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Cover illustration: The image shows two videos of a femtosecond laser pulse propagating in space, 
captured at record-breaking video frame rates. The videos were acquired using the FRAME technique, 
which has been developed at the Division of Combustion Physics. The technique uses a laser-coding 
approach to capture a sequence of images within a single exposure. Each video frame is then separated 
using data post-processing means. 
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1 Introduction 

The Division of Combustion Physics is since 1991 a separate division within the Department of 
Physics at the Faculty of Engineering (LTH) of Lund University. The scientific activities have a 
long tradition in developing and applying laser techniques for combustion diagnostics, and in the 
area of chemical kinetics. At this time the Division holds five full professors and one adjunct 
professor (Jenny Larfeldt from Siemens). We have also several people who have been promoted 
to docent and associate professorships (universitetslektor). 

All scientific activities at the Division are major parts of the Lund University Combustion 
Centre, LUCC, which is an interdisciplinary Centre within LTH, with the aim to create links 
between different disciplines in the area of combustion. Thanks to this Centre, the Division has 
been heavily involved in other large centres, e.g. the Centre of Competence in Combustion 
Processes (KCFP) as well as the National Center in Combustion Science and Technology, 
CECOST. During the last period a new CECOST proposal for the years 2018-21 was submitted 
to the Swedish Energy Agency. After detailed evaluations of the proposal, it was granted with 8 
MSEK/year. Equally much is supported by industry and university. The Division is also member 
of Lund Laser Center, LLC. 

Thanks to Centre activities above it was decided by the University to set-up a new building 
located within the Department of Physics. This building, of about 2000 m2, was inaugurated in 
October 2001. Besides the increase of number of people, an additional reason for the building 
was a grant to LUCC on 20 MSEK from DESS (Delegationen för Sydsveriges Energiförsörjning) for the 
construction of a burner with the possibility to study turbulent combustion phenomena at 
elevated pressure and preheated air. The burner has been commissioned and during the last years 
successful experiments have been carried out, mainly within the CECOST and special programs 
supported by the Swedish Energy Agency. In addition to the DESS facility and 15 laboratories 
more or less dedicated for laser developments and small-scale combustion experiments there are 
within the building also special laboratories for combustion engine studies as well as fire 
experiments managed by the Department of Energy Sciences and Department of Fire and Safety 
Engineering, respectively.  

During the last period, the main large program running at the Division has been in the 
framework of CECOST and KCFP, all partly financed through by Swedish Energy Agency, and 
Industry. There have been important projects also from the Strategic Foundation, SSF, the 
Swedish Research Council, VR, and the VR Linneus grant within Lund Laser Centre. A new 
large project initiated during the previous period and still running is an ERC Advanced 
Investigator Grant which was awarded to M. Aldén in the field of development and application 
of laser diagnostics. In terms of ERC support, the Division has also hosted an ERC Starting 
Grant, awarded to Edouard Berrocal, in the area of suppression of multiple scattering using 
structured illumination, SLIPI. 

In order to broaden the scientific base for the Division, we have during the last years initiated 
research activities in areas where the knowledge and research background of the staff are strong, 
e.g. laser diagnostics in plasmas, catalysis, nm-wire production, gasification as well as 
environmental, ecological and medical applications.  

Teaching and education is important for the Division. Thanks to the policy at the Department as 
well as good work of our staff members, we have a growing teaching activity and are able to 
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convey unique research results in an area of large industrial and societal importance directly to 
the students. 

 

Lund 10/8 2018 

 

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 
Joakim Bood, Professor, (170504-) 
Alexander Konnov, Professor  
Jenny Larfeldt, Adj. Professor, (160901-) 
Mattias Richter, Professor, (160616-) 
Mehri Sanati, Professor emerita 
 
Edouard Berrocal, PhD, Ass Senior 
lecturer, (150401-) 
Henrik Bladh, PhD, Researcher, (-151231) 
Christian Brackmann, PhD, Docent  
Mikkel Brydegaard, PhD, Ass Senior 
lecturer, (170401-) 
Pengji Ding, PhD, (170301-) 
Andreas Ehn, PhD, Ass Senior lecturer 
(170101-) 
Elna Heimdahl Nilsson, PhD, Senior 
lecturer (171101-) 
Magnus Joelsson, PhD (170901-) 
Elias Kristensson, PhD, Ass Senior 
lecturer, (170401-) 
Chengdong Kong, PhD, (150901-) 
Zhongshan Li, PhD, Senior lecturer  
Sven-Inge Möller, PhD, Research 
administrative director  
Frederik Ossler, PhD, Docent, Senior 
lecturer  
Per Petersson, PhD, (-170131) 
Johan Zetterberg, PhD, Senior lecturer 
Bo Zhou, PhD, (160301-170320) 
 
Fahed Abou Nada, grad. stud. 
Vladimir Alekseev, grad. stud. (-161231) 
Yupan Bao, grad. stud. (161001-) 
Jesper Borggren, grad. stud.  

Gianluca Capriolo, grad. stud. (160615-) 
Moah Christensen, grad. stud. (-161231) 
Karolina Dorozynska, grad.stud. (150901-) 
Jinlong Gao, grad. stud.  
Dina Hot, grad. stud. 
Ali Hosseinnia, grad. Stud. (150201-) 
Samuel Jansson, grad. stud. (150501-) 
Malin Jonsson, grad. stud. (-151231) 
Joakim Jönsson, grad. stud. (150501-) 
Jim Larsson, grad. stud. 
Kajsa Larsson, grad. stud. 
Tomas Leffler, grad. stud. (Vattenfall) (-
160930) 
Zheming Li, grad. stud. 
Xin Liu, grad. stud. (161213-) 
Rasmus Lyngbye Pedersen, grad. stud. 
(151001-) 
Elin Malmqvist, grad. stud. 
Manu Mannazhi, grad. stud. (160516-) 
Alexios Matamis, grad. stud. (150301-) 
Yogeshwar Mishra, grad. stud. 
Jenny Nauclér, grad. stud. (-161231) 
Emil Nordström, grad. stud. (-160531) 
Nils-Erik Olofsson, grad. stud. (-150630) 
Christoffer Pichler, grad. stud. (160425-) 
Per Petersson, grad. stud. (-150131) 
Anna Pettersson, grad. Stud. (FOI) 
Joakim Rosell, grad. stud. (-161130) 
Maria Ruchkina, grad. stud. (160701-) 
Anna-Lena Sahlberg, grad. stud. (-
160630) 
Pär Samuelsson, grad. Stud. 
Johan Simonsson, grad. stud. 
Panagiota Stamatoglou, grad. stud. 
(150301-) 
Arman Subash, grad. stud. 
Sandra Török, grad. stud. 
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Zhenkan Wang, grad. stud. 
Wubin Weng, grad. stud. (151001-) 
Rikard Wellander, grad. stud. (-150228) 
Niklas Zettervall, grad. stud. (FOI) 
Bo Zhou, grad. stud. (-160229) 
Jianfeng Zhou, grad. stud. 
Jiajian Zhu, grad. stud.  
 
Saeed Derafshzan, proj. ass. (170901-
171231) 
Qiang Gao, proj.ass. (-151231) 
Samuel Jansson, proj.ass. (150323-150430) 
Jeremias Püls, proj.ass. (160901-170331) 

Maria Ruchkina, proj. ass. (160401-
160639) 
Wubin Weng, project asssistant (150601-
150930) 
David Frantz, project assistant (170901-) 
 
Cecilia Bille, economist 
Minna Ramkull, economist/research 
administrator 
Igor Buzuk, IT-technician 
Robert Collin, PhD - research engineer  
Johan Evers, research engineer (160901-) 
Rutger Lorensson, engineer (-151031)

 

2.2 Visitors 
Lukasz Kapusta, CECOST Incentive, 2015 

Johannes Kiefer, LLC, 150824-150901 

Klas Andersson, CECOST course, 161017-
161021 

Florian Schmidt, CECOST course, 161017-
161021 

Hideaki Kobayashi, CECOST Annual 
Seminar, 161205-161208 

Mario Costa, CECOST Incentive, 170205-
170211, 170813-170826 

Andre Carvalho, CECOST Incentive, 
170205-170211 

 

Dimitrii Kozlov, CECOST Incentive, 
170305-170318, 171203-171216 

Anna-Lena Sahlberg, CECOST Incentive, 
170305-170318 

Haisol Kim, 2017, CECOST Incentive 

Ludovica Luise, 2017, CECOST Incentive 

Henrik Wiinikka, 2017, CECOST Incentive 

Mark Linne, CECOST Course, 171024-
171026 

 

 

 

2.3 Academic Degrees during 2015-2017 
Doctorates: 
Rikard Wellander, “Multi-Dimensional Quantitative laser-based Diagnostics – Development 
and Practical Applications”, LRCP-177 

Nils-Erik Olofsson, “Laser-Induced Incandescence and Complementary Diagnostics for Flame 
Soot Characterization”, LRCP-178 

Bo Zhou, “Advanced laser-based Multi-scalar Imaging for Flame Structure Visualization 
towards a Deepened Understanding of Premixed Turbulent Combustion”, LRCP-180 

Jiajian Zhou, “Optical Diagnostics of Non-thermal Plasmas and Plasma-assisted Combustion”, 
LRCP-188 
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Vladimir Alekseev, “Laminar burning velocity of hydrogen and flame structure of related fuels 
for detailed kinetic model validation”, LRCP-190 

Malin Jonsson, “Short-pulse photofragmentation and fluorescence-based diagnostics”, LRCP-
191 

Emil Nordström, “Rotational Coherent Anti-Stokes Raman Spectroscopy – Development and 
Application”, LRCP-192 

Moah Christensen, “Laminar burning velocity and development of a chemical kinetic model 
for small oxygenated fuels”, LRCP-193 

Anna-Lena Sahlberg, “Non-linear mid-infrared laser techniques for combustion diagnostics”, 
LRCP-195 

Jenny Nauclér, “Combustion of selected alternative liquid fuels at oxy-fuel conditions: 
Experiments and modelling”, LRCP-198 

Zheming Li, “OH and soot optical diagnostics for combustion applications”, LRCP-199 

Fahed Abou Nada, “Phosphor Thermometry – Advances in Technique Development and 
Application”, LRCP-200 

Joakim Rosell, “Optical Diagnostic Techniques Applied in Practical Combustion Devices and 
Processes”, LRCP-201 

Tomas Leffler, “Development and Application of Optical Diagnostics of Alkali Vapours for 
Solid Fuel Combustion”, LRCP-202 

 

Diploma paper: 
Samuel Jansson, “Bird observations in single shot mode using an aerosol LIDAR network 
node”, LRCP-179 
 
Stina Ausmeel, “Chemical kinetics and transport of tropospheric trace compounds - 
implications for environment and air quality” 

Thommie Nilsson, “Development of a Simulation Methodology for Gas Turbine 
Combustion”, LRCP-183 

Fabiola Poblete Broccolo, “Changes in cold extremes in Sweden based on daily minimum 
temperatures for the period 1951-2014” 

Sebastian Pfaff, “ Imaging of the Temperature Distribution in a Catalyst Test Chamber using 
Laser Rayleigh Scattering”, LRCP-182 
 
Matilda Ågren, “Characterization and Parametrical Optimization of a Remote Raman System 
for Explosives Detection”, LRCP-184 
 
Johan Kjellman, “Towards Quantitative Cross Section in Entomologic LIDAR”, LRCP-185 

Hanna Karlsson, “Calibration measurements in a catalysis reaction chamber using 
thermographic phosphors”, LRCP-186 
 
Ali Rabbani, “Tunable diode laser frequency stabilization and its applications in temperature 
measurement”, LRCP-189 

Timo Tscharntke, “Development of a new dosimetry technique” 
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Björn Anby Andersson, “Developments of detection of X-ray scattering in combustion - 
characterization of noise levels of an A/D sampling device” 

Stina Karlsson, “Arctic sea ice drift - A comparison of modeled and remote sensing data” 

Henrik Johansson, “Development of optimized Raman Spectroscopy setup for species 
detection in flames” 

Klara Matsson, “Wind impact on sea ice motion in the Arctic” 

Mikael Ljungholm, “Inelastic LIDAR for Monitoring Aquatic Fauna”, LRCP-194 
 
Klas Rydhmer and Alfred Strand, “Applied hyperspectral LIDAR for monitoring fauna 
dispersal in aquatic environments”, LRCP-196 

Linnéa Midefelt, “Changes in Surface Mass Balance on the Devon Ice Cap in the Canadian 
Arctic” 

Sukant Chaudhry, “Development of an Ultra-Sensitive Spectrometer” 
 
Jonas Ravelid, “Parameter Analysis and Future Development of the Periodic Shadowing 
Concept” 
 
Stina Olandersson, “Differences and Similarities between Extratropical Cyclones during 
Summer and Winter” 
 
Nellie Edvardsson, “Investigation of Aerosol Influence on Operational Weather Forecasts” 

Hanna Rönnberg, “Analysis of the Temporal Variability of Positive Degree Day Factors” 
 
Said Ali Said El-Busaidy, “Investigation of Nitromethane Combustion Using Laser Induced 
Fluorescence” 
 
Jeremias Püls, “Imaging within Scattering Media using Two-Photon Excitation”, LRCP-197 
 
Henrik Månsson, “ Ensemble Forecasting: A data analysis” 
 
David Sanned, “Study of Fluorescence Dye for Tracing Lubrication Oil inside Marine 
Engines”, LRCP-205 
 
Mariam Andersson, “Short-Wave Infrared Lidar on Atmospheric Aerosols and Insects”, 
LRCP-206 
 
Miaoxin Gong, “Fiber-based Stray Light Suppression in Spectrometers” 
 
Carl Svenhag, “Analyzing Meteorological Relationships to Aerosols in China” 
 
Edvin Winqvist, “GaSb nanowire transistors with process induced strain” 
 
Yuhe Zhang, “ Measurements and analysis of atomic emission from atomic Li, Na, and K 
seeded in different flames for potential application to temperature sensing” 
 
Johanna Liljeson Helsing, “Municipal climate change adaptation plans” 
 
Axel Stigborg, “Sensitivity studies on difficult cloud and fog situations for weather model” 
 
Rebecca Vesterberg, “A comparison of modelled precipitation in Greenland” 



  7 

 

 
Maj Blomdell, “Investigation of scattering of soot with a three-wavelength integrating 
nephelometer”, LRCP-204 
 
Sebastian Pfaff, “CO and CO2 Detection for Catalysis Diagnosis by Means of PLIF”, LRCP-
203 
 
David Frantz, “High Contrast Imaging Through Scattering Media Using Structured 
Illumination Fourier Filtering” 
 

2.4 Seminars 
Prof. Volker Sick, Mechanical Engineering, University of Michigan, USA, “Volume resolved 
measurements in combustion research”, 150108 

Dr. Klaus Peter Geigle, Institute of Combustion Technology, German Aerospace Centre 
(DLR), Germany, “Combustion processes under technical conditions visualized with laser 
diagnostics”, 150122 

Prof James Driscoll, Department of Aerospace Engineering, University of Michigan, USA, 
“Combustion Instabilities in a Model Jet Engine Combustor – Laboratory Studies Using Laser 
Sheet Imaging”, 150212 

Prof. Yiguang Ju, Princeton University, USA, “Low Temperature Flames and Combustion 
Kinetics”, 150917 

Prof. Christine Mounaïm-Rousselle, Laboratoire PRISME, Université d’Orléans, France 
“Flame-turbulence interaction inside Spark-Ignition Engine by using optical diagnostics”, 151126 

Prof. Thomas Seeger, University of Siegen, Germany, “Laser based sensor systems for gas 
phase diagnostics”, 160121 

Dr. Mark MusculusSandia, National Laboratories, USA, “The Co-Optimization of Fuels and 
Engines: Chemical Kinetics and Optical Research”, 161013 

Dr. Svetlana Starikovskaya, Laboratoire de Physique des Plasmas (LPP), France, “Initiation of 
combustion by low temperature plasma: physical properties of plasma and mechanisms of 
ignition”, 161027 

Prof. Alex M K P Taylor, Department of Mechanical Engineering Imperial College London, 
UK, 161117 

Ass. Prof. Juha Toivonen, Tampere University of Technology, Department of Physics, 
Finland, Detection of alkali vapors in flue gases using collinear photofragmentation and atomic 
absorption spectroscopy” 161202 

Dr. Jeffrey Eldridge, NASA Glenn Research Center Cleveland, Ohio, USA, “Temperature 
Mapping of Air Film-Cooled Thermal Barrier Coated Surfaces Using Phosphor Thermometry”, 
161208 

Dr. Thi Kim Cuoung Le, Institut des Sciences Moléculaires d'Orsay Université Paris-Sud, 
France, “Raman spectroscopy of soot produced in low pressure flames: ex situ analyses and 
online gas phase studies “, 170427 
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2.5 Participation in International and National Projects 

EU Program Subject 

TUCLA ERC AdG Towards a deepened understanding of combustion 
processes using advanced laser diagnostics 

Spray-Imaging ERC StG Detailed characterization of spray systems using novel laser 
imaging techniques 

FRAME ERC PoC  

Frequency Recognition Algorithm for Multiple Exposures 

HERCULES-2 High Efficiency Engine R&D on Combustion with Ultra 
low Emissions for Ships. 

MID-TECH Infrared sensing made visible: Combining infrared light 
sources and up-conversion sensors for improved sensitivity 
in medical applications and gas analysis 

IPPAD Effect of 4500 bar injection pressure and supercritical phase 
change of surrogate and real-world fuels enriched with 
additives and powering Diesel engines, on soot emissions 
reduction 

 

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

 

Funding agency Subject 
 

KAW Foundation  Advanced non-intrusive laser diagnostics of high 
temperature environments 

 

FORMAS Characterization of soot for improved knowledge on 
climate impact 

Swedish Research Council Analysis of primary and secondary spray breakups using 
Laser Sheet Fluorescence Microscopic imaging 

Swedish Research Council Electro-optical remote sensing of insects 

Swedish Research Council Catalysis in the light of lasers 

Swedish Research Council Formation and reduction of pollutants from advanced 
biofuels 

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

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

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

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

Swedish Research Council Coherent Raman techniques for improved combustion 
diagnostics on various time scales 

Swedish Research Council Development and application of polarization spectroscopy 
for high temperature gas-phase diagnostics 

Swedish Research Council Advanced laser diagnostics applied to detailed analysis of 
atomizing sprays 

Swedish Research Council Turbulent Combustion at Elevated Pressures: Advanced 
Planar Laser-Induced Multi-Scalar Imaging Study  

Swedish Research Council FRAME - A concept for simultaneous image acquisitions  

Swedish Research Council Development and application of laser spectroscopic 
techniques for combustion diagnostics in high pressure 
environments 

Swedish Research Council Design and development of experiments to investigate 
plasma-assisted combustion phenomena 

Swedish Research Council Studies of biomass combustion using advanced laser 
techniques 

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

Swedish Energy Agency Centre for Combustion Science & Technology (CECOST) 

Swedish Energy Agency Bio4gasification - Sub-project: Laser diagnostics for soot, 
tar and ash in biofuel gasification  

Swedish Energy Agency Phosphor Thermometry for Combustion Applications 

Swedish Energy Agency Hydrogen Addition to Flames at Gas-Turbine-Relevant 
Conditions 

Swedish Energy Agency Model based control of the internal combustion engine 

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

Swedish Energy Agency Reduced kinetic mechanisms for biofuel  combustion 

Swedish Energy Agency EFFECT - EFFicient Electric Combustion Technology 
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Swedish Energy Agency Development and application of laser spectroscopic 
techniques for diagnostics in non-equilibrium plasmas 

Swedish Energy Agency Turbo power 2  

Swedish Energy Agency D60L-2 Temperature measurements in Diesel Engine  

 Swedish Energy Agency Methanol for fossil-free transportation 

Swedish Energy Agency Heat load in hydrogen fueled gas turbines 

Danish Council for 
Strategic Research 

 

GREEN 

Extra financial support has been provided by: 

- Carl Tryggers Stiftelse (2 projects)                         - Crafoord (1 project) 

- Kungliga Fysiogarfen (12 projects)                        - ÅForsk (2 projects) 

- Magnus Bergvalls Stiftelse (1 project)                    - Stiftelse J.Gust Richert (1 project) 

The division of Combustion Physics administrates the Centre for Combustion Science and 
Technology (CECOST). The center consists of one Center of Competence (KC-CECOST) 
financed by the Swedish Energy Agency and Lund University together with Swedish industry 
and a national center GEN-CECOST focussing on generic technique and model development 
financed by the Swedish Energy Agency. Besides the traditional research projects CECOST also 
hosts a Graduate School that has been restarted 2016 thanks to support from the Faculty of 
Engineering LTH.and an Incentive program to promote new external collaboration. The 
outgoing visits from the Incentive Program are: 

• Mattias Richter and Fahed Abou Nada visited Scania Södertälje, 2015 
• Elias Kristensson and Arman Subash visited Siemens Industrial Turbomachinery, 

Finspång, 2016 
• Per-Erik Bengtsson, Johan Simonsson, Manu Mannazhi and Sandra Török visited 

Division of Energy Technology at Chalmers University of Technology, 2016 
• Elias Kristensson, Andreas Ehn, Joakim Bood and Per-Erik Bengtsson visited Sandia 

National Laboratories, US, 2017 

Combustion Physics cooperates with a number of industrial partners e.g. Vattenfall, Cobolt, 
B&W Vølund, Dantec Dynamics, Tetra Pak Sweden, Scania and Siemens Industrial 
Turbomachinery AB either within the program activities or in bilateral projects. The division also 
has close collaboration with research institutes such as FOI and RISE. 

2.6 Budget 
The Combustion Physics’ average income per year for 2015-2017 totaled to 54 MSEK of which 
~84% came from external sources. The income relates to all activities within undergraduate 
education and research activity. The gross figure is without reduction of financial transactions or 
accruals.   
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3 Teaching activities 

The division of Combustion Physics is active in teaching of a large number of courses at the 
Physics department at basic as well as advanced levels. We are also involved in PhD-courses at 
the university as well as in external graduate schools. 

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

 

Fundamental Combustion (FBR012) 

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

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

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

 

Laser-based Combustion Diagnostics (FBR024) 

Advanced course optional for fourth-year students on the Engineering Physics program (F), 
Master students on the Photonics programs (Master in Physics at the Science Faculty and the 
international Master program), and for graduate students. The course has the last year been given 
by Mattias Richter. It gives 7.5 ECTS and is given annually from January to March. The aim of 
the course is to provide a fundamental understanding (based on physics) of the potential for 
laser-based techniques to non-intrusively measure parameters such as species concentrations and 
temperatures in combustion processes. The course literature has been the textbook by A.C. 
Eckbreth: “Laser diagnostics for combustion temperature and species” (2nd edition, Gordon and 
Breach, 1996). Additional text material produced at the Division of Combustion Physics 
complements the textbook. The course includes two laboratory practices, 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. 
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Molecular Physics (FBR030) 

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

 

General Physics (FYSA01) 

This is the first compulsory course for all physics related students at the faculty of science. It is a 
30 ECTS course block containing sub-courses in mechanics (7,5 ECTS), electricity and 
magnetism (7,5 ECTS), optics and waves (6 ECTS), nuclear and quantum physics (6 ECTS) and 
experimental seminars (2 ECTS). The course is given each semester and Johan Zetterberg has 
been in charge of the E&M in the fall and the experimental seminars both spring and fall. E&M 
consists of around 40 lecture and two laboratory exercises. During the course the students also 
have calculus exercises and hand-in problems. The course handles fundamental E&M, from 
point charges and Gauss´s law to magnetism and AC circuits. 

 

Thermodynamics with Applications (FMFF05) 

This is a compulsory course for second year students on the Engineering Physics program. 
Responsible for the course has been Sven Åberg, 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. 

 

Physics for Computer Science/Information and Communciations Technology (FAFF25) 

This was a compulsory course for third or fourth year students at the programs in Computer 
Science & Information and Communications Technology. The course included teaching 
photonics and thermodynamics as well as a course project on the topic of sustainable 
development. Lars Engström, Atomic Physics was overall responsible for the course and 
Christian Brackmann, Combustion Physics was responsible for the course projects. Other 
personnel from the division of Combustion Physics were engaged as project mentors in the 
course. The course contents for the two programs has been revised in later years and the physics 
course was held for the last time in the spring of 2017. 

 

Energy and Environmental Physics (FAFA75) 

This course is compulsory for first-year students within the program Industrial Management and 
Engineering. The course comprises of a selection of physical diciplines with energy relevance 
such as thermodynamics, nuclear physics and atomic and X-ray Physics. Apart from lectures and 
seminars, the course involves three laboratory exercises, one work shop and a project on the 
topic of sustainable development. Andreas Ehn, at the Division of Combustion Physics, lectured 
the course in 2017 and was course responsible, lecturer, seminar leader and project supervisor in 
2018 with support from Carina Fasth at the Division of Solid State Physics. 
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Involvement in other courses at Lund University 

Staff from Combustion Phyics have also been active lecturers in the following courses at Lund 
University: 

• Atomic and Molecular Spectroscopy (FAFN25) 
• Multispectral Imaging (FAFF20) 
• Medical Optics (FAFN35/FYST22) 
• Methods for Environmental Monitoring (FKF100/FKFN35) 

3.2 CECOST courses 
The division manages the graduate school within CECOST, Centre for Combustion Science and 
Technology. The graduate school was restarted 2016 thanks to strategic support from the 
Faculty of Engineering LTH. The graduate school gives tailored course primarily for PhD-
students and professionals in the field of combustion. The staff at Combustion Physics have 
been course responsible for four courses since 2016. 

 

Laser Techniques for Combustion Diagnostics (CECOST LTCD) 

The objective of the course is to give an overview of laser techniques for combustion 
diagnostics. The course presents the available optical / laser based techniques for combustion 
diagnostics, their applicability, possibilities and limitations. The course gives a general 
introduction to the underlying principles and the major features of the various techniques. This 
7.5 ECTS course was given in the spring 2016 by Andreas Ehn and Elias Kristensson, 14 
students participated.  

 

Detailed Combustion Chemistry (CECOST DCC) 

The objective of the course is to give an introduction to recent developments in the modeling of 
hydrocarbon oxidation in flames and present methods to develop and analyze the applicability of 
detailed kinetic models. This 7.5 ECTS course was given in the autumn 2016 by Alexander 
Konnov and had 24 participants. 

 

CECOST-SFC Autumn School: Optical diagnostics in harsh reactive environments – 
gasification and combustion (CECOST SFCAS) 

Together with the Swedish center for biomass gasification CECOST arranged an autumn school 
2016, 5 ECTS with the main objective to provide an introduction and overview of optical 
diagnostic methods for harsh reactive environments with the focus on gasification and 
combustion. The course was given by Per-Erik Bengtsson together with lecturers from 
CECOST and SFC. The course had 17 participants. 

 

Laser Imaging of Spray Systems (CECOST LISS) 

The objective of the course is to give an overview of laser imaging techniques for the 
characterization of spray systems. The course covers the standard techniques as well as the most 
recent laser-based imaging techniques. The course introduces the underlying principles of light 
propagation in sprays and focus on the applicability and limitations of various techniques used 
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for spray imaging. The course, 5 ECTS, was given by Edouard Berrocal in the autumn 2017 and 
had 23 participants. 

 

3.3 External summer schools / workshops 
African Spectral Imaging Network, International Science Programma, AFSIN 

These bi-annual workshops and now also a year doctoral school is part of the capacity build 
strategy of Swedish International Development Aid (SIDA), through the International Science 
Programme managed by Uppsala University. Schools are primarily in west Africa; Ghana, Mali, 
Burkina Faso, Ivory Coast, Senegal and others. We train seniors and doctorate students from 
physics laboratories across Africa. Mikkel Brydegaard (but also Samuel Jansson, Edouard Berocal 
and Elin Malmqvist) contribute some 40 hours/year. We lecture in physics, optics, biophotonics, 
remote sensing, spectroscopy, instrumentation, calibration, data analysis and scientific 
communication. Schools include several practical sessions on instrument building and electronics 
and measurements with microscopes and lidars. 

 

Other extermal summerschools 

Staff from combustion physics has also been active in the following summer schools / 
workshops: 

• OptoAndina and RIAO Optilas, Reseach School, Peru, Ecuador and Bolivia 
• Summer School in Optics and Photonics, Universidad del Valle, Cali, Colombia.  
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4 Laser Techniques for Combustion Diagnostics 

4.1 Coherent anti-Stokes Raman Spectroscopy (CARS)1 
A. Hosseinnia, E. Nordström, A. Bohlin, J. Bood and P.-E. Bengtsson 

Rotational coherent anti-Stokes Raman spectroscopy (CARS) is a laser-based non-linear 
technique for gas-phase thermometry and major species concentration measurements. CARS is 
often regarded as the most accurate laser technique for thermometry, applicable at low as well as 
high temperatures. The further development of rotational CARS includes experimental concepts, 
theoretical considerations, evaluation procedures, and studies of previously unexplored 
molecules. CARS experiments are performed under well-controlled laboratory conditions for the 
development of the technique, and the experimental data is often analyzed using a theoretical 
CARS code consisting of a program for generation of theoretical spectra and a fitting program. 
A typical experimental setup for rotational CARS is shown in Fig. 4.1.1, and examples of 
rotational CARS spectra of N2 and N2O are shown in Fig. 4.1.2.  

Soot particles strongly absorb radiation in visible and IR spectral regions, and their interaction 
with laser light during laser diagnostic interrogation leads to particle heating and often to 
subsequent sublimation. The local gas heating that occurs when the laser-heated particles transfer 
their heat to the ambient gas was measured using rotational CARS thermometry on time scales 
from nanoseconds to milliseconds. It was shown that laser heat-up of soot particles from flame 
temperatures to sublimation temperatures led to local gas heating of ~100 K at a soot volume 
fraction of 4.0 ppm, see Fig. 4.1.3, in good agreement with simulations 2.  

The so-called low-swirl project has been successful with publications in collaboration with the 
CFD modeling group at Energy Sciences in Lund, led by X.-S. Bai. In this project rotational 

                                                

1 in collaboration with researchers outside of the division of Combustion Physics 
2 E. Nordström, N.-E. Olofsson, J. Simonsson, J. Johnsson, H. Bladh, P.-E. Bengtsson, Local gas heating in sooting 
flames by heat transfer from laser-heated particles investigated using rotational CARS and LII, PCI 35 (3) 3707-3713 (2015). 

 

 

Fig. 4.1.1. Experimental setup for dual-broadband 
rotational CARS. 

Fig. 4.1.2. Experimental rotational CARS spectra of N2 
and N2O at ambient temperature and pressure.  
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CARS measurements of temperature and oxygen concentration were performed in two lean low 
swirl flames burning methane, and the results were compared with simulations. In Fig. 4.1.4, a 
comparison was made between the two cases Re=20000 and Re=30000 1. 

The structure of premixed ammonia/air flames burning at atmospheric pressure under strain-
stabilized conditions on a porous-plug burner has been investigated using laser-diagnostic 
methods. Profiles of OH, NH and NO were acquired by laser-induced fluorescence and 
analyzed quantitatively. Our part of the project was to measure temperatures and relative oxygen 
concentrations for flames with equivalence ratios 0.9, 1.0 and 1.2, see data in Fig. 4.1.5 2. The 
new experimental data for these equivalence ratios allowed evaluating and ranking the 
performance of four contemporary detailed kinetic models. 

                                                
1 H. Carlsson, E. Nordström, A. Bohlin, Y. Wu, B Zhou, Z. Li, M. Aldén, P.-E. Bengtsson, X.-S. Bai, Numerical and 
experimental study of flame propagation and quenching of lean premixed turbulent low swirl flames at different Reynolds numbers, 
Combustion and Flame 162, 2582-2591 (2015). 
2 C. Brackmann, V.A. Alekseev, B. Zhou, E. Nordström, P.-E. Bengtsson, Z. Li, M. Aldén, A.A. Konnov, Structure of 
premixed ammonia+air flames at atmospheric pressure: Laser diagnostics and kinetic modeling, Combustion and Flame 163, 370-
381 (2016). 

  

            
Fig. 4.1.3. Evaluated CARS temperatures at varying delay after the 
LII pulse for two measurement series. 

Fig. 4.1.4.  Time averaged mean temperature 
from LES (solid lines) and RCARS (dashed 
lines) for Re = 20,000 and 30,000 cases. 

  

Fig. 4.1.5. Temperature and oxygen concentration profile 
evaluated using dual broadband rotational CARS. 

Fig. 4.1.6.  Averaged image (a) and data (b) of the time 
and frequency resolved RCARS spectrum of N2.  
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A novel approach for time-domain measurements of S-branch Raman linewidths have been 
developed using hybrid picosecond/nanosecond pure rotational CARS 1. The Raman coherences 
are created by two picosecond excitation pulses and probed using a narrowband nanosecond 
pulse at 532 nm. This generates a RCARS signal which contains the entire coherence decay in a 
single pulse and permits temporal as well as spectral resolution through detection with a streak 
camera at the output of the spectrograph, see Fig. 4.1.6. By extracting the decay times of the 
transitions, the J-dependent Raman linewidths could be calculated and we report S-branch 
linewidths for nitrogen and oxygen at room temperature. 

Rotational CARS is an established diagnostic 
technique for thermometry and species 
concentration measurements of di-atomics and tri-
atomics in combustion processes, however, studies 
on hydrocarbon fuel molecules have been scarce. 
We have investigated the potential to use rotational 
CARS on ethane (C2H6), and its spectrum has for 
the first time been recorded instantaneously under 
high spectral resolution 2 . Also, the potential for 
thermometry has been investigated Experiments 
were performed in the temperature range 292-650 K 
in pure ethane and in binary mixtures with nitrogen. 
A polarization technique was used to suppress the 
non-resonant contribution to the CARS signal. The 
ethane RCARS spectra show both S- and R-branch 
lines, which are more closely spaced than for the 
well-known nitrogen spectrum and located at much 
smaller Raman shifts, see Fig. 4.1.7. The peak signal 
strength was found to be around 240 times lower for 
ethane than for nitrogen (at 292 K). Two main 
approaches for ethane thermometry were evaluated, 
which both showed high potential. The first is a 
method in which a spectrum with unknown 
temperature is fitted using a library of experimental 
spectra recorded at various temperatures. The 
second is a method based on ratios of integrated 
signals in different spectral regions. A theoretical 
model for simulation of theoretical spectra is under 
development. 

We have followed up the previous study on ethane by a study on concentration measurements in 
mixtures with nitrogen 3. Rotational CARS spectra have periodic line structures, and since ethane 
and nitrogen spectra partially overlap, a novel Fourier analysis approach was developed and 
applied to facilitate evaluation of relative concentrations and temperatures, see Fig. 4.1.8. Instead 

                                                
1 E. Nordström, A. Hosseinnia, C. Brackmann, J. Bood, and P.-E. Bengtsson, Raman linewidth measurements using 
time-resolved hybrid picosecond/nanosecond rotational CARS, Opt. Letters 40(24), 5718-5721 (2015). 
2 A. Hosseinnia, E. Nordström, J. Bood, P.-E. Bengtsson, Ethane (C2H6) thermometry using rotational coherent anti-Stokes 
Raman scattering (CARS), PCI 36 (3) 4461-4468 (2017). 
3 A. Hosseinnia, H. Fehadi, J. Bood, P.-E. Bengtsson, Ethane rotational coherent anti-Stokes Raman spectroscopy (CARS) for 
thermometry and concentration measurements, J. Raman spectroscopy, 2018, online https://doi.org/10.1002/jrs.5339 

 

    
Fig. 4.1.7. Experimental rotational CARS 
spectra at ambient temperature and pressure; a) 
Ethane without polarisation suppression, b) Ethane 
with polarisation suppression, c) nitrogen. 
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of the standard procedure of spectral fitting using libraries of theoretically calculated spectra, the 
fitting was based on an experimental database of temperatures and relative ethane/nitrogen 
concentrations. The method was successfully demonstrated in an ethane diffusion flame where 
ethane, initially at room temperature, was heated downstream as well as mixed with increasing 
amounts of nitrogen. The evaluated temperatures and concentrations were in good agreement 
with CFD model simulations, see Fig. 4.1.9. We have recently initiated a work on thermometry 
on ethylene (C2H4) spectra and concentration measurements in ethylene/nitrogen mixtures. 
Because of the complexity of this molecule we will aim at working on evaluation procedures 
based on Fourier analysis. 

 

 

Fig. 4.1.9. (upper) Measured temperature 
(stars) and relative ethane concentration profiles 
(circles) along the centreline of the burner, along 
with CFD calculations of measured temperature 
profile (dashed line) and relative ethane 
concentration profile (solid line). 

Fig. 4.1.8. In left column, averaged experimental spectra are shown of 
ethane-nitrogen mixtures recorded at T = 292 K with ethane relative 
concentration of  100%, 98.3% and 96.1% (from top to bottom). Right 
column shows absolute values of the Fourier transforms of the 
corresponding spectr . 

Rotational CARS was used to measure temperature profiles in nitromethane flames at different 
stoichiometries, see Fig. 4.1.10 1. These temperatures were used as input to data modelling work 
for premixed flames of nitromethane, CH3NO2, at atmospheric pressure. Evaluation were made 
of two contemporary kinetic mechanisms based on these new flame studies as well as previously 
published experimental data on laminar burning velocity and ignition. Flames of 
nitromethane+air at lean (ϕ=0.8) and rich (ϕ=1.2) conditions were stabilized on a flat-flame 
burner, where also profiles of CH2O, CO and NO were obtained using laser-induced 
fluorescence. Different chemical mechanisms were tested, and the evaluation reveals that the 
understanding of nitromethane combustion is at the present time not sufficient to produce a 
widely applicable mechanism. 

                                                
1 C. Brackmann, J. D. Nauclér, S. El-busaidy, A. Hosseinnia, P.-E. Bengtsson, A. A. Konnov, E.J.K.Nilsson, 
Experimental studies of nitromethane flames and evaluation of kinetic mechanisms, Combustion and Flame 190, 327-336 (2018) 
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Temperature profiles were measured using rotational CARS in two more projects, as presented 
below. The first is an experimental investigation where the influence of metal salts on soot 
formation was studied. By combining two-dimensional laser-induced incandescence and elastic 
light scattering, two-dimensional information could be obtained on soot properties in the flames.  

Main focus was on the addition of potassium 
chloride for which several parameters were 
investigated. For example, soot primary particle 
sizes were evaluated using combined LII and ELS,  
showing decreasing particle sizes for increasing 
concentrations of potassium, in reasonable 
agreement with particle sizes evaluated using 
transmission electron microscopy. Also, CARS 
thermometry showed slightly higher flame 
temperature, ~ 30 K, for the potassium-seeded 
flame compared to the reference flame, see Fig. 
4.1.11 1. 

The second project where CARS temperatures 
were measured was in the development of a 
thermometric technique using diode lasers two-
line atomic fluorescence (TLAF). TLAF 
temperature measurements were conducted using indium and, for the first time, gallium atoms as 
temperature markers. The temperature was measured in a multi-jet burner running methane/air 
flames providing variable temperatures ranging from 1600 to 2000 K. The reliability of the 
TLAF thermometry was tested by performing simultaneous rotational CARS measurements at 
the same experimental conditions. The results are shown in Fig.4.1.12 2.             

 
  
                                                
1 J. Simonsson, N.-E. Olofsson, A. Hosseinnia, P.-E. Bengtsson, Influence of potassium chloride and other metal salts on soot 
formation studied using imaging LII and ELS, and TEM technique, Combustion and Flame 190, 188-200 (2018) 
2 J. Borggren, W. Weng, A. Hosseinnia, P.-E. Bengtsson, M. Aldén, Z. Li, Diode laser-based thermometry using two-line 
atomic fluorescence of indium and gallium, Appl. Phys. B123, 278 (2017) 

 
Fig. 4.1.10. Rotational CARS temperature profiles 
for the flames with F=0.8 (diamonds) and f=1.2 
(triangles) [7]. 

  

Fig. 4.1.11. Flame temperature profiles measured using 
rotational CARS thermometry for the reference flame and 
the 1M potassium chloride-seeded flame. 

Fig. 4.1.12. Temperature measured in the multi-jet 
burner as a function of equivalence ratio using various 
methods, among them CARS. Also a comparison is made 
with a CHEMKIN simulation. 
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4.2 Laser Diagnostics of Soot1 
J. Simonsson, S. Török, N.-E. Olofsson, H. Bladh, M. Mannazhi, J. Wu, A. Roth, T.K.C. Le, P.-E. 
Bengtsson  

Several laser diagnostic techniques have been developed and applied to various flames and 
processes. The laser techniques are mainly extinction measurements, laser-induced incandescence 
(LII), and elastic light scattering (ELS). The projects have had different characters. Some projects 
have been more fundamental aiming at understanding soot formation in small-scale flame 
systems, while others have been directed towards applied measurements in engines and gasifiers. 
New directions of research were also initiated during 2017, e.g. Raman spectroscopy of sampled 
soot to reveal the nano-structure of soot as well as development of image analysis software. 

Soot investigations in premixed laminar flames 

Several projects have dealt with soot formation studies in premixed laminar flames on flat flame 
burners. In one of these projects we aimed at detecting nascent soot particles with laser-induced 
incandescence (LII) 2. The analysis covers two data sets obtained in separate experimental 
campaigns; low-pressure methane/oxygen/nitrogen flames and a premixed atmospheric 
ethylene/air flames. Both studies show similar trends, i.e. a gradual change of the fluence curves 
(evolution of the LII signal as function of the laser fluence) from the well-known S-shaped curve 
for mature soot found at high heights above the burner (HAB) and high equivalence ratio, to a 
nearly linear behavior for nascent soot found at low HAB and lower equivalence ratio. With this 
change comes a decrease in the LII decay time (and hence inferred particle size). Also, this decay 
time appears to be almost constant with HAB in flames having the lowest equivalence ratio at 
which the incandescence signal could be detected. In these flames, so-called nucleation flames, 
the stability of the particle size with HAB suggests that recently nucleated particles have 
undergone marginal surface growth and coagulation. Existence of such nucleation flames is of 
great interest for improving the theoretical description of the nucleation step. Experimental 
results are analyzed by using a theoretical model for LII to determine the particle size evolution 
throughout the flame at various experimental conditions. We highlight the size difference from 
nascent soot particles up to mature soot, giving insight into the particle nucleation and the 
surface growth processes as a function of reaction time and flame conditions. Fig. 4.2.1 shows a 
time-resolved LII signal from a nascent soot particle. 

                                                
1 in collaboration with researchers outside of the division of Combustion Physics 
2 H. Bladh, N.-E. Olofsson, T. Mouton, J. Simonsson, X. Mercier, A. Faccinetto, P.-E. Bengtsson, P. Desgroux, 
Probing the smallest soot particles in low-sooting premixed flames using laser-induced Incandescence, Proc. Combustion Institute 35 
(2), 1843-1850 (2015) 

  
Fig. 4.2.1. Example of time-resolved LII signal and the 
best fit to the model showing a particle size between 1 and 2 
nm. 

Fig. 4.2.2. Temperature evaluated through two-color 
pyrometry from cooling soot particles after being heated by 
an LII laser pulse. 
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Soot particles strongly absorb radiation in the visible and infrared spectral regions, and the soot 
interaction with laser light during laser diagnostic interrogation leads to particle heating and often 
to subsequent sublimation. Consequently, laser-heated particles transfer heat to the ambient gas 
leading to local gas heating, a process that has received minor attention so far in the diagnostic 
community. In the present work, this specific local gas heating is measured in a pump–probe-
type experiment. A 1064-nm laser beam heated the soot particles in an ethylene/air diffusion 
flame (on a Gülder-burner) with known soot volume fraction, and a two-beam rotational 
coherent anti-Stokes Raman spectroscopy (CARS) setup was used to probe the local gas 
temperature on time scales from nanoseconds to milliseconds. The temperature of the heated 
particles was simultaneously probed using a two-color laser-induced incandescence (2C-LII) 
detection system. The results show that laser heating of soot particles from flame temperatures 
to sublimation temperatures leads to local gas heating of 100 K at a soot volume fraction of 4 
ppm, in good agreement with theoretical predictions 1 A temperature curve calculated from time-
resolved LII two-colour pyrometry is shown in Fig. 4.2.2. 

A diode-laser-based setup was used for extinction measurements at various heights in two 
flat premixed sooting ethylene/air flames in order to investigate the wavelength dependence of 
the extinction 2. Twelve laser wavelengths were used in the interval 405–1064 nm, and with this 
setup, a sensitivity of ~10−4 was achieved for the extinction. Soot volume fractions inferred from 
the extinction measurements were always higher in the visible spectral region than in the 
infrared, an effect associated with additional absorption by large hydrocarbons, such as polycyclic 
aromatic hydrocarbons. For wavelengths greater than around 700 nm and at high heights above 
burner (HAB), the extinction shows an inverse dependence with wavelength, in concurrence 
with wavelength-independent optical properties of soot. In the same spectral region at lower 
HAB, the wavelength dependence is observed to be stronger, indicating that the soot optical 
properties show variation with wavelength. Furthermore, a continuous change in the wavelength 
dependence of the absorption function E(m) is shown from nascent soot at lower heights to 
more mature soot at higher heights, as shown in Fig. 4.2.3. The presented results are of 
importance for soot diagnostics relying on the efficiency of light absorption by soot such as 
laser-induced incandescence (LII). 

  
Fig. 4.2.3. Evaluated dispersion coefficient as a 
function of HAB for the studied flames, Φ = 2.1 
and 2.3, where Kext ~1/la. The evaluation has 
been performed in the wavelength interval 685–1064 
nm. 

Fig. 4.2.4. Soot particle peak temperatures as function of laser 
fluence for the five studied HABs in a F=2.3-flame. The 
temperatures have been evaluated using a 0.8-ns integration interval 
centered around the peak of the LII signals at 575 and 684 nm, 
assuming a spectral function of the soot emissivity inferred from 
extinction measurements. 

                                                
1 E. Nordström, N.-E. Olofsson, J. Simonsson, J. Johnsson, H. Bladh, P.-E. Bengtsson, Local gas heating in sooting 
flames by heat transfer from laser-heated particles investigated using rotational CARS and LII, Proc. Combustion Institute 35 (3) 
3707-3713 (2015) 
2 J. Simonsson, N.-E. Olofsson, S. Török, P.-E. Bengtsson, H. Bladh, Wavelength dependence of extinction in sooting flat 
premixed flames in the visible and near-infrared regimes, Applied Physics B 119, 657-667 (2015) 
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A detailed study has been made of soot growth in two premixed flat ethylene/air flames, at Φ = 
2.1 and Φ = 2.3, where focus has been on following the change in optical properties from 
nascent to more mature soot, and the importance of these properties for laser-induced 
incandescence (LII) 1. A combination of two-color LII (2C-LII) and elastic light scattering was 
utilized for studies of soot absorption and sublimation for a range of laser fluences in a pump-
probe experiment, and the experimental results were compared with LII model predictions. Both 
flames show similar trends, indicating that the soot becomes less transparent during the growth 
process until some level of maturity is reached at higher flame heights, where the measured 
properties reach almost constant values. A sublimation fluence threshold of ~0.14 J/cm2 (at 
1064 nm for a flame temperature around 1700 K) was evaluated for mature soot, corresponding 
to a sublimation temperature of ~3400 K. Soot peak temperatures from 2C-LII were evaluated 
both using a constant E(m) and a wavelength dependence for E(m) extracted from extinction 
measurements, leading to a discussion on how the sublimation temperature relates to the 
maturity of soot, see Fig. 4.2.4. This is one of the papers that were published in the special issue 
of Applied Physics B related to the LII workshop arranged by us in 2014 2. 

The formation of soot particles has been investigated in CH4/O2 diffusion flames using a 
unique burner design 3, which allows the creation of a nearly unstrained planar reaction sheet, see 
Fig. 4.2.5. Spatially resolved soot volume fractions were obtained using laser-induced 
incandescence. These soot measurements and the sooting limits were obtained as a function of 
bulk flow across the flame and mixture strength. Samples were collected using thermophoretic 
sampling and analyzed using transmission electron microscopy, revealing a broad range of 
microstructures including particles with unusually large primary diameters and carbon nanotubes. 
A theoretical model is presented, which confirms that under certain conditions the 1D nature of 
the flow field of the burner and the strong adverse temperature gradient on the fuel side of the 
flame result in the soot particles being held in place by thermophoretic forces and allowed to 
grow for very long time periods. Some of these so-called super aggregates reached sizes of tens 
of microns and became visible to the naked eye in the soot layer, see Fig. 4.2.6. 

 

 

 

 
 
Fig. 4.2.5. Photo of burner with a non-sooting diffusion 
flame (upper). Soot generating flames with two different 
mixture strengths (lower). 
 

Fig. 4.2.6. Formation of soot particles (super-aggregates) 
visible to the naked eye in the burner, viewed from below. 

 

                                                
1 N.-E. Olofsson, J. Simonsson, S. Török, P.-E. Bengtsson, H. Bladh, Evolution of properties for aging soot in premixed flat 
flames studied by laser-induced incandescence and elastic light scattering, Appl. Phys. B 119, 669-683 (2015). 
2 P.-E. Bengtsson, Laser-Induced Incandescence, Editorial, Applied Physics B 119 (4), 559 (2015). 
3 E. Robert, N.-E. Olofsson, H. Bladh, J. Johnsson, P.-E. Bengtsson, Soot formation in unstrained diffusion flames, 
Combustion Science and Technology 187 (4) 577-593 (2015). 
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Influence of metal additives 

An experimental investigation has been performed where the influence of metal salts on soot 
formation has been studied 1,2. By combining two-dimensional laser-induced incandescence (LII) 
and elastic light scattering (ELS), two-dimensional information could be obtained on soot 
properties in the flames. For these studies, seven metal salts (NaCl, MgCl2, AlCl3, KCl, CaCl2, 
FeCl3, and ZnCl2) were dissolved in water and aspirated into a premixed ethylene/air flame. At 
lower flame heights, in the soot inception region, the LII signal (representing soot volume 
fraction) was marginally affected by all additives, whereas the ELS signal strongly decreased with 
increasing additive concentration for the alkali salts. At higher heights, in the soot growth region, 
the soot volume fractions were lowered for the addition of potassium, calcium and sodium 
chloride, in order of significance. Some of the salts (MgCl2, AlCl3 and FeCl3) resulted in 
negligible influence on LII signals and slightly higher ELS signals throughout the flames, and we 
relate the increased ELS signals to salt particles propagating through the flame. Main focus in 
our study was on the addition of potassium chloride for which several parameters were 
investigated. For example, soot primary particle sizes were evaluated using combined LII and 
ELS, showing decreasing particle sizes for increasing concentrations of potassium, in reasonable 
agreement with particle sizes evaluated using transmission electron microscopy. Also, CARS 
thermometry showed slightly higher flame temperature, ∼30 K, for the potassium-seeded flame 
compared to the reference flame. The experimental setup is shown in Fig. 4.2.7, and the 
influence of different salts on soot volume fractions is shown in Fig. 4.2.8. 
 

 

 

 
Fig. 4.2.7. Sketch of the experimental setup used for the experiments together 
with an image of the reference flame (with an overlapped mm-grid) and a photo 
of the burner head. 

Fig. 4.2.8. LII and ELS signals 
normalized against the reference flame. 
The data presented has been measured at 
10 mm HAB. 
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2 J. Simonsson, N.-E. Olofsson, A. Hosseinnia, P.-E. Bengtsson, Influence of potassium chloride and other metal salts on soot 
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Engine applications 

Two competing in-cylinder processes, soot formation and soot oxidation, govern soot emissions 
from diesel engines. Previous studies have shown lack of correlation between the soot formation 
rate and soot emissions. The current experiment focuses on the correlation between soot 
oxidation rates and soot emissions. Laser extinction is measured using a red (690 nm) continuous 
wave laser beam, which is sent vertically through the cylinder, see Fig. 4.2.9. This wavelength is 
long enough to minimize absorption interference from polycyclic aromatic hydrocarbons, while 
still in the visible regime. It is modulated at 72 kHz in order to produce 10 pulses per crank angle 
degree at an engine speed of 1200 rpm. The intake oxygen concentration is varied between 9 % 
and 21 %. The time- resolved extinction measurements are used to estimate soot oxidation rates 
during expansion. High-speed video imaging is used in conjunction with the laser-extinction 
technique to indicate the location of the sooting regions, and to assess beam steering effects. The 
oxidation processes are described using single exponential decay fits and an attempt to correlate 
them with the late cycle rate of heat release was made. 

The present studies have focused on the relative importance of O2 and OH as oxidizers of 
soot during the late cycle in diesel engines, where the soot oxidation is characterized in an 
optically accessible engine using laser extinction measurements 1,2. These are combined with in-
cylinder gas sampling data from a single cylinder engine fitted with a fast gas-sampling valve. 
Both measurements confirm that the in-cylinder soot oxidation slows down when the inlet 
concentration of O2 is reduced. A 38 % decrease in intake O2 concentration reduced the soot 
oxidation rate by 83 %, a non-linearity suggesting that O2 in itself is not the main soot oxidizing 
species. Chemical kinetics simulations of OH concentrations in the oxidation zone and estimates 
of the OH-soot oxidation rates point towards OH being the dominant oxidizer. The 
experimental arrangement is shown in Fig. 4.2.9, and results for the soot distribution is shown in 
Fig. 4.2.10. 

 

  
Fig. 4.2.9. Section through the cylinder head 
used in the extinction setup. Injector location (a), 
laser entrance (b), cylinder head (c), burning 
sprays (d), optical piston (e), and laser exit (f). 

Fig. 4.2.10. KextL as function of crank angle degree (CAD) in the 
interval of 0-140 CAD (exhaust valve opening) for inlet oxygen 
levels of 9 - 21 %. 
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2 T. Lind, Z. Li, C. Micó, N.-E. Olofsson, P.-E. Bengtsson, M. Richter, Ö. Andersson,  Simultaneous PLIF Imaging of 
OH and PLII imaging of soot for studying the late-cycle oxidation in an optical heavy-duty diesel engine, SAE Int. J. Engines 9(2) 
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The effects of injection pressure and swirl ratio on the in-cylinder soot oxidation are studied 
using simultaneous PLIF imaging of OH and LII imaging of soot in an optical diesel engine 1. 
Images are acquired after the end of injection in the recirculation zone between two adjacent 
diesel jets. Scalars are extracted from the images and compared with trends in engine-out soot 
emissions. The soot emissions decrease monotonically with increasing injection pressure but 
show a non-linear dependence on swirl ratio. The total amount of OH in the images is negatively 
correlated with the soot emissions, as is the spatial proximity between the OH and soot regions. 
This indicates that OH is an important soot oxidizer and that it needs to be located close to the 
soot to perform this function. The total amount of soot in the images shows no apparent 
correlation with the soot emissions, indicating that the amount of soot formed is a poor 
predictor of the emission trends. 
 
Gasification applications 

Soot concentration measurements were performed using diode-laser extinction in an 
atmospheric air-blown entrained flow gasifier at ETC-RISE, Piteå, at two vertical levels 2. The 
gasifier was operated at different air-fuel equivalence ratios and with variations in fuel and burner 
configurations. Two fuels were investigated: wood powder and peat powder. These were burned 
using two burner configurations, one giving a rotating flow inside the gasifier (swirl), and one 
where the fuel and air were injected parallel with the gasifier axis (jet). The diode-laser 
measurements were performed at the wavelength 808 nm from which the soot concentrations 
were estimated, and additionally at 450 nm in order to gain insight into the spectral dependence 
of the extinction to estimate measurement quality. Additional diagnostic techniques were used, 
such as an electrical low-pressure impactor (ELPI) for soot size distributions and gas 
chromatography for species concentration measurements. The results show that wood powder 
produces higher soot concentrations than peat powder, especially at lower air-fuel equivalence 
ratios. Furthermore, the burner configuration had in general much less impact than the choice of 
fuel on the soot concentration. 

                                                
1 Y. Gallo, V.B. Malmborg, J. Simonsson, E. Svensson, M. Shen, P-E. Bengtsson, J. Pagels, M. Tunér, A. Garcia, Ö. 
Andersson, Investigation of late-cycle soot oxidation using laser extinction and in-cylinder gas sampling at varying inlet oxygen 
concentrations in diesel engines, Fuel 193, 308-314 (2017) 
2 J. Simonsson, H. Bladh, M. Gullberg, E. Pettersson, A. Sepman, Y. Ögren, H. Wiinikka, P.-E. Bengtsson, Soot 
Concentrations in an Atmospheric Entrained Flow Gasifier with Variations in Fuel and Burner Configuration Studied Using Diode-
Laser Extinction Measurements, Energy and Fuels 30 (3), 2174-2186 (2016) 

 
  
Fig. 4.2.11. Schematic illustration of the diode-laser setup (left). Measurement data for several hours of soot volume 
fraction at the upper and lower levels as well as the methane content measured with a micro GC (right). The data presented 
is measured using peat powder and the jet burner. The soot volume fractions are averaged over five seconds for each point in 
the graph. The five parts of operation corresponds to different air-fuel equivalence ratios of the gasifier; l = 0.72, 0.63, 
0.53, 0.44, 0.33 from left to right. 
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Oxy-fuel applications 

In-situ soot characterization has been successfully performed in a 100 kWth down-fired oxy-fuel 
test furnace (at Chalmers University of Technology, Gothenburg) using laser-induced 
incandescence (LII) and extinction measurements 1, see Fig. 4.2.12. Primarily non-premixed 
propane flames were investigated in oxy-fuel mode with various concentrations of oxygen in the 
oxidant. The turbulent flame character was manifested through two-dimensional single-shot LII 
signals from soot showing strong spatial variations as well as local temporal variations, see Fig. 
4.2.13. The LII signals were calibrated to soot volume fractions, fv, using in-situ extinction in the 
same spatial regions of the furnace. The results show increased fv for increasing oxygen 
concentration in the oxidant, which is related to increased temperatures as well as decreased 
mixing inside the furnace due to lowered total flow. For some measurement cases, the influence 
of additives was studied for flames in oxy-fuel and air environments. The results showed 
increased fv for additives of SO2 and NO for oxy-fuel conditions, while a decrease was found for 
air-fed flames. Also, a large decrease in fv was found for water injection in the air-fed flames, and 
a slightly larger decrease for KCl addition with the same amount of injected solution. 
Uncertainties in fv measurements using LII in this large furnace are discussed, and mainly 
considered to be uncertainty in E(m) for soot, the spatial variation of the laser fluence in the 
large imaged area, and the estimation of the absorption length during extinction calibration. 
 

 
 
 
 
 
 
 

                                                
1  J. Simonsson, A. Gunnarsson, M. Mannazhi, D. Bäckström, K. Andersson, P.-E. Bengtsson, In-situ soot 
characterization of propane flames and influence of additives in a 100 kW oxy-fuel furnace using two-dimensional laser-induced 
incandescence, 37th symp of combustion (2018), accepted for presentation and publication. 

 

 

 
 

Fig. 4.2.12.  A schematic overview of the optical setup and the 
furnace. All lengths are in mm unless otherwise stated. 

Fig. 4.2.13. Single shot image showing soot volume 
fractions, together with statistics of maximum soot 
volume fraction in defined square of 10x10 pixels for 
1000 frames.  
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Studies of mini-CAST soot 

A mini-CAST soot generator was used to produce soot with different optical and 
physicochemical characteristics 1 , and measurements were performed using a variety of 
techniques, see Fig. 4.2.14. Absorption Angstrom exponents (AAE) expressing the absorption 
wavelength dependence were assessed by multi-wavelength in-situ, see Fig. 15, and filter-based 
(aethalometer) laser extinction. The two optical techniques showed good agreement. For the 
chosen mini-CAST operating conditions, AAEs between 1 and 3.5 were found. Soot with high 
mass-fractions of organic carbon (OC) and pyrolytic carbon (PC) determined with thermal 
optical analysis were associated with AAEs significantly higher than 1. Heating to 250 and 
500 ℃ removed the majority of polycyclic aromatic hydrocarbons. However, the thermal-optical 
analysis revealed that OC and PC were abundant in the soot with AAE > 2 also after heating the 
aerosol. Analysis of mass absorption cross section ratios for elemental and OC indicated that 
elevated AAEs also after heating to 500 ℃ could be related to persistent OC and PC 
components and/or the refractory soot. By comparing the mini-CAST soot optical properties 
with soot properties derived from in-situ extinction measurements in a premixed flame, mini-
CAST soot with a higher AAE could be identified as less mature soot. The experimental setup is 
shown in Fig. 14, and absorption Ångström coefficients using multi-wavelength extinction for 
the various operation points are shown in Fig. 4.2.15. 
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Investigations of the absorption Ångström exponent (AAE) and physiochemical properties of soot of different maturity, Aerosol 
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Fig. 4.2.14. Overview of the experimental setup including 
the soot preparation system and the measurement devices. 
The multi-wavelength extinction system and the soot 
extinction cell is shown in the dashed area. 

Fig. 4.2.15. The absorption Ångström exponent (AAE) 
from the mini-CAST operating points with and without 
heat-treatment from the multi-wavelength extinction 
measurements using four wavelengths. 



28   

4.3 Gas turbines combustion diagnostics 
A. Subash, R. Collin and M. Aldén 

Activities regarding combustion diagnostics in gas turbines involve development and application 
of various laser-based techniques for investigating combustion in different types of gas turbine 
related burners ranging from laboratory scale to industrial ones. Non-intrusive laser-based 
techniques provided in-situ information concerning different parameters of the combustion 
process, with a high degree of temporal and spatial resolution. Different parameters of interest, 
for example, intermediate species distributions and concentrations, temperature, and flow 
velocity field can be investigated by use of various laser-based techniques for better 
understanding of the turbulent-flame interactions, flame stability, flashback, fuel-air mixing 
profile, and combustion dynamics. This knowledge is of great interest for designing as well as 
producing efficient and clean combustion engines. The burner hardware for investigations is 
mainly decided in collaboration with industry where SIEMENS is the leading partner. 
Investigations are performed under both atmospheric and high-pressure conditions. For 
atmospheric pressure conditions, experiments are performed in a test rig either in Lund or at 
Siemens Industrial Turbomachinery AB in Finspång, whereas experiments at high pressure are 
performed in the high-pressure combustion rig located in Lund. 

The gas turbine activities in Combustion Physics Division were performed within two national 
programs, the TURBO POWER program and the CECOST program. In the TURBO POWER 
program, the activities were focused towards characterizing a downscaled prototype 4th 
generation dry low emission (DLE) burner in close collaboration with the Division of Thermal 
Power Engineering at Lund University and Siemens Industrial Turbomachinery. The prototype 
4th generation DLE burner was developed by Siemens, and the studies were carried out 
concerning the development of the SGT-750 burner. On the other hand, the activities within the 
CECOST program were performed in close collaboration with Fluid Mechanics Division at 
Lund University and Siemens Industrial Turbomachinery. A laboratory-scaled swirl burner, 
called CECOST burner, was designed by the Fluid Mechanics Division, and experiments were 
performed for characterization of the burner. In addition, Rayleigh scattering thermometry by 
means of structured illumination have been performed in a standard gas turbine burner flame at 
Siemens Industrial Turbomachinery AB, Finpång to assess the feasibility of the technique for 
future applications in such a harsh environment. 

 

Activities in TURBO POWER program 

The activities in this program were mainly focused towards characterizing a downscaled 
prototype 4th generation DLE burner. This burner is composed of three concentrically arranged 
sectors: a radial swirled outer sector (Main), an axial swirled intermediate sector (Pilot), and a 
central-body burner or RPL (Rich-Pilot-Lean) section. The cross-section of the burner assembly 
in full configuration and the experimental setup are shown in Fig. 1.1. The fuel flow to each of 
these sections is regulated independently, and the central body RPL has separate fuel and air 
feeds. The ability to vary the equivalence ratios of the three sections enables the burner to 
achieve optimized combustion. At the burner exit, there is a diverging section, termed the Quarl, 
for smoothing both the flow and flame. It is made of quartz. It also enabled the flame 
stabilization zone to be visualized. A quartz liner 40 cm in length and 110 cm square in cross-
section was mounted atop the burner assembly. 
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Fig. 4.3.1. Schematic diagram of the experimental setup and of the full burner assembly. 

 

Flame stabilization of the prototype DLE burner 

Investigations were carried out under atmospheric pressure conditions for a better understanding 
of the flame stabilization and the changes in combustion that occur for alteration of the 
operating conditions in different sections of the burner. OH-PLIF and chemiluminescence 
imaging were employed to study the local flame characteristics and formation of the reaction 
zones at the burner exit. Fig. 1.2 shows OH-PLIF signal distribution of the flames in the Quarl 
section for three operating conditions: 1) RPL (f = 1.2), when only the RPL was provided with 
fuel, 2) RPL (f = 1.2) + Pilot (f = 0.48), when the RPL and the Pilot were provided with fuel, 
and 3) RPL (f = 1.2) + Pilot (f = 0.48) + Main (f = 0.48). 

 

Fig. 4.3.2. a-c show single-shot images and e-g show the PDMs of the OH-PLIF signal distributions of flames for 
the RPL, RPL + Pilot and RPL + Pilot + Main cases respectively. Global f = 0.5 and RPL f = 1.2. 

In full burner configuration, the RPL of the burner generates heat and free radicals to initiate 
ignition of the main flame. The residence time of the RPL combustor is sufficiently short so that 
a high concentration of the reacting atoms and radicals can contribute to the main flame to keep 
it within a stable combustion range. The OH radical distributions in Fig. 4.3.2(a) and (e) show 
there to be a small RPL secondary flame inside the Quarl in the case of the rich RPL f. Under 
this rich condition, the primary combustion starts inside the RPL. However, the residual fuel of 
the primary combustion escapes through the RPL exit together with the primary combustion 
products and initiates the secondary combustion interacting with the swirled Pilot air. The 
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secondary flame starts at the RPL exit and continues to expand in the diverging Quarl section 
due to imposed swirl. Fig. 4.3.2(b) and (f) show that the RPL-Pilot flame is confined mostly 
within the Quarl. The flame and the OH distribution become stronger as compared with the 
conditions of only the RPL flame being present. The Pilot-RPL mixtures that are combusted or 
partially combusted merge with the Main fuel-air mixtures at the burner throat. The Quarl, 
located just after the burner throat, expands and smooths both the flow field and the flame by 
means of a diverging cone. The main flame is anchored inside the Quarl and is elongated within 
the liner region. The OH signal distributions (shown in Fig. 4.3.2(c) and (g)) indicate the 
upstream progress of the full flame. The low signal intensities at the center of the OH 
distributions indicate the location of the central recirculation zone (CRZ) that is created by the 
swirling flow and is induced by vortex breakdown. The recirculation zone brings heat and 
radicals from the main parts of the flame zone towards the upstream mixing zone. The CRZ 
zone starts inside the Quarl section and continues to the liner region. 

Effects of the burner geometry 

At a lean and rich global f under conditions with and without the Quarl, the OH signal 
distributions of flames are shown in Fig. 4.3.3. Under both conditions, the low signal intensities 
at the center of the OH distributions indicate that the flame stabilizes creating a CRZ. When the 
Quarl is not present, it makes a sudden expansion just after the burner exit. The flame gets more 
freedom then to expand radially and to stabilize, the flame thus becoming shorter. The CRZ 
becomes compact as well, and the flame stabilization moves downstream slightly. The most 
intense OH signals detected in flame (from single-shot and PDMs images) near the Quarl wall 
(under conditions with the Quarl) and downstream of the burner exit (under conditions without 
the Quarl) indicate the location of reaction zones. For increasing the global f under both 
conditions of having a Quarl and no Quarl, the full flame shortens, and the CRZ becomes 
stronger, as indicated by intensification of the OH signal distribution (in PDMs of the OH-PLIF 
images) at the downstream (y/D > 0.4). In the presence of the Quarl, the OH distribution and 
the flame-anchoring position move upstream with an increase in the global f due to the increase 
of the local laminar flame speed, whereas the opposite trend is observed when the Quarl is 
absent. Then both the OH distribution and the flame-anchoring position move downstream.  

 

Fig. 4.3.3. OH-PLIF images show how the OH distribution changes at a lean and rich global f under conditions with 
and without Quarl. a-b show single-shot images for the global f = 0.46  and 0.58 under condition with Quarl and c-d 
show for the global f = 0.46  and 0.56 under condition without Quarl.  e-h show the gradients of the single-shot images of 
a-d. i-l show the PDMs of OH gradients. m-p show the PDMs of single-shot images. The scales of x and y axes are the 
same for all images. 
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In the case of a richer global f (f ≥ 0.52), the outer recirculation zones cannot be visible when 
the Quarl is present, but they can be observed when the Quarl is absent. Although the Quarl 
smooths the flow and directs the flame and flow, it limits the possibilities of their radial 
expansion. PDMs of the gradients (Figs. 4.3.3i-l) show that under all of the operating conditions 
both with and without the Quarl, the fluctuation of the flame fronts is less than that of the CRZ 
edges. The fluctuation of the CRZ edges spreads in both an axial and a radial direction. With an 
increase in the global f, the CRZ edge moves upstream if the Quarl is present, whereas it shifts 
downstream if the Quarl is absent. The spreading of the fluctuations for the CRZ edges (both 
radially and axially) increases if the Quarl is absent. 

Effects of hydrogen enrichment on the methane flame 

Flame investigations were carried out on the prototype DLE burner for three different H2/CH4 
fuel mixtures, having ratios (volumetrically) of 0/100, 25/75, and 50/50, without preheating of 
the fuels, while the Quarl was being kept. The global f was varied within different ranges for 
each of the H2/CH4 fuel mixtures, keeping the RPL f = 1.2 constant. Fig 4.3.4 shows (a) 
photographs of the full flames and (b) OH distributions of the flames inside the Quarl, when the 
CH4 fuel was enriched with 0 vol. %, 25 vol. %, and 50 vol. % of H2 at a global f = 0.42. The 
photographs indicate there to be a substantial effect on the laminar flame speed for H2 
enrichment. The size of the flame shortens due to the increase in the laminar flame speed as well 
as the greater diffusivity and higher reaction rate of H2. 

 

Fig. 4.3.4. Flame images: (a) photographs of the full flame and (b) OH-PLIF images inside the Quarl for 0 vol. %, 25 
vol. %, and 50 vol. % of H2 enrichment in CH4 fuel at a global f = 0.42. 

For all cases, the low signal intensities at the center of the OH distributions indicate the locations 
of the CRZ that starts in the Quarl section and continues in the liner region. The ISL is formed 
between the CRZ and swirling fresh reactant mixtures. The highest gradients of temperature and 
OH radicals are located near the Quarl wall and indicating the reaction zones (shown in single-
shots and PDMs of the OH gradients). For enriching the fuel with H2, the production of the OH 
radicals in the flame increases, whereas the intermediate hydrocarbon (HC) fuel components 
decrease. Because of the high reaction rate and high burning velocity of H2 fuel, H2 combustion 
is mostly completed early in the upstream phase, whereas the products dilute the remaining fuel 
or intermediate HC radicals and take longer residence time for the combustion to be completed. 
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Accordingly, the OH distribution inside the Quarl becomes thicker and stronger through CH4 
fuel enrichment by H2. Higher amounts of the OH radicals are also produced by the RPL which 
contributes to the RPL-Pilot flame inside the Quarl. Although the OH signal distribution 
becomes stronger inside the Quarl, the luminosity of the flame there becomes weaker for the H2 
enrichment, as can be seen in the photographs. A similar trend can also be observed in the 
chemiluminescence images. When the amount of H2 in the fuel mixtures increases, the 
production of the intermediate CH and C2 radicals in the combustion is reduced. As a result, the 
blue-green luminescence (in the visible spectral region) of the flame caused by the electronic 
excitation of CH and C2 becomes weakened. The PDMs of the gradients show that the 
fluctuation of the flame fronts is less than that of the CRZ edges in all cases. The fluctuation of 
the CRZ edges is found to be spread in both an axial and a radial direction. In enriching the 
flame with H2, the CRZ edge moves downstream, which also indicates the flame-anchoring 
position to move downstream. The spreading of CRZ edge fluctuations increases with H2 
enrichment. 

Activities in CECOST program 
The activities within the CECOST program were carried out for characterizing the laboratory-
scaled CECOST swirl burner and for investigating the feasibility of SLIPI Rayleigh thermometry 
technique to measure the flame temperature in a standard gas turbine burner. 

Investigation of the CECOST laboratory-scale swirl burner 

The CECOST laboratory-scale swirl burner was developed inspired by the EV/AEV burner, 
which can simulate the complex turbulence-flame interactions. The swirl generator of the burner 
itself consists of four quarter-cones that are shifted with respect to each other to create a swirling 
flow. The flow enters the swirl generator in a combined tangential/axial/radial direction to create 
a swirling of the air. Flame stabilization, lean blowout, and flashback were investigated by 
employing simultaneous OH-PLIF and CH2O-PLIF, as well as high-speed chemiluminescence 
imaging. The experimental setup and cross-section of the burner are shown in Fig. 4.3.5. For 
obtaining high-quality PLIF images, the flame in the premixing tube and combustion chamber 
were recorded separately. Only OH-PLIF was utilized for capturing the flame structure present 
in the premixing tube, whereas the simultaneous OH-PLIF and CH2O-PLIF results were used to 
study the flame structure present in the combustion chamber. 

 

Fig. 4.3.5. (a) 
Experimental setup 
used for OH-PLIF, 
CH2O-PLIF, and 
high-speed 
chemiluminescence 
measurements on the 
CECOST burner. 
The abbreviations 
denote the following: 
M, dichroic mirror; S 
sheet-forming optics; 
B, CECOST burner 
setup; L, camera 
lens; F, filter. (b) 
Cross-section of the 
CECOST swirl 
burner assembly. 
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The effects of the equivalence ratio and the Reynolds number on the flame states were examined 
using natural gas as the fuel. Three main regimes, corresponding to lean blowout, steady flame 
and flashback were observed and are shown in Fig. 4.3.6. The lean blowout limit was found to be 
nearly invariant for all measured Reynolds numbers. At a lower Reynolds number (Re ≤ 10000), 
the flashback was observed for increasing the equivalence ratio from a lean condition towards 
stoichiometry. This behavior is related to the laminar flame speed which increases as the 
equivalence ratio approaches unity. The flame was also observed to be anchored at the burner 
nozzle either under the same or higher equivalence ratio after the occurrence of the flashback. 
Within the range of the Reynolds numbers (10000 < Re ≤ 17000), the critical equivalence ratio 
where the flashback occurred, was found to be higher for increasing the Reynolds number. After 
the flashback occurred, the flame was found to be unstable in the premixing tube and not to be 
anchored at the burner nozzle, even in the case of a further increase in the equivalence ratio. On 
the other hand, at a higher Reynolds number (Re > 17000), no flashback was observed for 
increasing the equivalence ratio, even close to the stoichiometry. At a higher Reynolds number, 
the increase in the bulk velocity plays a more important role in preventing the flashback and in 
stabilizing the flame in the chamber. 

 

Fig. 4.3.6 (a) Time-averaged OH* chemiluminescence images (b) mean OH-PLIF and CH2O-PLIF images for f = 
0.52 and 0.60 at Re = 10000 and 20000. 

SLIPI Rayleigh thermometry in the gas turbine environment 

It has always been a great interest to get knowledge about the temperature distributions of the 
flame at the burner exit in a gas turbine. The temperature measurement was performed on a 
standard gas turbine burner flame in Siemens Industrial Turbomachinery AB, Finpång. The 
objective of the project was to perform Rayleigh scattering thermometry by means of structured 
illumination and to assess the feasibility of this technique for future applications in such a harsh 
environment. 

The SLIPI (Structured Laser Illumination Planar Imaging) thermometry approach, based on a 
laser light sheet technique, is useful to get rid of all undesired light. The technical detail 
differentiating conventional laser light sheet imaging and SLIPI is that the latter provides means 
to evaluate the background intensity that is present in the actual recording. This feature is 
important since the background in a Laser-induced Rayleigh scattering (LRS) measurement of a 
combustion event is not constant, neither temporally nor spatially, and can therefore not be 
attained at any other occasion. In SLIPI thermometry a laser sheet is spatially modulated at a 
specific frequency, and the calculations are performed based on lock-in detection (in the spatial 
domain) to isolate and extract those spatial frequency components that share the characteristics 
set by modulation frequency. As a burner, a 3rd generation DLE was selected for investigation 
and a 2cm (1cm for each time) laser sheet (532nm) modulated especially was passed through the 
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mid-line of the burner exit. Two-dimensional temperature distributions were measured at 
different flame conditions varying the global f and load. Fig. 4.3.8 shows the average 
temperature distribution measured with SLIPI and conventional Rayleigh thermometry for a 
flame condition when the calculated adiabatic flame temperature is 1785K. The conventional 
Rayleigh thermometry show underestimated temperature distributions. 

 

Fig. 4.3.7 (a) Atmospheric Rig at SIEMENS, Finspång; (b) Experimental setup of the SLIPI Rayleigh thermometry 
(C) 3rd generation DLE burner. 

 

 

Fig. 4.3.8 (a) Average Temperature distributions in the combustor at different flame conditions. 

However, the modulated laser lines were observed to be skewed when the flame condition was 
changed by increasing the adiabatic flame temperature (in Fig. 4.3.9). Mainly, the abrupt changes 
of the refractive index in turbulent flame due to the temperature fluctuations at a hot and cold 
place inside the combustor and partly, the deformation of the quartz window plate in the rig due 
to high temperature may cause the beam steering effects. Since the modulation of the laser sheet 
becomes lost due to beam steering effect, the single cannot be extracted from spatial frequency 
components. Consequently, temperature measurement becomes challenging.  
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4.4 High-speed diagnostics in reactive flows 
Turbulent combustion commonly occurs in most practical advanced combustors nowadays, such 
as internal combustion engines (ICE) and gas turbines. Comprehensive understanding of 
turbulent combustion calls for more advanced modelling and diagnostic techniques. Eddies in 
the flow field of a turbulent flame can form, interact and propagate rapidly. The time-scales of 
both turbulence and chemical reactions span widely from nanoseconds to seconds. For a better 
understanding of the transient behavior (small integral time-scales) of wrinkled structures and 
eddies in highly turbulent flames, sufficient temporal resolution is needed. However, that still 
remains challenging experimentally.  

During the last two decades, the field of high-speed diagnostics has seen significant 
development. Initially, burst-mode lasers were introduced. These are based on sequential 
amplification of a high repetition rate seed laser. Soon after, Nd:YAG clusters were developed 
that can produce bursts with short pulse separation (theoretically with no minimum time 
limitation between pulses) making them capable of resolving very small time scales, e.g. 125 µs 
and 10 µs, while maintaining pulse energies similar to what is normally found in 10 Hz systems. 
The architecture of complete parallel systems in the YAG clusters implies that they can be faster 
than the burst-mode systems but their main drawback is the limited number of pulses. However, 
the burst-mode systems allow for high temporal resolution under prolonged time scales. 

The high repetition rate of the employed lasers in combination with advanced high-speed 
detectors has reduced the separation time between acquired images to a few microseconds. 
Therefore, the temporal resolution in imaging has been significantly increased and the fastest 
dynamic processes can be temporally tracked. 

 

 High-speed diagnostics in the LUPJ burner 

Z. Wang, P. Stamatoglou, Z. Li, B. Zhou, X. Bai1, M. Aldén and Mattias Richter 

In this project2, the development of the first ultra-high-speed diagnostic technique capable of 
simultaneous probing of hydroxyl radicals and formaldehyde distributions at a repetition rate of 
50 kHz is outlined. This has been achieved by employing a burst laser pumped optical parametric 
oscillator system for simultaneous detection of CH2O (excited at 355 nm) and OH-radicals 
(excited at 283 nm). The applicability of the proposed technique was demonstrated in a highly 
turbulent jet flame. Due to the high temporal resolution, the movement of the CH2O pocket 
enclosed by the OH layer at the flame tip can be clearly captured (Fig. 4.4.1, Fig. 4.4.11). The 
transport velocity of the CH2O pocket was in good agreement with previous LDV results. 

An additional study 3  of visualizing hydroxyl radicals (OH) and formaldehyde (CH2O) 
distributions at repetition rates up to 140 kHz (i.e. with a temporal resoltemution of 7.1 µs), in 

                                                
1 Department of Energy Sciences, Lund University, Box 118, Sweden 
2 Z. Wang, P. Stamatoglou, Z. Li, M.s Aldén, and M. Richter, "Ultra-high-speed PLIF imaging for simultaneous 
visualization of multiple species in turbulent flames," Opt. Express 25, 30214-30228 (2017) 
3  Z. Wang, P. Stamatoglou., B. Zhou., M. Aldén, X. Bai and M. Richter "Investigation of OH and CH2O 
distributions at ultra-high repetition rates by planar laser induced fluorescence imaging in highly turbulent jet 
flames," submitted to Fuel (Clean Air 2017). 
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order to access the Kolmogorov time scales of flames in the distributed/broken reaction zone 
regime (Ka ≥100), was also conducted. More than 100 consecutive images were recorded in the 
OH Planar laser-induced fluorescence (PLIF) measurement at 100 kHz. Systematic temporal and 
spatial evolution of the flame structure could clearly be resolved over long sequences, e.g. 1.2 ms 
for OH PLIF and 10 ms for CH2O PLIF respectively. Furthermore, the axial velocity of the 
CH2O structure at its outer layer at different x/d positions (UCH2O) was obtained and showed a 
good agreement with the LDV results. By comparing UCH2O with the local axial velocity, different 
mechanisms responsible for the large-scale wrinkle structures in the reaction zone and the 
propagation of CH2O structure along the flame height are discussed. Frequency spectrum, 
autocorrelation function and power spectral density based on the CH2O radial fluctuation are 
discussed. Quantitative analysis of the ultra-high-speed diagnostics data further augments the 
understanding of turbulent combustion down to Kolmogorov scale experimentally. 

 

 
Fig. 4.4.1 Simultaneous OH (red), and CH2O (green) PLIF images (ϕjet=1, Ucoflow=0.3 m/s) at 45 mm HAB. 

OH CH2O
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Fig. 4.4.11 Simultaneous OH (red), and CH2O (green) PLIF images (ϕjet=0.3, Ucoflow=0.1 m/s) at 45 mm HAB 

where quenching of OH occurs. 

The CH2O was transported downstream the jet flame by convection, e.g. several flame structures 
(spatial structure a, b and c) in the sub-images of Fig. 4.4.1 (start from No. 35, No. 40 and No. 
70) can be observed and followed as the combustion process progress. The temporal resolution 
is sufficient to visualize the process in which the CH2O region was disconnected into small 
pockets at the ‘neck’ point of the flame. Later, the CH2O pocket was deformed into thin and 
long ligaments due to the turbulence straining and shearing, while being consumed. 

In Fig. 4.4.11, the equivalence ratio of the jet flow was reduced to 0.3 and the co-flow speed was 
decreased to one-third of the previous case (Fig. 4.4.1), leading to local extinction. As a 
consequence, the jet flame became unstable because less heat was supplied by the surrounding 
co-flow flame as well as leaner combustion for the jet flow and local quenching of OH could be 
identified. For instance, from sub-images No. 33 to No. 42, OH was hardly observed at the 
height above 44 mm HAB while CH2O distributed in this domain. It is evident that starting from 
No. 44 (Fig. 4.4.11), re-ignition occurs at the flame-tip as indicated by the OH layer propagating 
to a higher position. 

 High-speed diagnostics in a gliding arc 

Z. Wang, P. Stamatoglou, C. Kong, J. Gao, Z. Li, M. Aldén, M. Richter and A. Ehn 

Non-thermal plasmas are widely used in several applications, such as airflow control, surface 
treatment and environmental remediation. Another important application of plasma discharges 
focuses on combustion enhancement. For example, plasma-assisted combustion is a relatively 
new field of studies compared to the investigation of traditional combustion processes with well-
known fuel mixtures. However, the addition of plasma to the reaction changes the chemical 
kinetics of the combustion since new chemical species are produced. Therefore, additional 
studies are required for a better understanding of the combustion process. New combustion 
concepts have been developed towards leaner flammability limits, flame stabilization and ignition 
enhancement using plasma discharges. Turbulence is an important component in applied 

OH CH2O
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chemistry but it is somewhat of a challenge in laser-based diagnostic investigations with the 
common 10-Hz laser systems. Gliding arc discharge plasmas can for example be generated in 
rather strong turbulence with high gas flow rates. Therefore, high-repetition rate lasers are 
diagnostic tools that have the potential to track fast-movement and rapid transients in a 
turbulent environment. 

In this project1, 2, the gliding arc discharge is generated between two electrodes made of stainless 
steel (Fig. 4.4.3). The diameter of the electrodes is 3 mm with cooling water passing through. An 
adjustable flow is fed through a 3 mm-hole in between the electrodes. The input power is 
adjustable and monitored with a high-voltage probe and a resistor. The whole plasma system is 
placed inside a Faraday metal cage for safety and to reduce electromagnetic interfering with other 
electronic devices in the lab. The OH radical is an important intermediate species in several 
reactive chemical applications. In combustion, for example, the steep gradient of the OH 
distribution can be used as a flame front marker. Images of the ground-state OH distribution in 
the vicinity of the gliding arc are presented in Figure . The excitation laser source was a high-
repetition rate burst system, which here produced 70 pulses in a 3 ms burst at 27 kHz. The 
energy per pulse was approximately 15 mJ and the time separation between the pulses was 37 
µsec. Two flow rate cases using 5 and 35 l/min are shown (a, b, c) and (c, d, e), respectively. The 
laser beam is shaped into a laser sheet to illuminate an area across the plasma column (Fig. ). 

The main differences between the images are the size and propagation rate of the OH 
distribution. The distribution of the OH molecules are widely spread around the plasma column 
at low flow rates, whereas smaller ‘rings’ that propagate faster are seen at higher flow rates. The 
selected images are representative out of 70 consecutive recorded images per flow case. The 
shape of the ‘ring’ and how it changes in time is shown in Figure  for the 5 l/min flow-rate case. 
The fluorescence signal in the centre of the hollow structure initially increases whereas the signal 
in the outer region constantly decreases when the plasma is turned off. 

 

 
Fig. 4.4.3 Schematic of the gliding arc. The plasma column is created in between the electrodes. The laser sheet, indicated by 
the blue area, is propagating from right to left. 

 

                                                
1 Z. Wang, P. Stamatoglou, C. Kong, J.Gao, Z. Li, M. Aldén, M. Richter and A. Ehn, "PLIF imaging at 27 kHz of 
OH radicals - applications in pulsed plasma discharges", manuscript in preparation. 
2 P. Stamatoglou, Z. Wang, C. Kong, J.Gao, Z. Li, M. Aldén, M. Richter and A. Ehn, "OH radical distribution 
around Plasma Discharges in Cross-Flows", manuscript in preparation. 
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Figure 4.4.4. Iaging of OH distribution around the plasma discharge with (top panel) 5l/min and (bottom panel) 35 

l/min air flow at different times. The selected single-shot images are representative out of 70 consecutive recorded images per 
flow case. 

 

 
 

 
Figure 4.4.5. OH PLIF signal along a horizontal line (pixels are shown along the x-axis) captured at different times. 
The drop-in signal intensity indicates the dynamic of the spatially resolved OH concentration as the plasma discharge is 
turned off. Measurements were carried out using a 5 l/min air flow rate. Yellow and blue colours display high and low signal 
intensities, respectively. 
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 High-speed diagnostics in a heavy-duty PPC engine 

Z. Wang, P. Stamatoglou, M. Lundgren1, L. Luise2, B. M. Vaglieco32, A. Andersson3, O. Andersson31, M. 
Aldén and M. Richter 

Understanding the autoignition process allows control of the combustion phasing and efficiency 
in PPC engines. High-speed diagnostics are critical for this purpose, due to the stochastic cycle-
to-cycle variability in ignition location and timing. Autoignition has been studied in PPC engines 
using high-speed chemiluminescence imaging. While this technique provides line-of-sight 
averaged information about where and when the charge ignites, it does not reveal the underlying 
causes. A more detailed overview of the autoignition process requires high-speed laser 
diagnostics to couple the initial flame location(s) to simultaneous information about distributions 
of fuel and relevant ignition precursors, such as formaldehyde.  

Planar laser induced fluorescence (PLIF) is a technique used to investigate in-cylinder species 
distributions and combustion propagation. Since most of the research fuels are not fluorescent, a 
tracer is added to the fuel mixture. This work45 demonstrates the application of a burst-system 
for simultaneous fuel tracer PLIF and chemiluminescence imaging in an optical engine, at 36 
kHz repetition rate. In addition, high-speed formaldehyde PLIF and chemiluminescence imaging 
are employed for the investigation of autoignition events with a high temporal resolution (5 
frames/CAD). A state-of-the-art laser system is employed in this study in combination with a 
high-speed CMOS camera in order to achieve high pulse energies at high repetition rates for 
generation of a large number of consecutive images. 

Planar laser-induced fluorescence and chemiluminescence were used to simultaneously 
investigate the fuel distribution and the characteristic of the early phase of combustion. The laser 
source was an Nd:YAG based burst system operating at a repetition rate of 36 kHz, with an 
output of 50 mJ per pulse at 266 nm. In a second stage of the experiment, the 355 nm output 
from the burst system was used to excite CH2O and partially oxidized fuel. The available energy 
was 180 mJ per pulse and the beam was directed through the same set of optical components as 
for the fuel tracer PLIF (Figure ). 

 

                                                
1 Division of Combustion Engines, Lund University, P.O. Box 11, S221 00 Lund University 
2 Istituto Motori-CNR Naples, Via Marconi, 4-80125 Napoli, Italy 
3 Volvo Group Trucks Technology, Powertrain Engineering, Sweden 
4 Wang, Z., Stamatoglou, P., Lundgren, M., Luise, L. et al., "Ultra-High Speed Fuel Tracer PLIF Imaging in a Heavy-
Duty Optical PPC Engine," SAE Technical Paper 2018-01-0904, 2018, https://doi.org/10.4271/2018-01-0904. 
5 Z. Wang, P. Stamatoglou, M. Lundgren, L. Luise, B. M. Vaglieco, A. Andersson, O. Andersson, M. Aldén and M. 
Richter “Simultaneous 36 kHz PLIF/Chemiluminescence imaging of fuel, CH2O and combustion in a PPC 
engine”, submitted to 37th International Symposium on Combustion (2018). 
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Figure 4.4.6 Field of view for fuel tracer PLIF and CH2O PLIF imaging. 

 

 
Fig. 4.4.7. Fuel distribution after SOC for both combustion case (green) and non-reacting case (red). 

From the recorded image series, it can be seen that the expansion of the flame kernels pushes 
the surrounding fuel in the recirculation zone away tangentially and towards the center of the 
piston bowl. A comparison of the fuel distributions in a combusting case (green) and a non-
combusting case (red) is illustrated in Fig. . During the ignition delay the fuel distributions of two 
cases show a similar spatial spread. However, after the onset of combustion the remaining 
unburnt fuel in the combusting case is distributed over a larger area compared to the non-
reacting case. In order to be feasible, the tracking of this process in time requires single-cycle 
resolved data. 

Fig.  shows how the expanding hot gases in the early flame kernel pushes the CH2O in the 
recirculation zone along the tangential direction (towards the spray axis) and towards the center 
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of the piston bowl. This pattern is similar to the charge movement shown in Fig. , but since 
CH2O is present also slightly after the fuel (tracer) has decomposed, the push from the burnt 
gases is even more pronounced here. The evaporative cooling effect plays an important role in 
the autoignition process. During the injection event the leading edge of the spray is heated as it 
propagates towards the recirculation zone while the wake along the spray axis has relatively cold 
environment due to the cooling effect from the spray vaporization. In addition, entrainment 
wave leans out the equivalence ratio along the spray axis after EOI. Consequently, the mixture in 
the recirculation zone is more likely to be ignited first. 

 

 
Fig. 4.4.8. CH2O distribution after SOC for both combustion case (green) and non-reacting case (red). 

 

 

no combustion case combustion case
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4.5 Diagnostics with ultrashort laser pulses 
Ultrashort laser pulses entail a number of attractive diagnostic features, namely: 

• Exceptional temporal resolution allows for studies of fast dynamics and chemical kinetics. 
• Ultrashort pulse duration effectively reduces the impact of molecular collisions, facilitating 

signal interpretation and quantification. 
• Extreme peak power facilitates nonlinear optical techniques as they rely on high peak 

power. 
• Broad spectral coverage, a direct consequence of the short pulse duration, allows for multi-

species detection. 

Nevertheless, these assets have yet to be explored and utilized for chemical analysis and 
measurement of important parameters such as trace species concentrations and temperature in 
practical applications, which, therefore, has been the main focus of the activities with the 
ultrafast lasers present at the division. State-of-the-art femtosecond (fs) and picosecond (ps) laser 
systems are utilized. The ps-laser system consists of an amplified Nd:YAG laser pumping two 
OPG/OPA units, providing two beams of 80-ps laser pulses at 10-Hz repletion rate, which are 
tunable from 200 to 2200 nm. The fs-laser system, shown in Fig. 4.5.1, also has two outputs, 
providing 125-fs laser pulses, at 10 Hz repletion rate, tunable between 190 and 1600 nm. 

 
Fig. 4.5.1. Femtosecond laser system with its major units indicated. The system has two outputs, providing 125-fs laser 
pulses, at 10 Hz repletion rate, tunable between 190 and 1600 nm.  

 

Picosecond photofragmentation laser-induced fluorescence 
M. Jonsson, K. Larsson, J. Borggren, M. Aldén, and J. Bood 

Photofragmenation laser-induced fluorescence (PFLIF), see Section 4.6., is vulnerable to 
photochemical inteferences, i.e. fragments generated via photochemical reactions involving other 
species, either generated in the dissociation process or naturally occurring in the measurement 
volume. Fluorescence from these false positives will cause errors. The problem appears for 
example when using PFLIF for imaging of hydrogen peroxides in hydrocarbon flames. Fig. 
4.5.2a shows a PFLIF image recorded, with nanosecond pump and probe pulses, in a 
stoichiometric CH4/air flame. While the two inner signal features correspond to the presence of 
hydrogen peroxides, the two outer signal lobes correspond to photochemically produced OH, 
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originating from photodissociation of hot CO2 (i.e. CO2 + hn ® CO + O followed by O + H2O 
® 2OH) 

 
Fig. 4.5.2 a) PFLIF image recorded in a CH4/air flame (F = 1.15) with a pump-probe delay of 80 ns. The left graph 
(b) shows the time dependence of the product zone signal, reaching a maximum at 1000 ns, while the right graph (c) 
illustrates the time dependence of the reaction zone signal, having a maximum at about 200 ns. 

As evident from the graph shown in Fig. 4.5.2b, the photochemically produced interference 
present in the product zone decreases with decreasing delay. Using a picosecond laser system, 
allowing even shorter pump-probe delay, it was investigated whether the product zone 
interference could be further suppressed. 

The OH production in the product zone, i.e. the interference, was investigated for delay times 
between 0.5 and 22.5 ns and compared with data previously acquired with nanosecond laser 
pulses 1. The result is depicted in Fig. 4.5.3, where the black circles and red squares are data 
points from nanosecond and picosecond laser pulses, respectively. The data point coincides 
rather well with the calculation performed by Johansson et al. 1, but the initial picosecond data 
points form a steeper gradient than the calculated curve. One possible explanation is that the 
calculation assumes that 10% of the CO2 molecules forms CO and O(3P), which was the case for 
nanosecond laser pulses. For picosecond laser pulses the irradiance was higher and 25% of the 
CO2 was estimated to be photodissociated (calculated from Equation 1 in [1]). Also, O(1D) may 
be formed, thus increasing the OH production rate. 

 
Fig. 4.5.3 Production of OH in the product zone, where the black circles are data from picosecond laser pulses, whereas the 
red squares are data points from nanosecond laser pulses found in Johansson et al. 

Considering now instead the signal in the reaction zone, which for nanosecond laser pulses is 
shown in Fig. 4.5.2 as a function of pump-probe delay, this should ideally only originate come 
from the OH produced by photodissocation of hydrogen peroxides. Figure 4.5.2a reveals that 

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

(a) (b) (c) 
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there is photochemical interference also in this zone, as is evident from the initial increasing 
signal strength with increasing delay. However, Fig. 4.5.2c suggests that this relatively slow 
photochemical OH production would not imply any significant error as long as the pump-probe 
delay is kept below 20 ns. 

Since the idea is to use ps laser pulses and short pump-probe delay in order to reduce the 
interference in the product zone, it is of course important to also study the signal in the reaction 
zone, i.e. the signal indicating the presence of hydrogen peroxides, using ps laser pulses. These 
experiments revealed that, indeed the product-zone interference could be further suppressed, but 
the results also revealed a much faster photochemical buildup in the reaction zone. Based on a 
chemical model for the OH buildup, which is described in [1], including both O(3P) and the very 
reactive O(1D) as possible fragments from HO2 photolysis, it is concluded that the fast OH 
buildup in the reaction zone is due to reactions involving O(1D). Using this model, the OH 
buildup in the reaction zone of a stoichiometric CH4/air flame, for different O(1D)/O(3P) 
branching ratios was calculated, as can be seen in Fig. 4.5.4. The branching ratio is designated x, 
where x = 0 corresponds to 0% O(1D) and 100% O(3P), while x = 1 means the opposite 
fractions.  

 
Fig. 4.5.4 OH production calculated using the model presented in for various O(1D)/O(3P) branching ratios, x (x = 0 means that 
only O(3P) is formed, while x = 1 means that only O(1D) is formed). It is notable that merely a 20% O(1D) production gives rise to a 
distinct initial OH production.  

A plausible explanation of the discrepancy between the results obtained by ns and ps laser pulses 
is that the ps pulses, having more than two-orders of magnitude higher irradiance than the ns 
pulses used in the previous study, might cause 2-photon photodissociation, allowing production 
of O(1D). In terms of flame diagnostics with PFLIF, it is concluded that a setup based on ns 
laser pulses, rather than ps pulses, appears preferable since photochemical OH production in the 
reaction zone can be avoided while for short delay times the ratio between the photofragment 
signal and the photochemical interference in the product zone, stemming from CO2 photolysis, 
is sufficiently large to clearly visualize the photofragments. 

 

                                                
1 M. Jonsson, K. Larsson, J. Borggren, M. Aldén, and J. Bood, “Investigation of photochemical effects in flame 
diagnostics with picosecond photofragmentation laser-induced fluorescence”, Combust. Flame 171, 59-68 (2016). 
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Femtosecond multiphoton laser-induced fluorescence 
M. Ruchkina, M. Aldén, and J. Bood 

Several species of great importance in combustion and atmospheric research have absorption 
resonances in the vacuum ultraviolet (VUV) region below 200 nm. Resonances in the VUV 
regime are inaccessible for probing in practical diagnostics under atmospheric conditions, since 
the atmosphere absorbs VUV radiation. Nevertheless, such species can be probed using 
excitation wavelengths above 200 nm via simultaneous absorption of multiple photons. Multi-
photon processes are inherently weak, thus requiring excitation with high laser peak power. 
While increasingly powerful nanosecond (ns) lasers have been developed, facilitating two-photon 
excitation, employment of high laser energy also enhances processes such as photoionization and 
photodissociation. Such effects alter the composition in the measurements volume, including the 
concentration of the probed species, resulting in erroneous results. Femtosecond laser pulses 
provide high peak power with significantly lower pulse energy compared with nanosecond 
pulses. Thus, efficient two-photon excitation can be achieved while interfering processes are 
effectively reduced, resulting in vastly improved measurement accuracy. 

Detection and visualization of hydrogen atoms are highly demanded in combustion processes 
since the H atom is a key intermediate species present in all combustion processes based on 
hydrogen or hydrocarbon fuels. Hydrogen atoms can be detected through 2-photon LIF, where 
two photons of 205-nm wavelengths are simultaneously absorbed via a transition between the 
ground state (n = 1) and the excited state n = 3, as can be seen in Fig. 4.5.5a. Flurescence in the 
Balmer-a transition (n=3 ® n = 2) at 656 nm is then detected. A schematic experimental setup 
is shown in Fig. 4.5.5b.  

 
Fig. 4.5.5 a) Energy level diagram and transitions involved in 2-photon LIF of hydrogen atoms. b) Schematic setup for femtosecond 2-
photon LIF measurements of hydrogen atoms in a flame. 

 

Measurements were performed in CH4/air flames. Measurements with different laser pulse 
energies were performed, revealing that no photolytical inteferences were present and that the 
signal scaled with the square of the laser intensity, as can be seen in Fig. 4.5.6.  
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Fig. 4.5.6 a) Result of power-dependence study in the flame, revealing a slope close to 2, which is indicative of a 2-photon process. b) 
Normalized hydrogen fluorescence profiles recorded with different pulse energies. The consistent shape suggests that no photochemical 
production of hydrogen is present. 

 

With the laser formed into a sheet, single-shot images of hydrogen atoms were recorded in a 
turbulent CH4/air flame. Figure 4.5.7 shows a sequence of three such images. 

 
Fig. 4.5.7. Three single-shot images of hydrogen recorded with fs 2-photon LIF. 

 

Femtosecond two-photon-excited backward lasing in flames 
P. Ding, M. Ruchkina, A. Ehn, M. Aldén, and J. Bood 

Multi-photon pumping of atomic species, for example hydrogen (see Fig. 4.5.5a) provides a very 
strong inversion between the directly pumped state and a lower lying energy state, although not 
the ground state. Once population inversion is established through intense multi-photon 
pumping, stimulated emission, i.e. lasing, is generated in both the forward and backward 
directions. The gain region is formed by the focal volume of the pump laser, as shown in Fig. 
4.5.8. A large ratio between the length (L) and width (d) of the focal volume allows the 
stimulated emission to grow exponentially in the forward and backward directions. Since the 
wavelength of the pump laser in all cases is in the ultraviolet (UV) regime while the generated 
lasing is in the red or near infrared (NIR) regime, separation between the two emissions is easily 
achieved with a prism or dichroic mirror.  

Although backward lasing has been observed from H, O, and N, the method has so far been 
considered of very limited diagnostic value, primarily due to its very poor spatial resolution along 
the direction of the pump beam, but also due to the photochemical production of lasing species 
distorts the measured signals and, therefore, makes the measurements unreliable. In a recent 
publication [1] we demonstrated, for hydrogen atoms, that these limitations can be overcome if 
intense fs laser pulses are used for excitation and the backward lasing signal is detected by an 
ultrafast detector, i.e. a streak camera. The spatial resolution is thus achieved by temporally 

                                                
1 P. Ding, M. Ruchkina, Y. Liu, M. Aldén, and J. Bood, “Femtosecond two-photon-excited backward lasing of atomic hydrogen 
in a flame”, Opt. Lett. 43, 1183 (2018). 
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resolving the backward-directed lasing signal. The experimental setup for lasing in atomic 
hydrogen in flames is shown in Fig. 4.5.8. The pump beam at 205-nm is delivered by a 
femtosecond laser system, providing 125-fs pulses at 10 Hz repetition rate, and the backward 
lasing at 656 nm is detected, temporally resolved, by a streak camera. It was also possible to 
monitor the spatial profile of the backward lasing signal with a CCD camera. 

 
Fig. 4.5.8 (a) Energy levels of atomic hydrogen relevant to 205-nm two-photon-excited fluorescence (FL) and stimulated emission 
(SE). (b) Schematic illustration of the experimental setup. (c) Flame luminescence image of the premixed methane/air flame, which 
clearly shows a much brighter jet flame in the center surrounded by a less bright outer flat flame. 

Figure 4.5.9a shows the intensity of the forward and backward lasing signals versus laser pump 
energy. Both curves are consistent with a 2-photon process and the fact that a pulse energy 
threshold is observed in both cases also is also indicative of stimulated emission. The spatial 
profile of the backward lasing pulse is shown in Fig. 4.5.9b and its temporal characteristics is 
shown in Fig. 4.5.9c. While experiments with nanosecond laser pumping result in lasing pulses of 
nanosecond duration exhibiting complicated and spiky temporal structures, our experiments 
based on femtosecond laser pumping result in lasing pulses of 20 ps duration with smooth 
temporal profiles, which are very attractive features for spatially resolved single-ended 
diagnostics. 

 
Fig. 4.5.9 a) Pump energy dependences of both the forward and backward lasing signals. The dashed curves represent power function 
fitting with a power index of 2.1 and 2.0, respectively. (b) Spatial characteristics of the backward lasing pulse recorded with a CCD 
camera. (c) Single-shot temporal profile of the backward lasing pulse measured with a streak cameras. 

 



50   

In order to test the diagnostic potential for single-ended spatially resolved hydrogen detection, 
measurements were performed in two welding flames, as illustrated in Fig. 4.5.10a. The result is 
shown in Fig. X.Fb, where two separated signals, corresponding to hydrogen fluorescence from 
the two flames, are visible. The time separation is readily converted to a distance separation and 
this demonstrates that the concept allows spatial resolution.  

 
Fig. 4.5.10 a) Photo of the two welding flames used in the experiment (the dashed lines indicates the 205-nm laser beam with its focus 
midway between the two flames). (b) Single-shot temporal profile of the backward 656 nm lasing signal recorded with a streak camera. 

It has also been demonstrated that the backward lasing methods has the capacity to resolve the 
hydrogen abundance in a single welding flame, as shown in Fig. 4.5.11. For comparison, 
measurements with two-photon LIF were also carried out from the side, and, as can be seen, 
both methods are able to resolve the hydrogen present in the two reaction zones. 

 
Fig. 4.5.11 (a) Single-shot measurement of the temporal profile of backward 656-nm lasing signal from a single flame. The laser is 
focused about 3 mm above the burner nozzle. (b) Single-shot two-photon LIF image of atomic hydrogen captured with an intensified 
CCD camera. 
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4.6  Photofragmentation laser-induced fluorescence 
Laser-induced fluorescence is a versatile method for detection and imaging of species 
concentrations. However, the requirement that the molecule has to be fluorescent is a major 
limitation, preventing detection of numerous non-fluorescing species. A method that might 
overcome this limitation is photofragmentation laser-induced fluorescence (PFLIF), which is a 
pump-probe technique where the non-fluorescing molecule is photodissociated with a UV laser 
pulse, leading to a fluorescent fragment, which is probed with LIF using an additional laser pulse 
tuned to an absorption line of the fragment, as illustrated in Fig. 4.6.1. 

 
Fig. 4.6.1 Schematic description of PFLIF. The molecule of interest is dissociated with a UV laser pulse (pump), 
wherafter a fragment is detected by the fluorescence induced by a succeeding probe pulse. 

 

Suppression of interference due to naturally present fragment species 
K. Larsson, M. Jonsson, J. Borggren, E. Kristensson, A. Ehn, M. Aldén, and J. Bood 
If the species corresponding to the generated photofragment exists naturally in the probed 
environment, fluorescence from the photofragment cannot be distinguished against fluorescence 
from the naturally existing identical species. The fluorescence from the naturally present identical 
species can be considered a background signal that can be subtracted only under very stable 
conditions. For nonstationary environments, for example turbulent flames, this is not possible, 
and other methods have to be developed.  

One idea that might obviate this limitation is inspired by Structured Laser Illumination Planar 
Imaging (SLIPI), which is a measurement concept, developed at the Division, so far primarily 
used for suppression of multiple scattering in laser imaging studies of turbid media, as described 
in Section 8.2. The structured illumination is in this case imposed by spatially intensity 
modulating the pump-laser sheet, using a transmission grating, and thereby adding a recognizable 
signature to the photofragment fluorescence. This unique signature will allow utilization of a 
post-processing algorithm that isolates and extracts the desired photofragment fluorescence, 
which, ideally, would eliminate fluorescence from naturally present identical species and thereby 
allow single-shot measurements. Recently the concept was successfully demonstrated for imaging 
of hydrogen peroxides in a laminar flame1. The signal from hydrogen peroxides is extracted 
using a spatial-frequency lock-in routine, in which interfering fluorescence from naturally present 
OH radicals is removed. All steps taken to acquire the final image are described in Ref. 1, 
however, the major steps are those illustrated in Fig. 4.6.2. 

                                                
1 K. Larsson, M. Jonsson, J. Borggren, E. Kristensson, A. Ehn, M. Aldén, and J. Bood, “Single-shot photofragment 
imaging by structured illumination”, Opt. Lett. 40, 5019-5022 (2015). 
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Fig. 4.6.2 (a) Raw data image. (b) Fourier transformed image. 1st harmonic of the modulated signal visible on both sides of the origin. 
(c) Final image obtained by demodulating the image in (b) and then inversely Fourier transform it. 

 

Ozone imaging in a gliding arc discharge 
K. Larsson, D. Hot, J. Gao, C. Kong, Z. Li, J. Bood and A. Ehn  

Previously, our group has demonstrated 2D distributions of ozone, O3, in a slightly turbulent 
ozone flow using PFLIF1. A 248 nm laser pulse was here used as both pump- and probe laser. 
The 248 nm laser pulse is long enough (17 ns) for the first part to photodissociate the O3 
molecule into vibrationally hot O2 (𝑋$Σ&', 𝜈** = 6, 7) and an O(1D) atom, and the second part to 
excite the vibrationally hot O2, which after relaxation emits fluorescence between 270-400 nm. 
The same concept was used to visualize ozone in a plasma produced by a gliding arc discharge2. 
In the plasma both ozone and hot O2 are formed, wherefore an initial study was conducted in 
which the pump- and the probe processes were separated. This configuration allows a 266 nm 
laser pulse to dissociate the ozone molecules into hot O2, whereupon the 248 nm laser beam, 
only acting as probe pulse, was fired at various time delays. The lifetime of hot O2 was first 
determined in a laminar O3 flow giving a lifetime of roughly 550 ns. To be certain that all 
naturally present hot O2 was consumed at the arrival of the 266 nm pump pulse, the study, 
presented in Fig. 4.6.3a, was carried out in such a way that the voltage to the discharge was 
turned off several microseconds prior to the arrival of the pump pulse. A lifetime of 90 ns could 
then be obtained, which is in the same order of magnitude as the lifetime of hot O2 in the 
laminar O3 flow. The lifetime of O3, produced by the plasma was determined by only firing the 
248 nm laser pulse, which thus acted as both pump- and probe pulse. The result is presented in 
Fig. 4.6.3b, where a lifetime of 1.86 ms could be retrieved from the graph. Again, the discharge 
was turned of several microseconds prior to the arrival of the 248 nm laser pulse, to be certain 
that all naturally present hot O2 was consumed. 

 

 

 

 

                                                
1 K. Larsson, D. Hot, A. Ehn, A. Lantz, W. Weng, M. Aldén, and J. Bood, ”Quantitative Imaging of Ozone Vapor 
Using Photofragmentation Laser-Induced Fluorescence (LIF)”, Appl. Spectrosc. 71, 1578-1585 (2017).  
2 K. Larsson, D. Hot, J. Gao, C. Kong, Z. Li, M. Aldén, J. Bood, A. Ehn, “Instantaneous imaging of ozone in a 
gliding arc discharge using photofragmentation laser-induced fluorescence”, J. Phys. D: Appl. Phys. 51, 135203 
(2018). 
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Fig. 4.6.3 Lifetimes of hot O2, shown in a), and O3, presented in b), were measured in a plasma produced by a gliding arc 
discharge. Schematics of the experimental setups are shown to the left, while the results of the lifetime studies are presented to 
the right for both a) and b), respectively.  

Single-shot imaging of ozone in the plasma, produced by the gliding arc discharge, using only the 
248 nm laser pulse, is presented in Fig. 4.6.4. The plasma column is represented as the small 
string, while ozone areas are located outside of the plasma column, as indicated in the figure. The 
location of ozone as well as the wide areas, compared to the plasma column are a result of the 
long lifetime of ozone.  

      
Fig 4.6.4 Two-dimensional distributions of O3 are presented in a) and b). The small strings are the plasma column, while 
the wide areas outside of the plasma columns are hot O2 signal stemming from PFLIF of ozone.  
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4.7 Dianostics using tunable diode lasers 

 Diode laser-based two-line atomic fluorescence thermometry 1 

Jesper Borggren, Wubin Weng, Ali Hosseinnia, Per-Erik Bengtsson, Marcus Aldén, Zhongshan Li  

Thermometric techniques that provide accurate and precise temperature measurements in 
reactive flows are crucial for the understanding of combustion processes, development of 
efficient combustion devices and improvement of kinetic modeling. A robust and relatively 
compact calibration-free thermometric technique using diode lasers two-line atomic fluorescence 
(TLAF) for reactive flows at atmospheric pressures in investigated. TLAF is a laser-based ratio-
metric technique, in which the temperature-dependent population of two lower lying electronic 
states, of a seeded atom, is probed by laser excitation and the ratio of the resulting fluorescence 
is corrected with the temperature of the gas.  In this work, we investigated indium and, for the 
first time, gallium as temperature markers for two-line atomic fluorescence, in regards to 
accuracy and precision over temperature ranging from 1500 K up to 2000 K.  

A schematic of the optical setup used to conduct the temperature measurement is shown in 
Figure X. Two external cavity diode lasers (Toptica DL100PRO and DL100) with a laser line 
width < 1 MHz were used to excite the seeded atomic species. The two laser beams were 
overlapped using a dichroic mirror and were left unfocused. During measurement, the laser 
wavelength was set to the peak of the absorption profile of the seeded atomic species and was 
continuously monitored to enable possible compensation in laser drift during measurement. A 
chopper running at 3 Hz was employed to switch between the laser beams during a measurement 
and an intensified CCD camera with an exposure time 3 ms was used to record the fluorescence 
at 9 Hz as seen in Fig. 4.7.1. 

 
Fig. 4.7.1 Experimental setup (a). DM dichroic mirror, PD photodiode, ECDL external cavity diode laser, FPI Fabry-
Perot interferometer. Timing of the camera and power of laser in a revolution of the chopper (b). Typical photograph of the 
laser-induced fluorescence of indium in the hot flue gas above the burner.  
The temperature of the hot flue gas provided by multi-jet burner was measured. A photograph 
of the burner and the laser-induced fluorescence signal is shown in Fig. 4.7.1. The distribution of 
indium and gallium over the multi-jet burner was investigated from the laser-induced 
fluorescence signals collected at varying equivalence ratios in the product zone 38 mm above the 
jet nozzles of the multi-jet burner. For lean and stoichiometric fames, a fat LIF signal was 
observed across the burner as shown for the stoichiometric case in Fig. 4.7..2 a. For the rich 

                                                
1 Jesper Borggren, Wubin Weng, Ali Hosseinnia, Per-Erik Bengtsson, Marcus Aldén and Zhongshan Li, ‘Diode laser-
based thermometry using two-line atomic fluorescence of indium and gallium’, Applied Physics B 123, 278 (2017). 
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fames, a strong increase in the LIF signal is observed in the secondary reaction zone where the 
unburned fuel meets the surrounding air. The increase of indium atoms in the secondary reaction 
zone may be explained by the decomposition of indium species and radicals in this chemical 
reactive region. 

 
Fig. 4.7.2 Radial profiles of the laser-induced fluorescence signals of indium and gallium for two equivalence ratios 1.0 and 
1.2.  

Using the fluorescence signal, the temperature distribution above the multi-jet burner was 
obtained. The average temperatures in the multi-jet burner with the equivalence ratio varying 
from 0.7 to 1.3 allowing for temperature between 1500 K and 2000 K are presented in Fig. 2.3. 
The TLAF temperature measurements of indium and gallium are seen to agree well with each 
other. Indium and gallium were found to provide a similar accuracy of ~ 2.7% and precision of 
~ 1% over the measured temperature range. The simulation results under the assumption of 
adiabatic condition are also presented in Fig. 7.7.3 as the red dots. The temperature trend for the 
experimental measurements compares well to the simulation. The difference is caused by the 
heat losses in the burner. Meanwhile, Rotational Coherent anti-Stokes Raman Spectroscopy 
(CARS) were conducted at the same position to compare the TLAF measurements. The TLAF 
measurements compare well with the CARS measurements showing that the validity of the 
developed thermometric technique.   

 
Fig. 4.7.3 The temperature in the multi-jet burner for the flames with different equivalence ratio measured by TLAF 
Indium (gray diamonds), TLAF Gallium (black triangles) and CARS thermometry (blue squares), and simulated using 
ChemKin under adiabatic situation (blue dots). 
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 Atomic potassium measurement above burning solid fuel pellets1 

Wubin Weng, Qiang Gao, Marcus Aldén, Zhongshan Li 

Combustion is the main approach to solid fuel utilization, which can be found in large scale 
electricity generation, industrial heating, steam generation etc. During the combustion of solid 
fuels, vaporized alkali species, mainly sodium chloride and potassium chloride, are released, 
which lead to problems such as fouling and corrosion of the heat transfer surface in furnace. The 
study of alkali release during solid fuel combustion is an important area of investigation. At 
elevated temperature, an appreciable fraction of alkali compounds undergoes decomposition, 
which enables the detection of alkali compounds in fuels through the detection of atomic 
species. Tunable diode laser absorption spectroscopy (TDLAS) is a modification of laser 
absorption technique, which improves signal-to-noise by scanning rapidly over an absorption 
transition. In present study, TDLAS was used to make quantitative measurements of atomic 
potassium in the plume of different burning solid fuel pellets to better understand the effects of 
fuel characteristics and reaction environment on the potassium release process.  

The solid fuel pellets had the combustion process in the stable and homogenous thermal and 
chemical environment provided by the multi-jet burner with premixed flames. The premixed 
flames had equivalence ratio of 0.9 and 1.2 to generate the hot flue gas with the temperature of 
about 1700 K. The TDLAS measurement system was aligned to measure the atomic potassium 
concentration in the region above the suspended fuel pellet, as shown in Fig. 4.7.4. A tunable 
single mode diode laser (DL 100, Toptica Photonics) consisting of a supply/control rack (DC 
110), a current control module (DCC 110), and a scan control module (SC 110). Potassium atom 
was detected by scanning over a 25 GHz bandwidth centered at 769.9 nm, the D1 line of atomic 
potassium. The scanning range was measured by a high-finesse confocal Fabry-Perot etalon and 
the frequency of the scanning was set to be 110 Hz.   

 
Fig. 4.7.4 Experiment setup of TDLAS for atomic potassium measurement and the position of laser and thermocouple 
bead in the plume (see inset). 

As shown in Fig. 3.2, the concentration of atomic potassium in the plume of burning pellets was 
obtained at a measurement height of 2 mm above the burning pellets. The three different stages 
of combustion, devolatilization, char burnout, and ash cooking, can be clearly identified in these 
traces. The images of wood in each stage of combustion are shown as insets in Fig. 4.7.4. During 
the devolatilization stage, the peak concentration reaches about 75, 60, and 15 ppb for wood, 
straw, and coal, respectively. During the char burnout stage, wood and coal have peak potassium 
concentrations of about 25 and 20 ppb. There is practically no discernible potassium release for 
the straw pellet during the char burnout. During the devolatilization stage, atomic potassium is 

                                                
1 Qiang Gao, Wubin Weng, Bo Li, Zhongshan Li, ‘Quantitative and Spatially Resolved Measurement of Atomic Potassium in 
Combustion Using Diode Laser’, Chin. Phys. Lett. 35, 024202 (2018). 
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formed primarily through the expulsion of KCl in the fuel. Atomic potassium formed during the 
char burnout stage likely comes from the vaporization and dissociation of KOH and KCl. The 
potassium concentration of the biomass fuels is more than 10 times that of coal with more than 
90% of potassium in biomass being water-soluble versus less than 50% of potassium in coal. 
This is demonstrated in part by the much greater potassium release during the devolatilization 
phase for biomass fuels than for coal.  

 
Fig. 4.7.5 Temporal profile of the atomic potassium concentration in the plume of burning wood (a), straw (b), and coal (c) 
at a measurement height of 2 mm. Photos inset show the burning wood sample during the three combustion stages: 
devolatilization stage, char reaction stage, and ash cooking stage.  

Increasing the equivalence ratio of the laminar burner changes the environment at the height of 
fuel pellet to be oxygen limited, and fuel pellets undergo gasification rather than combustion. 
The potassium atom concentration in the plume of wood fuel pellets, which was recorded during 
the gasification process, is shown in Fig. 4.7.5. The concentration profile of potassium atom 
during the devolatilization stage appears similar to that seen in the preceding combustion 
experiments, but at a reduced rate. Instead of a char-burnout stage, there is now a char 
conversion stage, which lacks heat release from combustion of sample materials.  

 
Fig. 4.7.5 Temporal profile of the atomic potassium concentration (a), the mass loss of burning pellets (b), and the 
temperature in the measurement zone (c) for each fuel sample in the hot gas environment containing oxygen (Φ = 0.9) or 
without oxygen (Φ = 1.1). 
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4.8 Resonant-enhanced 4-wave mixing techniques 

 Ammonia Mid-IR DFWM detection at 2.3 µm1 

Anna-Lena Sahlberg, Dina Hot, Marcus Aldén and Zhongshan Li 

Ammonia (NH3) is a key species for the fertiliser industry and for catalytic and non-catalytic 
reduction of nitric oxides (NOx) in combustion processes. In recent years, biomass has gained 
much interest as a renewable alternative to fossil fuels. NH3 is often generated during biomass 
pyrolysis and gasification. The widespread use and occurrence of NH3 in combination with its 
toxicity and corrosive nature introduces the need of NH3 detection and monitoring. Recently, 
mid-infrared DFWM(IR-DFWM) has emerged as a sensitive laser technique for detection of 
infrared active molecules and radicals that lack easily accessible transitions. 

We demonstrate non-intrusive, in situ detection of ammonia (NH3) in reactive hot gas flows at 
atmospheric pressure using mid-infrared degenerate four-wave mixing (IR-DFWM). IR-DFWM 
excitation scans were performed in the v2 + v3 and v1 + v2 vibrational bands of NH3 around 2.3 
µm for gas flow temperatures of 296, 550 and 820 K. Figure 4.8.1 shows the measured IR-
DFWM spectrum of NH3 at 820 K. Simulations based on spectroscopic parameters from the 
HITRAN database have been compared with the measurements in order to identify the spectral 
lines. Some spectral lines in the measured spectrum. The detection limit of NH3 diluted in N2 
with IR-DFWM in this spectral range was estimated at 296, 550 and 820K to be 1.36, 4.87 and 
7.06×1016molecules/cm3. The dependence of the NH3 IR-DFWM signal on the quenching 
properties of the buffer gas flow was investigated by comparing the signals for gas flows of N2, 
Ar and CO2 with small admixtures of NH3. It was found that the signal dependence on buffer 
gas was large at room temperature but decreased at elevated temperatures. These results show 
the potential of IR-DFWM for detection of NH3 in combustion environments. 

 
Fig. 4.8.1. A comparison of the measured (blue) and simulated (red) mid-infrared degenerate four-wave mixing 
(IR-DFWM) spectrum at 820 K. The intensities of the simulated spectra were adjusted to the best fit to the 
measurements 

 

                                                
1 Anna-Lena Sahlberg, Dina Hot, Marcus Aldén and Zhongshan Li, J. Raman Spectr. 47, 1140-1148 (2016). 
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 Mid-IR DFWM spectra of small hydrocarbons at elevated temperatures1 

Anna-Lena Sahlberg, Jianfeng Zhou, Marcus Aldén and Zhongshan Li 

The detection of small hydrocarbons and other molecular species in the mid-infrared is 
important for combustion diagnostics. In flames, due to the high temperatures, the structure of 
the spectral lines is different than from room-temperature spectra. In addition to this, there is 
often a large interference from hot water vapor, which has a large number of absorption lines in 
the mid-infrared. Thus, it is important to have knowledge of line positions and line strength of 
these molecules at high temperatures. The IR-DFWM technique can be used as a tool for 
detection of line positions and relative intensities of hot lines in the mid-infrared spectral region.  

In this work, sensitive detection of C2H2, CH4, C2H4 and C2H6 with IR-DFWM at trace level 
concentrations at 296, 550 and 820 K is demonstrated by probing the vibration transitions 
around 3 µm. IR-DFWM scans of C2H2, CH4, C2H4 and C2H6 diluted in N2 gas flows at 820 K 
are shown in Figure 4.8.2. The spectra were recorded in gas flows of nitrogen with small 
admixtures of the hydrocarbons. A fused silica glass tube surrounded by an electric heating wire 
was used to heat the gas flows. The recorded IR-DFWM spectra are compared with simulations 
using the spectral information available in the HITRAN database, in order to identify spectral 
lines. Several weak hot lines were detected that are not included in the current database.  

The possibility of applying IR-DFWM for combustion diagnostics of small hydrocarbons is 
discussed from the detection limits of the measurements. Because of the non-linear nature of the 
DFWM technique, it provides much higher contrast for strong lines of small molecules over 
backgrounds of high-density weak lines, which commonly exist in hot gas flows of 
thermochemical reactions. The measurements demonstrate good signal to noise ratio and good 
sensitivity even at elevated temperatures. The interference from water vapor is discussed from 
simulations using data from the HITEMP database, and it is shown that interference free 
detection of all species is possible at elevated temperature. This work shows the potential of IR-
DFWM both for spectroscopic studies of molecular species at higher temperatures, and for 
applications for detection of hydrocarbon fuels and intermediate species in combustion 
situations.  

 
Fig. 4.8.2. IR-DFWM excitation scans in gas flows of N2 heated to 820 K seeded with C2H2, CH4, C2H4 and 
C2H6, respectively. 

                                                
1 Anna-Lena Sahlberg, Jianfeng Zhou, Marcus Aldén and Zhongshan Li, J. Raman Spectr. 47, 1130-1139 (2016). 
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 Mid-IR DFWM detection of ethyl chloride in hot gas flows1 

Anna-Lena Sahlberg, Jianfeng Zhou, Marcus Aldén and Zhongshan Li 

Biomass utilizations constitute a promising sustainable and carbon-free energy solution. 
However, the complicated chemical compositions in the fuels containing, e.g. Cl, K and S 
elements require comprehensive knowledge-based understanding of the fate of the 
aforementioned elements in different thermochemical processes like combustion or gasification. 
Halogenated hydrocarbons such as CH3Cl can be a major part of chlorine carrier in syngas from 
biomass gasification. Besides, CH3Cl is also the most abundant halogenated hydrocarbons in the 
atmosphere. To reduce the emission of CH3Cl, it is essential to develop a nonintrusive in situ 
technique to provide spatially resolved measurements in biomass thermochemical conversion 
processes for both kinetic validation and practical technique developments.  

In this work we demonstrate the potential of IR-DFWM as a tool for non-intrusive in situ 
spatially resolved detection of CH3Cl in hot gas flows. By probing the ro-vibrational levels of the 
v1 and v4 bands around 2960 cm-1, the IR-DFWM spectrum of CH3Cl has been measured at 
different temperatures. The potential interference from water vapor is discussed from 
measurements of the IR-DFWM spectrum of H2O at 820 K combined with simulations based 
on molecular parameters extracted from the HITEMP database. Figure 4.8.3 shows the recorded 
IR-DFWM spectrum of CH3Cl at 820 K, compared with a measured and simulated H2O 
spectrum at the same temperature. The results show that detection of CH3Cl in the QQK-branch 
of the v1 band should be feasible with relatively little H2O interference. This work demonstrates 
the potential of interference free detection of CH3Cl with IR-DFWM in harsh environments like 
combustion. 

 
Fig. 4.8.3. IR-DFWM excitation scan at 820 K in 4978 ppm CH3Cl (blue) and 30% H2O (red), diluted in 
N2. The green curve is a simulation of the IR-DFWM spectrum of H2O at 820 K, and the turquoise curve is a 
simulation of the transmission spectrum of H2O at 296 K, for a concentration of 1% H2O in the ambient air 
and a path length of 5m. 

 

                                                
1 Anna-Lena Sahlberg, Jianfeng Zhou, Marcus Aldén and Zhongshan Li, J. Raman Spectrosc. 46, 695-701 (2015). 
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  Comparison of an InSb and Upconversion Detector for IRPS 

R. L. Pedersen, D. Hot, Z. S. Li 

Molecular spectroscopy in the mid-IR spectral range is attracting growing interest, particularly 
for gas sensing in relation to energy and environmental applications, due to the unique possibility 
of sensitive measurements of a long list of crucial molecular species, e.g., C2H2, CH4, OCS, H2S, 
HCl, HF, and HCN which lack available transitions in the visible/ultra-violet spectral ranges. For 
this reason, a sensitive and noise-free detection method of signal photons in the mid-IR is of 
utmost importance. Mid-infrared (mid-IR) detectors are applied in a wide range of applications 
and in a wide range of fields, from surveillance and analysis in industry to advanced research 
applications. Most detectors are solid-state devices based on direct detection of mid-IR light and, 
as a result of inherent thermal radiation, dark counts are often a major noise issue. In this work, 
we compare a nonlinear upconversion detector with a conventional cryogenic InSb detector for 
the detection of a coherent infrared light signal from polarization spectroscopy, showing near-
shot-noise-limited performance in the upconversion system.  

A sketch of the setup used in the experiment is illustrated in Figure 4.8.4 and consists of three 
sections: the mid-IR light source, the gas flow over the Mckenna burner where the pump-probe 
beam interaction occurs, and the dual detection section. The mid-infrared laser is split into a 
strong pump beam and a weak probe beam using a 10%/90% beamsplitter. These beams are 
focused to overlap at the center of the flow, and, the interaction with the methane molecules and 
the pump beam will alter the polarization of the probe beam, so part of the probe beam will pass 
through the second polarizer. A flip mirror directed the signal beam to either the upconversion 
detector or the cryogenic InSb detector. In the upconversion module, the vertically polarized 
mid-IR signal beam passes through a 5% MgO-doped LiNbO3 crystal placed inside a 80 W 
intracavity field at 1064 nm in a Nd:YVO4 laser. In the PPLN crystal, poled with a period of 22 
µm, the mid-IR signal is frequency mixed with the intracavity field to generate near visible light 
at ca. 800 nm. The upconversion module is described in greater detail elsewhere1.  

 

Figure 4.8.4. Sketch of the full IRPS experimental setup consisting of a pulsed mid-IR light source, a set of polarizers that provide 
approximately seven orders of magnitude extinction, a McKenna burner with a diluted methane flow, and the choice of two detectors for 
the generated signal. 

For the InSb detector, the data acquisition is a straightforward oscilloscope reading. For the 
upconversion detector, each signal pulse is captured as an image, and the signal value is an 
average of a 4x4 area of pixels centered on the signal. These values were recorded as the laser 
scanned, and the values matched to the wavelength of the laser. The imaging capabilities of the 

                                                
1 J. S. Dam, P. Tidemand-Lichtenberg, and C. Pedersen, Nature Photonics (2012) 6, 788 
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upconversion detector makes it possible to decrease the background scattering level significantly, 
by selecting the signal from data pixels to optimize the signal/scattering ratio. It is not entirely 
possible to suppress the scattering by pixel selection, but it can be greatly reduced.  

In Fig. 4.8.5, a range a of a methane infrared polarization spectroscopy (IRPS) spectra obtained 
at 90 ppm centered at the R(13) line of the v3 band line is displayed. To reduce the effect of 
power fluctuations from the mid-IR source, each trace is an average of 5 identical sweeps. 
Furthermore, the background and part of the scattering are removed by subtraction of a 
reference spectrum acquired with a pure N2 gas flow.  

  

Fig. 4.8.5. The averaged upconversion signal from 90 ppm 
CH4, shown overlaid with the averaged background, and the 
result when the background is subtracted. 

Fig. 4.8.6. A comparison of the S/N ratio of signals from the 
upconversion detector and the InSb detector. The fit is made 
assuming that the signal is proportional to the square of the 
concentration and all other important factors are kept constant. 

In Figure 4.8.6, the signal to noise ratio calculated measured line integrated intensity and 
background variation of eight different methane concentrations from the upconversion detector 
and from the InSb detector are plotted. A fit to these values are also presented. The function 
10log10(ac2) where used for this fit, a is a fitting constant, and c is the concentrations. The error 
bars in Figure 4.8.6 represent the standard deviation of the mean for the averaged signal from 5 
identical measurements. The background noise level is found by performing scans in a pure N2 
flow. From this we can quantify that the upconversion detector has approximately 64 times 
better SNR than the cryogenic InSb detector. Due to the quadratic dependency, this translates to 
a factor of 8 in improved detection limit compared to the InSb measurements at hand. This 
presents possibilities for many potential applications in which the detection of low-level mid-IR 
signals is critical, however, comparing with comparable results for degenerate four-wave mixing1 
it seems that combining degenerate four-wave mixing with upconversion detector has greater 
potential than combining IRPS with upconversion detection. 

 

 

 

 

                                                
1 L. Høgstedt, J.S. Dam, C. Pedersen, P. Tidemand-Lichtenberg, et al., Opt. Lett. (2014) 39(18) 
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 Mid-infrared laser-induced thermal grating spectroscopy 

D. Hot, A.-L. Sahlberg, J. Kiefer1, M. Aldén and Z. Li 

When it was discovered during a degenerate four-wave mixing measurement, the laser-induced 
thermal grating (LITG) signal was initially considered to be an unwanted interference to the 
degenerate four-wave mixing signal. However, it showed to have the potential for temperature 
measurements and has vastly been applied in the UV/vis/NIR spectral regions probing 
rovibronic transitions. The LITG signal is, on contrary to many optical techniques, based on 
collisions and the motivation for this work has been to investigate the applicability of LITG for 
sensitive molecular species detection as well as for temperature measurements in flames. This has 
been performed in the mid-infrared spectral region where several combustion-related molecular 
species have accessible ro-vibrational transitions.  

In a typical laser-induced thermal grating spectroscopy (LITGS) experiment, two pulsed laser 
beams (often referred to as pump beams) from the same pulsed laser source are crossed at an 
angle. The interference between these two beams leads to a spatially periodic distribution of the 
laser light intensity. When the laser frequency is resonant with a transition of a target molecular 
species, the molecules absorb the photons and the interference pattern is converted into a 
population grating. The subsequent thermalization of the absorbed energy through collisions 
leads to a temperature and thus a density and refractive index modulation, creating a stationary 
thermal grating. The induced density modulation creates a standing acoustic wave which 
propagates perpendicular to the thermal grating planes and has an oscillation frequency that 
depends on the speed of sound of the gas medium in the probe volume and hence, temperature. 
A third continuous-wave laser beam (often referred to as probe beam), is aligned to cross the 
LITG at the Bragg angle and the power of the diffracted probe laser radiation represents the 
LITG signal. Its detection with high temporal resolution reflects the temporal evolution of the 
LITG and carries information about the local composition and thermophysical properties of the 
medium. The LITGS technique offers this opportunity as the pump laser can be tuned to the 
molecular transitions in the mid-IR while the probe laser wavelength can, in principle, be chosen 
arbitrarily. In other words, IR-LITGS has the possibility for sensitive species-selective detection 
of molecules in the mid-infrared spectral region with signal detection using the sensitive, low-
noise detectors widely available for visible wavelengths. 

The first demonstration of the generation and detection of mid-infrared laser-induced thermal 
gratings (IR-LITGS) in the gas phase using pump laser wavelengths around 3 µm has been 
performed2. Signals were obtained utilizing absorption of acetylene molecules. For this purpose, 
IR-LITGS was applied to atmospheric pressure gas flows of N2, Ar, air or CO2 with small 
admixtures of C2H2. The pulsed mid-IR pump laser radiation at ~3 µm is generated by a 
compact optical parametric oscillator (OPO) pumped by the fundamental 1064 nm laser beam 
from a Nd:YAG laser. As an example, the IR-LITGS signal generated in 4169 ppm C2H2 diluted 
in N2 at OPO wavelength 3229 cm-1 is shown in Fig. 4.8.7. The red curve shows the temporal 
profile of the Nd:YAG pump beam, detected with a photodiode, and the blue curve shows the 
IR-LITGS signal. The Nd:YAG pulse gives a good impression of the sequence and timing of the 
signal generation and detection, illustrating the timescale of the collisional thermalization process 
in the gas. The thermalization process of LITGS is dominated by collisional effects and hence 
the buffer gas plays an important role. Fig. 4.8.8 shows the IR-LITGS signal, recorded at OPO 
wavelength 3256 cm-1, generated for 4145 ppm C2H2 diluted in four different buffer gases: Ar, 
N2, air and CO2. The signal recorded in CO2 is more than two times higher than the signals 

                                                
1 Technische Thermodynamik, Universität Bremen, Bremen, Germany 
2 A.-L. Sahlberg, J. Kiefer, M. Aldén and Z. Li, Applied Spectroscopy 70, 1034-1043 (2016). 
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generated in the Ar, N2 or air flows, and the oscillation frequency is different in all gases, 
reflecting on the different speed of sound in the investigated buffer gases. The oscillation 
frequency can be used to calculate the temperature, if the gas composition and speed of sound is 
known. 

 

 

 

 

 
 

 

 

 

 

Followed the work in non-reacting flows, the first 
application of IR-LITGS in lean and rich C2H4/air 
flames has been demonstrated 1 . For this purpose, 
tunable radiation from a pulsed narrowband infrared 
laser is employed to produce a transient laser-induced 
grating inside McKenna-type flames. A 457 nm cw 
laser is used to probe the dynamics of the grating. The 
IR laser was tuned across a large spectral window 
around 3 µm in order to record the spectra in different 
gas flows and flames. IR-LITGS was first applied to cold 
gas flows, where traces of ethylene and water vapor are 
detected. The time-resolved LITGS signals, which can be 
acquired in a single laser shot, are rich in information 
and allow deriving temperature and to some extend 
chemical composition. In the second step, the IR-
LITGS technique was applied to ethylene/air flames 
stabilized on a flat flame burner. A proof-of-concept 
study was carried out, in which the temperature was 
determined in the burned region of flames with 
systematically varied equivalence ratio (0.72 < Φ < 
2.57). Figure 4.8.9 shows in a) the obtained oscillation 
frequencies and decay times of the LITGS signal at the 
different equivalence ratios and b) shows the calculated 
flame temperatures from the LITGS oscillations 
frequencies compared with the adiabatic flame 
temperature. It was discovered that for more accurate 
temperature measurements in rich flames using LITGS, accurate and precise determination of 
the H2 mole fraction is needed since it has a substantial impact on the temperature determination 

                                                
1 A.-L. Sahlberg, D. Hot, J. Kiefer, M. Aldén and Z.S. Li, Proc. Combust. Inst. 36, 4515-4523 (2017). 

Fig. 4.8.7.  IR-LITGS signal (blue) generated in 
4169 ppm C2H2 diluted in N2 with the OPO 
wavelength centered at 3229 cm-1 and the temporal 
profile of the Nd:YAG pump laser beam (red). 

 

Fig. 4.8.8  IR-LITGS signals generated in 4145 ppm 
C2H2 diluted in Ar, N2, air and CO2, respectively. The 
temporal profile of the mid-IR pump laser pulse 
represented by the Nd:YAG pump laser pulse is shown at 
time zero as a timescale reference. 

Fig. 4.8.9. (a) Oscillation frequency and decay 
time of the LITGS signal in C2H4/air flames with 
different Φ. (b) Flame temperatures calculated from 
the LITGS oscillation frequencies for different Φ 
compared with the adiabatic flame temperature. 
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since its thermophysical properties differ significantly from other species in the probe volume. 
Moreover, in a highly sooty flame, LITGS signals were recorded as a function of height above 
the burner and allowed the determination of the temperature profile. The proposed IR-LITGS 
method has the potential for enabling single-shot measurements of several parameters at a time. 
Its applicability to sooty flame environments opens up new opportunities to study the complex 
formation of carbonaceous particles in flames.  

The quality of the LITGS signal is strongly 
dependent on the alignment of the beams, hence 
the possible effects of different forms of 
misalignment were examined1. This included the 
overlap of the pump lasers as well as the influence 
of the probe laser alignment on the temporal 
profile of the signal. A common procedure for 
aligning the pump beams in a LIG setup is to have 
them parallel and then focus and cross them with 
the same lens. It becomes clear that the grating 
spacing is independent of the location in the 
grating and a uniform grating is formed. In 
contrast, when the beams are not perfectly parallel 
and/or not collimated before the lens, the pump 
beams are either converging or diverging in the 
intersection region. As a consequence, the grating 
spacing varies with the location. When the probe 
laser beam is overlapped with such a grating, the 
detected LIG signal will vary depending on where 
inside the grating the Bragg condition is best 
fulfilled. In order to highlight the effects, a series 
of time-resolved LITG signals are displayed in Fig. 
4.8.10. The left panel shows the temporal LITG 
signals, while the right panel shows the power 
spectrum obtained by Fourier transform of the 
signals. When the power spectrum shows a single 
pronounced peak it is an indication of a uniform 
grating spacing, which is the case for the simulated, 
and hence the artifact-free, LITGS signal in a). 
The experimental signals in b) and c) are produced 
after minor and major misalignment of the pump 
beams, respectively, where the LITGS signal 
contains different oscillation frequencies reflecting 
different regions in the grating characterized by a 
different grating spacing. Finally, in d) the probe 
laser beam was positioned at the edges of the 
interference pattern, where in extreme cases the 
local thermal grating is not very distinct.  

 

                                                
1 J. Kiefer, A.-L. Sahlberg, D. Hot, M. Aldén and Z. Li, Applied Spectroscopy 70, 2025-2028 (2016). 

Fig. 4.8.10. Time-resolved LITGS signals (left column) 
over a period of 5 µs and their corresponding power 
spectra obtained by Fourier transformation (right column). 
(a) simulated signal, (b) slightly misaligned beams, (c) 
strongly misaligned beams, (d) probe beam crosses edge of 
LIG volume. The experimental signals in (b)-(d) are 
recorded at 3015 cm-1 to excite a vibrational Q-branch 
transition of methane.   
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4.9 Multi-scalar Imaging of Turbulent Premixed Flames 

  Cyano radical (CN) imaging in turbulent premixed flames1. 

B. Zhou, C. Brackmann, M. Aldén and Z.S. Li 

An increasing interest in utilizing renewable biomass-derived fuels as alternatives to fossil fuels 
has emerged, motivating the demand to study the detailed chemical kinetics involved in the 
combustion of nitrogen-containing fuels. Cyano radical (CN) is one of the key species that 
participate in the conversion of fuel-nitrogen as well as the formation and re-burning of NO in 
the prompt NO mechanism. Many of reported CN measurements using various laser techniques 
are obtained mostly point-wise and average-based in low-pressure flames doped with NO2 or 
NO. The present work demonstrated the feasibility of single-shot high-quality CN PLIF images 
obtained using an alexandrite laser (linewidth 2.5 cm-1, 30 ns pulse duration) with a novel 
excitation at the B-X (1-0) band close to 359 nm and subsequent off-resonance detection at 
around 387 nm. A conventional dye laser system (linewidth 0.3 cm-1, 8 ns pulse duration) was 
additionally employed for CN excitation as a comparison. Figure 4.9.1 shows a schematic of the 
experimental set up.  

 

Fig 4.9.1 Schematic of the combined 
experimental setup with an 
alexandrite laser and a Nd:YAG/dye 
system. SHG, second harmonic 
generation; PB, Pellin-Broca prism; 
DC, dichroic mirror; BD, beam 
dumper; SP, spectrometer; CL, 
cylindrical lens; SL, spherical lens. 

 

 

Fig 4.9.2 An excitation scan over the 
P-branch bandhead of the CN B-X 
(1-0) band acquired with a dye laser 
(linewidth 0.3 cm-1). The red line 
represents a LIFBASE simulation 
(Fitting parameters: T=1605 K with a 
thermalized system, 0.005 nm 
resolution and a 39% Lorentzian 
contribution to line broadening). 

Figure 4.9.2 shows an excitation scan (blue dots) over the P-branch bandhead of the CN B-X (1-
0) band using a dye laser, and the corresponding spectral simulation (red curve) performed in 

                                                
1 B. Zhou, C. Brackmann, Z. Li and M. Aldén, Comb. & Flame 162, 368-374 (2015). 
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LIFBASE agreed closely with one another. The P(23) line as indicated by the arrow was 
identified. The CN LIF emission spectra recorded in a NH3-doped (4230 ppm) CH4/air laminar 
flame using both lasers further supports the conclusions drawn above.  

 

Figure 4.9.3 Comparison of PLIF images acquired in turbulent flames (30 m/s jet speed) doped with 2800 
ppm NH3 using (A) dye laser excitation and (B) alexandrite laser excitation with Φ=1.0 and (C) Φ=1.4. 

Single-shot CN PLIF measurements were demonstrated using both lasers in turbulent CH4/air 
flames (Φ=1.0) at 30 m/s jet speed and doped with 2800 ppm of NH3 as shown in Figure 4.9.3 
(A) and (B). A highly wrinkled CN layer with a measured thickness of ~ 440 µm which is twice 
as thicker than the CH layer thickness under similar flame conditions is clearly resolved. The CN 
PLIF achieved by use of alexandrite laser excitation results in an improved SNR (~ 40) as 
compared with that obtained with use of the dye laser (~17). The weaker LIF signal achieved by 
the dye laser excitation can be explained by the fact that the laser-coupled rotational ground state 
can be depleted without being sufficiently repopulated within the short laser pulse duration (~ 8 
ns) due to the limited rotational energy transfer (RET) rate. The relatively long-pulse excitation 
produced by the alexandrite laser resulted in an increased repopulation through rotational energy 
transfer (RET) during the laser pulse. In addition, multi-line excitation using the broad-band 
alexandrite laser (~ 2.5 cm-1) becomes advantageous at high laser irradiances since the multi-line 
excitation further suppresses the saturation effect. In addition, Figure 4.9.3 (C) shows CN PLIF 
images acquired in a Φ=1.4 turbulent flame with the same jet speed and the same amount of 
NH3 seeding. The CN layer becomes appreciably thicker and disconnected at certain locations 
marked by the red circles, which implies a complex interplay between turbulence and the 
nitrogen-chemistry in NH3-dopes flames, a matter requires further investigations. Based on the 
estimated CN concentration) and the achieved SNRs in the studied flames, the present CN 
detection strategy renders a CN detection limit of a few hundred ppb for a 20-mm imaging size 
with a SNR of 5. 

  Simultaneous multi-scalar imaging of highly turbulent premixed flames1. 

B. Zhou, C. Brackmann, Q. Li, Z.K. Wang, P. Petersson, Z.S. Li, X.S. Bai and M. Aldén 

The Lund University Piloted Jet burner (LUPJ) is a hybrid McKenna-type jet burner which 
consists of a 1.5-mm inner-diameter (ID) stainless central nozzle having an outer-diameter (OD) 
of 7-mm that sits 2 mm above the surrounding 61-mm ID coflow porous plug. Mixtures are fed 

                                                
1 B. Zhou, C. Brackmann, Z. Li, M. Aldén and X.-S. Bai, Proc. Combu. Ins. 35, 1409-1416 (2015). 
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into the central nozzle and the coflow plug independently. A schematic plot of the LUPJ and 
photographs of the laminar and the turbulent jet flames stabilized on it are shown in Fig. 4.9.4a.  

 

Figure 4.9.4. (a) Photograph of a turbulent methane/air jet flame with a schematic of the porous-plug/jet 
burner. (b) Schematicof experimental setup for multi-species PLIF and Rayleigh scattering. 

Table1. Quantities for the investigated turbulent LUPJ flames 

Flame 
Code Φ 

U0 
(m/s) Rejet  Ret  

lη 
(µm) v'/SL Ka20 Ka30  Ka50 Da  LDA  

LUPJ1-66 1.0 

66 6306 

95 96 16 37 25 14 0.39 √ 

LUPJ2-66 0.7 97 95 20 59 40 22 0.25 × 

LUPJ3-66 0.4 138 73 40 136 135 72 0.09 √ 

LUPJ1-110 1.0 

110 10510 

190 57 31 71 70 46 0.20 √ 

LUPJ2-110 0.7 195 56 40 115 113 74 0.12 × 

LUPJ3-110 0.4 214 53 62 264 261 171 0.06 × 

LUPJ1-165 1.0 

165 15764 

238 49 39 112 98 73 0.16 √ 

LUPJ2-165 0.7 244 48 50 181 158 118 0.10 × 

LUPJ3-165 0.4 267 45 77 417 365 271 0.04 × 

LUPJ1-220 1.0 

220 21019 

317 39 52 152 151 100 0.12 √ 

LUPJ2-220 0.7 325 38 66 246 244 162 0.07 × 

LUPJ3-220 0.4 356 32 103 567 561 373 0.03 × 

LUPJ1-330 1.0 

330 31529 

476 26 78 327 277 212 0.08 √ 

LUPJ2-330 0.7 487 26 99 530 448 344 0.05 × 

LUPJ3-330 0.4 534 24 154 1220 1031 791 0.02 √ 

LUPJ1-418 1.0 

418 39936 

603 22 98 467 394 302 0.06 √ 

LUPJ2-418 0.7 617 21 126 756 639 490 0.04 × 

LUPJ3-418 0.4 676 20 196 1739 1470 1127 0.02 √ 
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A series of LUPJ flames with varying degree of jet speeds (from 11 m/s to 418 m/s) and varying 
equivalence ratios (from stoichiometric to Φ=0.4) has been investigated in the present work. The 
flames are referred to as LUPJα-β, where α represents the code for the Φ of the jet flows and β 
represents the jet flow speeds U0 in m/s. The pilot coflow flame is run with a fixed Φ=0.9 and a 
flow speed of 0.3 m/s.  

The flow fields of the flames were characterized by use of LDA. Using the LDA data, the 
Karlovitz number Ka, the Damkölher numbers Da, the turbulent Reynolds numbers Ret as well 
as the integral scale (l0) were calculated for the flames investigated. Quantities for the investigated 
turbulent LUPJ flames were summarized in Table 1. Reactive scalars (i.e. OH, CH2O, CH and 
HCO) and temperature (T) were captured instantaneously by three sets of simultaneous imaging 
measurements which include PLIF of OH/CH2O in combination with either CH PLIF, HCO 
PLIF or the Rayleigh scattering temperature measurements. A set of LUPJ flames was 
investigated, covering from the laminar flamelet regime to the TRZ1 regime and to the DRZ2 
regime. One matter of concern was to investigate the characteristics of flames in the DRZ 
regime which is relatively unexplored. The full dataset obtained for LUPJ flames will be served as 
a database for model validation and development. 

The multi-scalar visualization system involves an Nd:YAG laser for CH2O excitation and 
Rayleigh scattering thermometry at 355 nm, a dye laser for OH excitation at 283.55 nm, and an 
alexandrite laser for CH/HCO excitations at 387.3 nm and 259 nm, respectively. All of the laser 
beams were spatially combined and shaped by sheet-forming optics into a laser sheet of ~ 20 
mm height. By slightly adjusting the laser beam divergences using telescope systems, tightly 
focused laser sheets were obtained at the top of the jet center for all beams. The thickness of the 
combined laser sheet was measured as being less than 100 µm. Two orthogonally-oriented ICCD 
cameras were arranged for the detection of OH and CH2O signals, which were separated using a 
beam splitter. The CH (or Rayleigh) signal was detected by the third camera. Optical filters were 
used for background suppression. The spatial resolution of each scalar was estimated by imaging 
the finest resolvable patterns on a resolution target (USAF-1951) as summarized in Table.2 
together with other experimental parameters. 

Table.2 Experimental parameters of the multi-scalar visualization system 

 

 

 

 

 

 

 

Figure 4.9.5 and Figure 4.9.6 present groups of single-shot images taken from the 
CH/CH2O/OH and HCO/CH2O/OH series, respectively, of the stoichiometric flames with 
various jet speeds. In the flame LUPJ1-66 (cf. Fig. 4.9.5 (A) and Fig. 4.9.6 (A)), the CH2O layer is 
broadened while the CH/HCO layer remains thin, indicating that turbulence starts to disturb the 
preheat zone of the flame. Therefore, one may refer the flames with thin CH/HCO layers but 

                                                
1 B. Zhou, C. Brackmann, Z. Wang, Z. Li, M. Richter, M. Aldén and X.-S. Bai, Combst. & Flame 175, 220-236 
(2017). 
2 B. Zhou, C. Brackmann, Q. Li, Z. Wang, P. Petersson, Z. Li, M. Aldén and X.-S. Bai, Combst. & Flame 162, 2937-
2953 (2015). 

Species CH HCO T OH CH2O 

Objectives f#=1.2, 
f=50mm 

f#=2, 
f=100mm 

f#=2, 
f=100mm 

f#=2.5, 
f=150mm 

f#=1.4, 
f=85mm 

Spatial 
resolution 562 ×100 µm3 562 ×100 µm3 562 ×100 

µm3 702 ×100 µm3 702 ×100 µm3 

Optical Filter GG400 Longpass 266 
nm 

Bandpass 
355±5 nm 

Bandpass 
325±25 nm GG400 
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broadened CH2O layer to the TRZ regime. Strikingly, as the jet speed increases to 165 m/s, it 
can be seen in Fig. 4.9.5 (B) and Fig. 4.9.6 (B) that the broadened CH/HCO layers start at the 
top of the flame LUPJ1-165. Further increasing the jet speed, i.e. LUPJ1-220/418, the CH/HCO 
layers become more broadened and evenly distributed at some locations. It has been reported 
that the measured flamelet could be 3~4 times thicker than that of an unperturbed laminar flame 
due to the limited spatial resolution, three-dimensional effects and strain rate. However, the 
achieved spatial resolution better than 100 µm in the present work is sufficient to resolve the thin 
flame front, and the significant broadening up to a few millimeters that was observed cannot be 
attributed to three-dimensional effects and strain rate. 

 

 
Fig. 4.9.5 Examples of jet speed dependence from CH/CH2O/OH images for the LUPJ flames (A) LUPJ1-66; (B) LUPJ1-165; 
(C) LUPJ1-220; (D) LUPJ1-418 

The CH and HCO radicals, both known as short-lived combustion intermediates, are considered 
to be good markers of the reaction zone. The CH and HCO layers remain thin in both the 



  71 

 

laminar flamelet regimes and the TRZ regime. In line with Driscoll’s definition1, a significant 
broadening of the instantaneous CH or HCO layers would indicate distributed reactions. To the 
best of the authors’ knowledge, the present observations, through direct visualizations of the 
reaction zone markers, i.e. CH and HCO, provide the first experimental verification of a 
distributed reaction zone generated by rapid turbulence mixing. In contrast to this, because of 
the high level of stretch and heat loss exerted by intense turbulence, high Ka flames have also 
been shown to be shredded or quenched before being broadened. From the present 
experimental results, it can be concluded that distributed reactions can be achieved and flames 
like the investigated LUPJ ones do not necessarily extinguish at high Ka if protected properly by 
a hot coflow.  

 
Figure 4.9.6 Examples of jet speed dependence from HCO/CH2O/OH images for the LUPJ flames (A) LUPJ1-66; (B) LUPJ1-
165; (C) LUPJ1-220; (D) LUPJ1-418 

                                                
1 J.F. Driscoll, Turbulent premixed combustion: Flamelet structure and its effect on turbulent burning velocities, Prog. Energy 
Combust. Sci., 34 (2008) 91-134. 
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Figure 4.9.7 Illustration of jet speed dependence from T/CH2O/OH images for the selected flames (A) LUPJ1-66; (B) LUPJ1-
165; (C) LUPJ1-220; (D) LUPJ1-418; iso-intensity contours of CH2O were superimposed on temperature fields for comparison. 

Figure 4.12.20 shows examples of quantitative T/CH2O/OH measurements of the 
stoichiometric flames at various jet speeds. To facilitate comparison, iso-intensity contours of 
CH2O (10% of maximum signal) were superimposed on the temperature fields. At the lower 
axial position (i.e. 7<x/d<16), the thermal layer was found to be relatively thin for all the studied 
flames, and it becomes thicker with increasing jet speed. The CH2O contours show a similarity to 
the thermal layer, and a high level of CH2O correspond to the region where temperature is 
relatively low. Along the axial direction, the thermal thickness is continuously increasing as 
indicated by the vitiated temperature gradient. More hot regimes (T>1200 K) resides within the 
CH2O contours as the jet speed increases, indicating the increasingly rapid transport of heat by 
turbulence eddies as expected for flames in the TRZ and DRZ regimes. A slightly reduced 
temperature of the coflow flame at 20<x/d<33 is also noticeable for the flames LUPJ1-330/418, 
implying an increased influence of the cold ambient air entrainment at high jet speeds. Further 
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downstream (37<x/d<49), the turbulent mixing with the ambient air further reduces the 
maximum flame temperature to ~ 1500 K along with reduced temperature gradients. It has been 
demonstrated that turbulence eddies can be greatly weakened after passing through the flame 
front due to the dilation effect. Along the axial direction, the dilation effect is expected to be 
continuously reduced as the temperature field is found to be more and more homogeneous. The 
occurrence of distributed reactions is found to associate with relatively homogeneous 
temperature field. In this regime, flame propagation is greatly suppressed by rapid turbulence 
mixing so that no distinct localized temperature gradient and flame front can be observed. 

 
Figure 4.9.8 OH/T JPDF for five selected flames (LUPJ1-66, LUPJ1-110, LUPJ1-220, LUPJ1-330 and LUPJ1-418) at four 
axial locations (x/d=10, 24, 30 and 45).  

To quantify the effects of turbulence on the flames, joint probability density functions (JPDF) of 
OH concentration/temperature for the selected flames at several axial locations are presented in 
Fig.4.9.8. The logarithm-scale colormap in the JPDF plots denotes the probabilities with red 
being the maximum and black being the minimum. The white dashed curves are the mean OH 
concentration weighted by its probabilities as a function of temperature, while the red curves 
show the OH/T correlation from the experimental measurement of the corresponding laminar 
flame, LUPJ1-11. In the laminar flame (red curve), the OH concentration peaks approximately in 
the reaction zone known as the super-equilibrium OH, followed by a decrease of the OH 
concentration to an equilibrium value in the product zone. Little OH radicals exist in the region 
with temperature below 1200K. In contrast to this, an appreciable amount of OH can be found 
in the lower temperature region as shown in Fig.4.9.8 for the selected flames. At x/d=10, with 
increasing jet speed, it can be seen that OH can be found in the regions of temperature below 
600 K and the possibility of finding OH in the temperature range of 900 K<T<1400 K is also 
enhanced. This observation is consistent with results of recent DNS studies of high Ka CH4/air 
flames, in which it was shown that the turbulence eddies can effectively transport the reactive 
radicals (e.g. H and OH) from the high temperature reaction zone to the low temperature 
regions (~ 500 K), which is responsible for an appreciable amount of heat release in the low 
temperature regions. Subsequently, with an increasing jet speed (hence increased turbulence 
level), the peak concentration of radicals (e.g. H and OH) is decreased due to the rapid transport 
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of these radicals to the low temperature regions. At locations further downstream (x/d> 10), 
even higher probability of having OH radicals at the low temperature regions can be seen as the 
turbulence intensity increases along the axial direction (until x/d about 40) and therefore the 
transport of radicals by turbulence eddies becomes even faster. At x/d=10, the distribution of 
OH JPDF shares certain similarity to that in laminar flames, a matter which is less clear, 
however, at locations downstream of the highly turbulent flames (LUPJ1-220/330/418) as a 
consequence of a strong turbulent perturbation in the product zone and at the flame front. Close 
to the flame tip (x/d= 45) where the temperature field is rather homogeneous and reactions are 
distributed, OH appears to be spread over a wide range of concentrations confined primarily in 
the temperature range from 1000 K to 1500 K with nearly equal probabilities.  

 
Figure 4.9.9 CH2O/T JPDF for five selected flames (LUPJ1-66, LUPJ1-110, LUPJ1-220, LUPJ1-330 and LUPJ1-418) at 
four axial locations (x/d=10, 24, 30 and 45).  

In Figure 4.9.9, JPDF plots for CH2O concentration versus temperature are presented. Note that 
the colormap in Figure 4.9.9 is linear. The experimentally determined CH2O/T profile (red 
curve) from the laminar LUPJ1-11 flame is plotted for comparison. At x/d=10, the CH2O/T 
JPDF of turbulent flames qualitative agrees with the CH2O/T profile of the laminar flame. The 
CH2O concentration rises with temperature and peaks at around 1000K for the flames LUPJ1-
66/110 and 800K for the flames LUPJ1-220/330/418. Subsequently, the CH2O concentration 
decreases with increasing temperature. This is analogous to the process of fuel decomposition 
reactions that produce CH2O (seen as the rising branch), which is then followed by the 
oxidization of CH2O at high temperature (seen as the decreasing branch). The shift of the 
temperature of the peak CH2O concentration towards lower temperature with increasing jet 
speed indicates that the fuel decomposition was accelerated by the enhanced transport of radicals 
under conditions of stronger turbulence. At locations downstream of the selected flames, the 
consumption branch of the CH2O JPDF profiles at high temperatures remains a similar trend, 
although the distribution departures from the corresponding laminar profile. Contrarily, the 
rising branch at low temperatures in the CH2O JPDF profiles due to the fuel decomposition is 
greatly reduced or has disappeared completely. This is owing to that the dominant fuel 
decomposition process has been completed at the upstream locations where CH2O is generated 
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and transported by the flow to locations downstream. This is supported by the measurements of 
Sjöholm et al.1 under similar flame conditions which show lesser amounts of fuel to exist 
downstream (x/d>20). This suggests that the disappearance of the rising branch in CH2O JPDF 
profiles is attributed to the absence of fuel at locations downstream. Note that CH2O is located 
mostly within the area delimited by the red curve as at T>1600 K, above which CH2O is quickly 
consumed. At x/d=45, CH2O exists mainly within the temperature range of 1100 K to 1500 K 
which, as shown in Figure 4.12.22 at the same axial location, coincides with the regions where 
most of the OH radials also exist.  

It has been shown in Figure 4.9.5 and Figure 4.9.6 that distributed HCO/CH radicals can be 
substantially overlapped with CH2O at x/d>35. Accordingly, it can be expected that distributed 
HCO/CH radicals also exist in the same temperature range (1100 K to 1500 K) as CH2O. In a 
flame similar to LUPJ1-165 but with a smaller pilot flame (20 mm in diameter), Li et al.2 has 
demonstrated that the top of the flame can be completely quenched due to significant heat loss 
by the ambient air entrainment. This difference indicates that temperature could be important 
for the occurrence of the distributed reactions. Within the temperature range from 1100 K to 
1500 K, the temperature is above the cross-over temperature which sustains the flame and 
prevents extinction, whereas at the same time being sufficiently low so that the oxidization 
reactions do not proceed as quickly as they would in a laminar flame. 

 Visualization of multi-regime turbulent combustion in swirl-stabilized lean 
premixed low-swirl flames3 

B. Zhou, C. Brackmann, Q. Li, P. Petersson, Z.S. Li, X.S. Bai and M. Aldén 

Low-swirl stabilized lean premixed flames (LSFs) bear the advantages of low NOx emission, 
stable flame operation and low noise, and therefore have the potential to be employed for gas 
turbine applications. The present work concerned two methane/air LSFs, designated as LSF-1 
and LSF-2 with Reynolds numbers of 20000 and 50000, respectively, using simultaneous PLIF 
measurements of CH, OH and CH2O.  

 
Figure 4.9.10 Photographs of investigated flames, LSF-1 and LSF-2 with 200 ms exposure time. The dashed squares indicate the 
area that has been investigated by PLIF measurements.  

                                                
1 J. Sjoholm, J. Rosell, B. Li, M. Richter, Z.S. Li, X.S. Bai, M. Alden, Proc. Combust. Inst., 34 (2013) 1475-1482. 
2 Z.S. Li, B. Li, Z.W. Sun, X.S. Bai, M. Alden, Combust. Flame, 157 (2010) 1087-1096. 
3 B. Zhou, Q. Li, Y. He, P. Petersson, Z. Li, M. Aldén and X.-S. Bai, Combut. & Flame 162, 2954-2958 (2015). 
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Direct photographs of LSF-1 and LSF-2 are shown in Fig.4.12.24. The two flames exhibit a 
rather similar lift-off distance of ~ 30 mm above the burner exit, whereas LSF-2 shows a 
significantly smaller flame chemiluminescence volume than that of LSF-1, a matter that can be 
explained by the increased ambient air entrainment downstream of the flame. The region in 
which the PLIF measurements were performed is marked out by the dashed squares in Fig. 
4.9.10, which cover the leading flame front region (LFF, at height above burner, HAB of ~ 
30mm), the flame trailing edge region (FTE, ~ 30 mm <HAB< 55 mm) and the central region 
of the flame further downstream (HAB> 55mm). Most of the previous experimental and 
numerical investigations have been focused on the LFF region where the LFF has been shown 
to be thin and of typical laminar flamelet structure. Slightly downstream, the existence of 
extinction holes in the FTE region is due to the ambient air entrainment. The Karlovitz number 
of the investigated flames is estimated to be about unity at the LFF region and about 30 in the 
FTE region, their thus being located in the corrugated/TRZ regimes in the Borghi diagram. The 
fuel/air mixture diluted by the entrained ambient air can leak through the holes into the 
downstream regions and mix with the hot combustion products. The characteristics of the 
leaked unburned fuel/air mixture downstream are not adequately studied by experiments. This is 
re-examined in the present work.  

 
Figure 4.9.11 Examples of simultaneous PLIF measurements of (A1-A2) CH2O/OH (B1-B2) CH/OH and (C1-C2) 
CH/CH2O for LSF-1 (Re=20000). The local structures of two simultaneously measured species as marked by the dashed square are 
shown in (A3-C3). 
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Figure 4.9.11 shows examples of three series of simultaneous PLIF images for LSF-1: (A) 
CH2O/OH, (B) CH/OH and (C) CH/CH2O. Each image consists of four independent 
instantaneous PLIF image pairs recorded at different HAB positions. As can be seen in Figure 
4.9.11 (A1-A2), the LFF of LSF-1 contains a thin CH2O layer that partially overlaps with the 
high-gradient OH front, exhibiting a typical laminar flamelet structure. OH radicals prevail over 
a large area downstream of the LFF, signifying a region with hot combustion products where the 
mean temperature up to 1700 K has been measured. In the downstream regions (HAB>55 mm) 
where fuel was found to widely exist, intermediate reactant, CH2O appeared distributed in space 
with reduced maximum signal level by a factor of 2 as compared with the LFF region. This 
indicates that the leaked fuel in the downstream regions can continue to react. The 
corresponding mean temperature1  along the central axial direction decreases gradually from 
1600 K (at HAB=55 mm) to 1000 K (at HAB=140 mm) due to the entrainment of ambient air. 
More strikingly, Figure 4. 9.11 (B-C) shows that the short-lived CH radicals can be distributed 
and coexists with CH2O in wide regions downstream, similar to the observed distributed 
reactions in the LUPJ flames but with completely different burner configuration. Furthermore, at 
some downstream locations as marked by the circles in Figure 4. 9.11 (C1-C2), the CH signal 
disappears whereas CH2O still survives, which very likely signifies local quenching of the 
distributed reactions due to cooling of the entrained ambient air. In contrast to the distributed 
reactions downstream, the CH layer in the LFF/FTE regions is thin. As further shown in Figure 
4. 9.11 (A3-C3), the CH layer is shown to locate downstream of the CH2O layer and upstream of 
the OH layer, coinciding with the layer in which OH and CH2O partially overlap. It is 
noteworthy in Figure 4. 9.11 (C3) that the CH layer in the FTE region remains thin and intact, 
whereas the CH2O layer is distorted by small turbulence eddies, which can be considered as a 
typical flame front structure in the TRZ regime.  

Simultaneous PLIF measurements of LSF-2 are shown in Figure 4.9.12. Similar to LSF-1, the 
flamelet-like structures of LSF-2 (cf. Figure 4. 9.12 (A3-C3)) in the LFF/FTE regions and the 
distributed reactions in the downstream regions are also found, whereas LSF-2 displays more 
wrinkled structures in the LFF/FTE regions owing to the smaller scales of the turbulent eddies 
in higher Reynolds number flame. It appears that the distributed reactions start earlier in space 
with increased the Reynolds number as indicated by the occurrence of a distributed CH layer 
with HAB ~<50 mm shown in Figure 4. 9.12 (B1-C1). Furthermore, quenching of the 
distributed reactions (indicated by the absence of the distributed CH regions) were not observed 
within the region with HAB < 50 mm where the distributed reactions are well surrounded by hot 
combustion products and are less affected by the ambient air entrainment. In contrast, 
significant quenching of the distributed reactions can be found at locations downstream 
(HAB>60 mm), a matter which is less obvious for the LSF-1 case. This can likely be attributed 
to the excessive cooling of the ambient air entrainment at the current higher Reynolds number 
case. As shown in a recent numerical simulation2, the temperature in the downstream regions of 
the flame LSF-2 can be significantly lower than 1000 K, whereas the mean temperature for the 
flame LSF-1 in the same regions is constantly higher than 1000K. Consistent with the finding of 
distributed reactions in the LUPJ flames, the present study supports that the distributed reactions 
occur above certain temperature, which, in the present cases, is about 1000 K, whereas below 
this temperature CH is quenched.  

                                                
1 A. Bohlin, E. Nordstrom, H. Carlsson, X.S. Bai, P.E. Bengtsson,  Pure rotational CARS measurements of temperature and 
relative O2-concentration in a low swirl turbulent premixed flame, Proc. Combust. Inst., 34 (2013) 3629-3636. 
2 H. Carlsson, E. Nordström, A. Bohlin, Y. Wu, B. Zhou, Z.S. Li, M. Aldén, P.-E. Bengtsson, X.-S. Bai,  Numerical 
and Experimental study of Flame Propafation and Quenching of Lean Premixed Turbulent Low Swirl Flames at Different Reynolds 
Numbers, Combust. Flame, 162 (2015) 2582-2591. 
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In summary, the present study reveals an interesting feature of LSFs, namely the LSFs are shown 
to span spatially over many combustion regimes which covers the corrugated flamelet regime in 
LFF region, the TRZ regime in FTE region and the DRZ regime in the downstream region. This 
result provides a direct experimental evidence along with the one found in LUPJ flames that 
distributed reactions can be a common combustion mode. 

 
Fig. 4.9.12 Examples of simultaneous PLIF measurements of (A1-A2) CH2O/OH (B1-B2) CH/OH and (C1-
C2) CH/CH2O for LSF-2 (Re=50000). The local structures of two simultaneously measured species as marked 
by the dashed square are shown in (A3-C3) 
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4.10 X-ray/neutron studies of combustion generated 
materials 

F. Ossler 

Due to the multi-scale and multidimensional analysis required in combustion diagnostics, models 
have generally to be strongly simplified and validated against in-situ experiments. Laser 
diagnostics can provide important data, but have limitations in supplying nanoscale structural 
information and in probing strongly inhomogeneous and dense regions. Hard X-ray and neutron 
diagnostics can be regarded as complementary tools, since they can resolve some of these issues. 
X-rays and neutrons also show complementary properties between themselves: X-ray scattering 
cross sections increase with the number of electrons, i.e., the atomic number of the species, 
whereas those for neutrons show a more irregular dependence and are generally strongest for the 
lighter elements and hydrogen in particular. Since combustion generally include lighter species 
such as H, C, N, and O in gas phase, strong X-ray and neutron beam intensities are required and 
experiments have usually to be performed at synchrotrons and free-electron lasers for X-rays and 
nuclear reactor or accelerator based sources for neutrons. 

During the last three years we have been able to 
characterize the structural properties of soot 
particles in-situ utilizing X-ray scattering in soot 
forming flames from measurements at the 
Advanced Photon Source (APS) at Argonne 
National Laboratory1 (See Fig. 4.10.1) and the 
European Synchrotron Radiation Facility 
(ESRF) 2  in Grenoble (See Fig.2). We have 
utilized in-situ neutron imaging at the Oak Ridge 
National Laboratory (ORNL), High-Flux 
Isotope Reactor (HFIR) to study how 
hydrogenous fuels interact with combustion 
generated porous carbons under dynamic and 
steady state pressure conditions 3  (See Fig.3). 
These measurements can be considered the start 
of a series of studies that will develop during the 
coming years in relation to hydrogen and 
methane storage at reduced pressure for 
automotive transportation, catalysts, filters and 
porous reactors/heat exchangers. We have also 
during the last years introduced biomass-based 
studies of pyrolysis and combustion regarding 

                                                
1 F. Ossler, S.E. Canton, L.R. Wallenberg, A. Engdahl, S. Seifert, J.P. Hessler, R.S. Tranter, "	 Measurements of 
structures and concentrations of carbon particle species in premixed flames by the use of in-situ wide angle X-ray 
scattering" Carbon 96 (2016) 782-98. 
2F. Ossler and L. Vallenhag, “X-ray scattering measurements on the condensation and vaporization of carbon 
nanoparticles by changing the flame conditions”, presented at the World Carbon Conference, Dresden, 2015. 
3F. Ossler, L.J. Santodonato, H.Z. Bilheux, In-situ neutron imaging of hydrogenous fuels in combustion generated 
porous carbons under dynamic and steady state pressure conditions” Carbon	116 (2017) 766-776. 

 

 

Fig. 4.10.1 X-ray Scattering results from measurements 
at APS beamline 12 ID-C.: Two rows showing flame 
and corresponding ratio (g) of scattering signals between 
flame and cold oxidant gas. Upper flame had argon as 
diluent for oxygen and the lower nitrogen. The 
experimental data was fitted by weighing scattering from 
major species composition from kinetic calculations with 
that from ensembles of nanoparticles/soot species.  
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generation of hydrogenous gases. 

 

Fig. 4.10.2  X-ray scattering measurement results from ESRF beamline ID-12: (a) Diffusion yellow ethylene flame (F1); 
premixed blue ethylene flame above stoichiometric (non-oxidant) (F2). (b) ratios of signals between blue and yellow flames. 
(c) Ratio of scattering signals between blue and yellow flames along the radial cordinate. (d) Picture describing how small 
nanoaprticles 1.5-2 nm are formed as the larger 20 nm particles evaporate off the soot material condensed on the steel plate. 

 

 

Fig. 4.10.3 Neutron imaging experiments from ORNL, HFIR CG-1D: Graphical abstract of the investigation. Flame 
soot was used as a porous material to study its properties of interaction with room temperature gaseous methane at pressure 
up to 90 bar in-situ inside a stainless-steel cell. This cell includes two identical cells, one empty (R, reference) and one filled 
with soot (L, sample). The pictures show the transmission in helium, high pressure methane and the corresponding methane 
image taken as the ratio of the one for helium and the one for methane. From the results one could measure the degree of 
filling (storage capacity) in the sample cell inside the soot compared to that of the free reference cell. One finds that the storage 
capacity inside the soot depends on the pressure dynamics. This suggests that there are correlations between different length 
scales, probably due to microscopic movements of the material.  
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5 Combustion Device and Plasma Research 

5.1 Lund high-pressure combustion rig 
J. Evers, R. Collin, J. Larfeldt, and M. Aldén 

The Lund high-pressure combustion rig (in short HPC rig) was built in 2001 and enables optical 
investigations of gas turbine relevant combustion at high pressures, temperatures and flows in 
regimes that mimic industrial applications. It is a separate unit with its own air and fuel supply 
systems as well as an electrical air preheater. The design pressure of the HPC rig is 16 bar and 
the burning capacity is 1 MW for both liquid and gaseous fuels. The HPC rig is, despite of its 
complexity, a relatively small-scale facility compared to other high-pressure rigs in the world 
intended for gas turbine research and is able to handle both smaller and larger test objects. This 
makes it ideal also for smaller projects since preparation times can be relatively short. 

 

 
Fig. 5.1.1 Test section of Lund high-pressure combustion rig. 

 

The HPC rig is primarily designed for optical investigations of gas turbine and aero-engine 
related combustion at elevated pressure and temperature. The combustion chamber is equipped 
with optical access and it enables studies of key combustion characteristics, e.g. alternative fuels, 
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degree of vaporization, emission formation, instabilities and alternative combustion concepts. 
Optical access to the combustion chamber is made possible by windows mounted at the test 
section with view into the combustion chamber. The HPC rig is located in connection to 
Combustion Physics laser facilities with diagnostic competence and instrumentation. Depending 
on the scope of the different projects, possible tasks for the HPC rig are: 

• Increase the understanding of the physical processes involved and how they interact 

• Test new diagnostic techniques in a scaled industrial environment prior to their 
implementation in a full-scale application 

• Provide data for validation of combustion models 

• Investigate various gas turbine combustion concepts 

• Enable studies of combustion using different fuels, for example natural gas and Jet-A but 
also other alternative fuel-mixtures, relevant to gas turbine burners 

 

Major upgrades during the years 
The HPC rig has during the years been upgraded in different steps to match new demands on 
operating conditions and burners. The most significant hardware upgrades include a by-pass 
system for preheated air, increased water cooling capacity, and a longer test section with new 
combustion chamber and plenum. Theses upgrades have increased the operating time of the rig 
and has made it possible to facilitate larger gas turbine burners to meet demands set by industry. 
In addition, the rig has been provided with an exhaust gas analyser and the rig control system has 
been partly updated with software and computer. 

 

Recent and ongoing upgrades and adjustments 
The HPC rig and its workshop has been re-organised in connection to that a new operator 
started in September 2016; several changes and adjustments have been made since then. 
Measures have been taken to continue upgrading the control system and to look over those parts 
of the rig that need to be updated, this include: 

• A condition monitoring, including inspection and cleaning on the medium voltage 
switchgear according to the scheduled maintenance plan 

• The gas warning system in the HPC facility has been moved and integrated with the main 
gas warning system monitoring the rest of divisions laboratories 

• A new fuel control and regulation system has been installed to enable operating 
conditions with low burning power, this system can also be used to dilute gaseous fuel 
with other gases 

• Re-organisation of the operator control room 

• Modification of the ignition burner system  

• A multi-purpose jet burner has been installed and used during benchmarking testing of 
the HPC rig and its surrounding systems  

• The control cabinet for the air compressor has temporarily been repaired, it is exchanged 
by a new customised control cabinet in 2018 

• The main PLC control system is upgraded with new hardware and updated control 
system in 2018 
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• The HPC rig is being prepared for upcoming project; a Siemens burner is installed and 
the rig is being mapped up to test operation parameters regarding heat, flow and pressure 
as part of preparation for that 
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5.2 Alkali compound diagnostics 
T. Leffler, C. Brackmann, W. Weng, Q. Gao, M. Berg1, M. Aldén, Z. Li 

Legislative requirements to decrease emissions of greenhouse gases and increased environmental 
consciousness has led to increased use of biomass fuels for combustion in furnaces and boilers. 
Biomass fuel mixes often have a base of wood chips and bark, to which a moderate percentage 
of herbaceous material (straw and grass), agricultural by-products (e.g. almond pits, shells and 
hulls), forest residue or peat is added. These fuel mixes contain alkali metals, such as potassium 
(K) and sodium (Na), and chlorine (Cl) which are able to form alkali chlorides that induce 
slagging, fouling and high-temperature corrosion when condensed on heat-exchanging surfaces 
in biomass-fired boilers. Optical methods providing in situ measurement of these chemical 
compounds are thus continually demanded by industry. For wood and agricultural biomass 
potassium chloride (KCl) is a key component in this context and UV absorption spectroscopy of 
vapor-phase KCl provides a suitable method for in situ detection in gas phase, e.g. in flue gases. 
However, the use of increasingly complex fuel mixes consequently sets further requirements on 
equipment and methods used to measure the potassium chloride and other alkali compounds like 
NaCl, NaOH and KOH. In order to meet such new requirements, attain a better understanding 
of current measurement techniques, and explore other existing techniques currently available, 
optical tools for in situ measurements of alkali compounds in combustion environments have 
been developed and characterized. 

Quantitative in-situ measurements of potassium chloride concentrations  
Potassium chloride (KCl) can be measured with line-of-sight absorption spectroscopy using 
broadband UV-light (200 – 320 nm). Measurements in boilers and furnaces are normally made in 
the super-heater region at temperatures 650 – 1300°C and with optical path lengths of several 
meters KCl concentrations down to a few ppm can be measured. A primary aim of the 
investigations carried out was to obtain an improved calibration routine for UV absorption 
measurements that allows for more accurate determination of KCl concentrations. A cell 
developed for calibration measurements is shown in Fig. 5.2.1.  

 
Fig. 5.2.1 a) Schematic of cell for calibration of KCl measurements by UV absorption spectroscopy. A reservoir containing 
solid KCl provides KCl vapour at a pressure determined by the reservoir temperature, controlled by a cooling gas flow. 
Thermocouples along the cell allow for monitoring and control of cell temperature. b) Photo of the cell with thermocouple 
locations (1-3) and salt reservoir (4) indicated. 

                                                
1 R&D, Strategic Development, Vattenfall AB, Älvkarleby, Sweden. 
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The cell is equipped with a small reservoir containing solid KCl and an atmosphere with well-
controlled KCl vapor concentration, determined by the cell temperature, can be obtained. 
Evaluation of experimental data using a calibration approach previously employed for KCl 
absorption measurements, allowed for comparison with the concentrations set in the cell. It was 
observed that the previously employed calibration method results in overestimations of the KCl 
concentration1. The development of the calibration cell also introduced improvements in the 
optical arrangement of the absorption setup and the modified absorption setup has later been 
used for KCl measurements under oxy-fuel combustion conditions2,3.  

In addition to concentration calibration, the cell allowed for determination of KCl absorption 
cross sections in the deep UV regime at different temperatures4. Such data are crucial to achieve 
improved accuracy for detection of KCl by means of absorption and thus highly relevant for 
development of instruments applied in boilers and furnaces. Moreover, it is important 
information for quantitative analysis of data obtained by the laser-induced photofragmentation 
technique discussed in the following section.  

Figure 5.2.2a presents KCl absorption cross sections for different temperatures and the data 
suggest the absorption cross section to be fairly insensitive to temperature. This is also seen in 
Fig. 5.2.2b, showing the absorption cross section versus temperature at wavelengths 197.6 and 
246.2 nm where the cross section has highest values cf. Fig. 5.2.2a. While the peak having 
maximum at 246.2 nm is employed in UV absorption measurements, wavelength 197.6 nm is 
rather close to the 193 nm Excimer laser wavelength employed in laser-induced 
photofragmentation fluorescence and indicates the cross section valid for such measurements. 
 

 
Fig. 5.2.2 a) KCl UV absorption cross section versus wavelength for different temperatures. b) Peak UV absorption cross 
sections at wavelengths 197.6 and 246.2 nm. The cross sections measured for different temperatures are similar. 

Investigation of Alkali Compounds in Flames Using Laser-induced 
Photofragmentation Fluorescence 
Illumination using a high-power UV laser result in photofragmentation of alkalis compound and 
emission of fluorescence light from alkali atom fragments. This photofragmentation laser-
induced fluorescence process can be employed for spatially and temporally resolved 
measurements of KCl as well as other alkali compounds. While the method has been employed 
for measurements in large-scale units, it is particularly suitable for detailed studies in laboratory 

                                                
1 T. Leffler, C. Brackmann, M. Berg, Z.S. Li, M. Aldén, Review of Scientific Instruments, 88 (2017) 023112. 
2 T. Ekvall, K. Andersson, T. Leffler, M. Berg, P Combust Inst, 36 (2017) 4011-4018. 
3 T. Leffler, C. Brackmann, M. Berg, M. Aldén, Z.S. Li, Energy Procedia, 120 (2017) 365-372. 
4  W.B. Weng, T. Leffler, C. Brackmann, M. Aldén, Z.S. Li, Applied Spectroscopy, (2018). 
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flames, that can give detailed understanding of the alkali-chloride formation process to achieve 
optimum abatement of these compounds and avoid their harmful impact. For the purpose of 
such investigations. photofragmentation laser-induced fluorescence has been employed for 
investigations of alkali species in premixed laminar one-dimensional CH4-air flames seeded with 
alkali salts1. In addition to the photofragmentation technique, measurements were also made 
using UV absorption spectroscopy and tuneable diode laser spectroscopy (TDLAS) to measure 
potassium compounds and free K atoms, respectively in the flames. To gain insights into the 
trends observed experimentally, chemical equilibrium calculations for potassium species 
concentrations were made at conditions corresponding to those in the post-flame region of the 
investigated flames. Figu 5.2.3b presents sample results from these investigations, and shows a 
bar chart with concentrations of K atoms and KCL/KOH versus fuel-air equivalence ratio of 
the flame. The amount of free K-atoms (black bars) increases with flame equivalence ratio while 
concentrations of KCl/KOH (grey bars) decrease, as the total concentration of K-atoms, 
represented by the total bar for each equivalence ratio, remains constant. 

 
Figure 5.2.3 a) Image averaged over 300 laser pulses measured at 15 ppm KCl seeding. b) Potassium species balance 
measured in alkali- seeded premixed CH4-air flame. While the sum of K-species concentrations remains constant within the 
experimental uncertainty, the distribution between K-atoms and species KOH/KCl varies with flame equivalence ratio. 

  

                                                
1 T. Leffler, C. Brackmann, W.B. Weng, Q. Gao, M. Aldén, Z.S. Li, Fuel, 203 (2017) 802-810. 



  87 

 

5.3 Experimental studies of fuel-nitrogen conversion 
C. Brackmann, B. Zhou, V. Alekseev, P. Samuelsson, J. Nauclér, S. A. El-busaidy, E. Heimdal-Nilsson, Z. 
Li, M. Aldén, A. A. Konnov 

Increased interest in renewable fuel alternatives and an extended future use of biomass energy 
make ammonia (NH3) of increasing combustion relevance as a key species in the chemistry of 
fuel-bound nitrogen, as a potential hydrogen-carrier transportation fuel, and as an agent in 
reduction of nitric oxides (NOX) for emissions control. It is therefore of importance to develop 
and validate chemical kinetic models for NH3 combustion. Our previous work on combustion of 
pure NH3

1 has been followed up with investigations of fuel-nitrogen conversion with carbon 
included in the fuel. Studies include combustion of CH4 doped with NH3

2 , but also of 
nitromethane (CH3NO2)3, the simplest fuel with nitrogen as well as carbon atoms incorporated 
in the molecule. These studies have been accompanied by development of laser-diagnostic 
methods, e.g. laser-induced fluorescence for detection of for radicals NH4 and NH2

5, key species 
in the oxidation path of NH3. Moreover, time-resolved fluorescence has been developed to 
determine collisional quenching rates and thereby retrieve quantitative species concentrations 
from such fluorescence data6. 

NH2 radical measurements 
Laser-induced fluorescence of radicals NH and NH2 has been characterized in a series of 
investigations. These have included studies of NH/NH2 spectroscopy in order to identify 
suitable wavelengths for laser excitation to achieve optimum signal for best detection sensitivity. 
For proper diagnostics it was also necessary to investigate laser power dependencies and identify 
potential background interferences and photochemical effects. Furthermore, to facilitate 
quantitative measurements, the temperature dependence of the signal was determined. While 
point-wise measurements are adequate in many studies for validation of combustion chemistry 
models, it is also of interest to extend the diagnostics to include imaging detection.  Figure 5.3.1 
shows sample results from fluorescence studies of NH2. The detection sensitivity, determined 
from measurements on NH2 generated in a controlled photolysis experiment, is found to be on 
the order of 120 ppm. Fluorescence imaging of NH2 in a premixed NH3-air flame is shown in 
Fig. 5.3.1b indicating the radical to be distributed in a relatively broad layer at the flame front. 

                                                
1 C. Brackmann, V.A. Alekseev, B. Zhou, E. Nordstrom, P.E. Bengtsson, Z.S. Li, M. Aldén, A.A. Konnov, 
Combust Flame, 163 (2016) 370-381. 
2 C. Brackmann, E.J.K. Nilsson, J.D. Naucler, M. Aldén, A.A. Konnov, Combust Flame, accepted for publication 
(2018). 
3  C. Brackmann, J.D. Naucler, S. El-Busaidy, A. Hosseinnia, P.E. Bengtsson, A.A. Konnov, E.J.K. Nilsson, 
Combust Flame, 190 (2018) 327-336. 
4 C. Brackmann, B. Zhou, Z.S. Li, M. Aldén, Combustion Science and Technology, 188 (2016) 529-541. 
5 C. Brackmann, B. Zhou, P. Samuelsson, V.A. Alekseev, A.A. Konnov, Z.S. Li, M. Aldén, Spectrochim Acta A, 184 
(2017) 235-242. 
6 C. Brackmann, J. Bood, J.D. Nauclér, A.A. Konnov, M. Aldén, Proceedings of the Combustion Institute, 36 (2017) 
4533-4540. 
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Fig. 5.3.1 (a) NH2 LIF signal-to-noise ratio (SNR) versus relative NH2 concentration, an SNR of 2 representing an 
NH2 detection limit is achieved at 120 ppm. (b) NH2 fluorescence image measured in premixed NH3-air flame. The NH2 
is distributed in a broad layer located at the flame front. 

 
NH3-CH4 combustion  
While the laser-induced fluorescence technique allows for very sensitive detection of chemical 
species, quantitative concentrations measurements present a challenge due signal quenching via 
molecular collisions that result in an unknown fluorescence yield. Nevertheless, this can be 
handled by determination the quenching rate from the temporal decay of the fluorescence signal, 
obtained by time-resolved measurements. This approach has been developed for measurement 
of quantitative concentrations of nitric oxide (NO) in flame. Concentrations evaluated from 
measurements in NO/N2/O2 mixtures with NO concentrations of 100-600 ppm were in 
agreement with set values within 3% at higher concentrations. An accuracy of 13% was 
estimated by analysis of experimental uncertainties.  

This experimental approach was then employed in investigations with experiments and kinetic 
modelling of co-combustion of 5200 ppm NH3 with a stoichiometric, atmospheric pressure, CH4 
+ N2 + O2 flame. Profiles of the amidogen (NH) radical and nitric oxide (NO) were measured 
using laser-induced fluorescence, the latter being quantitatively determined. Temperature profiles 
were measured using thermocouple and laser Rayleigh scattering and the latter nonintrusive 
measurements were considered more reliable to be used for evaluation of LIF data as well as 
input for flame modelling. Experimental results were compared with predictions of a chemical 
mechanism developed by Mendiara and Glarborg1, with simulations based on solution of energy 
equation as well as on experimental temperature profiles as input. Compared with a neat flame, 
the NH3-doped flame shows a shift in position ~0.7 mm downstream, as established from the 
measurements of the NH profile. Post-flame NO concentrations in the NH3-doped flame are 
presented in Fig. 5.3.2. 

 

 

 

                                                
1 T. Mendiara, P. Glarborg, Combustion and Flame, 156 (2009) 1937-1949. 
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Fig. 5.3.2 NO profiles in NH3-doped CH4 + N2 + O2 flame. Symbols represent concentrations measured by laser-
induced fluorescence while the line profiles show predictions from modelling obtained using the experimental temperature 
profile as input (dashed) and by solution of the gas energy equation (solid). Horizontal and vertical error bars represents 
uncertainty in position and evaluated concentration (24%), respectively. 

Modelling predictions, around 1160 ppm, are within the evaluated uncertainty with experimental 
data (1460 ppm). Reaction path analysis indicated NH2 as a key species in the formation of NO 
and N2 from the nitrogen added to the flame by NH3. Altogether, the mechanism predicted 
concentration levels rather well but failed to predict the shift in flame position obtained with 
addition of NH3 to the rather slowly burning hydrocarbon flame investigated. 

Nitromethane combustion 
Nitromethane (CH3NO2) is of combustion interest due to its role as a mono- and bi-propellant 
fuel, but also since it constitutes a suitable prototype fuel for detailed studies of combustion with 
carbon-nitrogen-oxygen-containing fuels. Nitromethane combustion is characterized by multiple 
stages and starts with dissociation of the CH3NO2 into CH3 and NO2, which in turn participate 
in recombination reactions, for example forming CH3O. Further reduction of nitrogen dioxide, 
NO2, into NO is the main exothermic step. The second stage contains multiple reactions 
involving the radical pool with species such as C2, CH, CN, OH, NH, NO [2]. NO together with 
H2O, and CO2, constitute the final combustion products and a global reaction for the 
combustion at low and atmospheric pressure, is given by  

CH3NO2 + 1.25 O2 = CO2 + 1.5 H2O + NO 

Previous investigations of nitromethane combustion chemistry include determination of laminar 
burning velocity1 while the objective of this work2  was to obtain experimental profiles of 
temperature and species concentrations in premixed flames for validation of chemical kinetic 
mechanisms. Flames of nitromethane+air at lean (ϕ=0.8) and rich (ϕ=1.2) conditions were 
stabilized on a flat-flame burner, where profiles of CH2O, CO and NO were obtained using 
laser-induced fluorescence and temperature profiles using rotational coherent anti-Stokes Raman 
spectroscopy (RCARS). Experimental data together with previously published experimental data 
on laminar burning velocity and ignition were used for evaluation of two contemporary kinetic 
mechanisms for nitromethane combustion. Figure 5.3.3 shows a photo of the lean Φ=0.8 flame 
lifted from the burner surface as indicated by the position of the bright horizontal reaction zone. 
Higher above this position in the product zone the flame shows an orange-colored emission 
most likely attributed to thermally excited nitrogen dioxide NO2. 

                                                
1 J.D. Naucler, E.J.K. Nilsson, A.A. Konnov, Combust Flame, 162 (2015) 3803-3809. 
2 C. Brackmann, J.D. Naucler, S. El-Busaidy, A. Hosseinia, P.E. Bengtsson, A.A. Konnov, E.J.K. Nilsson, Combust 
Flame, 190 (2018) 327-336. 
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Figure 5.3.3 Photo of lean Φ=0.8 premixed CH3NO2/O2/N2 flame. 

 

Temperature profiles measured by coherent anti-Stokes Raman spectroscopy for the two 
investigated nitromethane flames are presented in Fig. 5.3.4. The flames show similar 
temperature profiles with maximum values around 1900 K. 

 

 
Fig. 5.3.4 Rotational CARS temperature profiles for CH3NO2 flames with the composition given in Table 1, f=0.8 
(diamonds) and f=1.2 (triangles). Error bars represent 3% uncertainty in temperature and 0.3 mm in position. 

 

Species profiles of NO, CO and CH2O obtained from measurements (symbols) and modeling 
(lines) are presented in Fig. 5.3.5. 
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Fig. 5.3.5. Mole fractions of NO, CO and CH2O determined using single-point LIF measurements (symbols) and 
modelled with the mechanisms of Brequigny et al. (dashed lines) and Mathieu et al. (solid lines), for f =0.8 (left panels) and 
f=1.2 (right panels). NO gradients from fluorescence imaging are presented with dash-dotted lines. Error bars in NO and 
CO concentration represent uncertainties of the 23% and 12%, respectively, explained in text. Horizontal error bars 
represent and uncertainties in height above the burner of 0.3 mm. 

For the lean ϕ=0.8 flame, NO predictions are somewhat higher than experimental 
concentrations but results are in agreement within experimental uncertainty, indicated by error 
bars. Modeling of the richer ϕ=1.2 flame over predicts NO concentrations with results well 
above the experimental values. The measured post-flame CO level of the ϕ=0.8 flame could 
possibly be attributed to photo dissociation of CO2 and be considered an offset concentration 
level. Considering this effect, experiments and modeling of CO in general show good agreement 
for both flames. For formaldehyde, modeling suggests profiles located further downstream 
compared with experiments. 

In addition to the investigations of nitromethane combustion presented above, laminar burning 
velocities for nitromethane+O2+CO2 were measured using the heat flux method for ϕ=0.8-1.3 
at 348 K and ϕ=0.8-1.6 at 358 K, and an oxidizer composition of 35% O2 and 65% CO2. In 
addition, the effect of the oxidizer composition was examined for a stoichiometric flame at 358 
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K by varying oxygen fraction from 30% to 40%. The mechanism by Mathieu et al.1, previously 
not validated for flames, was able to reproduce experimental laminar burning velocities for 
nitromethane+air, but under predicted new results for CH3NO2+O2+CO2 mixtures. The 
mechanism by Brequigny et al. 2  under predicted experimental laminar burning velocities 
significantly at all investigated conditions. Previous studies have shown that none of the 
mechanisms can accurately predict ignition delay time over a wide range of conditions with 
respect to pressure, temperature, diluent and dilution ratio. Altogether, the evaluation of the 
mechanisms reveals that the understanding of nitromethane combustion is at the present time 
not sufficient to produce a widely applicable mechanism. 

  

                                                
1 O. Mathieu, B. Giri, A.R. Agard, T.N. Adams, J.D. Mertens, E.L. Petersen, Fuel, 182 (2016) 597-612. 
2 P. Brequigny, G. Dayma, F. Halter, C. Mounaim-Rousselle, T. Dubois, P. Dagaut, P Combust Inst, 35 (2015) 703-
710. 
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5.4 Apparatus for laminar flames at elevated pressures1 
Peter H. Joo, J. Gao, M. Aldén and Z. Li 

The design and features of a high pressure chamber and burner that is suitable for combustion 
experiments at elevated pressures are presented. The high pressure combustion apparatus utilizes 
a high pressure burner that is comprised of a chamber burner module and an easily accessible 
interchangeable burner module to add to its flexibility. The burner is well suited to study both 
premixed and non-premixed flames. The optical access to the chamber is provided through four 
viewports for direct visual observations and optical-based diagnostic techniques. Auxiliary 
features include numerous access ports and electrical connections and as a result, the combustion 
apparatus is also suitable to work with plasmas and liquid fuels. Images of methane flames at 
elevated pressures up to 25 atm and preliminary results of optical-based measurements 
demonstrate the suitability of the high pressure experimental apparatus for combustion 
experiments. 

 

 

Fig. 5.4.1. To the left: General schematics of the high pressure combustion apparatus. 1 – Access ports. 2 – Top cap 
flange. 3 – Cooling coils in series. 4 – Access ports. 5 – Chamber tube. 6 – Window frames. 7 – Anti-reflection coated 
sapphire windows. 8 – Bottom cap flange. 9 – Mounting plate. 10 – Interchangeable burner module. 11 – Chamber burner 
module. 12 – Access ports. To the right: A photo of the setup. 

The general schematic of the high pressure combustion apparatus is provided in Fig. 5.4.1. The 
high-pressure combustion apparatus is constructed using stainless-steel for superior material 
compatibility with many fluids. The chamber is rated for maximum pressure of 3.6 MPa and 
maximum temperature of 220 °C. The internal volume of the chamber is 25 litres. The height of 
the chamber between the cap flanges is 574 mm and the width is 450 mm. The inner diameter of 
the chamber tube is 254.5 mm, the height is 500 mm, and the thickness is 9.2 mm. Standard 
flanges are used and are welded onto the tube, except for the cap flanges where the seal is  

                                                
1 Peter. H. Joo, J. Gao, Z. Li and M. Aldén, Rev. Sci. Instr. 86, 035115 (2015). 



94   

obtained using standard o-rings. The 
high pressure chamber has four 
viewports positioned at angles 0, 90, 
180 and 270 ° for full optical access 
into the chamber for various line-of-
sight and scattering optical diagnostic 
techniques. The high pressure 
chamber is equipped with six access 
ports on the chamber tube, eight on 
the top flange, and eight on the 
mounting plate with six M6 
attachment threads to utilize pass-
through connection systems and 
mount electro-mechanical devices in 
the chamber. The electrical pass-
through connections are obtained 
using Conax connectors. The high 
pressure chamber is fitted with three 
rupture discs and two relief valves to 
mitigate over-pressurization. Also as a 
precautionary safety measure, 
thermocouples (k-type) are inserted 
into the chamber to monitor the 
temperature at various locations. 

Still-images of lean and rich premixed 
methane-air flames anchored on a 
7 mm inside diameter nozzle at 
pressures up to 4 atm are provided in 
Fig. 5.4.2. For the flames in Fig. 5.4.2, 
the jet exit velocities are fixed for each 
of the given equivalence ratios. Thus, 
the mass flow rate of the combustible 

mixture increases with 
pressure given a fixed 
equivalence ratio and jet exit 
velocity. It appears that the 
overall size of the visible 
flame increases with pressure 
regardless of the equivalence 
ratio if the jet exit velocity is 
kept constant.  

Still-images depicting highly 
sooting methane-air 
diffusion flames are 
provided in Fig. 5.4.3. At 
atmospheric pressure, the flame is bulbous and the visible sooting zone is located near the flame 
tip. As the pressure increases, however, the sooting zone moves towards the burner tip and at 
25 atm, the flame appears to be completely yellow and slender. Steady laminar methane/air 
premixed Bunsen-type flames were obtained in a high pressure chamber with equivalence ratios 
ranging from 0.9 to 1.2 and pressures ranging from 1 to 5 atm. The mass flow rates were chosen 
so that the flames were maintained at the same height. Planar laser-induced fluorescence of OH 

 

Fig. 5.4.2. To the Premixed methane-air flames from a circular 
nozzle up to 4 atm. The inside diameter of the nozzle is 7 mm. The 
jet exit velocities are fixed for each of the given equivalence ratios. The 
light exposure setting on the camera is fixed for all of the cases to 
maintain consistency. 

 

Fig. 5.4.3. Methane-air diffusion flames from a conical nozzle. The inside 
diameter of the nozzle is 5 mm and the methane mass flow rate is fixed at 
0.83 mg/s for all of the cases. The light exposure setting on the camera is adjusted 
to prevent over-saturation. 
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with high spatial resolution was 
performed to investigate the 
structure of the flames at different 
equivalence ratios and different 
pressures. Direct photographs of 
the flames with different 
equivalence ratios and pressures 
are presented in Fig. 5.4.4. The 
images were recorded with the 
same exposure time of 0.5 s using 
a Nikon camera. Steady laminar 
flames were obtained under 
conditions below the Φ-P curve 
shown in Fig. 2. For a given Φ 
and given flame height, when 
increasing pressure beyond the Φ-
P curve the flame becomes 
unstable and thus not studied 
here. These steady flames with 
conical shape show visually 
distinguishable bright thin layer, 
which separates the unburned 
zone in the inner part of flame 
and burned gas outside the thin 
bright layer. As shown in Fig. 
5.4.4, the heights of the flames for  

a given equivalence ratio were 
kept the same by varying the jet 
velocity to make the optically 
measured flame parameters 
comparable in order to 
discriminate the pressure influence 
on the flame structure. The flame 
heights were kept at 11.6 mm, 
13.3 mm, 12.8 mm and 12.0 mm 
at equivalence ratio of 0.9, 1.0, 1.1 
and 1.2, respectively. Since the 
laminar burning velocity would 
decrease with pressure, the jet 
velocity of methane/air mixture 
from the center tube is reduced in 
order to keep the flame height 
constant. 

To clearly visualize the flame 
structure at elevated pressures, 
PLIF imaging measurements have 
been performed for flames with 
different equivalence ratio at 

pressures ranging from 1 to 5 atm. For the PLIF images shown here, subtraction of the 
background taken while the laser was turned off was performed. Figure 5.4.5 presents  

 

Fig. 5.4.4. Photo of the experimental flame under the conditions of steady 
flames 

 

Fig. 5.4.4.  Single shot OH PLIF images of stoichiometric flames at 
a) 1 atm, b) 2 atm, c) 3 atm and d) results from numerical simulation for 
stoichiometric flames at 1 atm and 3 atm; HAB: height above the burner. 
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normalized single-shot OH 
PLIF imaging results and 
simulation results for 
stoichiometric flames at 1 and 3 
atm. Normalization is performed 
by dividing each image with its 
own maximum value. 

It is interesting to see that a 
two-OH layer structure starts to 
appear at 3 atm. The OH PLIF 
intensity is monotonically 
decreasing at 1 atm from the 
premixed flame layer to the post 
flame region. However, the OH 
PLIF intensity of the flame at 3 
atm decreased firstly to a quite low 
level and then increased again with 
the second layer appearing at the 
outer region, which is consistent 

with the photograph presented in Fig. 5.4.4. 

Figure 5.4.5 shows the normalized cross-sectional distribution of OH PLIF intensity and 
numerical results along a horizontal line at half height of the flame as marked by the white dot 
line in Fig. 5.4.4. Both the PLIF and numerical results show that the OH signals intensity for 
flame at 3 atm drops quicker at the position corresponding to the flame front and shows a 
second peak at around 5 mm away from the burner center, while the OH intensity of the flame 
at 1 atm decreases monotonically along radical direction. 

The conducted DNS 
simulation results were 
used to assess the accuracy 
of the laminar flame speed 
extracted from the 
findings obtained from the 
Bunsen flames used in this 
study. Since the stretch 
rate of the Bunsen flame is 
quite low at the middle 
part, the results there can 
be used to calculate the 
unstretched laminar flame 
speed (Fig. 5.4.6). The 
accuracy of the laminar 
flame speed as computed 

using the local displacement speed on the iso-surface of fuel mass fraction was found to be 
reasonably good; for the stoichiometric atmospheric flames the error being found to be about 
2.4%, whereas for the high pressure flames (3 atm) the accuracy was found to be about 6%. 

  

 

Fig. 5.4.5.   Normalized OH PLIF cross-sectional intensity profile 
and numerical results at the half height of the flames with Φ=1.0 

 

Fig. 5.4.6.  Laminar flame speed along the flame height of the stoichiometric 
flame at p = 1 atm and 3 atm, expressed as a function of the local stretch rate [unit 
in 1/s]. The figure (left) excludes the data around the flame tip. The figure (right) 
shows the data around the middle flame height 0.4 / 0. < < z H 6. 
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5.5 Hydrogen/methane co-combustion at elevated pressure 
C. Brackmann, H. Kim, J. Gao, M. Christensen, H. Johansson, A. Abou-Taouk1, E. Heimdal-Nilsson, Z. 
Li, J. Larfeldt2, M. Aldén. 

Fossil fuels are a limited energy resource and CO2 formation from fossil fuel combustion is 
considered a main driver of climate change. Nevertheless, combustion remains a major energy 
supply worldwide and for a sustainable energy supply fossil fuels should ideally be replaced by 
renewable alternatives. Gas turbines burning fossil natural gas are widely utilized for production 
of electrical energy via combustion, and from economical as well as practical perspectives it 
would be advantageous if current technology would allow for co-combustion with renewable 
fuels. Hydrogen gas is an important future energy carrier and a fuel that can be produced from a 
range of renewable sources. The possibility for co-combustion with hydrogen is therefore of 
strong interest in gas turbine applications. However, hydrogen is highly reactive, which has 
implications for its combustion characteristics and there is a lack of knowledge on the processes 
at elevated pressures. Thus, experimental studies for development and validation of chemical 
kinetic mechanisms for co-combustion of hydrogen with methane, in particular at elevated 
pressure, are of high interest to pursue this option. 

 

Development of Raman Spectroscopy 
Raman spectroscopy has many advantages for combustion diagnostics as it allows for 
simultaneous measurement of multiple species and the signals can relatively straight forward be 
converted into quantitative species concentrations. However, a drawback is the rather low signals 
obtained since the technique is based on the weak inelastic Raman scattering of light. However, 
the Raman signal scales directly versus the number density of the probed molecular species and 
in contrast to many other laser-diagnostic methods benefits from elevated pressure. Thus, 
Raman spectroscopy is a highly suitable choice for investigations of combustion at elevated 
pressure. To effectively use this method for combustion studies with best possible species 
detection sensitivity, a new setup for Raman spectroscopy has been developed and arranged at 
the Division of Combustion Physics3 . The setup for Raman spectroscopy is based on a 
frequency-doubled Nd:YAG laser (Innoslab HD40I-OE, Edgewave) with wavelength 532 nm, 
kHz repetition rate, and average power up to 120 W. The high average power is highly beneficial 
for Raman spectroscopy measurements and further signal enhancement can be achieved with 
multiple passages of the laser beam through the measurement volume, as shown in the photo of 
Fig. 5.5.1. 

                                                
1 Cleanergy AB, Göteborg, Sweden. 
2 Siemens Industrial Turbomachinery AB, Finspång, Sweden. 
3 H. Johansson, Bacherlor thesis, http://lup.lub.lu.se/student-papers/record/8877463 (2016). 
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Figure 5.5.1 Photo of arrangement with multiple passages of the laser beam for Raman spectroscopy measurements in 
flame. 

 

CH4-H2 combustion at atmospheric and elevated pressure 
Investigation of co-combustion of methane with hydrogen were made in premixed laminar 
conical Bunsen-type flames stabilized on a burner in a high-pressure vessel1, described in detail 
by Joo et al.2 The vessel can sustain an ambient pressure up to 35 atm. and four sapphire 
windows are installed perpendicular to each other for optical access. Raman spectroscopy 
measurements were made in premixed flames burning CH4 or fuel mixtures of CH4(75%)-
H2(25%) and CH4(65%)-H2(35%) with air as oxidizer at different equivalence ratios and 
pressures. The arrangement for Raman spectroscopy measurements in the investigated flames is 
illustrated in the photo of Fig. XXXa showing a flame intersected horizontally by a green laser 
beam. Radial concentration profiles of CH4, O2, H2O, CO, CO2, and H2, measured along the 
beam, in a CH4(65%)-H2(35%)-air flame of equivalence ratio Φ=1.3 and stabilized at a pressure 
of 5 atm. are shown in Fig. 5.5.2b-d. Data measured by Raman spectroscopy are indicated by 
symbols while line profiles present predictions from chemical modeling using the Aramco 
mechanism.  

 
 

                                                
1 C. Brackmann, J.L. Gao, A. Abou-Taouk, H. Kim, E.J.K. Nilsson, Z.S. Li, J. Larfeldt, M. Aldén, Manuscript in 
preparation, (2018). 
2 P.H. Joo, J.L. Gao, Z.S. Li, M. Aldén, Review of Scientific Instruments, 86 (2015). 



  99 

 

 
Figure 5.5.2 a) Photo of Bunsen-type CH4-air flame crossed by green laser beam for Raman spectroscopy measurements. 
b-d) Radial concentration profiles measured by Raman spectroscopy. b) CH4, O2, and H2O. c) CO and CO2. d) H2. 

While the CH4, O2, H2O and H2 profiles show excellent agreement between experiments and 
modeling, the modeled CO and CO2 profiles are seemingly under- and over-predicted, 
respectively. Towards the outside the flame, at positions >6 mm, CO has been consumed and 
CO2 concentrations from experiments and simulations are in good agreement. The equilibrium 
between CO and CO2 is temperature dependent and the observed difference between 
experimental results and modeling predictions for these species could indicate and error in 
temperature, derived from solving the energy equation, for modeling of the flame region. 
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5.6 Multi-purpose Multi-jet burner1 
Wubin Weng, Jesper Borggren, Marcus Aldén, Zhongshan Li 

Utilization of biomass is an important approach to reduce the emission of the greenhouse gas. 
Thermal conversion processes, such as gasification and combustion, are widely employed in the 
biomass utilization. It is necessary to understand the thermal conversion process to reduce 
pollutant emissions and improve the efficiency, especially through a large amount of laboratory 
investigations. In the investigations, optical techniques can be powerful tools to enhance the 
understanding through the in situ measurements of the parameters, such as temperature 
distribution, velocity fields, and species concentrations. For such optical studies, well-controlled, 
optically accessible environments are needed. Hence, a laminar flame burner with suitable optical 
access was designed to produce homogenous hot flue gas for the thermal conversion of different 
biomass fuels and related chemical reactions. The composition and the temperature of the flue 
gas can be varied in big range, and different optical diagnostic techniques, such as line-of-sight 
techniques, point measurement techniques, and planar imaging techniques can be easily applied.   

The structure of the burner is presented in Fig. 5.6.1. The burner is consisted of two chambers, a 
jet-flow chamber and a co-flow chamber. The premixed gas is introduced into the jet-flow 
chamber and evenly disperses into 181 jet tubes with two porous barriers and a convergent flow 
tube. Thus, laminar flames are stabilized on these jet tubes. A uniform laminar co-flow is 
obtained through the co-flow chamber. Each jet is surrounded by six small holes for co-flow 
passage. The co-flow is mixed evenly with the jet flow and the hot flue gas is obtained from the 
burner outlet with a size of 100 mm × 60 mm. Different tracers can be seeded into the gas 
mixture to has specific gas mixture for the study of different chemical reactions. By varying the 
gas composition of the jet-flow and the co-flow, different flames (c.f. Fig. 5.6.2) are formed to 
have the hot flue gas with different gas composition and temperature. The temperature can be 
varied from 1000 K to 2000 K. 

 

 
Fig. 5.5.1 the structure of the multi-jet burner. (a) Sectional view of the burner. (b) Partial top view of the 
burner.  

                                                
1 W.B. Weng, J. Borgren, B Li, M. Aldén and Z.S. Li, ‘A novel multi-jet burner for hot flue gases of wide range of temperatures 
and compositions for optical diagnostics of solid fuels gasification/combustion’, Rev. Sci. Instr. 88, 045104 (2017). 
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Fig. 5.5.2 Photos of the multi-jet burner (a) and the detail structure of the outlet (b). The photos of typical lifted 
premixed flame (c) and (d). 

The temperature of the hot flue gas from different flames was measured using two-line atomic 
fluorescence thermometry. In the measurement, indium was seeded into the flame to produce 
indium atoms in the hot flue gas. The fluorescence was obtained as the indium atoms excited by 
the lasers at the wavelength of 410 nm and 451 nm. The ratio of the fluorescence was used to 
derive the temperature. The distribution of the fluorescence of indium atoms above the burner is 
presented in Fig. 1.3. The temperature distribution is obtained. An even temperature distribution 
indicates that the burner has good spatial uniformity, and the homogeneous area of the 
temperature field is estimated to be larger than 70 mm × 40 mm. The mean value of the 
temperature of different flame conditions are presented in Fig. 1.4 with a variation of the 
equivalence ratio. Compared with the temperature simulated based on the adiabatic situation, the 
temperature measured by the TLAF is about 100 K lower due to the heat loss to the burner.  

 
Fig. 5.5.3 The distribution of the fluorescence of indium atoms and temperature of the hot flue gas form the flame 
with equivalence ratio of 0.9 along the long side (a) and the short side (b) of the burner.  
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Fig. 5.5.4 Temperature of the hot flue gas from the premixed flames with equivalence ratio from 0.6 to 1.3 
measured using TLAF (blue circles) and thermocouple (red circles), and simulated under adiabatic condition 
(black dots).  
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5.7 Plasma-related activities 
C Kong, J Gao, J Zhu, M Aldén, Z Li and A Ehn 

Work around plasma-related research at Division of Combustion Physics is focused in three 
different areas: plasma diagnostic development, plasma characterization, and different plasma 
applications. The work within these three research areas are presented below in different 
subsections with references to the work that has been published. 

 
Plasma diagnostic development 

The effect of plasma as it is formed and sustained in 
different gas conditions concern multiple branches of 
physics and chemistry. Plasma processing of gases is driven 
by electron collisions that form aggressive radicals and 
excited species that in turn initiate a branch of chemical 
chain reactions that eventually cause a substantial change in 
the chemical composition. An important topic in these 
processes concern details in plasma/gas interaction. 
Gliding arc discharge plasma is a plasma source that is 
advantageous to use in plasma gas processing since it has a 
long residence time and can be sustained in a turbulent 
flows. It is therefore of absolute interest to follow the three 
dimensional gas/plasma movements in high speed to see 
how the gas and plasma moves in relation to each other. A 
measurement method was developed where the dynamics 
of the plasma column and tracer particles in the gas were 
recorded using two synchronized high-speed cameras1. The 
data analysis for such systems has previously been 
performed in 2D (analyzing the single camera image) but 
this work achieved a 3D data analysis that includes 3D 
reconstructions of the plasma column and 3D particle 
tracking velocimetry based on discrete tomography methods. The 3D analysis, in particular, the 
determination of the 3D slip velocity between the plasma column and the gas flow, gives more 
realistic insight into the convection cooling process. Additionally, with the determination of the 
3D slip velocity and the 3D length of the plasma column, we give more accurate estimates for 
the drag force, the electric field strength, the power per unit length, and the radius of the 
conducting zone of the plasma column. 

Another important result of plasma/gas interaction is formation of new species such as for 
example ozone (O3). An imaging method for ozone molecules has been developed to perform 
quantitative concentration imaging of ozone by using a single laser pulse at 248 nm from a KrF 
excimer laser2. The O3 molecule is first photodissociated by the laser pulse into two fragments, O 
and O2. Then the same laser pulse electronically excites the O2 fragment, which is vibrationally 

                                                
1 Zhu JJ, Gao JL, Ehn A, Alden M, Li ZS, Moseev D, et al. Measurements of 3D slip velocities and plasma column 
lengths of a gliding arc discharge. Applied Physics Letters. 2015;106(4). 
2 Larsson K, Hot D, Ehn A, Lantz A, Weng WB, Alden M, et al. Quantitative Imaging of Ozone Vapor Using 
Photofragmentation Laser-Induced Fluorescence (LIF). Applied Spectroscopy. 2017;71(7):1578-85. 

‘ 

 

Fig. 5.7.1 3D plasma column and particle 
reconstruction. Trajectories of seven seeding 
particles are marked (P1 to P7). The colors 
indicate the time evolution from 0 to 4 ms. 
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hot, whereupon fluorescence is emitted. The fluorescence intensity was found to be proportional 
to the concentration of ozone. Both emission and absorption characteristics were investigated, as 
well as how the laser fluence affects the fluorescence signal. Quantitative ozone imaging data 
have been achieved based on calibration measurements in known mixtures of O3. In addition, a 
simultaneous study of the emission intensity captured by an intensified charge-coupled device 
(ICCD) camera and a spectrograph has been performed. The results show that any signal 
contribution not stemming from ozone is negligible compared to the strong fluorescence 
induced by the O2 fragment, thus proving interference-free ozone imaging. The single-shot 
detection limit has been estimated to ∼400 ppm. The authors believe that the presented 
technique offers a valuable tool applicable in various research fields, such as plasma sterilization, 
water and soil remediation, and plasma-assisted combustion. 

 

Plasma characterization 
Translational temperature is a central 
parameter in plasma and especially for 
non-thermal plasma where also 
vibrational and rotational temperatures 
are of the essence. Characterization, as 
well as diagnostic development work, 
was carried out to determine 
translational, rotational, vibrational and 
electron temperatures of a gliding arc 
discharge in atmospheric pressure1. The 
two-dimensional distribution of the 
translational temperature (Tt) of the 
gliding arc discharge was determined 
using planar laser-induced Rayleigh 
scattering. The rotational and vibrational 
temperatures were obtained by 
simulating the experimental spectra. The 
OH A–X (0, 0) band was used to simulate the rotational temperature (Tr) of the gliding arc 
discharge whereas the NO A–X (1, 0) and (0, 1) bands were used to determine its vibrational 
temperature (Tv). The instantaneous reduced electric field strength E/N was obtained by 
simultaneously measuring the instantaneous length of the plasma column, the discharge voltage 
and the translational temperature, from which the electron temperature (Te) of the gliding arc 
discharge was estimated. The uncertainties of the translational, rotational, vibrational and 
electron temperatures were analyzed. The relations of these four different temperatures 
(Te>Tv>Tr >Tt) suggest a high-degree non-equilibrium state of the gliding arc discharge.  

                                                
1 Zhu JJ, Ehn A, Gao JL, Kong CD, Alden M, Salewski M, et al. Translational, rotational, vibrational and electron 
temperatures of a gliding arc discharge. Optics Express. 2017;25(17):20243-57. 

 

Figure 5.7.2 Quantitative turbulent single shot 2D measurements 
of ozone using PF-LIF. The color bar shows the ozone concentration 
in ppm. 
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Fig. 5.7.3 (a1) – (c1): Two-dimensional distribution of the Rayleigh scattering signal and the plasma emission; (a2) – 
(c2): Two-dimensional distribution of the translational temperatures that are calculated by use of the Rayleigh scattering 
signal shown in (a1) – 2(c1), respectively. The colorbar in (a1) – 2(c1) shows the intensity (arb. units) of the plasma 
emission signal (in the plasma column) and the Rayleigh scattering signal (in the vicinity of the plasma column) whereas that 
in (a2) – 2(c2) indicates the translational temperature (K) in the vicinity of the plasma column. For this specific 
experimental setting (an acquisition time of 2 µs), the translational temperature in the plasma column cannot be accurately 
shown due to interference from strong plasam emission. Typical sizes of the hot regions around the plasma columns are 
labeled. The acquisition time of the ICCD camera is set to 2 µs in order to collect both the Rayleigh scattering signal and 
the plasma emission signal. 

Further investigations of the gliding arc discharge was carried out1 . The spatiotemporally 
resolved characteristics of the gliding arc discharge, including glow-type discharges, spark-type 
discharges, short-cutting events and transitions among the different types of discharges, were 
investigated using simultaneously optical and electrical diagnostics. The glow-type discharge can 
transfer into a spark discharge characterized by a sharp peak current of several amperes and a 
sudden increase of the brightness in the plasma column. Transitions can also be found to take 
place from spark-type discharges to glow-type discharges.  

Short-cutting events were often observed 
as the intermediate states formed during 
the spark-glow transition. Three different 
types of short-cutting events have been 
observed to generate new current paths 
between two plasma channel segments, and 
between two electrodes, as well as between 
the channel segment and the electrodes, 
respectively. The short-cut upper part of 
the plasma column that was found to have 
no current passing through can be detected 
several hundreds of microseconds after the 
short-cutting event. The voltage recovery 
rate, the period of AC voltage-driving 
signal, the flow rates and the rated input 
powers were found to play an important 

                                                
1 Zhu JJ, Gao JL, Ehn A, Alden M, Larsson A, Kusano Y, et al. Spatiotemporally resolved characteristics of a gliding 
arc discharge in a turbulent air flow at atmospheric pressure. Phys Plasmas. 2017;24(1). 

 

Fig. 5.7.4 Emission intensity of plasma columns during a 
spark-to-glow transition induced by a short-cutting event. The 
upper (circles) and lower (triangles) parts of the short-cutting 
plasma column show the decaying and fluctuating trends, 
respectively. 
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role in affecting the transitions among the different types of discharges. A model was developed 
for high-power glow-mode gliding arc (GM-GA) discharge in open air1 (5). The model is a 
current-voltage lumped model, built from the perspective of energy balance and electron 
conservation. Detailed analyzation indicates that the electrical input power is dissipated mainly 
through the transport of vibrationally excited nitrogen and other active radicals (such as O). The 
plasma is quite non-thermal with the ratio of vibrational and translational temperatures (Tv/Tg) 
larger than 2 due to the intense energy dissipation. The electron number density reaches 
3 × 1019 m−3 and is always above the steady value owing to the short cutting events, which can 
recover the electron density to a relatively large value and limits the maximum length of the 
gliding arc.  

 
Plasma applications 

Several different plasma applications have 
been investigated within this three-year 
period. Studies of the removal process of 
toluene by the non-equilibrium gliding arc 
discharge were investigated in-situ 2  (6). 
Instantaneous toluene removal efficiency 
was estimated from the toluene PLIF 
images, showing that the initial toluene 
concentrations and oxygen concentrations 
affected the toluene removal efficiency. The 
effective width of the plasma volume for the 
toluene removal was measured, which gives 
new insight into the optimization of 
industrial design for practical gliding arc 
reactors.  

Another plasma-processing application that 
was investigated using optical methods is 
surface treatment where a gliding arc plasma 
was used for surface treatment 3 . A high 
speed camera was used to capture dynamics 
of the AC gliding arc in the presence of 
polymer surfaces. A gap was observed 
between the polymer surface and the 
luminous region of the plasma column, 
indicating the existence of a gas boundary 
layer. The thickness of the gas boundary 
layer is smaller at higher gas flow-rates or 
with ultrasonic irradiation to the AC gliding 
arc and the polymer surface. Water contact angle measurements indicate that the treatment 

                                                
1 Kong CD, Gao JL, Zhu JJ, Ehn A, Alden M, Li ZS. Characterization of an AC glow-type gliding arc discharge in 
atmospheric air with a current-voltage lumped model. Phys Plasmas. 2017;24(9). 
2 Gao JL, Zhu JJ, Ehn A, Alden M, Li ZS. In-Situ Non-intrusive Diagnostics of Toluene Removal by a Gliding Arc 
Discharge Using Planar Laser-Induced Fluorescence. Plasma Chem Plasma P. 2017;37(2):433-50. 
3 Kusano Y, Zhu JJ, Ehn A, Li ZS, Alden M, Salewski M, et al. Observation of gliding arc surface treatment. Surf 
Eng. 2015;31(4):282-8. 

 

Fig. 5.7.5 Emission intensity of plasma columns during a 
spark-to-glow transition induced by a short-cutting event. The 
upper (circles) and lower (triangles) parts of the short-cutting 
plasma column show the decaying and fluctuating trends, 
respectivelyTwo pairs of simultaneous OH and toluene PLIF 
images from typical cases with toluene concentration of 1.25%. 
a and c OH PLIF images, b and d toluene PLIF images. 
The laser sheet and the discharge system were aligned as in 
Configuration B. Red curve shows the 25% iso-intensity 
contour of the OH PLIF. White arrows with numbers show 
the effective width in cm. 
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uniformity improves significantly when the AC gliding arc is tilted to the polymer surface. 
Thickness reduction of the gas boundary layer, explaining the improvement of surface treatment, 
by the ultrasonic irradiation was directly observed for the first time. One of the applications that 
have been most comprehensively investigated over this three-year period is plasma-assisted 
combustion. Such experiments are rather complex and thus an obvious starting point of such 
studies was to investigate how ozone is affecting combustion chemistry. The ozone 
decomposition in the pre-heat zone of flames can initiate and accelerate the chain-branching 
reactions. Hence, a study was carried out where formaldehyde (CH2O) was investigated by both 
experiment and simulation methods in methane/air laminar premixed flames under atmospheric 
conditions1 . The simulation suggested an early production of CH2O with ozone addition, 
especially in rich conditions.  

 

Fig. 5.7.6 Average of 10 000 images of the tilted gliding arc at gas flow-rate of 17·5 SLM b with and a without 
ultrasonic irradiation. 

These reactions occurred at relatively low temperature, around 500 K. In order to isolate these 
reactions from the flame, experiments with preheated unburned mixtures were carried out. A 
larger amount of formaldehyde was produced in the zone far from the flame as the preheating 
temperature was increased. It indicated that the combustion enhancement with ozone could be 
caused by the additional reactions of ozone at relatively low temperature. Furthermore, 
simulations showed that methoxy radical (CH3O) is the key specie for production of 
formaldehyde at lower temperatures. Early in the pre-heat zone of the laminar flame, 
formaldehyde occurs via decomposition of CH3O while in the pre-heated gas mixture via 
reaction of CH3O with O2. Furthermore, the O3 effect on turbulent flames was investigated 
showing a greater enhancement in formaldehyde signal than that in the laminar cases. This 
difference in formaldehyde signal enhancement could be attributed to the expansion of the 
preheat zone, due to turbulence. This was further investigated by seeding in ozone in a low-swirl 
burner2. The flame was experimentally investigated by Planar Laser Induced Fluorescence (PLIF) 
imaging of hydroxyl (OH) and formaldehyde (CH2O). The experiments are also modeled using 
Large Eddy Simulations (LES) with a reaction model based on a skeletal CH4-air reaction 
mechanism combined with an O3 sub-mechanism to include the presence of O3 in the flame. 
The experiments reveal an increase in CH2O in the low-swirl flame as small amounts of O3 is 
supplied to the CH4-air stream upstream of the flame. This increase is well predicted by the LES 
computations and the relative radical concentration shift is in good agreement with experimental 
data. This investigation was expanded and ozone was seeded into large scale burner at 
Atmospheric Conditions. The experiment was performed using a dry low emission (DLE) gas 

                                                
1 Weng WB, Nilsson E, Ehn A, Zhu JJ, Zhou YJ, Wang ZH, et al. Investigation of formaldehyde enhancement by 
ozone addition in CH4/air premixed flames. Combustion and Flame. 2015;162(4):1284-93. 
2 Ehn A, Zhu JJ, Petersson P, Li ZS, Alden M, Fureby C, et al. Plasma assisted combustion: Effects of O-3 on large 
scale turbulent combustion studied with laser diagnostics and Large Eddy Simulations. Proceedings of the 
Combustion Institute. 2015;35:3487-95. 
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turbine burner used in both SGT-700 and SGT-800 industrial gas turbines from Siemens1 (10). 
CH2O PLIF imaging was carried out for four different seeding gas compositions and seeding 
injection channel configurations. The results show that the O3 clearly affects the combustion 
chemistry. The natural gas/air mixture is preheated before combustion which is shown to kick-
start the cold combustion chemistry where O3 is highly involved. The CH2O PLIF signal 
increases with O3 seeded into the flame which indicates that the pre-combustion activity 
increases and that the cold chemistry starts to develop further upstream. The small increase of 
the pressure drop over the burner shows that the flame moves upstream when O3 is seeded into 
the flame, which confirms the increase in pre-combustion activity. 

 

Fig. 5.7.6 (Left) Outline of the atmospheric combustion test rig with indications of air and fuel flows. (Right) Schematic of 
the optical configuration. The combustion chamber has a three way optical access with double quartz windows in all three 
directions. A horizontally oriented laser sheet is being focused in the pre-heating zone of the flame. An ICCD camera, 
located underneath the combustion chamber captures PLIF signal using a large mirror. 

The next step in this investigation was to design and test an experimental arrangement where a 
turbulent low-swirl flame was stimulated by microwave irradiation2 (11). The flame was exposed 
to continuous microwave irradiation inside an aluminum cavity. The cavity was designed with 
inlets for laser beams and a viewport for optical access. The aluminum cavity was operated as a 
resonator where the microwave mode pattern was matched to the position of the flame. Two 
metal meshes are working as endplates in the resonator, one at the bottom and the other at the 
top. The lower mesh is located right above the burner nozzle so that the low-swirl flame is able 
to freely propagate inside the cylinder cavity geometry whereas the upper metal mesh can be 
tuned to achieve good overlap between the microwave mode pattern and the flame volume.  

Results from experimental investigations of this setup were combined with results from a 
computational study of microwave-assisted combustion of a lean, turbulent, swirl-stabilized, 
stratified flame at atmospheric conditions3 (12). The objectives were to demonstrate that the 
technology increases both the laminar and turbulent flame speeds, and modifies the chemical 
kinetics, enhancing the flame-stability at lean mixtures. The study combined experimental 
investigations using hydroxyl (OH) and formaldehyde (CH2O) Planar Laser-Induced 
Fluorescence (PLIF) and numerical simulations using finite rate chemistry Large Eddy 
Simulations (LES). The reaction mechanism is based on a methane (CH4)–air skeletal mechanism 
expanded with sub-mechanisms for ozone, singlet oxygen, chemionization, electron impact 

                                                
1 Lantz A, Larfeldt J, Ehn A, Zhu J, Subash AA, Nilsson EJ, et al. Investigation of Ozone Stimulated Combustion in 
the SGT-800 Burner at Atmospheric Conditions.  ASME Turbo Expo 2016: Turbomachinery Technical Conference 
and Exposition; June 13–17; Seoul, South Korea: ASME; 2016. p. V04ATA054. 
2 Ehn A, Hurtig T, Petersson P, Zhu JJ, Larsson A, Fureby C, et al. Setup for microwave stimulation of a turbulent 
low-swirl flame. J Phys D Appl Phys. 2016;49(18). 
3 Ehn A, Petersson P, Zhu JJ, Li ZS, Alden M, Nilsson EJK, et al. Investigations of microwave stimulation of a 
turbulent low-swirl flame. Proceedings of the Combustion Institute. 2017;36(3):4121-8. 
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dissociation, ionization and attachment. The Chemical kinetics model was separately published in 
Energy & Fuels1 (13). The experimental and computational results show similar trends, and are 
used to demonstrate and explain some significant aspects of microwave-enhanced combustion. 
Both simulation and experimental studies are performed close to lean blow off conditions. In the 
simulations, the flame is gradually subjected to increasing reduced electric field strengths, 
resulting in a wider flame that stabilizes nearer to the burner nozzle. Experiments are performed 
at two equivalence ratios, where the leaner case absorbs up to more than 5% of the total flame 
power. Data from experiments reveal trends similar to simulated results with increased 
microwave absorption. 

 

Figure 5.7.7 (a) Semitransparent sketch of the low-swirl burner. (b) Cavity housing for the microwaves. (c) Microwave 
mode pattern inside the cavity around the centerline of the burner. (d) Experimental setup overview including optical 
arrangements and the microwave system (BD, beam dump, BS, beam splitter, M1 and M2 are mirrors and M3 is a 
dichroic mirror and Li are lenses). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
1 Larsson A, Zettervall N, Hurtig T, Nilsson EJK, Ehn A, Petersson P, et al. Skeletal Methane-Air Reaction 
Mechanism for Large Eddy Simulation of Turbulent Microwave-Assisted Combustion. Energ Fuel. 2017;31(2):1904-
26. 
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6 Environmental and medical applications 

6.1 Lung function monitoring using GASMAS 
J. Larsson and J. Bood 1 

There is a need to further improve the clinical care of our most vulnerable patients – preterm 
infants. Development of a new non-invasive surveillance technique for monitoring of lung 
function in newborn/preterm infants is the goal of a larger EU (Eurostars) collaboration project, 
called NEO-Lung, in which the Divisions of Atomic Physic and Combustion Physics have been 
active since October 2015. The developed technique is based on GASMAS (Gas in scattering 
media absorption spectroscopy), which is tunable diode laser absorption spectroscopy (TDLAS) 
carried out in a highly scattering medium. After having injected light into the highly scattering 
material, tissue in the present application, a gas absorption imprint is generated as the light passes 
through the medium. Thus, a spectrum carrying high-resolution gas absorption imprints may be 
detected by scanning the laser wavelength in a spectral regime containing absorption features of 
the gas constituents embedded in the medium. In the present application the gas constituents are 
molecular oxygen (O2) and water (H2O). A schematic of an experimental arrangement for 
GASMAS is outlined in Fig.6.1.1. The two laser wavelengths were sinusoidally modulated at 
frequencies of 9015 and 10 295 Hz, respectively, with modulation amplitude on the order of the 
linewidth of the absorption profiles (GHz). Interaction between the modulated light and the 
absorption profile will generate higher harmonics of the modulation frequencies on the detected 
signal. By using a digital lock-in technique the second harmonic, 2f, signal is obtained by 
demodulating the signal at twice the modulation frequency, making it possible to simultaneously 
monitor the oxygen and water vapor absorption, as shown to the right in Fig.6.1.1. 

 

 

 

                                                
1 Researchers outside of the division of Combustion Physics have contributed to this work, including: 
D. Leander, P. Liao, P. Lundin, S. Bergsten and M. Lewander Xu -GASPOROX AB-, E. Krite Svanberg -Skåne University 
Hospital, LU-, S. Andersson-Engels -Tyndall National Institute, Ireland-. 
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Fig. 6.1.1 Left: Schematic experimental setup for GASMAS measurements of O2 (excitation at 760 nm) and 
H2O (excitation at 937 nm). Right: Recorded GASMAS-signals (2f-signals) of H2O (a) and O2 (b). 

In the NEO-Lung project we have developed a 3D-printed phantom model based on a geometry 
model obtained from computer tomography (CT) images of the thorax (chest) of a premature 
infant (weight: 1700 g). The 3D-printed phantom organs are shown in Fig.6.1.2. The aim of the 
study was to build a stable, persistent and realistic phantom for evaluation of geometrical effects 
using the GASMAS technique. The different voids of the phantom were filled with liquids 
having corresponding known scattering and absorption properties of real tissues. The 
measurements yielded reliable signals for source–detector distances up to about 50 mm, with 
stronger gas absorption signals at long separations and positions related to the lower part of the 
lung, consistent with a larger relative volume of this. The limitations include the omission of 
scattering tissue within the lungs and that similar optical properties are used for the wavelengths 
employed for the 2 gases, yielding no indication on the optimal wavelength pair to use. The 
results are reported in 1. 

 
 

Fig. 6.1.2 Picture of the 3D-printed components. From top left to bottom right: skin, lung, heart, and bone. 

                                                

1 J. Larsson, P. Liao, P. Lundin, E. Krite Svanberg, J. Swartling, M. Lewander Xu, J. Bood, and S. Andersson Engels, 
“Development of a 3-dimensional tissue lung phantom of a preterm infant for optical measurements of oxygen: 
Laser-detector position considerations”,J. Biophotonics. 2017; e201700097https://doi.org/10.1002/jbio.201700097 
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6.2 GPU-accelerated Monte Carlo of light scattering 
J. Jönsson and E. Berrocal 

The most flexible and accurate way to treat photon transport through a turbid medium, such as a 
human tissue or a spray system, is to solve the radiative transfer equation using numerical Monte 
Carlo (MC) simulation. However, despite being versatile and powerful, MC modeling are usually 
slow and requires hours/days of simulation time when being run on the CPU of a single 
computer. On the contrary, running MC simulations on GPUs allows to largely increase 
simulation speed. We have co-developed a MC software called “Multi-Scat” written in the Cuda 
language, allowing it to run on GPUs and increase the simulation speed by two orders of 
magnitude. This software, shown in Fig.6.1.1, has been continuously being developed over the 
past decade,  is accessible online on: www.multi-scat.com 
 

 
 

Fig. 6.2.1 Screen capture of the online “Multi-Scat” MC simulation software. Both the setting-up of the simulations and 
the display of the results are managed from this webpage interface.  
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Fig. 6.2.2 Example of time resolved results corresponding to the same simulation than shown in previous figure. On the left 
side, the properties of the simulation are given. 
 
 
The acceleration of a Monte Carlo code for the simulation of light propagation in particulate 
scattering media has been performed by  parallelizing the  code  and  running  the simulations on 
a modern computer graphic card; a process known as general-purpose computing on graphics 
processing units (GP-GPU). The new Monte Carlo code, can speed-up the simulation time by a 
factor ~100 times. A second improvement concerns the creation of a user   interface.  The code 
is able   to   handle   hundreds   of   detection   setting   schemes simultaneously. Input and 
output files are directly manageable from an open access webpage. 
 
All these improvements allow more complex calculations and detections schemes to be run 
during a reasonable time with very easy and rapid access to the simulation results. These new 
features open-up the possibility of simulating more realistic and challenging cases of study. The 
improved MC code has will allow to further help the understanding of light propagation through 
various turbid media such as spray systems and biomedical tissues.  This tool allows also the 
development, optimization and calibration of modern optical diagnostics. 
 
 

 

Fig. 6.2.3 Online server used for 
running the Multi-Scat Monte 
Carlo software. Three computers 
each containing 4 latest GPUs - 
Nvidia's GeForce GTX 1080 Ti. 
Each simulation runs on four 
GPUs of a single computer. Three 
simulations can run 
simultaneously.     
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6.3 Environmental monitoring and remote sensing 
M. Brydegaard, J. Bood, S. Jansson, E. Malmqvist, J. Larsson  

The Applied Molecular Spectroscopy and Remote Sensing group (AMSRS) continues to develop 
methods and instrumentation for in situ surveillance of the environment. In particular we develop 
lidar instrumentation for profiling constituents ranging from atoms 1, through molecules 2 , 
aerosols 3, insects 4, vertebrates 5 and vegetation structure. We are at an engineering art faculty 
and strive to take forth realistic instrumentation6 which can be deployed in field and benefit the 
society. Much of our focus is on biological targets and aerofauna, our methods enables profiling, 
e.g., malaria mosquitoes 7-8 over the landscape and we can now claim to have a leading research 
activity in lidar entomology 9. We spend much efforts deploying realistic instrumentation in field 
campaigns and evaluating the large amount of data we collect. We also use support instruments 
in the laboratory on in vivo and fresh specimen to increase our understanding of light interaction 
with biological targets. 

 

Fig. 6.3.1 Based on 
time delayed correlation 
between the quadrant 
segments the range to 
insect can be estimated 
without any laser.  At 
the same time the 
methods provide the 
dispersal direction and 
modulation signature for 
target classification 
purpose. 

 

                                                
1 E. Malmqvist, M. Brydegaard, et al., "Scheimpflug Lidar for combustion diagnostics," Optics Express, 2018 
2 L. Mei and M. Brydegaard, "Continuous-wave differential absorption lidar," Laser & Photonics Reviews 9, 629-636, 
2015 
3 M. Brydegaard, J. Larsson, et al., "Short-wave infrared atmospheric Scheimpflug lidar," EDP Sciences 176, 2018 
4 C. Kirkeby, M. Wellenreuther, and M. Brydegaard, "Observations of movement dynamics of flying insects using 
high resolution lidar," Scientific Reports 6, p. 29083, 2016 
5 E. Malmqvist, S. Jansson, et al., "The bat-bird-bug battle: daily flight activity of insects and their predators over a 
rice field revealed by high resolution Scheimpflug Lidar " Royal Society Open Science, 2018 
6 M. Brydegaard, A. Merdasa, et al., "Realistic instrumentation platform for active and passive optical remote 
sensing," Applied Spectroscopy 70, 372-385, 2016 
7 A. Gebru, S. Jansson, et al., "Multiband modulation spectroscopy for determination of sex and species of 
mosquitoes in flight," J. Biophotonics, 2018 
8 S. Jansson, P. Atkinson, and M. Brydegaard, "First Polarimetric Investigation of Malaria Mosquitos as Lidar 
Targets," IEEE JSTQE Biophotonics, 2018 
9 M. Brydegaard and S. Svanberg, "Photonic monitoring of atmospheric and aquatic fauna," Laser & Photonics 
Reviews, 2018 
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Passive lidar  
Quantification of scattering cross sections require knowledge of range to the target and range 
require lidar, but why complicate the matter? We developed a simple method for ranging in 
entomology using sunlight and quadrants detectors 1. The method is now pending patent filed by 
the inventors Brydegaard and Jansson. This is the latest development of our remote dark-field 
spectroscopy 2, other varieties include multiple bands for assessing melanization 3 4.  

 
Entomological lidar  
Lidar monitoring of insects will be a crucial tool for tackling challenges regarding disease vectors, 
agricultural pests and ensuring a sustainable population of pollinators. Entomological lidar are 
characterized by equivalent sensitivity of atmospheric lidars but have extreme resolution in space 
and time. The temporal resolution allow to retrieve wing beat dynamics producing a unique 
modulation power spectrum for different species and sexes. 

 

 
 
Fig. 6.3.2 Fraction of entomological lidar data. The plot display modulation power as a function of time, range and 
frequency. A bee hive is located around 180 m distance from the lidar. Wingbeats around 200 Hz and harmonics are 
discerned. 

 
 
 
 

                                                
1 S. Jansson and M. Brydegaard, "Passive Entomological Lidar for Stand-Off Modulation Spectroscopy and Heading 
Assessment," Animal Telemetry, 2018 
2 A. Runemark, M. Wellenreuther, et al., "Rare events in remote dark field spectroscopy: an ecological case study of 
insects," IEEE JSTQE, vol. 18, pp. 1573 - 1582, 2012 
3 A. Gebru, M. Brydegaard, et al., "Probing insect backscatter cross-section and melanization using kHz optical 
remote detection system," SPIE, Journal of Applied Remote Sensing, vol. 16611P, 2016 
4 A. Gebru, E. Rohwer, et al., "Investigation of atmospheric insect wing-beat frequencies and iridescence features 
using a multispectral kHz remote detection system," J. Appl. Remote Sens., vol. 8, pp. 083503-083503, Dec 18 2014 
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Inelastic lidar 
Our group has a long tradition employing inelastic methods such as fluorescence and Raman 
spectroscopy, including fluorescence lidar 1. There are only a handful operational fluorescence 
lidars worldwide and the systems are bulky. Using modern photonics we recently reduced cost, 
weight and size several orders of magnitude while increase power and resolution in time and 
space equivalently 2. In fact our new approach was so light that the methods was later installed 
on a drone for profiling vegetation structure 3. 

 
Fig. 6.3.3 Left: Dr. Guangyu Zhao next to the 5 m aquatic test range, the 3 W 445 nm laser beam is seen. Right: 
Resulting inelastic hyperspectral lidar datastream, the light intensity as a function of time, range and photon energy. No other 
fluorescence lidar can resoulve all these three domains at the same time. 

 

6.4 Scheimpflug Lidar 
E. Malmqvist, M. Brydegaard, M. Aldén, J. Bood 

Scheimpflug Lidar is a remote sensing method that can provide range-resolved measurements 
over long distances in the backward direction, making it suitable for diagnostics in large scale 
combustion facilities with limited optical access, such as furnaces and power plants. While 
conventional Lidar obtains range resolution through time-of-flight detection, Scheimpflug Lidar 
achieves range resolution by imaging a continuous-wave (CW) laser beam along the pixels of a 
diode-array detector or CCD camera. Focus can be achieved along the laser beam at both close 
and far distances by placing the detector, the laser beams and collection optics according to the 
Scheimpflug principle. The range resolution, govern by the Scheimpflug principle, deteriorates 
with increasing distance from the detector, i.e. pixels observing the laser beam at far distances 
monitor a larger range interval than pixels observing the laser at close distances. The exact range 
scale and resolution is determined by the particular properties and arrangement of the collection 

                                                
1 Z. Guan, M. Brydegaard, et al., "Insect monitoring with fluorescence lidar techniques: Field experiments," Appl. 
Opt. , vol. 49, 1-11, 2010 
2 G. Zhao, M. Ljungholm, et al., "Inelastic Hyperspectral Lidar for Profiling Aquatic Ecosystems," Laser and Photonics 
Reviews, vol. 10, 807–813, 2016 
3 X. Wang, Z. Duan, et al., "Range-resolved area imaging of vegetation fluorescence using laser-based drone 
technology," 2018 
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optics, the size of the detector and the width of the laser beam.1 The fact that this technique 
utilizes imaging instead of time-of-flight detection enables the use of small, robust, and less 
complex CW-diode lasers and it opens up for high sampling rates. The technique also has an 
advantage over time-of-flight Lidar when it comes to LIF measurements since the finite 
fluorescence life times of species do not affect the range resolution. A Scheimpflug Lidar system 
for large scale combustion diagnostics has been developed and tested at our division during the 
last couple of years. 

 

Elastic scattering measurements with Scheimpflug Lidar  
The key feature of Scheimpflug Lidar is that it can provide range-resolved stand-off 
measurements over large distances in the backward direction. Large probe volumes, or 
measurement objects separated in space, can thus be studied simultaneously with the technique. 
The dynamics of a large probe volume may also be monitored with high temporal resolution if a 
detector with high sampling rate is utilized in the setup. To illustrate these basic features, 
inherent of the technique, measurements on some highly scattering probe volumes have been 
carried out. Fig.6.4.1 displays some results obtained in non-stable sooty flames. Two flames were 
placed in the field-of-view at different ranges and backscattering signals were monitored over 
time, resulting in time-range files. An interesting application of Scheimpflug Lidar is to use elastic 
backscattering to monitor particle distributions with high temporal and spatial resolution for soot 
diagnostics. A first test of the potential for such measurements is shown in Figure Fig.6.4.2.  

Remote scattering measurements have also been performed on non-sooty flames. Remote 
Rayleigh thermometry was performed on a McKenna burner, providing a slightly lean 
methane/air flame, placed at a distance of ~2 m from the Lidar. One measurement was done in 
the product gas of the flame -blue dashed curve in Fig.6.4.3(a)- and another measurement was 
carried out with only air flowing through the porous plug of the burner -red line in Fig.6.4.3(a)-. 
The evaluated temperature profile is shown in Fig.6.4.3(b).  

 
Fig. 6.4.1 Time-range maps over a 5-second time window with a range interval of approximately 187 – 530 cm. Two 
heavily sooting flames, one located at a range of 230 cm and the other at 352 cm, were place in the Lidar transect. The data 
was collected with a 1 kHz effective sample rate and a 400 µs integration time. The mean intensity over the time window for 
each range is shown to the left. The insert in the lower panel shows a closer view of the signal from one of the flames, marked 
by a dotted rectangle.  

                                                
1 E. Malmqvist et al, " Scheimpflug Lidar for combustion diagnostics " Opt. Express, submitted (2018) 
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Fig. 6.4.2 Time-range plot displaying the spatio-temporal dynamics of smoke dispersing along the same Lidar transect 
during 35 seconds. The sampling rate during this measurement was 100 Hz. The intensity scale in this figure is in log scale. 

 

 
Fig. 6.4.3 Remote Rayleigh thermometry in a slightly lean methane/air flame on a McKenna burner. The red line 
represents the signal recorded with only air flowing through the burner and the blue, dashed line displays the signal in the 
product gas of the flame. To the right the evaluated temperature profile is shown. 
 

 
Two-line atomic fluorescence thermometry with Scheimpflug Lidar  
The technique two-line atomic fluorescence (TLAF) has been used to perform remote 
thermometry with Scheimpflug Lidar. In this technique, the population distribution of two 
different energy levels in the indium atom (corresponding to excitation at ~410 and ~451 nm) 
are probed and the ratio of the fluorescence signals is used to determine the temperature 
according to the Boltzmann distribution. Figure 6.4.4 displays some initial results from these 
temperature measurements where a flat methane/air flame (� = 1.2) was placed ~150 cm from 
the detector. Figure 6.4.4(a) and 6.4.4(b) display the 1-D fluorescence signals and the evaluated 
temperature profile in the flame, respectively. Figure 6.4.4(c) presents the evaluated mean 
temperatures in the center of the flame as a function of height above burner (HAB) for four 
different measurement series. Figure 6.4.5 presents a 2D temperature map recorded in the same 
flame. 
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Fig. 6.4.4 (a) 451 nm-LIF profiles for the two different excitation wavelengths at HAB of 2 mm. (b) Evaluated 
temperature profile for the signals in (a). The equivalent ratio of the methane/air flame was 1.2. (c) Four series of 
temperature measurements at different HABs recorded during different days. Two of the measurements were made with the 
line array camera and the other two with the ICCD camera. A linear interpolation between the different HABs was 
performed for each series of measurements, and the solid black line displays the mean. 

 

 
Fig. 6.4.5 Temperatures in a flat flame with an equivalence ratio of 1.2 at a range of ~1.41 cm (a) 2D-temperature 
distribution of the flame. b) Vertical temperature profile in the flame. The profile is the average temperature in the area 
marked by the horizontal dotted lines in a. (c) Horizontal temperature profile in the flame. The profile is the average 
temperature in the area marked by the vertical dotted lines in a. 
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Short-Wave Infrared lidar 
Apart from atomic profiling on Indium in the violet and blue region 1, we have also developed 
dual band 2 Scheimpflug Lidar in the Short Wave InfraRed (SWIR) 3, this was allowed by a grant 
from Physiographic Society, a InGaAs linear array.  

 
Fig. 6.4.6 False color time-range maps of various atmospheric conditions. The date is recorded in two bands 980 nm and 
1550 nm at high resolution in time and space.  

The extended wavelength region allow for molecular profiling of, e.g., CO2 by absorption lines at 
1573 nm. This was pursued in a collaboration with Prof. Fredrik Laurell’s group at the Royal 
Institute of Technology, Stockholm whom developed a narrowband tunable fiber amplifier for 
the purpose. 

 

Fig. 6.4.7 Several absorption lines of CO2 at 
background levels resolved by hyperspectral differential 
absorption lidar, work by Jim Larsson. 
 

Other applications of SWIR lidar include differential indexing of liquid water and melanin in 
aerofauna are discussed further in the previous section. 

                                                
1 E. Malmqvist, M. Brydegaard, et al., "Scheimpflug Lidar for combustion diagnostics," Optics Express, 2018 
2 G. Zhao, E. Malmqvist, et al., "Dual-band continuous-wave lidar system employed for particle classification," Appl. 
Opt., vol. to appear, 2018 
3 M. Brydegaard, J. Larsson, et al., "Short-wave infrared atmospheric Scheimpflug lidar," EDP Sciences, vol. 176, 2018 
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6.5 Optical characterization of flying insects 
M. Brydegaard, J. Bood, S. Jansson, E. Malmqvist, J. Larsson  

 
Multiband modulation spectrometer  
Our planet count an estimate of 5 million species of insects each with two sexes and age groups 
and a specific behavior and ecological niches. To distinguish each of them is not a trivial task. 
We strive to crease a sufficiently large parameter space to obtain specificity. Apart from the rich 
frequency domain 1 we have explored the benefit of spectral 2 and polarization 3 domains. We 
constructed a laboratory reference chamber where living insects can be released and lidar like 
signals in various polarizations and spectral bands are received. The system also include 
extinction measurements and 3D flight trajectory by stereo vision. We recently demonstrated 
contrast between two otherwise indistinguishable closely related species of the malaria 
transmitting Anopheles mosquito. Results which can be directly implemented for remote 
classification over the landscape. This work was possible thanks to our collaboration with Prof. 
Rickard Ignell’s groups at the adjacent Alnarp Swedish Agricultural University whom maintain 
populations of several tropical disease vectors. 

 

Fig. 6.5.1 Spectral plots 
of both sexes of two closely 
related malaria mosquitoes.  
Differences in melanization 
and wing membrane 
thickness account for the 
contrast. 

 

                                                
1 M. Brydegaard, "Towards quantitative optical cross sections in entomological laser radar – Potential of temporal 
and spherical parameterizations for identifying atmospheric fauna," PLoS One 10, p. e0135231, 2015 
2 M. Brydegaard and S. Jansson, "Advances in Entomological Laser Radar," presented at the IET Intenstional Radar 
Cenference, Nanjing, China, 2018 
3 S. Zhu, E. Malmqvist, et al., "Insect abundance over Chinese rice fields in relation to environmental parameters, 
studied with a polarization-sensitive CW near-IR lidar system," Applied Physics B  123, 2017 
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Spectral Polarimetric Optical Tomographic Imaging Goniometer - SPOTIG 
 

Remote sensing of biological targets often raises at least as many questions as it answers. We 
strive to improve our understanding of the biophotonics and light interaction with organisms 
which are often shorter than the mean free scatter path length. With help from the 
Physiographic Society and Lund Laser Centre we constructed a spectral polarimetric optical 
tomographic imaging goniometer (SPOTIG). The system provide a large number of optical 
domains for investigation and just yielded the first results 1. We demonstrated that malaria 
mosquitos scatter more forward and that transmitted light was a shorter path length than 
reflected light. 

 

 
 
Fig. 6.5.2 Top: The new instrument include three automated rotation stages, a multispectral source, broand band 
polarizers and CMOS imager for microscopic pinpointing anatomical features accounting for lidar features such as 
depolarization. Left: forward scattering of fresh malaria mosquitoes. Right: Precise lidar cross sections for the deadliest 
animal on earth, Anopheles Gambiæ.  

                                                
1 S. Jansson, P. Atkinson, and M. Brydegaard, "First Polarimetric Investigation of Malaria Mosquitos as Lidar 
Targets," IEEE JSTQE Biophotonics, 2018 
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Collaborators 
 

Our group has both local and world wide collaborations. In Lund we pursue interdisciplinary 
work with colleagues from the department of biology: Prof. Susanne Åkesson (aeroecology), Dr. 
Jens Rydell (chiroptology and wind energy), Dr. Anna Runemark (evolutionary ecology), Prof. 
Eric Warent (invertebrate vision), Prof. Bengt Hansson (forestry pests).  In the Øresund region 
we collaborate with Prof. Richard Ignell at Alnarp agricultural university (malaria vectors), Dr. 
Carsten Kirkeby at royal veterinarian school in Copenhagen (epidemiology). In Africa we 
collaborate with Prof. Jeremie Zoueu in Yamoussoukro (entomological lidar) and Prof. Gerry 
Kileen in Ifakara (malaria vector surveillance). In Asia we work with Prof. Sune Svanberg (lidar), 
Dr. Guangyu Zhao (inelastic lidar), Prof. Honqian Feng (entomological lidar) in China and Dr. 
Hiran Jayaweera (passive methods) in Colombo. In Americas we are establishing new 
collaborations with Prof. Efrain Solarte in Cali (atmospheric lidar) and Prof. Cesar Costa in 
Quito (aero ecology). We also have innovation industrial collaboration with Norsk Elektro 
Optikk in Lund and FaunaPhotonics in Copenhagen where both seniors and students from our 
group have participated in patenting novel ideas.  

                
Fig. 6.5.3 Left: Brydegaard with collaborating ecologist during field campaign displaying powder tagged insects for an 
experiment. Right: P-polarized specular reflectance from a dragonfly wing as a function of wavelength and incidence angle. 
This fascinating interdisciplinary work recently lead to the first explanation of the narrowest spectral vision bands in the 
animal kingdom.   

 

Fig. 6.5.4  Women participants from 
across Africa in recent AFSIN 
workshop in Ouagadougou, Burkina 
Faso. AFSIN is funded by Swedish 
International Development Aid 
through International Science 
Programme and Uppsala University. 
Thanks to this program Mali could 
present the country’s first female doctor 
in physics 2017. 
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6.6 NO2-LIF study for sterilization applications 
K. Larsson, H. Seyfried, U. Lindblad and J. Bood 

Nitric dioxide, NO2, was for the first time studied in situ in a plasma produced by an industrial 
electron beam rig at Tetra Pak by using laser-induced fluorescence, LIF 1. A frequency doubled 
Nd:YAG laser, operating at 532 nm, was used to electronically excite the NO2 molecules whose 
subsequent fluorescence was detected by an intensified CCD camera between 550-900 nm. 
Different parameters, such as voltage and current, was varied for the electron beam rig and the 
NO2 concentration was determined. In addition, the NO2 LIF distribution at several vertical 
distances from the emitter, producing the electrons, was compared to electron dose simulations. 
In Fig. 6.6.1(a) the NO2 LIF distributions are shown for two distances from the emitter, 7 and 15 
mm, while Fig. 6.6.1(b) presents the simulated electron dose distribution at similar distances. 
Figure 6.6.1(c) illustrates the location of the 7 and 15 mm laser beams in (a) as the red and the 
black dashed lines respectively.  

 

 
Figure 6.6.1 The horizontal NO2 distribution is presented in a) for two different distances from the emitter. The 
simulated electron dose distribution is shown in b) for similar distances and the position of the laser beams are illustrated in 
c), where the red and black dashed lines represent 7 and 15 mm from the emitter, respectively.  

 
Two-dimensional NO2 images were also obtained in the plasma, produced by the gliding arc 
discharge and the result is depicted in Figure 4.7.4. The intensity, for each pixel, was converted 
into NO2 concentration by performing calibration measurements in a cell with known mixtures 
of NO2. In Figure 4.7.4a one of 500 single shot images is shown, while Figure 4.7.4b represents 
the concentration variation of the 500 single shot images over an area, indicated by the black box 
in a). 

 
Fig. 6.6.2 Single shot images of the NO2 distribution was obtained in the plasma produced by the electron beam. In a) is 
one of the 500 single-shot images shown and in b) in the variation of NO2 concentration, over the 500 images, presented.  

                                                

1 K. Larsson, H. Seyfried, U. Lindblad, M. Aldén and J.Bood, ”Quantitative NO2 measurements in an industrial 
sterilization rig using laser-induced fluorescence”, Applied Industrial Optics: Spectroscopy, Imaging and Metrology, 
(Optical Society of America, Washington DC, 2016), paper number: JW1F.2. 
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6.7 Optical Diagnostics in Nanowire Generation1 
P. Samuelsson, M. Aldén and Z. Li 

Some of the main obstacles to high volume production of single-crystal semiconductors is the 
lack of control and flexibility, and the high costs involved in the production2. In Aerotaxy 
semiconductor nanowires are grown continuously from airborne gold nanoparticles. The wires 
have diameters of around 50 nm and lengths in the order microns. Vapor-phase group III and V 
precursors (trimethyl gallium, Ga(CH3)3 trimethyl indium, In(CH3)3, and arsine, phosphine) 
provide the growth species that constitute the wire material (Ga, In, As, P respectively). Potential 
applications are mainly in solar cells and microelectronics such as light emitting diodes. 

In order to gain a better understanding of the growth process, a collaboration was initiated 
between the Divisions of Solid State Physics, who pioneered the method, and the Division of 
Combustion Physics, where optical diagnostic techniques are applied to aerosol-based 
semiconductor production, for measurement of species concentrations and distributions, 
temperature, nucleation, growth and -composition of nanocrystals, as well as finding potential 
ways to influence the process by optical manipulation. 

Whereas similar optical techniques are used as in combustion diagnostics, there are key 
differences to the respective environments, specifically a lower temperature (~500−600°C), and 
the absence of oxygen. As a consequence, the gas-phase environment is composed mainly by 
thermally decomposed precursors, including the atomic metal species and hydrocarbons, as well 
as aerosols formed by the homogeneous nucleation of the atomic metal, and alloys with the seed 
particles. Optical diagnostics is carried out in three more or less separate projects with emphasis 
on the initial stages of growth, which are difficult or impossible by any other means, using a 
combination of absorption, fluorescence, elastic and inelastic scattering based methods. 

In order to facilitate optical measurements, a downscaled and distilled version of the Aerotaxy 
production facility at Solid State Physics was designed and constructed, with the requirements 
that the system should be mobile, and have unrestricted optical access to all relevant processes. 
At the highest level, the system consists of three parts: 1. Airborne gold nanoparticles are 
produced in a spark discharge where gold vapor is ablated from the electrodes, quenched by 
inert carrier gas whereby the supersaturated vapor condenses into aerosols. 2. A temperature-
controlled high purity vapor delivery system for metal-organic precursors (trimethyl gallium and 
trimethyl indium). 3. Finally the nanoparticles and precursors are mixed in a temperature 
controlled ceramic gas heater. A nitrogen/argon shield flow prevents oxidation and reduces 
fluorescence quenching. 

Spark Discharge for Metal Nanoparticle Generation 

As a source of airborne gold particles, atomic gold vapor is produced in a high voltage spark 
discharge, which condenses into nanoparticles. The discharge cell was designed to have line-of-
sight access through the spark gap using two Brewster-angled fused silica windows perpendicular 
to the inter-electrode gap, and another window perpendicular to these. The particles are both 
used for further experiments, and also the particle generation process itself is studied using 
temporally resolved imaging, emission spectroscopy and tunable laser absorption spectroscopy. 
One of the targets here is to study the material removal from the cathode by measuring the 

                                                
1 M. Heurlin, M. H. Magnusson, D. Lindgren, M. Ek, R. Wallenberg, K. Deppert, and L. Samuelson, “Continuous 
gas-phase synthesis of nanowires with tunable properties,” Nature 492, 90−94 (2012). 
2 M. H. Magnusson, B. J. Ohlsson, M. T. Björk, K. A. Dick, M. T. Borgström, K. Deppert, and L. Samuelson, 
“Semiconductor nanostructures enabled by aerosol technology,” Front. Phys. 9, 398−418 (2014). 
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concentration of ground state atomic gold and its decay by nucleation, which eventually forms 
primary gold nanoparticles. 

 

Fig. 6.7.1 Spark emission spectrum as a function of time after breakdown. Before about 400 ns, the emission 
spectrum is dominated by nitrogen ions, whereas after, by gold ions and later neutral atomic gold. 

 

Metal-organic Precursor Decomposition 

At increasing temperatures, the methyl groups successively detach from the precursors, 
producing free group III metal atoms and intermediate species. These intermediate species may 
be suspected to be the carrier of the growth species to the seed particle and are therefore 
interesting to measure. Most intermediate decomposition products do not fluoresce, having a 
dissociative excited electronic state. In an upcoming campaign these will be studied using Raman 
spectroscopy. 

There is a complex interaction with surfaces in the thermal 
decomposition of the precursors. In aerosol based growth, the 
influence of surfaces can in principle be eliminated, which enables 
the study of the growth process independently of whatever 
influence the reactor geometries or materials has on the process. 

For high volume production there is a desire to reduce parasitic 
reactions due to wall interactions, or other loss of the growth 
species to, e.g., gas phase nucleation and wall deposition. Due to 
strong absorption in the ultraviolet the decomposition of the 
precursors can further be accelerated using photolysis, targeted by 
choice of wavelength to maximize the quantum yield of the desired 
fragment, and avoiding parasitic reactions. 

The atomic growth species (indium, gallium) are most readily 
measured using laser induced fluorescence and absorption. 
Fig. 6.7.2 shows a vertical flow of trimethyl indium in a nitrogen 
carrier, exiting the reactor at around 600°C. Close to the walls the 
precursor dissociates into atomic indium due to high temperature, 

 

Fig. 6.7.2. False color cw 
laser-induced fluorescence at 

451 nm of the atomic indium 
distribution above the reactor 

(13 mm Ø), produced by 
TMIn pyrolysis (red), and 

UV photolysis (blue). 
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whereas the indium in the colder central flow is generated from UV photolysis using a deuterium 
lamp. The resulting indium distribution is visualized using planar laser-induced fluorescence 
using a cw Ti:Sapphire laser tuned to the indium resonance line at 410.3 nm, and the 
fluorescence is detected at 451.3 nm using a narrowband filter. 

 

Gas Phase Metal Nanoparticle Alloying 

As an initial step towards wire growth, airborne gold nanoparticles alloy with the growth species 
(indium or gallium in our case), forming single-crystal alloy nanoparticles, super saturated with 
the growth species. By focusing a UV laser pulse in the nanoparticle flow, a small amount of 
material may be ablated from the nanoparticles. By reducing the pulse energy until no breakdown 
of the gas phase occurs, the technique can be targeted at the particles themselves, without any 
interference from the gas phase species, and the composition of the particles can be determined 
either by the emission spectrum. A second narrowband probe laser enables detection of atomic 
species with high sensitivity and specificity. 
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7 Combustion Chemistry 

7.1 Combustion chemistry in flames: Overview 
A. Konnov 

All combustion phenomena both in labs and in practical applications involve complex 
interaction of physical and chemical processes. Combustion researches therefore require 
extended expertise in physics, fluid dynamics, diagnostics, chemistry, etc.  

The Combustion Chemistry Group established by Alexander Konnov, who took the chair of 
Professor in Combustion Physics Including Combustion Chemistry in August 2009, consisted of 
1 senior researcher, Elna Heimdal Nilsson, and 3 PhD students: Jenny Naucler, Moah 
Christensen, and Vladimir Alekseev.  Since then PhD students all get their diploma, while 
contributed to different studies presented in this Report. Elna Nilsson initiated new activities 
related to reduced kinetic mechanisms and atmospheric chemistry, which is outlined in a separate 
section. 

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

 

7.2 A detailed kinetic mechanism for oxygenated fuels 
M. Christensen, E. Nilsson and A. Konnov 

The detailed kinetic mechanism of Konnov has for several decades been one out of a few 
reliable comprehensive kinetic mechanisms for combustion of hydrocarbons and some 
oxygenated fuels. The mechanism is based on the best knowledge of chemical kinetics from 
experimental and computational studies of each reaction rate, and has not been tuned to improve 
agreement with combustion experiments. As the kinetic understanding increase and new reaction 
rate parameters are published comprehensive kinetic mechanisms need to be updated, which has 
recently been done for the Konnov mechanism. The update is conducted by thorough literature 
studies where all published kinetic data for all reactions are considered. The mechanism has been 
updated starting with the subset of the smallest fuel, hydrogen (H2) 1, continuing with the 
chemistry involving CO 2 , and the simplest oxygenated hydrocarbon, methanol (CH3OH) 3. 

 

                                                
1 Alekseev, V. A.; Christensen, M.; Konnov, A. A. Combust. Flame 2015, 162 (5), 1884−1898. 
2 Nilsson E.J.K., Konnov A.A., Role of HOCO chemistry in syngas combustion. Energy Fuels, 30: 2443-2457 
(2016) 
3 Christensen M., Nilsson E.J.K., Konnov A.A., A systematically updated detailed kinetic model for CH2O and 
CH3OH combustion. Energy Fuels 30: 6709-6726 (2016) 
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Fig. 7.2.1 Laminar burning velocity 
of lean H2 + air flames at standard 
conditions (Tg=298K, p=1 atm). 
Symbols: experiments, lines: 
calculations using models of Alekseev 
at al. and of Keromnes et al. . 
Experimental: black – current 
measurements; blue (spherical flame, 
NLM) – Dayma et al., Varea et al.; 
orange (counterflow, NLM) – Das et 
al., Park et al. 

 

 

 

The work on syngas (CO/H2) chemistry is thorough literature review of 37 chemical reactions 
involving CO, which is coupled with the previously developed subset for H2 combustion. In this 
publication we make an effort to investigate the role of the intermediate HOCO in syngas 
combustion, involving a set of reactions that are commonly not included in syngas mechanisms. 
The conclusion is that HOCO has no significant importance for syngas combustion, but that it 
may play a minor role at low temperatures and high CO concentrations. 

 

The subsequent paper on methanol combustion contain a review of 82 chemical reactions 
involving methanol and formaldehyde (CH2O). Validation was performed against a wide range 
of experimental data, ignition delays, laminar flames and reactors. There has previously been 
major discrepancies between experiments and modeling for important combustion properties of 
methanol, in particular laminar burning velocities. The updated mechanism shows significant 
improvement, but still under predict laminar burning velocity at lean conditions and over predict 
it at rich conditions. 
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Fig. 7.2.2 Effect of N2 
dilution at standard conditions. 
H2:CO is 50:50. 
Experimental data from 
Burbano et al. and Prathap et 
al.. Modeling: present 
mechanism (full drawn lines); 
Keromnes et al. (dashed lines). 

 

 
 

 

 

Fig. 7.2.3 Flow reactor 
species profiles of 
CH3OH oxidation. 
Initial conditions are: 
CH3OH=2606 ppm, 
O2=904 ppm at 20 bar 
and 600-900 K. The 
mixture was diluted with 
N2. Residence time was 
set to 1317/T. Lines are 
modelling predictions and 
symbols experimental 
data. 
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7.3 Combustion characteristics of nitromethane/air 
J. Naucler, E. Nilsson and A. Konnov 

Nitromethane (CH3NO2) can be used as a fuel itself but is mainly studied here since it is the 
simplest fuel with a C-N bond, thus being suitable to increase understanding and facilitate model 
development for hydrocarbon interaction with nitrogen oxides. Our group has in recent years 
published experimental results and modeling of several combustion characteristics of 
nitromethane, including speciation in flames 1, laminar burning velocities in mixtures with air 2 
and CO2/O2, and ignition delays in air 3. This data is a significant contribution to the overall 
understanding of nitromethane combustion. A study in a shock tube showed that nitromethane 
ignition in air is a two stage process with an unusual pressure dependence. Two contemporary 
kinetic mechanism were investigated for all flame and ignition conditions for nitromethane 
available in the literature. The evaluation of the mechanisms reveals that the understanding of 
nitromethane combustion is at the present time not sufficient to produce a widely applicable 
mechanism. 

 

 

Fig. 7.3.1 Laminar burning 
velocity vs. ϕ for flat 
nitromethane + air flames.  
Symbols: present experiments, 
lines: predictions of the model 
of Zhang et al.  Solid lines: 
338 K, dashed lines: 348 K, 
dotted lines: 358 K.  Squares: 
338 K, circles: 348 K, 
triangles: 358 K. 

 

 

 

                                                
1 Brackmann, C., Naucler J.D., El-Busaidy, S., Hosseinia, A., Bengtsson, P.E., A.A. Konnov, E.J.K. Nilsson. 
Experimental studies of nitromethane flames and evaluation of kinetic mechanisms. Combust. Flame, 190: 327-336 
(2018). 
2 Naucler, J. D.; Nilsson, E. J. K.; Konnov, A. A., Laminar burning velocity of nitromethane plus air flames: A 
comparison of flat and spherical flames. Combust. Flame 2015, 162 (10), 3803-3809.  
3  Nauclér J.D., Li Y., Nilsson E.J.K., Curran H.J., Konnov A.A., An experimental and modeling study of 
nitromethane+O2+N2 ignition in a shock tube . Fuel, 186: 629-638 (2016) 
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7.4 Hydrogen addition to laminar hydrocarbon flames 
E. Nilsson, A. van Sprang, J. Larfeldt and  A. Konnov 

Laminar burning velocities of hydrocarbon blends of relevance to natural gas combustion, 
with addition of 0, 10, 35 and 50% hydrogen, were investigated using experiments and 
modeling. It was shown experimentally for the first time that hydrogen promotes laminar 
burning velocity of blends with heavier hydrocarbons to a smaller extent than the well-
studied effect on methane, with 20–40% lower increase in laminar burning velocity for 
hydrocarbon blends with 20% ethane/propane, compared to pure methane. Modeling points at 
the importance of increasing concentrations of OH, O and H radicals in H2 enriched flames. 
At lean conditions increase in H atom concentration is of particular importance. 
 

 

Fig. 7.4.1 Laminar burning velocity for 
methane/ethane/propane/hydrogen/air flames at 1 
atm and 298 K, at different hydrogen content. 
Lines represent modeling using the Aramco 1.3 
mechanism, with same color coding as the 
experimental data. 
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7.5 Reduced kinetic mechanisms: Overview 
E. Nilsson 

As computational capacity increase computer simulations are becoming increasingly important to 
model systems where no measurements are possible, or to increase understanding of various 
phenomena in available experimental systems. While previously systems involving both dynamics 
and chemistry were too computationally expensive, there has in recent years been significant 
activity to develop suitable Computational Fluid Dynamics (CFD) methods to include chemistry 
in modeling of dynamic processes. The combustion research community is probably where the 
development has come furthest, but in recent years CFD has also been increasingly used for 
modeling air in polluted environments like so-called street canyons. 

Activities related to development of reduce kinetic mechanisms at division of Combustion 
Physics was initiated in 2015 when Elna J.K. Nilsson became the main supervisor of industrial 
PhD student Niklas Zettervall at the Swedish Defense Research Agency (FOI). Co-supervisor of 
the student and group leader at FOI is Dr. Christer Fureby, a well-known expert in CFD. As 
elaborated in the section on hydrocarbon fuels below collaboration has been successful and the 
group is today on the international front edge of this research field. The kinetic activities have 
provided important insight into experimental studies at the division and a particularly fruitful 
collaboration between experimentalists, CFD modelers and chemical kineticists have resulted in 
a publication in the Proceedings of the Combustion Institute, about plasma assisted combustion 
1. 

To further broaden the scope of the mechanism reduction methodology a computational tool 
has been developed for automatic generation of reduced mechanisms. The work has mainly been 
conducted by PhD student Christoffer Pichler, and by him applied to methanol combustion in 
SI engines.During the period a new subproject has been initiated; reduction of kinetic 
mechanisms for atmospheric CFD simulations. This is a very new research field, that will gain 
from the more mature methodologies developed for combustion kinetics. 

 

7.6 Combustion of hydrocarbon fuels 
N. Zetterval, C. Fureby and E. Nilsson 

Accurate observations and quantitative measurements in complex systems like real engine 
configurations are difficult and expensive. An alternative to experiments is to use high fidelity 
CFD simulations to explore the fundamental physics and chemistry. Such simulations increase 
the understanding of, among other things, combustion efficiency and pollutant formation, which 
enable further design improvements and combustion optimization. The rapid development in 
computational capability during the past decade has enabled use of Large Eddy Simulation (LES) 
methods that use separation of flow motions on small scales. These simulations can include 
chemical reactivity, providing that the chemical mechanism is small enough, commonly in the 
range 40-80 reactions among about 20 species. 

A methodology for development of reduced mechanisms for hydrocarbon fuels have been 
developed in collaboration with colleagues at FOI. The general methodology is explained in a 

                                                
1 Ehn, A.; Petersson, P.; Zhu, J. J.; Li, Z. S.; Aldén, M.; Nilsson, E. J. K.; Larfeldt, J.; Larsson, A.; Hurtig, T.; 
Zettervall, N.; Fureby, C., Investigations of microwave stimulation of a turbulent low-swirl flame. Proc. Combust. 
Inst. 2017, 36, 4121-4128. 
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paper on kerosene combustion 1, presenting a kinetic mechanism of only 66 reactions, accurately 
describing combustion that in the real world include tens of thousands of reactions. The 
methodology relies on a common subset of reactions for the small species with only one carbon 
atom, an example of a mechanism is schematically shown in Figure 1. To minimize mechanism-
size the fuel breakdown and intermediate fuel radical reactions are treated in a semi-global 
fashion, which has been shown to be a suitable approach since the main combustion 
characteristics are governed by the H/O/C1 species. The base subset consists of 40 reactions and 
is a modified version of the well-known methane combustion mechanism by Smooke and 
Giovangigli 2, but with a few additional reactions and modification of rate parameters. 

 

 

 
 
Fig. 7.6.1 Schematic of the main reaction pathways in a kinetic mechanism for propane combustion. The red box contains 
the fuel breakdown subset, the blue box the intermediate hydrocarbons, and the green box the base subset, common for all 
hydrocarbon fuels. 

 

                                                
1 Zettervall, N.; Fureby, C.; Nilsson, E. J. K., A small skeletal kinetic mechanism for kerosene combustion, Energy 
Fuels 2016, 20, 9801-9813. 
2 M. D. Smooke; V. Giovangigli,  in: Reduced Chemical Mechansims and Asymptotic Approximations for Methane-
Air Flames, Springer-Verlag: New York, 1991; p 384. 
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Mechanisms for methane 1, ethylene 2, propane 3 and kerosene have been published this far, the 
methane mechanism was also extended with a reaction subset for plasma assisted combustion. 

The reduced mechanisms are developed and validated towards reference simulations with 
detailed mechanisms and experimental data when available. Main development targets are 
commonly laminar burning velocities, flame temperature and ignition delay, while also 
concentrations of major species and selected intermediates are of importance. Figure 2 show 
simulation results for kerosene/air flames, laminar burning velocities and maximum CO 
concentration profile as a function of equivalence ratio, with results from the reduced 
mechanism, a more complex mechanism and experimental data included. As evident from the 
figure, agreement is within experimental uncertainties. 

 

      
Fig. 7.6.2 Left: Laminar burning for kerosene/air flames at 1-3 atm, symbols represent experimental data, dashed lines a 
detailed reference mechanism and solid lines the reduced mechanism with 66 reactions. Right: Mole fractions of CO for the 1 
atm case, dashed line reference and solid line reduced mechanism. For reference see the original publication. 
 

 

 

 

 

 

 

 

 

                                                
1 Larsson, A.; Zettervall, N.; Hurtig, T.; Nilsson, E.J.K.; Ehn, A.; Petersson, P.; Alden, M.; Larfeldt, J.; Fureby, C. 
Skeletal methane-air reaction mechanism for Large Eddy Simulations of turbulent microwave-assisted combustion 
2 Zettervall, N.; Fureby, C.; Nilsson, E. J. K., , Energy Fuels 2017. 
3 Zettervall, N.; Nordin-Bates, K.; Nilsson, E. J. K.; Fureby, C. Largey Eddy simulation of a premixed bluff body 
stabilized flame using global and skeletal reaction mechanisms, submitted to Combust. Flame 2017, 179, 1-22 
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7.7 Automatic reduction tool: alcohol combustion chemistry 
 C. Pichler and E. Nilsson 

To further develop the reduced mechanism approach mentioned in previous section a computer 
program has been developed to automatically produce kinetic mechanisms following the 
methodology. The advantage of an automated process is the possibility to easily tailor 
mechanisms for specific conditions with respect to temperature, equivalence ratio, pressure, etc. 
The tool use established comprehensive mechanisms as a starting point and can be used to 
derive reduced mechanism with specified accuracy. The method is called Ant Colony Reduction 
(ACR) and is based on a metaheuristic algorithm called Ant Colony Optimization. The algorithm 
randomly tests subsets of the reference mechanism until a small enough mechanism that 
performs well for a given set of conditions is found. 

 

 
 
Fig. 7.7.1 Overview of the reduction and optimization process. Graphic by C. Pichler. 

 

A kinetic mechanism suitable for LES, consisting of 18 species and 55 irreversible reactions, 
developed and validated at spark-ignition engine conditions has been constructed using the ACR. 
A comprehensive mechanism was reduced and tested at high pressure (10-50 bar) and high 
temperatures (300-500 K laminar burning velocity, 1050 – 1650 K ignition delay, 783 K flow 
reactor and 800-1150 K jet-stirred reactors) to produce the reduced model that reproduce the 
result of the comprehensive mechanism at these conditions. The model performs well for 
pollutant formation (with main targets CO and CH2O), ignition delay and laminar burning 
velocity. Several other reduced models of methanol contain around the same number of species 
and reactions, although these models are developed for different conditions compared to the 
present work. A comparison of the present mechanism shows significantly better results than the 
other mechanisms at SI engine conditions. Validation of the model is carried out by comparison 
to experimental data at spark-ignition engine conditions, when available. 
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7.8 Automatic reduction tool: atmospheric applications 
M. Joelsson, C. Pichler and E. Nilsson 

The automatic reduction tool outlined in previous section is being adapted to development of 
kinetic mechanisms for CFD simulations of air in urban street canyons, highly polluted streets 
where air flow is constrained by tall buildings. The need for these simulations has been shown 
recently since it has become clear that rooftop measurements of pollutant levels are not 
representative for the air the people on street level are exposed to. The chemistry in the street 
canyons are dominated be NOx emitted from traffic and the harmful ozone, a secondary 
pollutant formed when the air has a certain composition. Figure 4 show the main chemical cycle 
of ozone and NOx, enclosed in the dashed box. Many CFD simulations up until recently has 
only implemented this simplified chemistry, but it has been shown in several studies that also the 
hydrocarbon chemistry, in particular oxygenated hydrocarbons represented by RO2 in the figure, 
need to be included to accurately predict air quality. 

This research field is of importance for future planning to get better air quality. CFD simulations 
of urban street canyons can for example guide decision makers in planning of car free zones in 
cities. 

 

 
 
Fig. 7.8.1 Schematic of the ozone-NOx chemistry of importance in the troposphere, and the influence of VOC. 
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8 Laser diagnostics for catalysis studies 

S. Blomberg, S. Pfaff, J. Zhou, J. Zetterberg 

The production of chemicals at an industrial scale, as well as protecting the environment from 
exhaust gases, relies heavily on (heterogeneous) catalyst technologies. To this end we have a 
collaboration with the Division of Synchrotron Radiation Research at Lund University (and 
others) to study gas phenomena connected to catalysis. We have also in the last year started to 
work on means of surface characterization. 

In the case of an industrial catalyst the efficiency of a material to catalyze a particular reaction is 
done by analyzing the end-products after the reactants have passed through a porous catalyst 
containing the active material using appropriate characterization techniques, such as mass 
spectrometry (MS), gas chromatography (GC) or Fourier transformed infrared spectrometry 
(FTIRS). However, for model catalysts, such as single crystals, which are used to yield an 
understanding of the surface chemistry and structure the gas-phase situation becomes more 
complicated at more realistic and industrial-like operating conditions in the mbar region and 
above. This is because in such investigations the reactants pass over the catalyst, causing gas-
phase phenomena such as mass-transfer limitation and convection, which changes the conditions 
near the catalyst. In fact, this may introduce detection of surface structures not related to the 
catalytic activity in conjunction with a change in the catalytic activity, yielding an intense debate 
on the active sites or even the active phase1,2.  

With some promising exceptions, e.g. the work of Roos et al where a scanning mass 
spectrometer with a capillary probe that can stepwise be scanned over the sample3 was used, 
traditional analytics (MS, GC, and FTIR) are not able to in 2D spatially resolve the gas 
composition surrounding the sample. Furthermore, these exceptions only measure in one single 
point at a time and will affect the gas flow above the catalyst, they are therefore not suitable for 
simultaneous measurements of several catalytic surfaces in the same environment and makes it 
hard to follow events that develop rapidly over time. 

Within this project, we study how these methodological drawbacks can be overcome by using 
laser diagnostic methods by sensitively monitor gas composition and temperature in real-time, 
close to the catalytic surface for a single as well as for several catalytic samples, with high spatial 
and temporal resolution, where the event can be followed in 2D images over time. A schematic 
example of CO oxidation over a catalyst is shown in Fig. 8.1.1.  

                                                

1 van Rijn, R., et al., Comment on "CO Oxidation on Pt-Group Metals from Ultrahigh Vacuum to Near Atmospheric Pressures. 2. 
Palladium and Platinum". Journal of Physical Chemistry C, 2010. 114(14): p. 6875-6876. 
2 Gao, F., Y.L. Wang, and D.W. Goodman, Reply to "Comment on 'CO Oxidation on Pt-Group Metals from Ultrahigh 
Vacuum to Near Atmospheric Pressures. 2. Palladium and Platinum". Journal of Physical Chemistry C, 2010. 114(14): p. 
6874-6874. 
3 Roos, M., et al., Scanning mass spectrometer for quantitative reaction studies on catalytically active microstructures. Review of 
Scientific Instruments, 2007. 78(8). 
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Fig. 8.1.1. Schematic of PLIF measurements of the activity of a model catalyst. A shows the adsorption and dissociation of 
O2 on the catalyst at point 1 and 2, respectively, and the adsorption of CO and production of CO2 at point 3 and 4, 
respectively. B shows the laser sheet (pink) that excites the CO2 molecules above the catalyst, the fluorescence from the excited 
molecules is detected. An example of the CO2 distribution above an active catalyst at elevated temperature and realistic 
pressure is shown in C. 

Although the focus of this work from the beginning was to characterize the gas phase close to 
the catalyst, we have now started to also look at surface characterization techniques, after all it is 
on the surface where the reactions (or at least most of them) occur. We have over the last two 
years worked on combining synchrotron based techniques with optical and laser based ones to 
accurately relate the catalytic activity to a certain surface structure. We have also worked on the 
development of optical reflectivity to get a macroscopic view of the surface of the catalyst and 
plan to combine polarization-modulated infrared reflection absorption spectroscopy to 
determine active sites, with gas phase diagnostic techniques. Some of our recent findings are 
exemplified in this following chapter. 
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8.1 2D gas detection for catalyst characterization 

Spatially and temporally resolved gas distributions around heterogeneous 
catalysts using infrared planar laser-induced fluorescence1 
J. Zetterberg, S. Blomberg, J. Zhou 

This study focuses on more realistic catalysts and was carried out in collaboration with the 
Competence Centre for Catalysis at Chalmers in Gothenburg. In this work, the oxidation of CO 
to CO2 was studied by laser induced fluorescence (LIF) of the product CO2 in the mid-infrared, 
and illustrated the possibility to measure with two samples simultaneously placed in the reactor. 
In this way it is, due to the imaging capability of LIF, possible to determine which sample that 
ignites first. It is further a powerful way to study how the activity of one of the samples is 
affected by the ignition of the other, due to a change in gas composition around the sample. This 
is shown in figure 1.2 where two different samples are placed in the reactor and subsequently 
heated up and how the activity of the two samples (samples are marked by the white boxed in 
the panels I-VI) changes as the temperature is changed. A trend of the LIF signal of CO2, the 
product, averaged from the area of the dashed boxed in panel I can be seen in (a). The global gas 
composition is monitored by an MS in (b) and the temperature is changed according to the black 
line in (c). The red and the blue lines are estimated surface temperatures of the catalysts 
measured by an IR camera, where it can be seen that the temperature of the samples increases 
dramatically due to the exothermic reactions on the surface as the sample ignites.   

 
Fig. 8.1.2. To the left (a), IR PLIF single-shot images during the reaction showing the CO2 distribution over a Pt-Pd 
sample and a Pd powder catalyst surfaces at different times and temperatures. b) The fluorescence signal 0.7 mm over each 
sample (red and blue). c) The MS signal. d) The temperature of the sample surfaces (red and blue) measured by an IR 
camera together with the temperature of the sample holder, measured by a thermocouple (Tc). 

 

                                                
1 J. Zetterberg, S. Blomberg, J. Gustafson, J. Evertsson, J. Zhou, E. C. Adams, P.-A. Carlsson, M. Aldén and E. 
Lundgren, Nature Communications 6 (2015). 
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Strain dependent light-off temperature in catalysis revealed by planar laser-induced 
fluorescence1 

S. Blomberg, J. Zhou, J. Zetterberg, 

Understanding how specific atom sites on metal surfaces lower the energy barrier for chemical 
reactions is vital in catalysis. Studies on simplified model systems have shown that atoms 
arranged as steps on the surface play an important role in catalytic reactions, but a direct 
comparison of how the light-off temperature is affected by the atom orientation on the step has 
not yet been possible due to methodological constraints. Here we report in situ spatially-resolved 
measurements of the CO2 production over a cylindrical shaped Pd catalyst, and show that the 
light-off temperature at different parts of the crystal depends on the step orientation of the two 
types of steps (named A and B). Our finding is supported by density functional theory 
calculations, revealing that the steps, in contrast to what is previous reported in literature, are not 
directly involved in the reaction onset but have the role of releasing stress. 

In our study we cut and polished a cylindrical Pd(111) crystal along the [111] symmetry direction 
with a total angle of α=±15°. The miscut introduced vicinal surfaces in the [112-] direction. 
These vicinal surfaces consist of (111) terraces, with stepwise decreasing widths, separated by 
{100}-like steps, hereafter denoted A-type steps, and {111}-like steps in the [112-] direction, 
hereafter denoted B-type steps. We use PLIF to probe the catalytic light-off of the sample in situ 
during CO oxidation, and perform a side by side comparison of the activity around the different 
types of steps. We conducted two separate experiments to obtain side (Figure 1.3 A-C) and top 
(Figure 1.3 FigD-F) views of the development of the catalytic activity over time with increasing 
temperature. The experiments were performed in the gas mixture of 4 mln/min each of CO and 
O2, and 92 mln/min of the carrier gas Ar, at a total pressure of 150 mbar. The temperature was 
ramped 0.05 °C/s and images were acquired with an update frequency of 10 Hz. 

We found that the catalytic reaction light-off occurs at 6 °C lower temperature for the B-type 
steps. To our surprise, it also reveals that the stepped parts of the crystal, which is expected to be 
more reactive and thus have a higher CO desorption temperature, have a lower light-off 
temperature than the extended (111) surface at the center of the crystal. The DFT calculations 
suggest that the steps release the strain on the surfaces by decreasing the in-plane lattice 
constant, which is the reason for the lower light-off temperature on the stepped part of the 
crystal. The relaxation in turn affects the CO coverage differently on the A- and B-type stepped 
surfaces and explains why the B-type step part of the crystal reveals the lowest light-off 
temperature. 

                                                
1 S. Blomberg, J. Zetterberg, J. Zhou, L. R. Merte, J. Gustafson, M. Shipilin, A. Trinchero, L. A. Miccio, A. Magaña, 
M. Ilyn, F. Schiller, J. E. Ortega, F. Bertram, H. Grönbeck and E. Lundgren, ACS Catalysis 7 (1), 110-114 (2017). 
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Fig. 8.1.3. PLIF measurements reveal 6° C lower CO2 light-off temperature over the B-type side of the 
crystal than the corresponding A-type, in a 1:1 gas mixture of CO and O2. PLIF images of the CO2 
catalytic reaction are collected over time as the temperature is increased by 0.05 °C/s. A-C) show side 
view measurements where the white box at the bottom illustrates the position of the sample and D-F) 
show top view measurements where the edges of the sample are marked with black lines. The 
temperature and time difference between each image is indicated in the top right corner of the images. G) 
A schematic illustration of the curved crystal used in the experiment. 
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8.2 Flow characterization of catalytic reactors 
Experimental and modeling studies of a Pd(100) single crystal during CO oxidation in a 
stagnation flow reactor1 

J. Zhou, S. Pfaff, S. Blomberg, J. Zetterberg 

We have studied CO oxidation over a Pd(100) single crystal catalyst in a stagnation flow both 
experimentally and theoretically, and showed the advantages of using PLIF to obtain well-
defined gas phase information just above a catalytic surface in a stagnation flow geometry. From 
experimental point of view, the well-defined gas phase signal is beneficial for making gas-surface 
correlations for in situ studies with single crystals at realistic gas conditions. Single crystals are in 
practice manufactured to have grooves or be hat-shape for easy-to-hold purpose. This 
unavoidably introduce irrelevant catalytic surfaces, which are most often exposed to the same gas 
environment as the catalytic surface under investigation. If the former is as active as the latter, it 
would be very difficult to avoid the resulting interference using commonly used flow reactor 
geometry, leading to uncertain or even wrong correlation in structure-function analysis. From 
theoretical point of view, the well-defined gas phase data is very suitable for verifying flow 
modeling and being used as input parameters for kinetic modeling of the surface. In addition, 
stagnation flow reactors are important flow reactors in heterogeneous catalysis, as they offer the 
simplicity for modeling by exploiting the axial symmetry, without losing the close relevance to 
industrial catalysis23. 

We have followed the change of the CO2 distribution over the Pd(100) by PLIF, with 
simultaneous monitoring of gas concentrations of CO, O2 and CO2 at the outlet by MS, while 
slowly ramping up and down the catalyst temperature. The results are presented in Figure 1. 
During the temperature ramp-up, the PLIF images in Figure 1.4 (a-c) reveal that the sample has 
gone through three phases: i) the whole sample is in low activity regime; ii) the sides of the 
sample get highly active; while the surface is still in the low activity regime; iii) the whole sample 
gets highly active. It is worth noting that the CO2 intensity reaches a plateau at phase iii as shown 
in the MS signal in Figure 1.4 (d) and the integrated LIF signal in Figure 1.4 (e), indicating a mass 
transfer limited (MTL) reaction at the surface. Comparing the LIF signal with the MS signal, 
there is no obvious step in the LIF trends while there are two very clear steps in the MS trends. 
This demonstrates that PLIF can measure well-defined CO2 signal generated from the surface, 
which is not or very little interfered by the signal generated from the sides of the sample, thanks 
to the feature of stagnation flow.  

                                                
1 J. Zhou, S. Matera, S. Pfaff, S. Blomberg, E. Lundgren, J. Zetterberg, in preparation 
2 Zanier, F.; Michelon, N.; Canu, P., Design and Characterization of a Stagnation Flow Reactor for Heterogeneous 
Microkinetic Studies. Chem. Eng. J. 2017, 315, 67-82. 
3 Matera, S.; Reuter, K., Transport Limitations and Bistability for in Situ Co Oxidation at Ruo2(110): First-Principles 
Based Multiscale Modeling. Phys Rev B 2010, 82, 085446. 
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Fig. 8.2.1. The CO2 distribution over a Pd(100) single crystal during CO oxidation at 200 mln/min total flow and 300 
mbar, and with 4:4:92 O2:CO:Ar ratio . (a)-(c), PLIF 10-shot average images recorded at different time and temperatures 
during the temperature ramp up. (d) The MS CO2 signal (e) The integrated PLIF signal 0.5 mm above the sample, as 
indicated by the dashed box in (a). 

Visualization of gas distribution in a model AP-XPS reactor by PLIF: CO oxidation over 
a Pd (100) catalyst1 
J. Zhou, S. Blomberg, J. Zetterberg 

In-situ knowledge of the gas phase around a catalyst is essential to make an accurate correlation 
between catalytic activity and surface structure in operando studies2. In this work, a model reactor 
has been designed to mimic gas flows in a real Ambient Pressure X-ray Photoelectron 
Spectroscopy (AP-XPS) reactor. To investigate how the presence of the nozzle affects the gas 
distribution close the sample surface, we used PLIF to visualize the CO2 distribution over a 
Pd(100) catalyst during CO oxidation. We found that the CO2 concentration in the vicinity of the 
sample, as measured by PLIF is significantly different from that at the gas outlet, as measured by 
a MS. In addition, the CO2 distribution over the sample is strongly dependent on flow rate and 
chamber pressure, as well as flow configurations.   

The pressure and flow rate dependence of the CO2 distribution has been investigated and the 
results are presented in Figure 1.5. The images are recorded when the reactions have reached the 
MTL regime. Since the reactions stabilize in the MTL regime, all images are averaged over 1000 
shots to improve the signal to noise ratio. Comparing Figure 1.5 a, b and c, the gradient of the 
CO2 signal intensity decreases as the gas exchange rate decreases from 40/min to 10/min while 
the total chamber pressure is kept at 150 mbar. Similar tendency can also be seen when the total 
pressure is at 50 mbar, as shown in Figure 1.5 (d-f). This smeared out effect can be explained by 
more CO molecules converted into inside the reactor at lower gas exchange rates, hence stronger 
CO2 presence. Interestingly, the CO2 distribution also has a strong dependence on the total 
pressure. Comparing Figure 1.5 b, e and g, the CO2 cloud becomes more smeared out as the 

                                                
1 J. Zhou, S. Blomberg, J. Gustafson, E. Lundgren and J. Zetterberg, Catalysts 7 (1), 29 (2017). 
2 Lundgren, E.; Zhang, C.; Merte, L. R.; Shipilin, M.; Blomberg, S.; Hejral, U.; Zhou, J.; Zetterberg, J.; Gustafson, J., 
Novel in Situ Techniques for Studies of Model Catalysts. Acc. Chem. Res. 2017, 50, 2326-2333. 
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total pressure decreases while the gas exchange rate is kept the same. This is most likely due to 
diffusion effect, which is stronger at lower pressure. However, the CO2 boundary layer (sharp 
gradient of the CO2 cloud) can still be clearly seen at pressure down to 25 mbar. 

 
Fig. 8.2.2. Pressure and flow dependence of the CO2 distribution over a Pd(100) single crystal catalyst in the MTL 
regime: (a-c) chamber pressure at 150 mbar, gas exchange rate at 40, 20 and 10 per minute, respectively; (d-f) chamber 
pressure at 50 mbar, gas exchange rate at 40, 20 and 10 per minute, respectively; (g) chamber pressure at 25 mbar, gas 
exchange rate at 20 per minute. All PLIF images are 1000 laser-shot averaged (acquisition time of 100 s). The nozzle is 
used as the gas outlet, which is connected to a vacuum pump and a mass spectrometer. 

8.3 Gas-surface correlation in catalysis 
Simultaneous Imaging of Gas Phase over and Surface Reflectance of a Pd (100) Single 
Crystal during CO Oxidation1 

J. Zhou, S. Blomberg, J. Zetterberg 

In this work, we have employed PLIF to spatially resolve the CO2 distribution just above a 
Pd(100) surface, and simultaneously monitored the optical reflectance of the surface, during CO 
oxidation. We found that when the reaction is in the MTL regime, the inhomogeneity of the gas 
composition over the sample can lead to an inhomogeneity of the surface reflectance change 
arising from oxide formation and surface roughening.  

The results are summarized in Figure 1.6. In the experiment, the sample was kept at 320 °C and 
125 mbar, with flows of 30 mLn/min O2, 2 mLn/min CO and 18 mLn/min Ar. This 
corresponds to initial partial pressures of 75 mbar O2, 5 mbar CO and 45 mbar Ar, with a 15:1 
O2/CO ratio, meaning that the reaction is under O2 rich condition. An MS was used to monitor 
the global gas concentration and to ensure that the reaction was in the MTL regime. Figure 1.6 
(a) shows how the surface reflectance changes at t1 = 50 s, t2 = 400 s, and t3 = 800 s during the 
oxidation process (t = 0 defined as when the gases were switched from pure Ar to CO and O2 
mixtures). As can be clearly seen, the reflectance change on the sample surface is not 
homogeneous. Instead, the reflectance at the center of the sample decreases at a much greater 
speed, compared to the corners of the sample. This is emphasized by the trends in Figure 3 (b) 
which shows how the reflectivity changes in each of the three squares in Figure 3 (a). The 
corresponding CO2 gas distribution is shown in Figure 3 (c) by a 10-shot averaged PLIF image 
recorded at t = 50 s, visualizing the CO2 distribution above the sample. A normalized horizontal 

                                                
1 J. F. Zhou, S. Blomberg, J. Gustafson, E. Lundgren and J. Zetterberg, J Phys Chem C 121 (42), 23511-23519 
(2017). 
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CO2 profile at 0.5 mm above the sample is plotted in Figure 3 (d), clearly showing that the CO2 
distribution above the sample is not homogeneous but decreases radially from the center of the 
surface. This also means that the O2/CO ratio is the highest at the center of the surface and 
decreases radially towards the edges. Combining the results from surface reflectance and gas 
phase measurements, we attribute the inhomogeneous development of the surface reflectance to 
the inhomogeneity of the gas composition above the surface. According to ref 1, the decrease of 
reflectance is a result of both surface oxide formation and increased surface roughness, and 
dominated by the latter. The higher O2/CO ratio at the center of the sample results in a faster Pd 
oxide formation and a quicker roughening compared to the corners of the sample, explaining the 
radial dynamic development of the surface reflectance signal from the surface.  

 
Fig. 8.3.1. Surface reflectance changes of the sample and CO2 distribution above the surface during CO oxidation under 
O2 rich condition (15:1 O2/CO ratio). (a) Snapshots of the surface reflectance change at t1 = 50 s, t2 = 400 s, and t3 = 
800 s; (b) The change of the surface reflectance at different regions of the surface indicated by the white rectangles in (a); (c) 
A 10-shot averaged PLIF image showing the CO2 distribution over the sample surface, acquired over 1 s; (d) Normalized 
horizontal CO2 profile 0.5 mm above the sample. The dashed lines show the positions of the center and the edges of the 
sample. 

Combining synchrotron light with laser technology in catalysis research2 
S. Blomberg, J. Zetterberg, J. Zhou, S. Pfaff 

In this work we report on the first experiments where we combined High Energy Surface X-ray 
Diffraction (HESXRD) and Planar Laser-induced Fluorescence (PLIF). The experiment is 
performed at the DESY Synchrotron in Hamburg in collaboration with the division of 
synchrotron radiation research.   

High Energy Surface X-ray Diffraction (HESXRD) provides surface structural information with 
high temporal resolution, facilitating the understanding of the surface dynamics and the structure 
of the active phase of catalytic surfaces. The surface structure detected during the reaction is 
sensitive to the composition of the gas phase close to the catalyst surface, and the catalytic 
activity of the sample itself may affect the surface structure, which in turn may complicate the 
assignment of the active phase. For this reason, we have combined Planar Laser-induced 
Fluorescence (PLIF) with HESXRD during CO oxidation over a Pd(100) crystal. PLIF 

                                                
1 Onderwaater, W. G.; Taranovskyy, A.; van Baarle, G. C.; Frenken, J. W. M.; Groot, I. M. N., In Situ Optical 
Reflectance Difference Observations of Co Oxidation over Pd(100). J. Phys. Chem. C 2017, 121, 11407-11415. 
2S. Blomberg, J. Zetterberg, J. Gustafson, J. Zhou, M. Shipilin, S. Pfaff, U. Hejral, P. A. Carlsson, O. Gutowski, F. 
Bertram and E. Lundgren, Journal of Synchrotron Radiation, accepted for publication 



148  

complements the structural studies with an instantaneous 2D image of the CO2 gas phase in the 
vicinity of the active model catalyst. Here we present combined HESXRD and PLIF operando 
measurements of CO oxidation over Pd(100), allowing for an improved assignment of the 
correlation between sample structure and the CO2 distribution above the sample surface with 
sub-second time resolution. 

At the start of the experiment we exposed the Pd(100) to 6 mbar of CO and 144 mbar of Ar but 
no O2, which generated an inactive and CO poisoned sample. The diffraction data recorded at 
this condition (Figure 1.7a) shows Bragg reflections from the bulk and crystal truncation rods 
from the surface of the Pd(100), demonstrating that a well-ordered metallic surface is present 
when no CO2 signal is detected in the gas phase over the surface (Figure 1.7b). To activate the 
Pd(100) catalyst, the gas composition was changed to reaction conditions by adding 24 mbar of 
O2 simultaneously as the Ar pressure was decreased to 120 mbar, to keep the total pressure of 
150 mbar constant. Using these reaction conditions, we found that the sample temperature of 
200°C was sufficient to bring the reaction into the mass transfer limited (MTL) regime where a 
characteristic boundary layer of CO2 was observed (Figure 1.7d and f), consistent with previous 
PLIF studies of the gas phase in the MTL regime.  

To correlate the presence of a surface oxide with the CO2 concentration above the catalyst 
surface, the intensity variation of the truncation rods originating from the (√5x√5)-R27° surface 
oxide during the CO oxidation experiment, is studied more in detail and compared to the CO2 
PLIF signal extracted from an area of 1.65 mm2, 0.3 mm above the surface (Figure 1.7i). The 
graph illustrates that the temporal resolution with which we can follow the reaction (HESXRD 2 
Hz, PLIF 10 Hz), is sufficient to monitor the ignition of the reaction both in the gas phase and 
through the surface reconstruction. Moreover, our data confirm that the response time of the 
MS is critical when establishing a correlation between surface structure and activity.  

 
Fig. 8.3.2. CO oxidation over Pd(100). Each image (HESXRD and PLIF) is averaged over 2.5 s, shown as a colored 
area in the graph.a-g) HESXRD images generated from the Pd(100) surface during the CO oxidation ignition. The graph 
in i) shows how the CO2 PLIF signal, extracted from the area marked with a blue rectangle in b),d),f) and h), together with 
the intensity of the surface oxide rod over time. The data is plotted with an updating frequency of 0.5 s. 
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Combining HESXRD with LED reflectance and PLIF for operando catalyst surface 
characterization1 

S.Pfaff, J.Zhou, S. Blomberg, J. Zetterberg 

Recently a new method has been developed by Onderwaater et al. where the reflectivity of a 
catalyst surface is measured during CO oxidation using LED light2. Using this technique, it is 
possible to create a 2D reflectivity map of the sample surface where a decreased reflectivity 
indicates either surface oxidation or increased surface roughness. We have since combined this 
technique with Planar Laser Induced Fluorescence (PLIF) which has provided further insight 
into the origin of spatial inhomogeneities in the composition of both the gas phase surrounding 
an active catalyst as well as the catalyst surface itself3. Through a collaboration with the division 
of Synchrotron Radiation Research we have further combined the reflectance technique with 
Surface X-Ray Diffraction (SXRD) to further correlate reflectivity changes with changes in 
surface structure. To this end, the PLIF and reflectivity were transported to the P07 beam line at 
DESY where the measurements were carried out. A schematic view of the setup is presented in 
figure 1.8.  

 

Fig. 8.3.3. Top view of the setup. The PLIF setup (purple) consists of a 
2.7 µm, 6 mm high  laser sheet aligned perpendicular to and just above 
the sample surface. This results in fluorescence at 4.35 µm which is 
imaged by an InSb Focal Plane Array (FPA). The LED setup (red) 
mounted above the sample consists of a red LED whose light is reflected 
onto the sample from above. The reflection is then imaged by a CMOS 
camera. X-Rays from the beam line (orange) hit the sample at a grazing 
angle for high surface sensitivity. The resulting diffraction is recorded by a 
large 2D detector. 

 

We performed measurements where the catalyst was exposed to a varied O2:CO ratio over time. 
Similarly, to the previous study, we found that the surface does oxidize homogeneously. 
Specifically, the (SXRD) signal indicating the oxide formation correlates only with the reflectivity 
in certain areas. We conclude that care has to be taken when correlating data sampled by point 
probes such as an X-ray beam with globally measured parameters such as gas concentrations 
sampled by MS at the reactor outlet. 

 

                                                
1 S.Pfaff, J.Zhou, U. Hejral, J. Gustafson, M. Shipilin, S.Albertin, S. Blomberg, E. Lundgren, J. Zetterberg, in 
preparation 
2 Onderwaater, W.G., et al., From dull to shiny: A novel setup for reflectance difference analysis under catalytic conditions. Review 
of Scientific Instruments, 2017. 88(2): p. 023704. 
3 Zhou, J., et al., Simultaneous Imaging of Gas Phase over and Surface Reflectance of a Pd(100) Single Crystal during CO 
Oxidation. The Journal of Physical Chemistry C, 2017. 121(42): p. 23511-23519. 
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Fig. 8.3.4. Data from PLIF (bottom), HESXRD (top right) and reflectivity (top left) measurements at different O2:CO 
ratio. The images are taken around 3 minutes aparts while the Pd (100) catalyst sample was exposed to an linearly 
increasing. At a ratio of 1:2 (left), the surface reflectivity is homogeneous and a surface rod (blue box) is visible in the 
HESXRD data while no oxide peak (black box) is visible. At a ratio of 6:1 (middle), the surface begins to oxidize as is 
evident by the darker area in the reflectivity data as well as the now visible surface peak in the HESXRD data. Finally, at 
a ratio of 10:1 (right), the surface is fully oxidized which is represented by a lower reflectivity signal and a strong oxide peak. 
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8.4 Related work 
Non-intrusive detection of methanol in gas phase using infrared degenerate four-wave mixing1 

J. Zhou, A. L. Sahlberg, J. Zetterberg 

In this work, we have successfully applied mid-infrared degenerate four-wave mixing (IR-
DFWM) to detect gas phase methanol, and demonstrated the potential use of the technique in 
catalytic environments, such as CO2 hydrogenation and CH4 oxidation. The detection of the ν2 
and ν9 modes of methanol is shown in Figure 1.10, with the comparison of IR-DFWM spectra 
and simulated absorption spectrum. Figure 1.10 (a) shows a simulated absorption spectrum of 
3200 ppm methanol at room temperature and atmospheric pressure, for a path length of 10 cm. 
Two IR-DFWM scans were recorded, one in a gas flow of 3200 ppm methanol in nitrogen at 
room temperature and one in a gas flow of 8300 ppm methanol in nitrogen at 300 oC, shown in 
Figure 1.10 (b) and (c) respectively. The simulated absorption spectrum exhibits a very broad 
feature. Interestingly, compared to the absorption spectrum, the IR-DFWM spectrum in panel 
(b) shows a highly enhanced signal for the lines features labeled a-d. These features lines cannot 
be resolved in the IR-DFWM spectra. Each of these Q-branches contains several closely spaced 
transitions, resulting in a coherent enhancement of the IR-DFWM signal, making the spectral 
feature more distinct. A similar phenomenon has been observed in the IR-DFWM spectra of 
CH3Cl 2 . In panel (c), a continuous continuum background-like signal arises at higher 
temperature, which is due to many upper vibrational levels of methanol molecules are further 
populated. The Q-branch feature near 2982 cm-1 is, however, very easy to identify. By scanning 
the Q-branch lines near 2982 cm-1, the detection limit is estimated to be 350 ppm at room 
temperature. 

 

Fig. 8.4.1. A comparison between a simulated 
absorption spectrum and the measured IR-DFWM 
spectrum for the ν2 and ν9 modes of methanol. (a) A 
simulated absorption spectrum of 3200 ppm methanol 
at room temperature, atmospheric pressure and for a 
path length of 10 cm. (b) A measured IR-DFWM 
spectrum of 3200 ppm methanol at room temperature. 
(c) A measured IR-DFWM spectrum of 8300 ppm 
methanol at 300⁰C. Transitions for Q-branches lines 
labeled in features. 

 

 

                                                
1 J. Zhou, A. L. Sahlberg, H. Nilsson, E. Lundgren and J. Zetterberg, Appl Phys B-Lasers O 121 (2), 123-130 (2015). 
2 Sahlberg, A. L.; Zhou, J.; Aldén, M.; Li, Z. S., Non-Intrusive in Situ Detection of Methyl Chloride in Hot Gas 
Flows Using Infrared Degenerate Four-Wave Mixing. J. Raman Spectrosc. 2015, 46, 695-701. 
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Infrared Spectroscopy as Molecular Probe of the Macroscopic Metal-Liquid Interface1 

J. Zetterberg, A. Ehn 

Heterogeneous chemistry in metal/fluid interfaces is omnipresent. Electrochemistry where the 
liquid electrolyte is in contact with electrodes is one of the more interesting chemical processes 
from an industrial point of view. This is not only the case in electrocatalysis and energy storage 
devices like in a battery, but also when metals are undergoing corrosion. Despite the importance 
of these systems, analyses of the underlying physical and chemical phenomena is still a challenge, 
and especially for processes that are occur directly at the interface.  

As a possible approach that can overcome all the above mentioned difficulties, we used 
attenuated total reflection infrared (ATR-IR) spectroscopy. ATR techniques are generally 
advantageous for studying highly absorbing media, as the radiation interacts with the sample only 
in an evanescent field, and hence the attenuation of the intensity is moderate.  

We have shown that ATR-IR spectroscopy is capable of analyzing the molecular interactions 
between solvent molecules and a metal surface. For this purpose, the solvent or a solution was 
initially placed on top of the ATR crystal, and, in the second step, a metal plate was added and 
pressed onto the crystal. The fluid remaining in a very thin layer between the ATR crystal and 
the metal plate allows for recording the IR spectrum of the interfacial molecules. The IR 
spectrum yields information about the intermolecular interactions at the surface via monitoring 
of their effects on the vibrational structure of the solvent and solute. However, it needs to be 
kept in mind that the signals do not exclusively originate from the interfacial mono-molecular 
layer, but from a thin layer that is determined by the penetration depth of the ATR approach. 
Applying a force to the metal plate ensures that the fluid layer is thin and that the interfacial 
molecular interactions are sufficiently prominent in the spectra. 

 

Fig. 8.4.2. Fingerprint and hydroxyl (OH) stretching region of the IR spectra recorded with and without aluminum 
plate. (A): water; (B): aqueous sodium sulfate solution; and, (C): aqueous citric 

 
 

                                                
1 J. Kiefer, J. Zetterberg, A. Ehn, J. Evertsson, G. Harlow and E. Lundgren, Appl Sci-Basel 7 (12) (2017). 
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9 Spray Diagnostics and Advanced Imaging  

9.1 Structured Laser Illumination Planar Imaging - SLIPI 
Y. Mishra, E. Kristensson and E. Berrocal 

Structured Laser Illumination Planar Imaging (SLIPI) is a laser imaging technique developed 
primarily for spray visualization 1. Although the experimental arrangement for SLIPI is more 
complex than conventional light sheet sheet imaging, it has demonstrated superiority in terms of 
image contrast, measurement accuracy and reliability. The uniqueness of SLIPI is that it removes 
the unwanted contribution of light arising from multiple scattering within the spray. Detecting 
such multiply scattered - or diffuse - photons leads to image blur and loss of structural 
information, making both qualitative and quantitative interpretations very difficult. To remove 
the diffuse light, SLIPI employs a laser sheet with a structure encoded into its intensity profile. In 
contrast to the singly scattered light, multiply scattered photons are incapable of maintaining this 
structure as they are repeatedly scattered within the spray. By recording three so-called subimages 
-Three phase SLIPI-, where the laser structure is altered in a controlled fashion, it is possible to 
eliminate the diffuse light in the data post-processing. 

 
Fig. 9.1.1 Schematic of a typical SLIPI experimental setup consisting of: a  Nd:YAG-pulsed laser source, optics for beam 
expansion, a transmission Ronchi or sinusoidal grating, and light sheet forming optics.   

 

Planar Droplet Sizing (LIF/Mie ratio) using SLIPI 
Droplet size is one of the main quantities when it comes to the characterization of atomizing 
sprays. It decides the suitability of the spray nozzle for particular applications such as fuel-air 
mixing in combustion devices, fire suppression, agriculture spraying and spray drying. The sprays 
consist of clouds of polydisperse droplets spread all around in a three-dimensional (3D) volume. 
Therefore, laser diagnostics extracting an accurate 2D or 3D map of droplet size are always 

                                                
1 E. Berrocal, "Structured Laser Illumination Planar Imaging: New horizons for the study of spray dynamics, 
thermometry and droplet sizing," 18th International Symposium of Laser and Imaging Techniques to Fluid 
Mechanics – Keynote presentation (2016). 
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desired. One common approach to measure the droplet size (or the Sauter Mean Diameter, 
SMD) in sprays is to study the ratio of laser induced fluorescence (LIF) and Mie scattered signal 
images. However, this method suffers from multiple light scattering and gives wrong SMD 
values. Therefore, SLIPI is used in combination with this technique for minimizing the errors 
attributed from multiple scattering. To calibrate the LIF/Mie map a Phase Doppler 
Interferometer (PDI) system is used.  

       
Fig. 9.1.2 Images of the droplet SMD, the droplet number density N, and the liquid volume fraction LVF, for a non-
symetric hollow cone at sections ranging from Z = 4 mm to 9 mm in (a) and from Z = 10 mm to 15 mm in (a). The 
droplet SMD varies in the range of 35 µm and 60 µm. The droplet N varies in the range of 5 droplets per mm3 and 35 
droplets per mm3. The LVF changes from a minimum of 0.1×10-4 to a maximum value of 5.5×10-4.  

   

SLIPI-LIF/Mie droplet sizing and SLIPI-scan extinction-coefficient (µe) mapping can be applied 
together to simultaneously extract the droplet Sauter Mean Diameter (SMD), the droplet number 
density (N), and the Liquid Volume Fraction (LVF). The spray scanning procedure is operated in 
a “bread-slicing” manner by moving the spray perpendicularly to the light sheet axis. From those 
measurements and by using the Lorenz-Mie theory, the droplet extinction-cross section (σe) is 
deduced. Finally, by dividing µe with σe quantitative images of N and LVF are obtained. Results 
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are shown in Fig. 5.1.2 where the droplet SMD varies here from 20 µm to 60 µm, the N values 
range from 5 to 60 droplets per mm3 and the LVF varies between 0.05 x 10-4 and 5.5 x 10-4 
within the probed region of the spray. From the resulting series of images, the procedure 
described here shows the possibility of obtaining 3D reconstructions of each scalar quantity, 
allowing a more complete characterization of droplet clouds forming the spray region. 
 

One-phase and two-phase SLIPI 1 
The conventional SLIPI approach is based on recording three modulated sub-images 
successively, each having a different spatial phase, and has therefore been mostly used for 
temporally averaged imaging. To circumvent this limitation and image spray dynamics, 
‘instantaneous’ two-phase (2p) and single-phase (1p) SLIPI approaches have recently been 
developed 2. The two approaches are presented here to image a transient Direct-Injection Spark-
Ignition (DISI) ethanol spray, for both liquid Laser-Induced Fluorescence (LIF) and Mie 
scattering detection. The suppression of multiple light scattering intensity renders both an 
improvement in image contrast and the removal of undesired stray light components that could 
be interpreted as signal.  

 

 
 
Fig. 9.1.3 Images of an asymmetric hollow cone at sections ranging from Z = 4 mm to 15 mm. The droplet SMD varies 
in the range of 35 µm and 60 µm. The droplet N varies in the range of 5 droplets per mm3 and 35 droplets per mm3. The 
LVF changes from a minimum of 0.1×10-4 to a maximum value of 5.5×10-4. 

  

While 2p-SLIPI preserves most of the initial spatial resolution, 1p-SLIPI results in a loss of 
spatial resolution, where high frequency image information is not visible anymore as shown in 
Fig. 5.1.4. In terms of optical arrangement, the 2p-SLIPI approach is more complex since it 
requires the use of two pulsed laser systems and a detector capable of recording the two sub-
images on a sub-microseconds time scale in order to freeze the motion of the spray. In addition, 

                                                
1 Researchers outside of the division of Combustion Physics have contributed to this work, including: 
 M. Koegl and L. Zigan -Uni. of Erlangen-Nuremberg, Germany-. 
2 Y. N. Mishra, E. Kristensson, M. Koegl, J. Jönsson, L. Zigan and E. Berrocal, "Comparison between two-phase 
and one-phase SLIPI for instantaneous imaging of transient sprays," Experiments in Fluids  58, 110 (2017). 
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the thickness of the calcite crystal needs to perfectly agree with the modulation frequency and 
the wavelength used, so that the phase-shift it induces equals half the modulation period. The 
optical design of 1p-SLIPI is significantly less complicated and less demanding in terms of 
optical arrangement/alignment and of hardware requirements. Thus, 1p-SLIPI can easily be 
combined with other existing planar based imaging techniques.  

 

 
Fig. 9.1.4 Comparison between instantaneous liquid LIF images of the DISI sprays for the CONV in (a), 2p-SLIPI in 
(b) and 1p-SLIPI in (c). The conventional image suffer from multiple light scattering effects. In contrast, both the 2p-SLIPI 
and 1p-SLIPI images reject this unwanted signal, thus, revealing a more faithful representation of the spray within the 
illumination plane of the light sheet. When comparing the two SLIPI detections, it is clearly visible that the 1p-SLIPI 
appears to have less resolved image detail in comparison to 2p-SLIPI. Data recorded at LTT Erlangen, Germany, together 
with Matthias Koegl and Lars Zigan. 

 

 
Fig. 9.1.5 Summary of the advantages and disadvantages of 2p-SLIPI and 1p-SLIPI 
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9.2 Two-photon light sheet imaging of spray systems  
J. Püls and E. Berrocal 1 

Two-photon excitation laser induced fluorescence (2p-LIF) can be for imaging optically dense 
atomizing spray. The main advantage of the approach is that very little fluorescence interference 
originating from multiple light scattering is generated. This leads to high image contrast and 
faithful description of the imaged fluid structures. While point measurement 2p-LIF imaging is a 
well-known approach used in life science microscopy, it has, to the best of the authors’ 
knowledge, never been tested for analyzing spray systems. We take advantage of this process, 
here, at a macroscopic scale (~5x5 mm field of view) by imaging the central part of a light sheet 
of 10 mm height. To generate enough 2p-LIF signal at such a scale and with single-shot 
detection, ultra-short laser pulses of 25 fs pulses centered at 800 nm wavelength and having 2.5 
mJ pulse energy have been used.  
 

 
 
Fig. 9.2.1 Comparison between (a) single-photon and (b) two-photon excitation processes. The fluorescence from two-photon 
excitation is only generated near the focal point of the light sheet, reducing a significant part of unwanted fluorescence outside 
of the light sheet. Excitation and emission spectra shown in (c). To generate the 400 nm excitation pulse, the 800 nm laser 
beam is frequency doubled by inserting a BBO crystal. Image result, in (d) of 2p-LIF light sheet imaging of the 6 holes GDI 
spray injected at 200 bars liquid pressure and recorded at 200 µs after the visible start of injection. 

                                                
1 Researchers outside of the division of Combustion Physics have contributed to this work, including: 
C. Conrad and M. Wensing -Uni. of Erlangen-Nuremberg, Germany-, M. Miranda -Uni. of Porto, Portugal-, C. Arnold -
Atomic Physics, LU- and M. Linne -Uni. of Edinburgh, U.K.-. 



158  

 
 

 
 

Fig. 9.2.2 Light sheet imaging comparison between 1p-LIF and 2p-LIF for the 6 hole GDI spray injected at 200 bar 
and detected at 200 µs after the visible start of injection. It is seen from the zoom areas that 2p-LIF provides images with 
limited blur allowing the visibility of liquid structures which are not observable with the 1p-LIF detection schemes. Note that 
each image is recorded with the same camera system but corresponds to independent injection events. 

 
 
One important aspect is to determine the benefits of 2p-LIF by comparing it with other 
detection schemes. Here, the 2p-LIF light sheet imaging approach is compared with elastic 
scattering and 1p-LIF detection as shown in Fig. 5.2.2. In order to make this comparison as 
rigorous as possible, each imaging case is based on the same detection system and the spray was 
running under identical conditions. The elastic scattering signal is obtained by simply removing 
the fluorescence band-pass filter in front of the camera and injecting water without adding any 
fluorescing dye. The 1p-LIF detection is obtained by positioning the BBO crystal in the beam 
path and doubling the frequency of the incident wavelength. It is seen from the zoomed areas of 
Fig. 5.2.2. that the liquid structures located inside the spray formation region cannot be observed 
with the elastic scattering detection nor with the 1p-LIF detection. In contrast, the 2p-LIF signal, 
reveals formerly hidden liquid structures. The most significant advantage of this technique is the 
fact that multiple light scattering of the excitation laser beam does not generate an interfering 
fluorescence signal. The technique thus provides high fidelity images of ligaments and drops 
during spray formation. The necessary laser source for such a measurement has become 
commercially available, rendering the technique usable in many different labs. Continuing work 
will evaluate and extend the technique for the study of spray dynamics by tracking over time the 
individual liquid structures. Two-photon light sheet imaging is very promising for visualization in 
challenging fuel injection systems such as biodiesel sprays and can be used in the future to 
generate valuable experimental data for the validation of CFD spray models. 
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9.3 Structured Illumination Fourier filtering - SIF 
D. Frantz, E. Kristensson and E. Berrocal 

Structured Illumination Fourier filtering (SIF) 1-2 is an optical filtering technique for high contrast 
imaging through scattering media. Imaging through a scattering medium is challenging since 
multiple scattering can strongly reduce contrast. SIF is a combination of two optical filtering 
techniques used in the trans-illumination detection mode: Structured Illumination (SI) and 
Fourier filtering. Structured Illumination uses a periodic modulation to mark the on-focus light. 
Optical Fourier filtering also discriminates against multiple light scattering by blocking high 
spatial frequencies, which contain a higher-than-average portion of unwanted scattered to light.  

 
 
Fig. 9.3.1 
Illustration of the 
SIF imaging setup. 
The beam path 
between the Ronchi 
grating and the sector 
star is 4 m. This 
distance allows a one-
to-one imaging of the 
Ronchi grating by 
using a positive 
spherical lens of 1-
meter long focal 
length. Two different 
detection system are 
compared. One is a 
telecentric camera 
objective shown in 
(13) and the second 
detection is a standard 
objectiuve where an 
aperture has been 
fixed at its optical 
Fourier plane. 

Filtering using SI or Fourier filtering have both their own limitations. With SI, the modulation 
needs to be visible and well resolved through the scattering medium. This limits the use of SI to 
fairly low turbidities. When the modulation structure is apparent, the technique is capable of 
recovering high contrast without any trade-off. Fourier filtering is limited as the approach 
suppresses high frequency components. Although the technique works at high turbidities, more 
frequencies have to be suppressed to obtain sufficiently high contrast. When combined, Fourier 
filtering can be used to filter enough to render the modulation visible. This allows the rest of the 
contrast to be regained through SI, which does not damage the high frequency information. This 
way, the suppression of high frequencies is minimized while still recovering high image contrast 
through large optical depths. The SIF method setup is shown in Fig. 5.3.1., in a configuration 
with three different illumination wavelengths from solid state lasers and two different detection 

                                                
1 D. Frantz, High Contrast Imaging Through Scattering Media Using Structured Illumination Fourier Filtering, Master Thesis, 
Lund University (2017) – Selected as Best Master Thesis 2017 in the field of photonics by PhotonicSweden. 
2  E. Berrocal, S.-G. Pettersson, and E. Kristensson, "High-contrast imaging through scattering media using 
structured illumination and Fourier filtering," Opt. Lett. 41, 5612-5615 (2016) 
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systems. A Ronchi grating is used to impose the modulation onto to the light and is then imaged 
onto to the item of interest in the imaging plane.  

Fig. 5.3.2. shows a comparison between conventional and SIF imaging through three media with 
different turbidities. Thanks to the combined filtering techniques, SIF imaging maintains high 
contrast from low turbidities up to optical depths above 11.25 and still retain some contrast at 
optical depth 15. Higher contrast might be reachable with upgraded lasers and cameras. The 
contrast of each image is quantified through the MTF of the star patterns, presented in Fig. 5.3.3 
together with the MTF of the individual SI and Fourier filtering.  
 

 
Fig. 9.3.2 Sector star images showing the contrast evolution when increasing the turbidity of medium using conventional 
imaging and SIF imaging. SIF imaging provides much better contrast.  

 

 
 

Fig. 9.3.3 Modulation Transfer Functions through different turbid media of optical depth 7.5, 11.25 and 15. Different 
filtering processes are used and compared. It is observed that the SIF approach is the most efficient, capable of resolving a 
non-visible object. 
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9.4 Frequency Recognition Algorithm for Multi-Exposures 
E. Kristensson, A. Ehn, K. Dorozynska and E. Berrocal 

Frequency Recognition Algorithm for Multiple Exposures (FRAME) is a laser-based imaging 
technique that allows a camera to record several images within one single exposure. The acquired 
image will thus have several overlapping “subimages”, which are separated digitally in the data 
post-processing using an analytical tool referred to as spatial lock-in detection. To enable this 
separation of subimages, each event is illuminated with a coded laser illumination. By providing 
the spatial lock-in detection tool with the illumination codes it can then distinguish between the 
different illumination events. Fig. 5.4.1 shows an example of the methodology 1.  
 

Fig. 9.4.1 (a) Example of 
FRAME, showing a droplet of dye 
(shaped like a donut) falling through a 
cuvette with water. As the droplet 
falls, it is sequentially illuminated four 
times with differently coded laser 
sheets. The camera records the signal 
originating from all four laser sheets 
within the same exposure. Even 
though the structures of the droplet 
from the four events overlap in space, 
the codes imprinted into the signal 
makes it possible to separate the 
events, as is shown in the Fourier 
transform in (b). The four pair of 
peaks in the Fourier transform each 
contain information from a single 
illumination event, which can be 
accessed using the spatial lock-in 
detection algorithm. The outcome of the 
analysis is shown in (c), where one can 
clearly see the downward progression of 
the droplet. From the extracted video, 
we can also see that the event contained 
two droplets. 

 
Femtosecond videography using FRAME 
The image-coding approach that forms the basis of FRAME opens up for ultrafast videography, 
since the need to read out image information in-between exposures now is circumvented. As all 
the video frames are coded into a single image, slow yet very sensitive cameras now can be used 
for videography. The rate at which events can be recorded instead falls on the illumination side – 
the faster one can sequentially illuminate a sample, the faster the video frame rate. To 
demonstrate this new ability, an experiment was executed wherein the propagation of a 
femtosecond (fs) laser pulse was filmed using the FRAME concept. In the experiment, a fs laser 
pulses was split into four pulses (using beam splitters). Each pulse, referred to as the read pulses, 
was coded and optically delayed to form an ultrafast sequence of coded illumination events. This 
pulse-train was then sent through a so-called Kerr gate. In short, a Kerr gate consists of two 

                                                
1 A. Ehn, J. Bood, Z. Li, E. Berrocal, M. Aldén and E. Kristensson, "FRAME: femtosecond videography for atomic 
and molecular dynamics," Light: Science & Applications 6, e17045 (2017). 
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crossed polarizers, in-between which there is a Kerr medium. If nothing happens with the Kerr 
medium, all the light will be blocked by the two polarizers. However, if the Kerr medium is 
exposed to an intense laser pulse, its molecules align and the material becomes birefringent. 
Thus, if a second fs laser pulse (pump pulse) propagates through the Kerr medium at the same 
time as the initial burst of coded pulses, some of the light will pass through the second polarizer 
and the light can be detected. Fig. 5.4.2 shows a schematic of the Kerr gate. Because the pump 
pulse “opens” the Kerr gate, its profile will be preserved in the gate function and thus imprinted 
into the initial burst of coded laser pulses. 
 
Fig. 9.4.2  Schematic drawing of the ultra-
fast videography experiment using FRAME. 
A Kerr gate consisting of CS2 and two 
crossed-polarizers is used to track the pump 
pulse as it propagates in space. The parts of 
the coded read pulses that overlap in time and 
space with the pump pulse are transmitted to 
the camera. The superimposed read pulses are 
then separated using the FRAME algorithm. 

Figure 5.4.3. shows an overview of 
the results obtained in the 
measurement. By changing the time-delay between the read pulses, different video frame rates 
could be achieved, maximum achieved when the pulses were arranged back-to-back, which 
yielded a frame rate of 5 THz (200 fs temporal resolution). 

 
Fig. 9.4.3  Video sequences of a light pulse propagating in space, acquired in one exposure using FRAME. (a-c) Raw 
data, as seen by the camera. (d) 2D Fourier transform of (c). (e) Magnification of (c), highlighting the superimposed codes. (f-
h) Video sequences extracted from the raw data. (i-k) Vertical summations of video sequences, showing the forward 
progression of the light pulse. 
 

Instantaneous 3D-imaging using FRAME 
The image-coding approach in FRAME can be used for other applications apart from ultrafast 
videography. For instance, instead of coding different events in time, it is possible to code 
different locations in space using coded laser sheets. This approach was tested for instantaneous 
3D imaging of the formaldehyde distribution within a flame. In the experiment, four differently-
coded laser sheets illuminated four different planes of a Bunsen flame, each exciting the 
formaldehyde molecule.  
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 Fig. 9.4.4  The illumination 
procedure used for the instantaneous 
3D imaging measurement. Four 
differently coded laser sheets (355 
nm) illuminate different planes of in 
a Bunsen flame. The camera 
observes the fluorescence signal from 
each individual plane and the 
signals are then separated based on 
their individual codes in the data 
post-processing.  

 

 

The fluorescence from each 
plane was captured in a single exposure and then each separated in the data post-processing by 
means of the FRAME algorithm. Figure 5.4.4 shows illumination procedure used in this 
experiment. The four coded laser sheets arrive at different angles, which is the same as changing 
the orientation of the superimposed codes, which is needed to transfer the different images to 
different locations within the Fourier domain. 
Figure 5.4.5 shows two examples of data acquired with the above experimental arrangement. As 
described, the camera collects the signal from all four layers simultaneously within one exposure 
but separates the data computationally in the data post-processing, yielding four laser sheet 
images. These images are then analyzed in Matlab and arranged in a 3D matrix according to 
where in space each laser sheet was placed. A shape-based interpolation scheme is then used to 
fill the remaining gaps between the laser sheets. 
 

 

 
Fig. 9.4.5  Example of 
results of instantaneous 
3D FRAME imaging. 
The camera view shows the 
raw data, as seen by the 
camera, where the signal 
from each layer overlap. 
Using FRAME, the 
layers can be identified and 
separated (see “Extracted 
layers”). These four layers 
are then arranged in 3D 
from which a shape-based 
interpolation scheme 
creates a 3D rendering of 
the formaldehyde 
distribution. 
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Simultaneous multispectral imaging using FRAME 
Another interesting possibility that opens up with FRAME is the ability to collect several 
different spectral signals simultaneously. By coding different excitation sources differently using 
the FRAME concept, it is possible to turn a monochrome camera color-sensitive. Figure 5.4.6 
shows the principle of the proposed method.  

 

 
Fig. 9.4.6  Principle of FRAME for multispectral imaging. By applying different FRAME codes to the excitation 
sources, the fluorescence each target emits can be separated based on their spatial codes rather than their emission 
characteristics. (a) Homogeneous “normal” illumination. (b) Intensity-modulated illumination, yielding two “copies” of the 
sample structures at well-defined places in the Fourier domain. (c) Multicolor FRAME illumination, where the different 
spatial codes transfer the different signals to different regions within the Fourier domain. 

To test this new concept, a multicolor illumination experiment was setup. In the experiment, 
three excitation sources – 405 nm, 450 nm and 532 nm – were overlapped spatially and made to 
illuminate a target consisting of different dyes. Before the spatial overlap, however, each laser 
source was coded differently using Ronchi gratings in order to enable the FRAME analysis. To 
test the performance of this new FRAME concept, the sample (which was stationary) was 
probed sequentially as well, with one excitation source at a time. This allowed us to evaluate how 
close to the “ground truth” the instantaneously acquired FRAME data were. 

 
Fig. 9.4.7   

Comparison between 
FRAME multispectral 
imaging and “ground 
truth” data (sequential 
acquisition). The data 
shows that FRAME 
perfoms well in 
separating the spectral 
components but that 
sharp features tends to 
appear as “ghost 
features” in the other 
data frames. 
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Simultaneous multispectral imaging using FRAME should, naturally, not be applied for static 
samples, unless fast data acquisition is imperative. The optical configuration was therefore 
applied for a more realistic case – a moving target. Here the target consisted of two mixing dye 
solutions and the purpose of the experiment was to investigate whether the mixing process could 
be monitored multispectrally in real time. Five snapshots from the 100 acquired multispectral 
images are shown in Fig. 5.4.8, wherein the mixing between the dyes can be observed (false 
colored).  

 

 

 
Fig. 9.4.8 (a) Multispectral FRAME images of a dynamic sample of two different fluorescent dyes. Five frames are shown 
to illustrate the dynamic nature of the sample. A zoomed portion of the final frame is shown which highlights the structures 
resolvable using FRAME. (b) Five frames showing the second dye only as it mixes with the first dye. 
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