS technique will be one of our 
research focus, as well the further improvement of the sensitivity to achieve a general sensitivity 
to a few ppm for most molecules. 

Comparing with other infrared spectroscopic techniques, e.g. FTIR which is broadly used in 
chemical physics researches for detecting the above mentioned ‘dark’ species in the mid-infrared 
spectral range, IRPS is superior for the properties like the high temporal and spatial resolution, in 
situ, higher sensitivity and even high spectral resolution due to the nonlinear nature. Comparing 
with Mass-Spectroscopy, which is broadly applied to the low pressure flame measurements and 
has provides large mount quantitative data for detail flame chemical kinetics, IRPS can be 
important complementary through providing real non-intrusive in-situ measurements with higher 
spatial and temporal resolution. Besides, the presented IRPS results demonstrated the possibility 
of un-proceeded in situ, nonintrusive measurements of ‘dark’ molecular species. This technique 
provides potential impacts on revealing the secretes of the chemical reactions governing 
important processes like hydrocarbon combustion, early stage of PAH and soot formation, toxic 
species formation in combustion etc. 

4.12.5  Mid-IR DFWM detection of C2H2 and HCl by a novel beam arrangement 

Z. W. Sun, Z. S. Li, B. Li, M. Aldén 
A practical limitation to the application of the IRPS technique is set by the utilization of the 
polarizer. As any window materials can cause substantial birefringence much larger than the gas 
phase part for the IRPS signal, no windows can be place in between the polarizer pair. This has 
limited the IRPS to be used only in open flames or for low pressure flame measurement the 
polarizers had to be placed inside the low pressure chamber. Degenerate four-wave mixing 
(DFWM) is a mature nonlinear laser-based diagnostic technique for the detection of trace 
molecules. As an important coherent non-linear method, DFWM has laser-like signal beam that 
ensures remote and null background measurements while keeping the most merits of laser-based 
diagnostic techniques, such as nonintrusive, high temporal and spatial resolution and species-
selected character. Developing of IR-DFWM can in principle break this limitation as this 
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technique is insensitive to window birefringence. However, this will involved heavy tasks of 
alignments, including focusing three mid-infrared laser beams together with proper phase 
matching and finding the signal beam in the far field. Due to the lack of proper beam indicator 
in the mid-infrared, the alignment can be practically rather tough. We are trying to designing a 
novel ‘boxcar’ plate system, with specially arranged coatings to split one infrared beam into four 
equally distributed parallel infrared beams, which can be readily focused together with a single 
lens. Since the window birefringence is not a problem as for IRPS, the IR-DFWM will enable the 
measurement in small cells especially for toxic species, or hopefully to be applied in internal 
combustion engine applications. 

In this work, sensitive detection of trace C2H2 and HCl molecules with IR-DFWM is 
demonstrated. A novel optical apparatus, which is similar to that of Ewart but which works in 
mid-infrared region, was introduced. As demonstration measurements, gases mixed in a nitrogen 
gas flow were detected using DFWM in the forward phase-matching geometry by probing the 
fundamental ro-vibrational transitions of the gases. High sensitivities were achieved down to tens 
of ppm for both species at room temperature and atmospheric pressure. 

A schematic of the experimental 
apparatus is shown in Fig. 
4.12.14(a). The IR laser system 
composed of a Nd:YAG laser, a 
dye laser and a frequency mixing 
unit. The IR laser pulses, tunable 
from 2900 cm-1 to 3350 cm-1 
with a 0.025 cm-1 line width, was 
traced by a HeNe laser beam in 
order to facilitate the beam 
alignment. After passing two 
apertures, the IR beam was split 
into four parallel beams with 
near equal energy by a novel 
beam splitter (BP) system which 
is described below. Three of the 
separated beams were focused 
together by an f = 500 mm CaF2 
lens into the interrogated 
volume to produce the DFWM 
signal beam in a forward phase-
matched fold BOXCRAS 
geometry shown in Fig. 
4.12.14(b). The signal beam and 
the three input beams were 
collimated by another CaF2 lens 
(f = 500 mm), and then only the 
signal beam was spatially filtered 
by three apertures and focused 
to a liquid-N2-coolded InSb 
detector. In the process of the 
optical alignments, the fourth 
beam from the BP was used to 
trace the signal beam since they 
are spatially overlapping each other, which facilitated the alignment. This beam was then 
reflected to another IR detector to record the laser energy fluctuations in real-time. 

 

Fig. 4.12.14 (a) Schematic of the experimental setup. T, telescope; DM, 
dichroic mirror; M, mirror; A, aperture; BP, beam splitter; L, CaF2 lens; D, 
InSb detector; OS, oscilloscope and ND, neutral density filter. (b) Forward 
phase-matching geometry of DFWM, similar to the folded BOXCARS 
geometry. (c) Beam splitter shown as BP in (a). AR, 99% anti-reflection 
coating; BS, 50% reflection coating; HR, high reflection (> 95%) coating; 
Two beam splitters work together in order to produce four parallel output 
beams. 



4.12 RESONANT-ENHANCED 4-WAVE MIXING TECHNIQUES  95

Two CaF2 plates of 
50×50×15 mm3 the size are 
partially coated as shown in 
Fig. 4.12.14(c): at 45º input 
and output angle, two facets 
are anti-reflected coated 
(AR), a facet is coated with 
50% reflection (BS) and the 
rest facet is high reflection 
(HR) coated. The coatings 
were prepared for the 
spectral range 2.7 ~ 3.3 µm 
(3000 ~ 3700 in cm-1). An 
input beam is split vertically 
into two parallel beams in 
the first plate which is titled 
45º vertically, and then each 
beam is further split 
horizontally into two beams 
in the second plate titled 45º 
horizontally to the input 
beam. Careful adjustments 
achieving the 45º angles 
between plates and beam 
input direction result in four parallel beams distributed at four corners of a 12×12 mm2 
rectangel. Focusing the beams with an f = 500 mm lens, the angle between pump and probe 
beam was about 1.4º. The probe volume in this setup was estimated to be 0.4×0.4×10 mm3 
when the wavelength of laser output was 3 µm. The total loss of laser energy due to reflections 
and transmissions in the BP is less than 15%, and the energy fractions of four parallel beams are 
from 20% to 30%. In the measurements, the fourth beam mentioned above was used as the  

trace beam. For the purpose of 
easily being applied, the parts in 
the dashed line box shown in Fig. 
4.12.14(a) can be integrated in a 
movable plate and the two fixed 
apertures A before BP can be 
used to greatly facilitate the 
process of optical alignment, 
which is otherwise often a 
difficult process in IR DFWM 
spectroscopy. 

Due to the importance of C2H2 
in combustion as well as its 
relative simple spectroscopic 
structure, it was chosen as the 
demonstrating species in our 
measurements. A DFWM 
spectrum is illustrated in Fig. 
4.12.15. This DFWM spectrum 
was obtained using a total of 
1.9~2.1 mJ/pluse in the two 

 

Fig. 4.12.15. DFWM spectrum of 510 ppm C2H2 in a nitrogen gas flow. The 
laser energy was kept at 1.9 ~ 2.1 mJ/pluse, which is under saturation condition. 
Line intensities have not been corrected for the laser intensity and partial 
assignments of the spectral lines have been made. 

 

Fig. 4.12.16. DFWM signal intensities for different C2H2 concentration. 
The recorded signals for the four low concentrations are shown in the insert. 
Laser energy used was kept at ~ 2.0 mJ/pluse. 
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pump beams and the probe beam. A commercial C2H2/N2 (AGA, 1.99(4) % mole fraction of 
C2H2) mixed gas flow was further diluted by another N2 flow. The gas flow was controlled by 
mass flow meters in order to produce mixed gases with different C2H2 concentrations. The 
concentration of C2H2 was 510 ppm (~1.4×1016 molecules/cm3) when spectrum shown in Fig. 
4.12.15 was recorded.  

DFWM line-integrated intensities with species concentration is illustrated in Fig. 4.12.16. During 
the measurements, the laser energy was kept at ~2.0 mJ/pluse to make sure that the saturation 
condition was fulfilled. The DFWM intensity has a simple quadratic relation with molecular 
number density regardless of saturation, so that a S=α·N2  relation was adopted to fit the signal-
concentration curve. The result shows a good agreement in the concentration range (30-1600 
ppm) investigated. Moreover, the raw signals recorded during measurements of the last 4 data 
points of 35 ppm, 43 ppm, 52 ppm and 70 ppm C2H2 concentrations were shown as the insert in 
Fig. 4.12.16. A detection sensitivity of 35 ppm (~9.5×1014 molecules/cm3) is estimated at 
atmospheric pressure for C2H2 based on the signal-to-noise ratio obtained.  

HCl is a interesting species 
due to the important roles it 
plays in various research 
areas, e.g. photochemistry, 
plasma etching and bio-fuel 
combustion, as well as its 
toxic and corrosive effects in 
fire smoke. We applied the 
IR-DFWM technique to 
detect the HCl molecules at 
atmospheric pressure and 
room temperature. Shown in 
Fig. 4.12.17 is a excitation 
scan of HCl recorded in a 
laminar gas flow of HCl/N2 
mixture with 100 ppm HCl. 
The doublet structure due to 
the two isotopes of chlorine 
can be clearly identified in 
the spectrum. The R(4) line 
belonging to HCl(35) was 
chosen to check the 
sensitivity of IR-DFWM for HCl detection, and the raw spectrum of a gas sample with 25 ppm 
HCl mixed in N2 is shown as an inset of Fig. 4.12.17. The detection sensitivity at atmospheric 
pressure and at room temperature is estimated to be 25 ppm (~6.8×1014 molecules/cm) based 
on the spectrum shown in Fig. 4.12.17. 

Taking acetylene and HCl as examples the detection capability of trace molecules by IR-DFWM 
with a novel beam arrangement was demonstrated. With the present setup, sensitivities down to 
35 ppm (~9.5×1014 molecules/cm3) for C2H2 and 25 ppm (~6.8×1014 molecules/cm3) for HCl in 
situ detection has been achieved in the mid-IR spectral region. Since most of the hydrocarbon 
molecules e.g. CH4, C2H4, C2H6 and other toxic molecules e.g. HCN HF have strong absorption 
due to the M-H stretching vibration in the spectral region 3000 ~ 3700 cm-1, this easy-align IR-
DFWM technique can provide wide applications for in situ detection of the above mention 
molecular species in harsh environments e.g. combustion processes, which are otherwise hardly 
detectable at trace level. 

 

Fig. 4.12.17. DFWM spectrum of 100 ppm HCl mixed in a nitrogen gas flow. 
The raw signal for 25 ppm HCl is shown as an inset. 
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4.13 Flame front imaging with advanced PLIF 
Turbulent partially premixed combustion is broadly utilized in practical applications, e.g., in gas 
turbines for power generation. In general, it becomes particularly complicated concerning 
turbulent combustion since complex interactions between the reaction chemistry and the rapid 
heat and mass transfer. The work described in this chaper devotes to the investigation of the 
detailed turbulent flame front structures in order to give an insight of this complecated process 
with advanced planner laser-induced fluorescence techniques. 

4.13.1  Two-dimensional PLIF CH visualization in a wide stoichiometry range 

Z.S. Li, J. Kiefer1, J. Zetterberg, M. Linvin, M. Aldén 
Planar laser-induced fluorescence (PLIF) is a common experimental method to determine the 
spatial distribution of trace species in combustion. The CH radical, as an important intermediate 
species in hydrocarbon combustion, has been widely studied with PLIF in different flames. It has 
since long been recognized as a key species in NOx formation through the prompt NO 
mechanism. As a short-lived trace species, CH exists in a narrow spatial and temperature region 
within a flame, thereby it can be used to represent the ‘inner layer’ of the reaction zone. In 
turbulent flames, CH can be used to detect flame wrinkling and local flame extinction. CH 
concentration measurements, with high spatial resolution, can thus provide information for the 
development of detailed chemical kinetic and fluid dynamic models. 

Measurement principles and experimental setup 

The CH radical has a relatively low concentration in atmospheric pressure flames. The finite 
detection sensitivity of CH has limited the application of CH PLIF in the interpretation of 
turbulent flame structures. The objective of the present work is to improve the CH detection 
sensitivity in order to achieve high contrast single-shot CH images for the investigation of lean 
and turbulent flames. To produce high quality CH PLIF data it is important to generate 
sufficient signal without disturbance from the excitation laser beam. In the presented 
experiments excitation was made in the R-branch of the (0,0) band of the CH B-X system near 
387.3 nm and broadband fluorescence from the B-X (0,1), A-X (1,1) and A-X (0,0) bands 
overlapping at around 431 nm was collected. The emission caused by population of the A state is 
due to electronic energy transfer from the B state. This allows an effective separation of the LIF 
signal from the elastically scattered light by a colour glass filter (GG-400). Most previous studies 
on CH PLIF have utilized a 10 ns Nd:YAG pumped dye laser system, which normally has a 
bandwidth in the range of 0.1 – 0.5 cm-1. A tunable Alexandrite laser, which is characterized by 
its long pulse duration (150 ns) and high pulse energy (70 mJ) at the CH absorption wavelength, 
was employed in this investigation. Furthermore, the laser has the possibility to operate in single-
mode (100 MHz linewidth) or multimode (8 cm-1 linewidth). Due to the multimode operation of 
the Alexandrite laser, several strong absorbing transitions in the R-branch band-head were able 
to be covered for excitation. This, in combination with the long laser pulse duration and high 
pulse energy, provided the possibility for high quality single-shot PLIF images, even in lean 
flames. 

In the present work the second harmonic of a flash lamp pumped, ring-cavity, tuneable, pulsed 
Alexandrite laser was utilized. It covers the spectral range from 740 nm to 790 nm and has the 
possibility to operate in both multimode and single-mode. For multimode operation the tuning is 
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achieved with an intra cavity etalon while for single-mode operation an external cavity, single 
frequency diode laser was used for injection seeding. The primary laser has a pulse energy of 200 
mJ in the fundamental output for both single-mode and multimode operation, which, however, 
can almost be doubled by use of a flash lamp pumped amplifier. As a result a pulse energy of 
about 70 mJ was obtained after frequency-doubling. A pulse length of 150 ns and a linewidth of 
8 cm-1 multimode or 100 MHz injection seeded can be achieved. After passing a Pellin-Broca 
prism, the second harmonic radiation was sent into flames through laser sheet forming optics. 
During the experiments, when the laser was used in multimode operation, the residual of the 
fundamental beam was blocked in a beam dump. 

Results  

The LIF emission spectrum from the multiplex B-
X (0,0) excitation was recorded in a laminar, rich 
premixed flame in order to check the possible 
spectral interferences from other species. 
Moreover, a proper way of spectral filtering had to 
be found to separate the laser-induced 
fluorescence emission from elastically scattered 
light, i.e. mainly Rayleigh scattering. In this 
experiments the Wolfhard-Parker burner was used 
to stabilize a methane/air flame with equivalence 
ratio Ф = 2. The excitation laser beam was formed 
into a horizontal laser sheet through a 310 mm 
focal length cylindrical lens and crossed the flame 
10 mm above the burner exit. The LIF signal was 
collected perpendicular to the laser beam by a 50 
mm focal length lens. It was imaged onto the 200 
µm horizontally oriented slit of an imaging 
spectrometer (focal length 320 mm, grating 1800 
lines/mm) resulting in measurements along a 5 
mm long volume. The spectrally resolved 
emissions were detected with an intensified 
charged coupled device (ICCD) camera. Spectrally 
resolved, one-dimensional measurements were 
performed containing both the flame front and 
the unburned fuel/air mixture, acquiring not only 
the CH fluorescence emissions but also 
spontaneous Raman scattering from the fuel/air 
mixture. The assembled image is shown in Fig. 
4.13.1. 

The ordinate shows the distance from the centre of the flame while the abscissa corresponds to 
wavelength. The Raman scattering from the unburned methane/air mixture and fluorescence 
from the CH radical are clearly separated in the lateral direction. The Raman scattering in Fig. 
4.13.1c was integrated between lateral positions 0-2 mm and plotted in Fig. 4.13.1d. The well-
known vibrational Raman lines from O2, N2 and CH4 were used as a frequency marker. The CH 
LIF shown in Fig. 4.13.1b was integrated between lateral positions 3-5 mm and plotted in Fig. 
4.13.1b. As a result of B-X (0,0) excitation at 387.3 nm, as one can see in Fig. 4.13.1b, the main 
part of the fluorescence emission appears in the spectral regions around 389 nm and 431 nm 
from the B-X (0,0), A-X (1,0) bands and the B-X (0,1), A-X (1,1) and A-X (0,0) bands, 
respectively. Due to the fast electronic energy transfer between B (0) and A (1), substantial 
fluorescence emitted at 431 nm follow the B-X (0,0) excitation at 387.3 nm. This facilitated the 
spectral filtering of elastic laser scattering in the PLIF measurements.  The B-X (0,0) band 

 

Fig. 4.13.1. Emission spectra; a) Simulation from 
LIFBASE; b) measured LIF emission spectrum 
integrated from lateral position 3-5 mm in the reaction 
zone; c) Assembled spectrograph image recorded after 
CH B-X (0,0) R-branch band-head excitation over the 
burned and unburned zone of the premixed Bunsen 
flame; d) Raman scattering from the unburned region 
integrated from lateral position 0-2 mm. 
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emission is, however, strongly blended with the elastic scattering from the excitation laser beam. 
In order to estimate the branching ratios of the different fluorescence decay channels and to 
estimate the fluorescence detection efficiency, a simulation to the unblended part of the 
spectrum in Fig. 4.13.1a was performed based on LIFBASE (version 2.0.53). Shown in Fig. 
4.13.1a is a simulated CH LIF emission spectrum, which was obtained by varying the population 
in the A (1), A (0), B (1) and B (0) vibrational levels in order to fit the measured spectrum. From 
the calculated spectrum 35 % of the total fluorescence emission is located around 431 nm. 

Furthermore, the transmission curve of the colour glass filter GG-400, which was used for later 
CH PLIF imaging, is plotted in Fig. 4.13.1a (dashed line). Recorded emission spectra with and 
without the colour glass filter indicated that the elastically scattered laser light is sufficiently 
blocked and the fluorescence from B-X (0,1), A-X (1,1) and A-X (0,0) is well transmitted. Even a 
small amount of the B-X (0,0) emission can pass through the filter. The transmission of the total 
fluorescence through the GG-400 filter was calculated to be 37 % using the simulated spectrum 
in Fig. 4.13.1a. Spectral interferences from longer wavelengths were not observed. 

In conclusion, by utilizing the strong B-X (0,0) for excitation at 387.3 nm substantial 
fluorescence around 420 - 440 nm can be detected and adequate spectral filtering in the PLIF 
experiments was obtained. Moreover, the emission measurements exclude interferences from 
other species in the spectral range of interest. 

The CH radical concentration in atmospheric pressure flames is not only relatively low but also 
changes dramatically with different stoichiometries. From the numerical calculation of a freely 
propagating, adiabatic, atmospheric pressure, laminar methane/air flame, using a detailed 
chemical kinetic mechanism, it was shown that the CH number density is about 3.2×1014 
molecules/cm3 at Ф = 1.2 and 9.5×1011 molecules/cm3 at Ф = 0.6. In order to investigate the 
applicability of CH PLIF for turbulent lean flame studies, single-shot measurements in laminar 
flames of diverse stoichiometries on the Bunsen burner were performed. 

 Varying the equivalence ratio from Ф = 0.6 to 2, 
CH PLIF images were recorded with the same 
experimental set-up used in the saturation 
measurements. The pulse energy of the frequency-
doubled beam was 50 mJ to ensure saturation in the 
15 mm high laser sheet. In Fig. 4.13.2 we present, to 
the best of our knowledge, the first systematic 
experimental investigation of the dependence of the 
signal-to-noise ratio on the equivalence ratio for 2D 
single-shot experiments. The noise level was 
evaluated for each single-shot image by taking the 
standard deviation of the background noise 
fluctuation and the signal level was taken from the 
peak signal intensity with background subtracted. 
The signal-to-noise ratio for each stoichiometry was 
an average of 100 single-shot images. The fuel/air 
ratio of the flame was varied from Ф = 0.6, which is close to the lower ignition limit for 
methane/air flames, to almost Ф = 2. In the lean flame (Ф = 0.6) the S/N ratio is comparatively 
small but increases strongly with the equivalence ratio due to rising CH concentrations, reaching 
a maximum at Ф ~ 1.3. After this a steep decrease of the CH LIF signal can be observed. 

 

Fig.4.13.2: Average signal-to-noise ratios from 
single-shot CH PLIF images at different 
methane/air stoichiometries. 
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Moreover, in order to demonstrate the potential of 
the diagnostic technique, it was applied to visualize 
the structure of a turbulent partially premixed 
methane/air jet flame established on the co-axial jet 
flame burner. The methane/air mixture was 
supplied through the outer tube of the co-axial 
burner with an equivalence ratio of Ф ~ 1.5 and a 
flow speed of 1.7 m/s. Pure air was injected through 
the small inner tube at 105 m/s and resulted in a 
global stoichiometry of Ф = 0.88. 

Two kinds of CH PLIF images were recorded. At 
first, the re-collimating cylindrical lens was removed 
to allow single-shot CH PLIF pictures of the entire 
flame with a ~90 mm high laser sheet. Again, the 
laser system delivered about 50 mJ/pulse at 387.3 
nm. Secondly, the collimated sheet was formed 
again with a height of 14 mm and images were 
recorded of the high turbulent part of the flame, 
about 70 mm above the burner exit. Fig. 4.13.3a 
shows a single-shot CH PLIF full image of the 
flame. Shown in Fig. 4.13.3b is a close-up image 
with the narrow laser sheet. The CH PLIF thickness 
was measured to be 220 μm in this picture. The 
basic structure is clearly captured by the single-shot 
CH PLIF. Near the burner exit, a rather smooth 
thin flame surface is observed. It is the laminar rich 
premixed flame from the outer tube, which acts as a 
pilot flame. Further downstream, the air from the 
high speed jet mixes with the fuel from the larger 
pilot flame and a long turbulent flame is anchored 
to the tip of the pilot flame. The flame surface is 
slightly wrinkled already at the tip of the pilot flame, 
as a result of the Kelvin-Helmholtz instability of the 
shear layer of the high speed jet. Thereafter, the 
flow is developed to turbulence where eddies of 
various scales wrinkle the flame represented by the 
CH layer. It is interesting to note that at the tip of 
the long turbulent flame separated flame pockets are 
formed. These continue to burn as they are 
transported downstream. The CH layer in the 
pockets has approximately the same thickness (~200 
µm) as the main flame. This information can be 
useful for the construction of simulation models. 

The development of improved PLIF CH detection with the use of a frequencydoubled ring-
cavity pulsed Alexandrite laser system has been demonstrated. The potential of the CH PLIF as a 
tool for turbulent lean flame investigation was demonstrated by a single-shot imaging with high 
spatial resolution in a highly turbulent, lean methane/air jet flame. 

 

 

Fig. 4.13.3. Examples of single-shot CH PLIF 
images of laminar Bunsen flames at different 
stoichiometries.  Figure 8. Single-shot CH PLIF of 
a co-axial lean turbulent jet flames; a) full picture of 
CH PLIF of the jet flame; b) selected CH PLIF 
picture of the jet flame at the location indicated in a). 
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4.13.2  Simultaneous single-shot CH and OH PLIF of turbulent jet flames 

J. Kiefer1, Z.S. Li, J. Zetterberg, X.S. Bai2, M. Aldén 
The main objective of this study is to apply state-of-art two-dimensional laser diagnostic 
techniques, i.e., simultaneous CH and OH plannar laser-induced fluorescence (PLIF) methods, 
to investigare the microscale local structure of a partially premixed jet flame under different flow 
conditions, ranging from a typicl laminar flame to a highly turbulent flame with local flame 
extinction and reignition. To generate highly turbulent flames, a high-speed air jet in the center 
of the burner is installed, which can provide a flow speed of up to 120 m/s. The flame is 
stabilized in proximity to the burner by a coaxial low speed flame. The influence of the jet exit 
Reynolds number on local flame structures is systematically investigated, providing insightful 
understanding of the flames for future model development. To provide quantitative statistical 
information about the flame structures, the single-shot CH and OH images are utilized to 
determine local flame surface densities. Moreover, mean and standard deviation maps are 
generated to deliver qualitative information about the local Reynolds-averaged radical 
concentration distributions. These data may be used for validation of numerical simulations. 

A jet burner is employed in this experiment to 
generate turbulent partially premixed methane/air 
flames with variable turbulent intensities. Fig. 
4.13.4 shows the burner assembly consisting of 
two co-axial tubes with diameters 22 and 2.2 mm. 
Both tubes can be fed with fuel/air mixtures 
independent of each other. Through the outer 
tube a methane/air mixture is supplied with an 
equivalence ratio of Φ = 1.51 and a flow speed of 
1.7 m/s serving as pilot flame. In this work pure 
air is injected through the small inner tube at 
different flow speeds of 0, 70 and 120 m/s and 
resulting in respective global stoichiometries of Φ 
= 1.51, 1.02 and 0.83, which are named flame 1, 
flame 2 and flame 3, respectively. In spite of the 
small size and low power (~3 kW), high 
turbulence can be readily produced in the co-axial 
jet burner because of the high shearing speed 
introduced from the inner jet. These 
characteristics enable the operation of this burner 
in laser labs and facilitate a close access of the 
highly turbulent flame with advanced laser 
techniques. Photographs of the corresponding 
flames are shown in Fig. 4.13.5. One can easily see 
that the flame changes from laminar to highly 
turbulent by increasing the flow velocity of the 
pure air inner jet. 
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Fig. 4.13.4. Schematic drawing of the jet flame burner 
assembly. 
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Different excitation and 
detection approaches for 
OH LIF imaging have been 
discussed in literature. In this 
work the Q1(8) line of the 
A2Σ+-X2Π (1, 0) transition at 
283.6 nm was excited using 
the second harmonic 
radiation from a Nd:YAG-
pumped dye laser and 
fluorescence from the 
transitions A2Σ+-X2Π (0, 0) 
and (1, 1) at around 308 nm 
was imaged through a 
narrow interference filter.  
Regarding the CH radical 
there are two electronic 
transitions, A2Δ-X2Π and 
B2Σ-X2Π, which are usually 
excited for LIF applications 
in the near ultraviolet and visible spectral range. A short summary of different excitation-
detection-schemes is given in Ref.1. In the experiments presented here excitation of the B-X (0, 
0) R-branch band-head was made near 387.3 nm and broadband fluorescence from the B-X 
(0,1), A-X (1, 1) and A-X (0, 0) bands overlapping at around 431 nm was collected. The 
fluorescence emission caused by population of the A state is due to electronic energy transfer 
from the B state. This approach allows sufficiently suppression of the elastically scattered light by 
a simple color glass filter (Schott GG-400) and the collection of an ample amount of signal. 

A schematic drawing of the 
experimental setup is shown 
in Fig. 4.13.6. The pulsed 
alexandrite laser with its 
remarkable features such as 
pulse duration of 150 ns and 
pulse energy around 200 mJ 
at 774 nm, was operated in 
multimode in order to 
achieve multiple line 
excitation in the B-X (0, 0) 
system of CH after second 
harmonic generation (SHG). 
The frequency doubled 
radiation (70 mJ at 387 nm) 
was overlapped with the 
second harmonic output 
from a Nd:YAG-pumped 
dye laser at 283 nm for OH 
LIF. The laser pulses have been temporally delayed approximately 100 ns to avoid interferences. 
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Fig. 4.13.5. Photographs of the investigated flames; a) flame 1, b) flame 2 and c) 
flame 3. 

 

Fig. 4.13.6. Experimental setup for simultaneous CH/OH PLIF 
measurements. 
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A laser sheet of various heights, 80 and 15 mm, was formed using cylindrical and spherical lenses 
in order to image the whole flame and local flame structures in detail, respectively. OH and CH 
were detected separately with two independent intensified charge coupled device (ICCD) 
cameras perpendicular to the laser pathway on opposite sides of the flame. For every flame 
condition 100 simultaneous single-shot images have been recorded. 

The photographs of the chemiluminescence images of the chosen flames are shown in Fig. 
4.13.5. Flame 1 in Fig. 4.13.5a is a typical laminar, rich premixed Bunsen flame. Without the 
inner jet flow, the cone of the reaction zone and outer production zone are clearly visible. With a 
flow speed of 70 m/s from the inner tube (flame 2), one can see in Fig. 4.13.5b that the cone of 
the reaction zone is shrunken and a turbulent jet flame is generated on the tip of the previous 
Bunsen type flame. Due to the shearing speed, the hot gas in the outer production zone is also 
entrapped to the turbulent jet, which of course enhances the combustion stability of the 
turbulent flame. Increasing the inner jet air flow further to 120 m/s (flame 3) as shown in Fig. 
4.13.5c, both the product zone and the reaction zone of the pilot outer tube flame are shrunken 
more towards the inner turbulent jet and the turbulent jet gets shortened as well. However, 
detailed structures are not visible in these chemiluminescence photographs. 

In order to visualize the structures 
of the entire flames, single-shot 
CH/OH PLIF imaging was 
performed employing laser sheets 
with 80 mm height and 200 μm 
thickness. By crossing the flame 
centre with the two laser sheets 
qualitative CH and OH radical 
distributions across the jet axial were 
recorded. Fig. 4.13.7 displays 
simultaneously recorded single-shot 
images of OH and CH from flame 
1. The CH radicals show up within a 
thin layer of some 220 µm thickness 
in the inner reaction zone and the 
signal intensity is approximately 
constant over the entire flame height 
investigated. The OH racial in 
contrast is distributed all over the 
product zone with an explicitly 
visible area of maximum intensity located in the outer flame region. Although being a rich flame, 
methane is totally consumed in the inner reaction zone. For the further reaction progress, a 
region of intermediate fuel exists in the form of CO and H2, which are burned in the next step in 
a diffusion type flame in the outer region of the product zone. The ambient air is transported 
towards the hot production gas by means of diffusion. The formation of an intermediate fuel is 
also the reason for the high OH concentration in the diffusion part of the flame. Although being 
a laminar flame it is not steady. 

In Fig. 4.13.8 the instantaneous CH and OH images recorded from flame 2 are illustrated. The 
strongest CH signal was observed from ~10 up to ~40 mm above the burner. Then the signal 
intensity decreases with increasing height. This can be subjected to the fact that the CH number 
density is a strong function of the local flame stoichiometry and due to the turbulence 
surrounding air as well as air from the inner jet mixes with the rich premixed gas resulting in a 
leaner mixture and therewith a lower CH number density. However, the flame front imaged by 
CH is a closed line up to some 60 mm above the burner exit with an increase of irregular, 

 

Fig. 4.13.7. Single-shot PLIF images of flame 1; a) CH radical and 
b) OH radical. 
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turbulent structures with height. Beyond 60 mm single parcels can be observed, but still their CH 
layer forms a closed line. However, from the CH PLIF image only it is not possible to conclude  

whether these CH framed 
cells are formed from 
burned or unburned gas, and 
therefore the local flame 
propagation direction can 
hardly be extracted. The 
structures observed in the 
OH image can be 
unambiguously related to the 
CH layer. In the lower pilot 
part of the flame a 
comparatively weak OH 
signal was recorded because 
of a low OH number density 
in the rich premixed flame 
section. The concentration 
increased in the higher part 
of the flame due to the 
production of the 
intermediate fuel 
components. Compared to 
Fig. 4.13.7, the part of the diffusion flame disappeared and the hot product gas from the inner 
cone laminar flame was entrapped and rejoined the turbulent combustion. It is clearly visible 
from the simultaneous OH and CH PLIF that some un-burnt packets are penetrated into the 
burnt region and continually burning there. In this turbulent condition, the cold air is still 
properly separated from the un-burnt zone by the product gas as indicated by the OH PLIF. The 
cold air entrainment did not influence dramatically the combustion process. 

In addition to the PLIF images 
recorded from the entire flame, a 
small part of the flame, in a 15×15 
mm window (as indicated by a 
square in Fig. 4.13.8), is imaged 
with the full ICCD chip, using the 
zoom optics of the cameras to 
achieve a higher spatial resolution. 
By doing so, the local structures 
can be mapped in more detail and 
even the very small-scale 
configurations can be resolved. As 
an example, Fig. 4.13.9 displays 
two pairs of simultaneously 
recorded CH and OH PLIF 
images from flames 2 and 3, 
showing the flame areas inside the 
boxes in Figs. 4.13.8. It is 
interesting to note that CH LIF 
signals are observed in rather thin 
layers in general, although certain 
low-level signals of CH are 

 

Fig. 4.13.8. Single-shot PLIF images of flame 2; a) CH radical and b) OH 
radical. 

 

Fig. 4.13.9. Single-shot PLIF images of flames 2 and 3 at high spatial 
resolution; a) CH radical in flame 2, b) OH radical in flame 2, c) CH 
radical in flame 3 and d) OH radical in flame 3. 
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detected in moderately wide regions, in particular on the unburnt side of the flame, where the 
OH LIF signal is absent. By looking carefully at the CH and OH PLIF pairs (e.g., Figs. 4.13.9c 
and 9d), one can see that in some places (e.g., the circle zone), the CH LIF signal is nearly 
invisible but the OH LIF signal still exists. This can be explained by the fact that the OH lifetime 
in the high-temperature region is much longer than that of the CH radical. Similar results 
showing a breakage of the CH layer have been reported in previous works. However, in the 
experiments shown there and in the references therein, the single-shot CH detection limit might 
have been comparatively limited. Therefore, in those experimental works, it could not be proved 
whether the disappearance of the CH LIF signal has been due to complete disappearance of CH 
or just to the limited sensitivity of the measurement technique. Employing the CH PLIF 
approach used here, this uncertainty is clarified to a wider extent; i.e., it can be assumed that CH 
is nearly quenched in the present case.  

To conclude we have shown that the simultaneous PLIF imaging of CH and OH radicals is a 
powerful tool for the investigation of turbulent premixed flames as it can provide substantial 
information for a detailed understanding of local flame structures as well as important data for 
the validation of numerical simulation results. 

4.13.3  Two-dimensional formyl (HCO) visualization by single-shot PLIF 

J. Kiefer1, Z.S. Li and M. Aldén 
The detection of the formyl radical (HCO) is of great interest in the field of combustion research 
since it can provide qualitative information about the local heat release (HR) rate which is a key 
parameter in the understanding of combustion processes. It has been demonstrated in a number 
of studies that the flame heat release is related to the reaction 

OHHCOOHCOH 22 +→+  

Therefore the formyl radical (HCO) was proven to be an accurate indicator for the HR rate. 
Unfortunately, due to the low signal level, HCO planar laser-induced fluorescence (PLIF) has so 
far not been applicable for single-shot imaging, which is necessary in particular for studying 
turbulent flames. 

Measurement principles and experimental setup 

As HCO is actually a poor candidate for PLIF the common approaches, e.g., employing excimer 
lasers or Nd:YAG pumped dye lasers do not work for single-shot measurements. In order to 
overcome these problems a pulsed alexandrite laser operated multimode is used in this study 
delivering broadband radiation at 776.04 nm. The radiation is frequency tripled providing a laser 
beam at 258.68 nm (~4 cm-1 line width, ~140 ns pulse duration, ~10 mJ pulse energy). So 
basically, a similar approach for excitation is utilized as it was done before for the CH 
visualization2. The third harmonic radiation was eventually formed to a light sheet and sent 
through the flame under investigation. In the direction perpendicular to the laser beam pathway 
the detection system was located. 

To explain the excitation using the multimode alexandrite laser more in detail, the line width 
must be considered. Typical laser systems (e.g. dye lasers) provide a spectral width of about 0.1 
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cm-1. This is roughly in the order of the line width of an optical molecular transition, 
consequently, only a single transition is excited. This is in principle not a problem at all, if 
quantum state resolved measurements are required or the transition has a strong transition 
probability in combination with a high fluorescence quantum yield. As this is not the case for 
HCO, the use of broadband radiation is advantageous, as a certain spectral range and thereby a 
number of molecular transitions are covered. They are excited simultaneously which enhances 
the efficiency of the optical pumping. Moreover, the alexandrite laser provides relatively long 
pulses (140 ns) compared to the conventional 10 ns systems. Assuming molecular life times of 
some ns the individual molecules are excited many times during a single laser pulse, hence they 
contribute to the signal again and again. 

Results and discussion 

In order to investigate the features as well as the 
potential problems employing the multimode 
excitation source, a number of different experiments 
have been conducted. For this purpose various 
flames used for studying, e.g., the 
excitation/emission scheme, the saturation and 
stoichiometry influences have been stabilized on a 
Bunsen burner with 10 mm diameter. The 
measurements for investigating the interference 
from formaldehyde have been conducted employing 
a 1.8 mm nozzle welding torch. Methane as well as 
dimethyl ether (DME) was used as fuel representing 
a conventional hydrocarbon and a modern bio fuel, 
respectively. 

An example of an emission measurement is shown 
in Fig. 4.13.10. For this purpose the collimated laser beam was sent through a rich premixed 
laminar dimethyl ether and the emission from a one- dimensional line was spectrally dispersed in 

an imaging spectrograph and the signal from 
the different flame zones was recorded by 
an ICCD camera. In Fig. 4.13.10a the 
emission from the reaction zone is shown. 
Below 280 nm the Raman signals of 
nitrogen and the DME fuel are visible. At 
longer wavelengths a complicated structure 
is observed originating from the laser-
induced fluorescence of formyl. Every single 
spectral feature could be assigned to an 
individual emission band. The entire LIF 
emission is in general broadly distributed. In 

order to sufficiently suppress elastically scattered light as well as Raman scattering in the PLIF 
imaging experiments a filter strategy was developed and a combination of UG-11, WG-295 and 
BG-25 was found to be optimal. The resulting transmission function is shown in Fig. 1b. Further 
details from these fundamental studies are shown in a recent publication1 and can be found 
there. 

                                                 
1 J. Kiefer, Z.S. Li, T. Seeger, A. Leipertz and M. Aldén, ‘Planar laser-induced fluorescence of HCO for instantaneous flame 
front imaging in hydrocarbon flames’, Proceedings of Combustion Symposium 32, 921-928 (2009) 

 

Fig. 4.13.10. a) laser-induced emission, b) 
transmission of the employed combination of filters 

 

Fig. 4.13.11. HCO PLIF in a CH4/O2 welding torch 
flame: a) 100 single-shot averaged image; b)-c) consecutively 
recorded single-shot images. 
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In order to demonstrate the capability of the developed diagnostic approach for two-dimensional 
imaging of HCO radicals the emission from a laser sheet crossing a methane/oxygen welding 
torch flame. Owing to the high burning velocity the stabilized flame showed a slight motion in 
time. The averaged image of 100 single-shots along with two selected single-shots is shown in 
Fig. 4.13.11a and b, c, respectively. The thin HCO layer showing the flame front is clearly visible 
with a sufficient signal-to-noise ratio. Future measurements in highly turbulent flames using this 
novel approach will give new insights into the chemistry-turbulence interactions to contribute to 
the understanding of phenomena such as local extinction and re-ignition. 

4.13.4  High Resolution Local Flame Structure Visualization with Simultaneous 
Single-shot CH and CH2O PLIF in a Piloted Premixed Jet Flame  

Z.S. Li, B. Li, Z.W. Sun, M. Aldén and X.S. Bai1 
Turbulent partially premixed combustion is broadly utilized in practical applications, e.g., in gas 
turbines for power generation. Models used in most of the existing turbulent premixed 
combustion simulations are designated based on the flamelet assumptions that the reaction 
zones are thinner than the size of turbulence eddies, or equivalently the time scale of the smallest 
turbulence eddies – the Kolmogorov eddies – is smaller than the time of the chemical reactions. 
The flamelet concept is deemed to be questionable for very small-scale and high intensity 
turbulent flows where the Kolmogorov scales are smaller and faster than the scales of chemical 
reaction zones. Recent experiments show that the flame surface density, which is the wrinkled 
flamelet surface area in a unit volume, can not be correlated to the measured increase of 
turbulent burning velocity for high intensity turbulent flows. This calls for revisit of the 
structures of the reaction zones under small-scale and high turbulent intensity conditions. To do 
this, sophisticated experimental tools are needed to detect more intermediate species existing in 
the inner-layer and the oxidation layer of the reaction zones. 

In this work, simultaneous PLIF imaging of CH and CH2O 
were performed with high spatial resolution in a piloted jet 
flame under various flow conditions ranging from low 
Reynolds number laminar flames to high intensity turbulent 
flames. Efforts were made to investigate the detail local 
flame front structures under different turbulent conditions. 
The overall amount of CH and CH2O PLIF signals were 
analyzed over different turbulent condition and the results 
indicate that the chemical reactions ratios in different path 
ways were changed with the turbulent intensities. More 
important, it is found that prior to the inner-layer, 
characterized by CH radicals, the CH2O radicals exist in a 
wider zone towards the unburnt region. This result renews 
the image of the preheat zone structure under high intensity 
and small scale turbulence conditions. 

A specially designed coaxial jet burner, as shown in Fig 4.13,12 was employed in this experiment. 
The burner consists of two coaxial tubes with 22 mm and 2.2 mm in diameter for the outer and 
inner tube, respectively. Both the inner and outer tubes can be fed independently with fuel/air 
mixtures of different stoichiometries and flow velocities. The gases flows were controlled by 
independent mass-flow controllers (Bronkhorst, EL-flow). Between the inner and outer tube, a 

                                                 
1 Department of Energy Sciences, Lund University, S-221 00 Lund, Sweden 
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D =22mmouter

 

Fig. 4.13.12. Schematic Structure of the 
coaxial burner. 
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ceramic honeycomb plug with 1 mm squared holes is inserted as flame holder. This arrangement 
enables a flat pilot flame being hold on the surface of the burner outlet, so that the turbulent jet 
flames introduced by the inner jet gas flow can be hold at the same place despite of the different 
flow speeds. Photographs of the flame chemiluminescence images of three typical turbulent jet 
flames stabilized on the jet burner are shown in Fig. 4.13.13. Generally speaking, it is hard to 
generate high turbulence in small scale laboratory flame, as the Reynolds number is linearly 
proportional to the tube diameter. The major advantage of this coaxial jet burner is the 
generation of high local turbulence in the reaction zone through high velocity gradients with a 
relatively smaller size, which can be placed in advanced laser lab. This enables a close 
investigation of the turbulent flame front structure with high spatial resolution. 

The flame conditions being 
investigated are listed in Table 
1. Identical methane/air gas 
mixtures were fed into both the 
inner and outer tube 
independently. The gas flow in 
the outer tube was kept 
constant all through the 
experiment. The first flame 
condition F1 was a laminar 
flame. From F2 to F6, gas 
flows were supplied from the 
inner tube with flow velocities 
increased gradually by a step of 
30m/s. Photos of flames F1, F3 
and F5 are shown in Fig. 
4.13.13. It can be seen from the 
figures that all the flames were 
stabilized on the burner. A 
whiter box in Fig. 4.13.13b indicates the area where PLIF measurements were performed. 

The experimental setup for PLIF 
measurements is illustrated in Fig. 
4.13.14. For the excitation of 
formaldehyde, a Nd:YAG (Quantel 
Brilliant B) was employed to provide 
the 355 nm laser beam, with 80 mJ 
per pulse, 8 ns the pulse length and 
about 1 cm-1 the linewidth. 
Broadband fluorescence was 
collected and imaged with an ICCD 
camera (Andor iStar 712-18F-03, 
512x512 pixels) through a Schott 

filter (GG385). The details of this excitation and detection scheme can be found in Ref1. For the 
CH radical PLIF imaging, an alexandrite laser system was employed operating at broadband 
mode and frequency-doubled to provide the required 387 nm laser beam, with a pulse duration  

                                                 
1 Z.S. Li, J. Kiefer, J. Zetterberg, M. Levin, A. Leipertz, X.S. Bai and M. Aldén, ‘Development of improved PLIF CH 
detection using an Alexandrite laser for single-shot investigation of turbulent and lean flames’, Proceedings of Combustion 
Symposium 31, 727-735 (2007). 

Fig. 4.13.13. Chemiluminescence photos of the flames with different 
inner jet flow speeds. a). 10 m/s, b). 60 m/s, c). 150 m/s. 

Table 1. Parameters of flames at different conditions. 
Flame Vout(m/s)* Φout

#  Vin (m/s)& Φin
¤ 

F1 10 
F2 30 
F3 60 
F4 90 
F5 120 
F6 

0.4 1.0 

150 

1.0 

*Flow velocity of outer methane/air mixture 
#Equivalence ratio in outer tube 
&Flow velocity of inner methane/air mixture 
¤Equivalence ratio in inner tube 
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and energy of 150 ns and 20 mJ, 
respectively. Broadband 
fluorescence was collected and 
imaged with an ICCD camera 
(Princeton PI-MAX SB, 512x512 
pixels) through a Schott filter 
(GG400). For the simultaneous 
two species measurement, the two 
independent laser systems and 
ICCD cameras were utilized for 
the two chosen species 
respectively. The relative laser the 
camera was locked to each other 
and the two systems were slightly 
time delayed around 50 ns to avoid 
interference. A dichronic beam 
combiner was used to spatially 
overlap the two excitation beams, 
and the same optics was used to 
form laser sheets in order to ensure the precise spatial overlapping. An example of the 
simultaneously recorded PLIF images of CH and formaldehyde are shown in Fig. 4.13.15a and b, 
respectively. In order to overlap of the simultaneous recorded CH and CH2O PLIF images from 
two different cameras, a transparent target was placed at the position where the flame was 
crossed by the laser sheet. The images from the target were utilized to calibrate the pixel-to-pixel 
overlap of the two ICCDs. An example of the overlapped CH and CH2O PLIF images are 
shown in Fig. 4.13.15c. 

 

Fig. 4.13.15. Simultaneous PLIF images of CH and formaldehyde. 

 

Pulsed

alexandrite

laser

Nd:YAG

laser

ICCD1

ICCD2

LF1

LF2

CL SL

DCPB

Fig. 4.13.14. Experimental setup for simultaneous PLIF.PB, Pellin-
Broca prism; DC, dichroic mirror; CL, cylindrical lens; SL, spherical lens; 
LF1, long pass filter (GG385); ICCD1, for formaldehyde detection; 
LF2, long pass filter (GG400); ICCD2, for CH detection. 
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Fig. 4.13.16. PLIF images of formaldehyde (green) and CH (red) in laminar (a) and 
turbulent (b-f) flames with different gas supply speeds in the inner tube. (Φ=1). 

To examine the flame structures with fine details, we focus the laser and camera to the window 
as indicated in Fig. 4.13.13b. Shown in Fig. 4.13.16a-f are simultaneously recorded CH and 
CH2O PLIF images for flames F1 – F6. The Reynolds number based on the velocity and 
diameter of the inner jet for the F1 flame is about 1300. At this low Reynolds number the flow is 
laminar and the flame shows a smooth and thin reaction zone as characterized by the CH2O and 
CH PLIF images shown in Fig.6a. PLIF images of formaldehyde and CH taken at the same 
snap-shot indicate that the formaldehyde layer is located in the inner part of the flame towards 
the preheat zone, whereas the CH layer is slightly outside of the formaldehyde layer, and the two 
layers overlap each other partially. The thickness of these layers is about 200 µm.  

The Reynolds number of flame F2 is about 4000. The flame is turbulent with relatively low 
turbulence intensity. Compared to the laminar flame F1, flame F2 is longer and slightly wrinkled. 
The CH radicals are found in thin wrinkled layer, whereas the CH2O radicals are found in thin 
layer in the low part of the flame and in rather broad zone in the upper part of the flame. Further 
increasing the jet velocity and thereby the jet Reynolds number the intensity of turbulence 
increases leading to more wrinkled flame front, as depicted by the CH-layers for flames F3 and 
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F4. The CH2O-layers become broader as the jet velocity increases. Differed from the 
formaldehyde layer, the thickness of CH layer remains almost the same in all these flames. The 
intensity of CH radicals are nearly the same for the low and moderate jet Reynolds numbers (F1–
F4). For the two highest jet velocity cases (F5, F6) the CH intensity is lower, which is attributed 
to the high local flame stretch rate to be shown below. The thin CH-layers found in the present 
flames are supportive to the laminar flamelet concept that are widely used in the current 
turbulent flame modeling; however, the broader formaldehyde distribution towards the preheat 
zone of the flame is not consistent with the flamelet assumptions. 

The turbulent flame structures have been analyzed using simultaneous CH and formaldehyde 
PLIF measurements. The high spatial resolution enabled the direct observation of the 
phenomenon that the formaldehyde layer expanded at turbulent condition, while the CH layer 
remains the same even in strong turbulent conditions. This phenomenon is new and it provides 
insightful information about the flame/turbulence interactions, which can be used for 
developing models for high intensity small-scale turbulent flames in the thickened flame regimes. 

4.13.5  Experimental and numerical study of a conical turbulent partially premixed 
flame 

B. Li, E. Baudoin1, R. Yu1, Z.W. Sun, Z.S. Li, X.S. Bai1, M. Aldén and M.S. Mansour2 
Partially premixed combustion is found in many industrial combustion devices, e.g. IC engines 
and gas turbines, and many other engineering applications. Recently, Mansour3 has developed a 
concentric flow conical nozzle burner which consists of a mixing tube and a cone mounted on 
top of the tube. This conical burner provides an excellent opportunity to study partially premixed 
flames since different degrees of partial mixing can be conveniently generated in the mixing tube 
ranging from perfectly premixed to non-premixed conditions. The flame serves as a good test 
case for developing and validating simulation models for partially premixed flames. 

The objective of this study is to investigate the details of flame structures and the mechanisms of 
the flame stabilization. A glass cone has been developed which allows the laser diagnostics of the 
flame inside the cone. Planar laser induced florescence (PLIF) of CH and chemiluminescence 
video imaging are used to characterize the structures of the leading flame front inside the cone. 
CH and CH2O PLIF are also carried out above the cone to identify the instantaneous reaction 
zone structures. 

The present burner is similar to the conical burner developed by Mansour3 with modification of 
the cone by using a BK7 glass to enable optical access. A schematic illustration of the burner and 
a photo of the flame and the cone are shown in Fig. 4.12.17. The burner consists of two stainless 
steel tubes where the inner tube supplies air and the outer tube supplies fuel. Mixing starts at the 
exit of the inner tube and continues with a premixing distance of L between the exit of the inner 
tube and the exit of the outer tube. With L=0, the flame is non-premixed. With L>0 the flame is 
partially premixed since at the exit of the tube certain degree of premixing of fuel and the 
primary air is already achieved. It has been shown experimentally that, at L/D=5 (D is the inner 
diameter of the outer tube), the best flame stability exists, where the overall equivalence ratio of 
the fuel/air mixture is minimum to allow a stable combustion. In the current study, L/D=5 
burner geometry is used where the burner diameter D is 9.7 mm; the half-cone angle is 26o; the  

                                                 
1 Department of Energy Sciences, Lund University, S-221 00 Lund, Sweden 
2 National Institute of Laser Enhanced Sciences, Cairo University, Egypt 
3 M.S. Mansour, Combust. Sci. Technol. 152 (2000) 115-145; M.S. Mansour, Combust. Sci. Technol. 174 (2002) 47-
78; F. El-Mahallawy, A. Abdelhafez, M.S. Mansour, Combustion Sci. Technol. 179 (2007) 249-263. 
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length of the cone is 64 mm, and the diameter of 
cone exit is 73 mm. The overall equivalence ratio is 3 
and the characteristic inlet speed at the cone inlet is 
20 m/s. 

Chemiluminescence imaging was performed through 
a fused silica lens employing an ICCD camera 
(Princeton PI-MAX, 512×512 pixels). An exposure 
time of 30 µs was utilized to capture the unsteady 
turbulent motions. Chemiluminescence from CH* 
and C2* etc. populated by chemical reactions was 
collected through the BK7 glass cone. 

Regarding the CH detection there are two electronic 
transitions, A2Δ-X2Π and B2Σ-X2Π, which are usually 
excited for LIF applications in the near ultraviolet 
and visible spectral range. In this work excitation of 
the B-X (0, 0) R-branch band-head was made near 
387.3 nm and broadband fluorescence from the B-X (0, 1), A-X (1, 1) and A-X (0, 0) bands 
overlapping at around 431 nm was collected. This approach allows sufficient suppression of the 
elastically scattered light by a simple color glass filter (Schott GG-400) and the collection of an 
ample amount of signal. A second harmonic of a flash lamp pumped, ring-cavity, tunable, pulsed 
alexandrite laser (PAL/PRO™, Light Age Inc.) was utilized. By operating in multimode, broad 
band output as around 387 nm was obtained after frequency doubling. The laser beam was 
formed into a thin laser sheet and cross the interrogated region in the flame. The fluorescence 
was collected perpendicularly to the laser sheet by the same ICCD camera as the one used for 
chemiluminescence imaging. CH PLIF has been measured at positions both above and inside the 
cone for different flame conditions. For the measurements inside the cone, a laser sheet with 17 
mm width and 15 mJ per pulse was utilized. For the measurement outside the cone, a laser sheet 
with 30 mm width and pulse energy of 35 mJ per pulse was adopted. 

For formaldehyde PLIF measurements, a Nd:YAG laser (Brilliant B, Quantel) was employed to 
provide the required 355 nm UV excitation beam with 115 mJ per pulse, 10 Hz the repetition 
rate and 10 ns pulse duration. Through an optical system, the laser beam was formed into a 30 
mm width thin laser sheet and sent to cross the flame at the interrogated region. The same ICCD 
camera used for CH PLIF was aligned perpendicularly to the laser sheet and PLIF images were 
recorded through a long pass Schott filter WG385. The measurements were only performed at 
the position above the cone. 

 

Fig. 4.12.18. A chemiluminescence image taken with 30 µs exposure time (a); a snap-shot of CH PLIF (b); an 
instantaneous CH (color contours) and instantaneous stoichiometric mixture fraction (white lines) from LES (c). 

Fig. 4.12.17. Schematic illustration of the conical 
flame rig (left), and a direct photo of the burner 
with flames (right). 
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Fig. 4.12.18 shows the flame structure inside the cone. The CH PLIF shows two lines from the 
thin reaction zones in the flame crossed by the laser sheet. They are wrinkled and one side of the 
reaction zone is higher than the other side, which indicates a dynamic oscillatory motion of the 
flame front. The CH PLIF image corresponds well with the LES results from the triple flame 
propagation model where two highly wrinkled thin CH layers are shown. The 
chemiluminescence image shown in Fig. 4.12.18a is likely correlated with the CH radicals. They 
also show a two-layer structure. There are two stoichiometric iso-lines shown in the two 
dimensional (2D) cut-plane in Fig. 4.12.18c. In three-dimension, they are iso-surfaces. The thin 
CH layer is associated with the outer stoichiometric surface only, indicating that the outer 
stoichiometric surface is burnable whereas the inner stoichiometric surface is not burnable. 

  

Fig. 4.12.19. Instantaneous CH distribution above the 
cone. Left: LES results; right: PLIF results. 

Fig. 4.12.20. Instantaneous CH2O distribution above 
the cone. Left: LES results; right: PLIF results. 

The flame structures above the cone are presented in Fig.4.12.19 and Fig 4.12.20 where 
instantaneous CH and CH2O distributions from both LES and PLIF are shown. Two wrinkled 
thin CH layers are seen in Fig. 4.12.19. The flame structures above the cone from LES are the 
same with and without the use of triple flame propagation model, since once the flame is 
stabilized inside the cone the main structure of the flame outside the cone is of non-premixed 
diffusion controlled type. The CH structures from LES resemble very well the CH PLIF images, 
although a little thicker CH layer is predicted in LES (about 1.7mm) than that in the PLIF (about 
1.25mm). This is due to the fact that the LES spatial resolution is coarser than PLIF resolution. 
The fact that CH PLIF layers are thin and the flamelet based LES results are similar to the PLIF 
images is a supportive evidence that the flamelet concept is acceptable for this type of flames. 

The CH2O layers from PLIF are rather thick; this may correspond to two effects. One is that the 
CH2O radicals are associated with chemical reactions at lower temperature fuel rich zones as an 
intermediate species with relatively longer life time than other radicals such as CH. This 
corresponds to the thicker CH2O layer in the current flamelet based LES results shown in Fig. 
4.12.20. Another effect is that turbulent eddies may enter into the reaction zones associated with 
CH2O radicals since the life time of CH2O radicals are relatively long and CH2O layer in the 

LES PLIFLES PLIF
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laminar flamelet is relatively thick. This would transport CH2O radicals to wider zone and 
thereby smoothen the distribution of CH2O radicals as indicated in the PLIF measurement. This 
effect is partly taken into account in the laminar flamelet based LES models by means of 
smoothening of the mixture fraction field by turbulence. However, since the life time of CH2O 
may be comparable to the turbulence eddy time, more dynamic interaction between the flow and 
CH2O related reactions may play a role. This may explain the discrepancy that the thin peaks of 
CH2O are found in the LES result but not in the PLIF results. In this regard, interactive flamelet 
based LES models would perform better. 

The structure and stabilization mechanism of a partially premixed methane/air flame held on a 
conical jet burner were studied using laser diagnostics and LES1. Thin CH layers in the cone as 
well as above the cone are detected using PLIF which is supportive to the flamelet combustion 
concept. Inside the cone the flame was found to be stabilized above the nozzle, according to 
both CH PLIF and chemiluminescence images. This is well understood from LES results. In 
LES it was found that near the inside wall of the cone one can observe a reversal flow towards 
the nozzle. The high speed flow of fuel/air mixture from the nozzle forms a shear layer where 
large scale vortices exist. These vortices effectively stabilize the triple flame front. LES were 
carried out using two different flamelet models, one considered local flame quenching at high 
scalar dissipation rate, and one considered the triple flame front propagation. The former model 
predicted a flame attachment to the nozzle with four CH layers in the two-dimension 
axisymmetric plane, which contradicted to the CH PLIF and chemiluminescence results. The 
triple flame model correctly predicted the flame structures and stabilization inside the cone. 
Similar results for the flame structures above the cone are given by both models. 

 

                                                 
1 B. Li, E. Baudoin, R. Yu, Z.W. Sun, Z.S. Li, X.S. Bai, M. Aldén and M.S. Mansour, ‘Experimental and Numerical Study 
of a Conical Turbulent partially Premixed Flame’, Proceeding of Combustion Institute 32, 1811-1818 (2009). 
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4.14 Filtered Rayleigh scattering for Temperature Imaging 
J. Zetterberg, Z.S. Li, M. Afziliu and M. Aldén 
Non-intrusive temperature measurements provide crucial information to the understanding of 
combustion processes. Many laser-based non-intrusive optical techniques have been developed 
for combustion temperature measurements with high temporal and spatial resolution. Due to 
Doppler and collisional broadening, Rayleigh scattering from molecules are spectrally 
distinguishable from the spurious background scattering introduced by slowly moving particles 
and surfaces. Atomic or molecular filters, made of an optical cell filled with atomic or molecular 
gas provides ultra narrow and strong absorption lines, which can be used to spectrally separate 
the un-broadened spurious light from part of thermally broadened molecular Rayleigh scattering. 
This technique is named filtered Rayleigh scattering (FRS). 

The principle of FRS is depicted in Fig. 
4.14.1. A narrow linewidth laser is 
employed in FRS to illuminate the gas 
sample. The laser-induced molecular 
Rayleigh scattering has a broader spectral 
distribution than the irradiated laser line 
profile due to Doppler and collisions 
broadening, while the spurious scattering 
from particle and optics has the same 
spectral distribution as the irradiated laser. 
This difference can be used to distinguish 
the light scattered by molecules and the 
light scattered from optics or particles in 
the gas. In order to do so two critical 
requirements need to be fulfilled; a 
suitable laser-system with a linewidth 
substantially narrower than the molecular 
Rayleigh scattering and an optical filter 
with a steep slope in its transmission 
profile that is narrower than the Rayleigh 
profile but wide enough to block the 
irradiating laser light. The laser is spectrally tuned to the centre of the absorption profile of the 
filter and the spectrally un-broadened light is filtered away while part of the broadened light is 
transmitted through, see Fig. 4.14.1. To make quantitative FRS measurements a precise 
modelling of the transmission profile of the filter as well as the Rayleigh scattering profile is of 
essential importance. 

In the present measurements, a quartz cell filled with isotope enhanced atomic mercury, Hg202, is 
used as filter. The strong resonance absorption line of mercury at ~254 nm forms the narrow 
notch filter. The use of isotope enhanced mercury simplifies the transmission profile, leaving 
only a single hyperfine-structure line, and increases the transmission of the molecular Rayleigh 
scattering substantially. The transmission profile of the starved mercury filter was measured 
utilizing a single-longitudinal-mode alexandrite laser-system (LightAge, PAL101) 1 . The 
alexandrite laser was frequency tripled to produce the required 254 nm beam with a ~100 MHz  

                                                 
1 Z. S. Li, M. Afzelius, J. Zetterberg, and M. Alden, "Applications of a single-longitudinal-mode alexandrite laser for diagnostics 
of parameters of combustion interest," Rev Sci Instrum 75, 3208-3215 (2004). 

 

Fig.4.14.1. The dashed line indicates the molecular Rayleigh 
scattering line profile at 500 K, it overlaps with the mercury 
absorption notch (dots are experimental measurements and the 
solid line the modeled transmission profile) generating the 
shadowed area, which is the light transmitted through the filter. 
The narrow line in the middle is the irradiated laser profile, which 
corresponds to elastically scattered light from particles and optics. 
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linewidth, 20-30 mJ and 90 ns 
pulse energy and duration, 
respectively. In order to measure 
the transmission profile of the Hg 
filter the laser frequency was 
scanned over the spectral region of 
the cell. The experimental setup 
for the cell characterization is 
shown in Fig. 4.14.2. After the 
tripling a reflection from a quartz 
plate is directed through a 
polarizer, reducing the intensity of 
the beam. The front and back 
reflection from a thick quartz plate is then directed through the mercury cell and passed the cell, 
respectively. The two beams are detected by two identical photodiodes and the transient signals 
were recorded by a 3 GHz digital oscilloscope (LeCroy Wavemaster 8300). The intensity of the 
beam passing outside the cell is then used to compensate for shot-to-shot fluctuations. The 
measured filter transmission profile is shown as black dots in Fig. 4.14.1. Although the mercury 
in the cell is isotope enhanced the other isotopes give a non-negligible contribution.  

The Doppler broadening is by far the most prominent contribution to the profile (~ 1GHz) 
while the natural broadening (~1.3 MHz) and the collisional broadening (~0.4 kHz) is negligible, 
due to the low pressure in the cell (10-3 mtorr at room temperature). To obtain the absorption 
coefficient the three lineshape contributions are convoluted together and the resulting Voigt-
profile is multiplied with the number density, N0. The Beer-Lamberts law can then be used to 
calculate the total transmission profile, t(ν), of the mercury cell through, 
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where h is Planck’s constant, l the length of the cell, B12 the Einstein coefficient, ν the frequency, 
c the speed of light, g(ν’-ν) the Gaussian profile and ftot(ν’) the total Lorentzian profile, 
respectively.  

The molecular Rayleigh-Brillouin 
scattering profile is of essential 
importance for the interpretation 
of the FRS signal. Brillouin 
scattering arises from moving 
density fluctuations, sound waves, 
in the gas sample and gives a non-
negligible contribution already at 
ambient condition. At higher 
pressure it completely dominates 
the scattering profile 
(hydrodynamic regime). At flame 
temperatures and atmospheric 
pressure Doppler broadening 
dominates and gives the scattering 
profile a Gaussian profile (the 

 

Fig. 4.14.2. Schematic setup of the FRS system, the dashed box marks 
the part of the setup for the mercury cell transmission measurement: BS, 
beam splitter; FQ, frequency conversion;, PD, photodiode; FP, Fabry-Perot 
etalon; SL, seeder laser. 

 

Fig. 4.14.3. The Rayleigh-Brillouin scattering profile at 1, 10 and 50 
bar, the Brillouin contribution is substantial already at 10 bar. 
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Knudsen regime). In these experiments the S6-model has been employed. The S6-model was put 
forth by Tenti et al.1 in 1974 and is to date one of the most accurate models available to predict 
the Rayleigh-Brillouin scattering profile. The Rayleigh-Brillouin line-shapes for nitrogen 
calculated with the S6 model at three different pressures are shown in Fig. 4.14.3. Note that the 
lineshape changes dramatically with pressure. 

The FRS signal detected by the ICCD camera is a direct integration of the total spectral intensity 
for the Rayleigh-Brillouin profile, I(ν), and the transmission profile, t(ν) and is given by 

( ) ( ) ( )0 0S I t dν ν ν ν ν= ⋅ −∫   (2) 

where the limits of the integral is given by the interference filter. The total spectral intensity is 
the sum of the scattered light from the mole-fraction of the different species in the sample and 
can be expressed by 
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where C is the optics calibration constant, I0(ν0) is the irradiated laser intensity at frequency ν0, N 
is the total number density, xi the mole fraction of the i:th species with the differential Rayleigh 
scattering cross section dσRi/dΩ, ΔΩ is the detection solid angle and ri is the scattering 
distribution of that gas species determined by the S6-model. 

In order to extract temperature from an FRS measurement it is convenient to use reference data 
at known conditions, i.e. known temperature, pressure and chemical composition in order to 
normalize the signal. Two out of these three conditions need to be known in the data as well. 
The optical calibration constant and the solid angle of detection can then be eliminated the 
normalized FRS signal is then given by 
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Temperature as a function of the normalized intensity or signal ratio is shown in Fig. 4.14.4, 
where the S6-model was employed to calculate the Rayleigh-Brillouin scattering profile for N2 
and the mercury filter transmission profile was modeled with Eq (1). Generally in Rayleigh 
scattering measurements nitrogen is assumed as the major species to dominate the scattering 
profile. In the present work, the FRS signal intensity as a function of pressure was investigated 
and is shown in Fig. 4.14.5. The experimental setup shown in Fig. 4.14.2 was used, with the 
difference that the burner was replaced with a high pressure cell. The measurement data was 
averaged over 30 single-shots and the background was subtracted for each single shot image. 
The calculated signal was deduced using the S6-model for nitrogen and the measured 
transmission profile of the filter. The measurement series and the calculation were both 
normalized to the signal strength at 1 bar, making a direct comparison between the two possible. 

                                                 
1 G. Tenti, C. D. Boley, and R. C. Desai, "Kinetic-Model Description of Rayleigh-Brillouin Scattering from Molecular Gases," 
Can J Phys 52, 285-290 (1974). 
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The result indicates that measurements at elevated pressure are achievable if the lineshape of the 
scattered light is well known. In the present study the assumption of N2 as single species is made 
and gives good results, which is not surprising while methane is used as fuel. 
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Fig. 4.14.4. The modeled normalized FRS signal at 
combustion important temperatures. 

Fig. 4.14.5. The FRS signal from nitrogen as a function of 
pressure, the line is a calculation of the FRS signal using the 
S6-model and the theoretical transmission profile of the mercury 
filter. 

Premixed, open air methane/air flames of different fuel/air ratios, Φ, have been studied using 
FRS. In Fig. 4.14.2 a schematic of the experimental setup is depicted. The vertically polarized 
254 nm laser beam was formed to a 5 mm vertical laser sheet and focused through a premixed 
methane/air flame, 10 mm above a cone flame burner, which was 5 mm in diameter. The gas 
was supplied through a 5 m long, 5 mm in diameter Teflon tube to assure homogeneous mixing 
and the gas flow was controlled by mass flow controllers (Bronkhorst,El-Flow). The light was 
collected perpendicular to the incident laser sheet, through the narrow mercury notch filter, by a  

50 mm achromatic B-Halle lens and imaged 
onto an ICCD camera (LaVision, Flamestar 
II). In Fig. 4.14.6 (a), a single shot 
thermometry image of a methane/air flame is 
shown. The flame is slightly rich, Φ = 1.56. 
The adiabatic flame temperature of such a 
flame is 1859 K, calculated using the Olikara 
and Borman equilibrium routines. As 
expected the adiabatic flame temperature is 
not reached, which is reasonable given heat 
loss to the burner, radiation from soot and so 
forth. The white line in Fig. 4.14.6 (a) marks a 
horizontal profile of the flame. The profile is 
shown in Fig. 4.14.6 (b). From it the signal-to-
noise ratio was estimated to be ~10-5:1 
depending on temperature. A larger set of 
data was also analyzed to estimate the relative 
error using the standard deviation in each 
pixel, yielding a ~10% relative error in the 
burned gases. 

To further validate the technique and study its 
applicability in diffusion flames, 
measurements were conducted in a 
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Fig. 4.14.6. A single-shot 2D temperature measurement of 
a methane/air flame, φ = 1.56, using FRS is shown in (a). 
In (b) the temperature profile at ~12 mm above the flame in 
(a), the profile is marked with a white line in (a). The 
adiabatic flame temperature of such a flame is 1859 K. 
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Wolfhardt-Parker (WP) burner. The experimental setup was as described above with a few 
adjustments. A lower laser pulse energy (~13 mJ) than in the premixed case was used, and a 100 
mm B-Halle lens and an IMAX Princeton ICCD camera were utilized for the detection. A 
reflection filter (LaserOptik) with 98 % transmission of 254 nm, was used in front of the 
mercury filter to suppress chemiluminescence and Planck radiation from soot. The difficulty to 
measure in non-premixed combustion with FRS is the species distribution in the flame. In the 
WP burner this has been measured using different techniques and are readily available at NIST1 
together with calibrated thermocouple measurements. 

A result of these measurements is shown 
in Fig. 4.14.7. In (a) a single-shot, 2D 
temperature map of the flame, where the 
two reaction zones are clearly visible and 
in (b) a 10 shot average (acquired at 10 
Hz) 9 mm above the burner is shown. 
The crosses represent the temperature 
data measured by FRS and the circles 
the thermocouple data from NIST. The 
slight discrepancy on the right flank 
might be due to the fact that the mesh 
chimney stabilizing the flame was a 
millimeter away from the center. 

UV-Filtered Rayleigh scattering was 
developed, utilizing a frequency tripled 
single-longitudinal mode alexandrite 
laser at 254 nm, together with an isotope 
enhanced mercury cell. The filter was 
characterized and further applied for 2D 
thermometry measurements in sooty, 
both premixed and non-premixed 
flames, with satisfactory suppression of 
scattered light, yielding temperatures 
consistent with adiabatic flame 
temperatures and previous 
measurements. 

 

 

                                                 
1 K. C. Smyth, http://www.bfrl.nist.gov  
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4.15 Nano-partical detection in combustion 

4.15.1  X-ray Diagnostics for the study of nanoparticles and precursors in flames 

F. Ossler, S. E. Canton1 and J. Larsson2 

Nanoparticles are becoming 
increasingly important for our 
society. Fig. 4.15.1 shows a 
schematic overview of the role 
of nanoparticles’ dynamics and 
their interaction with 
environment and society. 
Particle formation dynamics 
from simple fuel molecules to 
the complicated structures found 
in fully developed soot particles 
is to a great deal unknown. The 
chemical and physical properties 
of nanoparticles are hard to 
reveal because they are very 
small down to less 1 nanometer 
in diameter. Due to their small 
size they and their molecular-like 
properties: They diffuse rapidly 
and can penetrate almost any 
biological barrier; they are hard to capture with mechanical filters; and they may have important 
effects on the radiation balance and atmospheric chemistry as well as biological systems. 

This project aims at the in situ characterization of small nanoparticles. The work includes the 
development of diagnostic tools; fundamental as well as applied studies of particle formation 
dynamic processes; and studies of their interaction with environment and biological systems in 
collaboration with other research groups. 

Mature soot particle produced in ethylene flames present different subnanometer structures. 
High Resolution Electron Microscopy images on soot particles produced in an ethylene flame 
show structures having curvatures with diameter smaller than 1 nm, and almost no graphitic-like 
layers. Some examples are given in Fig. 4.15.2 3 . One very important issue is how these 
substructures relate to the early phases of particle formation, where molecular and particles of 
the size around 1 nm are formed. 

                                                 
1 Department of Chemical Physics, Lund University, LUND 
2 Division of Atomic Physics, Lund University, LUND 
3 F. Ossler, J. Larsson, “In-situ measurements of nanoparticles in flames using wide-angle X-ray scattering”, the 231st National 
Meeting of the American Chemical Society, Atlanta, March 26-30, 2006; F. Ossler, J. Larsson, “Sycnhrotron x-ray 
scattering diagnostics for combustion studies at beamline D 611, MAX-lab, LUND”, Work-In-Progress Poster, 31st 
International Symposium on Combustion, The Combustion Institute, Heidelberg, Germany, August 6-11, 2006. 
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Fig. 4.15.1. Schematic picture on nanoparticle dynamics and there role in 
environment health and society. 
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In order to resolve and understand the mechanisms of particle formation dynamics there is the 
need to perform high structural resolution measurements in situ and to use techniques enabling 
atomic level resolution. This project is aligned accordingly, to develop experimental tools able to 
resolve the size and structure of molecules, clusters and particles. Since some years we are 
developing X-ray scattering techniques, which are being used on flames. The results strongly 
indicate that subnanometric spherical and nanometric graphitic structures are formed in sooting  
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Fig. 4.15.2. High Resolution Electron Microscopy Images of soot particles from our experiments. The 
rightmost picture shows considerable spherical structures and almost no layered or graphitic substructures. 
The central picture shows a higher content of layered structures. 

ethylene flames. The measurements were first based on wide-angle x-ray scattering (WAXS), but 
are now being combined with small-angle x-ray scattering (SAXS) to capture the full dynamics 
from gas phase molecules to more developed soot particles. 
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Fig. 4.15.3. The Experiemntal Set-up. 
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During the last 3 years a first prototype (Fig. 4.15.3)1 of a multi-channel detector for measuring 
dynamic processes of particle formation was built. The detector allows high dynamic range 
measurements on gas-phase systems and condensation processes. Experiments were performed 
on an atmospheric pressure ethylene diffusion flame with an inserted cooling and flow-
stabilizing metal plate on which soot particles condensed. By recording the scattering intensity 
slightly below the plate for more than one hour molecular growth, particle formation and 
dynamics as well as the transition of soot particles from gas phase to condensed phase were 
studied (Fig. 4.15.4). By comparing the scattering intensities at different scattering angles with 
corresponding values obtained from calculations on different species information on dynamics 
was evaluated. The experiments included detector channels in the WAXS and the SAXS regions 
to correlate different dynamic processes. Work has been presented at different conferences and 
symposia1. A 2nd prototype that will allow higher resolution of size and structure is now being 
built. The developments will also include building a new reactor/burner. 
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Fig. 4.15.4. Schematic layout of the particle system at different times of the experiment (t1-t2) studied with the 
detector prototype. The graph shows the sampled raw data for the different scattering angles. The different dynamic 
stages (A-D) include gas phase molecular growth and clustering and particle growth (A-B) followed by condensation 
onto the cooling plate (B-C), and finally (D) dynamics in the condensed phase. Interesting to not is the high dynamic 
range of the signals and ina articular the very rapid changes in the subnanostructure as the flame is turned off (e.g., 
W2, W3). 

                                                 
1 F. Ossler, J. Larsson, “Sycnhrotron x-ray scattering diagnostics for combustion studies at beamline D 611, MAX-lab, LUND”, 
Work-In-Progress Poster, 31st International Symposium on Combustion, Heidelberg, Germany, August 6-11, 2006; 
F. Ossler, S. E. Canton, J. Larsson, “In-situ x-ray scattering measurements of the dynamics of soot formation with subnanometer 
structural resolution”, Work-In-Progress Poster, 32nd International Symposium on Combustion, Montreal Canada, 
August 3-8, 2008; F. Ossler, S. E. Canton, J. Larsson, “In-situ measurements of the dynamics of soot formation with 
subnanometer resolution based on X-ray scattering diagnostics using a new detector prototype”, the 236th National Meeting of the 
American Chemical Society, Philadelphia PA (USA), August 17-21, 2008; F. Ossler, S. E. Canton, J. Larsson, “In-situ 
Characterization of Particle Formation Processes with Subnanometer Structural Resolution on Nanoparticles and Soot (Size, structure 
and dynamics) Using X-ray Scattering Techniques”, 30th Task Leaders Meeting, The International Energy Agency, Capri, 
September 14 -18, 2008. 
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4.15.2 Femtosecond-laser based studies the fluorescence anisotropy for the 
characterization of small fluorescent nanoparticles in combustion 

A. Bruno12, F. Ossler, C. de Lisio1,2, P. Minutolo3, N. Spinelli2 and A. D’Alessio4. 
The project is a collaboration with the University of Naples, “Federico II”. It aims at in situ 
studies of nanoparticles formed during combustion. Polarized femtosecond UV-laser radiation 
excites absorbing sites present in the nanoparticles. This is a technique relying on electronic 
excitation of fluorescent species included in small nanoparticles. Fluorescence emitted in the 
UV-visible from these sites by the fluorophores is identified as molecular units containing 2-4 
aromatic rings. The perpendicular and parallel polarized components of the fluorescence are 
measured time resolved with a fast detector such as a streak camera. 
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Fig. 4.15.5. The experimental set-up. 

 

                                                 
1 Centro di Ricerca e Sviluppo “Coherentia”, C.N.R. – I.N.F.M., Unità di Ricerca di Napoli, Complesso di Monte S. 
Angelo, Via Cintia, 80126, Napoli, Italy 
2 Dipartimento di Scienze Fisiche, Università di Napoli “Federico II”,  Complesso di Monte S. Angelo, Via Cintia, 
80126, Napoli, Ital 
3 Istituto di Ricerche sulla Combustione,CNR,  P.le Tecchio,80, 80126, Napoli, Italy 
4 Dipartimento di Ingegneria Chimica, Università di Napoli “Federico II”, P.le Tecchio, 80, 80126, Napoli, Italy 
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Fig. 4.15.6. (a) The measured anisotropy decay and the corresponding best fit. The diameter evaluated from the fit is 3.3 
± 0.3 nm; (b) The spectrally resolved fluorescence. The detection was in the region between 450 nm and 650 nm. 

The decay of the fluorescence and the corresponding anisotropy is measured and used to 
evaluate the size of small nanoparticles. Depending on the resolution of the detectors particles as 
small as 1 nanometer can be measured. The first results have been published in journals and at 
conferences and symposia1 . This technique has a large potential of being developed into a 
practical measuring tool for particle measurements on real combustion devices such as at the 
exhaust of engines and gas turbines. 

 

                                                 
1  A. Bruno, C. de Lisio, P. Minutolo, F., Antonio D'Alessio “In Flame Detection of Nanoparticles by Time-Resolved 
Fluorescence Analysis”, 32nd International Symposium on Combustion, Montreal Canada, August 3-8, 2008; A. Bruno, 
F. Ossler, C. de Lisio, P. Minutolo, N. Spinelli, and A. D'Alessio, “Detection of Fluorescent Nanoparticles in Flame with 
Femtosecond Laser-Induced Fluorescence Anisotropy”, the 236th National Meeting of the American Chemical Society, 
Philadelphia PA (USA), August 17-21, 2008; A. Bruno, F. Ossler, C. de Lisio, P. Minutolo, N. Spinelli, A. D’Alessio 
,“Detection of Fluorescent Nanoparticles in Flames with Femtosecond Laser-Induced Fluorescence Anisotropy”, 30th Task Leaders 
Meeting, The International Energy Agency, Capri, September 14 -18, 2008; A. Bruno, F. Ossler, P. Minutolo, C. de 
Lisio, “In situ detection of soot nanoparticles by time resolved fluorescence analysis”, J. Optics A, 10, 064016, 2008; A. Bruno, F. 
Ossler, C. de Lisio, P. Minutolo, N. Spinelli, A. D’Alessio, “Detection of fluorescent nanoparticles in flame with femtosecond 
laser-induced fluorescence anisotropy”, Optics Express, 16, 5623, 2008. 
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5 Combustion Research 

5.1 Mechanism reduction and optimized Quasi Steady State 
(QSS) solver  

Andreas Arvidsson 
The main objective of this project, financed by the Swedish Energy Agebcy through CECOST, is 
to develop an automatic tool for generating reduced mechanisms for user defined parameter 
ranges and to develop a solver combination, including a sparse matrix solver for the Quasi 
Steady State (QSS) species, that solves a system of differential and algebraic equations in such a 
fashion that the total CPU time decreases with the number of QSS species while the accuracy of 
the solution is maintained.  

The optimized Quasi Steady State (QSS) solver  

The difficulty of this project is to speed up the solver combination without losing to much of the 
accuracy in the solution. The accuracy of the solution is reflected in how well the ignition delay 
time and species concentration profiles are perdicted. An outer Newton solver is used to solve 
the partial differential equations. An inner Newton solver is used to solve the algebraic 
equations. This algebraic solver is highly optimized by using the knowledge about the sparseness 
of its Jacobian matrix. The optimization is done in a pre-processing step, since the sparseness 
pattern is constant in time. The optimization involves “hard-coding” of the entire solver and a 
simulated annealing process to minimize the number of operations in the Gaussian elimination 
and back substitution. In order to have high accuracy of the QSS species concentrations, the 
algebraic solver is iterated until convergence at each iteration step of the differential solver. 

The automatic tool for generating reduced mechanisms 

The automatic tool for generating reduced mechanisms allows the user to define for which 
parameter range the reduced mechanism is valid and how accurate the solution must be 
compared to the detailed mechanism. The automatic tool for generating reduced mechanisms is 
based on a Level Of  Importance (LOI) list. Species with low LOI are first chosen to be set in 
QSS. After that species with higher and higher LOI value are tried to be added as QSS species to 
the reduced mechanism. A simulation is done for the reduced mechanism. If the CPU time is 
low and the accuracy of the solution is within the user defined limits the potential QSS species is 
accepted and added to the reduced mechanism, otherwise the potential QSS species is denied 
and a new potential QSS species is tried. This process continues and the reduced mechanism is 
built up until almost all species have been tried as QSS species. The end result is a reduced 
mechanism that has low CPU time and has an accurate solution within the user defined 
parameter range. 

Results 

A 118 species mechanism, describing of mixture of methane (90%) and propane (10%)  has been 
reduced using the newly developed automatic tool for generating reduced mechanisms. The 
parameter ranges that where chosen by the user for this case was T=1100 K, P=8,1 bar and 
phi=1,0. The ignition delay time limit and species concentration limits where both chosen to be 
10 %. Fig. 5.1.1. shows the normalized CPU time vs number of QSS species for different initial  
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time steps sizes. Fig. 5.1.2. shows the 
ignition delay time difference 
between the reduced and detailed 
mechaisms in (%) vs number of QSS 
species. Fig. 5.1.3. shows 
massfration of OH vs time. 

Conclusions 

The goals have been met. An 
optimized Quasi Steady State solver 
has been develop and is used 
together with the solver for the 
differential equations in such a 
fashion that the total CPU time of 
the solver combination decreases as 
the number of QSS species 
increases, while the solution 
accuracy is well within acceptable 
boundaries. An automatic tool for generating reduced mechanisms, which allows a user defined 
parameter range for which the reduced mechanism is valid and how accurate the solution of the 
reduced mechanism must be compared to the detailed mechanism, has been developed. 
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Fig. 5.1.3. Mass fration of OH vs time. The first number 
in the legend is the temperature, the second is the pressure and 
the third is the number of QSS species. 
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Fig. 5.1.1. Normalized CPU time vs number of QSS species for 
different initial time steps sizes. The legend tells the initial time step size. 
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5.2 Emissions Reduction from Biofuel Combustion 
S-I. Möller, A. Lindholm, P. Petersson, J. Hrdlicka1, C. Boman2,3, A. Dahl3, E. Baudoin4, X.S. 
Bai4 and M. Aldén 
Previous work on gas fired pulse combustors of Helmholtz type has showed that one of the 
inherent advantages of combustion processes featuring controlled instabilities is the very low 
NOX emission levels in combination with efficient combustion and low levels of CO and 
unburned hydrocarbons. The main reason for this is believed to be the decreased residence time 
at high temperatures, which is a consequence of the increased reaction rates and enhanced heat 
transfer due to enhanced mixing. The project “LUCC Utilizing Combustion Instabilities for 
Emissions Reduction” (LUCIFER), sponsored by the Foundation for Strategic Environmental 
Research, MISTRA, was initiated in May 2002 and continued until the summer 2007. The 
objective of LUCIFER was to investigate if a combustion process with controlled instabilities 
also is advantageous in terms of reduced emissions of particles, soot, PAH and UHC from small 
to medium sized stationary biofuel fired heat/power units. The idea was to prevent particle 
formation at the source i.e. the combustion process itself due to decreased residence time at high 
temperatures and increased residence time at temperatures corresponding to the burnout stages 
of hydrocarbons. 

A so called Rijke-type pulse combustor for solid 
fuel combustion was designed and built for the 
experiments. A Rijke-combustor in principle 
consists of a vertical tube where the fuel bed is 
located approximately one quarter of the tube 
length above the lower inlet. The combustor 
design was a two meter tall tube with a circular 
cross-section of approximately 0.01 m2, 
equipped with side mounted inlet and outlet 
decoupling chambers in order to reduce the 
overall height of the combustor system. The 
cross-section area allowed for a firing rate of 
approximately 20 30 kW and the normal 
operating frequency was 80-90 Hz. The 
combustor was designed to facilitate the use of 
different liquid and gaseous fuels as well as solid 
fuel. To further increase the pressure oscillations 
and thereby to improve the mixing 
characteristics and combustion efficiency at the 
fuel bed, cooling was applied in terms of a 
mantle cooler and an internal spiral cooler, both 
positioned at a height of three quarters of the 
total length of the combustor. A cyclone added 
to the outlet decoupling chamber provided the 
possibility of optional recycling of flue gases (Exhaust Gas Recirculation, EGR) and unburned 
fuel fragments into the combustion zone. The design also provided optical access to allow visual 
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Fig. 5.2.1. Picture of burner section of the Rijke 
combustor. 
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flame observation and the use of optical measurement techniques. A photograph of the 
experimental Rijke combustor is shown in Fig. 5.2.1. 

Systematic characterisation tests were performed to explore the operation range, in terms of 
power input and air flow rates, of the Rijke type pulse combustor. In these tests, the flue gas 
emissions and pressure oscillations were measured. An example of the results of these tests can 
be seen in Fig. 5.2.2, which shows the amplitude of the pressure oscillations with and without 
applied cooling. 

The increase of the pressure amplitude results in improved mixing an enhanced intensity of the 
combustion. According to the theory, the emission levels of CO and TOC will thus be lower. 
The corresponding CO emissions with and without cooling can be seen in Fig. 5.2.3. 
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Fig.5.2.2. Amplitude dependence on excess air ratio with 
and without cooling; 23 kW. 

Fig.5.2.3. CO dependence on excess air ratio with and 
without cooling, 19 kW. 

 

Particle measurements 

Two particle measurement campaigns in collaboration with the Division of Ergonomics and 
Aerosol Technology took place in 2005 and 2006. The SMPS (Scanning Mobility Particle Sizer) 
technique was used for measurements of particles in the size range of 10 to 1000 nm (PM1) and a 
Low Pressure Cascade Impactor (LPI) and a filtering technique were applied for PM10 and 
PMTOT measurements. 

 

Fig. 5.2.4. Total PM mass concentrations given as >10 μm and <10 μm fractions. 
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The total particle emissions (PMTOT) were found to vary significantly (12-390 mg/Nm3 at 11% 
excess O2) with a varying fraction of coarse (>10 µm) particles (5-78%) depending on the 
operating characteristics and thereby on the intensity of the oscillations. A significant variation in 
"fine" PM (PM10) was also determined (12-100 mg/Nm3). The lowest level determined 
(12 mg/Nm3) is rather low compared to reported emissions for normal residential wood pellet 
combustion as well as lab-studies of fixed-bed combustion of wood pellets. 

 Numerical simulations 

The theoretical part of the project took place in 
cooperation with the Division of Fluid Mechanics, 
Department of Energy Sciences, Lund University.For the 
simulations a burner for gaseous fuels or wooden powder 
was used. The burner was inserted in the Rijke combustor 
in such a way that the flame is located at the same 
position as the fuel bed in normal operation. The purpose 
of the simulations was to study the behaviour of the 
combustion when forced oscillations were imposed on 
the inlets. A schematic of the burner assembly and the 
region corresponding to the numerical computational 
domain is shown inFig. 5.2.5. To reduce the 
computational cost only a part of the combustion system 
was simulated. Inlet a corresponds to the Rijke burner 
itself. The fuel (methane) is injected through a jet nozzle 
(inlet c) surrounded by an annular air co-flow (inlet b). A 
conical shaped bluff body is placed 20 mm downstream 
of the jet. 

The model is based on the Large Eddy Simulation (LES) conspet. A Scale-Similarity Model 
(SSM) was used for the Sub-Grid Scale (SGS) stresses. The combustion was modelled using the 
flamelet approach. The filtered density, temperature and mass fractions are calculated using a 
laminar flamelet library and a presumed density weighted probability density function (pdf). The 
density, mass fractions and temperature are obtained from a laminar flamelet library, calculated 
using counter-flow configuration and detailed chemical kinetics. 

  

Fig. 5.2.6. Radial profiles of the mean temperature at x/D=0.58 downstream of the bluff body for a forcing 
of A=25%, A=50%, A=75%, applied to inlet (a) (left figure) and a forcing A=5%, A=10%, A=20%, 
A=25%, applied to jet inlets (bc) (right figure). 

Fig. 5.2.5. Schematic of the burner 
region corresponding to the numerical 
computational domain. 
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An example of the results from simulations can be seen in Fig. 5.2.6 which shows radial profiles 
of the average temperature at x/D=0.58. Increasing velocity fluctuations affects the flame by 
decreasing temperature gradient across the flame. A small temperature bump can also be 
observed for higher forcing amplitude at r/R=0.8, which indicates the presence of vortical rollup 
structure in that region. 

A 

  
 

B 

  
 

Fig.5.2.7. Snapshots of scalar dissipation rate (A) (logarithmic scale) and temperature (B) at t0, 
t0+τ/5, t0+2τ/5, t0+3τ/5, t0+4τ/5, for a 25% fluctuation applied on all inlets (abc), τ denotes the 
period of forcing at the inlets. 

Fig. 5.2.7 shows a snapshot sequence of the scalar dissipation rate (A) and temperature (B) 
within a period based on inlet perturbation frequency for case (abc025). In steady reacting flow, 
Kelvin Helmholtz instabilities downstream of the bluff body can be observed besides the strong 
recirculation. When forcing is applied, the strong recirculation is conserved but the Kelvin 
Helmholtz instabilities are not the origin of the dominant structures downstream of the bluff 
body any more. Indeed due to the forced inlet fluctuations, strong roll up structures are formed 
just downstream of the nozzle. These structures are developing as they pass the bluff body. Such 
motions are observed to be the dominant motion in this type of flow. 

Conclusions 

The experiments have shown that a pulse combustor of Rijke type can be used for biomass 
combustion without any serious restrictions. The emission levels, NOX levels in particular are 
competitive compared to traditional burner/furnace technology. The emission levels of CO are 
well within the limits for of the European standard for small scale biofuel boilers and even 
though the combustor that has been designed for the experiments is not optimised as a typical 
boiler. A slightly larger combustor could also be beneficial in this point of view. 

These results support the idea that the pulsating combustion process increase combustion 
efficiency similarly to what is found in gas fired Helmholtz type pulse combustor. The real 
advantage with this technology is that the excellent characteristics are obtained by the increased 
mixing in terms of small scale mass transfer processes. Also to be pointed out is the relatively 
high power to grid surface ratio observed and the possibility to choose the burner input, 
depending on the heat load, seems to be extremely good. 

Further on, the results from tests with a number of “difficult to burn” fuels were promising. The 
problem of ash melting was less severe in the pulse combustor than in a traditional boiler. It was 
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also possible to burn rape seeds without any pre-treatment in combination with wooden pellets 
with quite good results. 

This idea project has given a unique possibility to establish research within biofuel combustion 
within the Lund University Combustion Centre and to develop and strengthen interdisciplinary 
collaborations with research groups within, as well as outside of, Lund University, e.g. within the 
field of aerosol technology. 

The plans are to utilise the combustor for further interdisciplinary collaboration with the 
Division of Fluid Mechanics to perform fundamental research in order to support the theoretical 
activities and model development. 
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5.3 high pressure combustion test rig 

5.3.1 Activities in the high pressure combustion test rig 

P. Petersson, R. Lorensson, R. Collin and M. Aldén 

The Lund high pressure combustion test rig (Dess-rigg) constitutes a significant installation (fig. 
5.3.1) for phenomenological/applied combustion activities in the framework of Lund University 
Combustion Centre, LUCC. The rig is part of the LUCC experimental facilities which constitute 
a European Large Scale Facility. The high-pressure test rig is primarily designed for 
phenomenological and applied studies of gas turbine and aero-engine related combustion at 
elevated pressure, e.g. studies of combustion instabilities, combustion of bio/renewable fuels, 
emission characteristics and studies of new combustion concepts. A close cooperation with 
combustion modelers within Lund University strengthen the output of performed investigations. 
A second objective is to test diagnostic techniques in a semi-industrial environment prior to 
application in a full scale industrial environment. 

 

Fig. 5.3.1. Left: Cut-away of the high-pressure rig in Lund. Right:  Air supply tube, test-section, cooling 
chamber and after-burner (for evaporation tests). 

The test rig is designed for so called single sector tests of burners for gas turbines and jet 
engines. The compressor can deliver combustion air up to a flow rate of 1.3 kg/s and at 
pressures up to 16 bar. An electric pre-heater (1 MW) allows the air to be heated up to a 
combustor inlet temperature of 800 K. Fuel systems for both liquid and gaseous fuels are 
available. Through financial support from the Swedish Energy Agency the facility has been 
upgraded during the current period. Major achievements include the construction and 
commissioning of an afterburner. With the afterburner operating so called evaporation test 
(spray investigations) can be performed in the rig. Ongoing upgrades include modification of the 
pre-heater with the goal to allow longer operating times at higher temperatures. The limits of the 
main operating parameters and the major features for the test rig are summarized in Table 1.  
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Table 1. The main parameters for the test rig: 
Feature Value / Comment 
Maximum inlet temperature 800 K  
Maximum operating pressure 16 bar  
Maximum total air flow rate 1.3 kg/s    
Maximum liquid fuel flow rate  100kg/h (1MW burner input) 
Maximum natural gas flow rate 86 kg/h (1 MW burner input, maximum gas pressure 13bar) 
Fuels  Liquid (kerosene/synthetic), natural gas. Future plans 

include use of gas mixtures (bio, - H2-rich).  
Ignition techniques Flame, spark & laser-ignition (flexible positioning of 

ignition point, high energy for safe ignition) 
Afterburner Used when spray evaporation test are performed in the test 

section.  
Steam generator For studying the effect of steam addition to the combustion 

air on the combustion performance.  
 
The direct connection between the high pressure facility and the advanced optical laboratories at 
LUCC allows the use of state of the art optical/laser based diagnostic techniques available today. 
Optical access is possible from three sides of the combustion/test chamber, (Fig 5.3.2), which 
allows easy set-up even for simultaneous laser based measurements of several parameters. The 
measurement techniques available are listed in Table 2 and an example from fuel distribution 
visualization in a flame is shown in Fig. 5.3.3. 
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Fig. 5.3.2. Left: Test-section housing the combustion chamber. Right: Detail of the test-section. Air from the 
compressor cools the chamber before it is heated and returns in the centre tube to the combustion chamber. 
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Table 2. Available measurement techniques 
Measured quantities Techniques Comments 

PIV  Planar, seeding possible up to 
~6bar  

Velocity field 

LDA   Point wise   
Overall flame behaviour High-speed video  Phantom V7.1, including an image 

intensifier 
Fuel distribution; liquid Mie-Scattering/fuel- LIF 
Fuel distribution; gas LIF on JET A or e.g. 

acetone (fuel tracer)  
Reaction zone location LIF on OH/CH 

 
Planar, time resolved or 3D using 
Multi-YAG system 

Soot  LII Soot volume fraction measurements
CARS Point wise  Temperature; gases 
2 line LIF Planar 

Temperature, surfaces Thermographic phosphors Planar, high-accuracy  
Dropsize and velocity PDA  Point wise, measurements 

performed in fuel sprays 
Exhaust gas composition Gas analysis At the chamber outlet 
Dynamic pressure   Piezo-pressure sensors   Kistler 7061, sampling rate 15kHz 

 

 

 

Fig. 5.3.3. Left:  Top view of the combustion chamber and a pilot flame. Right: An example of average LIF and 
Mie measurements in the flame. 

During the period 2006-2008 several successful campaigns have been carried out in the test rig, 
in terms of European and national programs: 

• INTELLECT, an EU-program in which ignition studies have been performed in the high 
pressure rig, see section 5.3.2. 

• NFFP, a national project, where fuel evaporation studies were done in the test rig. 
• HEATTOP, an EU-program where studies of laser based techniques for measurement of 

surface temperatures, utilizing thermographic phosphors disc rotating at high speeds were 
performed, see fig. 5.3.4.  

• TLC (ongoing)  
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Fig 5.3.4. The rotating disc (left) and phosphorescence images of the rotating disc, 20 000 rpm, corresponding to a 
peripheral speed of 100 m/s (right). The pressure was 5 bar, the top pair picture; 140˚C, the bottom pair: 300˚C. The left 

part of each image pair is the emission at 456 nm, the right part is the emission at 400 nm. 

 

5.3.2 Ignition experiments in the high pressure rig 

P. Petersson, R. Lorenssson, R. Collin, Z.S Li, M. Aldén and A. Lindholm 

Within the EU project INTELLECT experiments aimed at visualizing ignition of Lean Premixed 
Prevaporized (LPP) burners have been completed. Ignitions using both a conventional aero-
engine spark igniter and by means of laser ignition were investigated. The ignition process was 
observed by imaging chemiluminescent emission from the flame with a Phantom V7.1 high-
speed framing camera equipped with a Hamamatsu C4598 image intensifier and an UV 105 
Nikor lens. In addition the OH-radical (Hydroxyl) was imaged in a planar arrangement to track 
the movement of the flame regions spreading from the spark. For these measurements the laser 
induced fluorescence (LIF) from OH was imaged using the multi-YAG/dye laser cluster. 

Spark ignition tests 

The rig was operated at an inlet pressure (P30) of 3.14 bar(a) and at a temperature (T30) of 479 
K. The air mass flow rate was 165 - 180 g/s and the fuel mass flow rate was 7.5 – 10.6 g/s. The 
spray exits into the airflow at approximately 45º half angle. The fuel used for the tests were 
Kerosene Jet-A1 and a synthetic Fischer-Tropsch-based jet fuel. An example of still images 
extracted from the motion pictures are shown in fig. 5.3.4. The top part of the figure shows four 
consecutive pictures of the early flame kernel starting from 501 µs after the initiation of the 
spark. The flame intensity decreases as the kernel is transported away from the spark igniter. 
High speed video indicates that the ignition flame is spreading in the fuel/air mixture in the 
swirling outer region of the chamber. This creates a rotating cylindrical flame that 
moves/propagates towards the duct in a spiral motion. The four pictures in the bottom row 
shows a later part of the ignition phase where the outer flame region ignites the spray itself. The 
flame is then convected through the combustion chamber along the centerline towards the 
chamber outlet. 
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t=501 µs (after spark) t = 709 µs t = 917 µs t = 1126 µs 

    

t = 10 458 µs t = 10 705 µs 12 163 µs 13 412 µs 

 Flow direction                      

Fig. 5.3.4. Ignition of synthetic jet fuel at an operating condition of 3.14 bar(a), air flow = 165 g/s and fuel flow=27 
kg/h. The images have been achieved with a sampling rate of 4800 pictures per second and an exposure time of 10 µs. 

When high laser energy is delivered to a small focal point it generates locally high electric fields 
creating a plasma region. Once the plasma is formed it enhances the absorption leading to 
further energy accumulation, increased temperature, and finally to a self-sustaining flame kernel. 
A main difference with laser ignition to spark ignition is that the energy is deposited in a very 
short time (~10ns). The rapid energy deposition leads to the generation of a shock-wave that in 
turn shapes the initial flame kernel in an asymmetric way. Potential advantages with laser 
ignitions are -1) precise control of ignition time, ignition energy and position of ignition location 
- 2) the possibility of an arbitrary positioning of the ignition location (an ideal location for 
ignition can be investigated) - 3) reliable ignition of lean mixtures at high pressures. 

For the laser ignition 
experiments performed in the rig 
a Nd:YAG laser delivering 680 
mJ/pulse at 532 nm were used 
as energy source. To avoid 
damage to the quartz windows 
in the test chamber and to 
minimize the size of the focal 
point the laser beam was 
expanded by means of a 
telescope to 50mm in diameter. 
A final focusing lens (f=150mm) 
was placed just in front of the 
outer window of the test section 
and focused the beam into a 
~5µm diameter spot inside the combustion chamber. The effective laser energy at the focal point 
inside the combustion chamber was measured to be ~350mJ. A schematic sketch of the beam 
arrangement is shown in fig. 5.3.5. 

An example of the development from a small (flame) kernel to full combustion is shown in fig. 
5.3.6. The first two images show how the flame kernel grows and splits into two flame regions 

 

Fig. 5.3.5. Laser beam path for the laser ignition tests. 
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moving apart in the highly swirling turbulent flow. The two separate flame regions expand 
further until combustion occurs over the full length of the chamber. 

 t=300 µs (after laser)  t = 2800 µs  t = 5300 µs  t = 7800 µs 

Fig. 5.3.6. Laser ignition of jet fuel at an operating condition of 3.2 bar(a), air flow =180 g/s and fuel flow=38 kg/h.
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