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General Background

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.
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. CERC received a
very positive review and a 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 the reporting year (2017). A new international evaluation was
carried out in the spring of 2013. CERC again received a very positive
review. A proposal for continuation was submitted to Energimyndigheten
and it was approved.
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During 2014, the following companies were full members of the Center:
• Scania CV AB
• Volvo Car Corporation AB
• Volvo Group Truck Technologies AB
In addition, ANSYS Reaction Design and Dantec Dynamics are members
of CERC with single projects.

Preface
CERC has just completed the first year of a new 4 year program period. The activities are changing rapidly and many projects are currently under discussion.
Anne Kösters defended her thesis entitled “Diesel Fuel Spray Formation and Combustion – A
Modeling Approach” on November 7. Her opponent was Professor David Schmidt from the
University of Massachusetts at Amherst. Chen Huang defended her thesis on November 28. Her
thesis title is “Numerical Modelling of Fuel Injection and Stratified Turbulent Combustion in
a Direct-Injection Spark-Ignition Engine Using an Open Source Code” and her opponent was
Professor Amsini Sadiki, from the Technical University at Darmstadt.
CERC researchers visited Volvo Car on March 27, Scania on May 7, and AB Volvo on October
15. Next year the visits will be conducted in the fall to avoid conflicts with the CERC Seminar.
The annual CERC Seminar was held on June 11th, and the meeting of CERC’s International
Scientific Advisory Board (ISAB) was held on the 12th. CERC’s ISAB includes Prof. André
Boehman from the Department of Mechanical Engineering at the University of Michigan (he
is an experimentalist working mostly with heavy duty engines and alternative fuels) and Prof.
Dr. Eva Gutheil from the Interdisciplinary Center for Scientific Computing at the University
of Heidelberg (she is a theoretician working on models for spray development and combustion,
combustion in general, and many other reacting flows). Based on their reading of reports and
papers and attendance at the Seminar, the ISAB members gave their opinions and suggestions for
improvement to the program advisory board the day after the Seminar. On balance their opinions
were quite positive, and they gave good suggestions for improvement.

Mark Linne, Director,
Combustion Engine Research Center

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 3 - 4 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.
The three centers had a nearly-common program advisory board within SICEC, with a common
chair (Sören Udd). The 2014 CERC board has been made up of the following voting members:
Sören Udd 					 SICEC Chair
Lucien Koopmans		 Volvo Car
Per Lange					 Scania CV
Johan Wallesten			 Volvo Powertrain
Anders Johansson		 Energimyndigheten
Ingemar Denbratt		 Chalmers
Maria Grahn				 Chalmers, with Tomas McKelvey Chalmers (substitute)

The program advisory board consists of the chairman (a voting member),
two voting members from the academic community (with an additional
four nonvoting members), three voting members from participating companies (Scania, Volvo Car, and Volvo GTT), and a voting member from
the Swedish Energy Agency. The board chairmanship has been held by
Sören Udd (retired from AB Volvo), who served 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 Sören has been
the director of SICEC.

Nonvoting members are:
Stina Hemdal				 Chalmers CERC
Louise Olsson			 Chalmers KCK
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 program manager
from the Swedish Energy Agency is Anders Johansson.

The cover

Stratified combustion in a GDI engine showing cycleaveraged soot luminescence from a spark plug located
jet flame, 21 CAD after ignition. This illustrates a potential side effect of having a very rich fuel/air mixture
around the spark plug at the time of ignition, which in
turn is needed for stable combustion.
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In 2014 five PhD students and nine senior researchers were involved in six projects. These numbers are smaller than before, but that is because we are in the middle of planning new projects
and attracting new companies.
In addition to the normal meetings held annually, the Swedish Energy Agency organized hearings
on strategy for future research on internal combustion engines during 2014. Three such hearings
were held (in Stockholm, Lund, and Gothenburg) and they were managed by the consulting company that organized CERC’s evaluation in 2013 (Faugert & Co Utvärdering AB). Representatives
from industry, academia, centers, and laboratories all took part. A wide range of topics was
3
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discussed, including for example the relative importance of batteries vs. alternative fuels. The
motivation for these meetings was to develop a long term strategy for financial support of motor
research in Sweden. The outcome of the hearings and the new strategy will then be presented
to the Energy Advisory Committee (Energiutvecklingsnämden) to make further improvements,
and to combine this new IC engine strategy with the rest of the Agency’s long term planning.
That process is ongoing at the time of this writing.
During the meeting in Gothenburg, Urban Wass (responsible for research and innovation policy
at Volvo Group Global) presented three very clear points; that motor research should continue
to be supported: 1) for the sake of the environment, 2) because there is much left to accomplish,
and 3) to maintain Sweden’s competitiveness.
Sören Udd, chairman of the board for SICEC, gave a compelling presentation on the competitive
environment for the motor industry. He began with the following:
• The internal combustion engine will remain the dominant energy converter in the foreseeable
future (many figures were presented at the meeting to support this claim)
• IC engines offer superior flexibility, reliability and cost
• Exhaust gas emissions are approaching zero
• The new focus is on energy efficiency and alternative fuels
Sören also quoted the International Energy Agency report “World Energy Outlook 2013”:
• On the basis of the intentions already expressed by governments, energy efficiency is set to
“supply” more additional energy than oil through to 2035.
• Energy efficiency is the only ”fuel” that simultaneously meets economic, energy security and
environmental demands.
Moreover, he pointed out that there are 44 universities and research institutes participating in
the German FFV program; supporting the German motor industry within 188 projects in 2011.
His point was that the Swedish motor industry faces very strong competition. He ended by arguing that the many challenges facing the motor industry would justify a significant increase in
research budgets.
Our industrial partners and the Swedish Energy Agency have been highly supportive throughout
2014. They have been actively engaged in the Center and we thank them for that.
This is my last CERC Annual Report. In January, 2015, I will become the Chair of Powertrain
Engineering at the University of Edinburgh in Scotland. Ingemar Denbratt will take over as the
CERC Director. For several years I will remain active in spray research at Chalmers; working
30% time on projects funded by the Knut and Alice Wallenberg Foundation and the Swedish
Energy Agency and working 70% time at the University of Edinburgh.
Mark Linne
Director, Combustion Engine Research Center
mark.linne@chalmers.se

CERC Strategy and Organization
Vision and Mission
CERC Vision
Achieving sustainable powertrain technology through excellence in research and education.
CERC Mission
• To conduct groundbreaking engine and fuel 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.
CERC – Annual Report 2014
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Internal Combustion Engine Powered Vehicles in the Future

Sweden has made a commitment to reduce greenhouse gas emissions far below what other countries have promised [281]. In this “carbon neutral scenario” (CNS, for the year 2050), greenhouse
gas emissions will be reduced by 85% and international carbon credits could be used to make
up the remaining 15%. The transport sector produced 50% of total energy-related CO2 emissions
in Sweden in 2011 and it will be required to generate the greatest reduction. In fact, the Swedish
government is planning to make the Swedish vehicle fleet independent of fossil fuels by 2030.
This is a highly challenging goal.

The goal of CERC is to conduct high quality research with the aim to adapt new fuels, and to
reduce fuel consumption and exhaust emissions. This is necessary to achieve the national goals
just mentioned. To do so will require a combination of approaches . Achieving higher engine
efficiency is clearly fundamental. An increasingly important area for the future is the development
of alternative and renewable fuels and combustion systems for them. CERC has the ambition to
become the main Swedish engine research center working with alternative fuels, in collaboration with Chalmers division of Physical Resource Theory (PRT) and the national center Fossil
Free Fuels (f3). The new CERC project entitled Tailored Fuels will interact with various other
fuels, sprays, and engine projects at Chalmers, and with PRT and f3, to give a well-to-wheels
perspective and to provide guidance to industry. Hybrid vehicles will be increasingly important,
and CERC plans conduct research related to hybrid powertrains in conjunction with the Swedish
Hybrid Centre (SHC), making use of the new hybrid test cell at Chalmers.
CERCs industrial partners have also developed industrial roadmaps, listing business research
needs for the longer term. The idea is to use these roadmaps to coordinate research across the
three engine research centers inside Sweden (CERC at Chalmers, CCGEx at the Royal Institute
and KCFP at the University of Lund). Not surprisingly, the roadmaps are consistent with Sweden’s
carbon-neutral scenario.
The currently 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
CERC organizes those competencies via SICEC and program advisory board into six interdisciplinary research areas, each led by one or two project leaders:
1. Petter Dahlander and Ingemar Denbratt for spark ignited engines
2. Ingemar Denbratt for compression ignition engines
3. Ingemar Denbratt for alternative fuels
Figure 1. Organisation of CERC research.
4. Michael Oevermann and Andrei Lipatnikov for engine modeling
5. Mats Andersson for optical diagnostics
6. Tomas McKelvey for automatic control
Each of the six research areas shown above has a
working reference group consisting of representatives from the interested CERC partners, and each
working group can encompass several projects.
These groups meet roughly three times per year
for in-depth discussions about research results and
plans for the next phase. Note that working 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 working reference groups are the foundation for establishing project portfolios; projects are
initiated, discussed and recommended to the SoS
group via the working groups, after which they are
approved by the board.
5
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The projects for the current program period (2014–2017) are also shown in the diagram. The color
coding in the right-hand column indicates when a project blends research areas (e.g. the project
called “Modeling sGDI” blends topics in sGDI engines, modeling, and alternative fuels; meanwhile
“Tailored fuels” is aimed selectively at alternative fuels). Several of the projects shown here are
ongoing, several are new, and several are still under discussion. During this period industry has
made a commitment to send more industrial PhD students to CERC and that adds a layer to the
process. Until we know whether the student is computational or experimental, and exactly what
the company has in mind for research, it is difficult to make a concrete project plan.
In what follows, we step through them in order of the reference groups, providing short descriptions of what is planned.

Research: SI-engines

Spark ignited (SI) engine efficiency can potentially be improved to nearly Diesel-like values using
direct injection and spray guiding. 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 will combine
experiments and numerical simulations (described under “Modeling”).
CERC projects
Spray-guided GDI:
• Studies of particulate (PM) emissions from direct injection engines:
• particle formation and oxidation
• influence of various parameters, and optimization of parameters
• load transients and warm up
• system for lean combustion (burning with excess air):
		 • stratified combustion
		 • homogeneous combustion
		 • micro-stratification
		 • ignition
		 • injector location
		 • turbulence generation
• Fuel injection and mixing processes (mixing, fuel distribution, spray-wall interactions, injection strategies, injector configuration etc.)
• Combustion and sprays in engines with reduced stroke volume (downsized) with high BMEP
(issues include knock, wall wetting, injector dynamics, short injections 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 use of alternative fuels and 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
• An industrial PhD student from Volvo Car has just joined CERC. The official title of his project
is “CO2 reduction and component protection by reducing heat transfer to the combustion
chamber walls in a LD Diesel engine”. His project is computational. Since it has just started
there will be no description of it in this report, but there will be a first year’s report in the next
annual report.
• A second industrial PhD student from Volvo Car is likely to join this effort sometime in 2015.
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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 (VCR 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 numerous possibilities. Fuel flexibility is also an important issue in times of changing infrastructure for renewable and synthetic fuels, including - NG/shale NG, GTL and BTL fuels,
alcohols or hydrogen.
Butanol is 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. Fuels containing oxygen are of particular interest.
Associated or future CERC projects
• A new nationwide project was initiated from within CERC but it encompasses all three research
centers within SICEC (CERC, CCGEx and KCFP), the Physical Resources Theory division
within the Energy and Environment Institution at Chalmers, and the Fossil Free Fuels center.
For now we have funding from the Swedish Energy Agency for a feasibility study to prepare
a tailored fuels type of research plan. The title of this project is “Interdisciplinary Research
on Optimal Alternative Fuels”. We will investigate many questions, such as what raw materials
and distribution systems are the most promising for new fuels, and what will be the physical
and chemical properties of such fuels? What physical and chemical properties are most important for direct injected engines, and what are the challenges presented by such fuels? What
adaptations of the piston/head geometry and the injector offer the most promising improvements for such fuels? A proposal for a full project will be prepared early in the spring.
• Within CERC we have also set aside funds for a tailored fuels project but we are holding off
plans in order to see what happens with the Interdisciplinary Research on Optimal Alternative
Fuels project.
• Combustion of various Butanol/Diesel mixtures
• Injection and combustion systems for FT, CNG/LNG, biogas, DME, alcohols, emulsions
(MeOH/EtOH), blends
• Dual fuel systems (gas/Diesel, MeOH/Diesel)
• Fuel flexible after-treatment (in collaboration with the catalysis center (KCK))

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 enabled
by advanced diagnostics methods. The properties of alternative fuels will play an important role.
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 and fuel, 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.).
7
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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 and various internal hole geometries will be tested.
• As an addition to the CI-Engines project, Scania will send an industrial PhD student to Chalmers
to perform ballistic imaging measurements of spray breakup using their XPI injector. That
student will also perform CFD model development of the spray breakup process.
• 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.

CERC projects
• A project on hybrid system optimization and control is currently under discussion, but there
is also support for related work from the Chalmers Area of Advance in Transportation. Exactly
how to divide the work and support has not been decided yet.

Associated or future CERC projects
• Studies of basic sprays to support the development of more predictive models.
• Development of more advanced diagnostics

CERC Research Projects – 2014

Research: Modeling

The stringent fuel, 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 fuel 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
• 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 Representative, Interactive Linear Eddy Model (RILEM) for mode and
regime independent sub-grid 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.
• Alternative fuels chemistry during spray combustion.

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 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.
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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.)

Spray Guided Gasoline Direct-Injection
Objectives

Lean burn combustion systems have the potential to reduce CO2 emissions and for that reason this project seeks to develop them further,
focusing on stratified combustion.
The objectives of the project are:
• To quantify emissions, especially particulates, under various engine operating conditions and to understand how they can be
minimized during normal use.
• Quantify factors affecting combustion stability in a stratified combustion system.
• Compare stratified operation to homogeneous operation with respect to emissions
and fuel consumption under various operating conditions.

Background – Stratified operation

Direct injected, stratified combustion in a spark
ignited engine offers very low fuel consumption
(hence low CO2 emissions) for several reasons.
A large source of loss for normal port-injected
engines is the intake air throttle used to control
load and speed. A direct injected engine can
vary load and speed based on the amount of
fuel injected (similar to a Diesel engine), so
the throttle can be removed. In addition, the
cooling caused by fuel vaporization in the combustion chamber allows the engine to operate
with higher a compression ratio than a port
injected engine could, improving cycle efficiency. Moreover, by localizing the flame in
the center of the chamber (via spray guiding)
heat losses to the wall are reduced. Spray guiding also allows the engine to be operated leaner
than a homogeneous charge engine can operate,
because the homogeneous charge mixture has to
be ignitable at the spark plug. In concept, spray
guiding can control the fuel/air ratio at the plug
meanwhile operating overall very lean.

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

Project leader
Associate Prof. Petter Dahlander
Researchers
Anders Johansson (PhD Student)
Stina Hemdal (Assistant Prof.)

In a spray-guided combustion system (SGDI)
the fuel injector and the spark plug are mounted
close to each other. 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 multi-hole solenoid actuated. Outward opening piezo injectors are used
in the few spray-guided stratified combustion
systems that are in production. Multi-hole 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 is important for stable combustion
and misfire free operation [188, 189].
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 [197, 198].
9
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Anders Johansson, Ph.D Student,
Division of Combustion,
Department of Applied Mechanics,
Chalmers University of Technology.

In previous projects we have studied effects
of parameters that affect the spray, for various
types of injectors [190]. 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 [191] 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 [190]. 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 [192].
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.
The particulate problem has led to new regulation for SI engines; the first regulation was on
particulate mass (2009) and in (2014) there is
also a regulation on the number of particles. The
particulate number requirement is believed to
be harder to meet than the mass requirement
[193]. Particulate filters may become necessary,
but they should be avoided if possible.
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 rise 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 [194].
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 [195, 196]. 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
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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 (sometimes
called condensation). 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 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 during emissions certification
of a vehicle.

Project hypothesis

It should be possible to achieve the low fuel
consumption associated with stratified combustion while minimizing the PM penalty by use
of injector/air motion control to:
• Avoid piston wetting (injection timing, split
injections)
• Enhance mixing, for lower particulate formation (e.g. higher injection pressures, split
injections)
• Enhance particulate oxidation (e.g. post
injection, to increase turbulence and soot
oxidation)

Methods used for this year

The research questions this year were:
• Can soot formation be reduced by splitting
the injection (double or triple-injection piezo
injector) so that portions of the fuel are
injected earlier?
• What are the main differences in injection
rate characteristics between solenoid actuated multi-hole and outward opening piezo
actuated injectors?
• Can a stratified combustion system benefit
from use of a dual-coil/multi-spark ignition
system?
The hypothesis that earlier injection during split
(triple) injections could increase the amount
of well-mixed fuel/air, hence reducing soot
formation, was tested. An optical GDI engine
was used with a Bosch piezo actuated outward
opening A-type nozzle. The injection strategies evaluated here were inspired by the new

Daimler combustion system which utilizes lean
burn stratified charge, using a mix of homogeneous and stratified charge. Here, we evaluated
a similar injection strategy to observe the effect
on yellow luminescence (likely to be dominated
by hot soot), fuel consumption, and burn characteristics. Various degrees of stratification
were accomplished by use of triple injection
strategies. As fuel injection timing is brought
closer to the ignition time, the degree of fuel
stratification increases.

Figure 2. Definition of test
cases. Blue denotes the fuel
injection signals and red identifies ignition timing. The cases produce various degrees
of stratification. Case C1 is
almost entirely stratified and
the degree of stratification
declines going from C1 to C5.
Case C6 is a homogeneous
charge case, with fuel injection occurring during the intake stroke.

During a different experimental campaign,
double injections were evaluated by visualizing,
combustion in an optical engine with two highspeed cameras. Views from below (through the
optical piston) and from the side were correlated. A spectrometer was used so that appropriate optical filters could be selected to capture the
combustion physics (the soot luminescence and
the OH luminescence). The soot luminescence
and OH chemiluminescence were simultaneously captured onto the two high-speed cameras
using the selected filters.
A dataset acquired in our injection rate meter
during the prior year was used to understand
mass injection rates. This dataset varied a wide
range of parameters so that both the system and
the injectors could be evaluated.
During stratified operation, the ignition system
is one of the more important contributing factors supporting stable combustion. A dual-coil
ignition system was therefore evaluated under
stratified operation in a metal single cylinder
research engine using a multi-hole injector.
The ignition system was capable of delivering
a continuous spark for approximately 5000 µs
with a current between 7 and 10A. Effects on
particulates, combustion stability, and emissions were investigated.

Results

Figure 2 defines various test cases (called “C1”
up to “C6”) for measurements in the optical
engine using triple injection strategies, for
various degrees of fuel stratification. Figure 3
then presents example measurement results at
these same test cases. Soot luminescence can
be seen during early flame development and
it varies significantly with injection strategy.
Greater portions of the fuel that are injected
away from the spark produce less soot luminescence (a more bluish flame) but also reduced
engine work.
Examples from the evaluation of mass injection
rates are shown in Figures 4 and 5. The figures illustrate an important difference between
multi-hole and piezo injectors. Figure 3 show
that the inject mass from the multi-hole injector
is independent of back-pressure under realistic

Figure 3. Images showing early flames (all at 10.6 CAD after ignition) in four single-shot randomly selected cycles (to the right of the red line), and cycle-averages (to the left of the red line), for all six cases.
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back-pressures. It means that the injection rates
are mass flow limited due to cavitation. Piezo
injectors on the other hand, show consistent
back-pressure dependence. This is problematic because injection rate measurements do not
work well under back-pressure lower than 5 bar.
Example results from the experiment using double injections in the optical engine are shown in
Figures 6 and 7. Figure 6 show an image matrix
including the OH* and soot luminescence for a
single injection event (upper image pairs) and
a double injection event (lower image pairs).
Clearly there is a reduction in soot luminescence
for the double injection event. One explanation
for this is that the risk of piston wetting and
resulting piston pool fires is reduced when the
injection is divided into a double injection (or
multiple injections).
Figure 4. Effects of back-pressure
on masses injected by the solenoid
injector. The transparent red area
shows the realistic domain for an
engine, and ranges of both backpressure and fuel pressure where
the influence of back-pressure can
be neglected.

The simultaneously captured bottom-view
and side-view images of the flame for a single
injection (upper images) and a double injection (lower images) are shown in Figure 7. For
the single injection case there is strong yellow

color in the bottom view image and in the side
view image there are pool fires visible as flames
attached to the piston surface. In the images of
the double injection event there is a reduction in
the amount of yellow flame in the bottom view
image and also smaller pool fires visible in the
side view image.
Two factors were varied in the tests with the
ignition system in the metal single cylinder
engine; ignition current and ignition duration.
Preliminary results indicate that the standard
emissions behave differently on the five operating conditions tested. NOx was found to increase
with increasing ignition current while hydrocarbon emissions were found to decrease with
increasing ignition current. One observation
that is valid for all five operating points is that
the ignition duration has the strongest effect on
stable combustion. Once stable combustion has
been achieved, however, the effect of ignition
duration decreases but an increase in ignition
current under stable combustion then increases
combustion stability. Particulate emissions
were found to decrease with increased ignition current. Figure 8 shows the particulate size
distributions from an operating point of 2000
rpm and 1.5 bar BMEP. In addition to improved
combustion stability, the dual coil ignition system also helps reduce particulates.

Figure 6. Simultaneously captured images of OH*
chemiluminescence (blue background) and soot
luminescence (black background) for a single
injection event (rows 1-2) and double injection
event (rows 3-4) at selected CAD. The OH* luminescence has the same spread and intensity in
both cases, but the soot luminescence is reduced
both in spread and intensity when using a split injection strategy.

Figure 7. Simultaneously captured images of the
combustion viewed from below and the side, comparison between single (upper row) and split injection (lower row) at 24 CAD aTDC. 1500 rpm, imep
3.6 bar, injection at -20 CAD and ignition at -16 CAD
aTDC. The piston pool fires are reduced by using a
split injection strategy.

Results and Conclusions

Figure 5. Effects of back-pressure (outside of the nozzle) on mass injected by the piezo injector;
here mass is consistently dependent on the back-pressure.
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• Injecting portions of the fuel away from the
spark will reduce soot luminescence in the spark
plug region but also reduce the engine work
and therefore increase fuel consumption.
• PDI measurements show that the piezo injector has slightly better atomization than the
multi-hole injector.
• Injection rate metering only works well if
the back-pressure is greater than 5 bar.
• Multi-hole injectors undergo a choking
behavior under realistic back-pressures and
therefore the injection rate is not back-pressure dependent.
• Piezo injectors show strong back-pressure
dependence for all back-pressures tested
here, which makes it difficult to obtain data
for lower back pressures.
• A common rail does not provide sufficiently
stable upstream fuel pressure to fully assess
characteristics of fuel injectors
• Piezo injectors show superior dynamic range
and excellent performance for ultra-short
injections.
• Utilizing a double injection instead of a single
injection strategy reduces the soot luminescence in the cylinder.
• A double injection strategy reduces piston wetting, hence reduces the amount of pool fires.
• Extending the spark duration by using dualcoil, greatly improves the combustion stability and also reduces particulates.

Figure 8. Effect of various ignition current values
on particulate size distributions, as sampled from
a single cylinder metal engine operated at 2000
rpm and 2 bar BMEP.
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The goal of this project is to determine properties of both non-combusting and combusting
Diesel sprays under various conditions with the
possibility to go to very high injection pressures
(above 2000 bar), multiple injection strategies
and various nozzle hole sizes/geometries in the
Chalmers high-pressure high-temperature (HP/
HT) spray rig, applying various optical diagnostic methods.

Introduction

Combustion quality in Diesel engines depends
strongly on management of the fuel and air
mixing process inside the combustion chamber. The influence of injector operating parameters on spray and combustion characteristics
is significant. The phenomena observed during fundamental experiments can be useful
for understanding how injector geometry,
fuel properties, and injection pressure influence the distribution of fuel in the liquid and
vapor phases, air motion near the nozzle region,
droplet size and gas velocity around the spray
periphery, ignition delay, lift-off length, flame
temperature, and soot formation and oxidation. The spray parameters obtained from this
project can provide CERC CFD projects with
input data for spray modeling, and hence 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 effects on spray development
and soot formation [34, 199] as well as liquid
and vapor phase impinging on walls with various geometries [200].

Table 1. Experimental conditions.

In order to achieve the objectives of this project, it is necessary to use proper methods to
obtain accurate and reliable results. Thus, it is
important to evaluate the methods used in the
project to verify the extracted data in the spray
experiments. This is highly relevant because
several different approaches, for image capture and image processing have been used in

various laboratories [201-204] for evaluation of
liquid-phase spray parameters. For this reason,
a study of how spray penetration and spray cone
angle are affected by the evaluation approach
was performed. During 2013, evaluation of the
experimental data using Diesel and Dieselethanol was finalized, and three papers based
on these data were published and presented during 2014. The influence of ethanol blending in
Diesel fuel on the spray and spray combustion
characteristics can be read in detail in paper
[162, 175] and CERC 2013 report. In the following ‘Methods’, ‘Results’ and ‘Conclusions’
are parts of paper [174].
Investigations of how nozzle geometry and gas
density influence spray characteristics were carried out under non-evaporating and evaporating conditions, and one part of the most recent
results is shown in the ‘On-going’ section.

Methods

Experiments during 2014 were performed in
the Chalmers high-pressure/high-temperature
spray chamber, a Bosch second generation common rail system was used, and the injection
pressure was held constant at 1350 bar. A Bosch
solenoid injector with a single-hole nozzle and
a hole diameter of 0.14 mm was used. The fuel
was the European Diesel based on the EN590
standard. Details of the experimental conditions are shown in Table 1. To acquire enough
statistics, 100 injection events were performed
for each experimental condition.
To acquire liquid phase spray images, shadowgraph imaging was used with a diffuse screen
in front of a halogen lamp as shown in Figure
9. Images of the spray development were captured by a monochromatic non-intensified highspeed video camera. The exposure time of the
high-speed camera was set at 2 µs. The spatial
dynamic range of the camera was 528×192 pixels, with 12 bits per pixel and the frame rate was
set at 20,000 frames per second.
Figure 10 shows the definition of local liquid
spray dispersion angleθ s which
 was measured
between two vectors a and b , and these vectors were drawn from the nozzle tip to the intersection points at the outer boundary of spray at
a distance S along the spray axis x . Using the
law of cosines, local spray dispersion angle θs
was calculated according to Equation 1. In this
study θ s was calculated with steps of 2 mm in
S from the nozzle tip till the head of the spray.

Figure 9. Schematic of the experimental optical setup for the shadowgraph
imaging.

 
b ⋅a
1) cosθ s =
a b
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Results

a) Under non-evaporating conditions.

b) Under evaporating conditions.

c) Under combusting conditions.
Figure 11. Measured liquid phase penetration (L) as a function of time ASOI under various experimental conditions. In
the lower part of each plot the threshold used to determine
liquid phase penetration is shown, together with data for selected time steps. Subscript number at L indicates the time
ASOI at which the penetration length is measured, and also
the double standard deviation divided by the penetration
length, 2σ/L, is shown for the data based on the instantaneous images. Note that ‘15/255’ denotes a signal count
of 15 out of a total signal count of 255.

Liquid phase spray penetration
Figure 11 shows penetration length as a function
of time ASOI, plotted with different threshold
values under the different experimental conditions. Under combusting conditions, a smaller
range of thresholds [15/255, 25/255] (where
‘15/255’ denotes a signal count of 15 out of a
total signal count of 255) is used than under nonevaporating and evaporating conditions. As can
be seen Figure 11, under non-evaporating and
evaporating conditions, measured liquid phase
penetration is affected very little by the change
in threshold. Under combusting conditions, during the early injection period (before about 0.4
ms ASOI), measured liquid phase penetration is
affected very little by the change of threshold.
After about 0.4 ms ASOI, the spray fluctuates
more strongly and the inferred liquid phase penetration distance is strongly influenced by the
change of threshold. During the early injection
period, the droplets at the spray tip are not yet
fully vaporized and there remains a high density of liquid droplets, which results in a welldefined spray edge. At later times the droplet
density becomes thinner towards the tip of the
liquid part of the spray. Thus, the edge is much
more diffuse and accordingly the sensitivity to
the threshold level becomes larger. In addition,
the droplet density at the liquid tip of the spray
varies over time in each individual spray, so
the statistical variations (2σ/L) become larger
under combusting conditions.
Liquid phase spray disperse angle
Figure 12 shows the liquid spray dispersion
angle θs as a function of distance s along the
spray axis for selected times ASOI. Some conclusions can be drawn:
1) There is a region, here about 8 to 16 mm from
the nozzle tip, where the liquid spray dispersion angle is almost independent of s and
time ASOI. This region is shorter under combusting conditions compared to non-evaporating and evaporating conditions. It is suitable to use this region for a robust measurement of liquid spray cone angle, which is
representative for the upper part of the spray.
15

Figure 10. Definition of the local
spray dispersion angle θ s , the nozzle
from
tip axis x , the distance
 nozzle

tip s, and vectors a and b .
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2) Methods which are based the measurement
of the spray cone angle at a distance range
from the nozzle tip are more sensitive to the
overall spray development with time.
3) Calculation of dispersion angle curves provides much more detailed information of the
spray properties than a single number for the
spray cone angle.

Figure 12. Liquid phase spray dispersion angle along the distance
from nozzle tip under a) non-evaporating, b) evaporating and c) combusting conditions.

Conclusions

a) Non-evaporating conditions, threshold 25/255.

Shadowgraph spray images have been analyzed
to investigate how the image analysis procedure
influences the result in terms of determined values for liquid phase spray penetration and spray
dispersion angle, and the following conclusions
could be made:
Under non-evaporating and evaporating conditions, the measured liquid phase penetration
is affected very little by change in threshold.
Under combusting conditions, at the early times
the measured liquid phase penetration is little
affected by the choice of threshold. After maximum liquid phase spray penetration is reached,
the measured liquid phase penetration is significantly influenced by change in threshold.

b) Evaporating conditions, threshold 30/255.

There is a range of the spray, here at S~12±5 mm
from the nozzle tip, at which the dispersion angle
is independent of time ASOI and distance from
the nozzle tip under non-evaporating and evaporating conditions. However, this range is shorter
under combusting conditions. Under non-evaporating and evaporating conditions, the dispersion
angle increases from the end of the constant
range till 75 % of the total penetration length,
where a maximum dispersion angle is measured.

On-going work

c) Combusting conditions, threshold 25/255.

In order to investigate nozzle geometry and
gas density influence on spray characteristics
under non-evaporating and evaporating conditions, Scania single-hole injectors were used
and the nozzle geometry specification is shown
in Table 2, spray momentum has been measured

Figure 13. Liquid phase spray penetration under evaporating conditions (ambient temperature 400 °C,
ambient pressure 58 bar).

a) At injection pressure 800 bar.
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b) At injection pressure 1600 bar.

and spray experiments have been carried out in
the Chalmers high-pressure / high-temperature
spray rig.
One of the results is shown in Figure 13, showing that under evaporating conditions at the
same nozzle outlet diameter (N1 and N2), a
nozzle with higher conicity has longer steady
liquid phase penetration at low injection pressure (800 bar), while it has almost the same
steady liquid phase penetration at high injection
pressure (1600 bar). At the same nominal fuel
flow rate (N1 and N3), a nozzle with higher
conicity has shorter steady liquid phase penetration, which is independent of injection pressure.

Table 2. Nozzle geometry specification.

Future work

• Finalize the licentiate thesis and to present it.
• Injection rate of Scania single-hole injectors
will be measured on the Loccioni injection
rate rig.
• The current results will be analyzed more in
detail and a paper will be written.
• Carry out more experiments using Scania
single-hole injectors.

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
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. Models for various phenomena have
been implemented in multi-dimensional CFDcodes, e.g. KIVA or the open-source code called
OpenFOAM® [205-207]. 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. Appropriate CFD models that can describe the interaction and hence
enable further investigations are needed.
In this project the open-source code OpenFOAM® [208] 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 [209] and [224]. The model
was chosen because it is robust; a minimal
number of tuning parameters are required
and it allows one to model better the sprayturbulence interaction. In reference [210] 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).
The VRFM describes the turbulence-chemistry
interaction and is based on the Eddy Dissipation
Concept (EDC) by Magnussen [211]. The EDC
is a known technique to treat sub-grid scale
turbulence-chemistry interaction. 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 [212]. 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 [205-207, 213],
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 e.g. Reitz [214].
Another approach to model turbulent nonpremixed 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 nonpremixed flame structure as a one dimensional
parameterized laminar flame. The 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 [215]. The coupling of the CFD solution
17
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with an unsteady flamelet is given by the representative interactive flamelet (RIF) concept
[216]. 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. The RIF model has been
developed over many years [216-218]. Singh et
al. [219] 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 and that impacts the
computed ignition delay. When it comes to NOx
emission predictions the RIF model is somewhat
sensitive to the number of flamelets, while the
Characteristic Time Combustion (CTC) model
is more sensitive to 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). The
predicted flame structure differs qualitatively
between the various models. One goal in this
project is to do a comparison between the wellstirred reactor model, the VRFM and the RIF
concepts, all implemented in the same software.
Figure 14. Predicted vapor
penetration for Spray A using
grids of different sizes.

Methods

The VSB2 spray model is implemented in
OpenFOAM-1.6.x and OpenFOAM-2.0.x.
The various combustion models studied here
are implemented in OpenFOAM-2.0.x within
the Lib-ICE library. The Lib-ICE is a set of
applications and libraries for internal combustion engines developed by the ICE Group of
Politecnico di Milano (e.g. [220-223]). More
details about the different model approaches
are documented in [224]. In what follows, a
summary of the results is presented.

Results
ECN Spray A
The results of spray simulations with the VSB2
spray model are compared to experiments
done at Sandia National Laboratories within
the Engine Combustion Network (ECN) [225].
Figure 14 shows the experimental vapor penetration of Spray A under the baseline conditions (ρgas=22 kg/m3, Tgas=900K, ρinj=1500bar)
and the predicted values obtained using different grid sizes. The results of the simulations
are in good agreement with the experimental
measurements. However, the vapor penetration is slightly underpredicted with the 0.09 and
0.125 mm grids, which yielded almost identical results. The predicted and measured liquid
penetration values are shown in Figure 15. The
simulated results obtained using grid sizes of
0.09 mm and 0.125 mm are again almost identical and in good agreement with the experimental data. However, the liquid penetration
is overpredicted when the cell size is increased
to 0.25 mm. The transient liquid penetration
during the first 0.2 ms ASOI is slightly overpredicted at all grid sizes.

The mixing of fuel vapor with air has a profound impact on combustion, and the mixture
fraction will influence the flame structure following ignition. Figure 16 shows the mixture
fraction along the injection axis at 1.5 ms ASOI.
Experimental measurements of the mixture
fraction are only available for the far field (i.e.
for positions located more than 18 mm away
from the injector). However, within this region
the simulated results are in very good agreement
with experiment. It is difficult to measure the
mixture fraction in the vicinity of the nozzle
and so it was not possible to compare simulated
and experimental results in this region. Reliable
data on the behavior of the spray within this
region is required. The mixture fraction in the
region close to the nozzle gives information
about the rate at which the liquid fuel evaporates. Information on the rate of evaporation is
needed to model the fuel’s break-up behavior
and other important physical processes.

Figure 15. Predicted liquid
penetration for Spray A using
grids of different sizes.

The axial velocity of the gas phase is shown in
Figure 17. The predicted velocity agrees well
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with the measured velocity. It should be noted
that it is difficult to measure the velocity in the
vicinity of the nozzle, which explains the lack
of experimental data for this region. However,
the model clearly reproduces the trends in the
experimental data and the simulated results are
in very good agreement with the measurements
at distances of > 20 mm away from the injector.

Figure 16. Variation in the mixture fraction along the axis of
injection.

Combustion - ECN Spray H
The n-heptane spray experiments are from the
ECN database and simulations of the VRFM,
the WS model and the mRIF model compared
to the experiments are discussed in this section.
High Gas Pressure
The predicted flame lift-off length obtained
with the different models is presented in Figure
18. The VRFM and the WS model gave better
results than the mRIF model, but all models
predict the lift-off length reasonably well. The
trend of the lift-off length to increase at lower
O2-concentrations is captured by all of the models. It should be noted that it is somewhat more
difficult to define the lift-off length when using
the mRIF model than with the other models.
This is because each flamelet has its own ignition
delay that depends on its scalar dissipation rate.
After ignition, the flamelet solution depends on
the mixture fraction and with just one flamelet
the flame lift-off would be very short because
the mixture fraction is stoichiometric close to
the nozzle. With several flamelets, each of which
must ignite separately, the lift-off length must
be determined by considering the auto-ignition
of each flamelet and the scalar dissipation rate.
Because there are multiple igniting flamelets,
the lift-off position fluctuates, which is used to
define uncertainties. As the number of flamelets considered in the simulation increases,
these uncertainties become less pronounced.
Furthermore new injected flamelets are cloned
by the previous one, what reduces the ignition
delay of the single flamelets. The uncertainties
in the simulations conducted within this study
are shown in Figure 18.

Figure 17. Predicted and measured axial velocities for Spray A.

Figure 18. Predicted lift-off
length at ρ gas=87bar, T gas=
1000K.

Low Gas Pressure
Figure 19 shows the lift-off length obtained for
the cases with 42 bar gas pressure. In the cases
with 21 and 15% O2 , the mRIF model was able
to predict the lift-off length correctly. Both
the VRFM and the WS model underpredict
the lift-off length, but the VRFM gave slightly
better results than the WS model. The longer
lift-off lengths predicted using the VRFM and
the mRIF model are due to their incorporation
of sub grid scale effects. Conversely, the WS
model assumes that each computational cell
is well-mixed when in reality there may be
significant intra-cell variation in the mixture
fraction due to evaporation. It would therefore
predict that reactions would occur in some cells

Figure 19. Predicted lif-off
length at ρ gas=42bar, T gas=
1000K.
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where adequate mixing has not occurred on
the sub grid scale. This is the case close to the
nozzle, where the spray is evaporating and the
vapor must mix with the air before it can ignite.
Therefore, the WS model allows ignition and
reactions to occur in cells that are relatively
close to the nozzle, reducing the calculated liftoff length. This does not occur under the mRIF
model and VRFM, which do consider subgrid
scale effects and only allow reactions to occur
if mixing has occurred. However, the difference between the VRFM and the WS models is
small. The stabilization process for the VRFM
and WS models is controlled by the flame front
that propagates upstream and the counter flow
of the spray that moves downstream. These two
effects are balanced at the flame stabilization
point. Both models consider local conditions
in each cell for the chemistry solution. The
lift-off length with the mRIF model instead is
controlled by the auto-ignition of the different
flamelets. The chemistry itself is solved independent of the local conditions. The coupling of
the chemistry solution to the local flow field is
defined by the β-pdf. However, the mRIF model
gives the best results in such cases.

Figure 20. Predicted OH field at ρgas=
42 bar, Tgas=1000K and 10% O2.

One explanation for the shorter lift-off length
predicted with the VRFM could be the definition of the reactor. The reactor size is defined
based on variances in mixture fraction and
chemical progress. A mixing term in the transport equations of the reactor properties considers the mixing of the reactor properties with
the mean. The source of fuel species for the
reactor is thus just the mixing of the reactor
species with the mean species. Here the mixture
fraction within the reactor is smaller compared
to the mean mixture fraction (ZR < Z). With a
smaller mixture fraction the cooling of the reactor is also less than the one for the mean cell.
Additionally, the mixing of the reactor properties with fresh gas depends upon the mixing
term. At these conditions the dwell time of the
reacting species in the reactor (even if it is a
small reactor volume due to the strong variances

in mixture fraction) might be long enough to
ignite the mixture while the mean cell (where
the temperature is lower and the mixing faster)
is not igniting. Further investigations are needed
to support these explanations.
Flame structure
Figure 20 shows the predicted OH field at different times ASOI at 42 bar gas pressure with
an oxygen concentration of 10%. At these
conditions the difference between the models
is very clear. There are some notable differences between the flame structures predicted
by the mRIF model and those obtained with the
VRFM and WS model. In particular, the WS
model and VRFM yield a well-defined flame
stabilization point that is not observed with the
mRIF model. Instead, the mRIF model flame
is more diffuse. The VRFM and the WS model
both predict that ignition occurs in the spray
tip and that a triple flame then moves upstream
after ignition. This behavior is not seen with the
mRIF model. The mRIF model is not able to
predict a local ignition position.

Conclusions

The VSB2 spray model was implemented in
OpenFOAM-1.6.x and -2.0.x. Results of spray
simulations of the Spray A base case were compared to experiments of the ECN. The predicted
vapor and liquid penetration, the mixture fraction and the velocity of the gas phase agree well
with the experimental data.
Three different combustion models were implemented in OpenFOAM 2.0.x and the results of
n-heptane spray combustion simulations were
compared to experiments done within the ECN.
All of the models were able to predict the trends
of lift-off length, but they underestimated it.
The VRFM and WS models produce similar
flame structures and the flame stabilization
point is well defined. The flame structure predicted with the mRIF model differs from the
flame structure of the VRFM and WS models.

Modeling of Gasoline Direct Injection Spark Ignition Engines
Objectives

simulations of SI engines, there is a need for less
expensive software. OpenFOAM®, released in
2004 and free available online [208] 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 the automotive industry. Such
improvements involve development and implementation of predictive models for turbulent
partially-premixed flames, development and
validation of a tractable semi-detailed chemical mechanism for combustion of gasoline-air
mixtures, accurate implementation of spray
models used by automotive industry, etc.

Background

Although multidimensional RANS simulations
of turbulent combustion of stratified mixtures
in a SI engine have been performed by various
research groups, the vast majority of available
models (which are reviewed elsewhere [228229]) require straightforward quantitative validation against experimental data obtained in
well-defined simple cases. In contrast, capabilities of the so-called Flame Speed Closure (FSC)
model developed at Chalmers for quantitatively
predicting important features of premixed turbulent combustion in a SI engine such as dependence of turbulent burning velocity on mixture
composition, pressure, and temperature, development of 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 [229-230]. This advantage
of the FSC model makes it particularly interesting for simulating stratified combustion in
a 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.

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 a 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”.

Direct injection of a fuel into the combustion
chamber of a spark ignited (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 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. [226]. 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 SG DI engines when compared
to a throttled port-fuel-injection engine on the
New European Driving Cycle [227].
To realize the high potential of the SGDI SI technology, the automotive industry has a significant
need for advanced CFD tools that numerically
investigate fuel injection and evaporation,
turbulent mixing, turbulent burning of the
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.
Although several mature commercial CFD codes
have been developed and are widely used in
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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 [231]. Subsequently, this idea was also
developed by other research groups and such ternary mixtures were called the Toluene Reference
Fuel (TRF) [232-234] (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 [235]). Other mixtures have
also been recently proposed as a gasoline surrogate, e.g. Bounaceur et al. [236] and Mehl et al.
[237] addressed detailed chemical mechanisms
of a blend of n-heptane, iso-octane, hexane, and
21
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toluene as a gasoline surrogate, while Naik et al.
[238-239] 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 [232], or 1267 species and 5803 reactions in [236], or 1550 species and 8000 reactions
in [237], or 1214 species and 5401 reactions in
[238]) for CFD engine applications, whereas the
Chalmers semi-detailed chemical mechanism
involves 111 species and 616 reactions.
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 SI engine, based on
the OpenFOAM® CFD package, the FSC model
of premixed turbulent combustion, and Chalmers
semi-detailed chemical mechanism for gasoline
surrogate.

Methods

Development and validation of Chalmers semidetailed chemical mechanism was performed
(i) by computing ignition delay times and laminar flame speeds running the SENKIN [240]
and PREMIX [241] codes, respectively, from
CHEMKIN package [242] and (ii) by comparing the computed results with available experimental data, as discussed in more details elsewhere [45, 243, 166].
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 [244-248],
or the Linearized Instability Sheet Atomization
(LISA) model [249-250]. Secondary breakup
was simulated using either the Reitz-Diwakar
model [251-252], the Taylor analogy based
(TAB) model [253], the KHRT model [244248], or the VSB2 model [209]. Note that VSB2
model is the focus of another CERC project
entitled “Spray Turbulence Interaction”.
Combustion simulations are based on the FSC
model [229-230] 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 [254] is used.
Further development and assessment of combustion models were performed analytically
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and numerically by studying simple cases using
in-house codes.

Results

During the first year (2009) of the project, a
semi-detailed chemical mechanism of 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 [45, 243, 166].
During the second year (2010) of the project,
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 pintle injector, which had been investigated experimentally
by Hemdal et al. [15] in Chalmers spray chamber within the framework of the sGDI project.
The numerical results were summarized in references [243, 87, 255-256]. Improvements to the
implementation of the aforementioned spray
models [244-253] 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 [257258, 74] and [73, 121-122, 259], respectively).

that combustion products consist only of CO2
and H2O, i.e. by neglecting the dissociation of
carbon dioxide. Because such a simplification
can result in substantially overestimated temperature, we computed Tb and ρb using an
in-house equilibrium code that allowed for many
more species and, in particular, CO via the dissociation of CO2 . Moreover, in order to take
into account reduction in the mixture enthalpy
due to wall heat losses, the calculations were
performed for various enthalpies of the burned
mixture. Results of these calculations were fitted
with a polynomial function [170] and the approximation was implemented into OpenFOAM®.

The models developed here and the extended
OpenFOAM ® package were tested in 3D
URANS simulations of fuel injection, evaporation, mixture formation, and combustion
in a research SGDI SI engine run within the
framework of the sGDI project. Three experimentally investigated cases (see Tables 3 and
4) were computed. In all these cases, gasoline
was injected by an outward-opening injector
at a maximum fuel pressure of 200 bar. Note
that sprays discharged by a similar injector
into Chalmers spray rig were studied within
the framework of the present project in 2010
[243, 87, 255-256].

Second, implementation of the presumed mixture-fraction PDF approach to modeling the
influence of turbulent fluctuations in mixture
composition on the local burning rate and mean
temperature was completed and the following
issue was raised [166, 170]. The approach allows
us to straightforwardly model the mass-weighted
PDF, whereas the canonical PDF is required to
average e.g. burning rate or density. To the best
of our knowledge, the issue has not yet been
investigated and the difference between the
two PDFs seems to be commonly disregarded
without any justification. To study the issue,
a method for transforming the mass-weighted
PDF to a canonical one was developed [166] and
laminar flame speed, turbulent burning rate,
product density, etc. averaged by invoking the
two different PDFs were compared in a simple
model case [166] and in engine simulations
[170], which will be discussed in the following.

In the engine simulations, only a part of the
engine cycle was addressed, i.e. the simulations
were started at IVO (intake valve is opened)
and ended at EVC (exhaust valve is closed).
The initial flow conditions such as turbulent
kinetic energy, its dissipation rate, and tumble
motion were estimated by using KIVA code
and running a full cycle simulation including
intake process. Fixed temperature boundary
conditions were set at the piston, cylinder linear,
and cylinder head, with the wall temperature
Table 3. Engine specifications.

Table 4. Studied cases.

In 2011 and the first half of 2012, the CFD
work was mainly focused on implementing the
Chalmers model of premixed turbulent combustion [230] into OpenFOAM®, improving implementation of other combustion-related libraries
of the code, and debugging the extended code.
Moreover, the available presumed probability
density function (PDF) approaches to modeling
premixed, partially premixed, and non-premixed
turbulent combustion were investigated [89, 260].

Figure 21. Computational mesh with
62 756 cells for the research engine
at IVC. Section A-A’ horizontally cuts
through a point located 2 mm above
the top of cylinder linear. Section B-B’
vertically cuts through the center of
the hollow-cone spray.

The project was suspended from August 2012
till May 2013 because the Ph.D. student involved
in the project took parental leave. Subsequently,
the CFD work has been focused on the implementation of the aforementioned model developments [89, 260] into OpenFOAM® and on
applications of the code to simulations of stratified turbulent combustion in a gasoline SG DI
engine. The results are reported elsewhere [169].
In 2014, two new sub-models were implemented
into OpenFOAM®.
First, in the standard version of OpenFOAM®,
the combustion temperature Tb and the burned
density ρb are computed based on an assumption
23
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Figure 22. Comparison between
computed (red dashed lines) and
measured (100 cycles - black solid
lines; ensemble-averaged - yellow
solid lines with circles) pressure
histories in case 1 (left), 2 (middle),
and 3 (right).

being equal to 500K, 480K, and 450K respectively. The pressure at IVC and the temperatures
of the bulk gas and walls including piston surface, cylinder linear, and cylinder head were
estimated by matching pressure traces measured and computed during the compression
stroke.
A computational mesh (see Figure 21, previous
page) that features the combustion chamber
geometry of the optical engine to be modeled
was generated using ICEM-CFD and converted
into OpenFOAM® by its utility. This mesh
involves 62756 cells at IVC. During compression (expansion) strokes, the mesh cells were
compressed (expanded) in the direction perpendicular to the direction of piston motion.
The time step was equal to 0.1 CAD.

Figure 23. Computed fields of the
Reynolds-averaged combustion progress variable (left column) and experimental flame images either averaged
over seven cycles (middle column) or
single-shot (right column). Case 2.

Computations were run on AMD Opteron 6220
CPUs, on a single node with 16 cores and 32/64
GB of RAM. Depending on the complexity of
sub-models invoked, the computational time
ranged from 5 to 54 hours.

Validation results are reported in Figure 22. The
simulations predict the pressure rise rate during the combustion phase well. In the low load
cases 1 and 2 (imep equals to 3.6 and 3.8 bar,
respectively), the computed pressure begin rising slightly earlier when compared to the measurements. This difference is associated with
the simplicity of the default OpenFOAM® ignition model used in the present work. Within the
framework of this simple model, the ignition
power is a step function of time, whereas the
ignition phenomenon is much more complicated
in reality. Moreover, the time interval between
the signal timing and ignition timing of the spark
plug is unknown in the current experimental
configuration. Such a delay might be one of the
reasons for the difference in the pressure traces
computed and measured during the ignition.
Nevertheless, the reported agreement between
measured and computed results appears to be
encouraging especially as the agreement was
obtained under different operating conditions,
with time intervals between injection and ignition being very short.
Flame images obtained experimentally in
section A-A’ in case 2 are compared with the
computed fields of the Reynolds-averaged combustion progress variable in Figure 23. The
Reynolds-averaged c is shown, because it is
equal to the probability of finding the burned
products within the framework of the present
model. At the beginning of the burning stage,
i.e. 10 CAD bTDC, the simulations yielded a
larger flame kernel when compared to the measurements. This difference is consistent with
the over-prediction of the pressure during the
ignition phase, see Figure 22b, and could be
attributed to the simplicity of the ignition model.
Subsequently, the turbulent flame expands to
the walls, with the flame propagation to the right
wall being impeded by the spark plug both in
the measurements and simulations. At 1 CAD
bTDC, combustion is completed in the lower
right region, whereas very weak combustion
is captured in the measurements. This discrepancy might be caused by the formation of soot
on the glass piston which blocks the optical view
in some of the measured images.
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Figure 24. In-cylinder pressure traces computed
by allowing for dissociation of products (solid lines)
and ignoring it (dashed lines). tinj=-119 CAD aTDC,
tign=-25 CAD aTDC, the global equivalence ratio is
equal to 1.15.

An extensive sensitivity study was also performed by varying sub-models and initial conditions. Complete results are reported elsewhere
[170-171, 261]. Here, we restrict ourselves to two
results that show a role played by the two submodels implemented into OpenFOAM® in 2014.
Note that certain conditions of the sensitivity
study differed from the conditions specified in
Table 4 and are reported in figure captions in
such cases.
Figure 24 shows that the in-cylinder pressure
traces computed using the present approach to
evaluating the product temperature (solid lines)
and the default method implemented into a standard version of OpenFOAM® (dashed lines) are
substantially different, with the dissociation of
CO2 addressed by the present approach significantly reducing the pressure due to reduction
in the burned and mean temperatures. Indeed,
Figure 25 shows the difference between the
volume-averaged mean temperature calculated
by ignoring and allowing for the dissociation of
products. Delay of ignition reduces and retards
the peak temperature difference. These trends
are associated with a slower combustion in the
case of late ignition. Accordingly, the product temperature, which is straightforwardly
affected by the dissociation, contributes less
to the mean temperature in that case. Note that
temperature differences shown in Figure 25 can
significantly affect the computed rate of thermal
NO formation, for example.

Figure 25. Difference in volume-averaged mean
temperature computed by ignoring and allowing
for the product dissociation. Black solid line:
tign=-15 CAD aTDC; red dashed line: tign=-20
CAD aTDC; blue dot-dashed line: tign=-25 CAD
aTDC; green solid line with circles: tign=-30 CAD
aTDC. In all cases, tinj=-119 CAD aTDC.

Figure 26. In-cylinder pressure curves computed
by neglecting turbulent fluctuations in mixture fraction (solid lines) and by invoking the mass-weighted (dashed lines) and canonical (dotted-dashed
lines) beta-PDFs for the mixture fraction. Case 3.

model case [166]. Note that the more consistent approach (canonical PDF) is much more
computationally demanding when compared
to the use of a single mass-weighted PDF. For
instance, the computational costs for using the
former approach are almost three times (54
hours) larger when compared to the costs for
using the latter approach (17 hours) in the case
shown in Figure 26. Disregard of the difference
between quantities averaged by invoking the
two PDFs, substantiated in the present study,
can significantly improve computational effi- Figure 27. Fields of the mean equivaciency of numerical simulations of stratified lence ratio φ , segregation factor
turbulent combustion in a GDI engine.
=
g 
f ''2 /  f (1 − f )  , and a ratio of
1

1
S L 2 ( f ) / S L 2 f , computed invoking
the mass-weighted beta-PDF in case 3.

( )

Figure 26 shows that implementation of the
presumed mixture-fraction PDF approach
substantially affects computed pressure. Both
the mass-weighted and canonical PDFs yield a
similar reduction in the pressure, see dashed
and dotted-dashed curves, respectively, when
compared to the pressure computed by ignoring
the effect of the fluctuations, see solid curve.
This CFD result support results obtained by
averaging dependencies of ρb ( f ) , S L ( f ) , and
S L1/2 ( f ) on mixture fraction f in a simple
25
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Shown in Figure 27 are fields of the Favreaveraged equivalence ratio φ (which depends
almost linearly on the mixture fraction f ), seg=
g 
f ''2 /  f (1 − f )  , and a ratio
regation factor


S L1/2 ( f ) / S L1/2 ( f ) of laminar flame speeds averaged by invoking the mass-weighted mixturefraction PDF, i.e. S L1/2 ( f ) , and by neglecting
fluctuations in the mixture fraction, i.e. S L1/2 f .
Note that turbulent burning velocity is proportional to S L1/2 within the framework of the FSC
model. Under conditions of these simulations,
a fuel vapor ring is formed in the center of the
combustion chamber due to direct injection of
a hollow-cone spray, see equivalence ratio distributions in the left column. The segregation
factor g , see the middle column, is high (the
stoichiometric value of f is about 0.07 in the
present study) at the edge and in the center of the
fuel vapor cloud, thus, indicating that the fuel
and air are poorly mixed and the mixture-fraction PDF is broad. Accordingly, the blue regions
in the images of fields of S L1/2 ( f ) / S L1/2 ( f ) , see
the right column, show a significant reduction
in stratified burning rate due to turbulent fluctuations in the mixture composition. This significant reduction effect is observed in slightly
rich ( φ ≈ 1.15 ) mixture, see larger blue rings
in the left column, because the dependence of
the laminar flame speed on the equivalence
ratio peaks near φ = 1.15 and, therefore, both
positive and negative fluctuations in the local
equivalence ratio reduce S L.

( )

In moderately lean or rich regions, positive
and negative fluctuations in f act in opposite
directions and counterbalance one another to
the leading order. Therefore, S L1/2 ( f ) / S L1/2 ( f )
is approximately equal to unity. However, if
the mean local mixture composition is close to
the lean flammability limit, then, negative fluctuations in the local mixture fraction make the
mixture locally inflammable, thus, reducing the
local burning rate stronger when compared to
an increase in the local burning rate by positive
fluctuations of the same magnitude. As a result,
the ratio of S L1/2 ( f ) / S L1/2 ( f ) is again lower than
unity, see blue rings in the right column.

Conclusions

In order to perform 3D URANS simulations of
stratified turbulent combustion in a GDI engine,
the following models were implemented into
OpenFOAM® CFD package.
First, the Flame Speed Closure model of premixed turbulent combustion was implemented
in order to simulate flame propagation through
inhomogeneously premixed reactants. The
model allows for the transient nature of turbulent combustion in a SI engine, influence of
mixture composition and pressure variations
on turbulent burning rate, etc.
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Second, approximation of the laminar flame
speed of gasoline-air mixtures as a function of
the equivalence ratio, pressure, and temperature
was implemented in order to simulate dependence of burning rate on the local mixture composition. The approximation was obtained by
fitting data on laminar flame speeds computed
using a semi-detailed chemical mechanism
for iso-octane/toluene/n-heptane/air mixtures
under various pressures, temperatures, and
equivalence ratios.
Third, approximation of the combustion temperature of gasoline-air mixtures as a function
of the equivalence ratio, pressure, and product
enthalpy was implemented in order to allow for
dissociation of combustion products and heat
losses.
Fourth, presumed mixture-fraction PDF approach
was implemented in order to simulate the influence of turbulent fluctuations in the mixture
fraction on the local burning rate. In addition to
commonly used mass-weighted mixture-fraction PDF, a more consistent model that dealt also
with the canonical mixture-fraction PDF was
developed. Because the two approaches yielded
close results under the conditions of the present
study, the former, simplified, but computationally efficient approach is recommended to be
used in applications.
Numerical tests showed that the aforementioned
implementations substantially affected computed overall burning characteristics such as
the pressure averaged over the volume of the
combustion chamber.
Pressure traces recorded experimentally in
three different cases associated with two different loads, late injection times, and short
time intervals between the injection and spark
ignition were numerically simulated using the
extended OpenFOAM®. Pressure variation during the turbulent combustion phase was well
predicted in all cases, but pressure rise during
the ignition phase was over-predicted in two low
load cases. The latter result calls for improvement of the simple ignition model available in
the standard version of OpenFOAM®.
Computed fields of the Reynolds-averaged combustion progress variable resemble experimentally recorded flame images.

A Representative Interactive Linear-Eddy Model (RILEM)
for Low Temperature Combustion (LTC)
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 engine
combustion concepts for clean, high-efficiency
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 fast chemistry leading to scale
separation between 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.

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 that it comes with a high computational cost.
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In this project we want to develop a LEM-based
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 has some similarities with the representative interactive flamelet
(RIF) approach of Pitsch et al. [268] 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 28). We assume a
b-shape probability density function for the
mixture fraction Z and a k-e turbulence model.

Figure 28. Coupling of CFD and
LEM in RILEM for non-premixed
combustion.

Among the candidates for a regime and mode
independent combustion model are transported
PDF models with structure based mixing models [266] and low-dimensional stochastic models like LES-LEM, where the linear-eddy model
(LEM) of Kerstein [264] is used as sub-grid
model of a large-eddy simulation (LES) [262263, 269-270]. In LES-LEM a one dimensional
representation of the turbulent combustion
27
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In low Mach-number flow the thermodynamic
pressure p can be assumed to be spatially constant [265] and a divergence constraint for the
velocity can be derived [267]:
(1)

∇ ⋅u = −

1 dp
+U
γ p dt

where  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 28).
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 c. As a result, the
LEM allows a map of any scalar quantity y
from the one dimensional physical LEM space
into (Z;c)-space and to compute mean values of
y conditioned on the mixture fraction value Z,
i.e. < y | 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

(2)

~
~
U ( x) = ∫ U Z PZ ( Z ; x)dZ
0

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

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

Integration of (3) over the whole CFD domain
leads to an equation for the global pressure
change:
(4)

p
dp
= ~ −1 CFD
dt γ V



~
~
 ∫ Udx − ∫ u ⋅ n dS 
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).
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Equations (3) and (4) provide strong, mutual
coupling of the LEM combustion model and
the turbulent flow field. The divergence of the
velocity allows the computation of the dynamic
dyn
pressure p 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
28

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 28.
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 capture scalar dissipation rate fluctuations and 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.
A first version of the coupling in which the LEM
provides the new species alone, not the pressure, temperature and density has been completed (as shown in Figure 29). The coupling of
CFD solver and LEM in this case is different
than the one shown before (see Figure 28). The
calculated species from the LEM domain are
mapped to mixture fraction space Z providing
a flamelet like solution. An enthalpy equation
on the CFD side is solved after the mixture
fraction PDF is applied to the calculated species
providing Favre averaged species mass fractions. Afterwards the new temperature and heat
capacity can be calculated.

and corresponds to the temperature peak of T ≈
2400 K at Z ≈ 0.08 in Figure 28. The zigzag profile observed for all species other than the inert
N2 is caused by turbulent mixing on the LEM
line and reflects the stochastic nature of the
LEM. The species mass fractions shown here
are a conventional ensemble average over the
different states along an LEM line of constant
mixture fraction. As discussed above, these
different states with identical mixture fraction
values can be interpreted as representations of
fluctuations in the scalar dissipation rate within
the LEM. Ideally, if the LEM domain were
long enough we would expect smooth profiles
for the averaged species over mixture fraction
space. The zigzag profiles may thus indicate
that we are not fully capturing the statistical
fluctuations in the scalar dissipation rates. The
statistical properties of the RILEM approach
will be examined in future studies.
The left hand side of Figure 30 shows the temperature distribution in the central plane of the
CFD domain at t = 1.1 ms. The temperature peak
occurs at around Z = 0.1, which is consistent
with the report that flames start burning under
slightly rich conditions [272].

Conclusion

A new model for turbulent non-premixed combustion based on the linear eddy model has been
developed. Regime-independent combustion
modeling is achieved by using a representative linear eddy model (LEM), which enables
regime-independence because it accounts for
the local impact of the turbulent motion of the
flow on the chemistry of combustion. The representative LEM is solved concurrently with the
advancement of the CFD simulation and ensures
a direct interaction between the evolving flow
solution on the CFD side and the combustion

process that can be resolved at all length and
time scales along the one-dimensional LEM
line. The new model was used to simulate a high
pressure, high temperature spray combustion
process involving n-heptane. Promisingly, the
predicted ignition delay times and temperatures
are in good agreement with previous results,
demonstrating that the model is capable of
realistically describing non-premixed engine
combustion processes. Unsurprisingly, given
that RILEM is a new model, it has several issues
that remain to be addressed. In particular, it will
be necessary to study the model’s statistical
properties such as the variation in the scalar
dissipation rate and the consistency of the solutions obtained on the LEM and CFD sides. In
addition, many improvements of the model can
be envisaged, some of which could be realized
by using techniques that have been fruitful with
flamelet approaches. For example, as was the
case in RIF models, it should be straightforward
to use multiple representative LEMs. In addition, the model will be validated by comparing its output to that of existing models and
experimental data.

Figure 29. First approach of coupling of CFD and LEM in RILEM for
non-premixed combustion.

Figure 30. Left: Temperature distribution within the CFD domain at t =
1.1ms. The figure shows data for a
plane extending through the middle
of the chamber. Right: Mass fractions of individual chemical species
within the mixture fraction space of
the LEM at t = 1.1 ms.

Results

To demonstrate the new model’s performance,
it was used to perform numerical simulations
of combustion in a high pressure and high temperature spray combustion chamber. The case
examined has previously been investigated in
a series of numerical simulations [271].
Figure 30 show results from the LEM and CFD
domains after ignition at t = 1.1ms. The right
hand side of Figure 30 shows species mass fractions on the LEM side in relation to mixture
fraction space at t = 1.1 ms. The spike in the
mass fraction of CO2 between Z = 0.066 and Z
= 0.1 indicates that the mixture undergoes complete combustion under the indicated conditions,
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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 to measure the distribution
and concentration of liquid and vapor phase
fuel, air fuel mixing, and temperature. The
combustion characterization methods aim to
identify ignition, visualize flame propagation, and measure combustion intermediates
and products. The focus of this activity is on
developing methods that can find use in other
CERC projects and to carry out investigations
in collaboration with them.

Background

Optical measurement techniques have many
applications in combustion engine research, and
are widely used in both university and industry
labs [273-275]. Optical techniques have several advantages for measurement of selected
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 enable 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, etc.) 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 high peak power are used,
combined with intensified CCD cameras which
enable signal amplification and short exposure
time. Thus, imaging can be carried out of lowconcentration species and in luminescent environments such as flames. Various species can be
selectively probed by proper choice of the laser
wavelength and the detected light. Elastically
scattered light from fuel drops (Mie scattering)
can be detected to visualize the distribution of
liquid fuel drops in sprays. In order to image the
distribution of vapor-phase 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 absorption

CERC – Annual Report 2014

30

and fluorescence properties of many molecules
are temperature dependent enables temperature
measurements using LIF. One extension of the
LIF technique is laser-induced exciplex fluorescence (LIEF), which is aimed at a more distinct separation of fluorescence images of fuel
in liquid and vapor phase [276]. For this purpose
two tracer molecules are added to the fuel, and
upon excitation with laser light these molecules
form an excited state complex, an “exciplex”,
which exhibits a red-shifted fluorescence compared to fluorescence from the two individual
molecules. The exciplex forms efficiently only
in the liquid phase, which produces different
fluorescence spectral characteristics between
the liquid and vapor phases. Two cameras are
used for the detection of the fluorescence light,
one with a filter transmitting the red-shifted
exciplex fluorescence which is emitted from the
liquid phase fuel, and another one with a filter
transmitting the normal “monomer” fluorescence from individual molecules, which is the
dominant fluorescence from the vapor phase
fuel. Thus, selective imaging of liquid and vapor
phase fuel can be obtained, although there is a
cross-talk between the images often resulting
in significant monomer fluorescence from the
liquid phase fuel which needs to be taken into
account when analyzing the images.
Besides the laser-based techniques, high-speed
video imaging is a powerful tool in spray and
combustion research. The recording of video
sequences with a high frame rate makes it possible to follow the development in time of an individual spray or combustion event in great detail.
The light emitted by the flame can be imaged
directly in order to investigate flame propagation, intensity vs. time, etc. Furthermore, the
spectral information can be used to detect the
presence of various species with characteristic
emission spectra, such as OH, CH and soot. This
can be realized either by placing an appropriate
filter in front of the camera to obtain two-dimensional images of the selected species [192], or
by using a spectrograph in connection with the
camera. In the latter case, one dimension of the
camera sensor is used for spectral information
and the other one can be used for spatial information, i.e. complete emission spectra along
one line across the flame can be recorded as
a function of time [66]. For spray imaging an
external light source is required, and images
can be obtained either by illuminating the spray
from behind, generating a shadow image, or by
illuminating from the side, resulting in a bright
image on a dark background. Both approaches
can be used to follow the length and width of
the spray with time.

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 ongoing
work to improve existing techniques, invent
new ones, combine techniques in innovative
ways, and make use of new instrument technology. Furthermore, different measurement
objects and situations may require that existing
practices and methods should 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

The purpose of the project is to maintain competence in various optical methods for spray and
combustion diagnostics, and to make developments and adjustments for the particular set-ups
where they will be applied. During 2014 high
speed video imaging in various configurations
has been used quite extensively, and some tests
with planar laser-induced exciplex fluorescence
have been carried out.
Planar LIEF has been applied for imaging of
diesel sprays. A spectroscopic investigation
including absorption and emission measurements of model fuel components and candidates
for tracer molecules was carried out. Spectra
were recorded with a fiber-optics-based spectrograph, and with both lasers and broad-band
lamps as light sources. Sprays were investigated
in the high-pressure/high-temperature spray
chamber. The third harmonic light (wavelength
355 nm) from a Nd:YAG laser was used as an
excitation source, and the laser light was formed
into a sheet using cylindrical lenses, and the
sheet passed through the spray. Fluorescence
light was detected perpendicularly to the laser
sheet, using a dichroic beam splitter and two
intensified CCD cameras, as shown in Figure
31. By proper selection of beam splitter and band
pass filters in front of the cameras, one camera
detected monomer fluorescence and the other
camera exciplex fluorescence.

fuel blends compared to sprays of standard
diesel fuel [277-278], and in one publication
about the influence of image analysis methods on spray penetration and spray angle data
derived from high-speed video images [279].
Methods and results from the joint investigations are described in the report of the Spray
Fundamentals project.
A spectroscopic characterization of exciplexforming tracer molecules was carried out and a
model fuel consisting of dodecane with n,n,n’,n’tetramethylphenylenediamine (TMPD) and
1-methylnaphthalene as tracers was selected.
The tracers are the same ones that have been
used previously [280], but now in different
concentrations, and with dodecane as the nonfluorescing model fuel. Dodecane was selected
since its boiling point is in the middle of the
boiling point range of diesel fuel. Spray images
were recorded using the setup in Figure 31,
simultaneously recording images of monomer
and exciplex fluorescence. A sequence of image
pairs is shown in Figure 32. At a first glance the
monomer and exciplex images are very similar,
as seen in the upper two rows of Figure 32,
but when inspecting the images with higher
sensitivity, the lower two rows in Figure 32,
it is obvious that the monomer images include
longer spray penetration corresponding to vapor
phase fuel. There is no indication of any exciplex fluorescence beyond what now can be concluded to be the liquid fuel penetration. In that
respect the LIEF imaging works as expected;
the exciplex images are a good representation
of liquid phase fuel distribution.

Results

A large part of the work this year has been
carried out in collaboration with the Spray
Fundamentals project to apply imaging and
spectroscopic techniques to investigate properties of non-combusting and combusting sprays,
and to evaluate procedures for image analysis.
This collaboration has resulted in two publications analyzing the properties of non-combusting and combusting sprays of ethanol-diesel

Figure 31. Schematic top view of the
optical setup for recording LIEF images in the spray chamber. A vertical
laser sheet intersects the spray and
the induced fluorescence is imaged
by two cameras with a mirror and filter arrangement for detecting monomer fluorescence with one camera
and exciplex fluorescence with the
other one.
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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 grant is aimed at more predictive models for primary breakup of sprays. It combines model
development with detailed experiments. Experiments use transparent nozzles so that interior flows
can be studied using high speed long distance microscopic shadowgraphy and micro-PIV. Primary
breakup is studied using ballistic imaging (BI)*. A 3-pulse system has recently been proven. It
allows us to 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.

Principal investigators: M. Linne,
M. Andersson, and M. Oevermann
Source of support: Knut and Alice
Wallenberg Foundation
Award period covered: 2013–2017
(5 years)
Seniors/students supported: M.
Linne, M. Oevermann, D.Sedarsky,
B. Chen (PhD student working on
interior flowa), A. Movaghar (PhD
student working on breakup)

To better understand primary breakup, we have partnered with colleagues doing direct numerical simulation (DNS) of breakup (Prof. H. Pitsch at U. Aachen in Germany, Prof. M. Hermann
at Arizona State U., Prof. Olivier Desjardins at Cornell University, and Prof. M. Trujillo at U.
Wisconsin). We purposely operate under conditions appropriate for DNS because it involves
some assumptions and the experimental results 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 imaging techniques. The
sprays will thus be characterized with a very high level of detail. The experiments have begun
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.

Figure 32. LIEF images recorded at spray chamber conditions of 58 bar air pressure and 400°C temperature. The injector tip is located at the bottom of the images
and the spray moves upwards. The upper row shows exciplex fluorescence images and the second row corresponding monomer fluorescence images. Row three
is the same images as in row one, but with a different color scale enhancing the sensitivity to low intensity structures, but saturating the more intense structures.
Row four is the images of row two with the enhanced sensitivity. The columns correspond to different times after start of injection: 0.2, 0.6, 1.0, 1.4, 1.8, 2.6 and
3.4 ms, from left to right. The size of the images is 40 x 70 mm.

The low monomer fluorescence intensity from
vapor phase fuel, compared to the intensity from
the liquid phase fuel is, however, far from the
ideal LIEF situation, although it should be noted
that the overall signal intensity is good. One reason for the relatively low vapor phase monomer
signal in this experiment is quenching by oxygen since the experiments were carried out in
air and not in an inert atmosphere like nitrogen.

Conclusions and ongoing work

The work carried out and published together
with the Spray Fundamentals project demonstrates that high-speed video imaging and
luminescence detection have been successfully
used to obtain relevant information on the noncombusting and combusting sprays. The tests
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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. The student working on cavitation
modeling will be sent for an extended period (3-6 months) to London, to implement those models into OpenFOAM. When we get to cavitating spray studies we will also imitate a cavitation
experiment at City College, London so that we can better use their proven models.
* For a description of ballistic imaging, see “Imaging in the Optically Dense Regions of a Spray: A Review of Developing Techniques”,
M. Linne, Progress in Energy and Combustion Science, Vol. 39, No. 5, 403 - 440, (2013).

Figure 33. Wallenberg experimental setup.

with planar LIEF have shown good potential
for the technique to perform cross-section
imaging of liquid and vapor phase fuel distribution, although further optimization is desirable. Thus, additional tests with LIEF for twophase diagnostics, including comparison with
combined planar Mie scattering and LIF are
planned. The development work for high-speed
video imaging will be focused on efficiently
combining several cameras for simultaneous
measurement of different properties/species,
e.g. imaging in different wavelength ranges,
imaging from different angles, or combining
spectroscopy and imaging. Much of this work
will be carried out in collaboration with Spray
Fundamentals, SGDI and other CERC projects.
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For a description of 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). We are also
developing a one-dimensional turbulence (ODT) model for primary breakup, based on the work
of Dr. A. Kerstein (recently retired from Sandia Labs; he is a collaborator and he is partially
supported as a consultant). Finally, 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 and others on overall
spray breakup models.
This grant supports Professors Linne, Oevermann, and Sedarsky, and it pays for 2 computational
PhD students. Dr. Oevermann has an additional grant from the Swedish Energy Board for a related
PhD student, and we support some consulting by Dr. Kerstein. The grant also paid/pays 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)

Principal investigator: M. Linne
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered: 2013–2017
(4.3 years)
Senior/student supported: M. Linne,
D. Sedarsky

Turbulent Spray Breakup
Summary
This project is coupled to the one described just above (Fundamental studies of transient sprays).
It will provide partial funding for Assistant Professor Sedarsky who will perform most of the
necessary measurements.

Hercules C: Higher Efficiency, Reduced Emissions, Increased
Reliability and Lifetime, Engines for Ships, Work Package 2.2
Principal investigator: M. Linne
Source of support: EU
Award period covered: 2011–2013
(3 years)
Senior/student supported: M. Linne,
Z. Falgout (PhD student)

Summary
This EU project is conducted in work-package
collaboration with MAN Turbo and Diesel
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.

Summary
This grant supports a PhD student to collaborate with the Engine Combustion Network (ECN,
http://www.sandia.gov/ecn/). ECN evaluates 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.

Figure 34. HERCULES optically transmissive injector tip at high
fuel pressure showing cavitation in the holes and the effect it
has on breakup.

Principal investigator: M. Linne
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered: 2011–2013
(3 years – extended because of parental leave)
Senior/student supported: M. Linne,
M. Rahm (PhD student)

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 (see “Imaging in the Optically Dense Regions of a Spray:
A Review of Developing Techniques”, M. Linne, Progress in Energy and Combustion Science,
Vol. 39, No. 5, 403 - 440, (2013)). 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.
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Principal investigator: M. Linne
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered: 2011–2014
(4 years)
Senior/student supported: M. Linne,
Z. Falgout (PhD student)

Recently we have succeeded in observing that the ECN injector at the so-called “Spray A” condition (gas pressure at 60 bar, gas temperature at 900K) reaches supercritical conditions when
used with a pure fuel like dodecane, but under the same conditions a complex mixture like real
Diesel fuel seems to produce a normal spray.

Large-eddy Simulation of Spray Flames in Reciprocating Engines
Using Linear-eddy Sub-grid Modeling
Summary
This project grant supports 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 flows 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, S. Arshad (PhD student)

Modeling of the Influence of Chemical Reactions and Heat Release on
Turbulence and Turbulent Scalar Transport-2

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 the local density field and,
therefore, it 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.

The project includes 25 partners.

Advanced Spray Research

Initial Breakup of Transient Fuel Sprays

Principal investigator: A. Lipatnikov
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered:
01.10.2013–30.09.2015 (2 years)
Senior/student supported: A.
Lipatnikov, E. Yasari (Ph.D. student)

The following results have been obtained: First, the model of the influence of combustion on
turbulent scalar transport, developed during the first stage of the project (2010–2012), was tested
against two well-known Direct Numerical Simulation (DNS) data bases, obtained earlier from
the University of Wisconsin, USA, and Nagoya Institute of Technology, Japan. This test quantitatively validated the model for density ratios associated with a typical laboratory premixed
turbulent flame and allowed us to extend the model to flames characterized by a substantially
lower density ratio. The model extension is of importance for simulations of combustion in piston
engines. Second, the Turbulent Flame Closure (TFC) and Flame Speed Closure (FSC) models
of premixed turbulent combustion, which had been implemented into OpenFOAM library during the first stage of the project, were tested against recent experimental data obtained by two
research groups from weakly turbulent Bunsen flames. These Bunsen flames will be simulated
further in order to test the aforementioned model for the influence of combustion on turbulent
scalar transport after ongoing implementation of the latter model into OpenFOAM is completed.
Third, a theoretical study was performed to support certain basic peculiarities of the model.
Fourth, E. Yasari defended a licentiate thesis. Fifth, one journal and three conference papers
were published, two journal papers were submitted.
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A DNS Data Base for Modeling Turbulent Flames
Principal investigator: A. Lipatnikov
Source of support: Chalmers
E-science center
Award period covered: 2012–2013
(6 months)
Senior/student supported: A.
Lipatnikov

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 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.

The following results have been obtained: First, 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. Second, the DNS data were analyzed in
order to validate and extend a model of the influence of combustion on turbulent scalar transport
developed earlier by our group. Third, a widely-used presumed Probability Density Function
(PDF) approach to modeling complex combustion chemistry in RANS or LES research into
premixed turbulent combustion was tested against the DNS data and an improved presumed
PDF model was then developed and validated. Fourth, vorticity transformation in premixed
turbulent flames was studied by analyzing the DNS data in order to gain deeper insight into the
influence of combustion on turbulence. Fifth, two conference papers were published and five
journal papers were submitted.
And the last, but not the least; by analyzing the DNS data an important physical mechanism of
interaction between turbulent flow field and premixed combustion was revealed. It (i) consists
of origin, growth, and subsequent disappearance of an elongated channel filled by unburned gas
(Unburned Mixture Finger, UMF), and (ii) manifests itself in significant large-scale oscillations
of the turbulent burning rate, flame-surface area, and mean flame brush thickness with time. The
growth of such an UMF, which deeply intrudes into combustion products, is caused by strong
axial acceleration of the unburned gas by local pressure gradient induced by heat release in surrounding flamelets. Although, similarly to the well-known Darrieus-Landau (DL) instability,
the discussed phenomenon results from the interaction between a premixed flame and pressure
field, our analysis of the DNS data indicates that the UMF and the DL instability are different
manifestations of the aforementioned interaction. To the best of our knowledge, the highlighted
physical mechanism has not yet been addressed in the combustion literature. Under conditions
of the DNS, this mechanism plays an important role by producing at least as much flame-surface
area as turbulence does. Moreover, a number of images of burning structures that look similar
to UMFs were recently found by us when reviewing published experimental data.

Catalytic Aftertreatment of Particulate Matter
Principal investigator: J. Sjöblom
Sources of support: Swedish FFI
program, Volvo technology, Volvo
cars, and Haldor Topsoe
Award period covered: 2013–2015
Seniors/student supported: J.
Sjöblom, P-A Carlsson, M. Andersson,
M. Englund (PhD student)

Summary
ICE Emissions are of importance owing to their effects on the human health and the environment.
Emission levels have always been a key performance indicator alongside engine performance.
New, more stringent legislation limits make it necessary simultaneously to take into account
both the engine and the aftertreatment system performance, and this is a growing activity within
CERC/division of combustion. A joint collaboration between CERC and the competence center
for catalysis (KCK) has been started. The project scope is catalytic oxidation of soot (main component of PM) and the interaction of other exhaust flow components (NOx, H2O, etc). An in-situ
reactor will be designed and manufactured that enables temporally and spatially resolved analysis
of gas phase components, including the filter surface. Particle size distribution measurements
will be done upstream and downstream of the catalyst when connected to an engine. Laser-based
diagnostics will be used (e.g. LIF for NO or LII for soot) to get spatial resolution. Both synthetic
soot and PM collected from real engines will be analyzed. By applying this methodology, the
objective is to bridge detailed knowledge (kinetics of soot oxidation) to the full scale analysis of
a DPF connected to an internal combustion engine.

a)

b)

capture efficiency [128]. To assess this phenomenon, a conceptual model was developed to explain
the (size dependent) change in capture efficiency [127], see Figure 35.
By applying this methodology, an open substrate can be used as an “in-situ analyzer” for the HC
content of PM when studying the more complex DPF reactor [282].

Figure 35. a) The Capture Efficiency
(CE) for different particle sizes and
the fitted curve (taking into account
the volatile components of the PM).
b) The HC content is visualized (colored particle size distribution) using
the sigmoid curve representing two
types of HC contribution.

CORE – CO2 REduction for Long Distance Transport

Summary
The objective of this project is to contribute to CO2 reduction through improved powertrain
efficiency. CORE will extend state-of-the-art technologies by overcoming currently known
limitations, focusing on technologies that could be implemented into high volume production
by the end of this decade. The technical objectives of the project are to demonstrate a 15% fuel
economy improvement. Chalmers is involved in a sub-project concerning high efficiency Diesel
engines for long haul, where our task is to explore the potential of various combustion concepts
(Partially Pre-mixed Combustion/Low Temperature Combustion). The primary goal of the task
is to study the effects of different 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 different air charge strategies (EGR, IVC and
Boost pressure). Design of Experiments will be used to decouple the air charge effects on fuel
evaporation, ignition delay and combustion characteristics. For the experiments a heavy duty
single cylinder engine equipped with a fully flexible valve system will be used. For the simulations GT-Power and KIVA 4/OpenFoam will be used.

Principal investigator: I. Denbratt
Source of support: EU
Award period covered: 2012–2016
Senior/students supported: I.
Denbratt, A. Imren and J. Sjöblom

Figure 36 shows rate of heat release obtained by GT-Power and KIVA 4 simulations for two different intake valve timings. It can be seen that ignition delay times were increased when a 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
NO x emissions especially for 25% EGR
cases, while soot emissions decrease there
is more premixed style combustion with
later IVC timing.
The project consists of 16 partners.

Capture Efficiency of Particulate Matter in Open Substrates
Principal investigator: J. Sjöblom
Source of support: Chalmers
Transport Area of Advance
Award period covered: 2011–2013
Senior/student supported: J.
Sjöblom

Summary
Exhaust particulate matter (PM) is commonly removed by a DPF (Diesel Particulate Filter) that
induces pressure drop over the filter decreasing fuel efficiency. It occurs as well during filter
regeneration, where the engine is controlled to produce heat for soot combustion. Furthermore, a
catalyst upstream of any filter is affected by the PM. In a study for PM capture in such an upstream
catalyst it has been demonstrated that the hydrocarbon (HC) content significantly increases the
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Figure 36. 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).
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Direct Injection Biogas Engine
Principal investigator: I. Denbratt
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered: 2012–2014
Senior/student supported: I.
Denbratt, J. Zhiqin

Summary
Ensuring a sustainable fuel supply is a long term strategic goal for Europe. In December 2008
the EU Parliament approved a proposed energy policy from the EU Commission. The decision
means a binding target of 20% renewable fuels must be achieved by 2020. For the transport
sector, renewable fuels, including biofuels, electricity, and hydrogen, all produced from renewable sources must provide 10% of the total fuel consumption in all transport areas. To qualify
as a biofuel, the fuel must produce at least a 35% reduction of greenhouse gas (GHG) emissions
compared to fossil fuels. After 2017 the reduction must be at least 50%. Biogas, cellulose alcohol
(ethanol / methanol), Fischer-Tropsch fuels, DME, etc. are fuels that all will produce sufficient
reduction of greenhouse gases.

Biogas is an excellent renewable fuel, and it generally provides greenhouse gas reductions
around 80-85%; it is one of the cleanest known fuels. A further advantage is that it is manufactured from feed stocks like waste, and it does not compete with the food supply. Biogas is also
relatively simple to produce locally. In 2010, 229 biogas plants in Sweden produced 1400 GWh
of fuel energy. Of this, 44% was used for heating and 44% for vehicles, but the proportion used
as vehicle fuel is increasing. Today’s production capacity can replace approx. 150 million liters
of gasoline, equal to the needs of approx. 100,000 vehicles driving 15000 km per year. If all the
available raw materials possible to convert into biogas were fully utilized, the Swedish biogas
production can increase by almost a factor of 6.
Biogas consists primarily of methane (CH4) and carbon dioxide (CO2). Up to 60% of the gas could
be carbon dioxide; and the amount of carbon dioxide will affect the burning velocity, so the gas
must first be cleaned. Methane has a very high octane number, so biogas can allow the use of high
compression ratios in spark ignition engines, higher than in today’s automotive engines. Thanks
to the very high octane rating and hence the high resistance to knock, biogas can be a good choice
for small, supercharged, downsized SI engines. In addition, heat losses are reduced (increasing
efficiency) owing to lower flame temperatures. There is 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. Biogas can easily be mixed with natural gas and hydrogen (called ‘hythane’).
The challenges include: it is difficult to mix gases (biogas with air), hydrocarbon (HC) emissions are high, the fuel can more easily leak from injectors, and exhaust aftertreatment is more
complex due to much lower exhaust temperature and high activation energy for methane. The
use of gaseous fuels in internal combustion engines will almost certainly increase in the future
but ery little development of combustion systems for gas phase fuels has occurred. In essence,
conventional petrol engines have simply been provided with a gas dosing system in the intake
manifold, leading to low volumetric efficiency and power.
Figure 37. A natural gas injector in
the intake manifold to the heavy duty
single cylinder engine.

Biogas can also be used in CI engines through a “dual-fuel” process, in which the relatively
homogeneous gas mixture or gas jet is ignited by a pilot injection of conventional Diesel fuel.
Very little is known about transient gas jets in
engines; such as penetration, mixing, etc. Also
validated computational models for dual-fuel
combustion are missing.

Results
The simulations work started with the Chalmers dual-fuel combustion model, beginning in
February. The HD single-cylinder engine was rebuilt for dual fuel operation (a new gas and
Diesel system were fitted to the engine).

Figure 38. Experimental cylinder
pressure under normal diesel and
dual fuel operation for 1500 rpm
engine speed.

Both natural gas (fossil) and pure methane (mimicing biogas) were tested with different ratios of
Gas/Diesel in various load points. The engine speed was constant 1500 rpm, two different loads
were tested, 100Nm and 190Nm separately. The SOI is 6BTDC for all cases. The intake pressure
for 25% load case was 1.0 bar and for 50% load case is 1.5bar.The total equivalence ratio range
for 25% load was 0.528~0.546 ; and for 50% load it was 0.677 ~0.685.
Regarding pressure curve (Figure 38); for the 25% load case, with increasing of natural gas (NG)
mass ratio, the pressure peak was decreased. At NG mass ratio 46%, the peak was even higher
than normal diesel case. The cylinder pressure after ignition for the 46% and 63% cases held the
same rate of increase as the normal diesel case; while the 86% case had a lower rate of increase.
For load case 50% load, NG mass ratio 69% and 83% had quite similar behavior, both peak values
were higher than the normal diesel case and the cylinder pressure rate of increase after ignition
was higher than normal diesel case. While NG mass ratio 95% case had lower increasing cylinder
pressure after ignition and lower peak value.
As shown in the heat release figure below, at the 25% load condition, all dual fuel cases experienced a longer ignition delay than the normal case. The combustion behaviors for dual fuel cases
-46% and -63% had similar behavior to the normal diesel case; while for case -86%, the effect
of natural gas combustion on the total heat release became evident only at high mass ratio. At
the 50% load condition, there was no difference in ignition delay for all four cases. For dual fuel
cases -69% and -83%, the second peak of the heat release curve was due to combustion of natural
gas, which increased the pressure peak. For case -95%, heat release was further postponed to
the expansion stroke.
Figure 39. Experimental total heat
release traces under normal diesel
and dual fuel operation for 1500 rpm
engine speed.

Ongoing work
Using the experimental data validates the Chalmers dual-fuel combustion model.

The goal of the project is to evaluate various
concepts using direct-injected gas (DI) that
can operate with various mixtures of biogas /
natural gas and hydrogen. Today there are no
direct injection SI gas engines, but a shift in
technology to direct injection is expected to lead
to significant improvements in efficiency. The
project will also deal with dual-fuel combustion in CI-engines where one of the goals is the
validation of a previously developed combustion
model for 3-D CFD simulations, (see below). The
project is connected to the IEA’s “Collaborative
Task on Alternative Fuels in Combustion”
The project has recently started.
CERC – Annual Report 2014
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Principal investigator: H. Salsing
Source of support: Swedish Energy
Agency (via FFI) and Volvo GTT
Award period covered: 2012–2013
Seniors supported: M Andersson,
I Denbratt, V Golovitchev, and H
Salsing

DME for Diesel Engines

Internal Combustion Engine for a Parallel Hybrid

Summary
Alternative fuels for road vehicles are an important part of the future energy scenario that has
gradually become increasingly complex. Dimethyl ether (DME) is considered by many to be a major
candidate. The excellent combustion properties - not least soot free - make it possible to design
a combustion concept with low environmental impact using a minimum of hardware changes.

Summary
In the time frame 2012-2015, the EU will introduce legislation limiting carbon dioxide emissions, to a fleet average of 130 g/km. For individual car manufacturers the limit is a function of
the weight of the vehicle. After 2020 it is planned to lower the fleet average to 95 g/km with a
possibility of 70 g/km in 2025. Similar legislation will be introduced in a number of countries
like U.S., China, and Japan.

The experimental DME activities began at Chalmers in 2004 (preceded by simulations a couple
of years earlier) and the first studies on a heavy duty single cylinder research engine resulted in
new knowledge about the influence of basic parameters such as injection timing, injection pressure and amounts of recirculated exhausts (EGR) at various load points.
Among other things, DME combustion was observed to be slow (compared to standard Diesel
fuel combustion in a heavy duty Diesel engine), especially under low NOx conditions, and that
no soot particles were emitted, not even for the very poorly optimized combustion system. The
slow combustion can result in high emissions of carbon monoxide (CO), however, and it can
adversely affect engine efficiency. The reason for the slow combustion process was very slow
mixing velocity between injected fuel and air. Parameters mainly affecting that process are
injection pressure, nozzle, and combustion chamber geometry.
Since the injection pressure is hardware limited, the project concentrated on piston and nozzle
geometry optimization, to improve mixing velocity. For this optimization, extensive CFD simulations, including detailed chemistry in combination with design of experiments, were performed.
There were two reasons for this CFD work: 1) to improve understanding of the combustion process,
and 2) to suggest the most promising hardware combinations to test experimentally. These activities led to the development of a combustion system that burns DME more efficiently and with
lower emissions. An updated injection system has allowed higher injection pressures, and studies
have been carried out to assess the influence of injection pressure in combination with various
piston geometries at engine out NOx levels ranging from less than 0.25 to more than 7 g/kWh.
These results showed that running the engine with EGR requires higher injection pressure to
reach high efficiency under given emission constraints than when not using EGR and that a low
compression ratio combustion system has large advantages over a high compression system.

Figure 40. Simultaneously recorded
images of a) visible light and b) OH
chemiluminescence from a DME
flame. The sketch shows nozzle tip
position.

In addition to engine experiments and simulations, the DME spray has been studied in more detail
in a spray combustion vessel held at Diesel engine like conditions; to increase understanding
of DME jet combustion and to give input to simulations. Figure 40 shows that the DME flame
tends to be yellowish in colour and the emission spectrum (Figure 41) indicates that it originates
from sodium (Na) (and not from soot, which emits at a continuous spectrum). The sodium is
apparently an impurity found in the fuel. The OH distribution resembles the luminosity of the
flame quite well but the relative intensity varies, since the yellow luminescence varies strongly
with temperature, whereas the OH luminescence is related to certain OH formation reactions.

Principal investigator: I. Denbratt
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered: 2012–2014
Seniors/students supported: P.
Dahlander, S. Hemdal, and L.C.
Riis-Johansen

Hybridization provides opportunities for significantly reduced fuel consumption and will
therefore become a key technology for reducing carbon emissions. Hybrids can be built in
two principal designs; series or parallel. Since
series hybrids require larger battery capacity,
industry currently prefers parallel hybrids, or a
combination of the two (known as a power-split
hybrid). The degree of hybridization can vary
from integrated starter / generator (with low
demands on battery capacity) to “mild hybrids”
(medium battery capacity) to full hybrids (high
battery capacity). To facilitate the transition
from fossil fuel-powered vehicles to electric
vehicles, the so-called plug-in hybrids are an
alternative. For plug-in hybrids the battery is
charged from the grid at night when electricity
is cheap or alternatively vehicles might be electric with limited battery capacity and equipped
with a range extender. The engine can also be
used to charge the battery where infrastructure
for charging is missing.
Combustion engines interacting with an electrical system opens new possibilities to optimize
the fuel consumption and emissions because
of the possibility to avoid operating the combustion engine at operating conditions where
the efficiency is low. A potential problem with
this “intermittent” operation strategy is exhaust
emissions which 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
and engine out emissions should be 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 the
EU requires that 25% of the fuel in 2030 should
come from renewable sources.
Within the project, a small direct-injection
engine in 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.

Figure 41. Emission spectrum from a DME flame with interpretation to some
of the peaks.
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Figure 42. The injection event, ignition and early combustion captured
using high speed video from the side
through glass liner and pentroof window (left hand images) and from below through the optical piston (right
hand images) of stratified combustion with E85 at some selected time
steps. First image pair (top ones) are
captured at start of injection, image
pair at 4th row at time of ignition and
the last image approximately at TDC.

The most obvious way to operate an internal
combustion engine in a plug-in hybrid or battery electric vehicle (BEV) equipped with a
range extender is to operate the engine at a
constant effect during the cycle in which the
engine power is equal to the vehicle’s average
41
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power consumption during test cycle, 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 starts and stops is maintaining the catalyst temperature at a
sufficiently high level (active catalyst) and to avoid “emission spikes” at engine start especially
at low catalyst temperature. Another problem may be NVH during high engine load and low
vehicle speed. A more likely strategy would be to blend between the two, i.e. where the combustion engine and electric motor operate together, so that transients that often generate high
emissions occur with electric assist. Because hybrid vehicles must be able to run on alternative
fuels, biogas and E85 will be studied in this project. Due to hardware limitations biogas will be
run in a single-cylinder engine.
The following will be investigated:
• Gas jets and combustion of methane (done in 2012)
• Efficient combustion strategies for E85 minimizing fuel consumption and emissions (done in
2013)
• Cold and warm start strategies for E85 for fast catalyst ignition and minimal emissions including particulates (starts in the beginning of 2014)
• Transients – optimization of combustion engine and electric driveline
Within the project there is also collaboration with University of Stuttgart regarding gas injectors
and with Signal and Systems regarding transient control.
New results 2014
Stratified combustion using E85 as a fuel has been investigated in a single cylinder engine with
optical access through the piston and a glass cylinder liner. The fuel injection event and the
resulting combustion have been visualized using high speed video. The advantage with high
speed imaging is that a whole cycle can be captured including the injection of fuel, ignition, and
the flame propagation within one cycle.

Combustion has also been investigated in more detail using spectroscopic techniques. Time
resolved flame emission spectra show which species are formed during combustion and provide
a fingerprint of the combustion event. In order to get deeper understanding of soot formation
and soot oxidation processes, soot luminescence and the OH chemiluminescence have been
simultaneously captured onto two cameras.
The results show that there are three major sources to soot formation; pool fires caused by piston
wetting, droplet combustion due to early ignition timing, and locally rich areas in the flame as a
consequence of fuel stratification. The results show that pool fires can be minimized and in some
cases avoided by splitting the injection into a series of smaller injections with short separation.
Multiple injections also increase the efficiency (higher IMEP) and the combustion stability (lower
COV of IMEP), possibly due to increased mixing between the air and fuel. Droplet burning can
easily be avoided by choosing an ignition time at or after end of injection. Soot formation caused
by fuel stratification is harder to avoid without losing efficiency. However a split-injection strategy
seems to have a positive effect, possibly increasing the soot oxidation.
These results are currently being processed and analyzed and will be summarized and submitted
for a journal publication in February 2014.
A 3-cylinder GDI engine is currently being installed in the hybrid test rig at Chalmers. Tests
regarding optimization of the system including transients will start in the beginning of 2014.

High Efficiency Otto Engine with Diluted Combustion
Principal investigator: I. Denbratt
Source of support: FFI and Volvo
Car Corporation
Award period covered: 2012–2015
Seniors/students supported: I.
Denbratt, S. Hemdal, D. Dahl, and
G. Doornbos

Summary
For a combustion engine, it can be estimated that at least 50% of the supplied fuel energy 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 identified 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 NOx penalty. The project is a collaboration between VCC, Haldor Topsoe
and Chalmers (KCK and Applied Mechanics/Combustion). The aim of the project is to develop
technologies adaptable for future improvement of gasoline engines. The project focuses on diluted
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combustion through the use of fully flexible
valves, external EGR, and lean homogeneous
combustion. Figure 43 shows flame propagation
during lean homogeneous combustion.

Figure 43. Flame propagation in an
optical DISI engine.

At the moment experiments in an optical engine
investigating flame behavior in a SI engine during diluted operation. In addition, experiments
on a four cylinder turbocharged direct injected
SI engine are being performed in order to investigate the capabilities of a new ignition system
that presumably extends the dilution limit. An
increased dilution limit means a reduction in
engine out NOx emissions and, depending on
the type of dilution, lower fuel consumption.
These experiments will be followed immediately by engine testing of various updated
catalysts, as suggested by KCK.

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 delivery 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.
Chalmers part of the project is to perform system simulation and component optimization using
GT-Power. Figure 45 below shows an example
of fuel consumption as a function of recovered
exhaust energy.

Steady and transient experiments were performed on a five liter VOLVO engine and experimental data was used to calibrate the engine
model in GT-Power. These experiments were
first performed on the engine without NESS
mounted to get the reference values and then
in the later experiments, NESS was mounted
on the engine. In these experiments the engine
speed, torque and electric motor power was
varied to cover all the engine operating points.
The results of experiments were promising
especially for transient experiments.

Principal investigator: I. Denbratt
Source of support: FFI, Kasi
Technologies, Volvo ATR, and
Sibbhultsverken
Award period covered: 2012–2013
Senior/student supported: I.
Denbratt and S. Arshad

Figure 44. Principal lay-out
of the NESS concept.

The engine model in GT-Power was calibrated
at 13 chosen operating points with 2-5% accuracy as compared to the experimental results.
Figure 48 shows an example of validation of
engine model brake specific fuel consumption.
The calibrated engine model was then used
to perform simulations and optimization of
components.

Figure 45. Total fuel energy
as a function of recovered
exhaust energy.
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OTHEC – Optimal Transport of Heat from Exposed Components

Figure 46. Percentage deviation
of BSFC from simulations as compared to experimental results.

Summary
Current engine development is driven by increasing demands for high efficiency while the requirements on exhaust emissions are becoming increasingly stringent. This has led to the development of efficient combustion systems, which in turn has led to higher thermal load on parts like
pistons and cylinder heads. This increases the risk for engine structural failure. Increasingly,
engine development is performed using numerical simulations which are both cost- and timeefficient compared to corresponding experimental testing. Unfortunately, the models used today
in engine development have proven to be relatively poor predictors of engine heat transfer. The
reason is they are not developed to account for near-wall flow behavior and therefore cannot capture appropriately the thermal effect on the engine surface. One case stands out, the “impinging
jet” resulting from Diesel injection. The thermal effects of this flow are known to be strong and
challenging to capture for the models commonly used in industry.

The goal of the project is to study heat transfer in impinging jets with characteristics relevant
to internal combustion engines. The project mainly focuses on accessing the ability of different
models to capture the thermal effects with sufficient accuracy. Further, this ability is traded off
with the computational effort. The final purpose is to identify a model accurate enough to give
valuable information, while fast enough to be used in industrial engine development. Experiments
used as reference case have been performed in Chalmers facilities. The project is a collaboration
between Volvo ATR, Volvo Car Corporation and Chalmers.

Principal investigator: I. Denbratt
Source of support: FFI, Volvo ATR,
and Volvo Car Corporation
Award period covered: 2011–2013
Senior/students supported: I.
Denbratt, L. Davidsson, J-A Bäckar,
and M. Bovo

Figure 48. A collection of numerical (CFD) and experimental results
(PIV, thermal camera). Single pulse
impinging jet, flow field and thermal
for different target angles and times.

OPTIMORE – Optimised Modular Range Extender for Every Day
Customer Usage
Principal investigator: I. Denbratt
Source of support: EU
Award period covered: 2012–2014
Senior/students supported: I.
Denbratt, D. Dahl, and D. Härensten

Summary
OPTIMORE focuses on overcoming well known shortcomings of BEVs, and it further develops
and optimizes the range extender concepts from the prior FUEREX project results, thereby
providing an important path towards customer acceptance of electrified vehicles and increasing
market penetration.

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 includes 8 partners.

Waste Heat Recovery
Summary
Meeting already adopted and future legislation and also market expectations regarding fuel consumption is a very difficult challenge for vehicle manufacturers. High efficiency and consequently
low operational costs will be increasingly important in the future. More than half of the fuel
chemical energy supplied to an internal combustion engine is lost as heat where the largest source
is high exhaust enthalpies. Studies have shown that using heat recovery systems can reduce fuel
consumption by 10 % for a Diesel engine. The goal of the project is to study different concepts
for heat recovery for both light duty and heavy duty vehicles. The project is being performed as
an integrated effort, with participation from the three Swedish competence centers for Internal
Combustion Engines: CERC at Chalmers, KCFP in Lund and CCGEx at KTH, with Chalmers
as the project lead. The split between the universities includes:
• 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

Figure 47. BEV with Range Extender
at Chalmers Hybrid Test Rig.
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Principal investigator: I. Denbratt
Source of support: FFI, Scania,
Volvo GTT, Volvo Car Corporation,
and TitanX
Award period covered: 2010–2015
Senior/students supported: S.
Andersson, K. Munch, and G. Latz
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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.
The first phase of the project focused on the comparison of suitable working fluids, expansion
devices and operating parameters for the Rankine cycle with the overall goal to identify favorable
setups and scenarios for potential applications (light duty and heavy duty vehicles), summarized
in Figure 49.

This increases compression work which is partly gained back during expansion. Further is a life
steam pressure of at least 20 bar required to be able to feed the expander. Running the system
on such high evaporation pressures decreases the amount of recoverable heat and the cooling
capacity in the EGR system at lower engine load points, where the temperature and flow of the
recirculated exhaust gas are on a lower level. Thus, once the basic expander model is validated,
modifications operating with less re-compression will be simulated and impact on recovered heat
and power output of the system will be compared.

CleanER-D – Clean European Rail-Diesel

Figure 49. Scenarios for heat recovery systems dependent on the
application and design goal. A preliminary model of the heat-recovery system for the heavy duty case was developed in the software
GT-Suite. At the same time, a separate, detailed model of the piston
expander was built up in the same software. Geometry data, valve
design and timing were obtained from a disassembled prototype
of the steam-expander. Since information about flow coefficients
of the valve system was lacking, a sensitivity study was carried out
to investigate the impact of the discharge coefficients on expander
power output. It turned out that there was only a weak dependence
of the expander performance (+/- 2% for the variations considered
here) on these coefficients, thus justifying an approximated value
at this point.

The new models need to be validated, which is being done in the laboratory at Chalmers with a
Volvo D13 heavy duty engine and a heat recovery system, utilizing heat from the EGR system
of the engine. A design scheme of the experimental setup is shown in Figure 50. Building the
experimental test rig is in progress according to the plan.

Figure 50. Scheme with flow directions of the experimental setup.

Future validation of the models will start with the detailed expander model in GT-Suite. As the
prototype of the 2-cylinder piston expander is currently constructed, poppet valves in the cylinder
head serve as a steam inlet while the expanded steam is exhausted through symmetric channels
in the cylinder wall around BDC (Bottom Dead Center) of the piston. This design requires a recompression ratio of 16 for the residual steam in the cylinder after closing the exhaust channel.

Summary
Railway proves to be generally the most energy efficient and environmentally friendly mode of
transport for passengers and freight. It is important for the actors in the railway sector to hold
this competitive advantage while continuing to make progress in emission reduction (including
carbon dioxide) for the part of the fleet that uses diesel propulsion. Even if electrification of railway lines is developing more and more in Europe, for economic reasons a significant percentage
of the traffic will continue to rely on diesel traction. This is the case in particular for regional
branch lines that collect passengers and feed the main electrified system, as well as for freight
transportation secondary routes that are essential for avoiding the saturation of the main system
by slow and heavy trains.

Principal investigator: I. Denbratt
Source of support: EU
Award period covered: 2010–2013
Seniors/student supported:
I. Denbratt, A. Imren, and 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 and beyond emissions regulations.
Chalmers is involved in a work package aiming at developing an impact matrix to assess how
various 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
The division of Combustion at Chalmers, together with Istituti Motori, has been responsible for
creation of a virtual engine for studies on the influence of fuel quality and exhaust aftertreatment
systems (Chalmers 3-D and IM 1-D). Some examples of results can be found below.
The project consists of 26 partners.

Figure 51. Influence of post injection
strategy on the spatial distribution
of temperatures Pilot+Main+Postinjection applications.
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Human resources

Figure 52. Evolution of the soot
mass load of the DPF monoliths over
multiple driving cycles for a 560 kW
DMU railcar.

During 2014 six Ph.D. students and ten senior researchers from Applied Mechanics, Signals and Systems
and Volvo Advanced Research and Technology were engaged in the various CERC research projects.
Personnel researching and working at CERC in 2014 include:

Senior Staff

LOEMEATS II1) and High-EGR Combustion System2)
Principal investigator: I. Denbratt
1) Source of support: FFI, Volvo
ATR, and Volvo Car Corporation
2) Source of support: FFI and Volvo
ATR
Award period covered: 2012–2014
Senior/student supported: I
Denbratt, A Karlsson, and J Eismark
(Volvo ATR)

Ingemar Denbratt
Professor
Applied Mechanics/Div. of Combustion

Michael Oevermann
Professor
Applied Mechanics/Div. of Combustion

Tomas McKelvey
Professor
Signals and Systems

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

Summary
Previous 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 [283-284].

A new test period in the Chalmers high pressure/high temperature spray rig was carried out during 2013. The impact of fuel quality and analysis of turbulent time-scales were addressed using
the previous setup with a curved wall interacting with half of the flame plume.

Sven Andersson
Assoc. Prof.
Applied Mechanics/Div. of Combustion

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

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

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

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

Anders Karlsson
Adj. Prof.
Volvo ART

Five different fuels known to have different soot emission levels were investigated: reference
diesel, RME, 25% Butanol blend in diesel, naphtha and 10% water-emulsion in diesel. The main
experimental setup used high-speed video (HSV) of split-image soot radiation and OH chemiluminescence. In order to collect data for statistical analysis of the turbulence, 200 combustion
cycles were repeated in each experiment. Additionally, engine performance results from Volvo
D13 single cylinder engine with these fuels are available as background data.

Figure 53. Left: Curved wall experimental setup. Middle: Split image
processing of OH and Soot radiation
pixel intensities. Right: Tracking of
turbulent soot leading edge. (From experiments in Chalmers high pressure/
high temperature spray rig 2013).
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The turbulent time-scales in different positions in the jet and flame were estimated using the HSV
frame-rate needed to follow a turbulent structure from one image to the next image.
A new test period is planned to take place early 2014 which will provide additional information
on turbulence time-scales. Publications based on the findings from 2013 and 2014 are planned
during 2015.
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Ph.D students
Chengjun Du				
Chen Huang				
Anders Johansson		
Tim Lackmann			
Anne Kösters				
Joop Somhorst 			

Applied Mechanics/Div. of Combustion
Applied Mechanics/Div. of Combustion
Applied Mechanics/Div. of Combustion
Applied Mechanics/Div. of Combustion
Applied Mechanics/Div. of Combustion
Volvo Car

Finances during the period 2014 – 2017
For the period 2014–2017 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 2014.

Research Engineers and Technicians
Savo Girja							
Alf Magnusson					
Timothy Benham				
Eugenio De Benito Sienes
Daniel Härensten 				
Anders Mattsson					
Patrik Wåhlin 					
Johan Bragée 						

Ph.D. 		
Ph.D. 		
Eng.			
Eng.			
Eng.			
Eng.			
Eng. 			
Techn. 		

Applied Mechanics/Div. of Combustion
Applied Mechanics/Div. of Combustion
Applied Mechanics/ Div. of Combustion
Applied Mechanics/ Div. of Combustion
Applied Mechanics/ Div. of Combustion
Applied Mechanics/ Div. of Combustion
Applied Mechanics/ Div. of Combustion
Applied Mechanics/ Div. of Combustion

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.

In Table 3, the cost of activities at Chalmers during 2014 are given, distributed by cost categories.
Table 4 shows a summary of the project expenses for the year 2014.
Revenues

2014

2015

2016

2017

TOTAL

Energy Agency

8 000

8 000

8 000

8 000

32 000

Scania CV AB

1 700

1 700

1 700

1 700

6 800

Volvo Lastvagnar AB

1 700

1 700

1 700

1 700

6 800

Volvo Car Corporation AB

1 700

1 700

1 700

1 700

6 800

Industry, KAW *

2 900

2 900

2 900

2 900

11 600

Chalmers University of Technology

8 000

8 000

8 000

8 000

32 000

24 000

24 000

24 000

24 000

96 000

TOTAL

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 guided by a program advisory
board that is appointed by the Chalmers’ Rector in consultation with the member companies. Formal
decisions are made by a delegated representative of the Rector. In the case of CERC the Rector’s
Delegate is Per Lövsund, Head of the Institution for Applied Mechanics. As the head of CERC, Mark
Linne has had the overall responsibility for day-to-day coordination within the center.

* KAW denotes the Knut and Alice Wallenberg Foundation. KAW supports CERC directly via funding for
new research equipment. Their fund is non-government and non-university and are used as in-kind.
KAW are not formal members of CERC as they do not join compentence centers.

Table 2. Actual contributions from members 2014
(KSEK).

Revenues

Total

Cash

In-kind

Energy Agency

8 000

8 000

0

Scania CV AB

1 313

800

513

**

969

800

169

*

1 369

600

769

****

500

0

500

*****

50

0

50

KAW

4 706

0

4 706

Per Lange

Chalmers Univ. of Technology

6 258

1 500

4 758

Scania CV AB

Transfer from previous period

3 507

3 507

Johan Wallesten

TOTAL

26 672

15 207

11 465

Volvo Group Truck Technologies

BUDGET

24 000

11 700

12 300

The program advisory board consists of the chairman, two academic members, three representatives from the member companies, and a representative of the Swedish Energy Agency.
Sören Udd
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
Lucien Koopmans
Volvo Car Corporation AB

Volvo Lastvagnar AB
Volvo Car Corporation AB
Reaction Design
Dantec

Anders Johansson

Comments on in-kind distributions:

Swedish Energy Agency

*		
**		
***
****
*****

Ingemar Denbratt and Maria Grahn
Chalmers University of Technology

Table 1. Total Incomes for 2014–
2017 period (KSEK).

*

Consultations
Equipment for projects and consultations
Industrial PhD student and consultations
Industrial PhD student, equipment for projects and consultations
Software licenses

Research at CERC is pursued as described in this annual report within working reference groups,
and project results are presented directly to the CERC board.
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Salaries

CERC Publications and Presentations 2009 – 2014

5 675

Lab costs

200

Equipment and supplies

251

Travels

262

Miscellaneous; IT, premises, overhead

2009
1. Lipatnikov, A.,”Can we characterize

turbulence in premixed flames?”, Combustion
and Flame, 156, 1242-1247, 2009.

2. Andersson I., and Eriksson, L.,”A parametric

3 447

TOTAL

9 835

Contribution from members

15 207

Transfer to next year

model for ionization current in a four stroke
SI engine”, Journal of Dynamic Systems,
Measurement and Control, 131(2):1-11,
2009.

3. Andersson, I., McKelvey, T. and Thor, M.,

“Evaluation of torque sensor based cylinder
balancing in an SI engine”, SAE International
Journal of Passenger Cars - Electronic and
Electrical Systems, 365--371, 2009.

5 372

Table 3. Expenses at Chalmers 2014 (KSEK).

4. Sedarsky, D., Gord, J., Meyer, T., and Linne,

M., “Fast-framing ballistic imaging of velocity
in an aerated spray”, Optics Letters, Vol. 34,
No. 18, 2748-2750, 2009.

Chalmers
Project

Salaries Lab cost Equipm.

In-kind

Travels

Misc.

Total

Cash

Budget Chalmers Industry

KAW

Total

130

41

735

2 231

2 231

2 175

2 445

234

13

39

294

862

862

910

479

65

941

2 347

6. Linne, M., Paciaroni, M., Berrocal, E., and

20. Andersson, M., and Wärnberg, J.,
“Application of laser-induced fluorescence
for imaging sprays of model fuels emulating
gasoline and gasoline/ethanol blends”,
ICLASS 2009, the 11th Triennial International
Annual Conference on Liquid Atomization and
Spray Systems, Paper ID ICLASS2009-189,
2009.

E., Meglinski, I. V. and Linne, M. A., “Laser
light scattering in turbid media Part II: Spatial
and temporal analysis of individual scattering
orders via Monte Carlo simulation”, Optics
Express, Vol. 17, No. 16, 13792-13809,
2009.

Advanced Laser-based
Methods

516

LEM for LTC

733

3

341

1 077

1 077

1 150

116

231

941

2 365

Sedarsky, D., “Ballistic Imaging of Liquid
Breakup Processes in Dense Sprays”, invited
review article, Proceedings of the Combustion
Institute, Vol. 32, pp. 2147-2161, 2009.

Modeling DISI Engines

726

40

405

1 171

1 171

1 195

258

231

941

2 601

7. Nogenmyr, K., Bai, X.S., Fureby, C.,

Spray Turbulence
Interaction

658

17

40

364

1 079

1 079

890

116

327

941

2 463

Spray Fundamentals

710

69

51

449

1 379

1 379

1 230

903

373

941

3 596

50

66

66

60

119

527

100

Reducing Heattransfer in
IC Engines

16

Support Model
Development

651

Administration

456

6

1

312

964

964

920

116

47

497

1 006

1 006

1 030

30

Common project costs/
New projects
TOTAL

712
1 080

14

1 050

176
5 675

200

Table 4. Summary of project expenses 2014 (KSEK).

251

262

3 447

9 835

9 835

9 560

4 758

176
2 000

4 706

21 299

Petersson, P., and Linne, M., “Large Eddy
Simulation Study on the Dynamics of a Low
Swirl Stratified Premixed Flame”, Combustion
and Flame, Volume 156, Issue 1, pp 25-36,
2009.

8. Golovitchev, V., and Yang, J., “Construction

of combustion models for rapeseed methyl
ester bio-diesel fuel for internal combustion
engine applications”, Biotechnology Advances,
27 (5), 641-655, 2009.

9. Johansson, M., Gjirja, S., Ehleskog, M., and

Denbratt, I.,“Effects of Varying Engine Settings
on Combustion Parameters, Emissions,
Soot and Temperature Distributions in Low
Temperature Combustion of Fischer-Tropsch
and Swedish Diesel Fuels”, SAE paper no.
2009-01-2787, presented at SAE 2990
Powertrains, Fuels and Lubricants Meeting,
2009.

10. Helmantel, A., Golovitchev, V.I., and Yang,
J., “Injection Strategy Optimization for a
Light Duty DI Diesel Engine in Medium Load
Conditions with High EGR Rates,” SAE Paper
no. 2009-01-1441, 2009.
11. Thor, M., Andersson, I., and McKelvey, T.,
“Parameterized diesel engine heat release
modeling for combustion phasing analysis”,
SAE Paper no. 2009-01-0368, 2009.
12. Thor, M., Andersson, I., and McKelvey,
T., “Modeling, identification, and separation
of crankshaft dynamics in a light-duty diesel
engine”, SAE Paper no. 2009-01-1798, 2009.
13. Dahl, D., Andersson, M., Berntsson, A.,
Denbratt, I., and Koopmans, L., ”Reducing
Pressure Fluctuations at High Load by Means
of Charge Stratification in HCCI Combustion
with Negative Valve Overlap”, SAE Paper no.
2009-01-1785, 2009.
14. Salsing, H., Ochoterena, R., and Denbratt,

I., “Performance of a Heavy Duty DME-Engine
– The Influence of Nozzle Parameters on
Combustion and Spray Development”, SAE
Paper no. 2009-01-0841, 2009.
15. Hemdal, S., Wärnberg, J., Denbratt, I., and
Dahlander, P., “Stratified Cold Start Sprays
of Gasoline-Ethanol Blends”, SAE Paper no.
2009-01-1496, 2009.
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18. Berrocal, E., Kristensson, E., Sedarsky,
D., and Linne, M., “Analysis of the SLIPI
technique for multiple scattering suppression
in planar imaging of fuel sprays”, ICLASS
2009, the 11th Triennial International Annual
Conference on Liquid Atomization and Spray
Systems, 2009.

5. Berrocal, E., Sedarsky, D. L., Paciaroni, M.

1 225

4 910

17. Sedarsky, D. L., Gord, J., Meyer, T. and
Linne, M.A., “Velocity imaging of fluid
structures in the near field of an aerated
spray”, ICLASS 2009, the 11th Triennial
International Annual Conference on Liquid
Atomization and Spray Systems, 2009.

19. Sedarsky, D., Berrocal, E., and Linne, M.,
“Numerical analysis of ballistic imaging for
revealing liquid breakup in dense sprays”,
ICLASS 2009, the 11th Triennial International
Annual Conference on Liquid Atomization and
Spray Systems, 2009.

Spray-guided Gasoline
Direct Injection

100

16. Golovitchev, V., Yang, J., and Savo, G.,
“Modeling of Combustion and Emissions
Formation in Heavy Duty Diesel Engine Fueled
by RME and Diesel Oil”, SAE Paper no. 09ICE0006, 2009.

21. Yang, J., Larsson, M., and Golovitchev,
V., “Engine performance and emissions
formation for RME and conventional diesel
oil: a comparative study”, ASME Internal
Combustion Engine Division Spring Technical
Conference, pp. 1-11, 2009.
22. Wärnberg, J., Hemdal, S., Andersson, M.,
Dahlander, P. and Denbratt, I., “Ignitability
of Hollow Cone Gasoline/Gasoline-Ethanol
Fuel Sprays”, Proc. 18th Aachen Colloquium
“Automobile and Engine Technology”, 2009.
23. Thor, M., Andersson, I., and McKelvey,

T., “Estimation of Diesel Engine Combustion
Phasing from Crankshaft Torque Data”, IFAC
Workshop on Engine and Powertrain Control,
Simulation and Modeling, 2009.
24. Lipatnikov, A., ”Transient Behavior of

Turbulent Scalar Transport in Premixed
Flames”, THMT’09, Proceedings of the
International Symposium Turbulence, Heat
and Mass Transfer 6, pp. 1-12, 2009.
25. Lipatnikov, A.,”Simulations of Scalar
Transport in Developing Turbulent Flames
Solving a Conditioned Balance Equation”, Sixth
Mediterranean Combustion Symposium, 2009.
26. Huang, C., Golovitchev, V. and Lipatnikov,
A.,”A Chemical Model of Gasoline/Ethanol
Blends”, the First Joint Meeting of the
Scandinavian-Nordic and French Sections of
the Combustion Institute, 2009.
27. Wärnberg, J., Hemdal, S., and Andersson,
M. ”Ignitability of hollow cone gasoline/
gasoline-ethanol sprays”, Aachener
Kolloquium, Fahrzeug- und Motorentechnik,
pp. 413-450, 2009.

2010
28. Andersson, M., Rosen, A., “Adsorption
and reactions of O-2 and D-2 on small free
palladium clusters in a cluster-molecule
scattering experiment”, Journal of PhysicsCondensed Matter, 22 (33), 2010.
29. Golovitchev, V., Kärrholm Peng, F.,
“Ignition: New Application to combustion
Studies”, Handbook of Combustion Vol.1:
Fundamentals and Safety, 85-106, 2010.

30. Franzoni, F., Milani, M., Montorsi, L.,
Golovitchev, V., “Combined hydrogen
production and power generation from
aluminum combustion with water: analysis
of the concept”, International Journal of
Hydrogen Energy, 35 (4 ), 1548-1559, 2010.
31. Lipatnikov, A., Chomiak, J., “Effects of
premixed flames on turbulence and turbulent
scalar transport”, Progress in Energy and
Combustion Science, 36 (1), 1-102, 2010.
32. Lipatnikov, A., “Simulations of scalar
transport in developing turbulent flames
solving a conditioned balance equation”,
Combustion Science and Technology, 182,
405-421, 2010.
33. Sabel’nikov, V., Lipatnikov, A., “Rigorous
derivation of an unclosed mean G-equation for
statistically 1D premixed turbulent flames”,
International Journal of Spray and Combustion
Dynamics, 2 ( 4 ), 301-324, 2010.
34. Ochoterena R., Lif A., Nydén M., Andersson
S., and Denbratt I., Optical studies of spray
development and combustion of water-indiesel emulsion and microemulsion fuels.
Fuel, 89, p.122-132, 2010.
35. Ehn, A., Høgh, J., Graczyk, M., Norrman,
K., Montelius, L., Linne, M. , Mogensen, M.,
“Electrochemical Investigation of Model
Solid Oxide Fuel Cells in H2/H2O and CO/CO2
atmospheres using Nickel Pattern Electrodes”,
Journal of the Electrochemical Society, 157
No.11, B1588-B1596, 2010.
36. DeCaluwe, S. C., Bluhm, H., Zhang, C., El
Gabaly, F., Grass, M., Liu, Z., Jackson, G. S.,
McDaniel, A. H., McCarty, K. F., Farrow, R. L.,
Linne, M. A., Hussain, Z., and Eichhorn, B. W.,
“In situ characterization of ceria oxidation
states in high-temperature electrochemical
cells with ambient pressure XPS”, Journal of
Physical Chemistry C, 114, 19853-19861,
2010.
37. Sedarsky, D., Berrocal, E., Linne, M.,
“Numerical analysis of ballistic imaging for
revealing liquid breakup in dense sprays”,
Atomization and Sprays, vol. 20, no. 5 , 407413, 2010.
38. Zhang, C., Grass, M., McDaniel, A. H.,
DeCaluwe, S. C., El Gabaly, F., Liu, Z., McCarty,
K. F., Farrow, R. L., Linne, M. A., Hussain,
Z., Jackson, G. S., Bluhm, H., Eichhorn, B.
W., “Measuring fundamental properties in
operating solid oxide electrochemical cells by
using in situ X-ray photoelectron spectroscopy”,
Nature Materials, 9, 944-949, 2010.
39. Whaley, J. A., McDaniel, A. H., El Gabaly,
F., Farrow, R. L., Grass, M. E., Hussain, Z.,
Liu, Z., Linne, M. A., Bluhm, H., McCarty,
K. F., “Fixture for in-situ and in-operando
characterization of electrochemical devices
in traditional vacuum systems”, Review of
Scientific Instruments, 81, 086-104, 2010.
40. El Gabaly, F., McDaniel1, A. H., Grass,
M., Liu, Z., Bluhm, H., Linne, M. A., Hussain,
Z., Farrow, R. L., McCarty, K. F., ”Measuring
individual overpotentials in an operating solidoxide electrochemical cell”, Physical Chemistry
Chemical Physics, 12, 12138–12145, 2010.
41. Linne, M., Sedarsky, D., Meyer, T., Gord, J.,
Carter, C. ,“Ballistic Imaging of the Flow in the
Interior of the Near-Field of an Effervescent
Spray”, special issue of Experiments in Fluids
to honor the career of Jürgen Wolfrum on his
70th birthday, 49:4, 911–923, 2010.
42. Berrocal, E., Kristensson, E., Richter, M.,
Linne, M., Aldén, M., ”Multiple Scattering
Suppression in Planar Laser Imaging of Dense
Sprays by Means of Structured Illumination”,
Atomization and Sprays, 20(2), 133–139,
2010.
43. Sedarsky, D., Paciaroni, M., Linne, M.,
Petersson, P., Zelina, J., Gord, J., Meyer, T.,
“Model Validation Data for the Breakup of a
Liquid Jet in Crossflow”, Experiments in Fluids,
49:391–408, 2010.
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44. Sabel’nikov, V., Lipatnikov, A., “Averaging
of flamelet-conditioned kinematic equation in
turbulent reacting flows”, Turbulence: Theory,
Types and Simulation, (chapter 10), 2010.
45. Huang, C., Golovitchev, V., Lipatnikov, A.,
“Chemical Model of Gasoline-Ethanol Blends
for Internal Combustion Engine Applications”,
SAE Paper No. 2010-01-0543, 2010.
46. Imren, A., Golovitchev, V., Cem, S., Gerado,

V., “The Full Cycle HD diesel Engine Simulation
using KIVA-4 Code”, SAE Powertrains, Fuels
and Lubricants Meeting, Oct 25-27, 2010,
San Diego, California, USA, 2010.
47. Linne, M. A., Sedarsky, D., Meyer, T., Gord,
J., Carter, C., ”Ballistic Imaging in the NearField of an Effervescent Spray”, ILASS Europe
2010, 23rd Annual Conference on Liquid
Atomization and Spray Systems, Brno, Czech
Republic, September, 2010.
48. Sedarsky, D., Berrocal, E., Linne, M.,
”Numerical investigation of discriminated
forward scattering: optimizing imaging optics
for dense sprays”, ILASS Europe 2010, 23rd
Annual Conference on Liquid Atomization
and Spray Systems, Brno, Czech Republic,
September, 2010.

58. Magnusson, A., Begliatti, M., de Borja
Hervás, F., Andersson, M. “Characterization
of Wall Film Formation from Impinging Diesel
Fuel Sprays using LIF”, ILASS- Europe, Brno,
Czech Republic, 2010.

73. Sabel’nikov, V., and Lipatnikov, A., “A
simple model for evaluating conditioned
velocities in premixed turbulent flames”,
Combustion Science and Technology, 183,
588-613, 2011.

59. Ochoterena R. Li P., Vera-Hernández M.,
and Andersson S., “Influence of cavitation on
atomization at low pressures using up-scaled
and transparent nozzles”, ILASS Europe 2010,
23rd Annual Conference on Liquid Atomization
and Spray Systems, Brno, Czech Republic,
September, 2010.

74. Lipatnikov, A., “Transient behavior of
turbulent scalar transport in premixed flames”,
Flow, Turbulence and Combustion, 86 (3-4),
609-637, 2011.

60. Nilsson, M., Egardt, B., “Comparing

Recursive Estimators in the Presence of
Unmodeled Dynamics”, IFAC Workshop on
Adaptation and Learning in Control and Signal
Processing, ALCOSP, 2010.
61. Larsson, V., Johannesson, L., Egardt,

B., “Impact of Trip Length Uncertainty on
Optimal Discharging Strategies for PHEVs”,
Proceedings of the 6th IFAC Symposium
Advances in Automotive Control, 2010.
62. Lipatnikov, A., “Expansion of Spherical

49. Lipatnikov, A., “Conditioned moments in

Flames in Turbulent Gas: Phenomenology and
Modeling”, 2010 International Workshop on
Turbulent Ignition and Flame Propagation”,
National Central University, Taiwan, July 2931, 2010.

50. Lipatnikov, A., “A test of conditioned

63. Sabel’nikov, V., Lipatnikov, A., “A simple
model for evaluating conditioned velocities
in premixed turbulent flames”, Euromech
Fluid Mechanics Conference – 8, Abstracts,
Technical University of Munich, 2010.

premixed turbulent reacting flows”, presented
at the 33rd International Symposium on
Combustion, Beijing, China, August 1 – 6,
2010.
balance equation approach”, presented
at the 33rd International Symposium on
Combustion, Beijing, China, August 1 – 6,
2010.
51. Nogenmyr, K-J., Petersson, P., Bai, X.S., Fureby, C., Collin, R., Lantz, A., Linne,
M., Aldén, M., ”Structure and stabilization
mechanism of a stratified premixed low swirl
flame”, presented at the 33rd International
Symposium on Combustion, Beijing, China,
August 1 – 6, 2010.
52. Kristensson, E., Berrocal, E., Wellander, R.,
Ritcher, M., Aldén, M., Linne, M., ”Structured
illumination for 3D Mie imaging and 2D
attenuation measurements in optically dense
sprays”, presented at the 33rd International
Symposium on Combustion, Beijing, China,
August 1 – 6, 2010.

64. Lipatnikov, A., “Some Basic Problems

of Modeling Transient Premixed Turbulent
Flames”, Deflagrative and Detonative
Combustion, 2010.

2011
65. Dahl, D., and Denbratt, I.,“HCCI/SCCI
load limits and stoichiometric operation in a
multicylinder naturally aspirated spark ignition
engine operated on gasoline and E85”,
International Journal of Engine Research, 12
(1), 58-68, 2011.
66. Dahl, D., Andersson, M., and Denbratt,

I. “The Origin of Pressure Waves in High
Load HCCI Combustion: A High-Speed
Video Analysis”, Combustion Science and
Technology, 183 (11), 1266-1281, 2011.

53. Huang, C., Golovitchev, V., Lipatnikov,
A., “A Semi-Detailed Chemical Mechanism
of Combustion of Gasoline-Ethanol
Blends”, 33nd International Symposium on
Combustion, Tsinghua University, Beijing,
China, Abstracts of Work-in-Progress Poster
Presentations. The Combustion Institute,
Pittsburgh, August 1-6, 2010.

67. Sedarsky, D., Berrocal, E., and Linne,
M.,“Quantitative image contrast enhancement
in transillumination of scattering media”,
Optics Express, 19 (3), 1866-1883 (2011).
This paper was selected by the editors for
further publication in the Virtual Journal for
Biomedical Optics, 2011.

54. Lipatnikov, A., Sabel’nikov, V., “A Simple
Model of Turbulent Scalar Flux in Premixed
Flames”, 33nd International Symposium on
Combustion, Tsinghua University, Beijing,
China, Abstracts of Work-in-Progress Poster
Presentations. The Combustion Institute,
Pittsburgh, August 1-6, 2010.

68. Kristensson, E., Araneo, L., Berrocal, E.,
Manin, J., Richter, M., Aldén, M., and Linne,
M., “Structured Laser Illumination Planar
Imaging, Part I: Analysis of multiple scattering
suppression in scattering and fluorescing
media”, Optics Express, 19 (14), 13647,
2011.

55. Lipatnikov, A., Sabel’nikov, V., “Does the
Mean Speed of Points at a Random Flame
Surface Characterize the Motion of the
Mean Flame Surface? ”, 33nd International
Symposium on Combustion, Tsinghua
University, Beijing, China, Abstracts of
Work-in-Progress Poster Presentations. The
Combustion Institute, Pittsburgh, August 1-6,
2010.

69. Nogenmyr, K.-J.,Petersson, P., Bai, X.S., Fureby, C., Collin, R., Lantz, A., Linne, M.,
and Aldén, M.,”Structure and stabilization
mechanism of a stratified premixed low
swirl flame”, Proceedings of the Combustion
Institute, 33 (1), 1567-1574, 2011.

56. Sabel’nikov, V., Lipatnikov, A., “
G-Equation and Scalar Transport in Turbulent
Flames”, 33nd International Symposium on
Combustion, Tsinghua University, Beijing,
China, Abstracts of Work-in-Progress Poster
Presentations. The Combustion Institute,
Pittsburgh, August 1-6, 2010.
57. Sabel’nikov, V., Lipatnikov, A., “A Simple

Model of Turbulent Scalar Flux in Premixed
Flames”, 33nd International Symposium on
Combustion, Tsinghua University, Beijing,
China, Abstracts of Work-in-Progress Poster
Presentations. The Combustion Institute,
Pittsburgh, August 1-6, 2010.
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70. Kristensson, E., Berrocal, Wellander,
R., Richter, M., Aldén, M., and Linne,
M.,”Structured illumination for 3D Mie imaging
and 2D attenuation measurements in optically
dense sprays”, Proceedings of the Combustion
Institute, 33 (1), 855-861, 2011.
71. Lipatnikov, A.,“A test of conditioned

balance equation approach”, Proceedings of
the Combustion Institute, 33 (1), 1497-1504,
2011.
72. Lipatnikov, A., “Conditioned moments
in premixed turbulent reacting flows”,
Proceedings of the Combustion Institute, 33
(1), 1489-1496, 2011.

75. Chakraborty, N., and Lipatnikov, A.,
“Statistics of conditional fluid velocity in the
corrugated flamelets regime of turbulent
premixed combustion: A Direct Numerical
Simulation study”, Journal of Combustion,
(Article ID 628208), 2011.
76. Lipatnikov, A., “Burning rate in impinging
jet flames”, Journal of Combustion (737914),
11, 2011.
77. Lipatnikov, A., “Reply to comments

by Zimont”, “Comment on: ‘Conditionally
averaged balance equations for modeling
premixed turbulent combustion in flamelet
regime’ Reply”, A. Lipatnikov, Combustion and
Flame, 158 (10), 2073-2074, 2011.
78. Huang, C., and Lipatnikov, A., “Modelling

of Gasoline and Ethanol Hollow-Cone Sprays
Using OpenFOAM®”, SAE Paper 2011-011896 presented at JSAE/SAE International
Powertrains, Fuels & Lubricants Conference,
Kyoto, Japan, Aug. 30 - Sep. 2, 2011.
79. Yang, J., Golovitchev, V., and Redon ,
P.,“Numerical Analysis of NOx Formation Trends
in Bio-diesel Combustion using Dynamic ϕ-T
Parametric Maps”, JSAE/SAE International
Powertrains, Fuels & Lubricants Conference,
Kyoto, J. Golovitchev Japan, Aug. 30 - Sep. 2,
SAE Paper No. 2011-01-1930, 2011.
80. Huang, C., Lipatnikov, A., Golovitchev,
V., Hemdal, S., Wärnberg, J., Andersson, M.,
Dahlander, P., and Denbratt, I.,“Gasoline
Direct Injection - Simulations and
Experiments”, ILASS-Europe 2011; The 24th
European Conference on Liquid Atomization
and Spray Systems, Estoril, Portugal,
September, 5-7, 2011.
81. Magnusson, A., and Andersson, S.,“An
Experimental Study of Heat Transfer between
Impinging Single Diesel Droplets and a
Metal Wall using a Surface Mounted Height
Adjustable Rapid Thermocouple”, ILASSEurope 2011; The 24th European Conference
on Liquid Atomization and Spray Systems,
Estoril, Portugal, September, 5-7, 2011.
82. Kösters, A., Karlsson, A., Ochoterena, R.,

Magnusson, A., and Andersson, S.,“Diesel
sprays – modeling and validation”, ILASSEurope 2011; The 24th European Conference
on Liquid Atomization and Spray Systems,
Estoril, Portugal, September, 5-7, 2011.
83. Lipatnikov, A., and Sabel’nikov,

V.,“Transition from countergradient to gradient
turbulent scalar transport i developing
premixed turbulent flames”, Seventh
Mediterranean Combustion Symposium, Chia
Laguna, Cagliari, Sardinia, Italy, September
11-15, 2011.
84. Sabel’nikov, V., and Lipatnikov, A.,

“Towards an extension of TFC model of
premixed turbulent combustion”, Seventh
Mediterranean Combustion Symposium, Chia
Laguna, Cagliari, Sardinia, Italy, September
11-15, 2011.
85. Thor, M., Egardt, B., McKelvey, T., and

Andersson, I.,“Estimation of Combustion
Phasing Using the Combustion Net Torque
Method”, Proceedings of the 18th IFAC World
Congress, Milano, Italy, 11827-11832, 2011.
86. Grahn, M., Olsson, J.-O., and McKelvey,

T.,“A Diesel Engine Model for Dynamic Drive
Cycle Simulations”, Proceedings of the 18th
IFAC World Congress, Milano, Italy, 1183311838, 2011.
87. Huang, C.,“Simulations of high-pressure

hollow-cone sprays of gasoline and ethanol
using OpenFOAM®”, The Fifth European
Combustion Meeting, Cardiff, June 29 – July
1, 2011.

2012
88. Lipatnikov, A., “Fundamentals of Premixed
Turbulent Combustion”, CRC Press, 2012.
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funded by the Swedish Energy Agency, Chalmers
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aim of the center is to organize and focus relevant
basic research on Internal Combustion Engines.
CERC goals are to reduce both of fuel consumption
and engine exhaust emissions, with a view towards
direct fuel injection, new combustion modes and
new engine architectures. The center includes
experimental theoretical projects. Activities
include spark and compression ignited engine
concepts, basic fuel spray combustion research,
advanced control of engines, and evaluation of
alternative fuels. Areas of strength in modeling
and advanced diagnostics are brought to bear on
these problems to advance the center’s research.
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