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Chalmers’ Center of Excellence in internal combustion engines, called the
Combustion Engine Research Center (CERC), was formally established on
November 1, 1995 and inaugurated on March 26, 1996. At that time, the Center
was based on an agreement between the Swedish Board for Technical and
Industrial Development (NUTEK), Chalmers, and a group of five Swedish
companies. The agreement defined each party’s responsibilities with respect
to financial commitments, scientific goals and use of research results. In 1997
the governmental coordination responsibilities were transferred to the Swedish
National Energy Administration, which later changed its name to the Swedish
Energy Agency (Energimyndigheten). The initial 10-year commitment ended
at the close of 2005.
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The Swedish Energy Agency and the industrial partners made early commitments to continue supporting CERC beyond the initial 10 year period. The
formal application for continuation was thus approved for a new four year
phase (2006–2009), which could be extended for another four years subject
to satisfactory international evaluation in 2009. That evaluation by one panel
of three scientists (who evaluated the research) and a second generalist panel
(who evaluated the management and organization of CERC) was carried out
in September of 2009 and CERC received a very positive review. The decision
to continue to support the center was made and we are now in the second four
year phase which will last until the end of 2013. A new international evaluation will be held in the spring of 2013. After that review is completed and the
report form the evaluation committee has been studied, another decision about
continuation must be made.
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The governing board consists of the chairman (a voting member), one voting
member from the academic community (with an additional four nonvoting
members), three voting members from participating companies (Scania, Volvo
Car, and Volvo GTT), and one non-voting member from the Swedish Energy
Agency. The board chairmanship is currently held by Tommy Björkqvist (retired
from SAAB), who serves as a common board chair for the three engine-related
centers of competence in Sweden (CERC, CCGEx at the Royal Institute of
Technology in Stockholm, and KCFP at the University of Lund). The three
centers together are called the Swedish Internal Combustion Engine Consortium
(SICEC), and Tommy is currently the director of SICEC.
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Preface
This has been a year of transitions for CERC; many projects came to a close with successful
thesis defenses, one professor retired (Valeri Golovichev), we hired a new professor (Michael
Oevermann), our industrial membership has been changing, we have been making major
changes to our laboratory, and we now have a new program manager at the Swedish Energy
Agency.
This report has also evolved somewhat. In response to suggestions from CERC’s board of directors, we have added a new section towards the end that describes what are called “associated
projects”. CERC is an interdisciplinary center with connections to the Institution for Chemical
and Biological Engineering and to the Institution of Signals and Systems at Chalmers, but
CERC is managed within the Combustion Division of the Institution for Applied Mechanics.
The Division of Combustion has projects that sit outside of CERC, either because they are
too basic to be of interest to the industrial board (and are funded by organizations like the
Swedish Research Council, Vetenskapsrådet) or they are applied projects with some outcomes
that should not be shared among the other members of CERC (we generally do publish results
from those projects but we are careful to protect intellectual property as well). The total
research volume for these associated projects is about the same as the CERC budget. There
is a strong synergy between CERC and the associated projects because both sides contribute
to a strong research infrastructure (equipment, research staff, courses, students and faculty).
Often they are coupled. When more basic projects produce a breakthrough, for example, the
breakthrough can be immediately applied within CERC and this means it can very quickly
impact industry. In addition, CERC has recently gone through a strategic planning process.
It seems appropriate to publish that strategic plan and so we include a section on that as well.

Mark Linne, Director,
Combustion Engine Research Center

The following CERC students successfully defended their PhD theses this year:
Student name

Date

Thesis title

Opponent

Malin Ehleskog

March 9

Low Temperature
Combustion in a Heavy
Duty Diesel Engine

Dr. Bianca Vaglieco,
Instituto Motori CNR

Junfeng Yang

April 12

Biodiesel Spray
Combustion Modeling
Based on a Detailed
Chemistry Approach

Dr. Salvador Aceves,
Lawrence Livermore
National Laboratory

Monica Johansson

May 11

Fischer-Tropsch and FAME
Fuels as Alternatives
for Diesel Engines; an
Experimental Study

Prof. Curt Conner, U.
Massachusetts - Amherst

Mikael Thor

June 8

Torque Based Combustion
Property Estimation and
Control for Diesel Engines

Prof. Anna Stefanopolou,
U. of Michigan

In addition, Daniel Dahl (working on a CERC associated project) successfully defended his
thesis entitled “Gasoline Engine HCCI Combustion – Extending the High Load Limit” on
May 25. The opponent was Dr. Gautam Kalghati from Saudi Aramco. Finally, Markus Gran
from CERC’s Diesel Engine Optimization project successfully presented his licentiate thesis
entitled “Diesel Engine Modeling for Engine Management System Development” on June 11.

Valeri Golovichev, professor,
Combustion Engine Research Center

Professor Valeri Golovichev came to Chalmers in 1995 and in the intervening years he educated
many very accomplished CFD modelers who still work in the field, many of them in important
positions in Swedish industry. His specialty is the development of semi-detailed chemical kinetic
mechanisms and their use in modeling of transient spray combustion and engines. Professor
Golovichev has just retired, but he will probably still be seen on the Chalmers campus now
and then as there are specific projects he continues to work on.
Our new professor, Michael Oevermann, comes to Chalmers from the Free University of
Berlin where he was an Assistant Professor. He held a joint appointment with the Konrad
Zuse Center for Information Technology as well. Michael earned a PhD from the Technical
University (RWTH) Aachen in Germany in 1997. His thesis co-advisors were Prof. Norbert
Peters and Prof. Rupert Klein. He also has experience working at the Technical University

Michael Oevermann, professor,
Combustion Engine Research Center

3

CERC – Annual Report 2012

of Berlin, Institute of Energy Engineering (with Prof. Frank Behrendt) and at Rolls-Royce
Aeroengines in Berlin. Professor Oevermann will develop and implement both RANS and
LES codes, specializing on new computational approaches for regime- and mode-independent
subgrid models, and for new problems like primary breakup of fuel sprays (to complement
ongoing spray modeling work at Chalmers).
We are proud to announce that Andrei Lipatnikov has published a book this year. It is entitled
“Fundamentals of Premixed Turbulent Combustion” and it has been published by CRC Press.
In 2011 CERC lost ABB, SAAB, and Honda as industrial members. ABB was a longstanding
supporter of engine controls research at CERC, based on techniques that use their crankshaft
torque sensor. The ABB sequence of projects ended successfully in 2012 (ABB’s membership ramped down into 2012), and they are now collaborating on projects outside of CERC.
Unfortunately, SAAB entered bankruptcy and that explains their departure. Moreover, it
became necessary for Honda to leave CERC as a result of the Japanese earthquake.
The three Swedish competence centers that perform research on combustion engines (CERC at
Chalmers University of Technology, CCGEx at the Royal Institute of Technology in Stockholm,
and KCFP at the University of Lund) continued to collaborate within the structure called
the Swedish Internal Combustion Engine Consortium (SICEC). SICEC meets three times
per year in face-to-face meetings called the strategy and coordination group (SoS, based on
the Swedish version of the name). SoS also meets over the web in between each face-to-face
meeting. SoS’s function is to coordinate research among the three centers, and to organize
efforts to secure new funding and new industrial members.

“Fundamentals of Premixed Turbulent
Combustion”, Andrei Lipatnikov, CRC
Press, 2012.

The three centers have a nearly-common board within SICEC, with a common chair (Tommy
Björkqvist). The 2012 CERC board has been made up of the following voting members:
Tommy Björkqvist			 SICEC Chair
Anna DuBois					Chalmers University
Annika Kristoffersson Volvo Car
Per Lange						Scania
Johan Wallesten				 Volvo Group Truck Technologies
The industrial members of the board represent companies that provide substantial support
(e.g. at least 600 000 sek per year in cash and a similar amount in in-kind). Our new program
manager from the Swedish Energy Agency is Anders Johansson. He has a non-voting membership on the SICEC board. In addition, Ingemar Denbratt, Bo Egardt, Louise Olsson, and
Stina Hemdal (all from Chalmers) participate as non-voting members. Other signatories to
the CERC contract (some associated with just one project) include AB Volvo Penta, Hoerbiger
Control Systems AB, Statoil A.S., and Lantmännen Aspen. In addition, Reaction Design
Inc. is a member of CERC with a single project. Recently, Denso has announced that it will
join CERC as an associate member. Denso is a major manufacturer of vehicle components
worldwide. Their main interest in CERC is related to gasoline injectors for direct injected,
spark ignited engines.
In 2012 nine PhD students and eleven senior researchers were involved in ten projects. As in
previous years the CERC budget amounted to around 21 Msek, approximately half in cash
and half in kind.
CERCs seminar day was held on Tuesday, May 8. It was attended by the members of the
international advisory board (IAB):
• Professor Simone Hochgreb, from Cambridge University in the UK
• Dr. Mark Musculus from the Combustion Research Facility at Sandia National Laboratories
in Livermore, California, USA
• Professor Gianfranco Rizzo from the University of Salerno, Italy
The IAB also met with CERC researches and toured labs. In their reports they congratulated
CERC for continued improvements to the program, and gave some excellent advice for continued improvement.
The labs at Chalmers have been in a state of flux as we are building a new laboratory for
research on hybrid electric vehicle powertrains (at a cost of around 20 MSEK). It will serve
CERC – Annual Report 2012

4

as a campus-wide resource for research on specialized combustion engines for hybrids and
as range extenders for electric vehicles, and for research on hybrid systems, batteries, and
control. This will provide a clear link between CERC and the national Swedish Hybrid Center
(SHC), which is managed by Chalmers University. Conversations with the Chalmers Area of
Advance in Energy will probably lead to funding of one or more post-doctoral scholars for
research related to controls and hybrid vehicles.
The Chalmers Area of Advance in Transportation has already provided support for two post
doctoral scholars who are forming a strong link between the Chalmers Competence Center
for Catalysis (KCK, managed within the Institution for Chemical and Biological Engineering)
and CERC. They focus on advanced catalytic exhaust gas cleanup technologies.
Recently, the Knut and Alice Wallenberg (KAW) Foundation announced a grant to Chalmers
worth 27 MSEK for research on the fundamentals of fuel spray breakup. Professor Linne is
the PI, while Professors Andersson and Oevermann are co-PIs. The research to be conducted
under the KAW program will be more academic in nature so it will fall outside of CERC.
When combined with other grants from the Swedish Research Council (Vetenskapsrådet)
and the Swedish Energy Agency, this cluster of projects will have the goal to develop more
predictive spray combustion models.
CERC is undergoing many changes. Some of them present serious challenges and some of them
present significant opportunities. It is already clear that the center will emerge strengthened,
with a clear focus and direction. Our industrial partners and the Swedish Energy Agency have
been highly supportive throughout 2012. They have been actively engaged in the Center and
we thank them for that.
Mark Linne
Director, Combustion Engine Research Center
mark.linne@chalmers.se

Future CERC Strategy: 2020 – 2025
CERC Vision

Achieving sustainable powertrain technology through excellence in research and education.

CERC Mission

• To conduct groundbreaking engine and engine-related research with a focus on turbulent
combustion of transient sprays, engine efficiency, and emissions.
• Experiment and simulation will be strongly coupled; with the goal to develop successively
more predictive engine models.
• To educate top level engineers and scientists who will be able to secure rapid technological
development for the Swedish motor industry.
• To serve as a forum where industrialists and academics can meet to exchange knowledge
and information productively.

Internal Combustion Engine Powered Vehicles in the Future

To realize sustainable mobility in Europe, the goal for passenger road transport is to become
80% more efficient by 2030, and long distance transport will have to become 40% more efficient. These targets cannot be met without significant improvement in the powertrain energy
efficiency. Significant improvement will be achieved through vehicle hybridization; but predictions have indicated that by 2030 more than 65% of all road transport vehicles will still
be powered by internal combustion engines running on liquid fuels. It is therefore of utmost
importance that engines become significantly more efficient.
In the same time period, renewable fuels will reach 25% of the total energy consumed during road transport. Up to 2025, most of the fuels are expected to be similar to the current
fuels (diesel and gasoline), but they will be blends of fossil fuel with increasing amounts
of biomass-derived components. It is also expected that “microbial oil” (bio- refinery) will
play a larger role. Future engines must therefore be adaptable to expected variations in fuel
properties and quality.
5
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Apart from fuel efficiency, IC engines must comply with increasingly stringent emissions
and noise standards.
Complying with fuel consumption and emissions regulations will present significant challenges to vehicle manufacturers, especially since there is no single solution that can fulfill all
the requirements for sustainable mobility.
Despite its long history, potential for the internal combustion engine (ICE) remains high, owing
to its fuel flexibility (for both renewable and low-fossil-carbon fuels), high power density,
long operation range, and overall well-to-wheel efficiency in real-life operation. Much of the
fundamental technology needed for increasing fuel efficiency in the timeframe 2020–2025
is already principally known for the different vehicle technology areas; propulsion, design
(aerodynamics), parasitic losses, recovery of heat and integration. Not all the necessary details
are known, however, and the different vehicle technologies must be integrated in a holistic
way. New control systems and methods are needed to optimize the entire vehicle efficiency.
The strategy presented here is divided into the six technology areas where the combustion
group is currently active and can make the greatest impact on sustainable mobility; SI-engines,
CI-engines, alternative fuels, hybrids and heat recovery, optical diagnostics and modeling.
These areas do not match the reference groups discussed in Section 4, but as the projects evolve
further the reference groups will be realigned to match this structure.

Research: SI-engines

Spark ignited (SI) engine efficiency can potentially be improved to nearly Diesel-like values.
Future SI engines are expected to feature direct injection, downsizing, and supercharging, with
stoichiometric and/or lean burn combustion systems. The main goals are therefore to assess
future combustion systems with a view towards improving efficiency and lowering emissions
of existing engines even further. The research method will use combinations of experiments
and numerical simulations.
CERC Projects
• Particulate matter (PM) emissions from direct-injection engines
• formation and oxidation
• influence of various operating parameters, and optimization of them
• load transients and warm-up
• lean burn systems
• stratified charge
• homogeneous/micro stratification
• Fuel injection process (mixing, fuel distribution, spray-wall interactions, injection strategies, injector configuration etc.)
• Combustion and sprays in downsized engines (fuel injection, influence of increased injector
dynamic range etc.)
Associated or future CERC Projects
• Alternative engines, including engines for hybrids
• Thermodynamic cycles (flexible valve-train, variable compression, increased cooling water
temperature etc.)
• Supercritical sprays/extreme conditions
• Advanced ignition systems

Research: CI-engines

This research will focus on technologies for more efficient compression ignition (CI) engines,
together with reduction of emissions (nitric oxides (NOx) and particulate matter (PM)). The
projects will emphasize improvements in existing CI engines, together with the study of new
combustion concepts, in order to improve efficiency. The significance of downsizing will
continue to grow in the coming years owing to the availability of new charging systems with
higher boost pressure, flexible valve trains, and improved transient control (downsizing is
also a possibility for HD engines).
CERC Projects
• Diesel engine optimization – improvement of diesel engine calibration by use of 1-D models
for the entire system.
CERC – Annual Report 2012
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Associated or Future CERC Projects
• Advanced combustion concepts with flexible valve trains, flexible injection systems and
heat insulation, low temperature combustion with high exhaust temperature
• Sprays and combustion in extremely downsized and down-speeded engines with high
BMEP (using the ICE in the most favorable efficiency regimes, including engines for hybrid
applications) while meeting future emissions standards (especially NOx and PM) via:
• high pressure injection, variable nozzles, injection strategies, rate shaping, air utilization
• spray-piston interaction
• fuel dependencies
• Thermodynamic studies of new engine architectures (Variable Compression Ratio or
Variable Displacement)
• 2-stroke, VCR, and opposed piston
• Exhaust gas aftertreatment
• SCR & sprays
• particle filtration/soot oxidation

Research: Alternative Fuels

The goal of this research is to study possible alternative and renewable fuels and their impact
on efficiency and emissions. To reach the future decarbonization goals for road transport, an
increased share of low-carbon alternative gaseous and/or renewable fuels must be used. There
are several possibilities, and fuel flexibility is thus an important issue in times of changing
infrastructure for renewable and synthetic fuels, including – NG/shale NG, GTL and BTL
fuels, alcohols or hydrogen. Fuels containing oxygen are of particular interest.
Butanol is especially of interest since it can be mixed in both gasoline and Diesel fuel without using an emulsifier. When used in a CI engine it can either be combined with an ignition
improver to maintain the cetane number, or the mixture can be used without ignition improver
in order to increase the degree of premixing.
Associated or Future CERC Projects
• Combustion of various Butanol/Diesel mixtures
• Injection and combustion systems for FT, CNG/LNG, biogas, DME, alcohols, emulsions
(methanol/ethanol), blends
• Dual fuel systems (gas/Diesel, methanol/Diesel)
• Designer-fuels for new combustion processes
• Fuel flexible after-treatment (in collaboration with the catalysis center (KCK))

Research: Hybrids and Heat Recovery

Vehicle hybridization will increase over the timeframe to 2025. It will most likely follow an
evolutionary approach going from mild hybrids to full hybrids. For heavy duty vehicles hybrid
technologies will first penetrate the bus and delivery truck market. Chalmers has recently
acquired a hybrid test cell with an advanced battery emulator. The new cell is capable of
dynamically testing a complete hybrid drivetrain.
For maximum energy efficiency, wasted heat must also be recovered and converted back to
useful energy.
Associated or Future CERC Projects
• Energy recovery systems
• Rankine systems, thermodynamics, working fluids and expanders
• Hybrid drivetrains
• Using the ICE in the most favorable efficiency areas (in collaboration with the Signals
		 and Systems department for controls, and the Swedish Hybrid Center)
• Thermal management for hybrid vehicles
• Engine, electric motor, power electronics, battery and compartment
• Electric supercharging, i.e. combination of turbo compound and electric compressor
• NESS and similar technologies
• Energy management and control (in collaboration with S2, SHC)

Research: Diagnostics and Sprays

The goals of this area include improvement of direct injected engines by development of new
combustion modes based on better understanding of spray breakup, mixing and combustion
7
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enabled by advanced diagnostics methods.
We need to reach the point where we can:
• Predictively model an injector, spray, and combustion, and
• Design a new injector tip and build it for a specific application, together with new engine
geometry if necessary.
These goals will be achieved by combining basic and applied science, over near and long
terms, and in tight coordination with model development and engine research. We will rely
upon diagnostics across the entire spray; from internal flows in transparent nozzles, to ballistic
imaging of primary breakup, to studies of the spray region using phase Doppler interferometry, and planar Mie/PLIF/LII/PIV and others (e.g. schlieren, 2 wavelength pyrometry etc.).
CERC Projects
• Spray fundamentals – this is a project to understand better the effects of very high injection
pressure using a Scania XPI diesel injector. An array of diagnostics will be applied.
• Advanced diagnostics – this project exists to support other activities inside CERC by putting together established diagnostic techniques (with enhancements when necessary) and
applying them to another CERC project.
• In the near term this group supports sGDI experiments in the optical engine.
• It will also support measurements in the high pressure and temperature spray vessel, e.g.
		 the Spray Fundamentals project.
Associated or Future CERC Projects
• Detailed studies of Engine Combustion Network injectors.
• Studies of basic sprays to support the development of more predictive models.
• Development of more advanced diagnostics
• 3-pulse ballistic imaging.
• Exciplex-based planar laser dropsizing.

Research: Modeling

The stringent efficiency and emission targets of next generation IC engines can only be reached
by a collaborative research effort combining sophisticated experiments with predictive models and simulation tools. Future engines and engine concepts will most likely feature higher
pressures, lower temperatures, and stratified conditions. Furthermore, direct injection of fuel
will be the dominant technique of fuel supply. To reach a better fundamental understanding
of turbulent combustion in IC engines and to support engine development with state of the
art computational methods we can identify the following research pathways for modeling:
CERC Projects
• Diesel engine optimization – one-dimensional models for better understanding, development and control of entire vehicle systems.
• Spray/turbulence interactions – significant improvement to standard spray models for diesel
spray combustion.
• Modeling of sGDI combustion – development of models to help understand and improve
sGDI engines.
• Development of the Linear Eddy Model for mode and regime independent models of engine
combustion.
Associated or Future CERC Projects
• Models for premixed and partially premixed turbulent combustion.
• Predictive models for spray breakup.
• Modeling of interior flows, including cavitation.

Research: Controls

There are two fundamental objectives of the systems & control related research at CERC:
• To develop control design methodology and solutions for new advanced combustion, engine
and powertrain concepts.
• To contribute towards reducing the time and effort spent in developing new engine control
systems, aiming to reduce turn-around cycles in product development.
More emphasis will be given to model based control design, making use of dynamic models
of the combustion system and appropriate sensors for the online operation. Challenges in the
CERC – Annual Report 2012
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coming years include development of methodologies to adapt such models to specific engine
families, to cope with new and varying fuels, and to use these models effectively to develop
an engine controller.
The development of new hybrid powertrain concepts (including range extenders) presents new
challenges and opportunities for engine design and operation. Engine control systems will need
to interact much more with the overall powertrain control system. As a consequence, we see the
need to collaborate with researchers within SHC to understand better how the engine control
systems need to adapt to this new application. In a similar way, powertrain energy management systems should incorporate more information from model based engine control systems.
CERC Projects
• Diesel engine optimization – one-dimensional models for better understanding, development and control of vehicle systems.
Associated or Future CERC Projects
• Sensing and control for alternative fuels and compensation of component ageing
• Method development for control oriented engine models including air system, combustion
and emission phenomenon
• Model predictive control strategies with optimal control goals under constraints (emissions etc.)
• Model-based control of hybrid systems & batteries

Organization of CERC Research – 2012
As shown below, the ongoing research programs at CERC are supported by six scientific core
competencies that can be found at Chalmers, based upon contributions from the departments
of Applied Mechanics, Signals and Systems, and Chemical and Biological Engineering. The
scientific foci have been on:
•
•
•
•
•
•

Spray modeling and measurements
Advanced studies of direct injection systems
Related combustion modes in engines
Engine control
Alternative fuels
Advanced measurement techniques

The 10 CERC research projects for 2012 fall within five main research areas, each led by one
or two project leaders:
1. Petter Dahlander and Ingemar Denbratt for spark ignited engines
2. Ingemar Denbratt and Tomas McKelvey for compression ignition engines and automatic
control
3. Ingemar Denbratt for alternative fuels
4. Michael Oevermann and Andrei Lipatnikov for engine modeling
5. Mats Andersson for optical diagnostics

Figure 1. Organisation of CERC research.
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This image has changed since the 2011 report to reflect the many changes that have occurred
this year. The changes for each project are described below. The final project in the figure, Waste
Heat Recovery, is a common FFI project administered by Chalmers but shared with CCGEx
at the Royal Institute and KCFP in Lund (FFI stands for Vehicle Research and Innovation in
Swedish; it is a related funding stream using both governmental and industrial funds). It is
reported in this document as an associated project.
Each of the five research areas shown above has a reference group consisting of representatives
from the interested CERC partners, and each reference group can encompass several projects.
These reference groups meet roughly three times per year for in-depth discussions about
research results and plans for the next phase. Note that reference groups 4 and 5 (Modeling
and Diagnostics) cover enabling sciences, and so they are always blended with the other reference groups in a way that maximizes their impact. The reference groups are the foundation
for establishing project portfolios; projects are initiated, discussed and recommended to the
SoS group via the reference groups, after which they are approved by the board.
Chalmers (via CERC) also hosts a national internal combustion engines research school, with
participation by CCGEx at KTH and KCFP in Lund. The research school is headed by Sven
Andersson and it is funded by VINNOVA (the Swedish funding agency for innovation and
sustainable development).
This document contains detailed descriptions of the CERC research projects carried out in
2012 and depicted in the figure above. Here we provide a short introduction to orient the reader:

1. SI/HCCI Combustion

The reference group for this research area included representatives from: Statoil, Volvo Car
Corporation, Denso, and Chalmers University.
Spray-Guided Gasoline Direct Injection
Aim: Experimentally investigate the possibilities and limitations with a spray-guided gasoline
direct injection combustion system using multi-hole and piezo actuated injectors. The Spray
Guided Gasoline Direct Injection project (SGDI) is staffed by Petter Dahlander, Stina Hemdal
(who defended her thesis in 2011), and a new PhD student named Anders Johansson. This
project will be strengthened by the coming Denso membership.

2. Diesel Combustion and Control

The reference group for this research area included representatives from: ABB, Hoerebiger,
Scania, Volvo Car Corporation, Volvo Powertrain, and Chalmers University.
Injection Strategies for Diesel Engines
This project was completed in 2012 with the successful thesis defense by Dr. Malin Ehleskog.

Aim: The main objective of this project was to minimize soot and NOx emissions without
increases in BSFC. In order to achieve this, low temperature combustion (LTC) was studied
together with parameters concerning injection, fuel-air mixture and compression ratio, especially experiments related to the Miller cycle.
We are now discussing new, related projects with the heavy-duty manufacturers and it may
be funded as an FFI project inside CERC.
Light Duty Diesel for 2012 – Engine Control
This project was completed in 2012 with the successful thesis defense by Dr. Mikael Thor.

Aim: To investigate the potential for closed-loop control of a light duty Diesel engine and
vehicle system by extracting and using information about the combustion in real-time from
crankshaft integrated torque sensor, ion current sensors and pressure sensors.
Plans for an HEV-related control project are under discussion.
Diesel Engine Optimization
Aim: The goal for this project is to develop a methodology that optimizes a multivariable
problem with complicated response surface, and apply this method to the optimization of a
diesel engine power train system with respect to emissions, fuel consumption, and human
constraints such as noise, vibration and harshness (NVH). The accuracy of the optimization
CERC – Annual Report 2012
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result will be assessed based on the accuracy of the underlying models. Markus Grahn, an
industrial PhD student from Volvo Car, is working on this project.

3. Alternative fuels

The reference group for this research area included representatives from: Scania, Statoil, Volvo
Car Corporation, Volvo Technology, Volvo Powertrain, and Chalmers University.
Fischer-Tropsch Fuels for Low Emissions in Diesel Engines
This project was completed in 2012 with the successful thesis defense by Dr. Monica Johansson.

Aim: To study Fischer-Tropsch fuels and compare their emission formations and combustion
characteristics with conventional and other bio-fuels (e.g. RME).
This important area is likely to be extended to work on Butanol fuel blends as an associated
project via FFI funding.

4. Combustion modeling

The reference group for this research area included representatives from: Scania, Statoil, Volvo
Car Corporation, Volvo GTT, Volvo Powertrain, and Chalmers University
Spray-Turbulence Interaction
Aim: To improve the reliability of spray combustion modeling, focusing on spray/turbulence
interaction and near-nozzle behavior (atomization). In practice this means investigating which
turbulence properties are important for RANS modeling for capturing the transient injection.
In the future, this work will also include LES modeling. Anne Kösters is the PhD student
working on this project.
Combustion Models for Surrogate Bio-Diesel, RME, Fuel
This project was completed in 2012 with the successful thesis defense by Dr. Junfeng Yang.

Aim: The object of this project was to develop a full set of numerical spray combustion models
for directed injection diesel engines fuelled by bio-fuels (RME) to evaluate the conditions in
Volvo D12C and NED5 engines for effective low-emissions operation.
Modeling of Gasoline Direct Injection Spark Ignition Engines
Aim: The goal of this project is to develop models, methods, and a numerical platform for simulations of direct injection spark ignition engines that use different fuels (gasoline, ethanol, methanol
and butanol, and mixtures of these fuels). The PhD student working on this project is Chen Huang.
Representative Interactive Linear-Eddy Model (RILEM) for Low Temperature Combustion
Aim: Development of a combustion model with the following features: regime-independent
for non-premixed combustion, extension to mode-independence possible, moderate computational costs, applicable to RANS and LES turbulence models. A representative interactive
linear-eddy model (RILEM) will be coupled to CFD. The model will be developed and then
evaluated/validated via comparison with experiments and other CERC CFD approaches for
Diesel spray combustion under standard operating conditions; and then Diesel spray combustion under LTC conditions with EGR. This project replaced “Combustion Models for Surrogate
Bio-Diesel, RME, Fuel” after Junfeng Yang successfully defended his PhD thesis. We have
just hired a new student, Mr. Tim Lackmann from Germany.

5. Sprays and Diagnostics

The reference group for this research area included representatives from: Scania, Volvo Car
Corporation, Volvo GTT, Volvo Powertrain, and Chalmers University
Spray Fundamentals
Aim: The goal of this project is to determine properties of both non-combusting and combusting
Diesel sprays under various conditions using very high injection pressure (above 2000 bar).
Advanced Laser-Based Methods for Spray Imaging
Aim: Develop and apply spray diagnostic methods for visualization of the distribution of fuel in
vapor and liquid phase, quantification of fuel concentration and determination of temperature.
This project interacts with other CERC-projects to: provide expertise and advice on spectroscopy and imaging and carry out collaborative studies for spray and combustion diagnostics.
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In what follows we describe each project in much more detail, discuss associated projects, present
the group of people who carry out this work, then present a budget for the year and end with a
list of publications for the last 5 years. Please note that only a selection of the results obtained in
the various projects are presented here, with a focus on the most recent studies.
Much of this report includes a number of specialized acronyms. For those who are not familiar,
we define them here.

Nomenclature:

ASOI after start of injection
ATDC after top dead center
BSFC brake specific fuel consumption
BTDC before top dead center
BTL		 biogas to liquid
CAD		 crank angle degrees
CAP		 charge air pressure
CFD		 computational fluid dynamics
CNG		 compressed natural gas
DISC direct injection stratified charge
DISI		 direct injected spark ignited
EGR		 exhaust gas recirculation
ESC		 European stationary cycle
FAME fatty acid methyl ester
GDI		 gasoline direct injection
GTL		 gas to liquid
HC		 hydrocarbons
HCCI homogeneous charge compression ignition
IMEP indicated mean effective pressure
LEV		 low emissions vehicle
LNG		 liquified natural gas
LTC		 low temperature combustion
MEP		 mean effective pressure
NEDC new European driving cycle
NG		 natural gas
NOx		 NO + NO2, not in any particular mixture ratio
NOP		 needle opening pressure
PM		 particulate matter
PPC		 partially premixed combustion
RoHR rate of heat release
SCR		 selective catalytic reduction (of NOx)
SGDI spray guided direct injection
SULEV super ULEV
ULEV ultra low emissions vehicle
VCR		 variable compression ratio

CERC Research Projects – 2012
Spray Guided Gasoline Direct-Injection
Objectives
Project leader
Assoc. Prof. Petter Dahlander
Researchers
Anders Johansson (PhD Student)
Stina Hemdal (Post Doc)
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Lean burn combustion systems have the potential
to reduce CO2 emissions and for that reason this
project seeks to develop them further. The SGDI
project is focusing on stratified combustion.

• Compare stratified operation to homogeneous operation with respect to emissions
and fuel consumption under various operating conditions.

The objectives of the project are:
• To quantify emissions, especially particulates,
under various engine operating conditions
and to understand how they can be minimized
under realistic operating conditions.
• Quantify factors affecting combustion stability in a stratified combustion system.

Background – Stratified operation

12

The basic challenges for a lean-burn stratified
combustion system can be summarized as:
1. Combustion robustness and stability
2. Particulate number/mass
3. NOx reduction under lean conditions
4. Slow combustion occurring late in the cycle

In a spray-guided combustion system (SGDI)
the fuel injector and the spark plug are mounted
close to each other (in the so-called ‘closespaced system’). The idea is that the spray
itself should guide fuel/air mixture preparation,
and the influence of gas and piston motion on
the spray should be low. A precise spray with
good atomization, low liquid fuel penetration,
and low cycle-to-cycle variation is needed for
reliable ignition. The two most suitable types
of fuel injectors are called outward opening
piezo actuated and multihole solenoid actuated.
Outward opening piezo injectors are used in the
few spray-guided stratified combustion systems
that are in production. Multihole injectors are
less expensive and they have improved substantially over the last few years, but there are currently no spray-guided lean burn GDI engines
using multihole injectors in production.
New combustion systems require robust combustion and stable ignition. It is not clear how
this can be achieved, especially with inexpensive multi-hole injectors. Ignition in sprayguided systems depends strongly on the interaction between the spray event and the spark.
For stratified combustion the local air-fuel ratio
and flow velocity close to the spark at the time
of ignition are important for stable combustion
and misfire free operation [178,179].
One of the drawbacks with lean burn is that
NOx aftertreatment systems are complicated
and expensive; hence the interest in keeping
engine-out levels of NOx as low as possible.
EGR, which is successfully used to reduce NOx
emissions and risk of knock, could also reduce
particle emissions from GDI engines [187,188].
In previous projects we have studied effects
of parameters that affect the spray, for various
types of injectors [180]. Parameters that have
been evaluated include: fuel pressure, type of
fuel, fuel distribution (liquid/vapor), atomization, hole length/diameter ratio, liquid fuel
penetration, injector type, sprays under cold
start conditions [181] etc. It has also been demonstrated in an optical engine that an outward
opening piezo actuated injector can produce
stable stratified combustion with very low fuel
consumption [180]. However, this has only been
demonstrated with fully open throttle and without EGR. Soot formation and oxidation during
stratified combustion has also been studied in
the optical engine using an outward opening
injector [182].
This combustion system is complex and there
are still many unanswered questions. One of
the main questions is whether it is possible to
reach future emission regulations on particle
number using stratified operation and without
a particulate filter. There are few publications

on particulate numbers describing what operating conditions can be problematic and how
particulate formation can be minimized. There
is also no available study comparing particle
numbers as function of injector type under
stratified operation.
Particulates are a problem, especially during stratified operation. This has led to new
particulate regulation for SI engines; the first
regulation was on particulate mass (2009) and
in 2014 there will also be a regulation on the
number of particulates. The particulate number
requirement is believed to be harder to meet
than the mass requirement [183]. Particulate
filters may become necessary, but they should
be avoided if possible.

Anders Johansson, Ph.D Student,
Division of Combustion,
Department of Applied Mechanics,
Chalmers University of Technology.

Particulate formation in Direct Injection gasoline engines has several causes. One is fuel rich
combustion owing to slow vaporization of fuel
droplets, insufficient mixing time, and long liquid fuel penetration length. This means that
liquid fuel may hit the piston and/or the cylinder
walls before it has vaporized, which in turn can
give arise to pool fires leading to soot. It can also
cause oil film dilution. This problem is greater
during cold start and warm-up conditions owing
to lower in-cylinder surface temperatures which
lead to decreased vaporization rates and thereby
soot formation. Higher fuel pressure increases
air entrainment and mixing, which reduces
fuel rich areas and particulate emissions [184].
On the other hand enhanced fuel penetration
increases the risk of liquid fuel hitting the cylinder walls, the piston top or the spark plug
which may again lead to pool fires and increased
soot emissions [185,186]. Additional sources of
soot formation include transients, especially
load transients. The type of fuel has a large
influence as well, eg. oxygenated fuels such
as alcohols (ethanol, methanol, and butanol)
are known to produce less soot emissions, but
very little is documented for stratified combustion. Aromatics in the fuel are known to be
precursors of soot, so the aromatic content is
also important.
Several issues are associated with the process of
sampling particulate from exhaust gases. Today
it is not possible to freeze the momentary state
of the particulates at the sampling point with full
accuracy. The particulate distribution can transform both in size and number during the path
from combustion to the outlet of the exhaust
pipe. These transformations occur mainly due to
agglomeration and adsorption. Transformation
occurs also in a sampling system, for the same
reasons. When sampling exhaust gases, highly
volatile unburned hydrocarbons have to be
removed to prevent adsorption onto particles.
After the hydrocarbons are removed the process
of agglomeration has to be stopped by cooling
13
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the sample to room temperature. This method is
described in the PMP (Particulate Measurement
Programme) standard which is used to standardize sampling of exhaust gases. The PMP standard is used when certifying a vehicle against
emissions regulations.
Some challenges regarding particle emissions
have been addressed this year and the research
questions were:
• How to achieve a reliable measurement setup
to measure soot mass, number, and size distribution under stratified combustion?
• What particle distributions do stratified combustion produce and how are the distribution
and total number of particles affected by
operating parameters?

Project research question

Is stratified combustion mode in GDI engines a
good solution for higher efficiency (lower CO2
emissions), meanwhile achieving other regulated limits?

Methods used for this year

• A setup for sampling solid particulate and to
characterize size distribution from a stratified
sGDI engine has been developed. An issue
with volatile hydrocarbons affecting the particulate size distribution from the engine was
identified in the beginning of the year. This
problem generated measurements with unacceptable variation and uncertainty. A study
of particulate measurements was performed;
followed by the design of a system where the
existing size spectrometer was combined
with a sampling system especially developed
for removing volatile hydrocarbons, which
are thought to affect the solid particulates
[177]. The new sampling system was designed
to imitate the PMP standard (Particulate
Measurement Programme) to as large an
extent as possible.
• Experiments have been performed in a single
cylinder engine with a new spray guided
cylinder head which provides a higher level
of turbulence and with the possibility to vary
the rate of swirl. It is believed that one way
to speed up combustion is to increase the
turbulence by generating a higher level of
in-cylinder motion. The fuel was injected
using a 6-hole solenoid injector. Emissions,
with a focus on particulate number (mass
and size using the customized sampling system setup) were measured under 5 different
engine operating conditions and at 3 different fuel pressures. Tests were also performed
at various values of combustion phasing.
• An assessment of a commercial mass flow
rate meter (mass injection rate) for fuel injectors has also been carried out. The injection
rate is closely related to combustion properties,
CERC – Annual Report 2012
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and knowledge of the instantaneous injection
rate is therefore a very important input for
both modelers and experimentalists.
The device is based on a volume filled with
liquid fuel and the fuel injector is connected
to this volume. Liquids are almost incompressible, so when small amounts of fuel are
injected the pressure in the volume will rise
rapidly and it can be recorded. If the speed
of sound of the liquid is known it is possible
to infer how much mass has been injected
into the pressurized volume. The pressure
sensor samples at a high rate (100 kHz) and
therefore the injected liquid mass can be
sensed at the same rate. The instantaneous
injection rate is then given by the derivative
of the injected mass. The device is independent of fuel properties since it is able to automatically measure the speed of sound with
an ultrasonic sensor. The fuel is injected at
an injection frequency of 3-50 Hz. Of course,
there is an exit valve to empty fuel from the
volume and by allowing both an in- and outflow from the volume, the back pressure can
be regulated. This back pressure should
simulate the cylinder pressure into which the
fuel is supposed to be injected. When the
fuel is injected, pressure waves at the speed
of sound will propagate and be reflected back
and forth in the volume. Therefore a low pass
digital filter must be used for the pressure
signal to avoid influence of these reflections.
Another issue is that when the solenoid or
piezo actuator opens or closes, mechanical
vibrations will be transported into the liquid
in the volume and interfere with the measured signal. The fuel injectors therefore
need to be mounted in a special way, to minimize this problem. This problem exists on
all commercial devices and has not completely been solved.
The results from an injection rate meter
enable detailed studies of the needle opening
and closing, for example, and that is the portion of the injection process which normally
generates the highest flow variation. With
careful optimization of required input
parameters, an injection rate meter provides
excellent results. The instrument has been
used to characterize two types of fuel injectors, suitable for GDI.

Results

The system for sampling and measuring solid
particulate from an engine operating under
stratified combustion has been tested with good
results. It is now possible to measure size and
particulate number distribution of solid particulates without unburned hydrocarbons in the
exhaust affecting the results. Figures 2 and 3
show results from the same engine operating

condition at an engine speed of 1000 rpm and a
BMEP of 1.5 bar, but using different sampling
systems. The graphs show particle size on the
x-axis and the number of particulates on the
y-axis. Figure 2 shows the resulting particulate distribution captured with the stock sampling system delivered with the Cambustion
DMS500 Mk2. Figure 3 shows the particulate
distribution captured with the optimized sampling system. The standard deviation in Figure
2 represented by the bars and the mean value
are significantly higher in the small size range,
below 20 nm. This variation is possibly due to
unburned hydrocarbons which affect the sample
since unburned hydrocarbons are mostly found
on particles in this size range. It is clear that
the standard deviation has decreased with the
optimized system.

Figure 2. The particle size distribution obtained for stratified combustion captured using the standard sampling setup. The x-axis show the particle size in nm on a log scale and the y-axis show
the number of particles. The bars on the curve indicate the standard deviation.

In order to map the influence of various parameters on particle number and size, tests were run
under five different engine operating conditions
typical for stratified operation, see Figure 4.
Figure 5 shows the size distribution for the five
engine operating conditions. As can be seen in
the graph the particulate distribution has three
distinct humps for all engine operating conditions. A higher load at constant engine speed,
the total number of particulates increases owing
to the larger amount of fuel needed. It can also
be seen that doubled engine speed results in
roughly twice the amount of particulates, but
the increased engine speed results in fewer particulate in the size range above roughly 200 nm.
In Figure 6 (next page) the size distribution at
an engine operating condition of 4 bar BMEP at
various engine speeds is visualized. The result
for 2000 rpm has been divided by two for easier
comparison with the result for 1000 rpm. It can
be seen that the particulate peak around 100 nm
shrinks at the higher engine speed. The particulates in the 20-30 nm size range increased
in number. This is possibly explained by the
fact that particulates are increasing in size by
agglomeration with other particulates. At an
increased engine speed the time available for
agglomeration is decreased and the particulates
have less time to grow. The largest particulates
could potentially originate from agglomeration
of the medium sized particulates (at 30 nm).
This is possibly the reason why the particulates
of ~30 nm increase in number at an increased
engine speed whereas the largest particulates
decrease in size.

Figure 3. The particle size distribution obtained for stratified combustion captured using the optimized sampling setup. The x-axis show the particle size in nm on a log scale and the y-axis show
the number of particles. The bars on the curve indicate the standard deviation.

Figure 4. The engine operating points chosen for the measurements marked as crosses in a
speed- load diagram.

Figure 5. Particle size distribution obtained for stratified combustion at the five different engine operating
points; 1000 rpm, 1.5bar bmep(blue), 1000 rpm, 4 bar
bmep(red), 1500rpm, 2.5 bar bmep(black), 2000 rpm, 1.5
bar bmep(green) and 2000 rpm, 4 bar bmep(yellow). The
x-axis show the particle size in nm on a log scale and the yaxis show the number of particles.
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Figure 7 shows the results from a high load
and high speed engine operating condition with
various fuel pressures. Increased fuel pressure
was found to decrease the total particulate
number. The size distribution however was not
significantly affected. The tests with various
combustion phasing values did not reveal any
obvious trends. The tests were run with a phase
shift of 2 CAD before and after TDC.

Figure 6. Particle size distributions of stratified combustion obtained at 4 bar BMEP, 1000rpm
and 2000 rpm. The curve for 2000 rpm has been normalized on the mean value obtained for
1000 rpm for easier comparison. The x-axis show the particle size in nm on a log scale and the
y-axis show the number of particles.

This phase shift is possibly too small to reveal
any significant trends.
In Figure 8, a comparison between homogeneous and stratified operation is presented. The
result from the homogeneous operation was
captured at a lambda 1.4 whereas the stratified
operation was run at lambda 3.
Both results were captured under the same
engine operating conditions at an engine speed
of 1000 rpm and a BMEP of 1.5 bar. The stratified combustion process results in many more
particulates than the homogeneous mode and
so the stratified values were scaled down by a
divisor of 16, for easier comparison. Therefore
the graph does not represent real values and
should only be used for comparison of the size
distribution shapes. The three distinctive humps
are also present in the homogeneous case but
inverted. In the homogeneous case the smallest
particulates constitute the largest hump whereas
on the stratified mode the largest particulates
constitute the largest hump.
In summary, stratified combustion gives rise to
solid particulate of around 100 nm size and it
produces much higher PN than homogeneous
combustion, promoting the need for careful
optimization of engine operating parameters
or use of a particulate trap in order to meet
future particulate regulations.
The results from this set of experiments are currently being analyzed and will be summarized in
a paper to be submitted to the SAE International
Conference on Engines & Vehicles, Capri, Italy,
2013.

Figure 7. Particle size distribution of stratified combustion obtained at 2000 rpm, 4 bar BMEP, using various fuel pressures: 100bar (green), 150 bar (red) and 200bar (blue). The x-axis show the
particle size in nm on a log scale and the y-axis show the number of particles.

Figure 8. Particle size distributions obtained for stratified operation (red line) and homogeneous
operation (black line) at 1000 rpm and 1.5 bar BMEP. The particle concentration for the stratified
case has been normalized to the mean value of the homogenous case for easier comparison.
The x-axis show the particle size in nm on a log scale and the y-axis show the number of particles.
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For the injection rate meter, two different types
of fuel injectors were tested; a piezo actuated
outward opening injector and a solenoid actuated multihole injector. In order to understand
the instrument, the influences of several parameters have been studied, including fuel pressure,
upstream conditions (with and without common
rail), injection duration, multiple injections, digital filters, and techniques for injector clamping.
Analysis of the data and studies of variations
in the results with respect to the required input
parameters has been performed. The device will
serve as an injection rate meter for all CERC
projects and associated projects.
Figures 9-11 show result from the injection rate
meter. Figure 9 shows the mass injected for different time durations for different fuel pressures. The mass is almost linear with duration
but like many fuel injectors, there is a small
non-linear area for short time durations. This
is caused by needle motion and can easily be
compensated in the ECU. In Figure 10, injection
rates are shown for different fuel pressures. This
is considered high quality injection rate data

where the influences of injector clamping and
wave reflections are very small. Figure 11 shows
injection rate for a double injection. When the
injector needle opens, the fuel pressure will
decrease, and that decrease depends on the
upstream volume, presence of a common rail,
the fuel mass, and the injection duration. For
the second pulse, the acoustics of the upstream
volume with its wave reflections become very
important. So the mass injected in the second
pulse will be strongly dependent on the time
between the two different injections since the
fuel pressure will vary.

Conclusions

The new sampling system for measurements
of solid particulates under stratified operation
works well. Solid particulates have been measured during stratified combustion, producing
solid particulates in a size range between 50-200
nm. A liquid-into-liquid based injection rate
meter has been analyzed and applied to both
piezo and multihole GDI injectors. It can provide high quality injection rate profiles given
that the user understands its influencing parameters and physical limitations.

Figure 9. Mass injected for different time durations and for different fuel pressures.
Outward opening piezo actuated injector. Back pressure 1.5 MPa.

Ongoing work

We are developing a sampling system which
will enable measurements of solid particulates
under homogeneous mode operation. We will
also perform imaging measurements of formation and oxidation of particulates in optical
engine.

Figure 10. Instantaneous mass flow rates (injection rates)
for different fuel pressures. Mean values from 200 injections. Outward opening piezo actuated injector. Back pressure 1.5 MPa.

Figure 11. Example of an injection rate profile for a double
injection for an outward opening piezo actuated injector. The
blue line shows the injection rate and the red line shows the
upstream fuel pressure, ca 3 cm from the injector.
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Light Duty Diesel Engine – Engine Control
Objectives
Project leader
Prof. Tomas McKelvey
Project co-leader
Prof. Bo Egardt
Researchers
Mikael Thor (PhD Student)
Asst. Prof. Ingemar Andersson

This project was successfully completed with
the thesis defense by Dr. Mikael Thor. His thesis was entitled “Torque Based Combustion
Property Estimation and Control for Diesel
Engines”. A summary of his main findings is
presented here. This project investigated the use
of a crankshaft torque sensor for diesel engine
control. The objective was to determine the
potential for these measurements both for monitoring combustion and to control combustion in
closed-loop. The work focused on developing
algorithms for combustion property estimation,
e.g. estimation of start of combustion, combustion phasing and IMEP, and demonstration of
torque-based closed-loop diesel engine combustion control online.

Background
Mikael Thor, PhD Student,
Department of Signals and Systems,
Chalmers University of Technology.

Modern internal combustion engines are rapidly
becoming more and more complex in response
to increased demands on combustion efficiency
and strict emission legislation. In order to meet
these demands it is essential to optimize the
performance of the engines by developing control systems that provide greater freedom for
the engine to respond to changing operating
conditions. Traditionally, engine control systems consist of open-loop control strategies
based on calibration maps for a fixed number
of operating points. However, as the complexity of the engines increases, so too does the
complexity of these maps and the resources
required to calibrate them are quickly becoming unacceptable [189]. As a result, interest in
closed-loop and adaptive combustion control
systems has increased in recent years and these
types of control systems appear to be essential
to achieve further increases in internal combustion engine efficiency.

Figure 12. An illustration of a crankshaft with a torque sensor installed
between the final crank throw and
the flywheel (illustration courtesy of
Stefan Larsson).
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A closed-loop combustion control system relies
on sensors that provide accurate and robust
information about the combustion variables that
are of interest for control. Such sensors may
include in-cylinder pressure sensors, engine
block accelerometers, or crankshaft speed sensors. This project, however, focuses on methods
for processing information from a crankshaft
torque sensor.
The torque sensor
The torque sensor used in this project, known as
the Torductor-S, was developed by ABB and it
has been used in a number of automotive applications in the past, see e.g. Sobel et al. [190].
The sensor provides instantaneous, high-resolution measurements of the crankshaft torque
by detecting changes in the magnetic properties
of the crankshaft caused by mechanical stress.
In this project, the sensor is integrated as an
extended part of the crankshaft between the last
crank throw and the flywheel (see Figure 12). As
a result of this positioning, the measured torque
signal contains torque contributions from all
cylinders.

Previous work

During the last decades, significant efforts have
been made in the field of closed-loop combustion control. A majority of this work is based
on measurements of in-cylinder pressure [191].
Except for the work that has been carried out at
CERC, the available studies on the crankshaft
torque sensor, e.g. for cylinder balancing [192]
and engine monitoring in racing applications
[193], have been performed by ABB in collaboration with different partners. Recently, Lund
University has also investigated the use of this
type of sensor for HCCI combustion [194].

The work carried out in this project builds on
the results from a previous CERC project, which
ended in 2008, where torque based control of a
spark-ignited engine was investigated [28,40].
While the overall control system structure from
that project (shown in Figure 13) is left intact,
the combustion and crankshaft models have
been modified in order to adapt them to the
diesel engine application in this project.

Figure 13. The structure of a closedloop combustion control system
based on measurements of the
crankshaft torque.

Method

This project relied on the use of experimental
measurements to develop black-box models and
zero-dimensional physical based models. The
experimental engine is based on a standard production 5-cylinder, 2.4-liter diesel engine from
Volvo Car Corporation. However, modifications
have been made to the engine’s crankshaft in
order to fit the torque sensor and all cylinders
have been instrumented with pressure sensors
to provide reference measurements. An opensource-based control system was developed
throughout the course of this project to enable
real-time closed-loop combustion control. This
control system is based on hardware and software from National Instruments and Drivven,
and it offers complete freedom for all engine
actuators and the possibility to handle experimental sensors.
The experiments were designed to collect incylinder pressure reference data, data from the
torque sensor, and other standard sensor data at
various operating points of the engine, under
various injection strategies. After this, the collected data was analyzed offline using system
identification methods in order to create the
models and algorithms needed for combustion
property estimation.

Figure 14. An illustration of combustion net torque, defined as the
difference between fired and motored torque.

Results

Previously, this project has reported results
on combustion and crankshaft modeling. The
crankshaft model alone delivers individual cylinder IMEP estimates with a bias of less than 3%
for all cylinders [60]. When using the crankshaft
model together with a combustion model based
on Vibe functions, the individual cylinder combustion phasing can be estimated with a bias of
less than 0.6 CAD for all cylinders [71]. The
technique was further analyzed by Thor et al.
[148]. The outcomes indicated that torque-based
estimates of combustion phasing and maximum
in-cylinder pressure generally are more accurate
than estimates of start-of-combustion and the
maximum in-cylinder pressure derivative. In
Thor et al. [133], a new method for torque based
combustion phasing estimation was introduced
and it was based on properties of the net torque.
In Andersson et al. [142], the torque ratio was
analyzed and it was shown that the 50% torque
ratio combustion measure is equivalent to the
crank angle position of 50% pressure ratio, and

that determination can be transformed through
a volume ratio dependent function to the crank
angle position for 50% net heat release. During
the past year the combustion net torque approach
has been further developed and an online implementation for torque-based combustion phasing
control has been concluded and experimentally
verified. These results are presented in more
detail below.

Figure 15. An illustration of how features of the combustion net torque
are transformed by a nonlinear
mapping to an estimate of the 50%
burned mass fraction position.

Combustion phasing estimation based on
combustion net torque
Two methods, both based on the concept of combustion net torque, for estimation of combustion
properties have been investigated. Combustion
19
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net torque, illustrated in Figure 14, is defined
as the difference between the torque produced
by a fired engine cycle and the torque produced
by a corresponding motored engine cycle. The
first of the proposed methods estimates entire
burned mass fraction traces from corresponding
combustion net torque traces. This is done by
solving a convex optimization problem based
on a derived analytical relation between the
two quantities. The other proposed method
estimates the well established combustion phasing measure called 50% burned mass fraction
directly, and more efficiently, from combustion
net torque using a nonlinear black-box mapping (see Figure 15). The methods were assessed
using both simulations and experimental data
gathered from a 5-cylinder light-duty diesel
engine equipped with a crankshaft torque sensor
and cylinder pressure sensors used for reference
measurements. The combustion phasing estimation error distributions for these two methods,
based on data from the crankshaft torque sensor,
are depicted in Figure 16. The results indicate
that both methods work well but the method that
estimates entire burned mass fraction traces is
more sensitive to decreasing torque data quality.
Based on the experimental crankshaft torque
data, the direct combustion phasing estimation
method delivers estimates with a bias of less than
1 CAD and a cycle-to-cycle standard deviation of
less than 2.7 CAD for all cylinders. The results
are reported in [172].

Figure 16 (above). Combustion phasing estimation errors using the method for entire burned mass
fraction estimation (left) and the method for direct combustion phasing estimation (right). The results
are based on data from the crankshaft torque sensor.

Torque-based combustion phasing control
Methods for closed-loop combustion phasing
control in a diesel engine based on measurements of crankshaft torque were developed,
implemented, and tested. Two different control
schemes, one for individual cylinder control
and one for average cylinder control, have been
studied. The proposed methods were experimentally evaluated using the light-duty diesel
engine equipped with a crankshaft integrated
torque sensor. The results indicated that it is
possible to estimate and control the engine
accurately, on an individual cylinder basis,
using measurements from the crankshaft torque
sensor. Combustion phasing is estimated with
bias levels of less than 0.5 CAD and cycle-tocycle standard deviations of less than 0.7 CAD
for all cylinders, and the combustion phasing
controllers manage to counteract disturbances
in both fuel injection timing and EGR fraction
(see Figures 17 and 18 for results). The results
are reported by Thor et al. [173].

Conclusions

Figure 17. An example of torque based closed-loop individual cylinder combustion phasing control
in which a software-induced fuel injection timing disturbance is introduced in cylinder 3 between approximately 200 and 500 engine cycles. The figure shows the reference combustion phasing measure
(top) along with the individual cylinder control signals (bottom). These results were obtained at 1500
RPM and 40 Nm load. The combustion phasing setpoint was 12 CAD after TDC.
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This project has developed, implemented and
experimentally verified that multi-cylinder
closed loop combustion phasing control is a
viable option when the combustion phasing
position estimation is based on a single crankshaft torque signal.

Figure 18. An example of torque based closed-loop individual cylinder combustion phasing control where a
disturbance in the EGR fraction is introduced after approximately 200 engine cycles and re- moved again after
roughly 500 engine cycles. The figure shows the reference
combustion phasing measure (top) along with the individual cylinder control signals (bottom). These results were
obtained at 1500 RPM and 40 Nm load. The combustion
phasing setpoint was 12 CAD after TDC.

Injection Strategies
Objectives

This project was successfully completed with the
thesis defense by Dr. Malin Ehleskog. Her thesis
was entitled “Low Temperature Combustion
in a Heavy Duty Diesel Engine” [198]. A summary of her main findings is presented here. The
objectives of this project were to investigate the
possibilities for reducing HC and CO emissions
from Low Temperature Combustion in order
to reduce fuel consumption. The potential for
using this combustion mode under higher loads
was also investigated. A final line of investigation focused on using partially premixed combustion as a means of reducing soot and NOx
emissions without increasing fuel consumption.
A variety of injection strategies have been
investigated with the aim of improving the mixing of fuel and air in the cylinder and thereby
reducing CO and HC emissions while promoting soot oxidation. Other important studies have
focused on the effect of the charge air pressure
and EGR on the formation of emissions. The
use of a Variable Valve Actuation (VVA) system to vary the effective compression ratio and
thereby adjust the temperature and pressure of
the charge air has also been investigated.

Background

Increasing public awareness of our effect on the
environment together with rising fuel costs and
finite oil reserves has prompted the introduction of stringent regulation of engine emissions.
Furthermore, legislation on fuel efficiency for
Heavy Duty trucks is expected to be introduced
in the near future. It is therefore increasingly
important to reduce engine-out emissions while
maintaining low fuel consumption.

The main goal of contemporary research on
Diesel engines is to minimize emissions of particulate matter and NOx, meanwhile lowering
fuel consumption or at least leaving it unaffected. Previous research has shown that HCCI
or low temperature combustion with high levels
of EGR can reduce both soot and NOx emissions. However, these combustion concepts
also generate high CO and HC emissions and
therefore have high fuel consumption. In addition, they are only viable for low loads.
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Results

The first years of this project were dedicated
to Low Temperature Combustion (LTC) with
very high levels of EGR. EGR reduces incylinder oxygen concentration and prolongs
the ignition delay, and therefore increases the
amount of premixed combustion. This reduces
the temperatures attained during combustion
and is therefore very effective at reducing NOx
emissions. However, increasing the amount
of EGR typically yields increased soot emissions because increasing the amount of EGR
reduces the in-cylinder temperature, which
disfavors soot oxidation compared to soot formation and therefore gives increased engineout soot emissions. At even higher levels of
EGR, however, soot emissions rapidly drop
because of decreased soot formation. Thus,
while very high levels of EGR give high
equivalence ratios, combustion under these
conditions produces very low emissions of
both soot and NOx, see Figure 19.
When the amount of EGR is increased further,
soot formation is reduced to such low levels
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that the engine-out soot emissions become very
low. The point at which both soot and NOx emissions are reduced simultaneously was found to
coincide with the point at which the ignition
delay became so long that all the fuel had been
injected before the start of the main combustion,
see Figure 20. This behavior also occurs for MK
combustion [195], for example.
Unfortunately, the low temperatures that produce low soot and NOx emissions also yield
very high CO and HC emissions. This is partly
due to the fact that at these low temperatures,
the oxidation reactions are halted relatively
early in the expansion stroke (occurs below
1500K). Another potential cause is overmixing due to the long ignition delay coupled to
the entrainment wave described by Musculus
[196]. Furthermore, the rate of heat release at
low temperatures is relatively slow and extends
further into the expansion stroke. This significantly increases fuel consumption for nearstoichiometric, low temperature combustion.
When the load is increased, the injection duration must be prolonged. If the injection rate cannot be increased, it is necessary to increase the
injection delay, in order to achieve low temperature combustion. For higher loads the
EGR temperature is raised; this increases the
in-cylinder temperature and therefore shortens
Figure 19. The effects of charge
air pressure (abs. pressure) on NOx
(filled symbols) and soot (unfilled
symbols) emissions for different EGR
levels at 50% load and 1500 rpm.

Figure 20. Effect of increasing EGR
on the rate of heat release (RoHR).
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the ignition delay. Consequently, the EGR level
could not be increased sufficiently to achieve
low temperature combustion above 50% load.
Sufficiently low in-cylinder temperatures could
only be attained by reducing the compression
ratio. Reducing the geometric compression ratio
reduces the expansion ratio, which has adverse
consequences for fuel efficiency. An alternative
is to increase the ignition delay by using a lower
cetane number fuel.
To mitigate the fuel consumption penalty associated with low temperature combustion, the
start of injection (SOI) was varied. This did
indeed reduce fuel consumption. However, it
did not improve the HC and CO emissions profiles. It therefore seems that the beneficial effect
of varying the SOI is primarily due to the ability
to achieve a more optimal combustion phasing. Higher needle opening pressures (injection
pressures) were also found to decrease CO and
HC emissions for very high EGR levels. Despite
this, the fuel consumption penalty remained
unacceptably high.
When soot and NO x emissions are plotted
against the amount of EGR, there is an “intersection” point, see Figure 19, at which the soot
emissions are just beginning to increase but
the EGR has reduced the NO x emissions to
very low levels. At this point, the HC and CO
emissions and the fuel consumption remain
acceptably low. If the onset of the increased
soot emissions could be shifted to a higher EGR
level, or if the peak soot emissions could be
reduced in magnitude, the tradeoff between
soot and NOx emissions at intermediate EGR
levels could be improved. When the charge air
pressure is increased, the beginning of the soot
bump is shifted to higher EGR levels. The NOx
emissions however increase for a given level
of EGR with increasing charge air pressure. If
NOx emissions were plotted against the inlet
oxygen concentration, it became clear that the
oxygen concentration controls the NOx emissions without regard to the amount of EGR or
the charge air pressure. Soot emissions, on
the other hand, increase more rapidly at lower
charge air pressures. Furthermore, as the charge
air pressure falls, the increase begins at higher
oxygen concentrations and the peak of the soot
bump appears to get higher. Thus, by increasing
the charge air pressure, the size of the soot bump
is reduced and the point of intersection between
the soot and NOx curves is shifted to a higher
EGR percentage. CO and HC emissions follow
the same trend as soot emissions. Overall, then,
increasing the charge air pressure in conjunction with the level of EGR (while keeping the
EGR at moderate levels) gives low soot and NOx
emissions without harming fuel consumption.

Another way to manipulate combustion is to
increase the needle opening pressure (i.e. the
injection pressure). This increases the rate of
heat release and the global temperature, which
increases NOx emissions but also decreases soot
emissions for a given EGR value (and thus a
given oxygen concentration). The increased
injection pressure favors soot formation because
it results in richer combustion at higher temperatures, but the rate of soot oxidation is increased
even more and consequently engine-out soot
emissions are reduced. Similar findings were
reported by Kunte et al [197]. Due to the effect
of injection pressure on the soot peak, increasing the injection pressure while using EGR
levels that are high enough to maintain low
NOx emissions will generate a favorable emissions profile. Low emissions can be achieved
even with reduced fuel consumption despite the
mechanical work required to increase the injection pressure. A best gross indicated efficiency
of 52 % was obtained at 50 % load.

Figure 21. The AVL single-cylinder
engine equipped with a fully flexible
valve system.

To further investigate the potential of partially
premixed combustion, the effect of early and
late inlet valve closing was investigated using
a fully flexible valve system.
The results show that reducing the effective
compression ratio increased the ignition delay
and thus increased premixing for both late
and early intake valve closing (IVC). In the
absence of EGR, this reduced NOx emissions
without increasing soot emissions as long as
the combustion phasing and equivalence ratio
remained unchanged. When EGR was used, this
approach reduced soot emissions while maintaining low NOx emissions. These emissions
reductions were achieved without associated
increases in unburned hydrocarbon emissions
or fuel consumption because the in-cylinder
oxygen concentration was not reduced and the
combustion phasing was appropriate. Both early
and late IVC were found to increase the exhaust
temperature, which facilitates exhaust gas aftertreatment (SCR), see Figure 22.

Conclusions

The results obtained show that low temperature combustion using high levels of EGR is
difficult to achieve without significant HC and
CO emissions and thus high fuel consumption.
However, there is a possibility to operate the
engine under partially premixed combustion
at intermediate EGR levels where both NOx
and soot emissions are fairly low and where
CO and HC emissions have not yet begun to
rise, resulting in low fuel consumption. The
results also show that a combination of high
injection pressure and intermediate EGR levels
can reduce soot emissions without increases in
NOx emissions.

It was also found that when IVC is either retarded
or advanced using flexible valve timing, the
ignition delay is prolonged and the combustion becomes more premixed. For cases without
EGR a change of IVC has only minor effects on
in-cylinder pressure and temperature at TDC.
However, when EGR is added, both early and
late IVC give lower in-cylinder pressure and
temperature. This is believed to be due to the
lower airflow and thus lower charge air pressure
for the EGR cases compared to the cases without
EGR. Using late closing of the inlet valves, in
combination with EGR, produces reductions in
soot with low NOx emissions and with similar or
slightly lower fuel consumption and increased
exhaust temperature. High exhaust temperature
is important for aftertreatment systems at low
loads.

Figure 22. Exhaust temperature with
no EGR (squares) and 30% EGR (circles) at indicated IVC timings (CAD,
relative to the baseline case), 50%
load and 1200 rpm.
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The objective of this project is to develop a
model based method to optimize the target values for the various controllable engine systems
in a passenger car diesel engine. The optimization will be performed using a simulation
methodology with a control-oriented model for
a diesel engine coupled with a vehicle drive
train model. The target values will be optimized
to minimize fuel consumption for a dynamic
driving cycle, while emissions regulations and
other engineering requirements are fulfilled.

Background

Modern passenger car diesel engines have
become more complex in order to meet stricter
emissions regulations and increased demand to
reduce fuel consumption. In response, more and
more controllable systems are being added to
the vehicle, leading to more degrees of freedom
for engine operation. Examples for a modern
passenger car diesel engine include controllable boost pressure, controllable exhaust gas
recirculation rate, controllable fuel rail pressure, and multiple injections with controllable
timing and duration. This provides the possibility to operate an engine under more efficient
conditions, but it also makes the calibration of
the Engine Management System (EMS) much
more complex. The high dimensionality of the
optimization problem makes it difficult to find
control strategies and set points which lead to
optimal operation of the combustion system.
Furthermore, fuel consumption and emissions
are not dependent just on the engine itself.
They depend also on the vehicle in which it
is used, and on the driving pattern that is followed when using the vehicle. The performance
of an engine is normally evaluated by driving
a complete vehicle according to a predefined
drive cycle, meanwhile measuring the total fuel
consumption and emissions over the complete
cycle. Optimal EMS settings for an engine in
one vehicle application might not be optimal
settings for the same engine in another vehicle
application. This means the complete vehicle
system needs to be considered in order to find
optimal settings for an engine.
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One approach to this complex optimization
problem is to approximate the engine operation during a dynamic vehicle driving cycle as
a limited number of steady-state engine operating points, and to calibrate the settings in these
operating points with respect to engineering
targets for the complete cycle. Rishavy et al.
[199], and by Rao et al. [200] have published
early work based on this approach. Early work
for diesel engine applications can be found
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in Schmitz et al. [201]. However, since transient engine operation is not considered in the
optimization the method is sub-optimal when
considering a true dynamic drive cycle. This
method has been further developed, and is now
a common tool for the EMS optimization part of
an engine development project. For example, the
method is used by AVL within the commercial
software AVL CAMEOTM. Examples of publications based on this software include Koegler
et al. [202] and Altenstrasser et al. [203]. Since
transient engine operation is not considered in
the method, it is typically combined with various types of transient compensation strategies.
Steady-state engine operation and the transient
compensation are calibrated separately, leading
to sub-optimal EMS settings. The possibility
to include transient engine and vehicle behavior during EMS optimization becomes more
important as the new global harmonized test
cycle, the World-Harmonize Light-Duty Test
Cycle (WLTC), is being developed. The development of this test cycle is ongoing, but it will
most likely be more dynamic compared to the
currently used New European Driving Cycle
(NEDC) [204]. The fraction of the test cycle
when the engine operates in transient conditions will increase in comparison with current
test cycles.
Related work has also been performed by
Atkinson at al. [205,206]. The approach taken
in their work is to mount a number of additional
sensors on an engine in a vehicle, and to perform transient driving to collect engine data.
The data is used to create empirical black-box
models of fuel consumption and emissions for
the complete vehicle. The models are then used
off-line to perform engine management system calibration with respect to dynamic driving. One limitation with this approach is that
the acquired black-box models are only valid
for one single application, i.e. the engine and
vehicle that was used for the data collection. If
for example the same engine is to be used in
a different vehicle, the entire procedure must
be repeated.
A model based approach is appealing because
it can handle the complex optimization problem
of calibrating the EMS for a diesel engine. To
fully utilize this approach, a simulation model
that can predict emissions and fuel consumption
for a complete vehicle, depending on all possible EMS settings and environmental conditions, is then required. Availability of such a
model would make it possible to perform the
complete EMS calibration off-line, even before
a physical engine is available. However, this is

not yet fully possible since purely quantitative
predictive models for engine out emissions with
accurate enough performance do not yet exist
in the open literature.

real-time experiments. A detailed description
of the complete simulation model can be found
in [168], but a brief description of the various
sub-models is given below.

Technique development

Driver model
The driver model is implemented as a standard
PI controller. The input to the controller is the
difference between the target vehicle speed from
the given driving cycle and the actual vehicle
speed from the driver model. The output from
the controller is the accelerator pedal position.

The scope of this project is to target a portion
of the complete EMS design and optimization
problem. This part can be defined as the creation of a control-oriented simulation model that
can be used to predict how perturbations to an
existing EMS calibration, for a specific engine,
can affect the fuel consumption and emissions
within a dynamic vehicle driving cycle. This
simulation model will be used to develop EMS
optimization strategies that account for both
steady state and transient engine operation during dynamic driving. The target of the optimization is to minimize fuel consumption for a given
dynamic vehicle driving cycle while keeping
accumulated emissions below regulated limits.
Special focus is devoted to transient engine and
vehicle effects.
Here we will develop an EMS strategy, with an
associated computationally feasible calibration
procedure, that will result in close-to-optimal
final performance regarding fuel consumption
and emissions for a given vehicle system and a
given dynamic vehicle driving cycle.

Methods used for this year

Research for this year has been focused on
finalizing the complete simulation model. The
simulation model consists of four different submodels; a model for the engine, a model for the
engine management system (EMS), a model
for the vehicle, and a model for the driver. A
schematic illustration of the complete simulation model with its different sub-models and
the main interfaces between them is shown in
Figure 23.
The complete simulation model has been implemented in Matlab/Simulink. The model estimates fuel consumption, NOx, and soot emissions for a given dynamic driving cycle depending on the settings in the EMS. The simulation
time on a standard computer for the complete
model is in the range of 10 to 20 times faster than

Figure 23. Schematic illustration of
the complete system model with its
four sub-models and the main interfaces between them.

EMS model
The EMS model consists of two parts. The first
part defines target values for boost pressure,
exhaust gas recirculation (EGR) rate, injected
fuel amount, and injection timing depending on
the current state of the engine and vehicle and
on the demands from the driver. The second part
involves model-based controllers for boost pressure and EGR. The controllers calculate values
for the variable geometry turbine (VGT) and
EGR valve that are required to reach the desired
target values for boost pressure and EGR rate.
Engine model
The engine model is divided into two parts,
a model for the engine air system, and models for combustion. The air system is modeled
using a physically-based mean value model,
as described in papers [207,208]. Combustion
is modeled using a data-driven model structure developed within this project. A detailed
description of the structure can be found in
[147]. The structure has been used to derive
models for engine torque, exhaust gas temperature, NOx emissions, soot emissions, and
combustion noise.
Vehicle model
The vehicle is modeled using simple Newtonian
mechanics. Vehicle acceleration is calculated
from the torques and forces that act on the
vehicle, including the engine indicated torque,
the engine friction torque, the rolling resistance
and the aerodynamic drag.
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Results

To illustrate the characteristics of the complete
simulation model, a simulation of the New
European Driving Cycle (NEDC) has been performed. The simulated vehicle is a typical passenger car with a mass of 1500 kg, a frontal area
of 2 m2, and a drag coefficient (CD) of 0.35.
The results of the driver and vehicle models are
shown in Figure 24. The figures show the target
vehicle speed together with the estimated vehicle speed during the simulation. The figure also
shows the accelerator pedal position throughout
the simulation from the driver model.
The exhaust mass flow of NOx and soot, throughout the simulation, are shown in Figure 25.

Figure 24. The upper graph shows the target vehicle speed together with the simulated
vehicle speed during a simulation using the complete vehicle system simulation model.
The lower graph shows the accelerator pedal position in the simulation model for the same
simulation.

As expected, the emissions are typically higher
during transient engine operation. The accumulated NOx emission for the complete simulation
is 2.3 g, the accumulated soot emission is 72 mg,
and the accumulated injected fuel is 400 g.
Another simulation was performed for comparison. The same model was used, with the
only difference being that the target oxygen
ratio in the intake manifold was set to 0.21 for
the complete simulation, i.e. no EGR was used.
This simulation resulted in accumulated NOx
emissions of 6.0 g, accumulated soot emissions
of 29 mg, and accumulated fuel consumption of
395 g. These differences are all expected, since
EGR is used to decrease emissions of NOx, but
it has the drawback that it usually increases fuel
consumption and soot emissions [209].
The simulation model produces expected
behavior, both with respect to transient engine
operation and with respect to changes in EMS
settings.

Conclusions and ongoing work

Figure 25. The upper graph shows the NOx emissions, and the lower graph shows the soot
emissions during the simulation.

Ongoing work is the second part of the project,
i.e. to develop methods and strategies for EMS
optimization. The steady state optimization
approach used in e.g. [199–203] has been implemented as a reference, and one approach for
inclusion of transient engine operation within
the optimization procedure has been proposed.
The approach is based on existing methodology for steady state engine operation, but it
is extended to handle transient effects on the

Figure 26. Increase (%) in
engine work for an engine operating cycle when using the
proposed transient EMS optimization approach compared
to when using an approach
based only on steady state engine operation. The increase
is illustrated for different NOx
and soot emissions limits for
the cycle.
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The control-oriented simulation model that
has been implemented and evaluated within
the project estimates fuel consumption, NOx,
and soot emissions for a given dynamic vehicle
driving cycle depending on settings in the EMS.
The model fulfills the stated criteria, and it can
be used to develop EMS optimization strategies
that take transient engine and vehicle effects
into account.
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engine caused by dynamics in the air system.
Initial work has been carried out to evaluate
this strategy. A predefined engine operating
cycle, with given engine speed and injected
fuel amounts has been used. The proposed EMS
optimization strategy has been implemented to
maximize engine work during the cycle while
keeping accumulated NOx and soot emission
limits below given limits. The results have
been compared with the strategy based only on
steady-state engine operation. Selected results
from this initial study are found in Figure 26.
The figure shows a comparison of engine work
when using the proposed EMS optimization
strategy compared to using a strategy based
only on steady state engine operation.

The comparison is shown for different limits of
NOx and soot emissions for the cycle.
The increase in engine work varies between 0
and up to approximately 0.7%, depending on
the maximum allowed amounts of NOx and soot
emissions, for the evaluated engine operating
cycle. More results from this initial study are
presented in [210].
The next step will be to evaluate the proposed
EMS optimization strategy using the complete
diesel engine vehicle system model implemented within this project.

Alternative Fuels
Objectives

This project was successfully completed with
the thesis defense by Dr. Monica Johansson. Her
thesis was entitled “Fischer-Tropsch and FAME
Fuels as Alternatives for Diesel Engines; an
Experimental Study”. A summary of her main
findings is presented here. The objective of this
study is to investigate the influence of neat and
low blends of biofuels in a Diesel engine and
compare their emission formation and combustion characteristics with conventional Diesel fuel
(EN590). The project is a collaboration between
three research projects in CERC (Alternative
Fuels, Biodiesel Combustion Modeling, and
Optical Methods for Spray and Combustion
Diagnostics). It involves simulations of a spray
chamber and a single cylinder engine, spray
studies in spray chamber with advanced laser
diagnostics, and combustion and emissions studies in a heavy-duty engine.

Background

The European directive from 2009 requires that
by the year 2020 the transport sector should use
a minimum of 10% renewable energy. Biofuels
will play an important role in attainment of
this target. Oxygenated fuels such as FAME
(fatty acid methyl esters) inhibit production of
soot but they have the effect of increasing NOx
emissions.
Earlier work shows that the operating mode of
the engine and the type of injection system are
important factors for the increase or decrease of
NOx emissions with an increase FAME concentration. Using a conventional pump-line-nozzle
fuel injection system, the bulk modulus of compressibility of the fuel impacts the injection timing. A higher bulk modulus advances injection
[214], and this advance in fuel injection timing
then increases NO x emissions. However, in

common rail injection systems the bulk modulus does not affect the start of injection [215]. C.
Mueller speculated [213] that since oxygenated
fuels produce less in-cylinder soot the flame
does not radiate as much energy and hence the
flame temperature is higher, potentially leading
to higher amounts of NOx production in relation to diesel. Moreover Mueller found that in
the premixed autoignition zone, near the flame
lift-off length, the reacting mixtures are closer
to stoichiometric for biodiesel fuels. This would
lead to higher local and average in-cylinder temperatures and hence higher NOx emissions in
comparison with diesel fuel.
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Increasing the amount of biodiesel blended into
conventional diesel often produces an increase
in engine-out NOx emissions [215]. However
there have been studies where the increase was
not significant. The ambient temperature, for
example, has been shown to be an important
factor. At -5°C the increase in NOx emissions
is not significant [211]. In a report from the
National Renewable Energy Laboratory [212]
different vehicles and driving cycles were investigated for B20 fuels and there was no significant indication that Biodiesel increases NOx
emissions.
The alternative fuel project at CERC has investigated low blends of FAME fuels in European
diesel (EN590) in a heavy-duty single cylinder
engine. In order to explain combustion behavior
and emissions formation for the different blends,
spray experiments in Chalmers high temperature/high pressure chamber were performed
(Raul Ochoterena). Moreover CFD simulations
were used to enhance understanding of emission
formation for different blends of biodiesel in
conventional diesel (Junfeng Yang).
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Project research questions

This project intended to answer several research
questions:
• Are Mueller’s speculations [213] on flame
temperature borne out by spray chamber experiments and modeling?
• Is it possible to conclusively explain the NOx
increase with biofuel use?
• Are there specific effects caused by variations
in fuel properties and operation in an engine
that can explain the variations in what has
been observed?

Method

Neat FAME fuels (RME, PME and SME) and
RME blends (7% and 30%) with European diesel (EN590) were tested in a heavy-duty single
cylinder engine. Specifications for the FAME
fuels and the Diesel fuel can be seen in Table 1.
The engine used in the experiments was an AVL
501 single cylinder engine with a displacement
of 2 liters. The engine was equipped with a D12C
4-valve cylinder head from Volvo Powertrain.
The compression ratio was 17:1. The injection
system was an electronically controlled unit
injector with a six-orifice nozzle.
The engine operational points were chosen from
the European Stationary Cycle (ESC). In Figure
27 all the measurement points in the cycle are
shown as green circles and the ones marked
with red circles were chosen for this study; A25,
B50, B75 and C100.
The A25 case was also extended; the start
of injection (SOI), the NOx emissions (set by
EGR), and the needle opening pressure (NOP)
were varied according to Figure 28.

Results

The soot emissions for the different load cases
are shown in Figure 29 for diesel, RME, SME
and PME fuels. As shown, all of the FAME fuels
reduce soot emissions, under all load cases.

Table 1. Fuel specifications.

Diesel fuel, in contrast to FAME fuels, contains aromatics, which are precursors to soot
in flames. Since the FAME fuels do not contain
any aromatics they produce less soot. The presence of oxygen in the FAME fuel makes the
equivalence ratio of the spray leaner, and the
leaner spray inhibits molecular weight growth
reactions leading to soot formation in the core of
the jet. This process results in lower soot emissions in comparison with Diesel fuel. In relation to Diesel, RME, SME and PME lower soot
emissions by more than 60, 50 and 70% respectively. Moreover, the higher density and higher
boiling intervals of the FAME fuels lengthen
liquid penetration, allowing the spray to entrain
more air before evaporation, and this can further
lower soot production. Even low blends of RME
with Diesel (7 and 30%) lowered soot emissions
significantly.

Figure 27. European Standard
Cycle operational cases.

Comparison of the various FAME fuels at the
B50 load case shows that soot emissions are
lowest for the PME fuel. The explanation for
this observation is that the PME fuel has lower
amounts of di- and tri- unsaturated fatty acids
(i.e. fewer double bonds) in comparison with
SME and RME, and fewer double bonds result
in lower soot emissions [216]. The double bonds
are found to be the main reason why unsaturated esters form higher levels of unsaturated

Figure 28. Design of experiments
for extended A25.
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hydrocarbons and more soot precursors [217].
The explanation for this is that fuels with more
double bonds more easily react to produce acetylene (C2H2) than do fuels with fewer double
bonds. Acetylene is precursor to molecular
weight growth reactions and hence to soot
formation.
In Figure 30, the CFD simulations (see “Biodiesel
Spray Combustion Modeling Based on Detailed
Chemical Mechanisms“ in this report for a short
description of that work) show soot concentration in the piston bowl at three crank angle
positions (1.5, 5 and 10 CAD ATDC) for Diesel
RME100 at the B50 operational case. Red and
blue colors indicate high and low amounts of
soot respectively. It can be seen that the RME
fuel has lower soot concentration than the Diesel
fuel, which also illustrates that less soot is
formed during combustion for the RME fuel.
The faster penetration can also be observed.
The flame lift-off length for Diesel, RME7 and
RME100 fuels measured in the spray chamber
are shown in Figure 31. Lift-off is defined as
the distance from the injector orifice exit to the
flame stabilization point. Longer lift-off indicates increased air entrainment and hence lower
soot emissions. Only a small fraction of RME
(7%) increases the lift-off length and hence airentrainment which reduces soot production and,
as shown in the engine experiments, the engine
out soot-emissions.

Figure 29. Soot emissions for all of the load cases.

Figure 30. Simulation of the soot concentration in the piston bowl for diesel and RME100 at the
B50 operational case.

Extended A25 case
The effects of needle opening pressure (NOP)
variations are further displayed in Figure 32.
When NOP is increased from 1500 to 2500
bar (for constant NOx= 2g/kWh and SOI=-3
CAD ATDC) the Diesel fuel soot emissions
are reduced by 50 percent. For RME, SME and
PME fuels, however, reduction of soot emissions is not obvious.

As mentioned, simulations were performed to
evaluate differences between the fuels regarding soot formation and soot oxidation. In Figure
33 the net soot formation as a function of CAD
is shown for Diesel and RME at both low and
high injection pressures. Diesel fuel produces
more soot than the RME fuel, both at high and
low injection pressures. The RME fuel indicates no difference in formation of soot when
comparing low and high injection pressures
which is the case for Diesel. The right hand
part of Figure 33 shows single pictures of the
soot concentrations at different crank angles
from the simulations. Higher injection pressure
advances the interaction with the walls due to
increased spray velocity. After injection the soot
first interacts with the wall of the piston-bowl,
but after vortices are formed the flow moves
back towards the injector.

Figure 31. Flame lift-off length for Diesel, RME7 and RME100.

During the transport towards the injector, air
is entrained by turbulence and the soot can be
oxidized. Comparing the Diesel fuel at high and
low injection pressures it can be seen that for
the higher injection pressure the vortices move
closer to the injector. This can be explained
by higher velocity of the jet and thus higher
kinetic energy.
High velocity increases turbulence production
which increases mixing and therefore soot
oxidation and this can especially be seen for
the Diesel case, while it is not so obvious for
RME (probably due to the initial lower soot
concentration).
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RME fuel produces lower amounts of soot (than
the Diesel fuel) and at 20 CAD there is a very
small amount of soot left, for both the low and
high pressure cases. This could indicate that it
is the oxidation process later in the cycle for the
Diesel fuel that gives the significant reduction
of engine-out emissions at higher pressures.
For the RME fuel at both low and high pressures the amount of soot is very low and therefore enhanced oxidation would not impact the
engine out emissions so much.

Figure 32. Soot emissions vs the NOP (Needle Opening Pressure) at 25% load, SOI at -3 CAD ATDC
and NOx emissions at2g/kWh.

NOx emissions for the ESC operational cases
are shown in Figure 34. At B50 the figure shows
that all the FAME fuels generate higher (1218%) engine-out NOx emissions in comparison
to the Diesel fuel. However, in the B75 load
case the PME generates lower and the RME
generates higher NOx emissions than the Diesel
fuel. The explanation for the different trends
at the different load cases can be the combustion speed. In B50 load cases, all FAME fuels
burn faster than Diesel, while at B75 operation
point PME and Diesel have similar combustion
speeds.
The B50 operational case was further simulated
using CFD, and results from the simulations
show the equivalence ratio (φ) for Diesel and
RME fuel in Figure 35. Red and blue colors
symbolize high and low φ. As shown, it was
found that the RME fuel had lower equivalence
ratio (φ), i.e. leaner local reacting mixture, than
the Diesel fuel. This can lead to an increase in
temperature and hence it can explain why more
NOx formed with RME combustion than Diesel.

Figure 33. Simulation results of soot emissions in A25 case for high and low injection pressures for
Diesel and RME fuels.

From the spray-rig experiments it can further
be concluded that the RME fuel has a higher
flame temperature than Diesel, see Figure 34.
The figure illustrates the average flame temperature for Diesel, RME7 and RME100. The
flame temperature is approximately 50 degrees
higher for RME than Diesel, which also explain
the increased NOx emissions for RME.
The brake specific fuel consumption for the
FAME and diesel fuels is shown in Figure 37.
Fuel consumption increased for all of the FAME
fuels by 12-18%, and the explanation for this
can be that the fuel economy is not optimized
for the FAME fuels at these standard settings
for the load cases as it is for diesel.

Conclusions

Figure 34. NOx emissions for all the operational cases.
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The conclusions from the last year of studies can
be summarized in the following points:
• RME, SME and PME fuels lower soot emissions by more than 60%, 50% and 70%
respectively, in relation to conventional diesel, in the B50 case. Moreover in the C100
case soot emissions are reduced up to 90%
for the FAME fuels. Even small blend ratios

•

•

•

•

•

•

of RME in diesel show significant reduction
of soot emissions.
The explanation for the lower soot emissions
for the FAME fuels is their oxygen content,
which inhibits molecular weight growth
leading to soot production.
The longer flame lift-off of the FAME fuels
is also a part of the explanation for the low
soot emissions since it enhances the entrainment of air into the spray.
The needle opening pressure (NOP) was the
most important factor for reducing soot emissions when using diesel fuel. For the FAME
fuels the NOP did not significantly affect
soot emissions. This was explained both by
higher soot formation rates and increased
soot oxidation rates at higher injection pressures for the Diesel fuel. The RME fuels did
not have higher formation rates of soot at
higher injection pressures.
The amount of unsaturated di- and tri fatty
acid also impacts soot emissions. Lower
amounts of di- and tri- unsaturated fatty
acids (ie fewer double bonds) results in lower
soot emissions. The double bonds are found
to be the main reason why unsaturated esters
form higher levels of soot precursors and
unsaturated hydrocarbons. This happens
because fuels with more double bonds form
acetylene more easily than fuels with fewer
double bonds, and acetylene is a precursor
to soot formation.
The NOx emissions increase by 10-20% for
all neat FAME fuels compared to diesel. The
work reported here indicates that the increase
in NO x emissions for the FAME fuels is
mainly due to the oxygen content in the fuels
leading to a lower equivalence ratio (φ), i.e.
leaner local reacting mixture, than the Diesel
fuel and hence leads to higher combustion
temperature (50°C) and more NO x. The
effect of soot radiation on the flame temperature [213] does not appear to play a role.
Fuel consumption increased for all of the
FAME fuels. The increase is due to the lower
heating value and the fact that the settings
and engine are not optimized for FAME fuels.

Figure 35. In-cylinder equivalence ratio distributions for the Volvo D12C Diesel engine
fuelled by a) Diesel, b) RME at -1.5 CAD ATDC, under engine operating condition B50.

Figure 36. Average flame
temperature for Diesel, RME7
and RME100.

Figure 37. Brake specific fuel consumption at all load cases for the
FAME fuels and diesel.

Spray Turbulence Interaction
Objectives

The main focus of this project is to address
several shortcomings of current spray combustion models (e.g. stability, grid dependence, correct description of all phenomena under various
conditions, and computation time) in order to
better predict Diesel engine fuel efficiency and
emissions by CFD.

Background

Diesel combustion is a highly complex process.
Diesel spray combustion is mixing controlled,
meaning the fuel and the air have to mix during combustion, and in case of fast chemistry
the rate of mixing controls the reaction rate.
Modeling of Diesel combustion requires a
detailed description of these processes. This
is one of the main research areas within CERC.
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Models for various phenomena have been
implemented in multi-dimensional CFD-codes,
e.g. KIVA or the open-source code called
OpenFOAM® [218–220]. Unfortunately, most
established spray models require a large amount
of tuning to match experimental results. They
are therefore not predictive. There is thus a
need to develop models that require a minimum
level of tuning; and no tuning would be best.
Furthermore, turbulence enhances mixing of
fuel and air and it can strongly influence combustion. Better understanding and modeling
of spray-turbulence and turbulence-chemistry
interaction is essential and motivates a closer
investigation of these phenomena. Appropriate
CFD models that can describe the interaction
and hence enable further investigations are
needed.
In this project the open-source code OpenFOAM® [221] is used, and the first step in
the project was to implement the VSB2 spray
model in OpenFOAM®. Results of that work
are published in reference [222]. The model was
chosen because it is robust, a minimal number
of tuning parameters are required, and it allows
one to better model spray/turbulence interactions. In reference [223] the model was used
to describe spray formation in engine simulations and it can be applied over a wide range
of conditions. The second part of the project
was the implementation of the Volume Reactor
Fraction Model (VRFM) for combustion. The
VRFM describes the turbulence-chemistry
interaction and is based on the Eddy Dissipation
Concept (EDC) by Magnussen [224]. The EDC
is a known technique to include sub-grid scale
turbulence-chemistry interactions. In both
models a reactor volume (Vreactor ≤ Vcell)
is defined that controls the reaction rate, and
the main difference between the VRFM and
the EDC is how the reactor volume is defined.
Results of the VRFM showing the influence
of the EGR level on flame lift-off length are
published in reference [144]. In both models
chemical conversion takes place in a perfectly
stirred reactor mode, i.e. they do not consider
any (underlying laminar) flame structure.
Other work based on the EDC is published in
references [218–220, 225], for example. A simpler approach is given by the well-stirred reactor model, which assumes the whole CFD cell
is well mixed. This approach is used by Reitz
[226] for example. Another approach to model
turbulent non-premixed combustion is given by
the flamelet concept. A flamelet is a thin reactive/diffusive layer embedded within a turbulent
flow field. In case of a large Damköhler number, chemical time scales are fast compared to
turbulent time scales. That allows one to model
the local non-premixed flame structure as a one
dimensional parameterized laminar flame. The
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flame surface is defined as the iso-surface of a
non-reacting scalar, e.g. for non-premixed turbulent combustion it is the mixture fraction Z.
Using this definition the species mass fractions
can be defined based on the mixture fraction
Z, time t, and the scalar dissipation rate. The
unsteady flamelet equations were derived by
Peters in 1984 [226]. The coupling of the CFD
solution with an unsteady flamelet is given by
the representative interactive flamelet (RIF)
concept [227]. The mass fractions defined in
mixture fraction space are transformed back
to CFD space with a presumed pdf. Instead of
solving transport equations for all the mass fractions in CFD space, just the mixture fraction
and its variance need to be solved to determine
the presumed pdf. The big advantage of this
approach is that the chemistry is decoupled from
the flow field, and that significantly reduces the
computational time. Singh et al. [228] compared
various approaches to model non-premixed
turbulent combustion using the commercial
software KIVA. In general, all three models
give reasonable results for cylinder pressure
and heat release. The RIF model is more sensitive to chemistry, however, and that impacts
the computed ignition delay. When it comes to
NOx predictions, the RIF model is somewhat
sensitive to the number of flamelets, while the
Characteristic Time Combustion (CTC) model is
more sensitive to the model constants (the CTC
model calculates the equilibrium concentration
of all species and the corresponding laminar and
turbulent characteristic times, which are used to
define the rate of change of the species [229]).
The predicted flame structure differs qualitatively between the different models. One goal in
this project is to compare the well-stirred reactor model, the VRFM and the RIF concept, all
implemented in the same software.
The RIF concept has been developed over many
years (see e.g. [230–232]). A known problem
for this model is correct prediction of flame
stabilization for a turbulent diffusion flame, and
hence the lift-off length. Combustion close to
the nozzle is partially premixed and cannot be
described correctly by a RIF model defined for
non-premixed combustion. A discussion about
the work that has been done to investigate the
stabilization process of a gas jet experimentally
and computationally can be found in reference
[233]. In that work, Yoo et al. investigated the
stabilization mechanism and flame structure
of a turbulent lifted hydrogen jet flame in a
heated coflow using three-dimensional DNS
data. They show that auto-ignition occurs in
the hot, fuel-lean regions at the flame stabilization point.
Some work has already been done to deal with
this problem. Chen et al. [234] coupled the
flamelet models for turbulent premixed and

non-premixed combustion. They introduced
the level set approach based on the G-equation
to calculate the location and geometry of the
partially premixed flame front, and the mixture fraction was used to describe mixing.
They averaged the G-equation and calculated
the flame brush thickness based on G and its
variance. They were able to predict flame lift-off
and triple flame behavior with this approach.
Sabel´nikov and Lipatnikov argue in [29] that
the approach to average the G-equation is physically not correct, because the G-equation is only
physically meaningful at the flame surface.
A recent attempt to deal with the problem of
flamelet models for non-premixed combustion
to predict the flame stabilization process is
given by Nguyen et al. [235]. They define two
dimensional flamelets with the mixture fraction
as the first and the chemical progress as the
second dimension.
In the work by Bajaj et al. [236], ignition delay
and lift-off in diesel jets is calculated using an
unsteady flamelet progress variable model. It is
mentioned that lift-off length may result from
the combined effect of premixed flame propagation from initial auto-ignition and then the
extinction of the flame as it propagates upstream,
developing to a non-premixed flame.
Recent work makes clear that there is a need
to investigate the flame stabilization process of
a diesel jet flame in more detail, and that it is
necessary to couple premixed combustion models with non-premixed combustion models to
correctly describe lifted non-premixed flames.

Methods

The RIF model has already been implemented
in OpenFOAM® at Politecnico di Milano in
Italy. Anne Kösters visited their group for three
months during the fall of 2012, to work with
their implementation and to develop further
the RIF code. The work in Milano was based
on the Lib-ICE library, a set of applications
and libraries for internal combustion engines
developed by the ICE Group of Politecnico di
Milano (e.g. [237–239]). The main idea of the
flamelet concept is to solve one-dimensional
laminar flamelet equations decoupled from the
flow field. The transport equations for the species mass fractions and temperature are defined
in the flamelet domain - the mixture fraction
space (see Equations 1 and 2).

2)

The scalar dissipation rate χ accounts for the
dissipation in mixture fraction space and is
calculated with Equation 3.
3)

The scalar dissipation rate couples the flow field
to the flamelet equations and is the only term in
the flamelet equations that is defined within the
physical space. It accounts for the diffusion and
dissipation effects of the flow field. The species
mass fractions are then transformed back into
physical space with a probability density function
, see Equation 4.
4)

The pdf is calculated using the mixture fraction,
Z, and its variance,
. Hence, just the mixture
fraction and its variance need to be solved in
the physical domain, with Equations 5 and 6.
5)

6)

is the turbulent Schmidt number. Figure 38
shows the interactions within of the representative interactive flamelet code.
It is possible to introduce several flamelets into
the domain of the multiple representative interaction flamelet model. That approach allows the
consideration of different scalar dissipation rates
within the different flamelets, depending on the
history of the flamelet.

Figure 38. Interaction between the
physical space and the mixture fraction space in the RIF model [231].
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Flamelet splitting is based either on dividing the
injected mass or on splitting the flamelet based
on the scalar dissipation variance [231].
Two different flamelet interaction models, first
used in reference [240], are also implemented
in OpenFOAM® [241]. The interaction model
“attack” mixes species mass fractions for overlapping flamelets . The interaction model “pwi”
transports mass between the flamelets. Details
about the models can be found in [241].

Results

The results of the simulations are compared
to experiments done at Sandia National Laboratories within the Engine Combustion Network
(ECN) [242]. The boundary conditions are
shown in Table 2.

Table 2. Boundary conditions of
the Sandia test case used in the
simulations.

pair

Tair

pinj

ambient O2

orifice Ø

Fuel

42.1 bar

1000 K

1500 bar

21 %

100 μm

n-heptane

As shown in Figure 39 and in Table 3 the liftoff length is underpredicted using 1, 5 and 10
flamelets. Figure 39 shows the temperature field
with two iso-lines of OH (black line corresponding 5% of max OH, white line corresponding
2% of max OH), obtained with the simulations.
The ECN workshop community recommends
that one define lift-off length as the distance
between the injector tip and the closest position
where OH achieves 2% of its maximum value.
The lift-off length can be sensitive to the definition (cp. Figure 39, 10 RIF). The prediction of
the flame lift-off length improves slightly when
going from one flamelet up to ten flamelets,
but compared to the experiments it is underestimated. Reference [241] demonstrates that
further increases in the number of flamelets do
not improve the flame lift-off length prediction.
Also, the choice of whether to use the attack
or the pwi interaction model did not improve
the behavior of the RIF model, as it is further
discussed in [241].

Conclusion

Results of predicted flame lift-off length were
compared to experiments done at Sandia
National Laboratories within the Engine
Combustion Network. The RIF model that has
already been implemented in OpenFOAM® by
the engine combustion group at Politecnico di
Milano underestimates flame lift-off using one
or several flamelets. The use of several flamelets
improves the prediction of flame lift-off, but it
is still underestimated even with as many as 10
flamelets. As shown in [241] the use of flamelet
interaction models also did not lead to a better
prediction of the flame lift-off.

Figure 39. Comparison of the temperature fields obtained with different numbers of flamelets without an interaction model at 1.5 ms after SOI. The white line represents 2% of maximum OH mass
fraction and the black line represents 5% of maximum OH mass fraction.

Lift-off [mm]

Exp

1 RIF

5 RIF

10 RIF

17

1

1

2 (with 2% of max OH)
5 (with 5% of max OH)

After the visit to Milano, a comparison between
the RIF model, the VRFM and the well-stirred
model, all implemented in the same software,
is planned. A comparison between the different
models in the same software allows a detailed
review of the different approaches to model
non-premixed turbulent combustion.

Table 3. Results of flame lift-off obtained with simulations using different numbers of flamelets.
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This project was successfully completed with
the thesis defense by Dr. Junfeng Yang. His thesis was entitled “Biodiesel Spray Combustion
Modeling Based on a Detailed Chemistry
approach” [243]. A summary of his main findings is presented here. The primary purpose of
the project was to develop reliable CFD tools
to analyze the performance of diesel engines
fueled by practical biodiesel fuels (PME, RME
34

or SME) based on combustion mechanisms
constructed from detailed master biodiesel
mechanisms and validated by comparing predicted kinetic and in-cylinder parameters with
the measurements under typical diesel engine
operating conditions. An important contribution of the project was the implementation of the
biodiesel combustion models into the commercial code named Forté (developed by Reaction

Design, a member of CERC). Finally, conclusions about the advantages and disadvantages
of biodiesel fuels as a practical alternative to
petroleum-based diesel oil can be made.

Background

To model biodiesel spray combustion, a master
combustion mechanism (5037 species, 19990
reactions) including five fuel components
(methyl palmitate, C17H 34O2 , methyl oleate,
C19H36O2, methyl linoleate, C19H34O2, methyl
stearate, C19H 38 O 2 and methyl linolenate,
C19H 32O 2) constructed by Westbrook et al.
[244] has been used. These five fuels must be
taken in proper proportions within the mechanism. Since a large number of species involved
in this detailed model render implementation
extremely time-consuming for 3D CFD engine
simulations, a careful mechanism reduction
strategy was used to simplify it to a tractable
size. Mechanism reduction aims to maintain
similar combustion features, e.g. ignition delay
trends and PSR species profiles, similar to the
master mechanism. Ignition quality test (IQT)
simulations [245] were used in 2012 as a further validation tool for the mechanism, and that
work was carried out before the mechanism was
applied to CFD diesel engine modeling.
Special attention was paid to improvement of
the surrogate mechanism for PME combustion,
suggesting that the fuel consists of two esters,
saturated methyl palmitate (44.1%) and unsaturated methyl oleate (43.3%). Both constituent
esters were assumed to decompose into low
order ethers, mostly methyl decanoate (MD).
Since experimental data for MD only recently
became available [252], a special effort was
made in 2012 to validate the combustion mechanism by comparing the laminar flame speed
predictions with the results of measurements
for MD/air mixtures.

Methods

The mechanism reduction procedures used here
were taken from the Reaction Workbench [246]
under closed homogeneous reactor conditions
similar to those used in shock-tube ignition
delay studies. Parameter values were selected
to represent typical conditions in diesel engines
prior to combustion; i.e. over a range of temperatures (600-1200 K) and equivalence ratios
(0.5-3) at a pressure of 50 bar. The reduction
methods employed in the project included the
directed relation graph (DRG) method, the
enhanced DRG method called DRGEP (directed
relational graph with error propagation), and
isomer lumping [247,248]. The species thermal
properties were calculated using the THERM
[249] code. The smallest reduced mechanism
for methyl oleate involves only 491 species (over
90% reduction) with an accurate calculation of
autoignition delay times and fuel conversion

rate (using the RD CHEMKIN-Pro [250] package). The 3D CFD diesel engine modeling and
IQT simulations were carried out using the
Forté code [251]. Both Volvo D12C and NED5
engines were modeled as well. To analyze the
emission formation processes, dynamic φ-T
maps for emissions and other species were
constructed.

Main Project Results

The liquid biodiesel properties required for CFD
engine simulations (fuel and vapor enthalpies,
latent heats of vaporization, vapor pressures,
liquid fuel viscosities, surface tensions and
thermal conductivities) were calculated using
semi-empirical correlations from thermodynamics of real gases.

Junfeng Yang, Ph.D. student,
Division of Combustion,
Department of Applied Mechanics,
Chalmers University of Technology.

The surrogate combustion models for RME and
PME were initially constructed based on the
decomposition of biodiesels into constituent
components (methyl decanoate, methyl butanoate, and n-heptane). The models were based on
and validated against a large body of pre-existing experimental kinetic data. The surrogate
models were supplemented by sub-mechanisms
for emissions (NOx and soot) formation. The
surrogate models obtained in this way performed well in engine simulations. Based on
these prior studies, semi-detailed combustion
mechanisms for RME (involving 442 species)
and PME (402 species) were then derived from
the detailed master mechanism accounting for
5 biodiesel components using various reduction
methods, including DRG, DRGEP, chemical
lumping and sensitivity analysis. The reduced
mechanism retained the auto-ignition properties and fuel conversion and main product
formation rates of the detailed mechanism. A
few reaction rate modifications emerged from
the IQT tests. After estimation of transport
properties for a number of species, the reduced
mechanisms were validated against premixed
laminar flame propagation speeds and profiles
of key intermediates in opposed-flow diffusion
flames. Only the MD data were available for
comparison, so the results of such a comparison
are presented in Figure 40a.
The liquid biodiesel spray models were validated against data on droplet penetration and
SMR obtained in the Chalmers high pressure
and temperature spray vessel. The predicted
flame lift-off distances were also compared with
experimental data. In addition, IQT modeling
demonstrated the consistency of all models
developed by predicting CN numbers in agreement with the experimental CN numbers.
After validation of the combustion mechanism
and the spray-related models, engine combustion modeling was carried out for Volvo HD
and LD diesel engines. As discussed in the
35
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Figure 40. a) MD/air laminar flame
propagation analysis: modeling vs.
measurements, b) Combustion simulation in the Volvo D12C engine with
different PME models.

a)

Alternative Fuels project report, the predicted
in-cylinder parameters and emissions were
found to be in reasonable agreement with experimental data (Figure 40b). The emission results
indicate that, compared to diesel oil, the use of
RME fuel generates lower engine-out soot emissions at the cost of higher NOx emissions. This
phenomenon was studied using the dynamic
φ-T parametric maps. In light of the results, it
was proposed that the increased NO emissions
observed can be attributed to somewhat leaner
conditions in the combustion zone due to a presence of a noticeable amount of oxygen in the
biodiesel molecules, and this leads to a higher
flame temperature.
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The goals of the project are
1. To develop models and methods that can be
used for simulations of direct injection (DI)
spark ignition (SI) engines that burn various
fuels, e.g. gasoline, ethanol, and their blends,
2. To implement these models into the publically
available CFD library called OpenFOAM®,
3. To apply the extended code for unsteady 3D
RANS simulations of fuel injection, turbulent mixing, and combustion in a DI SI
engine and to compare the computed results
with experimental data obtained within the
framework of another CERC project entitled
“Spray-Guided Gasoline Direct Injection”.

Background

Direct injection of a fuel into the combustion chamber of a SI engine is considered to
be a promising technological solution aimed
at decreasing fuel consumption and hydrocarbon emissions, increasing fuel economy, and
improving efficiency owing to (i) the reduction
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of pumping losses by removing the throttle, (ii)
cooling of charge due to the evaporation of fuel
spray, (iii) a higher compression ratio due to the
reduction of knock propensity, (iv) the elimination of over-fuelling during cold start, etc.
[253]. Among several DI technologies for SI
engines, spray-guided (SG) direct-injection is
currently considered to have the highest potential to increase fuel economy, as this solution
offers an opportunity to accelerate burning, to
reduce cyclic variability, and to lower unburned
hydrocarbon emissions by formation of a compact fluid cloud around the spark. For instance,
fuel economy can be improved by around 20%
in SCDI engines when compared to a throttled
port-fuel-injection engine on the New European
Driving Cycle [254].
To realize the high potential of the SG DI SI technology, the automotive industry has a strong need
for advanced CFD tools that numerically investigate fuel injection and evaporation, turbulent

mixing, turbulent burning of stratified charge,
and pollutant formation in the combustion chamber of a DI SI engine. For these purposes, both
powerful CFD codes and advanced numerical models should be developed. This need is
addressed by the present project focused on (i)
applying the open source code OpenFOAM®
to unsteady multidimensional RANS simulations of mixture formation and combustion in a
DI SI engine and (ii) developing and validating
advanced models of turbulent combustion of
stratified mixtures (including emissions).
Although several mature commercial CFD
codes have been developed and are widely used
in simulations of SI engines, there is a need for
less expensive software. OpenFOAM® released
in 2004 and freely available online (www.openfoam.com) is capable of satisfying such a need.
The code has already been successfully applied
to multi-dimensional numerical simulations of
combustion in Diesel engines, but it should be
substantially improved in order to become a
R&D tool in the SI engine branch of automotive
industry. Such improvements involve development and implementation of predictive models
of turbulent partially-premixed flames, development and validation of a tractable semi-detailed
chemical mechanism of combustion of gasoline/
ethanol/air mixtures, accurate implementation
of spray models used by the automotive industry, etc.
In particular, several multidimensional RANS
simulations of turbulent combustion of stratified mixtures in a SI engine [255,136] have
been used by various research groups, but these
models require straightforward quantitative
validation against experimental data obtained
in well-defined, simplified cases. In contrast,
the capabilities of the so-called Flame Speed
Closure (FSC) model developed at Chalmers
for quantitatively predicting important features
of stratified combustion in a SI engine such as
dependence of turbulent burning velocity on
mixture composition, pressure, and temperature, development of a turbulent flame kernel
after spark ignition, etc. have been thoroughly
validated against a wide set of experimental data
obtained by various research groups using confined expanding flames [136,256]. This advantage of the FSC model makes it particularly
interesting for simulating stratified combustion
in a SG DI SI engine. However, before doing so,
the model should be extended to address partially premixed burning, complex combustion
chemistry, and emissions from turbulent flames.
The present project is aimed at filling this gap.
Furthermore, to simulate emissions from a DI
gasoline engine, a chemical mechanism for gasoline combustion is necessary. Chalmers proposed to use the ternary mixture of iso-octane

(55 volume %), n-heptane (10 %), and toluene
(35 %) as a gasoline surrogate with the correct
H/C ratio [257]. Subsequently, this idea was
also developed by other research groups and
such ternary mixtures were called the Toluene
Reference Fuel (TRF) [258–260] (similar to
Primary Reference Fuel, PRF, i.e. a blend of
iso-octane and h-heptane which was widely
used as a gasoline surrogate earlier [261]). Other
mixtures have also been recently proposed as
a gasoline surrogate, e.g. Bounaceur et al.
[262] and Mehl et al. [263] addressed detailed
chemical mechanisms of a blend of n-heptane,
iso-octane, hexane, and toluene as a gasoline
surrogate, while Naik et al. [264, 265] reported
a detailed chemical mechanism for a gasoline
surrogate that contained five components
(n-heptane, iso-octane, 1-pentene, toluene, and
methylcyclohexane). However, the majority of
the detailed mechanisms in the literature are
too large (e.g. 1083 species and 4535 reactions
in [258], or 1267 species and 5803 reactions
in [262], or 1550 species and 8000 reactions
in [263], or 1214 species and 5401 reactions in
[264]) for CFD engine applications, whereas the
Chalmers semi-detailed chemical mechanism
involves 111 species and 616 reactions.

Chen Huang, Ph.D. Student,
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In summary, the present project is aimed
at developing and validating a new tool for
unsteady, multi-dimensional RANS simulations of mixture formation and combustion in
the chamber of a gasoline DI engine, based on
OpenFOAM® CFD package, FSC model of turbulent combustion, and Chalmers semi-detailed
chemical mechanism for gasoline.

Methods

Development and validation of Chalmers semidetailed chemical mechanism was performed (i)
by computing ignition delay times and laminar
flame speeds by running the SENKIN [266]
and PREMIX [267] codes, respectively, from
CHEMKIN package [268] and (ii) by comparing the computed results with available experimental data, as discussed in more details elsewhere [93,269].
Unsteady, 3D RANS simulations of sprays discharged into Chalmers spray chamber, and of
combustion in a prototype gasoline DI engine
were performed by running OpenFOAM®.
Several models were investigated for spray computations. In particular, primary breakup was
addressed invoking either a Rosin-Rammler distribution, the Wave Breakup model [270–274],
or the Linearized Instability Sheet Atomization
(LISA) model [275,276]. Secondary breakup
was simulated using either the Reitz-Diwakar
model [277,278], the Taylor analogy based
(TAB) model [279], the KHRT model [270–
274], or the VSB2 model [280]. Note that VSB2
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model is the focus of another CERC project
entitled “Spray Turbulence Interaction”.
Combustion simulations are based on the FSC
model [136,256], extended to address mixture
stratification by invoking a presumed probability density function (PDF) for the mixture
fraction. To address the influence of droplet
evaporation on the magnitude of the fluctuations
in the mixture fraction, the model by Demoulin
and Borghi [281] is used.
Further development and assessment of combustion models was performed analytically and
numerically by studying simple cases using inhouse codes.

Results

During the first year of the project (2009), a
semi-detailed chemical mechanism for combustion of gasoline/air and gasoline/ethanol/air
mixtures was developed and validated against a
wide set of experimental data on ignition delay
times and laminar flame speeds from several
research groups. The results of this study are
summarized in references [93,269].
During the second year of the project (2010),
the CFD work was focused on applying the
OpenFOAM® code to simulations of hollowcone gasoline and ethanol sprays discharged
by a piezo-actuated outward-opening injector,
which had been investigated experimentally
by Hemdal et al. [63] in Chalmers spray chamber within the framework of another CERC
project entitled “Spray-Guided Gasoline
Direct Injection”. The numerical results were
summarized in references [269,135,126,128].
Improvements to the implementation of the
aforementioned spray models [270–279] into
OpenFOAM®, done within the framework of
the present project, were included in the subsequent official release of OpenFOAM®.
In order to extend the Chalmers model of premixed turbulent combustion, two alternative
approaches to the evaluation of turbulent scalar flux in premixed flames (conditioned balance equations and a simple algebraic model)
were developed and validated (see references
[119,120,122] and [121], respectively).
In the first half of 2011, Chen Huang defended
her licentiate thesis [269]. Subsequently, the
CFD work was mainly focused on implementing the Chalmers model of premixed turbulent
combustion [256] into OpenFOAM®, improving implementation of other combustionrelated libraries of the code, and debugging the
extended code. Moreover, the temperature and
density of combustion products computed for
gasoline-air mixtures by running CHEMKIN
software package [267,268] under a wide range
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of conditions (various equivalence ratios, elevated pressures and unburned gas temperatures)
were parameterized and the parameterizations
were implemented into OpenFOAM®.
In addition, the available presumed probability density function (PDF) approaches to
modeling premixed, partially premixed, and
non-premixed turbulent combustion were
investigated [138] and the compatibility of the
aforementioned simple algebraic model of turbulent scalar flux [121] with Chalmers model
of premixed turbulent combustion was studied,
and the former model was improved and validated [145,139].
In 2012, the Chalmers semi-detailed chemical
mechanism of iso-octane/n-heptane/tolueneair mixtures was thoroughly validated against
experimental data on the laminar-flame speeds
of iso-octane-air, n-heptane-air, and PRF-air
mixtures. Earlier [93,269], the mechanism was
validated against available data on the laminar
flame speeds of gasoline-air mixtures, which
were scarce. Computations of the laminar flame
speeds for single- and two-component fuels
addressed by the mechanisms offer an opportunity to validate it more thoroughly. For instance,
Figure 41 contains the laminar flame speeds of
iso-octane/n-heptane/air (i.e. PRF/air) mixtures
measured (symbols) by Bradley et al. [282],
Huang et al. [283], Jerzembeck et al. [284], and
Lipzig et al. [285] under various temperatures
and pressures, together with computed curves
based on the Chalmers semi-detailed chemical
mechanism and the PREMIX code [267] from
the CHEMKIN-2 package [268]. These and
many other (not shown) similar tests further
validate the chemical mechanism.
Next, certain issues associated with the presumed PDF approach to modeling the influence
of turbulent mixture fraction fluctuations on
the burning rate in a stratified flame (e.g. relation between conventional and Favre, i.e. massweighted, PDFs, sensitivity of mean burning
rate to the PDF shape, etc.) were investigated
and a simpler alternative approach was proposed [286]. The approach is based on expansion of the dependence of the laminar flame
speed S L on the mixture fraction f into a Taylor
series, followed by averaging the Taylor series.
In particular, the mean laminar flame speeds
averaged using two different methods are
shown in Figure 42. One method is more accurate and consists of (i) determining the Favre
~
mixture-fraction presumed PDF P ( f ) using its
~
2
first two moments, f and ρf ′′ ρ , (ii) determining the conventional PDF P( f ) based on
its Favre counterpart (this procedure requires
iterations when solving non-linear equations
and, therefore, is time consuming if applied

Figure 41. Laminar flame speeds of
iso-octane/n-heptane/air mixtures
measured (symbols) by Bradley
et al. [282], Huang et al. [283],
Jerzembeck et al. [284], and Lipzig
et al. [285] and computed (curves)
using the Chalmers semi-detailed
chemical mechanism.

in each grid point at each time step in CFD
simulations), and (iii) correctly averaging the
laminar flame speed, i.e.

The second method is simplified, i.e. the difference in the Favre and conventional PDFs is
disregarded and the mean laminar flame speed
is evaluated as follows

Figure 42 indicates that the latter (simplified
and less accurate) method (bold curves) yields
results very close to the former (more accurate, but time-consuming) method (thin curves).
Therefore, the simplified method can be used
in CFD simulations of stratified combustion
in a gasoline DI engine. It is also worth noting
that ratios of the mean laminar flame speeds
evaluated using any of the two methods to the
~
laminar flame speed S L f calculated using the
Favre-averaged mixture fraction can be significantly different from unity, thus, justifying the
necessity of modeling the influence of mixturefraction fluctuations on the mean burning rate.

()

()

~
Shown in Figure 43 is the ratio of S L ( f ) S L f
evaluated using the following three alternative methods. Curves 1 have been obtained by
~
invoking a beta-function presumed PDF P ( f )
which is widely used by the combustion community after the pioneering work by Janicka and
Kollman [287]. Curves 2 have been calculated

invoking a double-Dirac-delta-function pre~
sumed PDF P ( f ) . This approach, developed
by Ribert et al. [288,289] based on a recent
proposal by Libby and Williams [290], has
been becoming popular over past few years.
Note that the two PDFs are characterized by
the same first and second moments. Since the
shape of a presumed PDF is unknown a priori, the difference in curves 1 and 2 indicates
uncertainties associated with the presumed
PDF approach. Curves 3 have been computed
invoking the new Taylor-expansion approach
developed within the framework of the present
project. Differences between curves 3 and 1 or
2 are comparable with the difference between
curves 1 and 2, thus, indicating that uncertainties associated with the neglect of higher-order
terms in the Taylor expansion of S L ( f ) are not
larger than the uncertainties associated with the
presumed PDF approach under the conditions of
the present simulations. The Taylor-expansion
approach is simpler and more efficient from
a CFD viewpoint, because it does not require
integration of a presumed PDF in each grid
point at each time step (if such integrals are
preliminary tabulated, the table will be fourdimensional, because

depends on the mean mixture fraction, its variance, pressure, and temperature). Moreover,
the limitations and the physical basis of the
Taylor-expansion approach are clear. However,
the approach cannot be applied to flames characterized by large magnitudes of turbulent
39
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fluctuations in the mixture fraction, because it
could yield negative S L ( f ) due to the neglect of
higher-order moments in the Taylor expansion.

Figure 42. Ratios of S L ( f ) S L ( f ) (thin curves) and S L ( f ) S L ( f ) (bold curves) vs. (a) normalized variance of mixture-fraction fluctuations, with the Favre-averaged mixture fraction being specified in
legends, and (b) the Favre-averaged mixture fraction, with the variance being specified in legends.
~

~

~

Finally, the CFD work has been focused on
applying OpenFOAM® to stratified combustion
in a gasoline DI engine and implementing some
relevant models such as (i) the presumed PDF
approach to simulating the influence of fluctuations in the mixture fraction on burning rate in
a turbulent stratified flame and (ii) the influence
of droplet evaporation on the magnitude of the
fluctuations in the mixture fraction. Typical
results of simulations for stratified turbulent
combustion are shown in Figures 44 and 45.
However, the CFD work was suspended in the
summer because the Ph.D. student involved in
the project has taken parental leave.

Conclusions and Ongoing Work

Figure 43. Ratios of S L ( f ) S L ( f ) vs. (a) normalized variance of mixture-fraction fluctuations around
stoichiometry and (b) the Favre-averaged mixture fraction, with the variance being ~equal to 0.2.
Curves 1, 2, and 3 have been calculated
invoking beta-function presumed PDF P ( f ) , double~
Dirac-delta-function presumed PDF P ( f ) , and the new Taylor-expansion approach, respectively.
~

Chalmers semi-detailed chemical mechanism for a gasoline surrogate (the blend of
iso-octane, n-heptane, and toluene in volume
ratios 55:10:35) was further validated against
experimental data on laminar flame speeds of
iso-octane/air, n-heptane/air, and iso-octane/nheptane/air mixtures, obtained under various
temperatures and pressures.
The difference between the conventional and
Favre mixture-fraction PDFs may be neglected
when averaging the dependence of burning rate
on turbulent fluctuations in the mixture fraction
under conditions associated with combustion
in a typical gasoline DI engine. The use of the
Favre PDF to average the burning rate offers an
opportunity to simplify simulations and reduce
computational time.
The influence of turbulent mixture fraction fluctuations on the mean burning rate can be modeled not only by invoking a presumed mixturefraction PDF, but alternatively by expanding the
dependence of the laminar flame speed on the
mixture fraction into Taylor series, followed by
averaging the expansion. The latter approach is
simpler and more efficient. However, it cannot
be used if the magnitude of the fluctuations is
high.

Figure 44. Spatial fields of the
Favre-averaged
mixture fraction
~
f , its variance ρf ′′ 2 ρ , and the
local value of the laminar flame
speed,~ calculated based on the
local f , temperature, and pressure. -22 crank angle degrees
(start of ignition).

Figure 45. Spatial fields of the
Favre-averaged regress variable
~
b (left column) and the~ Favreaveraged temperature T (right
column), computed at 5, 10, and
15 crank angle degrees after start
of ignition.
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The next-year plans are
• To complete implementation of the presumed
PDF and new Taylor-series approaches to
simulating non-premixed turbulent combustion into OpenFOAM®.
• To compare these approaches under conditions associated with a gasoline DI engine.
• To apply the extended code to unsteady,
three-dimensional RANS simulations of
stratified burning in the chamber of a gasoline DI engine.
• To submit one journal and one conference
paper.

The long-term plans are
• To combine the above models with flamelet
library approach; to implement the combined
model into OpenFOAM®; and to debug the
extended code in order to simulate emissions
from gasoline direct injection (GDI) engines.
• To apply the extended code to unsteady 3D
RANS simulations of mixture formation and
combustion in a GDI engine.
• To compare numerical results with experimental data obtained within the framework
of the CERC project entitled “Spray-Guided
Gasoline Direct Injection.”
• To complete the Ph.D. thesis by Chen Huang.

A Representative Interactive Linear-Eddy Model (RILEM)
for Low Temperature Combustion (LTC)
Note

This is a new project that was very recently
approved by CERC’s board. There are thus no
project results to present at this time.

Objectives

Many of the modern combustion concepts for
high efficiency, low emission engines operate
under lean conditions and at low temperatures.
Combustion under such operating conditions
cannot necessarily be classified as premixed
or non-premixed, and the assumption of fast
chemistry (which is fundamental for many
combustion models) is questionable. In this
research project we aim to develop a model for
low temperature combustion. The objectives of
the project can be summarized as:
1. To develop a regime-independent modeling
approach for turbulent non-premixed combustion which can be used in RANS and LES
based models.
2. To build a base for further extensions of the
model in the direction of premixed and partially premixed combustion.
3. To evaluate the predictive capabilities of the
model by comparison with existing models
and experimental data.

Background

To further improve and develop new or improved
engine combustion concepts for clean and high
efficient engines it is necessary to have predictive models which can be used with confidence
not only under standard combustion conditions
(i.e. premixed or non-premixed combustion
with fast chemistry and flamelet like flame
structures), but also but also under non-standard
combustion including low temperature combustion, multi regime and mixed mode combustion,
local extinction and re-ignition, and etc.

Many of the combustion models in use today
work reasonably well for traditional diesel (nonpremixed) or gasoline (premixed) engines.
They take advantage of the physical characteristics of different combustion modes (premixed
or non-premixed) and are often based on the
assumption of a fast chemistry leading to a scale
separation of turbulent and chemical time and
length scales. As a result, they are usually not
applicable to a combustion mode they are not
designed for, and their use as a predictive tool
for the development of future engine concepts
might be limited.

Project leader
Professor Michael Oevermann
Researcher
Tim Lackmann (PhD student)

Among the candidates for a regime and mode
independent combustion model are transported
PDF models with structure based mixing models
[295] and low-dimensional stochastic models like
LES-LEM, where the linear-eddy model (LEM)
of Kerstein [293] is used as sub-grid model of a
large-eddy simulation (LES) [291,292,298,299].
In LES-LEM a one dimensional representation
of the turbulent combustion process is solved in
each LES cell, by resolving all spatial and temporal scales like a DNS. Compared to most other
modeling strategies, the modeling aspect of LEM
is a spatial reduction resolving all scales, and not
by a model for sub-grid scales. Due to the direct
interaction of turbulent mixing with diffusion
and chemical reaction, the model is capable of
predicting highly unsteady effects such as extinction and re-ignition without any modification to
the model. One disadvantage of the LES-LEM
approach is a high computational cost.
In this project we want to develop a LEMbased modeling approach where we solve only
a few, representative linear-eddy models in the
computational domain. The goal is a modeling approach which keeps the key advantages
of a full LES-LEM (namely regime and mode
independence) but with acceptable computational costs. The proposed modeling approach
41
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has some similarities with the representative
interactive flamelet (RIF) approach of Pitsch et
al. [297] but features some distinct advantages
such as regime independence and an intrinsic
variability of scalar dissipation rates.

Methods
The representative interactive linear-eddy
model – RILEM
Our representative linear-eddy model (RILEM)
consists basically of a standard pressure-based
CFD solver for low Mach-number flow and a representative one-dimensional linear eddy model
for combustion (see Figure 46). We assume a
β-shape probability density function for the
mixture fraction Z and a k-ε turbulence model.

In low Mach-number flow the thermodynamic
pressure p can be assumed to be spatially constant [294] and a divergence constraint for the
velocity can be derived [296]:

∇ ⋅u = −

1 dp

γ p dt

+U

1)

where γ is the ratio of specific heats and U covers local effects of heat conduction, differential
diffusion, and chemical reactions on the flow
dynamics. Ñ·u is the key feedback quantity from
the LEM combustion model to the fluid solver
(Figure 46).
Feedback from the flow solver to the LEM combustion model works as follows: U can be evaluated in each LEM cell. Since each LEM cell has
a full set of scalar variables we can compute for
each LEM cell a mixture fraction value Z and
a scalar dissipation rate χ. As a result, the LEM
allows a map of any scalar quantity ψ from
the one dimensional physical LEM space into
(Z;χ)-space and to compute mean values of ψ
conditioned to the mixture fraction value Z,
i.e. < ψ | Z >. In particular, with the presumed
~
(Favre) beta-PDF of Z, PZ ( Z ) , we can evaluate
a Favre mean value of U for each CFD cell:
1
~
~
U ( x) = ∫ U Z PZ ( Z ; x)dZ 2)
0

By Favre-averaging as shown in Equation 1, we
get the local divergence of the mean velocity in
each CFD cell (Equation 3):

(∇ ⋅ u )(x ) = −γ~ −1 1 dp + U~ ( x)
p dt

3)

Integration of Equation 3 over the whole CFD
domain leads to an equation for the global pressure change:


p
dp
~
= ~ −1 CFD  ∫ Udx − ∫ u~ ⋅ n dS  4)
dt γ V
V CFD

∂V CFD
where VCFD is the total volume of the CFD
domain and γ~ −1 is the mean value of the
inverse Favre averaged ratio of specific heats
on VCFD. The first term within the brackets on
the right hand side of Equation 4 represents the
pressure change due to heat release by chemical
reactions, whereas the second term accounts for
pressure changes by forced compression (e.g. a
moving piston).
Equations 3 and 4 provide the strong and mutual
coupling of the LEM combustion model and
the turbulent flow field. The divergence of the
velocity allows the computation of the dynamic
pressure p dyn in a pressure based CFD solver
and drives the fluid mechanics via heat release
and forced compression. The right hand side of
Equation 3 in turn is determined by the solution
of the LEM (via U) and the CFD solution (via
~
PZ ( Z ; x) ). Equation 4 computes the change of
the thermodynamic pressure on the CFD side
and passes it to the LEM model. It should be
remarked that the dominant feedback mechanism from the CFD side to the LEM model is the
global pressure change in Equation 4. Further
coupling between CFD and LEM is by provided
by supplying the LEM with time dependent turbulence parameters.
The coupling between the CFD solution and the
LEM in RILEM for non-premixed combustion
is sketched in Figure 46.
The proposed RILEM approach offers a regime
independent model of non-premixed combustion. This is a major step forward compared to
flamelet models. LEM and RILEM not only
capture scalar dissipation rate fluctuations, but
also the statistical dependence between mixture
fraction and scalar dissipation rate, which has
to be modeled in a RIF approach. As mentioned
before, the concept can be extended to a regime
and mode independent combustion model by
introduction of an additional progress variable.
Compared to the full LES-LEM approach we still
have a regime-independent combustion model
but with an intrinsic limitation that RILEM is
representative, i.e. regime variations from place
to place in an engine cannot be identified.

Ongoing work

For 2013 we plan to get the LEM model running with a first coupling to a CFD solver using
OpenFOAM®.

Figure 46. Coupling of CFD and
LEM in RILEM for non-premixed
combustion.
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Spray Fundamentals
Objectives

The goal of this project is to determine properties of both non-combusting and combusting
Diesel sprays under various conditions using
very high injection pressure (above 2000 bar),
multiple injection strategies, various nozzle
hole sizes/geometries and gas conditions in
the Chalmers high-pressure high-temperature
(HP/HT) spray rig, applying various optical
diagnostics methods.

Background

Diesel engine combustion quality strongly
depends on management of the fuel and air
mixing process inside the combustion chamber.
The influence of operating parameters on spray
and combustion characteristics is significant.
Phenomena observed in fundamental experiments can be useful for understanding how
injector geometry, fuel properties and injection
pressure influence distribution of fuel in the
liquid and vapor phase, air motion near to injector nozzle region, droplet size and gas velocity
around the spray periphery, ignition delay, liftoff length, flame temperature, and soot formation
and oxidation. The spray parameters obtained
from this project can provide CERC modeling
projects with input data to spray modeling and
to enable validation of models. Furthermore, a
project like “Spray Fundamentals” can extend
our earlier studies of soot in combusting sprays
done within CERC, e.g. alternative fuels and
multiple injection effect on spray development
and soot formation [82,42] as well as liquid and
vapor phase impinging on walls with different
geometries [32].
Experiments using various nozzles will be
performed using the Scania XPI high injection
pressure system, injecting fuel into various conditions (from cold to engine-like) to bring order
to various factors that influence spray formation and decrease soot formation. The overall
hypothesis is that high injection pressure will
reduce soot emissions, but more specific questions of interest are, for instance:
• A nozzle with conicity (k-factor) larger than
zero, i.e. narrower at the exit, generates
higher spray momentum and momentum
gradient, thus higher mixing intensity. In
contrast, cavitation (which is supposed to
increase mixture formation) is suppressed.
Which process dominates, especially at very
high rail pressure?
• Although a small nozzle orifice (around 0.010
mm) has a potential to reduce soot formation,
spray momentum transfer to the surrounding
air is lower using smaller orifices, which leads
to a lower air entrainment [300]. To increase
spray momentum, one method is to use a

nozzle with a degree of hydrogrinding (HG).
What would the effect of HG on spray momentum be using such small-orifice nozzles?
• Higher injection pressure can increase air
entrainment rate into the spray, yet the increase rate tends to moderate when the injection pressure rises to very high level. How
does the fuel-air ratio change as pressure goes
to very high levels?
• To what extent does internal flow in the
nozzle and aerodynamic resistance to the
spray, respectively, determine spray combustion properties, especially at very high
rail pressure?

Project leader
Assoc. Prof. Sven Andersson
Project co-leader
Assoc. Prof. Mats Andersson
Researcher
Chengjun Du (PhD student)

Methods

In the near term; injection rate, discharge coefficient (Cd), and total mass injected over various
values of injection duration and rail pressure
will be observed using impingement measurement and injection rate measurement equipment.
Multiple optical methods will be used for spray
characterization in the HP/HT-chamber: Miescattering imaging will identify liquid-phase
spray and diffraction-based imaging will identify vapor-phase spray simultaneously under
vaporizing conditions; planar laser-induced
incandescence (PLII) images of soot will be
collected to analyze the location of soot along
a thin plane at the jet axis; laser extinction
measurement will provide soot optical thickness; OH chemiluminescence imaging will be
performed to identify the lift-off location; and
phase Doppler anemometry (PDA) will be used
to measure droplets size and velocities at different distances from nozzle tip.

Chengjun Du, PhD Student
Division of Combustion
Department of Applied Mechanics
Chalmers University of Technology

Ongoing work

Adaptors and mounts for the impingement
measurement and injection rate measurement
systems are being built to host the new Scania
injector. The injector will thereafter be mounted
on the high-pressure high-temperature chamber,
and optical measurement system will be arranged
to measure non-combusting spray parameters
and combustion process characteristics.
Figure 47. Scania XPI injector with rail and duel delivery
system.
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Optical Methods for Spray and Combustion Diagnostics
Objectives
Project leader
Assoc. Prof. Mats Andersson

The objectives of the project are to develop
and apply optical measurement techniques
for spray and combustion diagnostics. This
includes spray diagnostics with the purpose to
measure the distribution and concentration of
liquid and vapor phase fuel, air fuel mixing and
temperatures. The combustion characterization methods aim to identify ignition, visualize
flame propagation, and measure combustion
intermediates and products. The focus is on
developing methods that can find use in other
CERC projects and to carry out investigations
in collaboration.

Background

Optical measurement techniques have many
applications in combustion engine research, and
are widely used in both university and industry
labs [301–303]. Optical techniques have several
advantages that make them well suited to measure a number of properties, which are difficult
or impossible to investigate by other means.
Optical diagnostics are non-intrusive, but they
require that light can be inserted into and/or collected from engines or spray chambers. The use
of advanced optics, cameras and lasers enables
measurements with high temporal, spatial and
spectral resolution.
One particularly powerful concept is planar
laser-sheet imaging. A cross-section of an object
(spray, flame, …) is illuminated with the light
from a laser formed into a thin sheet by expansion in one dimension and focusing in the other.
Perpendicular to the laser sheet a camera captures an image of scattered light, fluorescence
or other induced emission. Usually pulsed lasers
with a high peak power are used, combined with
intensified CCD cameras which enable signal
amplification and short exposure time. Thus,
imaging can be carried out for low-concentration species and in luminescent environment
such as flames. By proper choice of the wavelength for the laser light and for the detected
light, various species can be selectively probed.
Elastically scattered light from fuel drops (Mie
scattering) can be detected to visualize the distribution of fuel drops in sprays. In order to
image simultaneously the distribution of vaporphase fuel, laser-induced fluorescence (LIF)
can be used. In that case the fluorescence light
from fuel molecules in both liquid and vapor
phase is detected at a longer wavelength than
the excitation light. For this purpose a fuel with
well controlled properties containing a specific
fluorescent tracer molecule is used for optimum
accuracy or selectivity of the measurement, but
the fluorescent properties of molecules in commercial fuels can also be used. The fact that the
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absorption and fluorescence properties of many
molecules are temperature dependent enables
temperature measurements using LIF.
Besides the laser-based techniques, important
information on combustion processes can be
obtained by measuring the natural luminescence from the flame. Since various molecules
emit chemiluminescence at different wavelengths, the emission spectrum contains information about the chemical reactions going on
which can be combined with spatially and/or
temporally resolved detection. Because of the
relative simplicity of chemiluminescence detection, it is a good complement to the laser-based
techniques and may be used in applications and
experimental configurations where it is difficult
to apply laser illumination.
The techniques described above are all well
established and used in many labs, but that
does not mean that there is no need for further
development. On the contrary, there is intense
work going on in improving existing techniques,
inventing new ones, combining techniques in
innovative ways and making use of new instrument technology. Furthermore, different measurement objects and situations may require that
existing practices and methods need to be modified or improved to be applicable or to extract as
much information as possible. Based on these
considerations, the role of this project is to enable
and assist CERC researchers to apply advanced
optical measurement techniques at an appropriate level of complexity, to make the best use of
the instrumentation available for advanced spray
and combustion engine experiments.

Methods used for this year

One major activity this year has been starting an investigation in collaboration with the
SGDI project to characterize fuel distribution
and combustion in a spark-ignited single-cylinder engine that is operated in stratified mode.
Optical access is available through windows in
the cylinder head and in the piston and through
the upper part of the cylinder liner made from
quartz. This investigation is an extension of a
previous joint study [304], now involving additional optical characterization techniques and
different fuel injectors.
The fuel spray is imaged with a high-speed
video (HSV) camera detecting light scattered
by the fuel drops. This enables determination
of fuel distribution and in particular the liquid
fuel penetration as a function of time during and
after injection. In addition planar laser-induced
fluorescence (PLIF) is used to image fuel distribution in a laser-illuminated plane. In contrast

to the high-speed video imaging, which is able
to capture a sequence of images in each cycle,
the repetition rates of the high-power lasers
and intensified CCD cameras needed for PLIF
imaging restricts acquisition to one frame per
cycle. PLIF enables detection of vapor phase
fuel, and fluorescence intensity is an indicator
of fuel concentration. Simultaneous with PLIF
imaging, the Mie-scattered light can be detected
with another camera to show the distribution of
remaining fuel drops.
Direct detection of luminescence from within
the cylinder is used to characterize combustion,
from ignition to flame propagation to detection
of late combustion, including the presence of
soot. Qualitative characterization of combustion can be obtained using high-speed video
imaging. Further information can be obtained
when the light is detected using a spectrograph
connected to a camera, which provides an emission spectrum with one-dimensional spatial
resolution. Characteristic spectral emission
peaks allow detection of CN (an indicator of
fuel concentration in the spark during ignition
[305]), and OH and CH (flame indicators [306]).
In addition to the relatively sharp spectral peaks
from small molecules, broader features corresponding to CO2 chemiluminescence and
soot luminescence can be seen. Based on the
emission spectra, imaging can be carried out
with various filters in front of the cameras to
obtain two-dimensional images of the emission from selected species. If soot luminescence
dominates, the shape of the emission spectrum
can be used to estimate the flame temperature
because it represents black body emission from
small soot particles.
Another activity has involved optical engine
investigations on how partial fuel stratification
influences combustion in homogeneous compression ignition (HCCI) mode [307]. The fuel
and temperature distributions prior to ignition
were measured by two-color PLIF in a horizontal plane. A fluorescence tracer (3-pentanone)
was added to the isooctane fuel, which enabled
imaging of the fuel distribution, but since the
3-pentanone molecule has a temperature dependent absorption spectrum, the temperature can
also be determined by taking two images using
two different excitation wavelengths and comparing the relative intensity in the two images
[308,309]. For this purpose the beams from two
lasers, one excimer laser and one Nd:YAG laser
with the output wavelengths at 266 and 308
nm, respectively, were overlapped and formed
into co-aligned, thin horizontal sheets passing
through the cylinder head. The fluorescence
light was detected through the piston using a

beam splitter and two intensified CCD cameras
triggered with a short time delay to avoid cross
talk between the two images. The intensity of
the laser light sheets was captured by an additional camera so the images could be corrected
for shot-to-shot fluctuations in the intensity.
After appropriate background subtraction a
ratio image was calculated by dividing one PLIF
image with the other one. This ratio was then
converted to temperature using a calibration
curve based both on our own measurements
and published data from other labs. The final
step in image processing was to use the temperature information to correct the intensity in
the PLIF images for the temperature dependent
fluorescence intensity and thus obtaining more
accurate fuel distribution information.
Ignition and the intensity of the combustion
were captured by recording luminescence
(emission light) using a high-speed video camera. The chemiluminescence light from combustion was detected through the piston with
a high-speed video camera equipped with an
image intensifier. The time history of the light
intensity in each pixel of the image could then
be analyzed to determine the start of combustion and the intensity of the combustion in that
particular part of the cylinder. As an indicator
of the start of combustion, the time when the
light intensity reaches 10 % of the maximum
intensity was used, whereas the combustion
intensity was related to the maximum derivative
in the light intensity.

Results

The purpose of the investigation of HCCI combustion was to determine the degree of fuel
stratification and to find correlations between
hot/cold and lean/rich areas and ignition timing
and combustion intensity in these same areas
[307]. This information will be useful to explain
why charge stratification by a late fuel injection
helps to reduce cylinder pressure oscillations
which otherwise limit the maximum load for the
otherwise fuel efficient HCCI operation mode
of a gasoline engine.
Figure 48 shows examples of the data from
individual cycles. It can easily be observed
directly from the PLIF images that both the fuel
stratification and the temperature stratification
increase when a part of the fuel is injected late
during compression, following after an early
direct injection (early in the intake stroke).
Furthermore, it can be seen that the lean areas
are hotter than the rich areas. Fuel stratification also makes ignition more distributed in
time, reducing the combustion intensity as seen
from the HSV data. Combustion intensity is
45
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Figure 48. Examples of images obtained from the PLIF and HSV measurements. All images represent views from below through the piston window and show the
laser-illuminated area. The first column (A) is recorded with only an early fuel injection creating an almost homogeneous fuel distribution, whereas the other columns
show cases where some of the fuel is injected late to obtain a stratification of the fuel distribution. The first and second row show the intensity in the PLIF images
with excitation at 308 and 266 nm, respectively, and the third row shows the temperature-compensated fluorescence intensity representing the fuel concentration. The forth row shows the temperature calculated from the PLIF images in row one and two. The fifth row shows the time for start of combustion, and the sixth
row the maximum light intensity derivative indicating the combustion intensity.
Figure 50. A sequence of high-speed video images capturing
the combustion in a direct injected gasoline engine operated
in stratified mode. The number in the lower left corner of the
images shows the time delay in crank angle degrees (1 CAD
= 111 µs) from the first image showing the spark. In the first
four and last two images the intensity is multiplied by a factor
of five compared to the gray scale used in the other images.

Figure 49 (left). A sequence of high-speed video images recorded on a gasoline spray from an outwards-opening injector creating a hollow-cone type of spray. The spray is illuminated by white light
from the bottom through the piston window, and imaging was carried out from the side through a
window in the cylinder head and a transparent cylinder liner, separated by a gasket which causes
a black line across the lower part of the spray in the later images. The images are recorded with a
time interval of 83 µs.
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also higher in late-igniting areas. Even if some
trends can be identified by directly comparing
images, a statistical analysis was performed
to non-subjectively determine correlations
between the fuel and temperature distributions
from the PLIF images, together with start of
combustion and combustion intensity derived
from the HSV images. The correlations between
PLIF and HSV are expected to be weaker than
in an ideal case (but strong enough to make
conclusions with high confidence) owing to
the following two limiting factors: First, the
PLIF images record data only from the laserilluminated plane, whereas the HSV images
contain light detected from the full height of
the cylinder. Second, the PLIF images need to
be recorded relatively early, before fuel decomposition produces fluorescing species, and there
will be some gas motion during the 1-2 milliseconds between PLIF image recording and
start of combustion.

The statistical analysis, besides confirming the
trends described above, shows that hotter and
leaner zones ignite earlier than colder and richer
zones, although the data set is not sufficient
to delineate the respective contributions from
fuel stratification and temperature stratification
since they are closely related. The combustion
intensity is also lower in late burning zones
when fuel stratification is applied. Together
with results from a previous study [310] which
showed that the pressure oscillations were
induced by high combustion intensity in late
burning zones, it was possible to conclude that
the pressure oscillations are reduced under
stratified conditions owing to the rich late burning zones which therefore burn more slowly.
The investigation of the stratified operation for
the spark-ignited gasoline engine was initiated
towards the end of the year and will continue
during 2013, so examples of preliminary results
alone can be shown here. Figure 49 shows a
sequence of HSV images of a fuel spray captured
from the side. The dark horizontal line blocking
part of the spray is a metal spacer and the gasket
between the window in the cylinder head and
the quartz cylinder liner. There is clearly rapid
penetration of the spray just after the start of
the injection, whereas the tip of the spray moves
more slowly as it penetrates further. In the final
images the fuel spray reaches the top of the
piston, which might result in the deposition of
liquid fuel, causing rich area with soot formation late during the combustion. The bright spot
seen in the upper part of the two last frames is
the spark; the spark plug is located just behind
the spray. Figure 50 shows another sequence
of HSV images recorded with the camera in
the same position but with a lower sensitivity

to efficiently capture combustion light without saturation. In the first image the spark can
be seen and then there is a time gap before a
clearly visible flame is formed. Thereafter the
flame increases rapidly in size and luminescence intensity, and for a relatively long period
strong light emission can be seen from most of
the cylinder. Towards the end of combustion
the intensity decreases but there are localized
regions with significant light emission, likely
from late burning soot formed in rich areas.

Conclusions and ongoing work

The investigation of HCCI/SCCI combustion
showed that detailed optical investigation combining several techniques, in particular correlating fuel and temperature distributions prior to
ignition and the combustion event, made it possible to explain the role of charge stratification
in reducing pressure oscillations. Of particular
relevance for this project is the fact that we have
improved our ability to perform accurate fuel
distribution and temperature measurements
using PLIF with two-color excitation, and that
we have established procedures for correlating
fuel distributions with combustion.
The ongoing optical engine investigation, in
collaboration with the SGDI project, will continue during 2013 as outlined in the methods
section. Future collaboration with the Spray
Fundamentals project is worth mentioning.
Preparations for optical measurements of Diesel
sprays in the spray chamber are in progress and
measurements will be carried out during 2013
using both high-speed video and laser-based
techniques.

Associated projects
Here we list projects that are conducted within the Combustion Division but sit outside of CERC.
The total research funding for these projects is roughly the same as the research funding for CERC.

Development of Predictive Models for Spray Breakup
Summary
This new grant is aimed at more predictive models for primary breakup of sprays. It combines
model development with detailed experiments. Experiments will use transparent nozzles so that
interior flows can be studied using high speed long distance microscopic shadowgraphy and microPIV. Primary breakup will be studied using ballistic imaging (BI)*. A 3-pulse system will be set
up so that we can correlate 2 images to extract the velocity of the liquid-gas interface. Three pulses
will give 2 velocity images allowing us to extract the acceleration vectors. In addition, software
will provide statistics on surface curvature, void size distributions, surface wave amplitude vs.
frequency and so forth. To better understand primary breakup, we will partner with colleagues
doing direct numerical simulation (DNS) of breakup (Prof. H. Pitsch at U. Aachen in Germany,
Prof. M. Hermann at Arizona State U., and Prof. M. Trujillo at U. Wisconsin). We will purposely
operate under conditions appropriate for DNS because it involves some assumptions and the
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Principal Investigators: M. Linne,
M. Andersson, M. Oevermann
Source of Support: Knut and Alice
Wallenberg Foundation
Award Period Covered: 2013 –
2017 (5 years)
Senior/student supported: M.
Linne, M. Oevermann, 1 new post
doc, 2 new PhD students

CERC – Annual Report 2012

ballistic images will help confirm their appropriateness. We can then learn much more about
breakup dynamics from DNS than we can from ballistic imaging. We can then extrapolate that
detailed level of understanding to higher Reynolds numbers by use of ballistic imaging alone.
Droplet size distributions and velocities will be acquired using phase Doppler interferometry.
Overall images will be taken with planar imaging techniques, and vaporizing sprays can be
studied using combined elastic scattering /laser induced fluorescence of exciplex fluorescence
imaging techniques. The sprays will thus be characterized with a level of detail never before
applied. The experiments will begin with steady flows that isolate one primary breakup
mechanism at a time (e.g. turbulent breakup, shear, cavitation, etc.). Our computational collaborators help us design the experiments before we begin, to make sure we are at least close
to their needs. We will then combine breakup mechanisms and then move to a transient jet.
The modeling program will be based on several recent developments by our collaborators.
Because interior flows are critical for the development of a breakup model, we will model
those using LES or URANS. For interior cavitation, we plan to adapt the dynamic models by
Prof. D. Arcoumanis and Prof. M. Gavaises at City College, London. For primary breakup
of the jet after exiting the nozzle, it may be possible to correlate interior flows and to use the
correlations to set more reliably the tunable constants in existing breakup models (working
with Prof. D. Schmidt at U. Mass. Amherst). Second, we will investigate use of the onedimensional turbulence (ODT) model for primary breakup of Dr. A. Kerstein (recently retired
from Sandia Labs; he is a collaborator and will be partially supported as a consultant). Third,
we will evaluate the stochastic breakup methods of Prof. M. Gorokhovski at Ecole Central de
Lyon. Various full spray models under development at Chalmers will be coupled to breakup
models. In addition, we will collaborate with Prof. Eva Gutheil at the U. Heidelberg on overall
spray breakup models.
This grant will support Professors Linne and Oevermann, it will pay for 2 computational
PhD students and one experimental post-doc. Dr. Oevermann has an additional grant from
the Swedish Energy Board for a related PhD student, and we will support some consulting by
Dr. Kerstein. The grant will also pay for:
• A third fs amplifier for 3 pulse ballistic imaging
• A spectroscopic YAG/dye system for species imaging in sprays (important for imaging,
especially as we go to transient fuel sprays later in the program)
• A new phase Doppler interferometer
• Several types of scientific camera systems (including a high speed camera)
*

For a description of ballistic imaging, see “Ballistic Imaging of Liquid Breakup Processes in Dense Sprays”, M. Linne, M.
Paciaroni, E. Berrocal and D. Sedarsky, invited review article, Proceedings of the Combustion Institute, Vol. 32, pp. 2147-2161,
(2009).

Turbulent Spray Breakup

Principal Investigator: M. Linne
Source of Support: Swedish Energy
Agency (Energimyndigheten)
Award Period Covered: 2013 – 2017
(4.3 years)
Senior/student supported: M. Linne,
1 new PhD student

Summary
This project is coupled to the one described just above (Fundamental studies of transient
sprays). It will provide funding for an experimentalist PhD student who specializes in fluid
mechanics of sprays.

Hercules C: Higher Efficiency, Reduced Emissions, Increased
Reliability and Lifetime, Engines for Ships, Work Package 2.2
Summary
This EU project is conducted in a work-package collaboration with MAN Diesel and Turbo in Copenhagen,
Denmark. To support their model developments, we have
developed an optically transparent injector tip with the
same interior passages as a commercial unit. It is fed
by fuel from a modified Scania XPI injector body. The
injector mounts inside the Chalmers spray vessel so that
we can reproduce the density of air inside the big MAN
engines. Interior flows will be studied with high-speed,
long distance microscopic shadowgraphy and they will be
correlated with breakup using ballistic imaging.

Principal Investigator: M. Linne
Source of Support: EU
Award Period Covered: 2011 – 2013
(3 years)
Senior/student supported: M. Linne,
Z. Falgout (PhD student)

Figure 51. HERCULES injector tip in
spray chamber. This one has a metal
tip for pressure tests, but an optical tip
is also available.
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The project includes 25 partners.
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Advanced Spray Research
Summary
This grant supports a PhD student who applies
ballistic imaging to sprays and further develops
the technique. Ballistic imaging is a technique
that allows one to image larger structures buried
inside a dense could of small drops. It is like
creation of a shadowgram as though the drops
did not exist. It uses high energy pulses that are
100 fs long, emitted by a Ti:sapphire amplifier
system.

Principal Investigator: M. Linne
Source of Support: Swedish Energy
Agency (Energimyndigheten)
Award Period Covered: 2011 – 2013
(3 years)
Senior/student supported: M. Linne,
M. Rahm (PhD student)

Figure 52. Two-pulse ballistic imaging system.

Equipment to enable an advanced spray research partnership

Principal Investigator: M. Linne
Source of Support: The Swedish
Research Council (Vetenskapsrådet)
Award Period Covered: 2010 – 2012
(equipment grant, 3 years)

Summary
This grant has purchased the 2-pulse ballistic imaging system shown in Figure 52.

Initial breakup of transient fuel sprays
Summary
This grant supports a PhD student to collaborate with the Engine Combustion Network (ECN,
http://www.sandia.gov/ecn/). ECN evaluates 10 standardized Bosch diesel fuel injectors (some
single hole and some 3-hole) with the goal to create a very comprehensive diesel injector
database to be used by model developers. It involves nearly 50 partners worldwide who apply
their expertise and measurement techniques on the same injectors. Chalmers will contribute
with ballistic imaging to elucidate primary breakup, and ultimately we will investigate correlation with interior flows as we do in the HERCULES project.

Principal Investigator: M. Linne
Source of Support: The Swedish
Energy Agency (Energimyndigheten)
Award Period Covered: 2011 – 2014
(4 years)
Senior/student supported: M. Linne,
Z. Falgout (PhD student)

Modeling of High-Pressure Developing Turbulent Flames of Fuels
Containing Free Hydrogen
Summary
This project is aimed at further development and validation of Chalmers’ models of premixed
turbulent combustion. Within the framework of the project, the following results have been
obtained: First, a new method for evaluating turbulent burning velocity in experiments with
expanding statistically spherical premixed turbulent flames was developed and validated.
Second, new balance equations were rigorously derived in order to model the behavior of
velocity vector and Reynolds stress tensor conditioned either on unburned or burned mixture
within a premixed turbulent flame brush in the flamelet combustion regime. Third, a problem of
characterizing turbulence in premixed flames was posed. Fourth, a new simple test of various
RANS models of premixed turbulent combustion was proposed and applied to many models.
Fifth, the Flame Speed Closure (FSC) model of premixed turbulent combustion, developed
earlier at Chalmers, was further validated.

Principal Investigator: A. Lipatnikov
Source of Support: The Swedish
Research Council (Vetenskapsrådet)
Award Period Covered: 2007 – 2009
(3 years)
Senior/student supported: A.
Lipatnikov

Modeling of the Influence of Chemical Reactions and Heat Release
on Turbulence and Turbulent Scalar Transport
Summary
Contemporary turbulent flame models used by industry place the focus of consideration on the
influence of turbulence on combustion, but disregard the influence of combustion on turbulence.
However, heat release in chemical reactions is well known to change local density field and,
therefore, affects substantially the pressure field and both mean and fluctuating velocities in
a turbulent flow. Such effects manifest themselves in the so-called “flame-generated turbulence”, “countergradient diffusion”, flamelet instabilities, etc. and they have been challenging
the combustion community for decades. The project is aimed at development, validation, and
application of a new approach to modeling the influence of chemical reactions and heat release
on turbulence and turbulent transport.

Principal Investigator: A. Lipatnikov
Source of Support:The Swedish
Energy Agency (Energimyndigheten)
Award Period Covered: 2010 – 2012
(3 years)
Senior/student supported: A.
Lipatnikov, E. Yasari (Ph.D. student)

The following results have been obtained: First, transition from gradient to countergradient
scalar transport in developing premixed turbulent flames was studied theoretically and numerically and the substantial influence of flame-development time on the direction of the flux was
shown. A simple global criterion for predicting the flux direction was theoretically obtained
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and qualitatively validated by comparing trends resulting from the criterion with trends
observed in published experimental and Direct Numerical Simulation (DNS) studies. Second,
an analysis of the obtained criterion, of our numerical results and published DNS data has led
us to a hypothesis that the shape of the dependence of the mean rate W of product creation on
the mean combustion progress variable c should change during flame development. To the
best of our knowledge, this important problem was never raised in the combustion literature.
Such an evolution of the shape of the W (c ) –curve challenges the majority of currently available RANS models of premixed turbulent combustion, but is consistent with the Flame Speed
Closure (FSC) model developed earlier at Chalmers. Third, the conditioned-velocity-balanceequation approach was closed and quantitatively validated by comparing simulated results with
published experimental data on turbulent scalar flux and conditioned velocities, obtained by
four research groups from seven different flames each stabilized in an impinging jet. Fourth,
in addition to the rigorous, but complicated balance equations for conditioned velocities, a
much simpler closure relation was developed invoking a few hypotheses. The first quantitative test of the new approach yielded encouraging results. The key idea of the approach was
put forward by Prof. Sabel’nikov (ONERA, France) and further development and validation
of the approach has been performing during informal cooperation with him. Subsequently,
this simple closure relation was extended in order to be compatible with the FSC model, and,
therefore, to allow us to evaluate the mean heat-release rate by combining the two approaches.
The extended simple closure relation was quantitatively validated by numerically simulating
turbulent scalar fluxes and conditioned velocities in six impinging-jet premixed turbulent
flames investigated experimentally by four research groups. Fifth, DNS data base by Prof.
Chakraborty (University of Newcastle, UK) was jointly analyzed by him and us and a closure
relation proposed by us to calculate the flow velocity conditioned on the unburned edges of
flamelets was confirmed in the largest part of turbulent flame brush. Sixth, the FSC model was
implemented into OpenFOAM® library and the extended code was validated by simulating
experiments with oblique confined and open V-shaped laboratory premixed turbulent flames.

A DNS Data Base for Modeling Turbulent Flames
Summary
Direct Numerical Simulation (DNS) is well recognized to be the most advanced computational
tool for numerical studies of turbulent reactive flows. The present pilot project is aimed at
starting an activity in our group in this area, by processing a DNS database obtained earlier
by the leading experts in the DNS field at the Nagoya Institute of Technology, Japan. The
data base contains 3D fields of density, velocity, energy, and fuel mass fraction, computed at
different instants in the case of a statistically stationary, planar, one-dimensional premixed
turbulent flame. Cooperation with the Nagoya Institute of Technology was started within the
framework of the project. We first learned about the details of the database and then transferred
it to Chalmers. Currently, we are developing methods and software for extracting standard
mean quantities from the data base, including data conditionally averaged either in unburned
mixture or on combustion products, or at the instantaneous flame surface. Such data are of
great importance for further developing a new and promising approach to modeling premixed
turbulent combustion that deals with the balance equations for the conditioned quantities.

Principal Investigator: A. Lipatnikov
Source of Support: Chalmers
E-science center
Award Period Covered: 2012 – 2013
(6 months)
Senior/student supported: A.
Lipatnikov

Large-eddy simulation of spray flames in reciprocating engines
using linear-eddy sub-grid modeling
Summary
This project grant will support a PhD student doing large-eddy simulation with a linear-eddy
sub-grid combustion model (LES-LEM) with application to spray flames. The project aims at
developing a new coupling mechanism between LES and LEM for low Mach-number flow in
engines and to validate the method against experimental data and other numerical methods
used at CERC. The major benefit of LES-LEM is a mode and regime independent combustion
modeling. The project has close connections to the CERC funded project “A representative
linear-eddy model for low temperature combustion” (RILEM) but with a focus on fundamental
investigations of mixed-mode combustion and mixture formation in stratified combustion

Principal Investigator: M. Oevermann
Source of support: The Swedish
Research Council (Vetenskapsrådet)
Award period covered: 2013 – 2015
(3 years)
Senior/student supported: M.
Oevermann, 1 new PhD student
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Emission Aftertreatment
Summary
Emissions from ICE are important because they have a significant effect on human health and
the environment. Emission levels have always been a key performance indicator, alongside
engine performance. New regulation makes it necessary to take into account simultaneously
the engine and the aftertreatment system performance, and this is a growing activity within
CERC and the Division of Combustion. Joint research between CERC and the competence
center for catalysis (KCK) has started via these projects, and collaboration is intended to
grow with time.

Principal Investigator: J. Sjöblom
Source of Support: Chalmers
Transport Area of Advance, new grant
from the Swedish FFI program
Award Period Covered: 2011 – 2016
(5 years)
Senior/student supported: J. Sjöblom

Within the area of NOx reduction, various engine-related studies are being performed. A
lab-scale silver-based catalyst has been evaluated on real engine exhaust in order to study the
effect of HC (hydrocarbons) and PM (Particulate matter) on the catalyst. That problem cannot
be investigated at the bench-scale. Another study involves poisoning of Potassium (potential
catalyst poison from biofuels) on an iron zeolite-type SCR catalyst. By comparing the results
from bench-scale (synthetic exhaust) with engine experiments (real exhaust), important differences are expected to surface.
Another important area is the reduction of particulate matter (PM). Exhaust PM is commonly
removed by a Diesel particulate filter (DPF) and this induces a fuel penalty by pressure drop
over the filter and during filter regeneration (where the engine is operated more fuel rich to
produce more exhaust heat for soot burn-off). Furthermore, a catalyst upstream of any filter
is significantly affected by the PM. In a study of PM capture in such an upstream catalyst it
has been demonstrated the effect of HC that has condensed on the PM, see Figure 53.

Figure 53. The Capture Efficiency (CE)
for different particle sizes. The different
curves represent different substrate
conditions (Reynolds number). The
insertion shows the corresponding
CE from theory (which shows a much
smaller CE). The discrepancy is due to
losses of volatile material (HC) which
adsorb on the substrate.

The activities within catalytic PM removal will soon expand further with the start of a recently
funded FFI project, where a PhD student will share supervisors from both KCK and CERC.

CORE – CO2 REduction for long distance transport

Summary
The objective of the project is to promote CO2 reduction via improved powertrain efficiency,
with the goal to overcome known limitations while maintaining the potential for implementation under high volume production by the end of this decade. The technical objectives are
to demonstrate 15% improvement in fuel economy. Chalmers is involved in a sub-project
concerning high efficiency Diesel engines for long haul trucks. Our task is to explore the
potential of new combustion concepts (e.g. Partially Pre-mixed Combustion/Low Temperature
Combustion). The primary goal of the task is to study the effects of various injection, EGR,
and charging strategies using unconventional valve timings in order to assess how a “high
efficiency combustion concept” can be realized and controlled. Particular attention will be
given to EGR strategies. The robustness of the various solutions will be considered. For the
experiments a heavy duty single cylinder engine equipped with a fully flexible valve system
will be used. For simulations, GT-Power and KIVA 4/OpenFOAM® will be used.

Principal Investigator: I. Denbratt
Source of Support: EU
Award Period Covered: 2012 – 2016
Senior/student supported: I.
Denbratt, A. Imren, J. Sjöblom

Figure 54 shows rate of heat release obtained by GT-Power and KIVA 4 simulations for two
different intake valve timings. One can see that ignition delay times were increased when
later IVC timing was used, and a larger part of the charge was burned in a premixed mode.
Temperature reduction before ignition helps in reducing NOx emissions especially for 25% EGR
cases, while soot emissions decrease due to more premixed combustion with a later IVC timing.

Figure 54. Calculated rate of heat
release curves with 25% EGR for IVC
0 aBDC (baseline) and late IVC 100
aBDC cases at 50 % load and 1200
rpm (A50).

The project includes 16 partners.
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CleanER-D – Clean European Rail-Diesel
Summary
Railways are generally the most energy efficient and environmentally clean mode of transport for passengers and freight. It is important for the railway sector to keep this competitive
advantage, meanwhile continuing to make progress in emission reduction (including CO2) for
the fleet that uses diesel propulsion. Even if electrification of railway lines is developing more
in Europe, it a significant percentage of train traffic will continue to rely on diesel propulsion
for economic reasons. This is the case in particular for regional branch lines that collect passengers for feeding the main electrified system, and for freight transportation secondary routes
that are essential to avoid saturation of the main system by slow and heavy trains.

Principal Investigator: I. Denbratt
Source of Support: EU
Award Period Covered: 2010 – 2013
Senior/student supported: I.
Denbratt, A. Imren, V. Golovitchev

The scope of CleanER-D is to assess new diesel engine technologies for rail application which
are required to fulfill the EU-stage-IIIB emissions regulations and beyond.
Chalmers is involved in a work package aiming at developing an impact matrix to assess how
different low emission technologies and after-treatment systems suitable for rail applications
will influence engine durability, reliability, maintenance and fuel consumption. The study
examines the impact of:
• Fuel type and quality
• Exhaust Gas Recirculation (EGR) and Selective Catalytic Reduction (SCR) technologies
for reduced NOx emissions
• Alternative strategies for regenerating the Diesel particulate filter (DPF) used in the aftertreatment system
Together with Instituto Motori, the division of Combustion at Chalmers has been responsible
for creation of a virtual engine for studies on the influence of fuel quality and exhaust aftertreatment systems. Some examples of results can be found below.
The project includes 26 partners.
Figure 55. Influence of post injection strategy on the spatial distribution of temperatures Pilot + Main +
Postinjection applications.

Figure 56. Evolution of the soot mass load of the
DPF monoliths over multiple driving cycles for a 60
kW DMU railcar.

FUEREX – Multi-fuel Range Extender with high efficiency and ultralow emissions
Summary
Worldwide, there is a strong trend towards highly efficient, low (preferably zero) emission
vehicles, (e.g. electrical vehicles). Factors that encourage this trend include worldwide concern
regarding: global climate change (an effect of increasing atmospheric CO2 concentrations),
air quality (especially in urban areas: adverse health effect), and decreasing availability and
dependence on fossil fuels.

Principal Investigator: I. Denbratt
Source of Support: EU
Award Period Covered: 2010 – 2012
Senior/student supported: I.
Denbratt, D. Dahl, D. Härensten

This project studies the simultaneous challenges of meeting the tough efficiency, emissions,
noise vibration and harshness (NVH) standards, and integration and cost requirements for an
electric vehicle range extender. Chalmers institutions of Applied Mechanics (Combustion) and
Signals and Systems are participating in the project. The Combustion Division responsibility
has been to evaluate cold start strategies, while Signal and Systems studies real world driving
cycles. Since the electrical engine delivers the work and the combustion engine is decoupled
from the power requirement of the vehicle (as it charges batteries exclusively), the combustion
engine can be operated under constant load conditions, limited mainly by noise, vibration
and harshness (NVH) constraints. This enables efficient optimization of the engine, but it
also affects the design criteria of the engine. The engine load point(s) can be chosen for high
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fuel efficiency, which will also produce relatively high exhaust gas
temperatures, enabling fast catalyst light-off. A problem with intermittent operational strategies is maintenance of the minimum catalyst
temperature during the test cycle, since the engine is infrequently
turned off and on. This could cause emission spikes caused by the
cold and inactive catalyst at engine start up during the multiple engine
start/stops. The conversion efficiency of the catalyst can also be rather
poor during the engine start up process even at hot conditions owing
to a deviation of the equivalence ratio from stoichiometric conditions.
The project includes 8 partners.

Figure 57. Assessment of catalyst
conversion efficiency during cold
start using fast FID and CLD analyzers before and after the catalyst.

OPTIMORE – Optimised Modular Range Extender for every day
customer usage
Summary
OPTIMORE focuses on solving and overcoming well known shortcomings of BEVs and further
develops and optimizes the range extender concepts from FUEREX, thereby providing an important path towards customer acceptance of electrified vehicles and increasing market penetration.

Principal Investigator: I. Denbratt
Source of Support: EU
Award Period Covered: 2012 – 2014
Senior/student supported: I. Denbratt,
D. Dahl, D. Härensten

The main task for the Combustion Division is to study optimal control strategies for increased
ICE efficiency and minimized emissions by using e-motor assist to remove the need for transient
operation of the ICE. A large part of our work will be performed in the newly built hybrid test
cell. The project has recently started and is still in a definition phase.
The project includes 8 partners.

DME for Diesel Engines
Summary
Alternative fuels for road vehicles are an important part of the future energy scenario that
is gradually becoming increasingly complex. Dimethyl ether (DME) is considered by many
to be a major candidate fuel. Excellent combustion properties (not the least being that it is
soot-free) make it possible to design a combustion concept with low environmental impact. A
genuinely optimized combustion concept (especially with regards to thermal efficiency, nitric
oxides and noise) that fully utilizes the fuel’s potential will probably differ substantially from
today’s typical Diesel combustion systems. Conventional Diesel engine designs are strongly
influenced by the need for soot suppression.

Principal Investigator: I. Denbratt
Source of Support: The Swedish
Energy Agency (Energimyndigheten)
and Volvo GTT
Award Period Covered: 2011 – 2012
Senior/student supported: I.
Denbratt, V. Golovitchev, H. Salsing
(Salsing defended his PhD thesis in
December, 2011 and is now an industrial post doc)

The current DME activities at Chalmers began in 2004. The first studies on a heavy duty single
cylinder research engine fuelled with DME produced new knowledge about the influence
of basic parameters like injection timing, injection pressure, and the amount of recirculated
exhaust (EGR) at various load points.
It was found that DME combustion is quite slow (compared to standard Diesel fuel combustion
in a heavy duty Diesel engine), especially under low NOx conditions, NOx < 1 g/kWh, and at
higher engine speed and load. Slow combustion can generate high emission levels of carbon
monoxide (CO) and it affects engine efficiency. The latter happens for two reasons; first the
long combustion duration yields a lower thermodynamic efficient process (less resemblance
to the ideal cycle), and second, energy is lost when CO is not completely oxidized (e.g. low
combustion efficiency). It was also confirmed that combustion of DME in a Diesel engine
(even with a poorly adapted combustion system) does not produce soot.
The reason for the slow DME combustion process is that the mixing velocity difference between
the injected fuel and the air, diluted with EGR, is too low. Late combustion can therefore take
place during the latter parts of the expansion stroke (as seen in the “tail” of a rate of heat
release diagram), resulting in high CO emissions because chemical reactions are frozen before
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Figure 58. Specific CO versus specific
NOx emissions, load point C60.

CO is fully oxidized to CO2. The mixing velocity difference between fuel and air is mainly
affected by injection pressure, nozzle, and combustion chamber geometry. Since the injection
pressure was hardware limited up until 2010, this work concentrated on piston and nozzle
geometry optimization. Extensive CFD simulations, with detailed chemistry in combination
with design of experiments, were performed. This was done to improve understanding of the
combustion process and to suggest the most promising hardware combinations to evaluate
experimentally. These activities led to the development of a combustion system that can burn
DME more efficiently and cleanly. During the last two years a new injection system has allowed
higher injection pressure. Studies have been performed to assess the influence of injection
pressure and determine the optimum geometry for the pistons, injectors and cylinder heads;
for high efficiency and low emissions. Figure 58 shows the influence of injection pressure on
CO emissions at varying NOx emissions (EGR levels).

Downsized Fuel Efficient Direct Injection Ethanol Engine
Summary
Ethanol is a renewable fuel whose adoption could help to reduce the burden of anthropogenic
CO2 on the environment. In addition to being renewable, it has properties that make it an ideal
fuel for spark-ignited engines; such as its high octane number and oxygen content. Today ethanol
is widely available as a blended fuel containing 15% gasoline, known as E85. Furthermore,
all gasoline sold today in Europe and the USA has an ethanol content of approximately 10%.

Principal Investigator: I. Denbratt
Source of Support: The Swedish
Energy Agency (Energimyndigheten)
and SAAB Automobile Powertrain AB
(until Dec. 2011)
Award Period Covered: 2008 – 2013
Senior/student supported: I.
Denbratt, P. Dahlander, J. Wärnberg

The goals of the project were to investigate the scope for modifying a contemporary SI engine
to make optimal use of neat ethanol as a fuel. A state-of-the-art gasoline engine was acquired
and modified by fitting it with reinforced mechanical parts and a two-stage turbocharger system, while increasing its compression ratio to 13:1. The modified engine uses piezo-actuated,
outwards-opening, injectors to inject fuel into the cylinders via a system that can provide
injection pressures of up to 200 bar. Mass flow through the injectors can be controlled by
varying the pintle lift, making it possible to achieve a wide range of injection rates and durations while exercising precise control over the mass of fuel injected. This capability is very
useful because it enables the engine to run on both gasoline and ethanol; two fuels with very
different heating values. Moreover, the injectors are capable of delivering a fuel cloud with
good separation from the surrounding air, which is essential when using stratified combustion.
One major problem faced by contemporary flex-fuel vehicles is their limited ability to coldstart. During winter it is necessary to increase the amount of gasoline blended into E85 to
facilitate cold-starting. The results of this project demonstrate (in a single cylinder engine)
that it is possible to achieve cold starts at very low temperatures (-23°C ) when using stratified
combustion with neat ethanol as the fuel, without outside starting aids such as block heaters.
The modified 4-cylinder engine had excellent fuel consumption levels around 310 g/kWh at
2000 rpm and 2 bar (maximum efficiency around 39% based on modeling, which is higher
than that of any SI engine currently on the market) owing to the use of stratified combustion,
while providing 31 bar BMEP (modeled, 27 bar experimental due to lacking cooling capacity
in the test cell) at wide open throttle. When the engine was tested on gasoline, the number of
soot particles produced was six times higher than when using ethanol at the 2000 rpm, 2 bar
test point. This implies that particle traps, which will probably be required for direct injection
gasoline vehicles to satisfy future emissions regulation, may be unnecessary for engines that
burn ethanol exclusively.
Moreover, the modified engine offers a downsizing potential of 43% relative to a state of the
art naturally aspirated engine, producing slightly more power (325 bhp overall) with 19% lower

Figure 59 (left). Multi-cylinder engine
with 2-stage turbocharging and long
route cooled EGR.
Figure 60 (right). Cold start in a singlecylinder engine (-23 C).
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fuel consumption at a vehicle speed of 70km/h. If the concept were downsized further, to supply 200 bhp, the fuel consumption at this vehicle speed could be decreased by a further 15%.
The factors that made these results possible are ethanol’s high knock resistance in conjunction
with the use of stratified combustion and a two-stage-turbocharging system.

High Efficiency Otto Engine with Diluted Combustion

Figure 61. Flame propagation in an optical
DISI engine.

Summary
The main losses for a combustion engine are heat; at
least 50% of the fuel energy supplied is converted into
heat losses. By using dilution (air or EGR) it is possible
to increase the thermal efficiency and thus reduce the
heat losses. For a SI engine, dilution is thought to be the
singularly most efficient way to increase the potential of
the engine. This project investigates the possibility to
adopt lean-burn technology in a downsized turbocharged
direct injection gasoline engine, without introducing a
NO x penalty. The project is a collaboration between
Volvo Car Corporation, Haldor Topsoe, and Chalmers (the
Competence Center for Catalysis and Applied Mechanics/
Combustion). The project focuses on diluted combustion
through the use of fully flexible valves, external EGR,
and lean homogeneous combustion. The project has just
recently started.

Principal Investigator: I. Denbratt
Source of Support: Swedish FFI program and Volvo Car Corporation
Award Period Covered: 2012 – 2015
Senior/student supported: I.
Denbratt, S. Hemdal, D. Dahl, G.
Dornboos (PhD student)

OTHEC – Optimal Transport of Heat from Exposed Components
Summary
The development of efficient combustion systems has led to higher thermal load on parts like
pistons and cylinder heads, increasing the risk for engine damage. Engine part development
is currently performed by virtual methods which are both cost- and time-efficient compared
to corresponding experimental testing. Unfortunately, models for predicting heat transfer to
cylinder parts are too poor to serve as a replacement to experiments. One main reason is difficulty accurately modeling turbulence from a hot jet stream, also called the “impinging jet”
problem. An impinging jet can be produced by a vaporized Diesel spray, for example, and
that impacts convective heat transfer.

Principal Investigator: I. Denbratt
Source of Support: Swedish FFI program, Volvo Advanced Technologies
and Volvo Car Corp.
Award Period Covered: 2011 – 2013
Senior/student supported: I.
Denbratt, L. Davidsson, M. Bovo

The goal of the project is to study impinging jets under geometrical and physical conditions of
relevance to internal combustion engines. The project focuses mainly on the development of
numerical models that are accurate enough to capture the thermal impact from an impinging jet.
Experiments will also be performed in Chalmers high pressure, high temperature spray chamber.

Figure 62. Flow field of an
impinging gas jet in a spray
chamber measured by PIV.
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LOEM_EATS
Summary
Soot emission from Diesel engine combustion is harmful both for human health and the
environment. Soot is also a limiting factor in the efforts to lower the emissions of nitrogen
oxide emissions (NOx) and to improve fuel consumption. In the present work, experimental
and simulation methods were used to study soot processes during combustion. Soot is first
formed in the combustion chamber, but then to a large extent it is oxidized again. The final
exhaust emissions level is a result of a competition between these two processes.

Principal Investigator: I. Denbratt
Source of Support: Swedish FFI program, Volvo Advanced Technologies
and Volvo Car Corp.
Award Period Covered: 2012 – 2014
Senior/student supported: I.
Denbratt, A. Karlsson, J. Eismark (industrial PhD)

Actions to lower soot formation during fuel injection period, via high fuel injection pressure
for instance, tend to increase NOx. One efficient method to lower NOx is to use cooled exhaust
gas recirculation (EGR). A major problem with this method is that the availability of oxygen
for efficient fuel and soot oxidation decreases. It is therefore necessary to find methods capable
of lowering both soot and NOx simultaneously. Additionally, general knowledge about soot
emissions processes is useful for adaptation to new non-fossil fuels.
The work performed here has shown that soot oxidation is equally important as soot formation. It has also been shown that control of soot oxidation late in the combustion cycle can
be achieved with a comparatively small increase of NOx emissions. Using an approach to
systematically break down the progress of combustion into a number of discrete events, the
soot oxidation process was divided into three phases: during the fuel injection period, directly
after the end of injection, and finally oxidation of rich zones late in the cycle. The last phase
was identified as an important subject for further study. Studies of flame to wall interactions
indicated that the turbulent mixing after wall impingement takes place on a longer time-scale
than in the free part of the flame, which can have an impact on the local rate of soot oxidation.
Figure 63. Definitions of parameters
important for soot oxidation (from experiments in Chalmers high pressure/
high temperature spray rig).

Internal Combustion Engine for a parallel hybrid
Summary
Combustion engines used as range extenders for electric vehicles promise to optimize fuel
consumption and emissions because it is possible to avoid operating the combustion engine
under conditions where the efficiency is low. A potential problem with this intermittent operation strategy is that exhaust emissions must be lower than Euro 6 or SULEV. An intermittent
operation strategy leads to repeated cold or hot starts. In order to rapidly achieve high catalyst
activity, both the start and heating strategy must be optimized, with engine-out emissions as
low as possible. An engine for hybrid vehicles must also be able to use future alternative fuels
such as methanol, ethanol, butanol and biogas, as EU objectives dictate that 25% of the fuel
in 2030 will come from renewable sources.

Principal Investigator: I. Denbratt
Source of Support: The Swedish
Energy Agency (Energimyndigheten)
Award Period Covered: 2012 – 2014
Senior/student supported: P.
Dahlander, S. Hemdal, L.C. RiisJohansen (PhD student)

Within this project, a small direct-injection engine for a plug-in hybrid system will be studied.
The project aims to optimize fuel consumption and emissions at acceptable noise, vibration
and harshness (NVH) during a driving cycle.
The most obvious way to operate an internal combustion engine as a range extender is to match
the engine output power to the vehicle’s average power consumption during the test cycle,
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minus recovered braking energy. An alternative method is to
operate the engine intermittently at its maximum efficiency
point (start / stop) and let the battery charge status vary over the
cycle between a predefined minimum and maximum value. One
problem with intermittent start /stop is to maintain sufficiently
high catalyst temperatures (active catalyst), and to avoid emission spikes during engine start (especially under low catalyst
temperature). Another problem may be noise and vibration
(NVH) during high engine load and low vehicle speed. A more
likely strategy is to use is a combination of the two, ie. where
the combustion engine and electric motor operate together, so
that high emission transients occur with electric assist.
With respect to fuels, biogas and E85 will be studied. Owing
to hardware limitations, biogas will be studied exclusively in
a single-cylinder engine.
The following will be investigated within this project:
• Gas jets and combustion of methane
• Cold and warm start strategies using E85, for fast catalyst
ignition and minimal emissions, including particulates
• Transients – optimization of the combustion engine and
electric driveline (in collaboration with the Signal and
Systems Department)

Figure 64. Transient gas jet in a spray chamber.

The project includes collaboration with University of Stuttgart in the area of gas injectors,
and with Signal and Systems related to transient control.

Waste Heat Recovery
Summary
More than half of the chemical energy supplied to an internal combustion engine in the fuel
is lost as heat, and the largest source is high exhaust enthalpy. Studies have shown that using
heat recovery systems can reduce fuel consumption by 10 % for a Diesel engine. The goal of
this project is to study various concepts for heat recovery for both a light duty and a heavy
duty vehicle. The project is performed as an integrated effort with participants from all the
three competence centers within SICEC: CERC at Chalmers, KCFP in Lund and CCGEx at
KTH, with Chalmers as the lead institution. The split between the universities is:
• CERC: system simulation and experiments, working fluids and expanders for Rankine cycles
• KCFP: heat exchangers Rankine and simulation and experiments of Humid Air Motor (HAM)
• CCGEx: system simulation and components turbo compounding

Principal Investigator: I. Denbratt
Source of Support: Swedish FFI program, Scania, Volvo GTT, Volvo Car
Corp and TitanX
Award Period Covered: 2010 – 2013
Senior/student supported: S.
Andersson, K. Munch, G. Latz

The objective of the waste-heat recovery project at Chalmers is to develop a validated GT
Suite model of a waste-heat recovery system based on a Rankine cycle. This model can be
used as a tool to improve the performance and the fuel saving potential of future waste-heat
recovery systems.
So far, suitable working fluids and expansion devices for the Rankine cycle have been compared
and selected. The focus of the working-fluid study was on fluid applicability in a vehicle, safety
and environmental issues, and expectable performance of the heat recovery system using the
fluid. A binary water-methanol mixture with 80 % by mass of water was selected as the most
suitable fluid for the given application. For the expansion device, both displacement expanders
(e.g. piston expander, scroll expander) and turbo expanders (axial and radial turbines) were
studied. Piston expanders showed the most promising performance for the selected fluid.
However, the expander choice for the Rankine cycle depends strongly on the cycle design
(working fluid, packaging, expansion pressure ratio). The impact of these design aspects on
the expander choice was investigated, showing that turbine expanders could be applied when
using pure organic working fluids and lower expansion pressure ratios.
The next step in the project will be to set up a waste-heat recovery system connected to a Volvo
D13 heavy duty engine in the lab at Chalmers, which will be used for the validation of the
GT Suite model. Heat exchangers and the corresponding models will be delivered by Titanx.
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Figure 65 (left). Evaluation of possible working fluids.

Figure 66 (right). Possible heat recovery for different
operational conditions and heat sources.

Combustion Strategies for lowest fuel consumption and exhaust
emissions of a gasoline engine
Summary
There is an increasing global focus on reducing emissions of greenhouse gases. For the automotive industry this means reducing vehicle CO2 emissions, which is synonymous with reducing
fuel consumption or adapting them for renewable fuels. This project aimed at improving the
efficiency of gasoline engines in the lower load/speed region. The focus was mainly on a
combustion strategy called homogeneous charge compression ignition (HCCI), but it included
homogeneous lean and stratified lean spark-ignited combustion as well. In contrast to traditional
stoichiometric, spark-ignited combustion, HCCI can operate with diluted mixtures, which
leads to better cycle efficiency, lower pumping losses and lower heat losses. At relatively high
loads, however, HCCI combustion becomes excessively rapid, generating in-cylinder pressure
oscillations (ringing), which is perceived as noise by the human ear. The main objective of the
project was to identify ways to avoid this ringing behavior in order to increase the upper load
limit of HCCI. This is necessary in order to avoid mode switches to spark-ignited combustion at
higher loads, and to operate the engine as much as possible in the more effective HCCI mode.

Principal Investigator: I. Denbratt
Source of Support: Green Car/
Swedish FFI program, and Volvo Car
Corporation
Award Period Covered: 2007 – 2012
Senior/student supported: I.
Denbratt, M. Andersson, D. Dahl

The strategy for reduced ringing that was investigated most extensively in the project was
charge stratification, achieved by injecting part of the fuel late in the compression stroke.
Available literature on effects of this strategy gave convicting indications; both positive and
negative effects have been reported, depending on the type of fuel and engine used. It was
soon found that the strategy is effective for reducing ringing, but with resulting increases of
NOx emissions.
Further, in order for the strategy to be effective, global air/fuel ratios must not be much leaner
than stoichiometric. The increases in NOx emissions were countered by shifting the ratio
towards stoichiometric using exhaust gas recirculation (EGR), allowing a three-way catalyst
to reduce the excess NOx.
Intake air boosting was also evaluated as an alternative method, or as a method to use in
combination with charge stratification.

Figure 67. Engine set-up for Twowavelength planar laser-induced fluorescence thermometry and resulting
in-cylinder temperature for 6 different
cases of HCCI/SCCI-combustion with
varying degree of charge stratification.
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Experiments were conducted with both a production-like
multi-cylinder engine and a single-cylinder research engine.
Optical experiments were conducted in the single cylinder
engine in which high-speed video was used to capture light
from combustion and the residuals. A method was developed
to extract pressure oscillations from these measurements and
to correlate them with combustion. Laser-based experiments
were further used to analyze fuel and temperature distributions before the combustion to investigate their effects on
combustion and pressure oscillations.
Plausible reasons for why charge stratification can reduce
ringing, and the circumstances in which it can do so, were
developed. The results also show the extent to which the
load can be increased using this strategy, and the resulting
efficiency penalties, observed in both the production-like
gasoline engine and single-cylinder research engine.

Figure 68. 2-stroke HCCI, the red
line in the “fuel saving diagram” is
the maximum load for a 4-stroke
stoichiometric HCCI engine while
the green line represents maximum load for a lean 4-stroke HCCI
with a NOx constraint of 10 ppm.

Finally, the various strategies for load extension using combinations of charge stratification, EGR and boosting were
compared to operating the engine in two-stroke HCCI mode.
Two-stroke operation was investigated very briefly, using an engine not designed for it, but
indications were that this might be a much better alternative, since it provided higher loads,
more stable combustion, less ringing, low NOx levels and higher efficiency than any of the
other load extension strategies tested.

Direct injection Biogas engine
Summary
Biogas is an excellent renewable fuel, generally providing greenhouse gas reduction around
80-85%. A further advantage is that it is manufactured from feed stocks like waste; biogas
production doesn’t compete with food production. Biogas is also relatively simple to produce
locally. Biogas consists of methane (CH4) and carbon dioxide (CO2). Up to 60% of the gas
can be carbon dioxide; the amount of which will affect the burning velocity, which is why
the gas must first be cleaned. Methane has a very high octane number allowing the use of
high compression ratios in spark ignition engines. The very high octane rating and hence the
high resistance to knock means that biogas could be a good choice for small, supercharged,
downsized SI engines. Additional advantages include lower heat losses due to lower combustion temperature, no need for enrichment, no problems with soot, high EGR tolerance and
good prospects for stratified combustion. A direct injection stratified engine can reduce CO2
emissions by 35 % compared to a contemporary port injection gasoline engine.

Principal Investigator: I. Denbratt
Source of Support: The Swedish
Energy Agency (Energimyndigheten)
Award Period Covered: 2012 – 2014
Senior/student supported: I.
Denbratt, P. Dahlander, J. Zhiqin

The challenges of biogas include the fact that it is difficult to mix gases (biogas with intake
air), it can produce high HC emissions, it can leak from injectors, and more complex exhaust
aftertreatment systems are required because exhaust temperatures are lower.
Very little has been done to develop combustion systems for biogas. Typically, conventional
SI engines have been provided with a gas dosing system in the intake manifold leading to low
volumetric efficiency and power.
Biogas can also be used in CI engines through a “dual-fuel” process, in which the fairly
homogeneous gas mixture or gas jet is ignited by a pilot injection of conventional Diesel fuel.
Very little is known about transient gas jet penetration and mixing in engines. Moreover,
validated computational models for dual-fuel combustion are nearly nonexistant.
The goal of the project is to evaluate various concepts using direct-injected gas using various mixtures of biogas / natural gas and hydrogen. The project will also deal with dual-fuel
combustion in CI-engines where one of the goals will be validation of a recently developed
combustion model for 3-D CFD simulations, (see below). The project, which has recently
started, is connected to the IEA’s “Collaborative Task on Alternative Fuels in Combustion”.
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Dual-Fuel Combustion in Diesel Engines

Principal Investigator: I. Denbratt
Source of Support: Chalmers Area
of Advance - Energy + an Industrial
Company
Award Period Covered: 2010 – 2012
Senior/student supported: I.
Denbratt, V. Golovitchev

Summary
Dual-fuel (DF) Diesel engines based on the use of natural gas and a pilot Diesel oil injection
as the ignition source (instead of spark plugs) are routinely used as propulsion or in electrical
generators. Utilization other dual fuel compositions which could be derivatives of natural
gas, e.g. di-methyl ether (DME) and methanol (MEOH) as pilot and main fuels, respectively,
is also a matter of interest. MEOH has a low heating value (20 kJ/g), but it has a high octane
number, high volatility, and good lean burn properties, making the fuel attractive for DF combustion applications. Apart of this, MEOH could be catalytically dehydrated into di-methyl
ether and water in an exothermal process that opens a possibility to realize DF combustion
with a single fuel.

Within this project a general DF combustion model comprising two combustion modes (partially premix reactor and flame propagation) has been developed. After approximation of
laminar flame speeds, the model can be applied to analyze different dual fuel compositions,
for example, natural gas/Diesel oil, MeOH/DME or MeOH/Diesel oil.
One outcome was that the best engine efficiency was achieved for a MEOH/Diesel oil blend.
Figure 69. Comparison between conventional diffusion controlled combustion and Dual Fuel combustion.

Part of this project has also been included in the IEA Combustion Collaborative Task on Fuels.

NESS – New Enhanced Supercharging System
Summary
The NESS concept is a system for E-boost and exhaust heat recovery. The present project aims
to develop a mild hybrid system for a distribution vehicle. The NESS concept utilizes known
technology that has been combined in a new way. This leads to component rationalization and
an environmental advantage through exhaust energy recovery, thus reducing CO2 emissions.

Principal Investigator: I. Denbratt
Source of Support: Swedish FFI program, Kasi Technologies, Volvo ATR
and Sibbhultsverken
Award Period Covered: 2012 – 2013
Senior/student supported: I.
Denbratt and S. Arshad

Chalmers part of the project is to perform system simulation and component optimization
using GT-Power. Figure 71 shows an example of fuel consumption as a function of recovered
exhaust energy.

Figure 70 (left). Principal lay-out of the
NESS concept.
Figure 71 (right). Total fuel energy as a
function of recovered exhaust energy.

Basic understanding and simulation methods for Stirling engines
Summary
A Stirling engine is a heat engine operating
with cyclic compression and expansion of a
working fluid at different temperatures according to the Stirling process or cycle resulting in
an energy conversion from thermal energy to
mechanical energy. The goal of this project is
to create knowledge and a validated simulation
tool to be able to design and optimize Stirling
engines for best system efficiency. The task
of the Combustion division is to provide data
for validation of the simulation models (crank
angle resolved pressures and temperatures).

Principal Investigator: S. Andersson
Source of Support: Vinnova and
Cleanergy AB
Award Period Covered: 2011 – 2012
Senior/student supported: S.
Andersson and P. Wåhlin

Figure 72. Stirling engine in test cell.
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Use of Magnetostrictive Torque Sensor in Heavy Duty Drivelines
Summary
In this project the potential use of placing the ABB torque sensor (Torductor) between the
flywheel and the gearbox is explored. In particular the research is focused on two applications;
zero torque prediction and combustion diagnosis.

Principal investigator: T. Wik
Source of support: Swedish Energy
Agency (Energimyndigheten), ABB,
and Volvo GTT
Award Period Covered: 2010 – 2013
(3 years)
Senior/student supported: T. Wik, M.
Hedegärd (PhD student)

Placing the sensor on the engine shaft, in front of the flywheel, has been studied in several
previous CERC projects with focus on combustion phasing. In heavy duty vehicles this location is not feasible and hence the new location in the gearbox. This location, on the other
hand, means that the sensor can be used for combustion analysis and to better predict the zero
torque point; thereby improving the timing of gear shifts. In turn, improved gearshift timing
may allow for implementation of Automatic Manual Transmissions (AMTs) in heavy duty
vehicles (e.g. garbage trucks, construction vehicles and city busses) where high-loss hydraulic
transmissions are used today.
The presence of a flywheel implies that the measured torque signal can be regarded as a lowpassed signal of the engine shaft torque, though with the complication of clutch dynamics.
Having that torque signal, prior CERC results can be used to separate the signal into torque
contributions from specific cylinders, which we aim to use primarily for diagnosis of the
injectors. Depending on the quality of the separated torque signals there is also a possibility
that feed-forward injection control can be complemented with phasing feedback.
In these applications it is important to have very accurate torque measurements. The sensor
has high accuracy in absolute terms relative to the maximum torque. However, a large part of
the existing error is caused by complicated magnetostrictive hysteresis that in relative terms
can be very high at low torques. In order to reduce these effects, the hysteresis is modelled by
an extended generalized Prandtl-Ishlinski model. The effects of hysteresis can be significantly
reduced (up to 80-90%) by applying the inverse model to the measurement signal. To carry
out individual calibration of mass produced sensors it is important to find a rapid calibration
cycle and optimization of model parameters. For that purpose an efficient method for convex
identification of extended generalized Prandtl-Ishlinski models has been developed and evaluated on different types of hysteretic sensors. During the lifetime of a truck, the sensor and
its hysteresis change significantly due to aging and therefore an adaptive scheme based on
extended Kalman filters and known zero torque measurements (open clutch) has been developed.

Infrastructure investment - Test bed for hybrid powertrains
Summary
To broaden the research areas beyond internal combustion engines, the Combustion Division
has invested in and is currently building a hybrid test bed for experimental research on powertrains for passenger car sized vehicles. The test bed can be used for tests of a complete two
wheel drive hybrid vehicle, and for tests of the components which are included in hybrids (eg.
internal combustion engines, electrical motors, exhaust systems, gear boxes, batteries etc.).

Principal investigators: I. Denbratt,
P. Dahlander

The test bed is not limited to one type of hybrid but has been designed to enable studies of
arbitrary types, such as parallel, serial, range extender, and purely electrical vehicles.
The main components of the test bed include two wheel-dynamometers with inverter cabinets
which accurately measure the torque and speed of the wheels. They are mounted on a 45,000
kg steel frame which hangs on sophisticated computer controlled air cushions. This removes
disturbances from vibrating components on measurement data. A battery simulator is used
to replace the hybrid battery under tests; it can be programmed with various simulations of
aging, charging, discharging behavior and so forth. This means that the state of charge and the
battery behavior can be exactly reproduced for each test. There are conditioning systems for
controlling fluids in the internal combustion engine (eg. oil and cooling water) and an accurate
measurement system for fuel consumption. The test bed is controlled from a master computer
running a real-time operating system and this computer communicates with all other measurement systems. A FTIR is used for measurement of exhaust components, and there are data
acquisition systems for both slow and fast data for eg. temperatures and cylinder pressures.
If a vehicle is used, it can be operated completely unmanned using computer controlled shifting
and clutching robots in combination with software that models driver behavior, and thus tests
can be precisely repeated. It is possible to program and test pre-defined driving cycles NEDC,
FTP75 etc., or other arbitrary driving routes to study the influence on CO2 and emissions. This
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significantly broadens the system view, well beyond testing of internal combustion engines
using engine test beds. The driving cycles can also be run without the vehicle. In such cases,
only the hybrid powertrain connected to the dynamometers. This provides the possibility
to test various hybrid configurations without the need to have the powertrain mounted in a
vehicle. In such cases the vehicle and its inertia are modeled.
This test bed can be applied to a wide variety of interesting research areas including control
strategies, vehicle emissions during transients, assessing various hybrid configurations, battery
charge strategies, assessing alternative energy recovery systems and so forth.
This investment will broaden the system view by linking areas of strength within Chalmers
(internal combustion engines, electrical motors, control, aftertreatment systems etc.).The new
test bed is planned to be finished and put into operation in Q2, 2013.
Figure 73. A Volvo HEV inside the new
test cell during system installation
and test.

Human resources
During 2012 nine Ph.D. students and eleven senior researchers from Applied Mechanics, Signals
and Systems and Volvo Technology were engaged in the various CERC research projects.
Personnel researching and working at CERC in 2012 include:

Senior Staff
Ingemar Denbratt
Professor
Applied Mechanics/Div. of Comb.

Michael Oevermann
Professor
Applied Mechanics/Div. of Comb.

Bo Egardt
Professor
Signals and Systems
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Sven Andersson
Assoc. Prof.
Applied Mechanics/Div. of Comb.

Stina Hemdal
Asst. Prof.
Applied Mechanics/Div. of Comb.

Andrei Lipatnikov
Assoc. Prof.
Applied Mechanics/Div. of Comb.

Ingemar Andersson
Asst. Prof.
Signals and Systems

Petter Dahlander
Assoc. Prof.
Applied Mechanics/Div. of Comb.

Anders Karlsson
Adj. Prof.
Volvo Technology

Mats Andersson
Assoc. Prof.
Applied Mechanics/Div. of Comb.

Ph.D students
Tomas McKelvey
Professor
Signals and Systems

Mark Linne*
Prof./Director
Applied Mechanics/Div. of Comb./
CERC
* Involved in management.

Valeri Golovitchev**
Assoc. Prof.
Applied Mechanics/Div. of Comb.
** Retired.

Chengjun Du				
Malin Ehleskog			
Markus Grahn			
Chen Huang				
Anders Johansson 		
Monica Johansson 		
Anne Kösters				
Tim Lackmann			
Mikael Thor				
Junfeng Yang				

Applied Mechanics/Div. of Comb.
Volvo Power Train AB
Volvo Car Corporation
Applied Mechanics/Div. of Comb.
Applied Mechanics/Div. of Comb.
Applied Mechanics/Div. of Comb.
Applied Mechanics/Div. of Comb.
Applied Mechanics/Div. of Comb.
Signal and Systems
Applied Mechanics/Div. of Comb.

Research Engineers and Technicians
Savo Girja				 Ph.D.		 Applied Mechanics/Div. of Comb.
Alf Magnusson		 Ph.D.		 Applied Mechanics/Div. of Comb.
Eugenio D.B. Sienes Ph.D.		 Applied Mechanics/Div. of Comb.
Lars Jernquist		 Lic.Eng. Applied Mechanics/Div. of Comb.
Daniel Härensten Eng.		 Applied Mechanics/Div. of Comb.
Anders Mattsson Eng.		 Applied Mechanics/Div. of Comb.
Allan Sognell			 Eng.		 Applied Mechanics/Div. of Comb.
Morgan Svensson Techn. Applied Mechanics/Div. of Comb.
Jan Möller				Techn. Applied Mechanics
Göran Stigler			 Techn. Applied Mechanics
A number of representatives from the member industries are also
indirectly involved in CERC activities working with the project
leader as part of expert groups within each project.
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Management of CERC

CERC is an independent unit with its own budget and accounting, within the Department of Applied Mechanics at
Chalmers University of Technology. CERC’s activities are governed by a board of directors appointed by the President
of Chalmers in consultation with the member companies. As the head of CERC, the director Mark Linne has had the
overall responsibility for coordination within the center. The board consists of the chairman, one academic member
and three representatives from the member companies.
Tommy Björkqvist
Chairman of the Board for the Swedish Internal Combustion Engine Consortium (SICEC), including: CERC at Chalmers
University of Technology, KCFP at the University of Lund, and CCGEx at the Royal Institute of Technology
Annika Kristoffersson
Volvo Car Corporation AB
Per Lange
Scania CV AB
Johan Wallesten
Volvo Group Truck Technologies
Anna DuBois
Chalmers University of Technology
In addition, Anders Johansson from the Swedish Energy Agency takes part in all discussions. Research at CERC is
pursued as described in this annual report within reference groups, and project results are presented directly to
the CERC board.

Finances during the period 2010 – 2013
For the period 2010-2013 the budget following the agreement between the three parties STEM/
Industry/Chalmers, given in Table 1, was established.
In the summary of the budget some of the revenues from the participating companies are
"efforts in kind”.
Table 2 shows actual input of cash respectively “efforts in kind” for the participating companies during the year 2012.
In Table 3, the cost of activities at Chalmers during 2012 are given, distributed by cost categories.
Table 4 shows a summary of the project expenses for the year 2012.

Chalmers Univ. of Technology

2010

2011

2012

2013

TOTAL

STEM

7 000

7 000

7 000

7 000

28 000

SAAB Powertrain AB*

1 200

1 200

1 200

1 200

4 800

Scania CV AB

1 200

1 200

1 200

1 200

4 800

Volvo Powertrain AB

1 200

1 200

1 200

1 200

4 800

Volvo Car Corporation AB

1 200

1 200

1 200

1 200

4 800

180

180

180

180

720

1 410

1 410

1 410

1 410

5 640
640

Statoil A.S.

*		
		
**		
		
***
		

SAAB Powertrain went into bankruptcy.
No payments were made.
The Honda Research facility was damaged in the
Japanese earthquake 2011 and so they left CERC.
ABB AB has left CERC in June 2012 because the
LDD Engine Control project ended successfully.

ABB AB***
AB Volvo Penta

160

160

160

160

Hoerbiger Control Systems AB

150

150

150

150

600

Lantmännen Aspen Petroleum AB

300

300

300

300

1 200

Honda Research**
Chalmers Univ. of Technology
TOTAL

400

400

400

400

1 600

7 100

7 100

7 100

7 100

28 400

21 500

21 500

21 500

21 500

86 000

Table 1. Total Incomes for 2010–2013 period (KSEK).
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Revenues
STEM

Total

Cash

In-kind

7 000

7 000

0

SAAB Powertrain AB

0

0

0*

844

600

244 *

Volvo GTT

1 114

600

514 **

Volvo Car Corporation AB

1 120 **

Scania CV AB

1 720

600

Statoil A.S.

120

120

0 ***

ABB AB

458

445

13 ***

AB Volvo Penta

100

100

0

Hoerbiger Control Systems AB

50

50

0

Lantmännen Aspen Petroleum AB

0

0

0

Honda Research

0

0

0

Reaction Design

500

0

7 165

1 500

713

713

TOTAL

19 784

11 728

8 056

BUDGET

21 500

11 960

9 540

Chalmers Univ. of Technology
Transfer from previous year

500 ****

Comments on in-kind distributions:
*		 Equipment for projects and consultations
**		 Industrial PhD student and consultations
*** Industrial PhD student, equipment for projects and consultations
**** Software licenses

5 665

Table 2. Actual contributions from members 2012 KSEK).
Salaries

5 022

Lab costs

211

Equipment and supplies

507

Travels

294

Miscellaneous; IT, premises, overhead

3 180

TOTAL

9 214

Contribution from members
Transfer to next year

11 728
2 514

Table 3. Expenses at Chalmers 2012 (KSEK).
Chalmers
Project
Modeling of spray formation, ignition and
combustion in internal combustion engines

Salaries Lab cost Equipm.
640

Spray-guided gasoline direct injection

1 146

Injection strategies for diesel engines

124

LDD engine combustion

376

Combustion models for Bio fuel

212
421

Spray turbulence interaction

538

Aspen Fuel

116

Spray Fundamentals

Total

340

1 001

1 001

900

654

2 353

2 353

94

248

2

4

22

249

15

191
20

61

61

140

62

123

1

205

627

627

1 120

418

1 045

26

69

275

908

908

1 090

125

56

172

172

250

20

3

17

14

59

59

367

90

232

748

748

1 345

222

21
100

413

40

30
50

41

Modeling DISI engines

Nanoparticles II

Misc.

2

Advanced laser-based methods
LEM for LTC

In-kind

Travels

25
441

61

14

Cash Budget Chalmers

Industry

Total

615

375

1 991

1 967

1 331

220

3 904

248

248

385

380

1 013

4

885

90

94

697

697

800

185

882

418

418

418

287

Altenative fuels
Diesel Engine Optimization

125

134

830

1 167
192
149

244

1 214

209

209

95

61

102

258

108

400

200

900

1 208

LDD engine control

191

20

100

311

311

622

377

13

701

Administration

654

49

647

1 350

1 350

1 300

Common project costs
TOTAL

96

1 446

953
5 022

211

507

294

3 180

9 214

9 065

11 852

5 665

953
2 391

17 121

Table 4. Summary of project expenses 2012 (KSEK).
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CERC Publications and Presentations 2007 - 2012
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1. Lipatnikov, A.N. “Scalar Transport in Self-Similar,
Developing, Premixed, Turbulent Flames”, Combustion
Science and Technology, 179, 91 – 115, 2007.
2. Sathiah, P. and Lipatnikov, A.N. “Effects of
Turbulent Flame Speed Development and Axial
Convective Waves on Oscillations of a Long Ducted
Flame”, Combustion Science and Technology, 179,
1433 – 1449, 2007.
3. Golovitchev, V. I., Bergman, M. and Montorsi, L.
“CFD Modeling of Diesel Oil and DME Performance in
a Two-Stroke Free Piston Engine”, Combust. Sci. and
Tech., 179, 417-436, 2007.
4. Nassos, S., Elm, E., Svensson, E., Boutonnet, M.
and Järås, S.G., “The influence of Ni load and support
material on catalysts for the selective catalytic
oxidation of ammonia in gasified biomass”, Applied
Catalysis B: Environmental, 74, Issues 1-2, 92-102,
2007.
5. Johansson, Å. , Hemdal, S., Andersson, M. ,
Rosén, A., “Determination of OH Number Densities
Outside of a Platinum Catalyst Using Cavity Ringdown
Spectroscopy”, Journal of Physical Chemistry A, 111,
6798-6805, 2007.
6. Golovitchev, V., Montorsi, L., and Denbratt, I.,
“Numerical Evaluation of a New Strategy of Emissions
Reduction by Urea Direct Injection for Heavy Duty
Diesel Engines”, Engineering Applications of
Computational Fluid Mechanics, vol. 1, No. 3, pp.189206, 2007.
7. Lipatnikov, A.N. and Chomiak, J. “Global Stretch
Effects in Premixed Turbulent Combustion”,
Proceedings of the Combustion Institute, 31, pp.
1361-1368, 2007.
8. Sathiah, P. and Lipatnikov, A.N. “Effects of Flame
Development on Stationary Premixed Turbulent
Combustion”, Proceedings of the Combustion
Institute, 31, pp. 3115-3122, 2007.
9. Larsson, S. and Andersson, I., ”Self-optimizing
control of an SI-engine using a torque sensor”, Control
Engineering Practice, 16:505-514, 2007.
10. Golovitchev, V., Montorsi, L., Calik, A., and
Ergeneman, A.M., “Application of Dynamic –T
Parametric Maps to 3D Detailed Chemistry
Combustion Analysis in Diesel Engines”, Proceedings
of VIIIth Congress on Engine Combustion Processes,
Schriftenreihe Heft 7.1, pp. 371-382, 2007.

18. Bergman, M., and Golovitchev, V., “Application of
Transient Temperature vs Equivalence Ratio Emission
Maps to Engine Simulations”, SAE Paper no. 2007-011086, 2007.
19. Lif, A., Skoglundh, M., Gjirja, S. and Denbratt, I.,
”Reduction of soot emissions when combusting waterin-diesel emulsion and microemulsion fuel in a direct
injection diesel engine”, SAE Paper no. 2007-0110762007, 2007.
20. Golovitchev, V., Montorsi, L., and Calik, A.,
“Analysis of Combustion Regimes in Compression
Ignited Engines Using Parametric -T Dynamic Maps”,
JSAE Paper no. 20077260, SAE 2007-01-1838,
2007.

37. Dahl, D., Denbratt, I. and Koopmans, L.”An
Evaluation of Different Combustion Strategies for SI
Engines in a Multi-Mode Combustion Engine”, SAE
Paper no. 2008-01-0426 , 2008.
38. Kärrholm Peng, F., Tao, F. and Nordin, P. A.
N.,”Three-Dimensional Simulation of Diesel Spray
Ignition and Flame Lift-Off Using OpenFOAM® and
KIVA-3V CFD Codes”, SAE Paper no. 2008-01-0961,
2008.

22. Montorsi, L., Magnusson, A., Andersson, S., and
Jedrzejowski, “Numerical and experimental analysis of
the wall film thickness for diesel fuel sprays impinging
on a temperature controlled wall”, SAE Paper no.
2008-01-0486, 2007.

39. Bergman, M. and Golovitchev, V.I., “Modification
of a Diesel Oil Surrogate Model for 3D CFD Simulation
of Conventional and HCCI Combustion” SAE Paper no.
2008-01-2410, 2008.

23. Alriksson, M., Gjirja, S., Denbratt, I., “The Effect
of Charge Air and Fuel Injection Parameters on
Combustion with High Levels of EGR in a HDDI Single
Cylinder Diesel Engine “ SAE Paper no. 2007-010914, 2007.
24. Lipatnikov, A.,”On Characterization of Turbulence
in Premixed Flames”, Proceedings of the 21st
International Colloquium on the Dynamics of
Explosion and Reactive Systems, 2007.
25. Berntsson, A.W., Andersson, M., Dahl, D. and
Denbratt, I., “LIF for OH in the Negative Valve Overlap
of a HCCI Combustion Engine”, Spark Ignition Engine
of the Future conference, 2007.
26. McKelvey, T., Andersson, I. and Thor, M.,
“Estimation of Combustion Information by Crankshaft
Torque Sensing in an Internal Combustion Engine”,
Proc. 2nd International Workshop on Computational
Advances in Multi-Sensor Adaptive Processing, 2007.
27. Kärrholm Peng, F., Nordin, P. A. N. and Weller, H.,
”Modeling Injector Flow Including Cavitation Effects
for Diesel Applications”, ASME Fluids Engineering
Conference, 2007.

2008
28. Larsson, S. and Andersson, I., “Self-optimizing
control of an SI-engine using a torque sensor”, Control
Engineering Practice, vol. 16, issue 5, 505-514,
2008.

12. Larsson, M. and Denbratt, I., “Combustion of
Fischer-Tropsch, RME and Conventional Fuels in a
Heavy-Duty Diesel Engine”, SAE Paper no. 2007-014009, 2007.

29. Lipatnikov, A. and Sabal’nikov, V.A., “Some Basic
Issues of the Averaged G-Equation Approach to
Premixed Turbulent Combustion Modeling”, The Open
Thermodynamics Journal, 2, 53-58, 2008.

13. Ehleskog, R., Ochoterena, R. L. and Andersson, S.,
“Effects of Multiple Injections on Engine Out Emission
Levels including Particulate Mass from a HSDI Diesel
Engine”, SAE Paper no. 2007-01-0910, 2007.

30. Lipatnikov, A.,”Conditionally averaged balance
equations for modeling premixed turbulent
combustion in flamelet regime”, Combustion and
Flame, 152 (4), 529-547, 2008.

14. Montorsi, L., Golovitchev, V. I., Denbratt, I,
Corcione, F. and Coppola, S. “Numerical Evaluation of
Direct Injection of Urea as NOx Reduction Method for
Heavy Duty Diesel Engines”, SAE Paper no. 2007-010909, 2007.

31. Lipatnikov, A., ”Can We Characterize Turbulence
in Premixed Flames?”, 32nd International Symposium
on Combustion, McGill University, Montreal, Canada,
August 3-8, 2008. Abstracts of Symposium papers.
The Combustion Institute, Pittsburgh, 2008.

15. Golovitchev, V., Montorsi, L., Denbratt, I., Corcione,
F., and Coppola, S. ”Numerical Evaluation of Direct
Injection of Urea as NOx Reduction Method for Heavy
Duty Diesel Engines”, SAE Paper no. 2007-01-0909,
2007.

32. Ochoterena, R. and Andersson, S., “Time and
Spatially Resolved Temperature Measurements of a
Combusting Diesel Spray Impinging on a Wall”, SAE
Paper no. 2008-01-1608, 2008.

16. Salsing, H. and Denbratt, I., ”Performance of a
Heavy Duty DME Diesel Engine – an Experimental
Study”, SAE Paper no. 2007-01-4167, 2007.

33. Dahlander, P. and Lindgren, R., “Multi-hole
Injectors for DISI engines: Nozzle Hole Configuration
Influence on Spray Formation”, Paper no. SAE 200801-0136, 2008.

17. Golovitchev, V., Montorsi, L., Calik, A., and Milani,
M., “The EGR Effects on Combustion Regimes in
Compression Ignited Engines”, SAE Paper no. 200724-0040, 2007.

34. Berntsson, A.W., Andersson, M., Dahl, D. and
Denbratt, I., “A LIF-study of OH in the Negative
Valve Overlap of a Spark-assisted HCCI Combustion
Engine”, SAE Paper no. 2008-01-0037, 2008.
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36. Bergman, M., Fredriksson, J. and Golovitchev,
V.I., “CFD-Based Optimization of a Diesel-fueled Free
Piston Engine Prototype for Conventional and HCCI
combustion,” SAE Paper 2008-01-2423, 2008.

21. Skogsberg, M., Dahlander, P., Denbratt, I., “Spray
shape and atomization quality of an outward-opening
piezo gasoline DI injector”, SAE Paper no. 2007-011409, 2007.

11. Larsson, M. and Denbratt, I., “An Experimental
Investigation of Fischer-Tropsch Fuels in a Light-Duty
Diesel Engine”, SAE Paper no. 2007-01-0030, 2007.
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35. Ochoterena, R.L., Larsson, M., Andersson, S. and
Denbratt, I., “Optical studies of spray development
and combustion characterization of oxygenated and
Fischer-Tropsch fuels”, SAE Paper no. 2008-01-1393,
2008.

40. Andersson, I, McKelvey, T. and Thor, M.,
“Evaluation of a closed loop spark advance controller
based on a torque sensor”, SAE Paper no. 2008-010987, 2008.
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Mechanism: Modeling of Direct Injection Ethanol
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“Visualization of fuel sprays for stratified cold starts in
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21st Annual Conference on Liquid Atomization and
Spray Systems, 2008.
46. Kärrholm Peng, F. and Tao, F., ”On Performance
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and Fuel Vapour Distributions”, ILASS Europe 2008,
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R.L., “Temperature measurements using exciplex
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“Combined Hydrogen Heat Steam and Power
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International Conference of the ISTVS, 2008.

2009
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in premixed flames?”, Combustion and Flame, 156,
1242-1247, 2009.
50. Andersson I. and Eriksson, L.,”A parametric model
for ionization current in a four stroke SI engine”,
Journal of Dynamic Systems, Measurement and
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