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Combustion Engine Research Center (CERC)
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 (20062009), 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 (2013). 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 has been granted, with a budget increase to 8 million
sek/year from Energimyndigheten.
During 2013, the following companies were full members of the Center:
• Scania CV AB
• Volvo Car Corporation AB
• Volvo Group Truck Technologies AB
• AB Volvo Penta
• Hoerbiger Control System AB
• Statoil AS
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In addition, Aspen Petroleum AB and Reaction Design Inc. are members of
CERC with single projects.

Mark Linne, Director,
Combustion Engine Research Center

The suggestions for improvement included:
• The experts believe that CERC should have an ambition to publish articles more often in the
highest-ranked scientific journals.
• The experts also recommend linking more strongly the experimental and numerical methods
used ultimately for modeling and simulation of combustion processes.
• CERC needs to enlist more industrial companies in the center to ensure sufficient industrial
co-financing; to compensate for the companies that left.
These are all issues we knew about and were focusing on already.
Based on this review and continued interest from our industrial partners and the Swedish Energy
Agency, a proposal has been prepared for continuation of CERC for four more years (the time
period suggested by the Energy Agency). The Energy Agency was willing to increase their
allocation to 8 MSEK/year if CERC can find as much from industry and the university. This
change has allowed us to grow the program, as detailed in the section entitled “Future CERC
Strategy: 2014 – 2017”.

We held the annual CERC Seminar on October 7th and 8th (it was moved from the normal time
in the spring because of the evaluation). CERC’s international scientific advisory board (IAB)
attended. This year CERC has a new IAB, and we have gone down to two members because the
program advisory board thought it wise to save funds. They are 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 IAB 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.

The cover

Temperature field for a burning Diesel spray; subgrid scale combustion was modeled using a multiple
representative interactive flamelet model (mRIF),
presented in the image for different spray evolution
times (0.8, 1.2, 1.6, 2.0, 2.4, 2.8, and 3.0 ms after
start of injection; Tgas=967 K, pgas=42 bar, 21% O2).
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CERC is now completing the last of an 8 year program period (with a program review half
way through it), so we have just completed a detailed review process. The 2013 evaluation was
different from past reviews in that it was managed by a consulting company (Faugert and Co.)
rather than the Swedish Energy Agency, as in the past. We had no visits from external experts
with presentations, lab tours and meetings. Instead, the experts reviewed CERC’s scientific
quality from their home institutions, based on publications, annual reports and etc. Other issues
like management, budgeting, interaction with industry and so forth were evaluated by Faugert
during 4-5 months of work. Many meetings were held, interviews and discussions were carried
out, and more than a few reports were written. The outcome was quite good. The review report
included these highlights:
• CERC conducts needs-driven research and applied research at a high international level. The
expert reviewers stress that the scientific level remains high.
• Research at CERC is of strategic importance for the motor industry, and the main stakeholders
see participation as an important long-term investment.
• CERC has achieved a level of momentum that attracts additional, associated projects, and they
usually also focus on industrially relevant problems.
• CERC is in a “mature” stage, with good work practices, ensuring that participants in the
competence center get what they expect, often more – many business representatives also
believe that the benefits exceed the cost of participation.

During the last year, Markus Grahn successfully defended his PhD theses (on November 1, 2013).
His thesis title was “Model-Based Diesel Engine Management System Optimization – a Strategy
for Transient Engine Operation” and his opponent was Prof. Keith Glover, from the University of
Cambridge in the UK. In addition, Jonas Wärnberg defended a thesis from an associated project
on March 1. His thesis title was “The efficient ethanol engine with cold start capability” and his
opponent was Prof. Ulrich Spicher from the University of Karlsruhe in Germany.

The program advisory board consists of the chairman (a voting member), one
voting member from the academic community (with an additional four nonvoting
members), three voting members from participating companies (Scania, Volvo
Car, and Volvo GTT), and one non-voting member from the Swedish Energy
Agency. The board chairmanship has been held by Tommy Björkqvist (retired from
SAAB), 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 Tommy
has been the director of SICEC. The board has made a decision to continue with
SICEC in the next period and a new director will be chosen.
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Preface

This year Dantec joined CERC for a single project associated with advanced measurements.
Dantec sells instrumentation for measurements in flows (e.g. phase Doppler anemometry, particle
image velocimetry and etc.) and they will collaborate on CERC projects related to spray imaging.
In 2013 the hybrid electric vehicle test cell was finished at Chalmers and it is now in nearly
constant use. The cell hardware was built by AVL. It includes an external battery emulator, two
transient dynamometers for two vehicle axels (the system can be expanded for two more), a control system including a robot that can shift a manual transmission, and an FTIR-based exhaust
3
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sampling system. This cell was paid for with Chalmers funds, and it is a Chalmers-wide facility.
CERC has direct access to the cell for engine-related projects in collaboration with the Swedish
Hybrid Center. Two photos are provided here.

Future CERC Strategy: 2014 – 2017
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.

Internal Combustion Engine Powered Vehicles in the Future
Figure 1. A Volvo HEV under shakedown tests in the new HEV test cell
at Chalmers.

Ingemar Denbratt was awarded the Håkan Frisingers stipendium for 2012 during a celebration
at the Chalmers house (Chalmersska huset) on Södra Hamngatan in Gothenburg in April, 2013.
The former Chair of Combustion, Prof. Emeritus Jerzy Chomiak, gave the plenary address.
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 (Tommy Björkqvist). The 2013 CERC board has been made up of the following voting
members:
Tommy Björkqvist 		 SICEC Chair
Anna DuBois				 Chalmers University
Lucien Koopmans		 Volvo Car
Per Lange					Scania
Johan Wallesten			 Volvo Group Truck Technologies
The industrial members of the board represent companies that provide substantial support (e.g. at
least 600 000 sek per year in cash and a similar amount in in-kind). Our program manager from
the Swedish Energy Agency is Anders Johansson. He has been a non-voting membership on the
SICEC board. In addition, Ingemar Denbratt, Bo Egardt, Louise Olsson, and Stina Hemdal (all
from Chalmers) participate as non-voting members. Other signatories to the CERC contract (some
associated with just one project) include AB Volvo Penta, Hoerbiger Control Systems AB, Statoil
A.S., and Lantmännen Aspen. In addition, Reaction Design Inc. is a member of CERC with a
single project. Denso has announced that it will join CERC as an associate member, as has Dantec.
In 2013 six PhD students and nine senior researchers were involved in seven projects. These
numbers are smaller than before, but that is because we made a strategic decision not to renew
immediately several projects that ended with a thesis defense. This decision was made because
CERC lost several industrial members in previous years and there was thus not enough funding
in the budget to continue these projects. For the next program period we anticipate being able to
increase the budget again. The CERC budget for 2013 amounted to around 19 Msek, approximately half in cash and half in kind.
Our industrial partners and the Swedish Energy Agency have been highly supportive throughout
2013. They have been actively engaged in the Center and we thank them for that.
Mark Linne
Director, Combustion Engine Research Center
mark.linne@chalmers.se
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Sweden has made a commitment to reduce greenhouse gas emissions far below what other
countries have promised. 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.

Figure 2. Organisation of CERC research.

As shown here, Chalmers supports core areas
of scientific competence that reside within
various academic departments (e.g. fuels,
diagnostics, modeling and etc.). CERC organizes those competencies via SICEC and program advisory board into six interdisciplinary
research areas as shown:
1)
2)
3)
4)
5)
6)

Spark ignited (SI) engines
Compression ignited (CI) engines
Alternative fuels
Sprays and diagnostics
Modeling
Controls

These areas also define working academic/
industrial reference groups. There may be
several projects within each reference group
area, and some reference groups may meet
together.
5
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The projects for the next 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 and several are new. 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.
CERC Projects
• 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
• Diesel engine optimization – improvement of diesel engine calibration by use of 1-D models
for the entire system. This project has just concluded.
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
CERC – Annual Report 2013
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• 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
• Tailored fuels – in collaboration with PRT and f3. 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?
• 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: Hybrids and Heat Recovery

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

Research: Diagnostics and Sprays

The goals of this area include improvement of direct injected engines by development of new combustion modes based on better understanding of spray breakup, mixing and combustion 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
• 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
7
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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.).

need to collaborate with researchers within SHC to understand better how the engine control
systems need to adapt to this new application. In a similar way, powertrain energy management
systems should incorporate more information from model based engine control systems.

CERC Projects
• Spray fundamentals – this is a project to understand better the effects of very high injection
pressure using a Scania XPI diesel injector. An array of diagnostics will be applied.
• Advanced diagnostics – this project exists to support other activities inside CERC by putting
together established diagnostic techniques (with enhancements when necessary) and applying
them to another CERC project.
• In the near term this group supports sGDI experiments in the optical engine.
• It will also support measurements in the high pressure and temperature spray vessel,
		 e.g. the Spray Fundamentals project.

CERC Projects
• Diesel engine optimization – one-dimensional models for better understanding, development
and control of vehicle systems. This project has just concluded.

Associated or Future CERC Projects
• Detailed studies of Engine Combustion Network Diesel and Gasoline injectors
• Studies of basic sprays to support the development of more predictive models
• Development of more advanced diagnostics:
• 3-pulse ballistic imaging
• exciplex-based planar laser dropsizing

Research: Modeling

The stringent 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
• Diesel engine optimization - one-dimensional models for better understanding, development
and control of entire vehicle systems
• Spray/turbulence interactions – significant improvement to standard spray models for diesel
spray combustion
• Modeling of sGDI combustion – development of models to help understand and improve sGDI
engines
• Development of the Linear Eddy Model for mode and regime independent models of engine
combustion
Associated or Future CERC Projects
• Models for premixed and partially premixed turbulent combustion
• Predictive models for spray breakup
• Modeling of interior flows, including cavitation
• Alternative fuels chemistry during spray combustion

Organization of CERC Research – 2013
The future strategy just described is an evolutionary step beyond where CERC is now, so this
section will contain parallel ideas. 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
As mentioned in the Preface, it was necessary for CERC to reduce the number of projects during this program period because we lost several industrial members. Despite this fact, we have
held open the various topic areas because, as the Future CERC Strategy describes, we plan to
increase the number of projects in the next period. The projects that were closed for the remainder of this program period were closed simply because the responsible PhD students defended
their theses and left Chalmers. This allowed us to avoid disturbing the remaining PhD students
while meeting budgetary realities, but it was not our long term intention to leave those closed
topic areas closed. CERC research projects currently fall within five main research areas, each
led by one or two project leaders:
1. Petter Dahlander and Ingemar Denbratt for spark ignited engines
2. Ingemar Denbratt and Tomas McKelvey for compression ignition engines and automatic control
3. Ingemar Denbratt for alternative fuels
4. Michael Oevermann and Andrei Lipatnikov for engine modeling
5. Mats Andersson for optical diagnostics

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.

This image has changed since the 2012
report to reflect the many changes that
have occurred this year. The changes for
each project are described below. The final
project in the figure, Waste Heat Recovery,
is a common FFI project administered by
Chalmers but shared with CCGEx at the
Royal Institute and KCFP in Lund (FFI
stands for Vehicle Research and Innovation
in Swedish; it is a related funding stream
using both governmental and industrial
funds). It is reported in this document as
an associated project.

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

Each of the five research areas shown above
has a working reference group consisting of
representatives from the interested CERC

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.
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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.)
• Model-based control of hybrid systems & batteries
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Figure 3. Organisation of CERC research.
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partners, and each reference group can encompass several projects. These reference groups meet
roughly three times per year for in-depth discussions about research results and plans for the next
phase. Note that reference groups 4 and 5 (Modeling and Diagnostics) cover enabling sciences,
and so they are always blended with the other reference groups in a way that maximizes their
impact. The reference groups are the foundation for establishing project portfolios; projects are
initiated, discussed and recommended to the SoS group via the reference groups, after which
they are approved by the board.
This document contains detailed descriptions of the CERC research projects carried out in 2013
and depicted in the figure above. Here we provide a short introduction to orient the reader:

1. SI/HCCI Combustion

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

2. Diesel Combustion and Control

The reference group for this research area included representatives from: Hoerebiger, Scania,
Volvo Car Corporation, Volvo GTT, and Chalmers University.
Diesel Engine Optimization
Aim: The goal for this project was to develop a methodology that optimizes a multivariable problem
with complicated response surface, and apply this method to the optimization of a diesel engine
power train system with respect to emissions, fuel consumption, and human constraints such as
noise, vibration and harshness (NVH). The accuracy of the optimization result will be assessed
based on the accuracy of the underlying models. Markus Grahn, an industrial PhD student from
Volvo Car, successfully defended his PhD thesis in November and is now working at Volvo Car.

3. Alternative fuels

The reference group for this research area included representatives from: Scania, Statoil, Volvo
Car Corporation, Volvo Technology, Volvo Powertrain, and Chalmers University.

4. Combustion modeling

The reference group for this research area included representatives from: Scania, Statoil, Volvo
Car Corporation, Volvo GTT, Volvo Powertrain, and Chalmers University.
Spray-Turbulence Interaction
Aim: To improve the reliability of spray combustion modeling, focusing on spray/turbulence
interaction and near-nozzle behavior (atomization). In practice this means investigating which
turbulence properties are important for RANS modeling for capturing the transient injection. In
the future, this work will also include LES modeling. Anne Kösters is the PhD student working
on this project.
Modeling of Gasoline Direct Injection Spark Ignition Engines
Aim: The goal of this project is to develop models, methods, and a numerical platform for simulations of direct injection spark ignition engines that use different fuels (gasoline, ethanol, methanol
and butanol, and mixtures of these fuels). The PhD student working on this project is Chen Huang.
Representative Interactive Linear-Eddy Model (RILEM) for Low Temperature Combustion
Aim: Development of a combustion model with the following features: regime-independent for
non-premixed combustion, extension to mode-independence possible, moderate computational
costs, applicable to RANS and LES turbulence models. A representative interactive linear-eddy
model (RILEM) will be coupled to CFD. The model will be developed and then evaluated/
validated via comparison with experiments and other CERC CFD approaches for Diesel spray
combustion under standard operating conditions; and then Diesel spray combustion under LTC
conditions with EGR. Tim Lackmann is the PhD student on this project.
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5. Sprays and Diagnostics

The reference group for this research area included representatives from: Scania, Volvo Car
Corporation, Volvo GTT, Volvo Powertrain, and Chalmers University.
Spray Fundamentals
Aim: The goal of this project is to determine properties of both non-combusting and combusting
Diesel sprays under various conditions using very high injection pressure (above 2000 bar). The
PhD student on this project is Chengjun Du.
Advanced Laser-Based Methods for Spray Imaging
Aim: Develop and apply spray diagnostic methods for visualization of the distribution of fuel in
vapor and liquid phase, quantification of fuel concentration and determination of temperature.
This project interacts with other CERC-projects to: provide expertise and advice on spectroscopy
and imaging and carry out collaborative studies for spray and combustion diagnostics.

In what follows we describe each project in much more detail, discuss associated projects, present
the group of people who carry out this work, then present a budget for the year and end with a
list of publications for the last 5 years. Please note that only a selection of the results obtained in
the various projects are presented here, with a focus on the most recent studies.
Much of what follows includes a number of specialized acronyms. For those who are not familiar,
we define them here.

Nomenclature:

ASOI after start of injection
ATDC after top dead center
BSFC brake specific fuel consumption
BTDC before top dead center
BTL		 biogas to liquid
CAD		 crank angle degrees
CAP		 charge air pressure
CFD		 computational fluid dynamics
CNG		 compressed natural gas
DISC direct injection stratified charge
DISI		 direct injected spark ignited
EGR		 exhaust gas recirculation
ESC		 European stationary cycle
FAME fatty acid methyl ester
GDI		 gasoline direct injection
GTL		 gas to liquid
HC		 hydrocarbons
HCCI homogeneous charge compression ignition
IMEP indicated mean effective pressure
LEV		 low emissions vehicle
LNG		 liquified natural gas
LTC		 low temperature combustion
MEP		 mean effective pressure
NEDC new European driving cycle
NG		 natural gas
NOx		 NO + NO2, not in any particular mixture ratio
NOP		 needle opening pressure
PM		 particulate matter
PPC		 partially premixed combustion
RoHR rate of heat release
SCR		 selective catalytic reduction (of NOx)
SGDI spray guided direct injection
SULEV super ULEV
ULEV ultra low emissions vehicle
VCR		 variable compression ratio
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CERC Research Projects – 2013
Spray Guided Gasoline Direct-Injection
Objectives
Project leader
Associate Prof. Petter Dahlander
Researchers
Anders Johansson (PhD Student)
Stina Hemdal (Assistant Prof.)

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
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
CERC – Annual Report 2013
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of fuel injectors are called outward opening
piezo actuated and multihole solenoid actuated.
Outward opening piezo injectors are used in the
few spray-guided stratified combustion systems
that are in production. Multihole injectors are
less expensive and they have improved substantially over the last few years, but there are currently no spray-guided lean burn GDI engines
using multihole injectors in production.
New combustion systems require robust combustion and stable ignition. It is not clear how
this can be achieved, especially with inexpensive multi-hole injectors. Ignition in sprayguided systems depends strongly on the interaction between the spray event and the spark.
For stratified combustion the local air-fuel ratio
and flow velocity close to the spark at the time
of ignition is important for stable combustion
and misfire free operation [179, 180].
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 [188, 189].
In previous projects we have studied effects of
parameters that affect the spray, for various types
of injectors [181]. 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
[182] 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
[181]. 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 [183].
This combustion system is complex and there
are still many unanswered questions. One of
the main questions is whether it is possible to
reach future emission regulations on particle
number using stratified operation and without
a particulate filter. There are few publications
on particulate numbers describing what operating conditions can be problematic and how
particulate formation can be minimized. There
is also no available study comparing particle
numbers as function of injector type under
stratified operation.

Particulates are a problem, especially during
stratified operation. This has led to new particulate regulation for SI engines; the first regulation
was on particulate mass (2009) and in (2014)
there will also be a regulation on the number
of particulates. The particulate number requirement is believed to be harder to meet than the
mass requirement [184]. Particulate filters may
become necessary, but they should be avoided
if possible.

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)

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 [185].
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 [186, 187]. The type of fuel has a large
influence as well, eg. oxygenated fuels such as
alcohols (ethanol, methanol, and butanol) are
known to produce less soot emissions, but very
little is documented for stratified combustion.
Aromatics in the fuel are known to be precursors
of soot, so the aromatic content is also important.

Methods used for this year

Several issues are associated with the process of
sampling particulate from exhaust gases. Today
it is not possible to freeze the momentary state
of the particulates at the sampling point with full
accuracy. The particulate distribution can transform both in size and number during the path
from combustion to the outlet of the exhaust
pipe. These transformations occur mainly due to
agglomeration and adsorption. Transformation
occurs also in a sampling system, for the same
reasons. When sampling exhaust gases, highly
volatile unburned hydrocarbons have to be
removed to prevent adsorption onto particles.
After the hydrocarbons are removed the process
of agglomeration has to be stopped by cooling
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 of stratified combustion while

Some challenges regarding particle emissions
have been addressed this year. The research
questions were:
• How to achieve a reliable system that can
measure soot mass, number, and size distribution under stratified combustion?
• What particle distributions are produced during stratified combustion, and how are the
distribution and total number of particles
affected by operating parameters?

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

During 2013, particulate measurements from
a DI engine operating steadily under lean
homogenous combustion were started (in 2012
a sampling system for stable classification of
particulates formed during stratified combustion was developed). Engines operating under
lean homogenous mode form a low quantity
of particulates, especially compared to stratified combustion. In general, under stationary
homogeneous lean burn on a warmed up engine,
the amount of mixing time is much longer leading to almost homogeneous fuel/air mixtures.
Even so, particulates are formed and the size
distribution of the particulates reveals important information on whether the particulates
or agglomerates contribute to a majority of the
emissions. Agglomerates are an indicator of a
lack of oxidation which is caused by pool fires,
for example. A high-resolution particulate size
distribution is thus a useful tool for interpretation of combustion.
The classifying instrument used in this work was
a Cambustion DMS500 electrical mobility analyzer, which offers a high particulate size resolution in combination with a fast response time.
The stock sampling equipment of the DMS500
allows a lowest dilution ratio of 5. This dilution
ratio was found to be too high during sampling
of particulate emissions from engines operating
in lean homogenous mode. A lower dilution ratio
would have increased the risk of water condensation on the particulates, thus destroying the
classifier and the exhaust sample. Therefore to
enable measurements on a homogeneous lean
burn engine, a system that removes water from
the exhaust sample was designed and tested. The
new system consists of a heated hose (3m) connected to a Nafion dryer, which removes water.
The outlet of the Nafion dryer is then connected
13
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to the rotating disc diluter of the classifier. A
Nafion dryer has not previously being used in
engine exhaust measurements.
A new injection rate meter for fuel injectors has
been acquired, providing temporally resolved
measurement of mass flow from fuel injectors.
The injection rate is closely related to combustion and emissions, and knowledge of the instantaneous injection rate is therefore a very important input for both modelers and experimentalists. The measurement rig is currently being set
up with fixtures for various injector types and
it will be in operation by end of the year. The
device is based on a small volume, filled with
liquid fuel and the fuel injector is connected to
this volume. Liquids are almost incompressible,
so when small amounts of fuel are injected the
pressure in the volume will rise rapidly and it can
be recorded. There is a controllable output valve
and the outflow from the volume is connected
with a coriolis mass flow meter. This gives a
precise mean mass flow and the instantaneous
mass flow rate is calculated from the sampled
pressure signal. The results from an injection
rate meter enable detailed studies of the injection rate, needle opening and closing which is
the portion of the injection process which normally generates the highest flow variation. It is
also very useful for multiple injections where
the percentage of each separate injection can be
measured, for example. It also provides important data for CFD modelers. The device will be
used for all types of GDI fuel injectors.
The atomization performance of a new prototype multi-hole injector has been assessed in
a spray chamber using a phase Doppler interferometer. There were three main objectives
with these measurements. One was to analyze
the influence of the fuel pressure which is the
most important parameter affecting droplet
size. Under the catalyst-heating phase of GDI,
small post injections can be used and therefore
the second objective was to analyze the performance of the injector under such conditions.
The third objective was to analyze the performance under double injections. Very careful
adjustment of the optics was performed to
ensure high quality data.

Results

The exhaust sampling system was tested on
a four cylinder sGDI-engine operated in lean
homogenous mode under steady operating
conditions. The sampling point was located
approximately 20 cm downstream of the catalyst. The system was tested during approximately one month under various engine operating conditions.
The measurement standard deviation for small
particulates was large (see Figure 4), and these
CERC – Annual Report 2013
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results are currently being evaluated. A preliminary conclusion is that because the engine is an
unstable aerosol generator one would expect a
large standard deviation of the small particulates. The larger particulates at around 100 nm
were found to have a smaller standard deviation.
These larger sized particulates were not measured when using the stock sampling system.
The fact that these agglomerates appear (using
the new sampling system) indicates that there is
a lack of oxidation in the combustion process.
The heated hose in the sampling system can
generate differences in the measurement
results. This effect is shown in Figure 5 where
the loss of particulates at various hose temperatures 20, 70 and 100C is shown. The losses were
measured by generating particulates out of a
solution of ammonium sulfate and water, using a
TSI model 3079 generator. The smaller particulates, below 30 nm, are unaffected by increasing
temperature. The loss of particulates above 60
nm increases with increasing hose temperature.
The sampling system is designed to operate
with a hose temperature of 110 degrees and the
losses can therefore be accounted for in further
measurements. The losses in the nafion dryer
are larger at the smaller size range, indicating
a diffusion driven loss. They are known losses,
however, and can therefore be accounted for.
Figures 6-9 show results from the spray study
using the phase Doppler interferometer (PDI).
Figure 6 shows diameter histograms and how
they are influence by the fuel pressure. The
difference in diameters is most important for
larger droplets and to avoid large, slowly vaporizing droplets, higher fuel pressures are needed.
Figure 7 shows the results for mean values of
the droplets (D10 and D32) as function of the
fuel pressure. Most multihole injectors exhibit
this diameter-pressure trend. Under 100 bar,
the atomization performance is poor; the larger
droplets have a notable impact on D32 mean
values. Figures 8 and 9 show the atomization
performance during a double injection. The outcome is that double injections do not strongly
affect atomization. Even though double injection with a solenoid actuated multihole injector
is slower than one gets with an outward opening
piezo actuated injector, the atomization performance is good.

Figure 7. Droplet sizes presented as both D10 and D32 (SMD). Influence of fuel
pressure. The data is from the spray plume core.

Figure 4. Particulate size distribution curve with standard deviations, sampled
at an engine speed of 1500 rpm and an IMEP of 2.67 bar.

Figure 8. Droplet diameters for the first pulse in a double injection.

Figure 6. Droplet diameter histograms from PDI measurements using a
multihole injector. As can be seen, increasing the fuel pressure produces
fewer large, slowly vaporizing droplets.
Figure 5 (below). Particulate losses in the sampling system at various
sample hose temperatures.

Figure 9. Droplet diameters for the second pulse in a double injection.

Conclusions

• With a new sample system with a Nafion
dryer, particulates measurements from
homogeneous lean burn will be possible.
• In general, homogeneous lean burn GDI
gives much lower particulates number than
for stratified combustion.
• The sample system performs as expected
with small sample losses.
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The objective of this project is to develop a
model based method to optimize the target values for the various controllable engine systems
in a passenger car diesel engine. The optimization will be performed using a simulation
methodology with a control-oriented model for
a diesel engine coupled with a vehicle drive
train model. The target values will be optimized
to minimize fuel consumption for a dynamic
driving cycle, while emissions regulations and
other engineering requirements are fulfilled.

Background

Modern passenger car diesel engines have
become more complex in order to meet stricter
emissions regulations and increased demand
to reduce fuel consumption. In response, more
and more controllable systems are being added,
leading to more degrees of freedom for engine
operation. Examples in a modern passenger car
diesel engine include controllable boost pressure, controllable exhaust gas recirculation rate,
controllable fuel rail pressure, and multiple
injections with controllable timing and duration. This level of control provides the possibility to operate the engine under more efficient
conditions, but also makes the calibration of
the engine management system (EMS) much
more complex. The high dimensionality of the
optimization problem makes it difficult to find
control strategies and set points which lead to
optimal operation of the combustion system.
Furthermore, fuel consumption and emissions
are not just dependent on the engine itself. They
depend also on the vehicle in which it is placed,
and on the driving pattern that is followed when
using the vehicle. The performance of an engine
is normally evaluated by driving a complete
vehicle according to a predefined drive cycle,
meanwhile measuring the total fuel consumed
and accumulated emissions. This means that to
be able to find optimal settings for an engine,
the complete vehicle system needs to be considered. Optimal EMS settings for an engine
in one vehicle application are most likely not
optimal settings for the same engine in another
vehicle application.
Methods to perform optimization based on
steady-state engine operation are well developed, described in the literature and used in
industry. A common approach is to approximate
a given dynamic vehicle driving cycle as a limited number of steady-state engine operating
points, and to calibrate set points for the controllable systems in these operating points with
respect to engineering targets for the complete
cycle. Early work based on this approach for
CERC – Annual Report 2013
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gasoline engine applications can be found in
references [190, 191] and early work for diesel
engine applications can be found in Schmitz et
al. [192]. An advantage with this approach is
that the optimized set points can be calculated
using only the engine speed and the requested
torque, and set points for the complete working
range of the engine can be pre-calculated and
stored in an EMS using grid maps.
Methods for transient engine operation are
not as well developed. In practice, additional
functionality is added in the EMS to handle
transient engine operation, but this functionality is associated with a large amount of manual
calibration work. Research within the topic of
transient engine operation has typically been
focused on finding optimal actuator trajectories
for specified single engine transients. Examples
of methods for this are presented in references
[193, 194]. These methods are not well suited
for online implementation in a real EMS, since
optimal trajectories for single transients cannot
be directly transferred to an EMS strategy that
can handle all possible transients in an engine.
Some work has been performed to optimize the
EMS in a diesel engine for a complete driving
cycle, taking both steady-state and transient
engine operation into consideration. Atkinson
et al. has used a model-based approach based on
neural networks to achieve a proof-of-concept
for the benefits of a model-based transient calibration process [196, 197]. Brahma et al. has
developed a model-based transient calibration
process to optimize the parameterization in a
standard EMS, taking both steady-state and
transient engine operation into account [198,
199]. The approach in their work is to complement the manual work process of performing EMS calibration, rather than to replace it.
Based on an existing EMS calibration, simulation models and search algorithms are used to
adjust the calibration such that emissions for a
dynamic driving cycle are decreased without
increasing the fuel consumption.
The possibility to account for transient engine
and vehicle behavior during EMS optimization becomes more important as a new globally
harmonized test cycle, the World-Harmonized
Light-Duty Test Cycle (WLTC), is being developed. The development of this new test cycle
is ongoing, but it will most likely include more
transient driving compared to the currently used
New European Driving Cycle (NEDC) [195].
A model based approach is appealing because
it can handle the complex optimization problem

of calibrating the EMS for a diesel engine. To
fully utilize this approach, a simulation model
that can predict emissions and fuel consumption
for a complete vehicle, depending on all possible EMS settings and environmental conditions, is then required. Availability of such a
model would make it possible to perform the
complete EMS calibration off-line, even before
a physical engine is available. However, this is
not yet fully possible since predictive models for
engine out emissions with sufficiently accurate
performance do not yet exist.

Statement about technique
development and hypothesis

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

Methods used for this year

Research this year has been focused on the last
part of the project, i.e. the development of an
EMS optimization algorithm.
Existing methods to optimize settings in an
EMS are based on the theory of Lagrangian
relaxation [190-192]. These methods are developed based only on steady-state engine operation. The main idea is to extend these existing
methods to account for transient engine operation as well. The approach to accomplish this
is to separate the various controllable settings
based on their different corresponding time
scales; faster systems should be adjusted based
on the dynamic behavior of slower systems.

Based on this approach a novel method to calculate settings in an EMS has been developed.
The method is described in detail in references
[200, 201]. Using the new EMS optimization
method, there is no need to add extra functionality for transient engine operation. Therefore,
this method is expected to enhance the resulting
fuel efficiency of the vehicle, and to decrease
the work load to perform EMS calibration in
an engine development project.

Results

The new EMS optimization method has been
evaluated using the complete diesel engine
vehicle system simulation model developed
earlier in this project. For given limits on accumulated emissions, the method has been shown
to decrease fuel consumption by 0.56% for a
vehicle driving according to the NEDC cycle
compared to a method based only on steadystate engine operation.

Markus Grahn, Ph.D. student,
Department of Signals and
Systems/Volvo Car Corporation

A comparison between resulting emissions during the NEDC driving cycle when using the
new EMS optimization method compared to
using an EMS optimization method based only
on stead-state engine operation is illustrated
in Figures 10 and 11 (next page). As seen in
the figures, the emission peaks during transient
engine operation are significantly lower when
using the new EMS optimization strategy.

Conclusions

The project has been finalized, and the goals
for the project have been reached.
A novel strategy to calculate set points for controllable engine systems has been developed.
The new strategy has been evaluated using a
simulation model of a complete diesel engine
vehicle system, also developed within this project. The strategy has been shown to decrease
fuel consumption for a given dynamic vehicle
driving cycle within given limits on accumulated emissions, compared to a strategy that is
based only on steady-state engine operation.
By using this strategy, set points are calculated
in the EMS for any (steady-state or transient)
engine operation scenario, and no other tuning
or calibration is needed. Compared to how EMS
optimization is normally performed, where
set points are first optimized for steady-state
engine operation and then compensations for
transient engine operation are added manually,
this method is expected to enhance the fuel efficiency of the vehicle and to decrease the work
load required to perform EMS calibration.
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The strategy has not been evaluated using a real
vehicle. But since the comparison between the
new strategy and a strategy based only on steadystate engine operation has been performed using

the same simulation model, improvement in fuel
efficiency is expected also when implementing
the strategy in a real vehicle.

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® [202-204]. 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 influences 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.

Figure 10. NOx and soot emissions
during the NEDC driving cycle using an EMS optimization strategy
based only on steady-state engine
operation.

In this project the open-source code OpenFOAM® [205] is used and the first step in the
project was to implement the VSB2 spray model
in OpenFOAM®. Results of that work are published in reference [206]. The model was chosen
because it is robust; a minimal number of tuning parameters are required and it allows one to
model better the spray-turbulence interaction. In
reference [207] 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 [208]. 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 [209]. In both models chemical conversion

Figure 11. NOx and soot emissions
during the NEDC driving cycle using
the transient EMS optimization strategy developed within this project.

CERC – Annual Report 2013

18

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 [202-204, 210], 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 [211].
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 [212]. The coupling of the CFD solution
with an unsteady flamelet is given by the representative interactive flamelet (RIF) concept
[213]. 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 [213-215]. Singh et
al. [216] 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
concept, all implemented in the same software.
19

Project leader
Prof. Ingemar Denbratt
Project co-leader
Adjunct Prof. Anders Karlsson
Researcher
Anne Kösters (PhD Student)

Anne Kösters, PhD Student,
Division of Combustion,
Department of Applied Mechanics,
Chalmers University of Technology.

CERC – Annual Report 2013

Methods

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. [217-220]).

The source term of the chemistry (ω i ) is controlled by the reactor size and the chemistry is
solved based on the reactor properties. Transport
equations for the reactor density, enthalpy, and
the reactor species are solved in addition to the
transport equations of the mean cell properties.

Well stirred reactor model
The approach of the well stirred reactor model
does not include any sub-grid scale effects. The
source term of the chemistry is directly included
in the transport equation of the mean species,
cp. equation (1).

RIF
The flamelet concept defines the chemical reaction zone as a thin laminar reaction layer (flamelet) within a turbulent flow field. The chemical
reactions are not disturbed by turbulent eddies.
With the representative interactive flamelet
(RIF) model [213] the flamelet solution is coupled with the flow field. In case of non-premixed
combustion the flamelet separates oxidizer and
fuel. The flamelet properties are just depending on the mixture fraction Z and time t. The
advantage is that just the mixture fraction and its
variance need to be solved in the 3-D domain of
the flow field. The chemistry is solved in the 1-D
domain of the flamelet. The first-order flamelet
equations for the species mass fraction and the
temperature are given by equation (4) and (5).

1)

This approach is the simplest way to include
the source term of the chemistry.
VRFM
The idea of the VRFM is to define a reactor with
a volume smaller than or equal to the computational cell volume (Vreactor ≤ Vcell). The reactor
is a fraction of the cell volume, and reactions
progress only within the reactor. The reactor
volume is defined with equation (2).
2)

The idea is to consider both the turbulence and
the chemistry in the reaction rate. With this
definition the reactor volume is based on the
"2

, and the
variance of the mixture fraction, Z
"2

chemical progress, c . The terms Z 1 − Z
and c (1 − c ) define the maximum variance of
mixture fraction and chemical progress. If the
variance is low, meaning the species in the cell
are well mixed and the chemical reactions well
developed, the reactor will be similar or equal to
the cell volume ( κ ≈ 1 ). The transport equation
of the mean species is then given by equation (3).

(

3)

The flamelet equations are solved with the surface averaged scalar dissipation rate, which is
the only coupling between the flow field and the
flamelet equations. Since the scalar dissipation
rate is varying due to the non-homogeneous turbulent flow field and mixture fraction distribution, Barths et. al [214] introduced the multiple
RIF model. Several flamelets can be introduced
by defining a tracer (marker particle) for each
flelet. Since the flamelet solution is dependent
just on the mixture fraction, the properties need
to be transformed back in the domain of the flow
field. This is done with a β-probability-density
function (β-pdf) P ( Z , x , t ), cp. equation (6).
The multiple RIF model has been developed
over many years [212-215].
Differences between models
The main differences between the various
approaches to model non-premixed combustion can be seen in Table 1.

4)

Results

The results of the simulations are compared
to experiments done at Sandia National
Laboratories within the Engine Combustion
Network (ECN) [221]. The boundary conditions are varying in pressure (42-87 bar) and
amount of O2 mole fraction (10%-21%) in the
gas phase. The various combustion models
were implemented in OpenFOAM 2.0.x and
the simulations were done in a 2-D mesh with
a minimal cell size along the spray axis of
≈0.3×0.5 mm. All simulations are based on
the same computational set-up; hence the only
difference is the definition of the model to calculate the turbulence-chemistry interaction. In
the multiple RIF model 1 flamelet per 0.2 ms
is added, means 30 flamelets are used for the
whole injection. Figures 12 and 13 show the
ignition delays calculated with the three models
compared to the experimental results. As can
be seen the calculated ignition delay is longer
than the measured one, and all models predict
a similar ignition delay.

the VRFM the results are to be expected. The
flame is thinner in the WS and VRFM models
compared to the mRIF model. To draw more
conclusions about the global flame structure,
a detailed comparison to experimental data is
needed.

Figure 12. Relation between ignition delay and mole fraction of O2 in
the ambient gas at Tgas= 967 K and
pgas= 42 bar.

Figure 13. Relation between ignition delay and mole fraction of O2 in
the ambient gas at Tgas= 962 K and
pgas= 81 bar.

Figure 14 shows results for lift-off length at
pgas=42 bar and Figure 15 shows the results
at pgas=87 bar. At low gas pressure the mRIF
model gives the best results compared to the
experiments. Both the VRFM and WS model
predict unreasonably short lift-off lengths.
However, the VRFM gives better results than
the WS model. The longer lift-off with the
VRFM can be explained by the fact that sub
grid scale effects are considered. In the WS
model a computational cell is assumed to be
well mixed, even if the variances of mixture
fraction are big due to evaporation, for example.
Hence the mixture is allowed to react, even if
it is not well mixed on the sub grid scale. That
is the case close to the nozzle, where the spray
is evaporating and the vapor first needs to mix
with the air.

Figure 14. Relation between lift-off
length of n-heptane sprays and mole
fraction of O2 in the ambient gas at
Tgas= 967 K and pgas= 42 bar.

At high gas pressure (pgas=87 bar) the best
estimation of the lift-off length is done by the
VRFM followed by the WS model. The mRIF
model gives the shortest lift-off length.
All models predicted short lift-off lengths
but they are able to capture the trend of liftoff length for changing mole fractions of O2.
Figures 16 and 17 (next page) show the temperature field and the OH field of the three models at
Tgas=967 K, pgas=42bar and with 21% O2. A difference in the flame structure can be seen when
comparing the WS and VRFM models with the
mRIF model. The WS and VRFM show a welldefined flame stabilization point what does not
appear in the mRIF results. Furthermore, the
WS model calculates the highest temperature
and OH concentration, followed by the VRFM.
Due to the limited chemical source terms in

5)

6)

Table 1. The main differences between the various approaches to
model non-premixed combustion.
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Figure 15. Relation between lift-off
length of n-heptane sprays and mole
fraction of O2 in the ambient gas at
Tgas= 962 K and pgas= 87 bar.
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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 [223].
To realize the high potential of the SG DI 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
(including emissions).

Figure 16 (left). Temperature field
predicted with the direct chemistry
approach (WS), VRFM and mRIF at
different times ASOI (Tgas=967 K,
pgas=42 bar, 21% O2).
Figure 17 (right). OH field predicted
with the direct chemistry approach
(WS), VRFM and mRIF at different
times ASOI (Tgas=967 K, pgas=42
bar, 21% O2).

Conclusions

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.

Future Work

After finishing the detailed comparison between
the combustion models, the plan is to investigate the VSB2 spray model in more detail and
to apply the models to a closed cycle engine
simulation. Moreover, the performance of the
VRFM model will be investigated in more
detail. During fall 2014 Anne Kösters is planning to defend her Ph.D. thesis.

Modeling of Gasoline Direct Injection Spark Ignition Engines
Objectives
Project leader
Prof. Ingemar Denbratt
Project co-leader
Assoc. Prof. Andrei Lipatnikov
Researcher
Chen Huang (PhD student)
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The goals of the project are
1. To develop models and methods that can be
used for simulations of direct injection (DI)
spark ignition (SI) engines that burn various
fuels, e.g. gasoline, ethanol, and their blends,
2. To implement these models into 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”.
22

Background

Direct injection of a fuel into the combustion chamber of a SI engine is considered to
be a promising technological solution aimed
at decreasing fuel consumption and hydrocarbon emissions, increasing fuel economy, and
improving efficiency owing to (i) the reduction
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. [222].
Among several DI technologies for SI engines,
spray-guided (SG) direct-injection is currently
considered to have the highest potential to

Although several mature commercial CFD
codes have been developed and are widely used
in simulations of SI engines, there is a need
for less expensive software. OpenFOAM®
released in 2004 and free available online
(www.openfoam.com) is capable of satisfying
such a need. The code has already been successfully applied to multi-dimensional numerical
simulations of combustion in Diesel engines,
but it should be substantially improved in order
to become a R&D tool in the SI engine branch
of 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/ethanol/air mixtures,
accurate implementation of spray models used
by automotive industry, and etc.
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 [224,
225]) 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 stratified 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 [225, 226]. 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.
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 [227]. Subsequently, this idea was
also developed by other research groups and
such ternary mixtures were called the Toluene
Reference Fuel (TRF) [228-230] (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 [231]). Other
mixtures have also been recently proposed as
a gasoline surrogate, e.g. Bounaceur et al.
[232] and Mehl et al. [233] addressed detailed
chemical mechanisms of a blend of n-heptane,
iso-octane, hexane, and toluene as a gasoline
surrogate, while Naik et al. [234, 235] 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 [228], or 1267 species and 5803 reactions
in [232], or 1550 species and 8000 reactions
in [233], or 1214 species and 5401 reactions in
[234]) for CFD engine applications, whereas the
Chalmers semi-detailed chemical mechanism
involves 111 species and 616 reactions.

Chen Huang, Ph.D. Student,
Division of Combustion,
Department of Applied Mechanics,
Chalmers University of Technology.

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 OpenFOAM® CFD package, FSC model of
premixed turbulent combustion, and Chalmers
semi-detailed chemical mechanism for gasoline.

Methods

Development and validation of Chalmers semidetailed chemical mechanism was performed
(i) by computing ignition delay times and laminar flame speeds running the SENKIN [236]
and PREMIX [237] codes, respectively, from
CHEMKIN package [238] and (ii) by comparing the computed results with available experimental data, as discussed in more details elsewhere [239, 240].
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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 Rosin-Rammler
distribution, Wave breakup model [241-245],
or Linearized Instability Sheet Atomization
(LISA) model [246, 247]. Secondary breakup
was simulated using either Reitz-Diwakar
model [248, 249], Taylor analogy based (TAB)
model [250], KHRT model [241-245], or VSB2
model [251]. Note that VSB2 model is the
focus of another CERC project entitled “Spray
Turbulence Interaction”.
Combustion simulations are based on the FSC
model [225, 226] 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 [252] is used.
Further development and assessment of combustion models were performed analytically
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 [239, 240].
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. [253] in Chalmers spray chamber within the framework of the sGDI project.
The numerical results were summarized in references [240,254-256]. Improvements to the
Table 2. Engine specifications.
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Bore (mm)

24

83

Stroke (mm)

90

Compression ratio

10.2

Displacement volume (cm3)

487

Dead volume (cm3)

53

Intake valve diameter (mm)

33

IVO/IVC (CAD)

340/600

Exhaust valve diameter (mm)

28

EVO/EVC (CAD)

105/365

implementation of the aforementioned spray
models [241-250] 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 [257259] and [260], respectively).
In the first half of 2011, Chen Huang defended
her licentiate thesis [240]. Subsequently, the
CFD work was mainly focused on implementing the Chalmers model of premixed turbulent
combustion [226] into OpenFOAM®, improving implementation of other combustionrelated libraries of the code, and debugging the
extended code. Moreover, the temperature and
density of combustion products computed for
gasoline-air mixtures by running CHEMKIN
software package [237, 238] under a wide range
of conditions (various equivalence ratios, elevated pressures and unburned gas temperatures)
were parameterized and the parameterizations
were implemented into OpenFOAM®.
In addition, the available presumed probability
density function (PDF) approaches to modeling
premixed, partially premixed, and non-premixed
turbulent combustion were investigated [261]
and the compatibility of the aforementioned
simple algebraic model of turbulent scalar flux
[260] with Chalmers model of premixed turbulent combustion was studied, and the former
model was improved and validated [262, 263].

of stratified turbulent combustion in a gasoline
SG DI engine (see Table 2), which is experimentally investigated within the framework of
the sGDI project.
In the present 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). A
tumble motion was set at the start of the simulations in order to mimic the tumble flow due
to the intake process. Gasoline was injected
by an outward-opening injector at a maximum
fuel pressure of 200 bar. Injection duration was
equal to 10 crankle angle degrees (CAD), while
injection timing was varied in the simulations,
i.e. 100, 80, 60, or 40 CAD before Top Dead
Centre (bTDC). A spark plug was located in
the downstream of the fuel cloud.
Fixed temperature boundary conditions were
set at the piston, cylinder linear, and cylinder
head, with the wall temperature being equal to
500K, 480K, and 450K respectively. The initial
temperature and pressure at IVC were set equal
to 450 K and 1.1 bar respectively.
The computational mesh (see Figure 18) 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 18. Computational mesh for
a research engine at IVC, with two
sections. Section A cuts through the
center of the spray and section B cuts
through the center of the cylinder
which is perpendicular to section A.

In the first half of 2012, certain issues associated with the presumed PDF approach to
modeling the influence of turbulent mixture
fraction fluctuations on the burning rate in a
stratified flame were investigated and a simpler alternative approach was proposed [264,
265]. The approach is based on expansion into
Taylor series of the dependence of the laminar
flame speed SL on the mixture fraction f , followed by averaging the Taylor series. The CFD
work was focused on applying OpenFOAM®
to stratified combustion in a gasoline DI engine
and implementing presumed PDF approach to
simulating the influence of fluctuations in the
mixture fraction on burning rate in a turbulent
stratified flame. However, the CFD work was
suspended from August 2012 till May 2013
because the Ph.D. student involved in the project took parental leave.

Figure 19. Comparison of spatial
distributions of the equivalence
ratio φ, laminar flame speed SL, turbulent flame speed Ut, and Reynolds
averaged combustion progress variable c, computed using a constant
S L (left column) and S L given by
Chalmers approximation (right column). -15 CAD aTDC, tinj =-100 CAD
aTDC, tign=-33 CAD aTDC, the mean
equivalence ratio averaged over the
volume of the combustion chamber
after the end of injection is 0.8.

Beginning in May, 2013, the CFD work has been
focused on the implementation of the aforementioned model developments into OpenFOAM®
and on applications of the code to simulations
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Computations were run on AMD Opteron 6220
CPU’s, with one node containing 16 cores and
32/64 GB of RAM. Depending on the complexity of the combustion model, the computational
time ranged typically from 7 to 8 hours.

Figure 20. Comparison of (a) the
mean combustion progress variable
c averaged over the volume of the
combustion chamber and (b) pressure p calculated using a constant
SL (solid black curves) and SL given
by Chalmers approximation (dashed
blue curves).
tinj =-100 CAD aTDC, tign=-33 CAD
aTDC, the mean equivalence ratio
averaged over the volume of the
combustion chamber after the end
of injection is 0.8.

a) Reynolds averaged progress variable

b) Pressure

Figures 21 and 22 show that (i) the fields of the
normalized rms mixture fraction 
f ''2 / f st2 , computed using the aforementioned model of evaporation source term, developed by Demoulin and
Borghi [252], differ strongly from counterpart
fields obtained by switching the model off, but
(ii) this effect is well pronounced shortly after
end of injection and rapidly decays with time so
that (iii) the influence of the effect on the global
heat-release rate is negligible under conditions
of the present simulations. Here, f st is the stoichiometric value of the mixture fraction.

Figure 21. Comparison of spatial
distributions of the normalized
mixture fraction variance 
f ''2 / f st2
calculated without (left column)
and with (right column) DemoulinBorghi model [252] of the evaporation source term at -70 and -20
CAD aTDC.
tinj =-100 CAD aTDC, tign=-33 CAD
aTDC, the mean equivalence ratio
averaged over the volume of the
combustion chamber after the end
of injection is 0.8.

Figure 22. Comparison of (a) the
mean combustion progress variable c averaged over the volume
of the combustion chamber and
(b) pressure p calculated without
(dashed red curves) and with (solid black curves) Demoulin-Borghi
model [252] of the evaporation
source term.
tinj=-100 CAD aTDC, tign=-33 CAD
aTDC, the mean equivalence ratio
averaged over the volume of the
combustion chamber after the end
of injection is 0.8.

a) Reynolds averaged progress variable

b) Pressure

In addition to the multidimensional CFD work
summarized above, Chalmers semi-detailed
chemical mechanism has further been tested
against two recent sets [267, 268] of experimental data on the laminar flame speeds of gasoline/air mixtures under various temperatures
and atmospheric pressure. Results shown in
Figure 23 indicate that the chemical mechanism
(curves) predicts very well the data (symbols)
obtained from lean and near-stoichiometric
flames, but moderately overpredicts the speeds
of rich flames. It is worth stressing, however,
that (i) alternative chemical mechanisms tested
in [267] did not show better performance,
while they were only applied to single gasoline
components (either n-heptane, iso-octane, or
toluene), but (ii) a larger chemical mechanism
(304 species and 2234 reactions) tested in [268]
underpredicts laminar flame speeds obtained
from rich flames.

Conclusions and Ongoing Work

OpenFOAM® has been extended by implementing (i) the presumed PDF approach to the influence of turbulent mixture fraction fluctuations
on the burning rate in a stratified flame and (ii) a
model of the influence of fuel evaporation on the
magnitude of these fluctuations. The extended
code has successfully been applied to unsteady
three-dimensional RANS simulations of mixture formation and stratified turbulent burning
in the combustion chamber of a gasoline SG
DI engine that is experimentally investigated
within the framework of the sGDI project.
Chalmers semi-detailed chemical mechanism
for a gasoline surrogate (the blend of isooctane, n-heptane, and toluene in volume ratios
55:10:35) was further validated against recent
experimental data on laminar flame speeds of
gasoline/air mixtures, obtained under various
temperatures and atmospheric pressure.
Models of turbulent combustion used at
Chalmers were further developed and validated
using the well-known DNS data by Nishiki et
al. [270, 271].
The next-year plans are
• To implement a model of NO emissions based
on the extended Zel’dovich mechanism of
nitrogen oxide formation.
• To apply the extended code to unsteady,
three-dimensional RANS simulations of
stratified burning in the chamber of a gasoline DI engine and to compare numerical
results with experimental data obtained
within the sGDI project.
• To submit a journal paper.
• To complete the Ph.D. thesis by Chen Huang.

Moreover, a new method [269] for simulating complex chemistry effects in partially
premixed turbulent flames has been proposed
by taking advantage of the FSC model and
presumed PDF approach for the combustion
progress variable. The basic idea of the proposed method was supported [269] by analyzing
well-known data obtained earlier [270, 271] in
unsteady three-dimensional Direct Numerical
Simulation (DNS) study of premixed turbulent
flames. The method could be implemented into
OpenFOAM® at the next stage of the present
research project.

Figure 23. Comparison of laminar
flame speeds computed (curves)
using Chalmers chemical mechanism with recent experimental data
obtained from gasoline/air mixtures
by (a) Sileghem et al. [267] and (b)
Dirrenberger et al. [268].
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The first results of these simulations are reported
in Figures 19-22 and in reference [266]. Figures
19 and 20 show that taking into account the
dependence of turbulent burning velocity on the
mixture fraction, which is addressed by the FSC
model invoking laminar flame speeds computed
using Chalmers semi-detailed chemical mechanism for various equivalence ratios, substantially affects computed results when compared
to results obtained using a constant SL.

An analysis of these DNS data has also allowed
us (i) to quantitatively validate [272] the aforementioned simple model [260, 262, 263] of
turbulent scalar flux in premixed flames under
room conditions and (ii) to extend the model
[272] to density ratios associated with burning
of preheated mixtures, e.g. burning under SI
engine conditions.
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A Representative Interactive Linear-Eddy Model (RILEM)
for Low Temperature Combustion (LTC)
Note
Project leader
Professor Michael Oevermann
Researcher
Tim Lackmann (PhD student)

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

Objectives

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

Background

To further improve and develop new or improved
engine combustion concepts for clean and high
efficient engines it is necessary to have predictive models which can be used with confidence
not only under standard combustion conditions
(i.e. premixed or non-premixed combustion
with fast chemistry and flamelet like flame
structures), but also but also under non-standard
combustion including low temperature combustion, multi regime and mixed mode combustion,
local extinction and re-ignition, and etc.
Many of the combustion models in use today
work reasonably well for traditional diesel (nonpremixed) or gasoline (premixed) engines.
They take advantage of the physical characteristics of different combustion modes (premixed
or non-premixed) and are often based on the
Figure 24. Coupling of CFD and
LEM in RILEM for non-premixed
combustion.

assumption of a fast chemistry leading to a scale
separation of turbulent and chemical time and
length scales. As a result, they are usually not
applicable to a combustion mode they are not
designed for, and their use as a predictive tool
for the development of future engine concepts
might be limited.
Among the candidates for a regime and mode
independent combustion model are transported
PDF models with structure based mixing models
[277] and low-dimensional stochastic models like
LES-LEM, where the linear-eddy model (LEM)
of Kerstein [275] is used as sub-grid model of a
large-eddy simulation (LES) [273, 274, 280, 281].
In LES-LEM a one dimensional representation
of the turbulent combustion process is solved in
each LES cell, by resolving all spatial and temporal scales like a DNS. Compared to most other
modeling strategies, the modeling aspect of LEM
is a spatial reduction resolving all scales, and not
by a model for sub-grid scales. Due to the direct
interaction of turbulent mixing with diffusion
and chemical reaction, the model is capable of
predicting highly unsteady effects such as extinction and re-ignition without any modification to
the model. One disadvantage of the LES-LEM
approach is a high computational cost.
In this project we want to develop a LEMbased modeling approach where we solve only
a few, representative linear-eddy models in the
computational domain. The goal is a modeling approach which keeps the key advantages
of a full LES-LEM (namely regime and mode
independence) but with acceptable computational costs. The proposed modeling approach
has some similarities with the representative
interactive flamelet (RIF) approach of Pitsch et
al. [279] 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 1). We assume
a β-shape probability density function for the
mixture fraction Z and a k-ε turbulence model.

In low Mach-number flow the thermodynamic
pressure p can be assumed to be spatially constant [276] and a divergence constraint for the
velocity can be derived [278]:
1) ∇ ⋅ u = −
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1 dp
+U
γ p dt

where γ is the ratio of specific heats and U covers local effects of heat conduction, differential
diffusion, and chemical reactions on the flow
dynamics. Ñ·u is the key feedback quantity from
the LEM combustion model to the fluid solver
(Figure 25).
Feedback from the flow solver to the LEM combustion model works as follows: U can be evaluated in each LEM cell. Since each LEM cell has
a full set of scalar variables we can compute for
each LEM cell a mixture fraction value Z and
a scalar dissipation rate χ. As a result, the LEM
allows a map of any scalar quantity ψ from
the one dimensional physical LEM space into
(Z;χ)-space and to compute mean values of ψ
conditioned to the mixture fraction value Z,
i.e. < ψ | Z >. In particular, with the presumed
~
(Favre) beta-PDF of Z, PZ ( Z ) , we can evaluate
a Favre mean value of U for each CFD cell:
1
~
~
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 (Equation 3):
1 dp ~
3) (∇ ⋅ u )( x ) = −γ~ −1
+ U ( x)
p dt

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


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

∂V CFD
where VCFD is the total volume of the CFD domain
and γ~ −1 is the mean value of the inverse Favre
averaged ratio of specific heats on VCFD. The first
term within the brackets on the right hand side
of Equation 4 represents the pressure change due
to heat release by chemical reactions, whereas
the second term accounts for pressure changes
by forced compression (e.g. a moving piston).
Equations 3 and 4 provide the strong and mutual
coupling of the LEM combustion model and
the turbulent flow field. The divergence of the
velocity allows the computation of the dynamic
pressure p dyn in a pressure based CFD solver
and drives the fluid mechanics via heat release
and forced compression. The right hand side of
Equation 3 in turn is determined by the solution
of the LEM (via U) and the CFD solution (via
~
PZ ( Z ; x) ). Equation 4 computes the change of
the thermodynamic pressure on the CFD side and
passes it to the LEM model. It should be remarked
that the dominant feedback mechanism from the
CFD side to the LEM model is the global pressure
change in Equation 4. Further coupling between
CFD and LEM is by provided by supplying the
LEM with time dependent turbulence parameters.

The proposed RILEM approach offers a regime
independent model of non-premixed combustion. This is a major step forward compared to
flamelet models. LEM and RILEM not only
capture scalar dissipation rate fluctuations, but
also the statistical dependence between mixture
fraction and scalar dissipation rate, which has
to be modeled in a RIF approach. As mentioned
before, the concept can be extended to a regime
and mode independent combustion model by
introduction of an additional progress variable.
Compared to the full LES-LEM approach we still
have a regime-independent combustion model
but with an intrinsic limitation that RILEM is
representative, i.e. regime variations from place
to place in an engine cannot be identified.

Tim Lackmann, PhD Student
Division of Combustion
Department of Applied Mechanics
Chalmers University of Technology

Ongoing work

The coupling between OpenFoam and LEM
will be finished soon. In a first implementation
the LEM only provides the new species, not
the pressure, temperature and density as shown
in Figure 24. The coupling of CFD solver and
LEM in this case is different than the one shown
before, see Figure 24. The calculated species
from the LEM domain are mapped to mixture
fraction space Z providing a flamelet like solution. An enthalpy equation o 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.
This implementation of the RILEM will be
compared to the RIF model which is used by
Anne Kösters.
In addition to the coupling of OpenFoam and
LEM, a new solver for low- Mach number
flow will be implemented in OpenFoam. With
this solver it is no longer necessary to solve an
enthalpy equation on the CFD side. Instead the
enthalpy is solved in the LEM and all thermal
and chemical effects are condensed into a divergence-constraint for the velocity.
Figure 25. First approach of coupling
of CFD and LEM in RILEM for nonpremixed combustion.

The coupling between the CFD solution and the
LEM in RILEM for non-premixed combustion
is sketched in Figure 25.
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Spray Fundamentals
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Project leader
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Chengjun Du (PhD student)

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 diagnostics methods.

Background

In Diesel engines, combustion quality strongly
depends on management of the fuel and air mixing process inside the combustion chamber. The
influence of operating parameters on spray and
combustion characteristics is significant. The
phenomena observed in fundamental experiments can be useful for understanding how
injector geometry, fuel properties and injection pressure influence distribution of fuel in
the liquid and vapor phase, air motion near
the injector 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 modeling projects with input data and
to enable validation of models. Furthermore, a
project like “Spray Fundamentals” can extend
our earlier studies of soot in combusting sprays
done within CERC, e.g. alternative fuels and
multiple injection effects on spray development
and soot formation [282, 283] as well as liquid
and vapor phase impinging on walls with different geometries [284].
Figure 26. Schematic of the experimental optical setup for the shadowgraph method, measuring OH- chemiluminescence, soot luminescence
and ignition delay. DM: dichroic mirrors, F1: 308 nm (10 nm FWHM), F2:
RG630, F3: 300 nm (25 nm FWHM),
F4: RG610 nm .

In addition to the studies mentioned above, a
study of non-combusting and combusting spray
characteristics of ethanol-diesel blends was
completed. It has been reported that a reduction of particle emissions can be achieved using
ethanol-diesel blends in a Diesel engine [285,
286]. However, little work has been done in a
chamber to investigate the non-combusting and
combusting spray characteristics of ethanoldiesel blends. Such a study could give more
insights into the spray parameters, ignition and
combustion of ethanol-diesel blends compared
to conventional Diesel. Hence,
• under non-combusting conditions, spray
experiments were conducted to study the
effect of fuel properties on the spray patterns;
e.g. spray penetration and spray cone angle
• under combusting conditions, the effect of fuel
chemistry on combustion characteristics was
studied; e.g. ignition delay, OH chemiluminescence, lift-off length, the distribution of
flame temperature and soot luminescence.

Three different fuels were used in the experiments, European ultra-low sulfur Diesel (EUD)
based on EN590, E10 (10% Ethanol and 88%
EUD) and E20 (20% Ethanol and 78% EUD).
An additive (2%) was used to create appropriate
solubility and lubricity for each of the ethanoldiesel blends.
Several optical methods were used to measure
various spray characteristics as seen in Figure
26. To obtain the images of spray development
under non-combusting and combusting conditions, shadow images with a high speed camera
were captured. OH-chemiluminescence images
and soot luminescence images were acquired
with intensified CCD cameras using a 308 nm
bandpass filter with a 10 nm FWHM and 630 nm
long pass filter between the respective camera
and a dichroic beam splitter.

Results
Non-combusting conditions
An example of video images from one injection
event is shown in Figure 27. To obtain good
statistics of measured spray parameters for fuel
comparisons, spray parameters are calculated
30

Figure 28. Comparison of spray cone
angle between ethanol-diesel and
Diesel. Experimental conditions: a)
Non-evaporating conditions: ambient temperature 30°C with ambient
pressure 21.1 bar. b) Evaporating
conditions: ambient temperature 350
°C with ambient pressure 43.3 bar.
Nominal injection duration 1.5 ms.

Methods

The start of high-temperature chemistry and the
start of soot formation are detected by photomultiplier tubes (PMT) collecting light from the
combusting spray. The PMT, with spectral sensitivity from ~250 nm to ~750 nm, detects the
light from the spray flame and the light intensity
as a function of time after start of the logical
injection signal was recorded by a computerbased data recording system.
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Figure 27 (above). Spray images
of one injection event with Diesel.
Non-evaporating conditions: ambient temperature 30°C with ambient
pressure 21.1 bar. Nominal injection
duration 1.5 ms.

a) Non-evaporating conditions

b) Evaporating conditions

based on images averaged over 100 injection
events in the same after start of injection time.
Ambient gas density (24.3 kg/m3) and injection
pressure (1350 bar) were kept constant during
the entire experiments. Figure 28 shows spray
cone angle under two experimental conditions,
one is non-evaporating conditions, another one
is evaporating conditions. It can be seen that
there is no clear difference in spray cone angle
between E10, E20 and Diesel.
As shown in Figure 29, ethanol-diesel blends
and Diesel have the almost same spray penetration length under non-evaporating and evaporating conditions, which implies that the differences of fuel properties have no impact on spray
penetration under both conditions operated by
this experiment. The penetration of ethanoldiesel and Diesel is shorter under evaporating
conditions than the ones under non-evaporating
conditions, since the thermal energy of gas is
higher, which could enhance spray evaporating.
Combusting conditions
The delay time of high-temperature chemistry
and start of soot formation are shown in Figure
30. It can be seen that ethanol-diesel blends have
longer delay time of start soot formation and hightemperature chemistry at temperature 550°C and
600°C, which may lead to more time to mix fuel
with air, and therefore there is less fuel-rich zone
combustion. As ambient temperature is increased

Figure 29. Comparison of spray penetration between ethanol-diesel and
Diesel. Experimental conditions are
the same as described in Figure 28.

from 550°C to 600°C, the difference delay time
of high-temperature chemistry between Diesel
and E10 is much smaller.
Figure 31 shows the OH chemiluminescence
images taken from ICCD camera with the constant camera intensifier gate and gain under
ambient temperature 550°C and 600°C. It can be
seen that as the ethanol content is increased in
ethanol-diesel blends from 0% (Diesel) to 20%
(E20), the lift-off length increases, i.e., the flame
stabilizes further downstream from nozzle tip,
and this trend is independent of ambient temperature. At our experimental conditions, the
trend of ethanol-diesel blends having longer
lift-off length is in agreement with fuels that
have lower cetane number; they have longer
ignition delays and longer lift-off [287].
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Ethanol has higher latent heat of vaporization.
As the amount of ethanol is increased, ethanolblends absorb more heat from the surrounding air
when fuel starts to evaporate, which decreases
ambient temperature around the fuel and leads
to a longer lift-off length. At lower ambient

Figure 30. Delay time of soot formation and high-temperature chemistry.
Experimental conditions: nominal
injection duration 3.5 ms, ambient
temperature 550°C (a) and ambient
temperature 600°C (b).

temperature (550°C), the effect of ethanol on
lift-off length is much stronger than at higher
ambient temperature (600°C), the increment of
lift-off length is about 10 mm for 10% and 20%
ethanol blended in Diesel at temperature 550°C,
compare to about 5 mm at 600°C.

b)

a)

To have comparable soot luminescence, the
ICCD camera gain and gate were held the same
for all the fuels. As shown in Figure 32 (b),
at higher ambient temperature, light intensity
decreases as the ethanol content is increased,
indicating that there is less soot formation in the
flame of ethanol-diesel blends. The decrease in
soot with increasing ethanol content correlates
well with an increase in lift-off length in Figure
31. As lift-off length is longer, there is increased
air entrainment toward the center of the spray
[288], and thus there is a lower fuel/air ratio in
the flame, and it results in less soot formation.
Aside from the change in lift-off length, a factor
likely contributing to reduced soot formation is
the overall oxygen level needed for soot oxidation, since oxygenated fuels that contain oxygen
atoms are shown to be more effective on soot
suppression [289]. Thus, with higher ethanol
content, the oxygen could reduce soot formation
and enhance soot oxidation processes. At lower
ambient temperature 550°C, there is almost no
soot luminosity in E10 and E20, it suggests
that it is possible to obtain non-sooting flame
at ambient temperature 550°C with ethanoldiesel blends.

Conclusions and ongoing work

Using ethanol-diesel blends, spray experiments
were carried out to investigate spray characteristics. The following conclusions can be reached
in this study:
• Under non-combusting conditions, there is
no significant difference on spray cone angle
and spray penetration between Diesel and
ethanol-diesel blends.
• E10 and E20 have longer delay time of hightemperature chemistry and start of soot formation compared to Diesel, which may lead
to more time to mix fuel with air.
• As ethanol contents is increased from 0% to
20%, the lift-off length is longer, which could
lead to less fuel-rich zone combustion in the
flame and results in less soot formation.
• As ethanol contents is increased from 0% to
20%, less soot luminescence is detected,
there is almost no soot luminescence with
E10 and E20 at gas temperature 550°C.
Based on this experiment, the results will be
analyzed more in details and a new paper will be
written. In the future, using Scania XPI injection
system and single-hole injectors with various
nozzle geometries, spray experiments under noncombusting and combusting conditions as well as
injection rate measurements will be carried out.

Optical Methods for Spray and Combustion Diagnostics
Figure 31. OH chemiluminescence
and lift-off length (white line), measured lift-off length shown in right upper side. The central of left edge corresponds to nozzle tip. Experimental
conditions: nominal injection duration 3.5 ms, ambient temperature
550°C (a) and ambient temperature
600°C (b). Images above are averaged under steady combusting period
at each fuel.

Objectives

a)

b)

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

Background

Figure 32. Soot luminescence. The
central of left edge corresponds to
nozzle tip. Nominal injection duration
3.5 ms, ambient temperature 550 °C
(a) and ambient temperature 600 °C
(b). Images above are averaged from
30 injection events at 3.7 ms ASOI
for each fuel.
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a)
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b)

Optical measurement techniques have many
applications in combustion engine research, and
are widely used in both university and industry
labs [290-292]. Optical techniques have several
advantages that make them well suited to measure a number of properties, which are difficult
or impossible to investigate by other means.
Optical diagnostics are non-intrusive, but they
require that light can be inserted into and/or collected from engines or spray chambers. The use
of advanced optics, cameras and lasers 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, …) is illuminated with the light
from a laser formed into a thin sheet by expansion in one dimension and focusing in the other.
Perpendicular to the laser sheet a camera captures an image of scattered light, fluorescence
or other induced emission. Usually pulsed lasers
with a high peak power are used, combined with
intensified CCD cameras which enable signal
amplification and short exposure time. Thus,
imaging can be carried out of low-concentration
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
33
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in commercial fuels can also be used. The fact
that the absorption and fluorescence properties
of many molecules are temperature dependent
enables temperature measurements using LIF.
Besides the laser-based techniques, important
information on combustion processes can be
obtained by measuring the natural luminescence
from the flame. Since various molecules emit
chemiluminescence at different wavelengths,
the emission spectrum contains information
on the chemical reactions going on, and this
measurement can be combined with spatially
and/or temporally resolved detection. Because
of the relative simplicity of chemiluminescence
detection, it is a good complement to the laserbased techniques and may be used in applications and experimental configurations where it
is difficult to apply laser illumination.
The techniques described above are all well
established and used in many labs, but that
does not mean that there is no need for further
development. On the contrary, there is 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 a competence in various optical methods for spray
and combustion diagnostics, and make developments and adjustments for the particular set-ups
where they will be applied. During 2013 high
speed video imaging in various configurations
has been used quite extensively.

Figure 33. View into the cylinder
through the piston. The light generated inside the cylinder is imaged onto
the entrance of the spectrograph,
where the entrance slit transmits
light from the area marked by the
red rectangle.
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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 either be
realized by placing an appropriate filter in
front of the camera to obtain two-dimensional
images of the selected species [293], 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 [294]. 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.

Results

One major activity this year has been collaboration with the Spray Fundamentals project
to investigate non-combusting and combusting sprays, comparing the characteristics of a
standard diesel fuel and diesel-ethanol blends.
The methods and preliminary results from that
investigation are described in the report of the
Spray Fundamentals project.
Another recent activity was an investigation of
stratified combustion in a single-cylinder gasoline engine, which was carried out in collaboration with the SGDI project. High-speed video
cameras have been used in various configurations to characterize fuel sprays and combustion.
The engine has optical access through pent-roof
windows in the cylinder head, the top of the
cylinder which is made of quartz, and a large
quartz window in the piston. Sprays have been
imaged either by illuminating the spray through
the piston and imaging the light scattered by the
fuel drops from the side, through pent-roof and
cylinder windows, or by illuminating from one
side of the cylinder and then obtaining a shadow
image from the other side of the cylinder. During
combustion the flame luminescence has been
imaged both from the side and the bottom of the
cylinder. Imaging has been carried out by detecting all the chemiluminescence, or by selecting
light in a limited wavelength range representing
emission from specific species. Furthermore, a
high-speed video camera (with intensifier) was
connected to a spectrograph to record emission
spectra from the combustion.

The light emitted through the piston window
was imaged onto the entrance slit of the spectrograph resulting in a camera image representing the spectral content of the light in one
dimension and the position along a line across
the cylinder in the other dimension, indicated
by the rectangle shown in Figure 33. Since a
high-speed video camera was used, the development of emission spectra during individual
cycles could be followed with high time resolution. Here frame rates of 12 000 s-1 were used,
but higher recording speeds have been used
previously [294]. Figure 34 shows a series of
example spectra collected from one cycle. For
each selected time the image on the camera
(pixel intensities) is shown together with one
or several spectra calculated as the intensity vs
wavelength for selected pixel rows, i.e. selected
areas of the cylinder.
The spectra in Figures 34a/f were recorded
during the spark. The spark was confined to
the center of the cylinder and the spectrum
is dominated by several strong CN emission
lines, with the strongest around 380 nm. When
the flame propagation starts, Figure 34b/g, the
emission spectrum has lines from several small
species, such as OH (~310 nm), CH (~430 nm),
C2 (~470 and ~520 nm) and a broad peak from
CO2 (~350-500 nm), and there is still some
CN from the spark present. A little later on,
Figure 34c/h, soot, characterized by a broad
continuous emission (black-body radiation),
has started to form in the center of the cylinder
(blue curve in Figure 34h). The outer parts of
the flame (red curve) have emission spectra
similar to those in Figure 34g with a strong CH
peak, which is typical for the flame propagation phase. When combustion has progressed
further, the light emission is completely dominated by soot luminescence, as can be seen in
Figure 34d/i, although the soot is not evenly
distributed throughout the cylinder. Later, the
soot luminescence decreases, both in intensity
and area, and towards the end of combustion
the soot luminescence has almost disappeared
except a few pockets in the outer parts of the
cylinder. The main luminescence in the central
part of the cylinder is generated by OH (around
310 nm) and CO2 (broad peak around 400 nm),
Figure 34e/j.
The sequence of spectral images presented
in Figure 34 provides a good description of
how combustion in the cylinder develops. The
strong CN luminescence indicates a fuel-rich
mixture around the spark. Then there is a
propagating flame front, although not symmetric due to the inhomogeneous fuel distribution. Shortly after that soot starts to form,
but almost all of it is oxidized well before the
end of combustion.

Figure 34. Emission spectra recorded in one cycle in the optical single cylinder engine. Panel a-e
show spectra with wavelength on the horizontal axis and different positions in the cylinder at the
vertical axis with the bottom (0 mm) corresponds to the lower end of the red rectangle of Figure
33, and the top (74 mm) the top of the rectangle. The light intensity is represented by a color scale
ranging from blue (low intensity) to red (high intensity). Panels f-j show spectra averaged over certain
ranges in panels a-e; f: 31-46 mm in panel a, g: 32-60 mm in panel b, h: blue line 27-50 mm and
red line 62-70 mm in panel c, i: 37-64 mm in panel d, j: blue line 41-48 mm and red line 1-9 mm
in panel e. The approximate timing in crank-angle degrees before/after top dead center (b/atdc)
for the recording of the spectra are a/f: 21 btdc, b/g: 16 btdc, c/h: 12 btdc, d/i: 8 btdc, e/j: 6 atdc.
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Conclusions and ongoing work

The experiments with the Spray Fundamentals
project in the spray chamber have included
relatively conventional spray and flame imaging, but with the range of techniques employed
important information on the development of
both non-combusting and combusting sprays
could be obtained. For the optical engine measurements, several video imaging techniques
were used, including the use of a spectrograph.

Figure 35. Wallenberg experimental setup.

This enabled capturing video sequences with
both species information and one-dimensional
spatial information with high time resolution.
The collaborations with the Spray Fundamentals
and SGDI projects are planned to continue. In
addition to the various types of high-speed
video imaging, planar laser-sheet imaging for
characterization of combustion species and fuel
distribution will be applied.

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
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)

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 is currently being
set up so that we can correlate 2 images to extract the velocity of the liquid-gas interface. Three
pulses will give 2 velocity images allowing us to extract the acceleration vectors. In addition,
software will provide statistics on surface curvature, void size distributions, surface wave amplitude vs. frequency and so forth.

To better understand primary breakup, we will partner with colleagues doing direct numerical
simulation (DNS) of breakup (Prof. H. Pitsch at U. Aachen in Germany, Prof. M. Hermann at
Arizona State U., and Prof. M. Trujillo at U. Wisconsin). We will purposely operate under conditions appropriate for DNS because it involves some assumptions and the ballistic images will help
confirm their appropriateness. We can then learn much more about breakup dynamics from DNS
than we can from ballistic imaging. We can then extrapolate that detailed level of understanding
to higher Reynolds numbers by use of ballistic imaging alone.
Droplet size distributions and velocities will be acquired using phase Doppler interferometry.
Overall images will be taken with planar imaging techniques, and vaporizing sprays can be
studied using combined elastic scattering /laser induced fluorescence or exciplex fluorescence
imaging techniques. The sprays will thus be characterized with a very high level of detail. The
experiments will begin with steady flows that isolate one primary breakup mechanism at a time
(e.g. turbulent breakup, shear, cavitation, etc.). Our computational collaborators help us design
the experiments before we begin, to make sure we are at least close to their needs. We will then
combine breakup mechanisms and then move to a transient jet.
The modeling program will be based on several recent developments by our collaborators.
Because interior flows are critical for the development of a breakup model, we will model those
using LES or URANS. For interior cavitation, we plan to adapt the dynamic models by Prof. D.
Arcoumanis and Prof. M. Gavaises at City College, London. 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 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.
*
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Various full spray models under development at Chalmers will be coupled to breakup models.
In addition, we will collaborate with Prof. Eva Gutheil at the U. Heidelberg on overall spray
breakup models.
This grant 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)

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.

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

Hercules C: Higher Efficiency, Reduced Emissions, Increased
Reliability and Lifetime, Engines for Ships, Work Package 2.2
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.

Principal investigator: M. Linne
Source of support: EU
Award period covered: 2011–2013
(3 years)
Senior/student supported: M. Linne,
Z. Falgout (PhD student)

The project includes 25 partners.

Figure 36. HERCULES injector tip in
spray chamber. This one has a metal
tip for pressure tests, but an optical
tip is also available.

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

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)

Advanced Spray Research

Summary
This grant supports a PhD student who applies ballistic imaging to sprays and further develops
the technique. Ballistic imaging is a technique that allows one to image larger structures buried
inside a dense could of small drops (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.

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.

Initial Breakup of Transient Fuel Sprays

A DNS Data Base for Modeling Turbulent Flames

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.

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.
This can have a huge effect on development of Diesel engine combustion models because under
supercritical conditions the fuel surface tension vanishes and there are no real drops to speak of.
Based on this work, we have been asked by Sandia National Labs Combustion Research Facility
to participate in an Energy Frontier Research Center proposal to start the Center for Multiphase
Dynamics of Complex Fuels.

Large-eddy Simulation of Spray Flames in Reciprocating Engines
Using Linear-eddy Sub-grid Modeling
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)

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.

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

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 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
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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.

Principal investigator: A. Lipatnikov
Source of support: Chalmers
E-science center
Award period covered: 2012–2013
(6 months)
Senior/student supported: A.
Lipatnikov

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
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.
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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)
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Principal investigator: J. Sjöblom
Source of support: Chalmers
Transport Area of Advance
Award period covered: 2011–2013
Senior/student supported: J.
Sjöblom

Capture Efficiency of Particulate Matter in Open Substrates

Direct Injection Biogas Engine

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
capture efficiency [295]. To assess this phenomenon, a conceptual model was developed to explain
the (size dependent) change in capture efficiency [296], see Figure 37.

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.

Figure 37. 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.

a)

b)

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 [297].

CORE – CO2 REduction for Long Distance Transport
Principal investigator: I. Denbratt
Source of support: EU
Award period covered: 2012–2016
Seniors/students supported: I.
Denbratt, A. Imren, and J. Sjöblom

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.

Figure 38. 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).

Figure 38 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 NOx 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.
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Principal investigator: I. Denbratt
Source of support: Swedish Energy
Agency (Energimyndigheten)
Award period covered: 2012–2014
Senior/student supported: I.
Denbratt, J. Zhiqin
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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.
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.
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.
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Figure 39. A natural gas injector in
the intake manifold to the heavy duty
single cylinder engine.

CERC – Annual Report 2013

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).
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 40); 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.
Figure 40. Experimental cylinder
pressure under normal diesel and
dual fuel operation for 1500 rpm
engine speed.

DME for Diesel Engines
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.

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.

Principal investigator: I. Denbratt
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

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.
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 42 shows that the DME flame
tends to be yellowish in colour and the emission spectrum (Figure 43) 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.

Figure 41. Experimental total heat
release traces under normal diesel
and dual fuel operation for 1500
rpm engine speed.

Figure 43. Emission spectrum from
a DME flame with interpretation to
some of the peaks.

As shown in the heat release figure (Figure 41), 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.
Ongoing work
Using the experimental data validates the Chalmers dual-fuel combustion model.
Figure 42. Simultaneously recorded images of a) visible light
and b) OH chemiluminescence from a DME flame. The sketch
shows nozzle tip position.
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Internal Combustion Engine for a Parallel Hybrid
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

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.

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 thanEuro 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.
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 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

Figure 44. 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.
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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, ie. 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 2013
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
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 combustion through the use of fully flexible valves, external EGR,
and lean homogeneous combustion. Figure 45 (next page) shows flame propagation during lean
homogeneous combustion.
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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
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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.

Figure 45. Flame propagation in an
optical DISI engine.

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.
Figure 48. Percentage deviation of
BSFC from simulations as compared
to experimental results.

NESS – New Enhanced Supercharging System
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

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 47 below shows an example
of fuel consumption as a function of
recovered exhaust energy.

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.

OPTIMORE – Optimised Modular Range Extender for Every Day Customer Usage
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.

Figure 46. Principal lay-out of the
NESS concept.

Principal investigator: I. Denbratt
Source of support: EU
Award period covered: 2012–2014
Senior/student supported: I.
Denbratt, D. Dahl, and D. Härensten

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

Figure 47. Total fuel energy as a function of recovered exhaust energy.
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Figure 49. BEV with Range Extender
at Chalmers Hybrid Test Rig.
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OTHEC – Optimal Transport of Heat from Exposed Components
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

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.

Figure 51. 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 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 51.
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 52. Building the
experimental test rig is in progress according to the plan.

Figure 50. 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.

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.

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.
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.

Waste Heat Recovery
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

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

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.
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Figure 52. Scheme with flow directions of the experimental setup.
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Principal investigator: I. Denbratt
Source of support: EU
Award period covered: 2010–2013
Seniors/student supported:
I. Denbratt, A. Imren, and V.
Golovitchev

CleanER-D – Clean European Rail-Diesel

LOEMEATS II1) and High-EGR Combustion System2)

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.

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 [298, 299].

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

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.

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)

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.
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 2014.

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 53. Influence of post injection
strategy on the spatial distribution
of temperatures Pilot+Main+Postinjection applications.

Figure 55. Left: Curved wall experimental setup. Right: Split image
processing of OH and Soot radiation
pixel intensities. Below: Tracking of
turbulent soot leading edge. (From experiments in Chalmers high pressure/
high temperature spray rig 2013).

Figure 54. Evolution of the soot
mass load of the DPF monoliths over
multiple driving cycles for a 560 kW
DMU railcar.
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Human resources
During 2013 eight Ph.D. students and eleven 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 2013 include:

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

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

Ph.D students
Chengjun Du				Applied Mechanics/Div. of Combustion
Markus Grahn			 Volvo Car Corporation
Chen Huang				Applied Mechanics/Div. of Combustion
Anders Johansson		 Applied Mechanics/Div. of Combustion
Tim Lackmann			 Applied Mechanics/Div. of Combustion
Anne Kösters				Applied Mechanics/Div. of Combustion
Mikael Thor				 Signal and Systems
Junfeng Yang				 Applied Mechanics/Div. of Combustion

Research Engineers and Technicians
Michael Oevermann
Professor
Applied Mechanics/Div. of Combustion

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

Bo Egardt
Professor
Signals and Systems

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

Tomas McKelvey
Professor
Signals and Systems

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

Savo Girja							Ph.D. 		Applied Mechanics/Div. of Combustion
Alf Magnusson					Ph.D. 		Applied Mechanics/Div. of Combustion
Eugenio De Benito Sienes		 Eng. 			 Applied Mechanics/Div. of Combustion
Daniel Härensten				 Eng.			 Applied Mechanics/Div. of Combustion
Anders Mattsson				Eng.			Applied Mechanics/Div. of Combustion
Patrik Wåhlin						Eng.			Applied Mechanics/Div. of Combustion
Morgan Svensson 				 Techn. 		 Applied Mechanics/Div. of Combustion
Jan Möller							 Techn.		 Applied Mechanics
Göran Stigler 					Techn.		Applied Mechanics
A number of representatives from the member industries are also indirectly involved in CERC
activities working with the project leader as part of expert groups within each project.

Management of CERC

CERC is an independent unit with its own budget and accounting, within the Department of Applied Mechanics
at Chalmers University of Technology. CERC’s activities are governed by a program advisory board appointed by
the President of Chalmers in consultation with the member companies. As the head of CERC, the director Mark
Linne has had the overall responsibility for coordination within the center. The board consists of the chairman,
one academic member and three representatives from the member companies.

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

Ingemar Andersson
Asst. Prof.
Signals and Systems

Tommy Björkqvist
Chairman of the Board for the Swedish Internal Combustion Engine Consortium (SICEC), including: CERC at
Chalmers University of Technology, KCFP at the University of Lund, and CCGEx at the Royal Institute of Technology
Lucien Koopmans
Volvo Car Corporation AB
Per Lange
Scania CV AB

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

Anders Karlsson
Adj. Prof.
Volvo ART

Johan Wallesten
Volvo Group Truck Technologies
Anna DuBois
Chalmers University of Technology
In addition, Anders Johansson from the Swedish Energy Agency takes part in all discussions. In the next period
he will be a full voting member. Research at CERC is pursued as described in this annual report within reference
groups, and project results are presented directly to the CERC board.
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Finances during the period 2010 – 2013
For the period 2010-2013 the budget following the agreement between the three parties STEM/
Industry/Chalmers, given in Table 1, was established.

200

In the summary of the budget some of the revenues from the participating companies are "efforts
in kind”.

Equipment and supplies

288

Travels

259

Table 2 shows actual input of cash respectively “efforts in kind” for the participating companies
during the year 2013.

Miscellaneous; IT, premises, overhead

Table 4 shows a summary of the project expenses for the year 2013.
2010

2011

2012

2013

TOTAL

STEM

7 000

7 000

7 000

7 000

28 000

TOTAL

Project

858

Spray-guided gasoline direct injection

942

1 200

1 200

1 200

4 800

1 200

1 200

1 200

4 800

Volvo Powertrain AB

1 200

1 200

1 200

1 200

4 800

Injection strategies for diesel engines

Volvo Car Corporation AB

1 200

1 200

1 200

1 200

4 800

LDD engine combustion

180

180

180

180

720

Advanced laser-based methods

1 410

1 410

1 410

1 410

5 640

Combustion models for Bio fuel

160

160

160

160

640

Hoerbiger Control Systems AB

150

150

150

150

600

Lantmännen Aspen Petroleum AB

300

300

300

300

1 200

TOTAL
*		
**		
***

400

400

400

400

1 600

7 100

7 100

7 100

7 100

28 400

21 500

21 500

21 500

21 500

86 000

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

Revenues
STEM
SAAB Powertrain AB
Scania CV AB
Volvo GTT
Volvo Car Corporation AB
Statoil A.S.
ABB AB
AB Volvo Penta
Hoerbiger Control Systems AB
Lantmännen Aspen Petroleum AB

Total

Cash

In-kind

7 000

7 000

0

0

0

0

1 000

600

400 *

839

600

239 **

1 200

600

600 ***

120

120

0

0

0

0

100

100

0

50

50

0

0

0

0

Honda Research

0

0

Reaction Design

500

0

7 093

1 500

Chalmers Univ. of Technology
Transfer from previous year

Salaries Lab cost Equipm.

Modeling of spray formation, ignition and
combustion in internal combustion engines

1 200

Honda Research **

3 507

Chalmers

1 200

Chalmers Univ. of Technology

13 234

Transfer to next year

SAAB Powertrain AB *

AB Volvo Penta

9 727

Contribution from members

Scania CV AB

ABB AB ***

3 447

Table 3. Expenses at Chalmers 2013 (KSEK).

Revenues

Statoil A.S.

Table 2. Actual contributions from
members 2013 KSEK).

5 533

Lab costs

In Table 3, the cost of activities at Chalmers during 2013 are given, distributed by cost categories.

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

Salaries

100

572

In-kind

Travels

Misc.

Total

Cash Budget Chalmers

413

1 271

1 271

900

Industry

Total

101

500

1 872

22

3 961

141

69

561

1 813

1 813

1 967

2 126

58

21

303

954

954

800

382

1 336

LEM for LTC

729

34

25

344

1 132

1 132

1 112

101

9

1 242

Modeling DISI engines

519

12

25

249

805

805

1 120

101

9

915

Spray turbulence interaction

568

11

275

854

854

1 090

101

211

1 166

4

633

1 500

1 500

1 345

1 081

409

2 990

145

39

134

318

318

400

675

578

1 571

480

65

535

1 080

1 080

1 300

101

Aspen Fuel
Nanoparticles II
Spray Fundamentals

720

100

43

Altenative fuels
Diesel Engine Optimization
LDD engine control
Administration
Common project costs
TOTAL

1 181

824
5 533

200

288

259

3 447

9 727

9 727

10 034

5 593

824
1 739

17 059

Table 4. Summary of project expenses 2013 (KSEK).

0
500 ****
5 593

2 664

2 664

TOTAL

20 566

13 234

7 332

BUDGET

21 500

11 960

9 540

Comments on in-kind distributions:
*		 Equipment for projects and consultations
**
Industrial PhD student and consultations
*** Industrial PhD student, equipment for projects and consultations
**** Software licenses
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CERC Publications and Presentations 2008 – 2013
2008
1. Larsson, S., and Andersson, I., “Self-

optimizing control of an SI-engine using a
torque sensor”, Control Engineering Practice,
vol. 16, issue 5, 505-514, 2008.

2. Lipatnikov, A., and Sabal’nikov, V.A., “Some

Basic Issues of the Averaged G-Equation
Approach to Premixed Turbulent Combustion
Modeling”, The Open Thermodynamics
Journal, 2, 53-58, 2008.

3. Lipatnikov, A.,”Conditionally averaged

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

4. Lipatnikov, A., ”Can We Characterize

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

5. Ochoterena, R., and Andersson, S.,

“Time and Spatially Resolved Temperature
Measurements of a Combusting Diesel Spray
Impinging on a Wall”, SAE Paper no. 2008-011608, 2008.

6. Dahlander, P., and Lindgren, R., “Multi-

hole Injectors for DISI engines: Nozzle Hole
Configuration Influence on Spray Formation”,
Paper no. SAE 2008-01-0136, 2008.

7. Berntsson, A.W., Andersson, M., Dahl, D.

and Denbratt, I., “A LIF-study of OH in the
Negative Valve Overlap of a Spark-assisted
HCCI Combustion Engine”, SAE Paper no.
2008-01-0037, 2008.

8. Ochoterena, R.L., Larsson, M., Andersson,

S., and Denbratt, I., “Optical studies of spray
development and combustion characterization
of oxygenated and Fischer-Tropsch fuels”, SAE
Paper no. 2008-01-1393, 2008.

9. Bergman, M., Fredriksson, J., and

Golovitchev, V.I., “CFD-Based Optimization of
a Diesel-fueled Free Piston Engine Prototype
for Conventional and HCCI combustion,” SAE
Paper 2008-01-2423, 2008.

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

“Modification of a Diesel Oil Surrogate Model
for 3D CFD Simulation of Conventional and
HCCI Combustion” SAE Paper no. 2008-012410, 2008.
13. Andersson, I, McKelvey, T., and Thor, M.,
“Evaluation of a closed loop spark advance
controller based on a torque sensor”, SAE
Paper no. 2008-01-0987, 2008.
14. Helmantel, A., “Reduction of NOx Emissions

from a Light Duty DI Diesel in Medium Load
Conditions with High EGR Rates”, SAE Paper
no. 2008-01-0643, 2008.

15. Ehleskog, R., and Ochoterena, R.L., “Soot
evolution in multiple injection Diesel sprays,
SAE Paper no. 2008-01-2470, 2008.
16. Salsing, H., and Denbratt, I., ”Performance
of a Heavy Duty DME Engine – the Influence of
Methanol and Water in the Fuel”, SAE Paper
no. 2008-01-1391, 2008.
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17. Golovitchev, V.I., and Rinaldini, C.A.,
“Development and Application of Gasoline/
EtOH Combustion Mechanism: Modeling of
Direct Injection Ethanol Boosted Gasoline
Engine,” COMODIA Paper S12-C, 2008.

31. 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.

18. Dahlander, P., Gutkowski and Denbratt, I.
“Visualization of fuel sprays for stratified cold
starts in gasoline direct injection engines”,
ILASS Europe 2008, 21st Annual Conference
on Liquid Atomization and Spray Systems,
2008.

32. Thor, M., Andersson, I., and McKelvey, T.,
“Parameterized diesel engine heat release
modeling for combustion phasing analysis”,
SAE Paper no. 2009-01-0368, 2009.

19. Kärrholm Peng, F. and Tao, F., ”On
Performance of Advection Schemes in the
Prediction of Diesel Spray and Fuel Vapour
Distributions”, ILASS Europe 2008, 21st
Annual Conference on Liquid Atomization and
Spray Systems, 2008.
20. Andersson, M., Hemdal, S., and

Ochoterena, R.L., “Temperature
measurements using exciplex fluorescence
with TMPD and methylnaphthalene as
tracers”, ILASS Europe 2008, 21st Annual
Conference on Liquid Atomization and Spray
Systems, 2008.
21. Milani, M., Montorsi, L. and Golovitchev,
V.I., “Combined Hydrogen Heat Steam and
Power Generation System,” Proceedings of
the 16th International Conference of the
ISTVS, 2008.

2009
22. Lipatnikov, A.,”Can we characterize
turbulence in premixed flames?”, Combustion
and Flame, 156, 1242-1247, 2009.
23. Andersson I., and Eriksson, L.,”A
parametric model for ionization current in a
four stroke SI engine”, Journal of Dynamic
Systems, Measurement and Control,
131(2):1-11, 2009.
24. 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.
25. 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.
26. Berrocal, E., Sedarsky, D. L., Paciaroni, M.

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.
27. Linne, M., Paciaroni, M., Berrocal, E., and
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.
28. Nogenmyr, K., Bai, X.S., Fureby, C.,
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.
29. 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.
30. 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.

33. 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.
34. 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.
35. 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.
36. Hemdal, S., Wärnberg, J., Denbratt, I., and
Dahlander, P., “Stratified Cold Start Sprays
of Gasoline-Ethanol Blends”, SAE Paper no.
2009-01-1496, 2009.
37. 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.
38. 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.
39. 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.
40. 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.
41. 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.
42. 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.
43. 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.
44. 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.
45. 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.

46. Lipatnikov, A.,”Simulations of Scalar
Transport in Developing Turbulent Flames
Solving a Conditioned Balance Equation”, Sixth
Mediterranean Combustion Symposium, 2009.
47. 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.
48. 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
49. 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.
50. Golovitchev, V., Kärrholm Peng, F.,
“Ignition: New Application to combustion
Studies”, Handbook of Combustion Vol.1:
Fundamentals and Safety, 85-106, 2010.
51. 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.
52. 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.
53. Lipatnikov, A., “Simulations of scalar
transport in developing turbulent flames
solving a conditioned balance equation”,
Combustion Science and Technology, 182,
405-421, 2010.
54. 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.
55. 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.

56. 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.
57. 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.
58. Sedarsky, D., Berrocal, E., Linne, M.,
“Numerical analysis of ballistic imaging for
revealing liquid breakup in dense sprays”,
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CERC
The Combustion Engine Research Center (CERC)
is a Swedish public/private Competence Center
funded by the Swedish Energy Agency, Chalmers
University, and industry in roughly equal parts.The
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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