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General Background

Chalmers’ Center of Excellence in internal combustion engines, called the
Combustion Engine Research Center (CERC), was formally established
on November 1, 1995 and inaugurated on March 26, 1996. At that time,
the Center was based on an agreement between the Swedish Board for
Technical and Industrial Development (NUTEK), Chalmers, and a group
of five Swedish companies. The agreement defined each party’s responsibilities with respect to financial commitments, scientific goals and use of
research results. In 1997 the governmental coordination responsibilities
were transferred to the Swedish National Energy Administration, which
later changed its name to the Swedish Energy Agency (Energimyndigheten).
The initial 10-year commitment ended at the close of 2005.
The Swedish Energy Agency and the industrial partners made early commitments to continue supporting CERC beyond the initial 10-year period.
The formal application for continuation was thus approved for a new fouryear phase (2006 - 2009), which could be extended for another four years
subject to satisfactory international evaluation in 2009. CERC received a
very positive review and a decision to continue to support the center was
made (4+4 years). 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 the Swedish Energy Agency which was
approved. After a new evaluation in 2016, once again with very positive
reviews, a new four-year period was granted on September 22, 2017 starting January 1, 2018 and extending until December 31, 2021, the financial
framework is increased from earlier 96 million SEK to 120 million SEK
During 2018, the following companies were members of the Center:
• Scania CV AB
• Volvo Car Corporation AB
• Volvo Powertrain AB
• Winterthur Gas and Diesel
• Loge
• Delphi
• Convergent Science GmbH
• Neste
• Johnson Matthey
• Wärtsilä
The program advisory board consists of the chairman (a voting member),
two voting members from the academic community, six voting members
from participating companies (Scania, Volvo Car, and Volvo Powertrain),
and a two voting members from the Swedish Energy Agency. The board
chairmanship has been held by Sören Udd, who served as a common
board chair for the three engine-related centers of competence in Sweden
(CERC, CCGEx at the Royal Institute of Technology in Stockholm, and
KCFP at the University of Lund). The three centers together are called
the Swedish Internal Combustion Engine Consortium (SICEC), and Sören
Udd has been the director of SICEC.

Table of Contents
2		 General Background
3		 Preface
4		 CERC Strategy and Organization
12		 Optical Methods for Spray and Combustion
Diagnostics
16		 Dual-Fuel Reactivity Controlled
Compression Ignition (RCCI) Combustion
19		 Multi-Component Spray-Turbulence
Interaction
23		 Modeling Lean Turbulent Burning in Spark
Ignition Engines
31		 The Representative Interactive Linear-Eddy
Model (RILEM)
35		 Soot Formation in Homogeneously Charged
Spark Ignition (SI) Engines
42		 Marine Engine Fuel Injection
45		 Heat Transfer Reduction in Internal
Combustion Engines
51		 Accurate Conjugated Heat Transfer
Prediction of an Impinging Flame
54		 Emission-Aware Energy Management of
Hybrid Vehicles
56		 Waste Heat Recovery – Phase II
58		 Future Alternative Transportation Fuels
61		 Associated Projects
83		 Human resources
85		 Finances during the period 2018–2021
87		 CERC Publications and Presentations
2009–2018
96		 References (cited in this report)

The cover

Distribution of OH, fuel and soot in a reacting Diesel
spray, from simultaneously captured OH PLIF (green)
and soot line-of-sight extinction (red) images overlayed
on each other. The nozzle of the fuel injector is located
at the bottom of the image. In the lower third of the
spray, where ignition has not occurred, the green color
represents fluorescence from aromatic fuel molecules.
In the upper two-thirds, i.e. the flame, the green color
represents OH and the red color soot. Areas within the
white line shows where fluorescence from other species
than OH is present. For more information see C. Du and
M. Andersson, SAE 2018-01-1690.
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Preface
CERC has just completed the first year of the 4-year program period lasting between 2018 and 2021.
During 2018 there were just one PhD defense by CERC students, Zhiqin Jia defended her thesis
“Dual-Fuel Combustion in a Heavy-Duty Engine” on March 23, and opponent was Dr. Bianca
Maria Vaglieco, Istituti Motori, Italy.
The annual CERC Seminar was held on May 29-30, new for this year was that the seminar was
extended to one and a half days and the meeting of CERC’s International Scientific Advisory
Board (ISAB) was held on the afternoon May 30th. CERC’s ISAB includes Prof. André Boehman
from the Department of Mechanical Engineering at the University of Michigan, Department of
Mechanical Engineering and Director of W.E. Lay Automotive Laboratory and Prof. Christian
Hasse University of Darmstadt, Department of Simulation of reactive Thermo-Fluid Systems.
Based on participation in the seminar, published paper and the 2017 annual report and also the
response given on last year’s suggestions from ISAB, the ISAB members gave their opinions and
suggestions for improvement to the program board. In summary their opinions were positive,
and they gave good suggestions for further enhancing CERC activities.

Ingemar Denbratt, Director,
Combustion Engine Research Center

CERC continued to collaborate fruitfully with its partners in the Swedish Internal Combustion
Engine Consortium (SICEC): the other two Swedish competence centers engaged in research
on combustion engines (CCGEx, based at the Royal Institute of Technology in Stockholm, and
KCFP, based at the University of Lund) and industrial associates. A strategy and coordination
group (SoS, based on the Swedish name) with representatives of these organizations meets 3 - 4
times per year in face-to-face meetings, and via the web at other times, to coordinate the three
centers’ research and organize efforts to secure new funding and new industrial members.
The three centers had a nearly-common program advisory board within SICEC, with a common
chair (Sören Udd). The 2018 CERC board has been made up of the following voting members:
Sören Udd						SICEC Chair
Carolin Wang-Hansen		 Volvo Car Corporation
Håkan Persson				 Volvo Car Corporation
Eva Iverfeldt					Scania CV
Per Stålhammar				Scania CV
Malin Ehleskog				AB Volvo
Johan Wallesten				AB Volvo
Sofia Andersson				 Energimyndigheten
Anders Johansson			Energimyndigheten
Maria Grahn					 Chalmers (with Karin Munch, Chalmers, deputizing)
Tomas McKelvey			 Chalmers
The industrial members of the board represent companies that provide substantial support (e.g.
at least 500 000 SEK per year in cash plus in-kind up to a total of 1 700 000 SEK). The program
manager from the Swedish Energy Agency is Anders Johansson.
In 2018 eleven PhD students and eleven senior researchers were involved in thirteen projects
(including Waste Heat Recovery and Future Fuels for Transport). Two new PhD students took
up their positions in new projects during 2018.
We thank our industrial partners and the Swedish Energy Agency, who have been highly supportive and actively engaged in the Center’s activities throughout 2018.
Ingemar Denbratt
Director, Combustion Engine Research Center
denbratt@chalmers.se
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CERC Strategy and Organization
Vision and Mission
CERC’s Vision
CERC’s vision is to generate knowledge and methods the automotive industry needs to develop
highly efficient, ultra-clean internal combustion engines and exhaust aftertreatment systems that
utilize renewable/fossil-free fuels and meet requirements of modern electrified powertrains, thereby
contributing to sustainable powertrain technology, through high-quality research and education.
CERC’s Mission
• To conduct groundbreaking engine and fuel-related research with a focus on turbulent combustion of transient sprays, engine efficiency and emissions.
• To couple experiments and simulations with the goal of developing successively more predictive engine models.
• To educate top-level engineers and scientists capable of securing rapid technological development for the 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
Transportation plays crucial roles in society because it is essential for mobility, food production and distribution, as well as the manufacture and delivery of diverse goods. Currently, the
energy needed for road transport comes almost exclusively from crude oil. Consequently, transport accounts for 20-25% of total greenhouse gas (GHG) emissions in industrialized countries.
Moreover, the demand for transport is expected to increase, necessitating remedial action to avoid
rises in the sector’s absolute and proportional contributions to GHG emissions.

The growing demand for transport, the finite nature of fossil energy resources and the expected
climate change driven by GHG emissions are widely recognized as major, tightly linked challenges facing modern societies. Thus, there is an urgent need for more efficient vehicle propulsion
systems and a transition to renewable fuels to power them.
The Paris Agreement of December 2015 states, in briefly, that:
• The long-term objective is to limit the increase in global average temperatures to no more
than 2°C above pre-industrial levels.
• We should strive to limit the temperature increase to 1.5°C as this would significantly reduce
the risks and consequences of climate change.
• Global emissions should be limited so that the peak is reached as soon as possible (this will
take more time for developing countries).
• Rapid reductions need to be implemented thereafter in accordance with the best available
scientific evidence
The UN Climate Change Conference in Katowice in December 2018 (COP24) resulted in a longterm framework for regulating member countries’ planning, communication, implementation,
reporting and follow-up of efforts to meet commitments under the Paris Agreement.
The European Commission has published a roadmap for lowering carbon dioxide emissions:
• In 2050, the EU should have reduced GHG emissions by 80% compared to 1990 levels.
• Milestones for achieving this goal are 40% emission reduction by 2030 and 60% by 2040.
• Contributions must be made in all sectors of the economy.
The transport sector is expected to contribute with a 60% reduction by 2050 relative to 1990
emission levels.
In addition, in November 2018 the European Parliament approved an agreement reached with the
European Council in the previous June to increase overall energy efficiency in the EU by 32.5%
by 2030. For the transportation sector, the European Council decided in October 2018 that new
cars’ average distance-specific CO2 emissions should be reduced by 35% by 2030, compared
with 2021 levels, which were set at 95 grams per kilometer, with an intermediate step of a 15%
reduction by 2025. The CO2 reduction effort will be distributed among manufacturers based on
the average mass of their vehicle fleet.
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In December, the European Council also endorsed a legislative proposal of the European
Commission to set the first ever CO2 emission standards for heavy-duty vehicles in the EU,
including targets to reduce average CO2 emissions from new trucks, relative to 2019 levels, by
at least 15% by 2025 and 30% by 2030 (the latter an indicative target, subject to review in 2022).
However, both the light-duty and heavy-duty regulations must be negotiated with and ratified
by the European Parliament.’
For passenger cars there will be an incentive mechanism for zero- and low-emission vehicles, such
as fully electric cars or plug-in hybrid vehicles (emitting less than 50 g/km CO2). Manufacturers
achieving a share of zero- and low-emission vehicles higher than proposed levels of 15% in 2025
and 35% in 2030, will be rewarded in the form of a less strict CO2 target. If a manufacturer
exceeds its specific emissions target, the Commission will issue a penalty of 95 EUR per g CO2/
km of exceedance for each newly registered vehicle it produces that year.
There will also be an incentive system for heavy duty vehicles, called super-credits, whereby
zero- and low-emission vehicles will be counted as more than one vehicle when calculating the
specific emissions of a truck manufacturer. For manufacturers failing to comply with the CO2
targets there will also probably be financial penalties.
On 14 June 2018 the European Commission, Parliament and Council reached an agreement concerning a binding renewable energy target for the EU for 2030 of 32% (up from 20% in 2020), with
a possible upwards revision in 2023. A minimum share of at least 14% of the fuel for transport
purposes must come from renewable sources by 2030 (up from 10% in 2020). The agreement
also agreed proposals regarding the renewable fuels that should be included:
• first-generation bio-fuels, based on food crops, must be held at 2020 levels (with an extra 1%)
and in no case exceed 7% of final consumption of road and rail transport.
• the share of advanced bio-fuels and bio-gas must be at least 1% by 2025 and 3.5% by 2030.
Alternative fuels must reduce GHG emissions by at least 70% to qualify. These regulations were
approved by the European Parliament in November 2018.
The transport and energy industry has long desired implementation of a so-called Carbon
Correction Factor (CCF), i.e. well-to-wheel analysis of GHG emissions rather than measurement
of tailpipe emissions, to account for the net reductions obtained when using renewable fuels.
However, the EU has been indifferent to this proposal so far, for several reasons.
Exhaust emissions from vehicles cause major problems, especially in larger cities, and new legislation in this area is expected to impact future development. Notably, environmental zones in
which use of vehicles with Diesel-powered internal combustion engines is restricted have been
established in some cities, and they will probably be introduced elsewhere.
It is hard to believe that the first emissions legislation in Europe was only introduced 27 years
ago (Euro 1/I, in 1992). Since then, of course, it has become progressively stricter and more
elaborate. Following implementation of ‘Real Driving Emissions’ (RDE) requirements, tests
must last 90-120 minutes and include urban, extra urban and highway driving segments (each
covering at least 16 km). Requirements also include new ‘compliance factors’ (CFs), stipulating
that NOx levels must not exceed 2.1 times those recorded in the Worldwide harmonized Light
vehicles Test Procedure (WLTP, which involves testing at higher loads) from 2017 and 1.5 times
that level from 2020 (for new vehicles). A similar CF, of 1.5, has also been set for Particle Number.
In the future, more stringent emission requirements (Euro 7/VII) are anticipated. There is not
yet a confirmed date for their introduction, or even a commitment to do so, but it is expected to
happen sometime between 2020 and 2025.
In the USA, the Environmental Protection Agency (EPA) and California Air Resources Board
(CARB) are planning new and significantly lower NOx limits, starting from 2024 (0.02 g/bhp-hr
for Heavy Duty vehicles, approximately a tenth of today’s limits). In addition, Phase 2 of the CO2
standard should begin to take effect by 2021 (to achieve 15-27% reduction of CO2 emissions by
2027 compared to 2017). For light duty vehicles, Tier 3 regulations are now in effect, which aim
to reduce ‘fleet average’ NMOG + NOx emissions from 86 mg/mi in 2017 to 30 mg/mi in 2025,
and similar reductions in CO2 emissions are being gradually phased in, including a target of 143
g CO2/mi (equivalent to 89 g/km) by 2025. California is also discussing LEV IV regulations,
which in addition to a target of 30 mg/mi NMOG + NOx (SULEV) would include a 5% reduction
in CO2 emissions per year after 2025.
5
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All predictions indicate that combustion engines will remain major elements in the powertrain
mix until at least 2030, powering 50 to 90% of new vehicles. Improvements in efficiency and
use of renewable fuels are likely to be the principal sources of reductions in GHG emissions by
2030, but electrification is expected to become increasingly important over time.
There is large potential to reduce fuel consumption in vehicles with internal combustion engines
using relatively cost-effective technological approaches. Examples include reduction or modification of swept volume, variable compression, cylinder-deactivation, electro-assisted turbocharging and combustion modes designed to work in conjunction with electrification and waste heat
recovery. Rapid adoption of renewable fuels is especially critical for reduction of GHG emissions.
However, the supply and availability of various biofuels will vary from region to region, and in
the short term it is important to ensure that renewable fuels are compatible with existing engines
and can be reliably mixed with fossil fuels to enable gradual transition to 100% renewables. The
importance of biogas as a fuel is likely to increase in the future.
Combining low exhaust emissions (‘zero emissions’) and high efficiency is a considerable challenge, particularly for Diesel engines powering small vehicles. Otto cycle (spark-ignited, SI)
engines have higher potential for improvement than Diesel engines and Toyota have already
demonstrated that they can provide up to 45% efficiency in homogeneous lean combustion
mode, with a long stroke and high compression. Work at Chalmers has demonstrated that 41%
efficiency is possible without friction-reduction measures. Mazda plans to begin production of
a HCCI-type (SPCCI: Spark Plug Controlled Compression Ignition) engine in 2019, with a goal
to attain more than 50% efficiency. Potential to increase thermal efficiency to more than 50%
has also been shown in the Japanese ‘Innovative Combustion Technology’ (lean burn) program.
However, for heavy-duty applications, there is currently no viable alternative to the Diesel engine.
Internal combustion engines used in combination with electrification (HEV, PHEV and BEV with
range extender) need to be optimized for each specific application. The difference in requirements
for existing internal combustion engines and those suitable in an electrified powertrain can be
significant. Finding ways to couple internal combustion engines to the rest of the powertrain and
optimize the systems, in terms of efficiency and costs, is a major challenge.
Regardless of the energy converter, it is important to ensure that targets are consistent with both
technological feasibility and financial viability.
CERC’s long-term goals are to:
• strongly contribute to the development of a sustainable transport system.
• maintain its position as an internationally recognized competence center in combustion with
leading research groups in spray diagnostics, combustion in SI and compression-ignited (CI)
engines, and other applications.
• become a leader of research on alternative and renewable fuels for internal combustion engines.
• develop control and powertrain concepts for hybrid vehicles and electrified vehicles (HEV
and PHEV), often in collaboration with others, e.g., the National Fossil Free Fuels (f3) center,
Swedish Electro-mobility Centre (SEC) and Centre for Catalysis (KCK).
An overview of how CERC’s overall targets on energy efficiency, fossil-free combustion, and
zero emissions relate to the Center’s technology and research areas is presented in Figure 1.
Work is being conducted both at a system level and through more detailed analysis, including
development of required research tools and experimental methods. The dashed boxes in the figure
indicate technologies that lie outside of CERC’s focus areas but are crucial for system studies.
Generally, CERC’s activities cover technology readiness levels (TRLs) 2 to 5.
The key objective of CERC is to conduct high quality research on new fuels and ways to reduce fuel
consumption and minimize exhaust emissions, thereby contributing to efforts to meet the national
and international goals outlined above. This requires application of several strategies. Increasing
engine efficiency is clearly essential, but developing alternative and renewable fuels, and efficient
combustion systems for them, is also increasingly important. As hybrid vehicles are also expected
to become increasingly important, CERC will continue to engage in research on hybrid powertrains in collaboration with the KCK and SEC, exploiting the hybrid test facilities at Chalmers.
Internal combustion engine research requires high levels of expertise in a range of disciplines,
including advanced experimental methods, modeling of mechanical and thermodynamic systems,
feedback and control engineering, catalysis and chemistry. Hence, an integrated approach that
promotes synergistic engagement of multidisciplinary expertise is essential.
CERC – Annual Report 2018
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Figure 1. CERC’s technology and
research areas.

CERC has high competence in seven main fields (combustion, sprays, fuels, modeling, diagnostics,
electric powertrains and control), which are harnessed in various combinations in research efforts
in the following six areas (Figure 2):
1. SI engines (spark-ignited combustion applications).
2. CI engines (compression-ignited combustion applications).
3. Hybrid powertrains, control and vehicle system modeling (1D and 0D).
4. Development of models for spray breakup and dynamics, and combustion modeling (detailed 3D).
5. Spray characterization, visualization and optical diagnostics.
6. Renewable and alternative fuel research.
Several ongoing projects are supported within each research area. For each of these six research
areas, a working group has been formed consisting of representatives from the interested CERC
partners. These groups meet roughly three times per year for in-depth discussions about research
results and plans for the next phase. The working groups play a key role in developing CERC’s project
portfolio by initiating, discussing and recommending projects before they are finally submitted to
the Board for approval.
Current CERC projects are listed below:

7

Figure 2. Organisation of CERC’s
research efforts.
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The left side of Figure 2 shows the seven competences that provide foundations for CERC’s
research efforts. This expertise is harnessed to drive innovation within the six working groups,
represented by the colored blocks near the top of the figure. Individual projects are listed in the
table, with coloring in the second column indicating the main working groups associated with
work in each project.
CERC’s research in the areas covered by each working group is summarized below.

SI-Engines

The proportion of SI engines is predicted to grow strongly during the next 10-15 years. This is
partly because Diesel engines are being prohibited in passenger cars in increasing numbers of
countries, including China and Brazil, and partly because SI engines’ fuel conversion efficiency
is incrementally improving to almost Diesel-like values. A major goal is to achieve a 25-50%
improvement in fuel consumption by 2030 compared with contemporary naturally aspirated
engines using port fuel-injection.
Today, most SI engines benefit from downsized designs, turbocharging and direct-injection. In
the near future, they are likely to also incorporate cylinder-deactivation, variable compression
ratio and e-boost systems, there is also some interest in lean-burn engines. Most engines today
are operated at stoichiometric conditions with relatively low compression ratios and use cheap,
effective 3-way catalysts to control emissions. Downsizing has enabled improvements in efficiency
at lower loads and simultaneously gains in engine performance. The pursuit of higher efficiency
makes it desirable to further increase both boost pressure and compression ratio. However, an
increasing limitation/problem is LSPI (Low Speed Pre-Ignition), which leads to high levels of
knock and potential engine damage. LSPI is not a singular event but rather a sequence of events
such as preignition, end gas autoignition, and superknock. Several factors have been proposed to
influence LSPI: fuel (sensitivity), oil droplets, hot deposits, and aging of both the engine and oil.
LSPI is not restricted to low engine speeds but can occur also at relatively high engine speeds.
LSPI and other relevant phenomena have been explored in the lab in numerous published studies, but a general impression is that there is limited correlation between lab and real world data.
Another important consideration is that in Europe RDE requirements necessitate full load stoichiometric operation, which can be enabled by measures such as cooled exhaust gas recirculation
(EGR) or water injection.
Efficient new powertrains in the form of series/parallel hybrids and mild hybrids with varying
degrees of hybridization offer new opportunities for automotive design. However, it is important
to consider optimal designs for SI engines to minimize CO2 emissions when integrated in a hybrid
drivetrain. For new hybrid designs, it is doubtful that Diesel engines will be the primary energy
conversion devices for small and medium-sized vehicles, mainly due to costs. Therefore, new SI
engines need to be developed, focusing on efficiency, real exhaust emissions (including emissions
in normal driving, cold starts and through evaporation), performance with renewable fuels, cost
and weight. Hybrid applications place particular demands on the internal combustion engine but
also provide new opportunities. For instance, hybrids require the engine to be smaller and more
efficient but enable optimization over a narrower operating range, especially at higher loads/rpm.
System optimization is also important to maximize total efficiency both in actual driving and
current test cycles. An important problem in direct injection internal combustion engines is the
process of particle formation and resulting particle emissions. The nature of soot formation in
engines under homogeneous stoichiometric conditions is relatively well known for regulated
particle sizes (23 nm and larger), but the dominant mechanisms in transient and cold conditions
are much less well understood and in most case have not yet been fully quantified. Combustion
strategies that involve ‘diluted’ combustion by mixing air or EGR are expected to significantly
alter the physical mechanisms driving the formation of nanoparticles. This is a crucial concern,
as future legislation will impose restrictions on particles down to 10 nm.
Particle formation and oxidation are affected by fuel injection and mixing in the cylinder, which
are very complex processes. Whereas current applications rely almost exclusively on multi-hole
injectors and fuel pressures up to 350 bar, newer designs are increasingly moving to even higher
pressures. Particulate matter dynamics can also be affected by fuel composition. There seems
to be a trend in industry to combine direct and port fuel injection (GDI+PFI). For SI engines
cold start emission control is critical. Clearly, it is essential to consider (and anticipate as far as
possible) all such trends and factors in SI engine research efforts.
The main objective of CERC’s activity in this area is to assess future potential combustion
systems with respect to efficiency improvements, abnormal combustion (knock), compatibility
CERC – Annual Report 2018
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with alternative fuels and potential for reducing exhaust emissions, including particulate matter.
Research will combine experiments (in engines and spray chambers) with numerical simulations
so that, in combination with electrification, the mandated consumption and emission limits can
be reached by 2030.

CI-Engines

In a future where the USA and EU are expected to lead developments in the transport sector, the
limits placed on vehicle emissions are set to become increasingly stringent. In the EU, Diesel
(compression ignition, CI) vehicles are responsible for about 80% of the NOx emissions from
transport, and accounted for about 37% of passenger car registrations during the first half of 2018,
down from 45% a year earlier. In the USA, sales of light duty Diesel vehicles are increasing, but
from a low base: 3% of the light duty vehicles sold in 2018 were Diesel, comfortably exceeding
numbers of hybrid vehicles (2%). However, reducing exhaust gas emissions (especially NOx and
PM emissions) is more complex for Diesel than for gasoline engines, it requires more advanced
technology and hence is costlier. Moreover, CI engines’ effects on urban air-quality problems
and the recent ‘Diesel-gate’ testing scandal have severely dented prospects of Diesel platforms
increasing their market share, especially for smaller vehicles, and it seems highly likely that
they will be gradually phased out in favor of petrol engines and other options. In contrast, for
freight transport, especially long haul and heavy engine applications, CI platforms will continue
to dominate, and efficiency will continue to be a major priority.
For a number of years, various forms of low-temperature combustion (LTC) have been investigated with the aim of increasing efficiency and reducing ‘engine-out’ emissions. However, LTC
raises challenges including (among others) difficulties with combustion-phasing, adequate power/
load-responses, mechanical stresses, cold starts and control. Moreover, modern conventional
combustion can achieve comparable efficiency levels, mainly through advances in fuel injection
technology and in-cylinder mixing processes. Meanwhile, substantial improvements have been
made in exhaust aftertreatment systems (particle filters and SCR catalysts). Hence, interest in
LTC solutions has decreased.
Combustion system measures that can raise efficiency include low heat transfer, fast mixing, fast
burn, high expansion ratios, optimized bowl designs and injection rate shaping. Increasing boost
pressure (turbocharger efficiency), and thus air/fuel-ratios, also increases efficiency, but at the
cost of higher peak cylinder pressure. In addition, waste heat recovery is becoming important
to reach ambitious goals, such as the aim to reach 55% brake thermal efficiency set in the US
Department of Energy’s Super-truck Program.
CI engines used in long-haul transport have the greatest cumulative potential to reduce global
CO2 emissions owing to the strong international presence of the Swedish automotive industry
in this area.
For marine engines, a major concern is the reduction of NOx emissions, especially for vessels
operated in so-called NOx emission control areas (NECA), where new regulations set allowable
emission levels that are about 80% lower than the levels that prevailed in 1990. Renewable fuels
and flexible systems that can utilize them effectively are also of great interest. Methanol might
be a viable fuel in a dual-fuel combustion system or liquefied natural gas, if leakage of methane
can be minimized.

Hybrid Systems

The future of road transport is contingent on the development of environmentally sustainable fuels
and the ability to fully utilize the high energy density and efficiencies afforded by combustion of
liquid fuels. Battery-electric vehicles (BEV) may be well-suited to city traffic applications, but their
associated costs, inefficiencies and range limitations make them poor choices for flexible long-haul
transport applications. In electric-hybrid vehicles, an internal combustion engine is paired with
an electric motor and energy storage in the form of a battery. This enables the fuel consumption
of a vehicle to be reduced by tailoring it for a specific use case. The hybrid vehicle market share
is expected to grow strongly after 2025, in large part due to more restrictive CO2 legislation.
• Hybridization provides an opportunity to reduce the power (down-sizing) of the internal combustion engine. This allows the engine to operate more efficiently with lower absolute losses.
• Regenerative braking allows the electric motor to convert and store kinetic energy in the battery and re-use it for propulsion, recovering energy that would otherwise be lost as heat.
• ‘Plug-in’ hybrid vehicles may be charged from the main grid and operated completely electrically through all or part of their range. This may have a significant impact on urban emissions
and urban traffic.
9
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Emissions from the internal combustion engines must be reduced in the vehicles’ aftertreatment
systems. In current systems, the catalysts in the exhaust system require sufficiently high temperatures to be effective. For a hybrid vehicle, which allows intermittent operation of the combustion
engine, catalyst temperatures may be highly variable. To minimize a vehicle’s tail-pipe emissions,
it is essential to optimally distribute the vehicle’s mechanical power requirements between the
combustion engine and electric motor in such a way that the aftertreatment system temperature
is maintained when a high conversion factor is required. Through judicious use of the electric
motor to support the combustion engine, certain unfavorable loading conditions can be avoided
to reduce overall emissions. However, detailed predictive models for the entire drivetrain (system
of several interacting parts) are required to do this effectively. This is a major challenge for hybrid
vehicle operations. In the near future, vehicles will require certification using the WHLTP (World
harmonized Light vehicles Test Procedure) and Real Driving Emissions (RDE) test program,
which will place strict limits on vehicle total emissions.

Renewable Fuels

The FFF (fossil-free vehicle traffic) report produced in Sweden proposes a goal of 80% reduction in GHG emissions from road traffic by 2030 compared to 2010 levels. Proposed milestones
towards this target include reductions in CO2 emissions of 35% by 2020 and 60% by 2025.
Replacement of substantial proportions of the energy from fossil sources currently used in the EU
with renewable sources will be required to meet these targets. This will necessitate use of other
commodities besides biomass, e.g., liquid electrofuels produced by electrochemically reducing
CO2 through various techniques (thereby directly recycling CO2). Most of these techniques are
currently at the research stage, but they have tremendous future potential. Examples of fuels
that can be produced in this way include methane, methanol, ethanol, heavier alcohols and even
heavier hydrocarbon fuels (gasoline/Diesel).
Biogas is one of the most environmentally friendly renewable fuels, which generally provides a
GHG reduction (relative to fossil fuels) of 80-85%. An additional advantage is that it is manufactured from raw materials that consist mainly of waste and residues. Thus, it does not compete in
any way with food production. In total, biogas production across Sweden can replace approximately
200 million liters of gasoline/Diesel fuel per year. Current estimates for 2030 predict a capacity
of between 10 and 20 TW/h of biogas energy. The transport sector in Sweden consumes about
90 TWh (domestic transport) annually. Biogas can be mixed with natural gas. Estimates show
that switching transport use to pure natural gas could lead to a reduction of CO2 emissions by
25% owing to the fuel’s relatively low carbon/hydrogen ratio. However, there has been limited
development of combustion systems for gas operation in recent years. In most truck applications,
engines have been converted by fitting a port fuel injector to the gas supply and using a standard
Diesel fuel system to inject a small pilot injection to ignite the homogeneous gas/air mixture.
Projections suggest a strong increase in the use of gaseous fuels in the future, especially for
heavy vehicles (LNG). Combustion systems will move from homogenous to diffusion-controlled
operation with both gas and liquid fuels directly injected to control mixing and combustion.
The prospects for a single alternative fuel making a major breakthrough on the market depends on
a long chain of contributing factors: the availability of the fuel-specific feedstock, the complexity and economic feasibility of the production process, the degree of compatibility with existing
and future engine technologies, the availability of necessary distribution infrastructure, and
lastly (but most importantly) the potential reductions of GHG afforded by using renewable fuels.
For some years, turnover of the vehicle fleet turnover has tended to slow. The average ages of
passenger cars and heavy commercial vehicles in the EU are now 11 and 12 years, respectively.
Completely replacing the fleet with vehicles optimized for a new fuel with different combustion
properties from gasoline or Diesel, including development time, will probably take more than
20 years. Thus, it is important to develop renewable fuels that are compatible with today’s fuels
(so-called drop-in fuels) to promote implementation on a more reasonable timescale.

Diagnostics and Spray

In direct injection engines, the fuel system must be able to reliably deliver a precise amount of fuel,
with a consistent well-defined flow rate, in one or several precisely timed injection events. When
liquid fuel is injected at high pressure, it forms a jet that quickly breaks up into a cloud (spray) of
droplets that are transported into the cylinder and evaporate. The resulting fuel-air preparation
can then be ignited to drive efficient combustion. The properties of the optimal fuel air mixture
depend on the desired combustion mode, e.g., pre-mixed, as in conventional SI applications,
CERC – Annual Report 2018
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burning spray/diffusion in conventional Diesel engines or some intermediate mode. Combustion
efficiency and emission formation are tightly linked to the performance of the injection system in
controlling the mixture, timing, and spatial distribution of fuel in the cylinder. Hence, a detailed
understanding of spray formation and spray properties is crucial for the development of efficient
fuel injection systems for new renewable fuels and future engine concepts.
Sprays and spray combustion have been a focus area for CERC since the center was established in
1995, and a number of projects aimed at characterizing sprays from different gasoline and Diesel
injectors, as well as sprays of various renewable and alternative fuels, have been carried out.
Over time, CERC has built up an array of equipment, skilled personnel and technical competence
which enables advanced spray research. This necessarily includes extensive expertise in optical
diagnostics owing to the need for measurements and visualization of sensitive high-speed flows.
Today, CERC provides access to a unique set of diagnostic instruments to study the full range of
spray formation and mixing: from internal flows in nozzles through primary spray breakup and
near-field dynamics, far-field morphology and mixing, to evaporation, ignition, combustion and
emission formation. These efforts have advanced fundamental knowledge of sprays and can be
applied to internal combustion engines in widely varying applications, from hand-held tools to
passenger car engines and very large two-stroke marine engines.

Modeling

Modeling and simulation play important roles in engine development. Together with coordinated
experimental work, numerical modeling can improve understanding of the fuel injection processes, turbulent mixing and the reactions and heat release that drive combustion. These research
efforts are essential to enable development of next-generation, fuel-flexible combustion engines
that meet future requirements for efficiency (fuel consumption) and zero emissions. Moreover,
as these tools are improved in the future, CFD simulations, modeling and virtual development
techniques will play increasingly important roles in product development. This is because they
have major advantages over engine experiments, as they are generally much cheaper, they can
provide detailed time resolution and local information about all flow variables, and simulated
engine configurations can be easily changed. This may enable parametric analysis and insights
into flow properties that are difficult or impossible to obtain from real experiments.
Modeling activities within CERC in both the current and future program period focus on CFD
and combustion modeling to facilitate efforts to meet the strategic goal of zero emissions through
the development, validation and application of new innovative predictive models based on fundamental physics. These tools can be used to support detailed experimental work and provide
analysis for more effective engine development. The specific aim is to provide high-tech simulation methods that can be used for the development and optimization of future high-efficiency
internal combustion engines with zero emissions and flexibility in the choice of fuel. In the
coming program period, CERC’s interest will focus on validating reaction schemes and testing
models for turbulent combustion of different renewable fuels that can be included in simulation
tools available to the industry.
All modeling projects are closely coupled to experimental work at Chalmers University of
Technology/CERC. This is beneficial for both validation of models and for guiding or supporting measurement efforts. In particular, work with commercial CFD tools is combined in several
projects to support experimental investigations.
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CERC Research Projects – 2018
Optical Methods for Spray and Combustion Diagnostics
Objectives
Project leader

Assoc. Prof. Mats Andersson

This project seeks to develop optical measurement techniques for spray and combustion diagnostics. The work on spray diagnostics focuses
on methods for measuring the distribution and
concentration of liquid and vapor phase fuel,
air-fuel mixing, and temperatures. The work
on combustion diagnostics focuses on detecting ignition, visualizing flame propagation, and
measuring levels of combustion intermediates
and products. A key goal is to develop methods
that can be used in other CERC projects and
collaborative studies.

Background

Optical measurement techniques have many
applications in combustion engine research, and
are widely used in both academic and industrial
labs [1-4]. They have several advantages that
make them suitable for measuring various properties that are difficult or impossible to study by
other means. While they are non-intrusive, they
require the ability for light to enter into and/or
be collected from engines or spray chambers.
The use of advanced optical systems, cameras,
and lasers enables measurement with high temporal, spatial, and spectral resolution.
A particularly powerful concept is planar lasersheet imaging, in which a cross-section of an
object (e.g. a spray, jet, or flame) is illuminated
with a thin sheet of laser light generated by
expanding a laser beam in one dimension and
focusing it in another. A camera oriented perpendicular to the laser sheet then captures an
image of scattered light, fluorescence, or other
induced emission. The technique typically relies
on pulsed lasers with a high peak power together
with intensified CCD cameras that provide signal amplification and short exposure times. This
enables imaging of low-concentration species
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 droplets (Mie scattering) can be imaged
to visualize the distribution of liquid fuel in
sprays. Additionally, the distribution of vaporphase fuel can be studied using laser-induced
fluorescence (LIF), in which the fluorescence
of fuel molecules in the liquid and vapor phases
is imaged at a wavelength longer than that used
for excitation. The accuracy and selectivity of
this method are maximized by using a fuel
with well-controlled properties that contains
a specific fluorescent tracer molecule, but the
fluorescence of certain molecules present in
commercial fuels can also be exploited. LIF can
CERC – Annual Report 2018
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also be used for temperature measurement by
exploiting the temperature dependence of many
molecules’ absorption and fluorescence properties. A notable extension of the LIF technique
is laser-induced exciplex fluorescence (LIEF),
which is designed to more clearly distinguish
between fluorescence originating from the
liquid and vapor phase fuel [5]. This method
requires the addition of two tracer molecules to
the fuel. Upon excitation with laser light, these
tracers form an excited state complex known as
an “exciplex” whose fluorescence is red-shifted
compared to that of the individual molecules.
Exciplexes only form efficiently in the liquid phase, giving the liquid and vapor phase
fluorescence different spectral characteristics.
Two cameras are used to detect fluorescence,
one with a filter transmitting the red-shifted
exciplex fluorescence emitted from the liquid
phase fuel, and another with a filter that transmits the normal “monomer” fluorescence of
individual molecules, which is the dominant
fluorescence from the vapor phase fuel. This
enables selective imaging of liquid- and vapor
phase fuel, although there may be cross-talk
between the images because there is typically
significant monomer fluorescence from the liquid phase fuel, which must be accounted for
during analysis.
High-speed video imaging is another powerful
tool in spray and combustion research: video
sequences recorded at high frame rates can be
used to monitor the development in time of an
individual spray or combustion event in great
detail. Light emitted by the flame can be imaged
directly to study flame propagation and intensity over time, and spectral information can be
recorded to monitor the distribution of species
with characteristic emission spectra such as
OH, CH, and soot. This can be done by placing
a suitable filter in front of the camera to obtain
two-dimensional images of the selected species
[6], or by using a spectrograph connected to
the camera. In the latter case, one dimension
of the camera sensor is used to record spectral
information and the other can be used to capture spatial information, making it possible to
record complete emission spectra as a function of time along a line crossing the flame [7].
Spray imaging requires an external light source;
the spray can be illuminated from behind to
generate a shadow image, or from the side to
generate a bright image on a dark background.
Both approaches can be used to monitor the
development of the spray’s length and width
over time.

The techniques described above are wellestablished 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 exploit new instrument technology.
Furthermore, different measurement objects
and situations may require modification or
improvement of existing practices and methods to enable their application or to maximize
the amount of information that is extracted.
Based on these considerations, the role of this
project is to enable and assist CERC researchers
to apply advanced optical measurement techniques that makes the best possible use of the
available instrumentation and other resources
for advanced spray and combustion engine
experiments.

Methods

The project’s purpose is to maintain competence
in various optical methods for spray and combustion diagnostics, and to modify, refine, and
adjust particular set-ups to suit specific applications. We have recently introduced and applied
some new concepts for line-of-sight extinction
measurement using high-speed video cameras
for liquid and vapor spray visualization [8,9]
and soot measurement [10]. These techniques
have been further developed and used to study
diesel sprays, often in collaboration with the
previous CERC project “Spray Fundamentals”.
During 2018, these techniques were applied in
spray chamber measurements involving evaporating and reacting sprays of various alternative
fuels. More recently, video imaging of soot and
OH* has been combined with LIF measurements of OH fluorescence induced using a laser
sheet generated with a dye laser.
Shadow imaging of strongly luminescent sprays
such as reacting diesel sprays is challenging
but has been achieved by using monochromatic
light sources and narrow-band detection [1113]. When a laser or a powerful narrowband
LED is used for background illumination and a
bandpass filter is placed in front of the camera,
most of the broadband flame luminescence can
be rejected while transmitting most of the illumination light to the camera, making it possible
to obtain shadow images of the distribution of
soot particles in the flame. In our set-up for
soot shadow measurements [14] the green light
beam from a cw Nd:YAG laser was expanded
and directed onto a diffuser for background
illumination, and an image-splitting device was
placed in front of the high-speed video camera.
A narrowband filter that transmits the laser light
was placed in one branch of the image splitter, and a color filter transmitting red light was
placed in the other. This made it possible to
simultaneously capture soot luminescence and

soot shadow images. Alternatively, two cameras
may be used, one recording the soot shadow
image and the other the soot luminescence.
To better understand flame structure, OH*
chemiluminescence was detected simultaneously using another high-speed video camera
equipped with an image intensifier to enable
efficient detection of UV light (307±5 nm).
Planar laser-induced fluorescence has also been
used to capture the distribution of ground state
OH molecules in flame cross-sections [15]. In
this case, OH molecules were excited using
frequency-doubled light from a dye laser. The
wavelength was tuned to the Q1(9) transition of
the A(ν’=1) – X(ν’’=0) band at 283.92 nm, and
the resulting fluorescence was detected with an
intensified CCD-camera with a bandpass filter
transmitting at 307±5 nm, covering the A(ν’= 0)
– X(ν’’=0) and A(ν’=1) – X(ν’’=1) bands. The
images recorded by the ICCD camera contain
a background signal due to flame luminescence
and the fluorescence of species other than OH.
Therefore, a beam splitter system and a second
ICCD camera were used to capture luminescence background images immediately prior
to laser excitation. In addition, images were
recorded with the laser tuned to a wavelength
that does not induce OH fluorescence but still
excites other fluorescent molecules with broader
excitation spectra such as aromatics. A schematic depiction of the experimental set-up for
combined high-speed video and OH PLIF measurements is presented in Figure 3 (next page).

Results

Analyses of experimental results obtained in
collaboration with the “Spray Fundamentals”
project have been published in several articles
[14-16]. One of these studies involved determining nozzle flow rates by measuring the force
of a diesel jet impinging on a force sensor and
calculating the resulting momentum flux [16].
Flows through straight and converging conical nozzles were compared, revealing that the
discharge coefficient was lower for the straight
nozzle. This was attributed to cavitation in the
straight nozzle. Images of the spray just outside
of the nozzle showed that the straight cavitating
nozzle produced a wider spray than the conical
one, which is consistent with a higher degree of
lateral motion and early break-up.
The character of reacting diesel sprays has been
studied in great detail in the high-pressure/
high-temperature spray chamber. A series of
experiments were performed using nozzles of
different diameters and various fuel injection
pressures [14]. High-speed video cameras were
used to record the luminescence of OH* and
soot together with light extinction by soot. The
flames’ turbulent character and structure could
be followed within individual video sequences,
13
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Figure 3. Schematic top view of the
optical setup for the combined OH
PLIF and video measurements of
diesel flames in the high-pressure/
high-temperature spray chamber.
LM1-2: laser line mirror at 532 nm
and 45°, LM3 and LM4: laser line
mirror at 45°, PR1-2: prism, SL1:
spherical lens (SL), focus length (fl) =
−50 mm, antireflection coated, SL2:
fl = −125 mm, antireflection coated,
SL3: fl = +500 mm, antireflection
coated, CL1: cylindrical lens (CL) fl
= +500 mm, CL2: fl = −50 mm, CL3:
fl = 300 mm, CL4: fl = 1000 mm, M:
aluminum mirror, DF: 120 grit ground
glass diffuser, BS1-2: beam splitter,
D1: dichroic mirror (DM) with ≥98%
reflectivity at 308 nm, D2: DM, reflecting 500-560 nm with >95% reflectivity, A1-A3: aluminum mirrors,
BF1: bandpass filter (BF) 307 ± 5 nm,
LF: longpass filter OG570, BG: BG39,
P: polarizer, BF2: 532 ± 1.5 nm, L1:
Nikon UV lens fl = 105 mm, L2-3:
Nikon lens fl = 105 mm, f/2, L4 and
L5: UV lens fl = 94 mm, I: Intensifier.
V7, M310 and V1210 are Phantom
high-speed video CMOS cameras,
ICCD1-2: LaVision intensified CCD
cameras.

and the mean distributions of combustion species were determined by averaging over many
such sequences. These average images represent two-dimensional projections of a threedimensional flame. If the averaged species distribution is sufficiently symmetric, the local
species concentration can be calculated in a
two-dimensional plane using an inverse Abel
transformation. This made it possible to analyze OH* and soot distributions under injection
conditions corresponding to a range of different
equivalence ratios at flame lift-off [14]. Images
showing soot and OH* distributions captured
in this way were presented in the CERC 2017
Annual Report.
Further information on the OH distribution in
flames can be obtained by using PLIF, which
differs from OH* chemiluminescence imaging
in two key ways. First, it probes OH molecules in
the ground state rather than those formed in an
electronically excited state. Second, it is a direct
two-dimensional imaging method because it
only probes molecules in the thin layer illuminated by the laser light. OH PLIF imaging was
used in conjunction with OH* and soot video
imaging techniques to study low-sooting diesel
flames generated using a low-diameter (0.10
mm) nozzle [15]. This revealed that the lift-off
length (distance from the nozzle to the flame)
strongly affected the flame’s soot content and
the spatial distribution of OH. Generally, longer
CERC – Annual Report 2018
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lift-off lengths lead to more air entrainment and
a lower fuel-to-air equivalence ratio at lift-off,
reducing soot formation. Figure 4 shows how
the OH distribution was determined from the
PLIF images. The left panel shows the detected
LIF intensity, including strong fluorescence
from the unburnt fuel in the spray at the bottom of the image (0-30 mm from the nozzle).
The fuel fluorescence remained when the laser
was tuned off the OH resonance, whereas that of
the flame was almost eliminated, as can be seen
in the middle panel. The fuel fluorescence was
then subtracted from the original images, allowing the OH distribution to be determined. For
this purpose, the area where the fluorescence
intensity exceeded a threshold equal to 15 %
of the maximum pixel intensity was defined as
the OH-containing area. In Figure 4, this area is
indicated by a yellow line in the left panel and
a black line in the right panel. The right panel
also shows the lift-off length determined from
the OH* chemiluminescence images.
Figure 5 shows OH and soot distributions
averaged from a number of images recorded at
various fuel injection pressures. At all injection pressures, the lift-off length varied considerably between injections. Therefore, the
results recorded at fuel pressures of 800 and
1200 bar were divided into two groups with
shorter and longer lift-off lengths (corresponding to higher and lower equivalence ratios at

lift-off, respectively). As the injection pressure
increased, the average lift-off length increased
and the soot content decreased; combustion
became soot-free at 2000 bar. In addition, the
lift-off length clearly affected soot formation.
At 800 bar injection pressure, significant quantities of soot were present in large parts of the
flame in cases with a short lift-off length and
a high equivalence ratio at lift-off. Conversely,
the soot-containing region was reduced both
radially and along the spray axis in cases with
long lift-off lengths. The large differences in
soot content between the two groups persisted at
1200 bar injection pressure; the soot abundance
for the short lift-off group at 1200 bar exceeded
that for the long lift-off group at 800 bar. The
OH distribution also changed with the lift-off
length and the equivalence ratio at lift-off.
Figure 5 (below). Flame boundaries determined from the
‘On-resonance OH’ images (top) and the probability of sooting (bottom) at injection pressures of 800 and 1200 bar for
long and short lift-off lengths. Only the ‘On-OH’ boundary is
shown for the injection pressure of 2000 bar because no
flame luminosity was detected. The red dashed lines shown
in the ‘On-OH’ images indicate the averaged lift-off lengths,
and the averaged ΦCL (calculated from the spray properties and lift-off length) is shown for the corresponding lift-off
lengths. The color scale for the probability of sooting is shown
on the right in the bottom row.

Figure 4 (above). Determination of the OH distribution. The averaged on-resonance OH PLIF image
(left) is from the ‘Short-lift-off 1200 bar’ group. The boundary drawn in the averaged On-OH PLIF image was determined by setting a threshold equal to 15% of the maximum pixel value. Probability
of detecting off-resonance OH is shown in the middle image, with a boundary corresponding to the
point at which the probability falls below the detection threshold. The final determined OH boundary
is shown on the right, and the measured lift-off length is shown by the red dashed line. Experimental
conditions: injection pressure 1200 bar, 2.7 ms ASOI.
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When lift-off was short, the content of OH in
the center of the flame close to lift-off was low
and the OH distribution had a horse-shoe-like
shape. However, as the lift-off length increased
and the soot concentration in the center fell, this
part of the flame also became filled with OH.

Conclusions and ongoing work

Our recently developed methods for UV/visible and soot shadow imaging with high-speed
video cameras have been used successfully in
several projects and have proven to be very

useful for practical spray characterization.
Work to further improve these techniques by
increasing their robustness, ease of use, and
accuracy will continue, as will efforts to adapt
them to different measurement situations and
fuels. Combining video-based techniques with
planar laser-sheet imaging could provide further insight into spray and flame structure. To
improve accuracy, an in-house calibration cell
for measuring absorption cross-sections and
fluorescence yields at elevated pressures and
temperatures will be constructed.

Dual-Fuel Reactivity Controlled Compression Ignition (RCCI)
Combustion
Objectives
Project leader

Prof. Ingemar Denbratt

Researcher

Zhiqin Jia (PhD student)

The objectives of this project are threefold,
namely to: (i) conduct experimental investigation of dual-fuel reactivity controlled compression ignition (RCCI) combustion in a heavyduty engine, (ii) validate a three-dimensional
(3D) dual-fuel combustion model against
experimental data, and (iii) explore RCCI combustion details, such as the start of ignition,
flame propagation, and emission formation with
ANSYS FORTE.

Introduction

In recent years, the automotive scientific community and vehicle companies have focused
extensively on maximizing the overall engine
efficiency and reducing harmful emissions from
internal combustion engines. Conventional
Diesel engines exhibit excellent thermal efficiency, but generally struggle to achieve low
emissions of both NOx and soot.

Figure 6. Layout of the engine test
cell for the methanol-Diesel RCCI
combustion.

Various low temperature combustion (LTC)
concepts, such as Homogeneous Charge Compression Ignition (HCCI), Premixed Charge
Compression Ignition (PCCI), and RCCI have
attracted attention in recent years, as they can
offer both high engine efficiency and low NOx
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and soot emissions [17-19]. The RCCI concept, alternatively known as dual-fuel PCCI,
allows control of the combustion process by
the fuel reactivity and is, hence, superior to
the other processes. Moreover, the viability of
this concept over a wide range of engine loads
and speeds has been demonstrated. RCCI uses
both high-octane and high-cetane fuels to
achieve auto-ignition and tune the reactivity
of the fuel-air mixture. Both fuels can either
be direct-injected, or the high-cetane fuel can
be direct-injected while the high-octane fuel
is port-injected. Regarding the RCCI concept,
most studies have focused on gasoline-Diesel
[20-22]. Studies on gas-Diesel RCCI combustion, especially those focused on direct gas
injection, are quite rare.

Methods

Experiments for natural gas (NG)-Diesel
RCCI combustion were conducted using
direct-injected Diesel with port-injected NG.
Additionally, to reduce the unburned HC and
CO emissions associated with the port-injected
high-octane RCCI combustion, methanol-Diesel RCCI combustion was performed using
direct-injected Diesel with methanol, which

were either port-injected or direct-injected. A
schematic of the engine test cell for the methanol-Diesel experiment is shown in Figure 6.
Three different methanol injection concepts
were investigated: port injection into the intake
manifold, direct injection slightly after top dead
center (DI_E), and direct injection in the compression stroke (DI_L). The first and second
injections in the double Diesel injection strategy
are referred to as pilot injection 1 (PI1) and pilot
injection 2 (PI2), respectively. A conceptual
illustration of the three methanol-Diesel injection strategies is presented in Figure 7.
A three-dimensional (3D) dual-fuel model
was developed at Chalmers, and good agreement between the simulation and experimental
results was realized for conventional gas-diesel
combustion (Diesel injected near TDC to control combustion phasing). However, significant
deviation and, hence, relatively poor agreement
was realized for the RCCI cases. Therefore, we
used the commercial software ANSYS FORTE
for the RCCI combustion simulation. Engine
simulations were performed on a 51.4°/72° sector mesh to capture a single spray region of the
7/5-orifice nozzle. A reduced chemical mechanism (400 species and 3097 reactions) generated by the Chemkin workbench is used in the
internal combustion (IC) engine simulation of a
Diesel-piloted NG engine. The surrogate Diesel
was represented by using n-heptane (NC7H16) as
the species, and the properties of n-Tetradecane
as the physical properties. In addition, CH4 was
used as NG.

Results
Experimental results
The engine performance and emissions of
methanol-Diesel RCCI combustion with three
different methanol injection configurations
(Figure 7) was investigated. Variables such
as the Diesel SOI, Diesel injection duration
ratio, and methanol substitution percentage
(MSP) were investigated for conditions such
as: a constant engine speed and load of 1500
rpm and 5 bar IMEP, respectively, constant
intake temperature: 60°C. The MSP used in
the DI_L configuration (~53%) is lower than
that of the port and DI_E configurations (~66%)
used for sweeps of the Diesel SOI and duration
ratio. This results from the fact that, for the
last rebuild to DI_L configuration, the engine
operation is unstable if the settings used for
the port and DI_E configurations are applied.
Effect of methanol injection configuration
Figure 8 shows the in-cylinder pressure and
gross rate of the heat release traces for a PI1 SOI
of -48 °ATDC and a PI2 SOI of -15 °ATDC corresponding to the three different configurations.
The combustion processes for the DI_E and port
configurations are very similar and differed

Figure 7. Conceptual illustration of
the three methanol-Diesel injection
strategies. The area of each box
represents the relative quantity of
methanol and Diesel injected.

Figure 8. Cylinder pressure and gross
RoHR at pilot SOI -48 °ATDC.

markedly from that of the DI_L configuration.
Kokjohn [23] showed that, at very lean equivalence ratios, flame propagation contributes only
modestly to combustion. Methanol/air global
equivalence ratios of 0.22 for the DI_L configuration and 0.25 for the DI_E and port configurations, are employed in the present study.
Therefore, combustion under all three configurations is primarily kinetically-controlled. Each
configuration generates two high temperature
heat release (HTHR) peaks. The DI_L configuration uses a larger Diesel injection than the
other two configurations, and therefore generates more reactive mixtures. Consequently,
compared with those of the other configurations, the HTHR of this configuration starts
considerably earlier and is higher until several
degrees before TDC. Afterward, the mixture
in the DI_L configuration burns more slowly
and has a longer tail than those of the other two
configurations. The lower rate for DI_L after
TDC results possibly from lower kinetic reaction rates, and the long tail of the RoHR trace
is attributed to mixing-controlled combustion
induced by the larger Diesel injection.
Effect of Diesel PI1 SOI on methanol-Diesel
RCCI combustion
Experiments with the Diesel PI1 SOI timing
sweep revealed that the limits of SOI advancement and retardation are determined by the onset
of unstable combustion and excessively early
combustion phasing (CA50 <0), respectively.
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Figure 9. Effect of PI1 SOI on emissions and performance during methanol-Diesel RCCI combustion.

Figure 9 shows the performance and emissions
over a sweep of the Diesel PI1 SOI from -50 to
-34 °ATDC for the three methanol injection configurations. The highest methanol emissions are
observed for the DI_L configuration indicating
that, compared with those of the DI_E and port
configurations, a larger fraction of methanol
lies outside the flammable region; the larger
methanol fraction is attributed to the use of a
leaner methanol/air mixture. The combustion
efficiencies achieved for the DI_L configuration
are lower than those of the other configurations
and are partly attributable to this fraction. The
port, DI_E, and DI_L configurations exhibit
the highest, second highest, and lowest net indicated thermal efficiency, respectively, owing
to differences in the combustion efficiency of
the configurations. Additionally, in the DI_L
configuration, the combustion during the compression stroke is more advanced than in the
other configurations and, hence, the (i) piston
performs more work on the cylinder gases, (ii)
combustion rate after TDC is lower, and (iii) tail
of the RoHR trace is longer. Therefore, compared with the other configurations, the DI_L
configuration extracts less useful work from the

Effect of Diesel PI2 SOI
The results for the Diesel PI2 SOI sweep shown
in Figure 10 confirm that the port configuration
has a considerably narrower PI2 SOI span than
the DI_L and DI_E configurations, which was
not seen in the PI1 sweep. The net indicated
thermal efficiency trends for the PI2 SOI sweep
are similar to those shown in Figure 9, with the
port, DI_E, and DI_L configurations yielding
the highest, second highest, and lowest efficiency, respectively. Retarding PI2 SOI yields
increased HC emissions and reduced NOx emissions for all configurations. This results from
the fact that retarding PI2 SOI yields reduced
mixture stratification and decreased intensity
of combustion, thereby resulting in a decrease
in the cylinder temperature. Compared with
PI1 SOI, PI2 SOI has a stronger effect on mixture stratification as the PI2 SOI sweep induces
a gradual increase or decrease in emissions.
This indicates that, compared with the tuning
of PI1 SOI, adjusting PI2 SOI represents a more
effective means of tuning mixture stratification
aimed at improving combustion.
Simulation results
Further details of the combustion process are
revealed via simulations with commercial software ANSYS FORTE for NG-Diesel RCCI
combustion. An equivalence ratio of 0.74 is
employed for both single and double Diesel

Figure 10. Effect of main SOI on
thermal efficiency and emissions.
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fuel mixture. The PI1 SOI has a strong influence
on the combustion phasing (CA50) at values of
up to -43 °ATDC for all three configurations.
NOx and CO emissions are strongly correlated
with the combustion phasing: these emissions
either increase or decrease significantly for PI1
SOI of up to -43 °ATDC, and remain almost
constant thereafter. This suggests that changes
in the mixture stratification, resulting from
changes in PI1 SOI, have only a modest effect
on combustion phasing. When the stratification
is further increased, the combustion phasing
occurs prior to TDC.
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injection strategies. For both injection strategies, the pressure and RoHR of the simulation results exhibit close correspondence with
the experimental data (see Figure 11). The
model needs to be further tuned to eliminate
the differences between experimental results
and simulation results, especially in terms of
the start of combustion, initial stage of hightemperature combustion from RoHR, and also
emission formations. However, the simulation
results are adequate for explaining combustion
details using temperature contours.

Conclusions

The methanol-Diesel RCCI experiment was
conducted to evaluate engine performance and
emissions for three methanol injection configurations. The first experiment with methanol
direct-injection prototypes yield similar HC
and CO emission levels compared with those
resulting from the port injection of methanol.
However, with further optimization of the methanol direct-injection system (proper spray targeting and improved fuel distribution), the fuel
economy improves and the emissions decrease.
The DI_E and port configurations exhibit very
similar combustion patterns, but combustion is
slightly less efficient in the DI_E configuration.
Combustion in the DI_L configuration is worse
than in the other two configurations. Compared
with adjusting the PI1 SOI, manipulating the
PI2 SOI represents a more effective means of
tuning the mixture stratification with the aim
of improving combustion. The model fails to
capture the slow combustion after the low temperature heat release in the experiment, and

must be further tuned in this regard. However,
reasonable agreement between the simulation
and experimental results is realized for pressure and heat release rate traces associated with
NG-Diesel RCCI combustion cases.

Figure 11. In-cylinder pressure and
RoHR of simulations and measurements for two injection strategies employing an equivalence ratio of 0.74.

The project has ended, Zhiqin Jia defended her
PhD thesis on March 23, 2018 [24].

Multi-Component Spray-Turbulence Interaction
Objectives

This project has three main objectives:
• To improve the VSB2 spray model by enabling
it to describe differential evaporation and
thus predict the evaporation and behavior of
blended fuels. VSB2 is the Stochastic Blob
and Bubble model developed by Karlsson
[25], and is the spray model currently used
for fuel spray simulations at CERC. It was
designed to be unconditionally robust with
a minimal number of tuning parameters, and
to be possible to implement in any CFD software package that supports particle tracking.
Standard spray models assume an ideal liquid-vapor equilibrium, which does not yield
correct results in all cases [32]. VSB2 was
extended to describe non-ideal vapor liquid
equilibria by accounting for intermolecular
interactions. The model incorporating multicomponent evaporation and non-ideal
vapor-liquid equilibrium has been validated
and used in two practical applications [31,32].
• To determine how resolving the injector

orifice into multiple cells influences predicted
spray behavior, and particularly the behavior
of transient sprays. Previous studies have
demonstrated the importance of resolving
the injector orifice when seeking to predict
the behavior of transient jets [30]. This objective is the main focus of the current report.
• To perform LES modeling of sprays to obtain
deeper insights into spray formation, and
potentially to use the results to modify the
terms of standard two-equation turbulence
models to improve their performance in
industrial applications.

Project leader

Adj. Prof. Anders Karlsson

Project co-leader

Prof. Michael Oevermann

Researcher

Vignesh Pandian Muthuramalingam
(PhD student)

Introduction

Blended fuels are becoming increasingly important in the automotive industry because of their
potential to improve fuel efficiency and reduce
emissions. There has been extensive research
on blends of fuels with very different chemical
properties, particularly mixtures of high and
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low octane fuels burned in so-called dual fuel
combustion systems. This presents new challenges in spray modeling because the volatility
of blends can vary substantially, and care must
be taken to describe differential evaporation in a
way that maintains thermodynamic equilibrium
while keeping the solution robust.

Background
Vignesh P. Muthuramalingam,
PhD student, Division of Comb.,
Mechanics and Maritime Sciences,
Chalmers University of Technology.

The VSB2 model was successfully implemented
for a single fuel component in OpenFOAM by
Kösters [26]. This implementation was tested
and validated using experimental vapor and
liquid penetration data for ECN sprays A and
H, as reported in the journal Atomization and
Sprays [27]. The model was also tested and
validated against experimental data obtained
using the high pressure/high temperature spray
rig at Chalmers University of Technology [28].

Methods

The VSB2 spray model solves the Lagrangian
equations describing droplet position, momentum, mass and energy. It primarily differs from
traditional spray models in that the ‘parcel’
containing identical droplets is replaced with
an irregular ‘blob’ of liquid carrying unequal
sized droplets of a fixed size distribution, and
all interactions between the blob and its surroundings occur in a bubble surrounding the
blob rather than the entire computational cell
it occupies, as shown in Figure 12.
Mass transfer
The basic difference between VSB2 and standard spray models relates to the treatment of
mass transfer. Standard spray models use Fick’s
law for one-directional diffusion of fuel into
surrounding air. This is given by.

dm
= d * f ( Dab , Sh, ρ s , X r ) (1)
dt

Figure 12. The blob and bubble
used in the VSB2 model.

The mass transfer rate is linearly dependent
on the droplet diameter and is a function of the
local parameters around the droplet (the diffusivity, Sherwood number, surface density and
surface mass fraction). Conversely, in VSB2,
the mass transfer rate is based on the following
relaxation equation:

(

dm meq − mold
=
dt
τ

)

(2)

Here, meq is the equilibrium mass, i.e. the
amount of fuel that can evaporate before the
bubble becomes saturated (τ is the evaporation
time). The saturation limit depends on the thermodynamic conditions in the bubble. The mass
transfer rate is therefore based on thermodynamic equilibrium for every blob-bubble pair.
This ensures that there is no unphysical mass
transfer or over- or under-shoot in temperature.
The evaporation process is depicted schematically in Figure 13.
The droplets evaporate as they receive heat from
the bubble. Consequently, mass and enthalpy
are transferred to the bubble. The droplets’
evaporation alters the enthalpy, temperature and
mass fractions in the bubble, and evaporation
stops when the equilibrium fuel mass fraction
is reached. The equilibrium fuel mass fraction
is a function of the saturation pressure, which
is calculated using the following expression:

y fu ,eq,i =

M fu ,i Psat ,i (Tbub )
M mix

P

* X i ,l

(3)

Multicomponent VSB2
As a next step, a direct numerical method will
be developed to describe the evaporation of
multicomponent fuel droplets. Iterative solutions of the type used for single component
fuels (see above) are difficult to implement for
multicomponent fuels because the evaporation
of each component affects the surrounding air
temperature which in turn affects the evaporation of the other components. Therefore, a direct
numerical method was developed to solve the
evaporation problem.

In this method, a system of non-linear equations (Eq. 4-6) is solved for thermodynamic
equilibrium.

→
Δmihi(Tblob) →
h’ , y’ 			 →
Δmi				

Figure 13. Evaporation of a fuel
droplet in a bubble.

bub

i

y’fu,i		 (4)
h’bub		 (5)
T’bub		 (6)

Here, Δmi is the equilibrium mass of fuel component i, y’fu,i is the fuel mass fraction after
evaporation, y’i is the mass fraction of species
i in gas phase after evaporation, h’bub is the
bubble enthalpy after evaporation, T’bub is the
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bubble temperature after evaporation, and Tblob
is the liquid blob temperature.
These non-linear equations are solved using
KINSOL (the algebraic non-linear equation
solver from the SUNDIALS software package).
Influence of resolving injection orifice into
multiple cells
Previous studies [30] have demonstrated the
importance of resolving the injector orifice
when predicting the behavior of transient gas
jets. This work explored the influence of resolving the injector orifice on transient spray prediction. To begin with, the injector orifice was
chosen to extend over a 3x3 array of cells. This
number was chosen to achieve a good balance
between computational cost and accurately representing the orifice’s shape.

direction). Two cases were studied using ECN
spray A boundary conditions [29]: one where
the orifice was not resolved (i.e. where the cell
size in the spray region in the x and y direction was of the order of the injector orifice) and
another where the orifice was resolved over 9
cells. Top views of the meshes for the resolved
and unresolved cases are shown in Figure 16.

Figure 14. Injector orifice.

The mesh was fine in the central region around
the spray and became increasingly coarse
towards the cylinder’s periphery. The nozzle
orifice diameter in the studied case was 84 μm

Figure 15. 3-D view of the combustion chamber mesh.Figure 15. 3-D
view of the combustion chamber
mesh.

The main goals of this study are:
• To determine how the resolution of the orifice
affects the prediction of transient liquid penetration and spray spreading.
• To determine how best to accurately represent the shape of the injector orifice.
• To facilitate the adoption of LES spray simulations.
A schematic depiction of an injector orifice is
shown in Figure 14.
Tracking the void fraction
The void fraction of a grid cell is defined as the
ratio of gas to liquid in the cell. Because fine
(with respect to the orifice diameter) meshes
were used, it was essential to address the possibility that a grid cell could contain only liquid.
This was done by updating and tracking the void
fraction; if the void fraction fell below 0.1, the
liquid parcel was translated with no exchange
of mass, momentum, or energy to the gas. The
void fraction was updated according to Eq. 7.

v=
f cell vf cell

m dtsub
ρ dt
−
Vcell

Figure 16. Top views of the meshes
for the unresolved case (top image)
and resolved case (bottom image).

(7)

Here, vfcell is the void fraction of a given grid
cell, m is the mass of liquid fuel in the cell, ρ
is the density of liquid fuel, dtsub is the time
taken for liquid parcel to traverse cell, dt is the
computational time step, and Vcell is the volume
of a grid cell.
Computational setup
The software used for the simulations was
OpenFOAM 2.2.x. A constant volume cylindrical combustion chamber was meshed using
blockMesh, an OpenFOAM tool that decomposes the geometry into hexahedral blocks. The
3-D mesh is shown in Figure 15.

Fuel was injected downwards from the top of
the chamber along the z-axis (in the negative
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Ambient temp.
900 K
Ambient pressure 60.5 bar
Injection pressure 1527 bar
Table 1. Boundary conditions for the
ECN spray A case.

Nozzle diameter 84 μm
Injected mass
3.46 mg
Injection duration 1.54 ms
Table 2. Injection parameters for the
ECN spray A case.

(nominal diameter: 90 μm). In the unresolved
case, each cell in the refined region had dimensions of 0.125x0.125x0.25 mm. Each cell’s size
was thus on the order of the orifice diameter.
In the resolved case, the orifice was resolved
over 9 cells in a 3x3 array (the orifice is represented by the central circle in the figure for the
resolved case). The z-axis in the resolved case
was also fine in the spray region and became
gradually coarser outside to maintain a reasonable aspect ratio (i.e. to ensure that the ratios of
any 2 dimensions of a cell did not differ excessively between cells).

Figure 17. Liquid and vapor penetration as
functions of time.

Figure 18. Liquid penetration as a function of time.

Boundary conditions
The study focused on the ECN spray A under
non-combusting conditions without oxygen
[29]. The boundary conditions were chosen to
match the reference experimental studies, and
are summarized in Table 1. The injection properties are summarized in Table 2.

Results
Liquid and vapor penetration
In accordance with the ECN definition, to
ensure that the simulated results were comparable to experimental measurements, liquid
penetration is defined as the farthest point from
the injector where there is 99% of injected liquid mass. The vapor penetration was defined
as the farthest point from the injector at which
the fuel mass fraction was 0.1%. The predicted
liquid and vapor penetration for the resolved
and unresolved cases were compared to the corresponding experimental data.

It is clear that the liquid penetration predicted
in the resolved orifice simulation agreed more
closely with experiment than that predicted in
the unresolved simulation. The resolved simulation also predicted vapor penetration more accurately during the early stages of spray development. However, during the later stages, the slope
of the resolved curve falls below that of the
experimental and unresolved curves. This may
be because the constants of the k-ε turbulence
model are untuned, leading to incorrect prediction of late-stage turbulence. The exact causes
of this phenomenon are under investigation.
Transient liquid penetration (i.e. the penetration
before the curve stabilizes) is better predicted
in the unresolved case. This is clearly visible in
the liquid penetration plot shown in Figure 18.
Radial spreading of spray
The radial spreading of the spray was measured
in terms of the mean radial distance, which was
calculated for all liquid parcels at each time step.
The radial distance is given by:

=
ri

x parcel , i 2 + y parcel ,i 2

(8)

Here, x and y are the coordinates of liquid parcel i in the x-y-plane (i.e. perpendicular to the
injection direction). A plot of the mean radial
distance against time for the resolved and unresolved cases is shown in Figure 19.
Although the resolved and unresolved simulations yielded similar results, the resolved simulation predicted a wider spray.
Lagrangian spray
Picture of Lagrangian sprays (colored according to droplet size) from the resolved and unresolved simulations are shown in Figure 20.
Figure 19. Mean radial distance versus time.
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Summary

In brief, resolving the injector orifice had the
following effects on spray predictions:
• Liquid penetration was predicted more accurately than in the unresolved case.
• The resolved simulation predicted earlystage vapor penetration more accurately, but
the slope of the vapor penetration curve in
the late stages fell below that predicted for
the unresolved case and that observed experimentally. The reason for this is being
investigated.
• The resolved simulation predicted a slightly
wider spray than the unresolved one.

Future work

Further studies will be conducted to compare
resolved and unresolved orifices using other
ECN cases. In addition, the spray velocity profiles for resolved and unresolved orifices will
be compared, and the predictions of the VSB2
model will be compared to those of other spray
models. After validating the simulated results
for cold sprays, combusting fuel sprays will be
simulated and the results will be compared to
experiment.

Unresolved case

Resolved case

Figure 20. Lagrangian sprays for the unresolved and resolved cases 0.4 ms after injection. As before,
while the two sprays are similar, that for the resolved case is slightly wider.

Modeling Lean Turbulent Burning in Spark Ignition Engines
Objectives

The goals of the project are:
1. To develop advanced, predictive, and numerically efficient models of
• flame-turbulence interaction in lean mixtures of bio and/or fossil fuels with air at low
Damköhler and high Karlovitz numbers,
• the influence of complex or reduced combustion chemistry on turbulent burning
and emissions from such lean flames, and
• spark ignition followed by the growth of
a flame kernel subject to diffusive-thermal
effects, which could be important, e.g. in
lean gasoline-ethanol-air mixtures.
2. To implement these models into available
CFD codes.
3. To use apply the extended codes for unsteady
3D RANS simulations of fuel injection, turbulent mixing, ignition, combustion, and
pollutant formation in SI engines that burn
bio and/or fossil fuels.
4. To compare the computed results to experimental data obtained within the framework
of other CERC and associated projects.

Background

Burning lean fuel-air mixtures (or air-diluted
combustion) in SI engines is considered to be a
promising technological solution for reducing

fuel consumption, reducing hydrocarbons and
NOx emissions, and improving combustion efficiency. These effects are largely due to (i) lower
pumping losses at part loads, (ii) reduction of
the combustion temperature, which reduces
the rate of NOx formation and heat losses, and
(iii) an increase in the ratio of specific heats,
which results in a higher ideal engine thermal
efficiency [33]. The lean combustion concept is
often implemented using the stratified burning
mode [34]. However, this approach results in (i)
high rates of NOx formation in zones where the
local mixture composition is close to stoichiometry and (ii) soot and unburned hydrocarbon
emissions from zones where the local mixture
composition is too rich, with these negative
effects being particularly severe at high loads
[35]. Alternatively, the lean combustion concept
can be implemented using the homogeneous
burning mode. This would require several problems to be resolved, including the poor ignitability of very lean mixtures, cyclic variability due
to slow growth of the initial lean flame kernel
[36], and a tendency toward severe knock at
high loads due to slow flame propagation.

Project leader

Prof. Andrei Lipatnikov

Therefore, to realize the high potential of the
homogeneous lean combustion concept, the
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automotive industry needs advanced CFD tools that can be
used to numerically investigate ignition, initial flame kernel
growth, and turbulent burning of the lean charge, as well as
pollutant formation in the combustion chamber of a SI engine.
Both powerful CFD codes and predictive numerical models
should be developed to meet this challenge. The latter need is
the basis of this project, which is currently focused on developing and validating advanced high-fidelity models of various

effects associated with the ignition and turbulent combustion
of homogeneous lean mixtures of air and bio or fossil fuels at
the elevated temperatures and pressures typically encountered
during burning in the cylinder of a modern or future SI engine.

Methods

The work conducted on this project during 2018 mainly involved:
(i) theoretical work, (ii) analysis of physical mechanisms and
available experimental and Direct Numerical Simulation (DNS)
data, and (iii) processing DNS data obtained by other research
groups. Four DNS databases were analyzed in 2018:
• the Nagoya DNS database [37,38], which was installed and
analyzed at Chalmers, see [39-51];
• the Newcastle DNS database created by Prof. Chakraborty
and his co-workers at Newcastle University, UK, see [41,43,
44,46,52-56];
• the Lund DNS database computed by Dr. Yu at the University
of Lund, Sweden, see [57-63], and
• the NRL/Texas DNS database obtained by Dr. Poludnenko
and his co-workers at the Naval Research Lab, Washington,
DC, USA, and subsequently, Texas A&M University, see
[64-69].
The analysis of the Nagoya DNS database was conducted
entirely at Chalmers. To process the NRL/Texas DNS database,
(i) a diagnostic code was developed and debugged at Chalmers
using a few sample snapshots provided by Dr. Poludnenko, (ii)
the debugged code was sent to him and was applied by him to
four representative DNS data sets associated with substantially
different conditions, and then (iii) the computed results were
returned to Chalmers, where they were further analyzed by us
using several other diagnostic codes, which were developed
and debugged at Chalmers. The Newcastle and Lund data were
analyzed with our active participation in order to develop and
test CERC models. More specifically, models to be tested and
algorithms used for these purposes were suggested by us and
subsequently used to process DNS data in Newcastle or Lund.
Unsteady multidimensional RANS simulations of fuel injection
into and turbulent mixing in the cylinder of a research GDI SI
engine were conducted using the Converge CFD software package and the spray models implemented within it to support the
analysis of measurements conducted by our colleagues during
an experimental project. In addition, the TFC and FSC models
were implemented in the Converge CFD package.

Results
Transport equation for mean reaction rate
The grand challenge of premixed turbulent combustion [70] is
to evaluate the mean mass rate ρW of product creation on the
right-hand side (RHS) of the following transport equation
∂
( ρ c ) + ∇ ⋅ ρ uc = ∇ ⋅ ρ D∇W + ρW (1)
∂t
for the combustion progress variable c, which characterizes the
state of a reacting mixture and is equal to 0 for unburned reactants and 1 for equilibrium combustion products. Here, t is the
time, ρ is the density, u is the velocity vector, D is the molecular
diffusivity of a reactant used to define the combustion progress
variable, q is the Reynolds-averaged value of an arbitrary quantity q , while q = ρ q / ρ is its Favre-averaged (mass-weighted)
value.

(

Figure 21. Validation of the joint closure relation given by Eq. (4) in three cases
characterized by Le < 1. Solid lines show the LHS of Eq. (4) extracted from the
DNS data. Dashed and dotted-dashed lines show the RHS of Eq. (4) obtained by
substituting either (i) the normal vector n = −∇c / ∇c and displacement speed
Sd = ∇ ⋅ ( ρ D∇c ) + ρW  / ( ρ ∇c ) for the field of the combustion progress variable c or (ii) the normal vector nθ = −∇θ / ∇θ and displacement speed
Sd ,θ =  Le∇ ⋅ ( ρ D∇θ ) + ρW  / ( ρ ∇θ ) for the field of the normalized temperature θ , respectively, into the stretch rate s. Results are normalized against the
laminar flame speed S L, thermal laminar flame thickness δ th = 1/ max { ∇θ },
and unburned gas density ρu. Reprinted from [56].
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)

(

)

In the same recent paper [56], Eq. (4) was further validated against
three more sets of DNS data computed at Le < 1 , see Figure 21.
It is worth stressing, that a decrease in Le from 0.8 to 0.34 results
in increasing a ratio UT / S L of turbulent burning velocity to the
laminar flame speed from 2.5 to 13.7 and such a strong influence
of Le on UT / S L challenges the vast majority of available models
of premixed turbulent combustion, as discussed in details elsewhere [70,71]. The present approach is capable for predicting
such a strong magnitude of the Lewis number effects, e.g. cf.
scales of ordinate axes in Figures 21a and 21c.

To resolve the problem, the following transport equations for
the instantaneous
∂
d 2W
dW
(2)
( ρW ) + ∇ ⋅ ( ρ uW ) = ∇ ⋅ ( ρ D∇W ) − ρ N 2 + ρW
∂t
dc
dc
and mean
∂
d 2W
dW
(3)
ρW + ∇ ⋅ ρ uW = ∇ ⋅ ρ D∇W − ρ N 2 + ρW
∂t
c 
c
 

 d
d


(

)

(

)

(

T1

)

T2

T4

T3

rate W in a turbulent flow were rigorously derived for the first
time in a recent paper [43]. Here, the rate W = W ( c ) is assumed
to depend on a single variable c and N = � ρ D∇c ⋅∇c is the scalar dissipation rate. The joint closure relation T2 + T3 + T4 = ρW sr
for the sum of the three terms on the RHS of Eq. (3) was
subsequently developed [43,44], reducing Eq. (3) to
∂
ρW + ∇ ⋅ ρ uW = ρW sr (4)
∂t

(

)

(

Another well-documented phenomenon [42,47,67,72,73] that
presents a challenge for the combustion community is the complex time variability of the turbulent burning velocity UT ( t ) in
statistically stationary premixed turbulent flames (i.e., flames
where UT does not depend on time if averaged over a sufficiently
long time interval). Since we are unaware of any model with a
documented ability to predict the significant variability of UT ( t )
we investigated the ability of Eq. (4) to do so. For this purpose,
Eq. (4) was integrated along the normal z to the mean flame brush
in the 1D planar case, and the integral

)

In Eq. (4), s = ∇ ⋅ u − nn : ∇u + Sd ∇ ⋅ n is the stretch rate,
sr = ρWs / ρW is the stretch rate conditioned to the reaction
zone, n = −∇c / ∇c is the unit vector locally normal to the
flame, and Sd = ∇ ⋅ ( ρ D∇c ) + ρW  / ( ρ ∇c ) is the local displacement speed. The joint closure relation and Eq. (4) were
validated using eight DNS datasets that were obtained by three
independent research groups and which represent a wide range
of conditions including both large-scale weak and small-scale
intense turbulence [43,44].

dU T
1
=
dt
ρu

∫ ρW sr dz

UT =

1

ρu

∞


∫ ρWdz

(8)

−∞

Figure 22 (next page) reports results of such a test, which validate
Eq. (7) very well. Note that Pearson’s correlation coefficient calculated for the LHS and RHS of Eq. (7) is equal to 0.90, 0.90,
0.92, or 0.93 in cases A, B, C, or S16, respectively, thus indicating
well pronounced correlation between the LHS and RHS terms.
Moreover, integration of Eq. (7) over time, followed by averaging
the obtained UT ( t ) over time yields the mean burning velocities
U T ( t ) = 10.95, 8.73, and 21.07 m/s in cases A, B, and C, respectively. These values are very close to UT ( t ) = 10.90, 8.69, and
21.09 m/s, respectively, obtained directly from the DNS data.

)

The two transport equations below have been derived rigorously [56]:

∂
( ρW ) + ∇ ⋅ ( ρ uW ) = ∇ ⋅ ( ρ D∇W ) + ( Le − 1) ∇ ⋅ ρ DWθ ∇θ − Wcc ρ D∇c ⋅∇c
∂t
− (1 + Le )Wcθ ρ D∇c ⋅∇θ − LeWθθ ρ D∇θ ⋅∇θ + ρWWc + ρWWθ ≡ TΣ ,

(

)

∂
ρW + ∇ ⋅ ρ uW = ∇
⋅ ρ D∇W + ( Le − 1) ∇ ⋅ ρ DWθ ∇θ −Wcc ρ D∇c ⋅∇c
  
∂t
 
T
T

( )

(

)

T1

T3

2

4

− (1 + Le )Wcθ ρ D∇c ⋅∇θ − LeWθθ ρ D∇θ ⋅∇θ + ρWWc + ρWWθ ≡ TΣ

 
  
T5

T6

T7

(7)

−∞

was probed by comparing the left-hand side (LHS) and RHS of
Eq. (7) extracted from DNS data for four cases [74] associated
with significant variability of UT ( t ) under various premixed turbulent combustion regimes (see Table 1). Here, Reλ , � Da , Ka , and
Ze are the Taylor-scale Reynolds, Damköhler, Karlovitz, and
Zeldovich numbers, respectively, L is an integral length scale of
turbulence, and δ th = 1/ max { ∇θ } is the thermal laminar flame
thickness. Here,

In 2018, the above analysis was extended to mixtures characterized by a Lewis number of Le = κ / Dd ≠ 1. Here, κ is the
molecular heat diffusivity of the unburned mixture and Dd is
the molecular mass diffusivity of the deficient reactant in the
mixture, e.g. the diffusivity of a fuel in a lean mixture. Lean
syngas-air mixtures are characterized by Le < 1 while lean
gasoline-air mixtures are characterized by Le > 1, with the
difference between Le and unity being well known to strongly
affect the turbulent burning rate [70,71]. In the case of Le ≠ 1
the problem is more complicated, because the rate W = W ( c, θ )
depends on both the combustion progress variable c and the
normalized temperature θ = (T − Tu ) / Tb − Tu . Here, the
subscripts u and b denote the unburned reactants ( c = 0 ) and
equilibrium combustion products (c = 1), respectively.

(

∞

T8

}

}

(5)

(6)

Eq. (6) valid in the case of Le ≠ 1 appears to be much more complicated when compared to Eq. (3) valid in the simplest case of
Le = 1, theoretical analysis and physical arguments discussed in [56] allowed us to reduce Eq. (6) to a much simpler Eq. (4),
which, thus, holds both at Le = 1 and Le ≠ 1 and was earlier validated against DNS data obtained by three independent research
groups in eight different cases characterized by Le = 1 and associated with various combustion regimes.
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Figure 22. Derivatives dU T / dt vs.
normalized time for Cases A (a), B (b),
C (c), and S16 (d). Black solid lines
and red circles show the LHS and
RHS of Eq. (7), respectively. Results
are normalized against the laminar
flame speed S L and eddy turnover
time τ T = L / u '. Reprinted from [74].

The newly developed model specified by Eq. (4)
has thus been validated against 15 sets of DNS
data obtained by four independent research
groups representing highly varied combustion
conditions. The model will now be extended for
use in Large Eddy Simulations (LES) and for
compatibility with reaction schemes including
multiple reactions.
Thin reaction zone in a highly turbulent
medium
Lean premixed flames are characterized by a
low laminar flame speed S L and a large laminar
flame thickness δ th. Accordingly, such flames
are characterized by a low Damköhler number
Da = L / δ th ( S L / u ') and a high Karlovitz
3/ 2
1/ 2
number Ka ∝ ( u '/ S L ) δ th / L . However,
the Da < 1 and Ka  1 regime is one of the least
understood premixed turbulent combustion
regimes: the physical mechanisms governing
the influence of turbulence on premixed combustion have not yet been established for this
regime and no suitable advanced predictive
numerical models have been developed.

(

)

(

)

Based on the classical ideas of Damköhler [75],
(i) the influence of intense (u '/ S L  1) smallscale ( L < δ th) turbulence on premixed turbulent
combustion is often reduced to intensification
of mixing within the local flame by small-scale
turbulent eddies that penetrate into it, (ii) the
following scaling relationship
U T ∝ S L u ' L / D ∝ u ' Da (9)
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for the turbulent combustion (or consumption)
velocity is widely accepted, and (iii) instantaneous reaction zones are commonly assumed
to be ‘‘broadened” [76]. This concept of distributed reactions is often considered to be
validated by experimental and DNS data that
support Eq. (9), as summarized elsewhere [62].
On the other hand, there are experimental and
DNS data that put the concept of distributed
reactions or, at least, the boundary (Ka*  1) of
such a regime, into question. Indeed, upon
reviewing experimental data for premixed
flames, Driscoll [76] found no laser-diagnostic
results showing significantly broadened heatrelease zones. Likewise, no significantly broadened heat release zones were detected in recent
experimental [77-80] and DNS [81-85] studies
of flames characterized by a low Da .
To clarify the issue and reconcile the apparent
inconsistency between data that support Eq. (9)
and data that do not indicate substantial broadening of intensely turbulent reaction zones, a
large DNS database created by Dr. Yu in the
University of Lund [59-61] was analyzed jointly
with him [62]. The database contains 23 constant-density cases that are characterized by
0.01 ≤ Da < 1 and are therefore associated with
distributed burning based on classical combustion-regime diagrams. The Karlovitz numbers
for these 23 cases range from 6.5 to about 600.

Figure 23 shows that the DNS data agree very
well with Eq. (9), which was derived within the
framework of the distributed burning concept.
However, Figure 23 also indicates that the turbulent consumption velocity is mainly controlled by the increase δ A in the reaction-zone
surface area relative to the planar laminar flame,
which contradicts the concept. Figure 24 also
calls the concept’s validity into question by
showing that probability density functions for
the normalized local reaction-zone thickness,
∇c r , L / ∇c r ,T , peak in the vicinity of unity at
various Da , including Da  1. While the probability of finding ∇c r , L / ∇c r ,T > 2 (i.e. broadened reaction zones) increases with decreasing
Da, this probability is low, i.e., broadening of
reaction zones is weakly pronounced from the
statistical perspective. Moreover, there is a substantial probability of finding ∇c r , L / ∇c r ,T < 1
i.e. thinned reaction zones. Thus, the present
DNS data are consistent with the experimental
and DNS data discussed earlier but contradict
to the classical concept of distributed burning.
To resolve this apparently fundamental contradiction, an alternative scenario of highly turbulent premixed burning was introduced and
analyzed by considering the propagation of an
infinitely thin reaction zone in a highly turbulent medium [62]. This asymptotic scenario is
associated with a rate W that vanishes everywhere other than at the reaction surface
cr ( x, t ) = 1, where the rate is infinitely large. It
is also worth stressing that while the reaction
zone is assumed to be infinitely thin, the mixing
layer, where 0 < c ( x, t ) < 1, but the rate W vanishes, has a finite thickness and can be disturbed
and broadened by small-scale turbulent eddies.
Using physical arguments and order-of-magnitude estimates, it was shown [62] that under
such asymptotic conditions, the reaction affected the field of c ( x, t ) only in a narrow layer
adjacent to the reaction sheet, with the area A*
of the “cold” ( c = 1 −  and   1) boundary of
this narrow layer being solely controlled by
mixing. Subsequently, the theory of inert turbulent mixing was invoked to estimate the area
A*, yielding Eq. (9) [62]. This new phenomenological theory (i) resolves the previously discussed apparent contradiction between the
experimental and DNS data, (ii) presents a new
physical mechanism of highly turbulent premixed burning, and (iii) thereby opens up new
ways of modeling lean turbulent flames characterized by low Damköhler and high Karlovitz
numbers. The next step will be to use this theory
to develop models that could be used in applied
CFD research on lean combustion in SI engines.

sion can substantially change the turbulence
characteristics. These changes can in turn significantly affect the turbulent burning velocity
U T , which is primarily controlled by the rms
turbulent velocity u '. A good understanding of
these thermal expansion effects is therefore
needed to develop predictive models of turbulent combustion in engines. Unfortunately,
progress in this area has been limited, as discussed in detail elsewhere [85,86].

Figure 23. Normalized turbulent consumption velocity U T / u ' (red circles)
and relative reaction-surface area
δ A (black crosses) vs. the Damköhler
number. Red solid and black dashed
lines fit the DNS data with
U T / u ' = 0.96 Da 0.48 and
δ A ∝ Da 0.43, respectively.
Blue squares represent DNS data obtained in cases D4 and H4 characterized by Ze=6.0 and 17.1, respectively, with all other things (Da, Ka, etc.)
being equal. Reprinted from [62].

Almost seven decades ago, Karlovitz et al. [87]
and Scurlock and Grover [88] put forward the
seminal concept of combustion acceleration due
to flame-generated turbulence to explain the
unexpectedly high burning rates observed in
some early experiments. In doing this, they (i)
highlighted two different physical mechanisms
of turbulence generation due to combustioninduced thermal expansion, and (ii) hypothesized that such a flame-generated turbulence
significantly increased UT ; the influence of

Figure 24. Probability density functions for the normalized local reaction-zone thickness ∇c r , L / ∇c r ,T
computed in five cases specified in
legends. Here, the turbulent ∇c r ,T
is conditioned to
cw − 0.005 < c < cw + 0.005
and cw is associated with the peak
reaction rate W ( c ) . The laminar
∇c r , L is evaluated at c = cw . The
Zeldovich number is Ze = 17.1 in
case H4 and Ze = 6.0 in other cases.
Reprinted from [62].
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Influence of combustion on turbulence
When a premixed flame propagates in a turbulent flow, combustion-induced thermal expan-

flame-generated turbulence on the burning
velocity was assumed to be basically similar to
that of the incoming turbulence on UT . Since
those pioneering studies, the concept of flamegenerated turbulence has become widely
accepted; to the best of the present authors’
knowledge, the classical hypothesis [87,88] of
combustion acceleration due to flame-generated
turbulence has never been questioned. Nevertheless, certain fundamental issues associated
with this concept and hypothesis have yet to be
resolved.
In particular, while the physical mechanisms
highlighted by Karlovitz et al. [87] and Scurlock
and Grover [88] are relevant to turbulence downstream of the instantaneous flame, the physical
mechanisms explaining how a premixed flame
can influence the turbulent flow upstream of its
own location are poorly understood. However,
because flames propagate into the unburned
gas, perturbations of the incoming turbulent
flow are required for thermal expansion effects
to cause self-acceleration of the flame.
Second, combustion-induced flow perturbations
may differ fundamentally from the incoming
turbulence. Indeed, since the flow perturbations
are caused by pressure perturbations generated
due to density drop in the instantaneous flame,
the flow perturbations are expected to be mainly
irrotational (potential), whereas the rotational
motion dominates in a typical constant-density
turbulent flow. Indeed, recent DNS data indicate
that the potential component of the gas velocity
is increased (when compared to the rotational
component) upstream and in the vicinity of a
premixed flame in a weakly turbulent flow [86].
Third, rotational perturbations generated due
to thermal expansion effects in a flame, i.e.,
vorticity generation due to baroclinic torque
[85], and turbulent eddies in the incoming flow
may affect the flame surface area and, hence,
burning rate in opposite directions, i.e., the former rotational perturbations may mitigate an
increase in the area under the influence of the
incoming turbulence. To the best of the present authors’ knowledge, such a scenario has
never been discussed in the turbulent combustion literature. Nevertheless, there are reasons
for hypothesizing this commonly disregarded
scenario, i.e., reduction of flame-surface area,
caused by the rotational motion induced due
to thermal expansion in the flame. In particular, the fact that flame-generated vorticity can
work to smooth the wrinkled flame surface is
well-known in the theory of the hydrodynamic
instability of the laminar premixed flames [89].
Within the framework of the theory, the incoming flow of unburned reactants is treated as a
potential while the rotational component of
the velocity field is generated behind the flame
and acts to smooth flame-surface bulges, thus
CERC – Annual Report 2018
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reducing the destabilizing effect of the potential flow; see Eq. (40) in the recent review by
Lipatnikov and Chomiak [85]. However, this
classical theoretical result has yet entered into
mainstream discussion on the influence of
flame-generated turbulence on the burning rate.
Therefore, to explore whether flame-generated
vorticity increases or decreases the flame surface area, new numerical diagnostics were
recently developed [48] and applied to analyzing
the Nagoya DNS data [37,38]. Since these data
were computed in two cases H and L, characterized by two significantly different density ratios
σ = ρu / ρb = 7.53 (High density ratio) and 2.50
(Low density ratio), respectively, the Nagoya
DNS data are perfectly suited for investigating
thermal expansion effects in premixed turbulent
flames.
More specifically, since the rate of an increase
(or decrease) in the local area A* of an iso-scalar
surface c ( x, t ) = c* is well known to be controlled by the local stretch rate
s = ∇ ⋅ u − nn : ∇u + Sd ∇ ⋅ n [90-93], i.e.,
d ln A* / dt = s , the joint statistics of s and
enstrophy Ω = ω ⋅ ω or baroclinic torque term
BΩ = ω ⋅ Bω = ω ⋅ ( ∇ρ × ∇p / ρ 2 ) in the transport
equation for the enstrophy [85] was analyzed
for the first time in [48]. It is worth remembering
that baroclinic torque is the sole direct physical
mechanism of vorticity generation due to combustion-induced thermal expansion [85].
Figure 25a shows that, in case H characterized
by a high σ = 7.53 , the probability of negative
(black solid line) stretch rates is higher than the
probability of s ( x, t ) > 0 (red dotted-dashed
line) in regions characterized by a large enstrophy Ω ( x, t ) . A similar trend was also observed
for regions characterized by a large magnitude
of the baroclinic torque term BΩ ( x, t ) in both
cases. However, in case L characterized by a
low σ = 2.50 , results plotted in Figure 25b show
significantly different trends, i.e., stretch rates
are predominately positive independently on
Ω ( x, t ) , as occurs in a typical constant-density
turbulent flow. This difference between results
plotted in Figures 25a and 25b is associated with
the fact that the magnitude of BΩ ( x, t ) is much
less in case L when compared to case H, because
both ∇ρ and ∇p evaluated within a flame are
proportional to (σ-1) and (σ − 1)2H / (σ − 1)2L = 19.
Accordingly, baroclinic torque barely affects the
vorticity field in case L and the enstrophy decays
within the mean flame brush [39]. Thus, flamegenerated vorticity is weak and plays a minor
role in case L. On the contrary, in case H, the
flame-generated vorticity plays a substantial role,
increases within the mean flame brush [39], and,
as shown in Figure 25a, works to make the local
stretch rate negative, i.e., to reduce the flame
surface area, contrary to the common belief.

Figure 25. Probabilities of positive
(red dashed lines 2 and 3) and negative (black solid lines 1 and 4) stretch
rates conditioned on the local value
of the enstrophy Ω ( x, t ). Curves 1-2
and 3-4 are associated with the positive and negative baroclinic torque
terms BΩ ( x, t ), respectively. (a) case
H, (b) case L.

To evaluate the contribution of regions characterized by a large magnitude of BΩ ( x, t ) or Ω ( x, t )
to the evolution of the local areas of various iso-scalar surfaces c ( x, t ) = c* , the mean rate of an
increase or decrease in the surface area, conditioned both on c1 < c ( x, t ) < c2 and on Q1 < Q ( x, t ) < Q2 ,
was calculated as follows
t3
s ∇c Π ( c1 < c < c2 ) Π ( Q1 < Q < Q2 ) dxdt
t ∫∫∫
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Here, Q designates either the baroclinic torque term B Ω or enstropy Ω, the difference
Π ( q1 < q < q2 ) ≡ H ( q − q2 ) − H ( q − q1 ) between Heaviside functions H ( q ) is equal to unity if
an arbitrary quantity q satisfies the following constraint q1 < q < q2 , but Π ( q1 < q < q2 ) vanishes
otherwise, Σ = ∇c is flame surface density, and the integral in the numerator characterizes the
rate of an increase or decrease in the surface area because for an infinitesimal volume dV, the
local area δ A* = Σ*dV and d (δ A* ) / dt = sδ A* = s ∇c c =c* dV .
Figure 26. Doubly conditioned rate of
increase or decrease in the flame surface area given by Eq. (10) and normalized against Du / S L3 , vs. enstrophy Ω. The intervals c1 < c ( x, t ) < c2
to which the rate is conditioned are
specified in the legends. (a) case H,
(b) case L.

Figure 26a shows that, both in the reaction zone
( 0.70 < c ( x, t ) < 0.80 , see red solid line) and in
the middle of flamelets ( 0.45 < c ( x, t ) < 0.55 ,
see orange dotted-dashed line) in case H, the
doubly conditioned rate given by Eq. (10) is
negative in regions characterized by a large
Ω ( x, t ) . Thus, Figures 26a further supports the
finding that generation of vorticity due to baroclinic torque within flame can work to impede
increasing the flame surface area. On the contrary, Figure 26b shows that the discussed rate
is positive in regions characterized by the largest enstrophy Ω ( x, t ) in case L. As already
discussed above, the latter trend is associated
with a weak influence of baroclinic torque on
enstrophy evolution in case L, in which positive
stretch rates dominate independently of Ω ( x, t )
similarly to constant-density turbulent flows.
The analysis presented above indicates that if
the density ratio is high, i.e., σ = 7.53 , then
vorticity generation by baroclinic torque can

impede an increase in the reaction zone’s surface area, contrary to the common concept of
combustion acceleration due to flame-generated
turbulence. Conversely, if the density ratio is
low, i.e., σ = 2.5 , baroclinic torque only weakly
affects the vorticity field in the mean flame
brush, so this effect becomes unimportant.
Accordingly, if turbulence is considered to be
an inherently rotational flow, the influence of
flame-generated turbulence on the burning rate
appears to be fundamentally different from the
influence of turbulence in the incoming reactants on the rate. Therefore, the concept of combustion acceleration due to flame-generated
turbulence should be revisited and models that
predict an increase in the burning rate due to
vorticity in the incoming turbulent flow are
unlikely to be capable of describing a decrease
in the reaction-surface area (and hence the burning rate) due to flame-generated vorticity. In
other words, the influence of the incoming turbulence on burning rate should clearly be
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distinguished from the influence of flame-generated vorticity on the rate because they can act
in opposing directions.
Simulations of fuel injection into a
research DISI engine
Recent experimental data [94] obtained by
using laser diagnostic techniques to investigate
gasoline injection into and gasoline-air mixing in the combustion chamber of an optical
research SI engine installed at Chalmers showed
that double injections yielded (i) better mixing
and (ii) faster flame kernel growth than single
injections of the same amount of fuel. However,
the measured magnitude of the former effect
was small compared to the strong difference in
the rates of growth of the average flame area,
which became apparent at an early stage (from
-13 till -11 CAD aTDC) of the kernel’s expansion
(see Figure 8 in [94]). To resolve this apparent
inconsistency, unsteady 3D RANS simulations
of the single and double-injection experiments
were performed using the Converge CFD software package.

The simulation results helped explain the significantly different magnitudes of the two effects.
Figure 27 shows that in the vicinity of the spark
plug, the fields of the equivalence ratio Φ for the
double injection case (right column), are much
more uniform than those for the single injection case (left column). Therefore, the strong
difference between the measured growth rates
plotted in Figure 8 in [94] is associated with significant differences between local equivalence
ratio fields in the vicinity of the spark plug.
Unfortunately, this very important zone could
not be studied using optical methods, which can
only be applied in a single horizontal plane that
must be some distance from the spark. Within
this horizontal plane, the computed 2D Φ fields
suggest that double injection improves mixing
but the magnitude of the effect is moderate, in
line with the experiments [94].
Figure 27. 2D fields of the equivalence ratio, computed in the cases
of single (left column) and double
(right column) injections at -18 CAD
aTDC. Each column shows three vertical (normal to the piston head) cuts
separated by a distance of 1 mm.
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Conclusions and Future Work

A recently introduced approach for modeling
the influence of turbulence on the mean rates of
chemical reactions in flames was further validated and developed. The approach is based on
rigorously derived transport equations for the
instantaneous and mean reaction rates. In 2018,
this approach (i) was further validated by demonstrating its ability to predict significant oscillations in the turbulent burning velocity, which
were well documented in various DNS studies,
(ii) was extended to flames characterized by
Lewis numbers other than unity, and (iii) was
validated against DNS data obtained at Le=0.8,
0.6, and 0.34. The developed approach, i.e., the
model given by Eq. (4), has currently been validated against 15 DNS datasets obtained by four
independent research groups under substantially different conditions. The next step will
involve extending the approach for LES and for
chemical schemes including multiple reactions.
A new theory of the propagation of a reaction
wave in a highly turbulent medium characterized by a high Karlovitz number and a low
Damköhler number was developed and supported by DNS data. This phenomenological
theory (i) resolves an apparent contradiction
between recent experimental and DNS data,
i.e., the apparent validity of the Damköhler’s
scaling given by Eq. (9) and the lack of significant broadening of reaction zones induced by
small-scale turbulent eddies, (ii) emphasizes a
new physical mechanism of highly turbulent
premixed burning, and thus (iii) offers new
ways of modeling lean turbulent flames characterized by low Damköhler and high Karlovitz
numbers. The next step will be to adapt this
theory to develop models that could be used
in applied CFD research on lean combustion
in SI engines.

An analysis of the Nagoya DNS data for weakly
turbulent flames in cases with high and low
density ratios showed that if the density ratio
is high (σ = 7.53), vorticity generation by baroclinic torque can impede an increase in the
reaction-zone surface area, contradicting the
common concept of combustion acceleration
due to flame-generated turbulence. Accordingly,
if turbulence is considered to be an inherently
rotational flow, the influence of flame-generated
turbulence on burning rate appears to be fundamentally different from that of turbulence in
the incoming reactants. The next steps will be
to (i) apply the developed numerical diagnostics
to DNS data obtained under more intensely
turbulent conditions, and (ii) to use the obtained
results to improve our understanding and models of flame-turbulence interaction.
Unsteady 3D RANS simulations of single and
double-injections of the same amount of gasoline into the combustion chamber of an optical
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Case

research DISI engine explained the apparent
inconsistency between (i) the moderate influence of the injection strategy on 2D images of
the fuel concentration, obtained experimentally
by measurement in a single horizontal plane
some distance from the spark plug, and (ii) the
strong influence of the injection strategy on the
rate of flame-kernel growth after spark ignition. The simulations indicated that the fuel
distribution in the vicinity of the spark plug is
much more uniform in the double injection case,
which promotes flame kernel growth.

Table 1. NRL/Texas DNS database.

The Representative Interactive Linear-Eddy Model (RILEM)
Objectives

A new approach for modeling turbulent nonpremixed combustion was developed In an
earlier CERC project called ‘A representative
interactive linear eddy model (RILEM) for
low temperature combustion’ [95-98]. Studies
using RILEM have demonstrated its potential in engine applications. However, further
development of RILEM is needed to evaluate
its full potential and make it a valuable tool
for CERC’s industrial partners. Therefore, this
project’s main objectives are to:
• Extend RILEM for non-premixed combustion by introducing a progress variable
approach with a presumed PDF in order to
get closer to the ideal of a mode- and regimeindependent engine combustion model.
• Refine the model by introducing pressurebased coupling and improve its performance
through parallelization.
• Evaluate the model against engine experiments and projects within the division and/
or CERC.

conditions that are completely or partly outside of the validity range of standard turbulent
combustion models.
A new approach to modeling turbulent nonpremixed combustion was developed In the
previous CERC project called ‘A representative interactive linear eddy model (RILEM) for
low temperature combustion’, which concluded
with the Ph.D. defense of Tim Lackmann in
September 2017 [95-97]. RILEM utilizes the
linear-eddy model (LEM) as a representative
mode- and regime-independent combustion and
micro-mixing model. The coupling between the
RANS-based CFD flow solver and LEM in the
original version of RILEM [95-97] is shown in
Figure 28.

Project leader

Prof. Michael Oevermann

Researcher

Nidal Doubiani (PhD student)

Figure 28. The old RILEM code
structure.

Background

Many new combustion concepts are being
investigated with the aim of increasing the
efficiency and reducing the emissions of combustion engines. Examples include stratified
charge compression ignition (SCCI), reactivitycontrolled compression ignition (RCCI), lean
stratified premixed combustion, the use of high
exhaust gas recirculation (EGR) rates, and several dual fuel combustion concepts. A common challenge when modeling such concepts
is that they often involve combustion under
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Nidal Doubiani, PhD Student,
Div. of Combustion and Propulsion,
Mechanics and Maritime Sciences,
Chalmers University of Technology.

RILEM tries to overcome the main deficiency
of LES-LEM, namely computational cost, by
solving only a few representative LEMs. In
LES-LEM, a LEM is solved in each computational cell of an LES simulation. The goal
of RILEM is to retain the key advantages of a
full LES-LEM approach, namely regime- and
mode-independence, at an acceptable computational cost. The approach is somewhat similar
to the representative interactive flamelet (RIF)
approach of Pitsch et al. [99], but has distinct
advantages including regime-independence and
intrinsically variable scalar dissipation rates.
Some key similarities and differences between
the two approaches are:
• Coupling between CFD and the combustion
model
• RILEM:
• Presumed PDF for mixture fraction
and progress variable
• Turbulence parameters drive the LEM
combustion model
• RIF:
• Presumed PDF for mixture fraction
and progress variable
• Impact of turbulence is parameterized
via, e.g., the scalar dissipation rate
• Turbulent combustion/flame structure representation
• RILEM:
• Solution in physical space, resolving
all scales (DNS-style)
• Turbulence simulated via stochastic 		
triplet maps
• Turbulence interacts directly with 		
flame structure, yielding true turbulent
flame structures
• Each LEM represents the whole engine
• RIF:
• No direct turbulence-chemistry 			
interaction
• Always laminar flame structures
• Canonical flame configuration, e.g. 		
counterflow or direct solution in mix
ture fraction space
A common aspect of flamelet/RIF combustion
closure and RILEM is the coupling of the CFD
flow solver with the combustion model via a presumed probability density function (PDF). The
most significant difference between RIF and
RILEM is that in RILEM, each LEM represents
the whole real combustion chamber instead of
a canonical flame in mixture fraction space.
This is achieved by solving the problem in a
one-dimensional physical domain (a double
cone having the same volume as the combustion chamber) rather than in mixture fraction
space. This has several advantages in engine
combustion modeling because it allows one
to straightforwardly model engine combustion concepts that are difficult or impossible to
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model otherwise, such as multiple injections
or dual-fuel combustion (including scenarios
where two fuels are injected via spatially separated injectors).
RILEM [95-97] achieves reasonably good
agreement with experiment when modeling
regime-independent non-premixed turbulent
combustion in internal combustion engines.
However, it performs less well when predicting flame lift-off lengths, when modeling split
injections, and in cases with a limited solution
space in the CFD domain [95-97]. This is due
to the ensemble averaging of LEM states for a
given mixture fraction value on the LEM before
the solution is mapped back to the CFD domain,
which leads to a loss of information in the time
or progress coordinate that is required to represent ignition processes in a meaningful way.
These problems with RILEM could be eliminated by introducing a progress variable on the
CFD and LEM sides that would allow reaction/
combustion progress to be treated locally in
the CFD domain. A preliminary version of this
approach has already been reported [98]. The
introduction of the progress variable made it
possible to realistically represent non-premixed
combustion in a VOLVO heavy duty engine
with RILEM, which was impossible using the
simple coupling approach based only on the
mixture fraction (as shown in Figure 28). An
even bigger advantage of the extended RILEM
approach is the potential ability to treat partially
premixed and premixed combustion. The main
goal of this project is to refine this extended
RILEM approach.

Methods

As shown in Figure 28, the original RILEM
concept relied on a CFD solver (OpenFOAM
in this case) that is coupled to a number of concurrent representative LEM models. While this
approach works in principle with a single representative LEM, using several (on the order of
ten) LEMs in parallel would increase statistical
fidelity by providing ensemble averages conditioned on the mixture fraction. On the CFD side,
the standard set of equations for global mass,
momentum, and enthalpy are solved together
with a standard Lagrangian spray model
including single-component fuel evaporation.
Turbulence is modelled using the standard k-ε
model. The local state of fuel mixing on the
CFD side is determined by solving additional
transport equations for the Favre-averaged
mean mixture fraction and the variance of the
mixture fraction:
(1)

}

(2)

 ev , μt and Sct are, respectively, the source
Here m
term due to evaporation, the turbulent viscosity,
and the turbulent Schmidt number (which takes
a constant value of 0.7). The scalar dissipation
rate is modeled as
ε
χ = cχ Z ''2 (3)
k
with cχ = 2.
The extended RILEM approach includes an
additional transport equation for the mean
progress variable c:
(4)

Here, the progress variable is defined by
T ( x) − Tu
c( x) =
Tb − Tu

Figure 29. New RILEM code structure.

where T(x), Tu and Tb denote the local, unburned,
and burned temperatures, respectively. It follows that c = 0 in the unburned mixture and c =
1 in the completely burned mixture. Since the
LEM model deals with turbulent combustion,
the mean value of the progress variable source
term in (4) is evaluated on the LEM domain:

c = ∫∫ < c | c, Z > Pc,Z (c, Z )dc dZ

where < c | c, Z > is the conditional mean value
of the source term of the progress variable conditioned on c and Z (computed using several
realizations of the LEM), and Pc,Z(c, Z) is the
joint probability density function (PDF) of c
and Z, which can be modeled in different ways.
Here, the progress variable c and the mixture
fraction Z are assumed to be statistically independent, following the approach of Pierce and
Swaminathan [100]. In this case, the joint PDF
can be written as Pc,Z(c,Z) = Pc(c) · PZ(Z). Pc(c)
is modeled by a delta peak and PZ(Z) with the
usual beta function.
The energy budget in our formulation is solved
using an equation for the total enthalpy:
(5)

Here, j is the heat flux vector and qev is the
enthalpy source due to droplet evaporation,
which is provided by the spray model.
Once the enthalpy equation is solved, the temperature can be calculated in each computational cell k via the caloric equation of state:
N

hk (T ) = ∑ Ys ,k (t )hs (T ) (6)
s =1

with
hs (T ) = ∆hs0 +

T

∫ c p s (T )dT

T0

,

(7)

and
1 1
Ys ,k = ∫ ∫ P (c; ck ) ⋅ P ( Z ; Z k , Z2k '')Y SLEM (c, Z )dc dZ (8)
0 0



Here, hs, Δhs0 and cp,s denote the mass-specific
enthalpy, standard heat of formation, and
heat capacity at constant pressure of species
is the joint PDF of the
s.
progress variable and Favre mixture fraction in
CFD cell k based on the mean value of the progress variable and the assumed beta-function
PDF shape for the mixture fraction. YsLEM (c,Z)
is the conventional (i.e. ensemble-averaged)
species conditioned on the progress variable
and mixture fraction. Since the reaction progress increases with the fuel’s residence time in
the LEM domain, the progress variable can be
interpreted as an additional time coordinate that
makes it possible to distinguish between newly
introduced fuel (which has no reaction progress)
and fuel that was inserted previously (which has
some reaction progress). Only one set of species
was available for any given mixture fraction
value under the old formulation (ignoring any
effect of different residence times in the system). Conversely, under the new formulation,
the number of different sets of species for a
given mixture fraction value depends on the
number of bins in progress variable space. The
new formulation creates a much larger solution
space, which is mapped back from the LEM to
the CFD domain. The result is a larger chemical manifold, which leads to a more physical
representation of the spray combustion process
on the CFD domain.
The structure of the extended RILEM model
using mixture fraction and progress variables
for mapping is depicted in Figure 29.
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Results

Key preliminary findings obtained using the
extended variant of RILEM with the progress
variable are summarized below. These results
are presented more comprehensively, with full
details of the computational setup, in a recent
publication [98].

Table 1. Operating conditions for the
Volvo heavy duty test case.

The studied engine was a metal VOLVO singlecylinder research engine that is based on a cylinder from a Volvo 13-L six-cylinder heavy-duty
truck engine. It has a centrally located highpressure fuel injector and a compression ratio
of 15.8:1. The engine has low swirl, four valves,
a flat-head piston, and uses direct fuel injection. The initial fuel composition was calculated
based on the equivalence ratio in the residual
gas; the initial conditions in the cylinder and the
injection timing are summarized in Table 1. The
results of RILEM simulations were compared to
engine experiments conducted under full load
(FL) and part load (PL) operating conditions. In
addition to RILEM, the engine was simulated
using the Well Stirred Reactor (WSR) model.

Figure 30. Cylinder pressure traces based on experiments and simulations
with RILEM and WSR for the
full load (left) and part load
(right) cases.

Figure 31. Apparent heat
release rate curves based
on experiments and simulations with RILEM and WSR
for the full load (left) and
part load (right) cases.

CERC – Annual Report 2018

34

The study’s main goal was to investigate the
influence of unresolved turbulent fluctuations
on global combustion quantities such as pressure development, apparent heat release, and
flame brush. In addition, RILEM was validated
for the first time against data obtained with a
metal engine; it had previously only been used
to simulate an optical engine.
Figure 30 shows experimental pressure traces
for the Volvo heavy-duty engine and the corresponding pressure traces based on the RILEM
and WSR simulations for the full load (FL) and
part load (PL) cases. The WSR model, which
was tuned to match the experimental data,
yielded good agreement with experiment in this
case. Other studies have found the WSR model
to significantly overpredict in-cylinder pressure
development without careful tuning. RILEM
predicts ignition to occur slightly later than was
observed experimentally and predicted by the
WSR model. This delay leads to a larger premixed region within the CFD domain. Once
ignition occurs in the RILEM simulation, this
leads to a pronounced peak in the apparent heat
release rate during the early stages of combustion (see Figure 31), resulting in a steeper pressure trace and a higher peak pressure. Another
reason for the pronounced peak of the AHRR
might be the missing interaction of the flow
field with the igniting cells on the LEM domain
when autoignition occurs. Since the turbulent
advection events (triplet maps) are randomly
distributed over the LEM domain, they do not
necessarily encounter the reacting cells during
the short period of self-ignition (especially in
the FL case) in every single realization of the
simulation. If the turbulent stirring is missing
at the moment of ignition, the cells on the LEM
domain will behave like WSRs, which ignite too

rapidly, leading to an increase in the AHRR.
This problem could be overcome by averaging
over many computational realizations, which
will be investigated in future. Apart from the
peak in the AHRR during the start of combustion, the AHRR computed with RILEM
agrees well with experiment for the FL case.
The RILEM results were obtained without
any tuning to match the experimental data.
Because large-scale advection and the fuel mapping strategy are responsible for the ignition
delay observed with RILEM, it is possible that
better agreement with the experimental heat
release rate and pressure development would
be obtained with tuning.

very promising agreement with experimental
data for a heavy-duty truck engine under full
and part load conditions. However, the simulations also revealed some areas where RILEM
needs refinement and where further experience
with the method is needed.

The pressure development and heat release rate
computed with RILEM for the part load case
(see Figure 30 and 31, respectively) agree well
with experiment. It should be noted that RILEM
achieved good predictive accuracy without tuning in this case. This is encouraging for its use
in future studies, which will focus on combustion under conditions with quite strong interactions between the turbulent flow field and the
chemistry.

Many realizations of the LEMs (each representing a single realization of an engine cycle) will
be required to achieve statistical fidelity with
RILEM. To achieve this with good computational efficiency, the method’s preliminary parallelization using OpenMP for shared memory
architectures will be replaced or complemented
with full parallelization using MPI for shared
memory machines.

Conclusions and outlook

A preliminary evaluation of the extended progress variable-based RILEM model [98] yielded

As a first step, the volume-based coupling
between the CFD solver and the LEMs will
be replaced with a pressure-based formulation,
which will enable a better and more natural
treatment of wall heat losses in the LEMs. The
approximation of the progress variable PDF
with a simple delta peak will also be replaced
with more realistic shapes.

Finally, the method will be used to simulate
more realistic engine cases, preferably based
on experimental results available in the division and CERC.

Soot Formation in Homogeneously Charged Spark Ignition (SI) Engines
Objectives

• Obtain a deeper understanding of soot formation mechanisms associated with homogeneously charged SI combustion.
• Develop/assess strategies for minimizing
soot formation under conditions (e.g., high
loads and transients) that yield high particulate densities.
• Investigate the effects of renewable fuels on
soot formation with the aim of elucidating
their potential to suppress soot formation.
The project is based on experiments conducted
in our internal combustion engine laboratory.

Background

Gasoline Direct Injection (GDI) is a technology that is designed to reduce the CO2 emissions of gasoline engines while simultaneously
improving their torque and power output. Direct
injection is often implemented in downsized
turbocharged engines. However, the Particle
Number (PN) emissions of GDI engines exceed
those of conventional Port Fuel Injection (PFI)
engines; a car with a GDI engine and no particle
filters will emit significantly higher densities
of harmful particulates than a diesel engine
with a particle filter. This has resulted in the

introduction of legal limits on Particulate Mass
(PM) and Particulate Number (PN) emissions
from direct injection SI engines. To meet these
near-term regulatory requirements, automakers
have now started to use gasoline particulate
filters (GPFs).

Project leader

Prof. Petter Dahlander

Researcher

Sreelekha Etikyala (PhD student)

Future legislations and targets
Current European regulations require passenger car manufacturers to achieve fleet average
CO2 emissions below 95 g/km by 2021, and
targets of 80.8 g/km and 66.5 g/km have been
proposed for 2025 and 2030, respectively. To
meet these requirements, future passenger car
fleets are likely to exploit GDI in conjunction
with electrified powertrains using different
degrees of electrification. The 2021 CO2 targets
are based on the Worldwide Harmonized Light
Vehicle Test Procedure (WLTP) cycle, so these
targets are harder to meet than those based on
the New European Driving Cycle (NEDC). It
will be even more challenging to meet these
requirements if future regulations stipulate that
emissions be measured under more realistic and
aggressive driving conditions (such as those of
the RTS95 cycle) with greater accelerations and
higher loads and speeds.
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European laws that became enforceable in
September 2017 require the PN emissions from
passenger vehicles to be below 6.0E+11 #/km,
and Real Driving Emission (RDE) certificates
including this limit will be implemented in the
near future. One way to meet these requirements
is to fit engines with a GPF. As of September
2017, a Not-To-Exceed (NTE) limit on the
particle number RDEs of new car models was
introduced with a Conformity Factor (i.e., NTE/
Euro 6 limit ratio) of 1.5 based on a nominal
limit of 1.0 and an error margin of 0.5. This
limit will apply to all new cars in September
2018. To comply with this regulation, GPFs have
been developed for GDI cars and introduced to
the market.
Sub-23 nm particles, whose emissions may also
be restricted by future regulations, present an
additional challenge. Current standards only
apply to emissions of particles larger than 23
nm, but new ones are likely to apply to those
larger than 10 nm. However, no PMP standard for such small particles currently exists.
Exhausts contain many sub-23 nm particles,
both solid and volatile. Including these particles in PN measurements could potentially
help improve the control and optimization of
combustion systems. This could reduce PN
by, for example, encouraging manufacturers
to reduce fuel injection pressures (at present,
the trend is for an increase).
Another motivation for reducing particulate
emissions is the precautionary principle: inhaled
nano-particulates will never leave the human
body, and physiological studies on their effects
on human bodies have consistently revealed
serious adverse impacts on health. Moreover,
measurements along roads have shown no
reduction in particle density (number) despite
the introduction of increasingly strict PN and
PM emissions standards. This suggests that PN
and PM emissions should be subject to stricter
limits than those imposed by current laws.
The final motivating factor is that according
to recent reports, the levels of benzopyrenes in
GDI are orders of magnitude higher than those
in PFI. Benzopyrenes are group 1 hydrocarbons
found in particulate emissions that are particularly harmful and potentially carcinogenic. The
World Health Organization (WHO) limit for
benzopyrene exposure is 1 ng/ m 3, which is
significantly lower than the current levels of
particulates in GDI exhausts. Therefore, particulate emissions from GDI engines must be
rapidly reduced.
Gasoline particulate filters (GPFs)
The density of particulates in gasoline exhausts
is typically an order of magnitude lower than
that in raw Diesel exhaust. Therefore, a soot
cake forms rapidly in diesel particulate filters
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(DPFs), allowing them to achieve PN efficiencies of >99%. Unfortunately, GPFs do not
develop such soot cakes, resulting in relatively
low PN efficiencies.
Current GPFs are made from Cordierite, a magnesium iron aluminum cyclosilicate. Their
PN efficiencies can vary with (for example)
the porosity, but are lower than those of DPFs.
Reported filter efficiencies during driving
cycles vary between 45-50% and 75-80%
depending on the coating of the filters. Typical
back-pressures are 5-10 kPa, so the filters’ fuel
penalties are relatively low. An efficiency of
99% was achieved for a prototype 4WC with a
coated GPF in October 2017, but the backpressure was extremely high, resulting in a high
fuel penalty.
The GPF can be a separate component of the
aftertreatment system or may be integrated
with a three-way catalyst (TWC). A GPF can
function as a catalyst (without heating), starts
working immediately during a cold start, and
operates through the entire work cycle. DPF
controls are based on the backpressure and soot
load, but pressure-based control strategies work
only moderately well for GPFs, and the filters
are re-generated passively. Additionally, the
filtration efficiency and backpressure increase
significantly over the filter’s lifetime, as noted
above. This is probably due to the buildup of
an ash layer (from oil ash residuals) on the filter
channel wall.
With regard to meeting the legal limits on
Particulate Mass (PM) and Particulate Number
(PN) emissions, current GPFs are only likely
to be effective enough to permit compliance
for near-future generations of GDI cars. The
introduction of Real Driving Emissions (RDE)
based on cycles such as RTS95, and the inclusion of a PN limit for direct injection gasoline
(GDI) vehicles has accelerated the development
of GPFs, which are expected to appear on mass
market production vehicles in late 2017.
Eventually, however, GPF and present-day
technologies may be insufficient to meet future
limits on particulate emissions that go beyond
the expected sub 23-nm requirements at limited
exhaust backpressures. Therefore, in addition
to the development of GPFs, focus must also be
placed on reducing particulate emissions from
the engine.
Renewable fuels
Sweden wants to gradually replace fossil fuels
with renewable alternatives. Several studies
have established that oxygenated fuels reduce
soot formation. Engine-out soot emissions are
usually relatively low when using drop-in fuels
(e.g., gasoline with 30–40% butanol) – typically

around half those achieved with gasoline.
However, soot formation in the combustion
chamber has only been studied for a few combinations of renewable fuels. The energy content
of alternative fuels is typically lower than that
of fossil fuels, necessitating longer injection
processes. This may influence the combustion
process and soot formation. Vaporization, the
adiabatic flame temperature, and fuel properties (such as viscosity and surface tension) that
influence spray atomization may also affect soot
formation. Additionally, spray properties such
as the drop size and liquid penetration rate
may differ between individual renewable fuels.
However, the effects of these properties on soot
formation remain unclear. A better understanding of their effects (or lack thereof) is needed
to develop soot-reduction strategies tailored for
various renewable fuels. Also unknown are the
potential benefits of renewable and drop-in fuels
with respect to reducing sub-23 nm particulate
emissions.
Injector deposits (which seem to be related to
the type and quality of fuel and possibly to the
fuel pressure, injector nozzle geometry, leakage, and post-injections) are another area of
interest. Deposits may generally be harmless
in gasoline systems, but could be problematic if
other fuels are used. Renewable fuels that might
be worth studying experimentally in this context include “China” fuels, ETBE, and butanol,
alongside gasoline as a reference.
Engine soot formation
Soot forms at high temperatures in fuel-rich
regions of the cylinder. This can occur under
many different operating conditions, so fuelrich conditions must be avoided. Studies by
AVL et al. have shown that during homogeneous
operation, particles are formed primarily during cold starts, heating, transients, and under
high load.

Previous projects have revealed that some of the
mechanisms governing soot formation during
stratified combustion operate in a similar manner to those occurring in homogeneous engines.
For example, spray-wall interactions, which
result in slow-burning diffusion flames, promote soot formation. In homogeneous engines,
these interactions occur as the spray “chases”
the piston during the intake stroke. Conversely,
during stratified operation, they occur as the
spray moves towards the piston very late in the
compression stroke. The same mechanism governs the interaction in both cases, but the pressure and temperature conditions under which
the interaction occurs in homogeneous engines
differ from those for stratified operation.
Most automakers are now investing in stoichiometric homogeneous engines with inexpensive

three-way catalytic converters, and some are
also examining homogeneous lean burn combustion with more complex and expensive aftertreatment systems. These measures are being
examined alongside fuel-saving techniques
such as start-stop, cylinder de-activation, and
fixed or variable Miller cycles. Homogeneous
operation allows combustion with both EGR
and air dilution (homogeneous lean combustion). Whereas stratified combustion requires
a more specialized piston geometry, the piston
top geometry for homogeneous combustion
can be relatively flat. This would facilitate a
smooth transition to homogeneous lean engines
if the industry decides to go in that direction. A
homogeneously charged engine enables the use
of robust and relatively inexpensive multi-hole
injectors. In addition, the spray targeting can
be optimized for specific combustion systems
to prevent or minimize spray-wall problems.
Multi-hole injectors have been further developed and improved in recent years. In addition,
fuel injection pressures have increased, reducing soot formation. The actuator speed of injectors has also increased, and injector driver electronics have improved. These improvements
could make it possible to use two or even more
injections per work cycle, potentially further
reducing soot formation.
The spray plumes formed during fuel injection
must be optimized to avoid spray-wall contact
with the piston, intake valves, and other surfaces
such as the spark plug. Otherwise, numerous
particles will form under stationary operating
conditions, even at relatively low engine loads.
This can be very challenging to prevent, particularly in downsized engines under relatively
high loads where significant amounts of fuel are
injected and the spray’s movement is affected
by strong air motion. It is therefore extremely
difficult to avoid spray-wall interactions under
all conditions.
At relatively high loads, the tumble and turbulent
kinetic energy are high, which enhances mixing.
Nevertheless, it can remain difficult to obtain a
fully homogeneous fuel-air mixture in a direct
injection engine. Consequently, fuel-rich regions
resulting from imperfect homogenization may
become sources of soot formation. In a cold start
with a spray-guided combustion system, stratification and early injection can be used to increase
the fuel vaporization rate during the initial combustion cycles. This, combined with a very late
combustion, allows rapid heating of the catalyst
to the light-off temperature. Unfortunately, the
part of the combustion process resulting from
the very late injection leads to soot formation.
In general, fuel injections close to TDC during
the compression stroke lead to diffusion flames
and soot because there is insufficient time for
vaporization and complete mixing.
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The effects of the spray-wall interaction on the
soot formation resulting from pool fires depend
on factors such as the temperature of the surface
and the fuel. Fuel films generated by spray-wall
contact with the piston will vaporize when the
surface temperature is high, and therefore typically have little effect on pool fires and soot formation. However, at low temperatures, surfaces
such as the cylinder walls, piston, and cylinder
head are all cold. This results in extremely slow
vaporization, rendering the spray-wall interaction difficult. These surfaces are also relatively
cold during the warming up phase and the early
stages of a transient, similarly resulting in slow
fuel film evaporation and thus soot formation.

size and this reduction remains unclear). These
margins are too small to guarantee that the problems of particulate emissions can be adequately
resolved using existing technologies. Therefore,
ways of minimizing particulate matter formation in the engine must be developed to ensure
compliance with future emissions standards
and to minimize the size of the GPF that must
be used to achieve compliance (to avoid a detrimental loss of pressure). This will require
a better knowledge of soot formation in GDI
engines. To this end, the present project aims
to (i) identify the mechanisms governing soot
formation in a homogeneous SI engine, and (ii)
develop strategies to minimize this formation.

During stationary operation at loads of <10 bar
BMEP, extremely small amounts of soot form
in PFI SI engines. This is because a backflow
of hot exhaust gases enters the intake pipe at
relatively low loads, facilitating evaporation of
the fuel film on the intake valve. Backflow is
therefore desirable in this regard, but an optimized (and possibly variable) tumble motion
is also important for minimizing soot formation. However, at loads above 10 bar BMEP,
the increased pressure in the intake pipe prevents backflow, reducing the fuel film’s rate of
evaporation. This decrease, combined with the
increased mass of injected fuel around the valve,
causes diffusion flames to exist near the valve
or even on the cylinder wall. Consequently, the
resulting levels of soot are over ten times higher
than those occurring at low load. New ways of
injecting fuel into engines can be accessed by
combining a low-pressure port fuel injector with
a DI (high-pressure) injector, as demonstrated
by the Audi 2.0-liter EA888 Gen3 engine (2014)
and Toyota. For example, one or more DIs can
be combined with PFI to minimize diffusion
flame formation, thereby reducing the number
of potential soot formation sites.

As described in the background section, renewable fuels (e.g., ETBE, ethanol and butanol)
could be key components of such strategies.

Particulate formation during stratified combustion was studied in the earlier CERC project
“sGDI4”, which demonstrated the excellent
fuel-consumption benefits achievable by combining part-load operation with stratified combustion. This project also showed that stratified
combustion is currently infeasible because it
generates orders of magnitude higher particulate emissions and produces significantly larger
particulates than stoichiometric homogeneous
combustion. Stratified combustion systems will
therefore be unable to comply with future emissions standards unless future GPFs become over
99.9% efficient.
Eventually, legal limits on the number and size
of particles emitted from GDI engines will
become more stringent than they currently are.
Current GPFs can only reduce particle numbers
by ~60–80% (the correlation between particle
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Project hypothesis

• Various approaches and combinations of
approaches can be used to further reduce
soot formation during combustion.
• A GDI with an upstream PFI reduces soot
formation by improving mixing and vaporization.
• Increasing the content of renewables in the
fuel will reduce the soot content of raw exhaust.
• Soot formation depends significantly on
vaporization and mixing quality.
• Injector parameters, air motion, and injection
strategies must be optimized, and the interactions between these factors must be tuned
to minimize soot formation.

Research questions addressed in 2018

• How can an upstream fuel source affect and
minimize soot formation under high load?
• How does dual injection affect the formation
of solid particles regulated under current
emissions standards?
• How can fuel blends containing alternative
fuels affect soot formation in SI engines?
• Can soot reduction techniques be applied to
sub-23 PN?
• Do the sub-23 PN in the engine exhaust consist exclusively of volatiles?

Results

The project began in 2017. The most important findings from the investigation with an
upstream fuel source were recently published,
and are outlined below.
Particulate emissions in a GDI with an
upstream fuel source
The first experimental campaign, conducted in
2018, was conducted to evaluate the potential for
reducing soot formation by using dual-injector
engine configurations. To this end, an experimental engine was constructed featuring both a

DI injector and a PFI injector mounted upstream
in the inlet manifold. The mass split between
the two injectors was varied, and the resulting
effects on soot formation were investigated. The
period of time between injection and ignition is
considerably shorter for DI than for PFI. If DI
alone is used, these short time scales inevitably
lead to imperfect fuel-air mixing, and potentially to the retention of fuel droplets, which
result in the formation of small fuel-rich zones
and thus soot formation. Conversely, PFI yields
very low soot levels (but higher fuel consumption than DI) for stationary operation under certain engine loads. Experiments were therefore
conducted to identify mass splits that maximize
the benefits of both DI and PFI in order to minimize soot formation and fuel consumption.
Particulates were measured both with and without a VPR using two switchable valves between
the engine exhaust manifold and the DMS500,
as shown in Figure 32. A Dekati thermodenuder
(TD) acting as a VPR and a monolithic catalytic
stripper (CS) were used to remove volatiles to
ensure only solid particulates were measured.
Effect of the thermodenuder on PN
Measuring particulate emissions from an engine is challenging when the exhaust has a high
content of volatiles. This is because volatiles
interact with solid soot particles in an uncontrolled manner via mechanisms including
agglomeration, re-nucleation, and accumulation to form semi-volatile compounds. These
interactions can all occur simultaneously in the
exhaust tailpipe, leading to measurement artefacts. During the three-minute measurement
periods, the DMS500 recorded fluctuations
in the sampled data, resulting in spread in the
measurements. Figure 33 shows the measured

PN distributions and the corresponding spreads
for the reference road load point. Fluctuations
in the measurements were observed at all PFI/
DI ratios.
The error bars for PN in raw exhaust are large –
in the worst cases, their length is equal to 20% of
the mean value. However, the spread of PN measurements after passage through a TD or CS was
smaller. Both the CS and the TD reduced the
PN levels detected in the raw exhaust, but the
TD appeared to have more potential to control
the interactions between solids and volatiles,
as demonstrated by the narrower spread of the
PN measurements acquired using the TD. The
lengths of the largest error bars for measurements acquired with the TD were only 8% of
the corresponding mean values. This low error
suggests that acceptable repeatability can be
achieved using a TD.

Figure 32. Measurement apparatus used to show switching enabled
to sample engine exhaust with and
without thermodenuder and catalytic stripper.

Figure 33. Particle size distributions
at 5 bar IMEP and 1500 rpm. The
magnitude of the fluctuations in the
PN measurements was reduced after
passing the exhaust through the catalytic stripper and thermodenuder.
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Effect of injection mode (fuel mass split) on PN
The split in fuel mass injected via the DI and
PFI injectors should affect both combustion and
particulate formation. Increasing the PFI contribution will reduce both the mass injected via
the DI injector and the injection duration. This
should reduce piston wetting and increase mixing times, both of which are known to reduce
soot formation in DISI engines. The injection
duration needed to deliver a given quantity of
fuel via PFI exceeds that for DI. Therefore,
an upstream PFI injector acts as a well-mixed
fuel source because the fuel it delivers has a
long time to mix with incoming air, leading to
lower PN emissions. The measured data cannot
distinguish between these underlying mechanisms but do illustrate their net effect. This is
demonstrated by Figure 34, which shows that
increasing the proportion of fuel injected via
PFI reduced and ultimately almost eliminated
PN emissions.

Figure 34 summarizes the PN emission measurements for raw exhaust formed when the
engine was operating at a load of 7 bar IMEP
and 1500 rpm while varying the mass split of
the injected fuel. It is clear that the PN emissions varied with the PFI contribution. Because
higher PFI contributions reduce the mass of fuel
injected by DI, the DI injection duration falls,
significantly reducing piston wetting.

Figure 34. PN emissions in raw exhaust at 7 bar IMEP and 1500 rpm.
PN decreased as the proportion of
fuel injected via the PFI increased.
The highest particle numbers were
observed while using DI alone.

Effect of injection mode and engine speed on PN
A face-centered factorial experimental design
was used to investigate the effect of varying the
proportion of fuel injected via PFI and DI on
particle number (PN) emissions and the particle
size distribution (see Figure 35). The engine
speed and load were also varied in the factorial design. Figure 35 summarizes the trends
in PN observed upon varying the speed and
mode of injection at different loads. The model
fit has 90% confidence. Note that PN emissions
at 100% DI are almost an order of magnitude
higher than at 100% PFI, and that PN emissions
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decreased gradually with the PI percentage (see
Figure 34, which shows a subset of the DoE data
acquired at 7 bar IMEP). The DoE framework
was used to analyze such trends on larger scales
at multiple speeds and loads.
Increasing the speed and load increased PN
emissions, as expected (see Figure 35). At
higher speeds, substantial PN emissions were
recorded independently of the injection mass
split and the load. At lower engine speeds, PN
emissions were lower than at high speeds and
depended strongly on the injection mass split.
That is to say, increasing the proportion of fuel
injected via PFI reduced PN emissions. The
effect of the fuel mass split on PN emissions
was weaker at higher engine speeds, particularly at a load of 7 bar IMEP. This suggests that
although PFI improves fuel-air mixing, it does
not deliver complete mixture homogenization,
especially under high load/high speed conditions when the fuel mass is high and the time
for mixing is short.
PFI engines generally have very low PN emissions at lower engine speeds, but their PN
emissions rise rapidly once a certain (high)
load threshold is achieved. This can be seen
in Figure 35: when the load was 7 or 8 bars
IMEP, PN emissions were below the detection
limit of the DMS500 instrument when the fuel
mass split was 100% in favor of PFI. However,
raising the load to 9 bar IMEP while keeping
all other conditions unchanged caused PN emissions to increase dramatically. Some of the high
PN areas seen in Figure 35 can be avoided by
optimizing the start of injection (SOI). In this
DoE, the SOI was frozen based on a road load
reference point. Measuring the levels of dry
solids in the PN emissions could provide new
insights and a deeper understanding of the relationship between injection mode and particle
formation.
Effect of injection mode and speed on solid PN
To understand how the fuel mass split affects
solid particulate emissions, the factorial design
was repeated with the exhaust being sampled
after passage through a TD. As noted in the
engine setup section, measurements were
acquired sequentially so that the engine’s operating state was constant when collecting the
data presented in Figure 36 (page 42). Although
CS reportedly reduce measurement artifacts
[27], we found that the CS permitted some volatiles to pass (see Figure 33). Conversely, VOCs
are strongly adsorbed by the activated carbon in
the TD; while some solids are also adsorbed, the
particles exiting the TD consist almost exclusively of solids. Therefore, by comparing data
for the raw exhaust to samples exiting the TD,
one can distinguish between emissions of volatiles and solids.

The data shown in Figure 36 indicate that solid
PN emissions vary almost linearly with the PFI
percentage, whereas varying the engine speed
variation has only minor effects on solid PN.
Optimizing SOI should theoretically reduce
wall wetting and the abundance of fuel-rich
zones, reducing PN emissions. However, the
speed-independence of the solid PN emissions
shown in Figure 36 suggests that in practice,
SOI optimization would have little effect. PN
emissions increased slightly at around 2000 rpm
in the 7 bar IMEP case, probably because combustion soot was formed given the short mixing
time and the large amount of fuel injected at
this high speed and load. The radically different behavior of PN emissions observed with
and without the TD confirms the dominance
of volatiles in PN emissions from raw exhaust
samples. Moreover, a well-mixed mixture in the
cylinder should reduce wall wetting. When less
fuel is injected by DI, the risk of accumulated
wall wetting decreases.
Effect of injection mode and speed on sub-23
PN emissions
Although there are established methods for
obtained certified measurements of PN in raw
exhaust, there is particular interest in particles
with diameters below 23nm due to their harmful
effects on human health. Recently developed
particle measurement instruments such as the
Cambustion DMS500 enable accurate detection
and counting of smaller particles with diameters
as low as 5 nm. Levels of sub23 particulates
belonging to the so-called nucleation mode (i.e.
having diameters of 0-30nm) in raw exhaust
were determined at a load of 7 bar IMEP (see
Figure 37, next page). Their dependence on
injection mode and speed was similar to that
shown in Figure 36, indicating that the sub23
fraction has a significant content of volatiles.

The number of solid particulates formed while
using PFI was vastly smaller than that for DI,
irrespective of the engine speed. The data presented in Figure 38 clearly show that there were
few solid particles with sizes below 23 nm. It
must also be noted that increasing the PFI mass
split made it possible to reduce solid particulate
emissions to the point that they could not be
detected with the DMS500, as indicated by the
iso-line labeled 0 PN (#/cc).
The Sub23 solid particulate measurements presented in Figure 38 indicate that the quantities
of small solid particles formed when the PFI
contribution is at least 10% are negligible compared to total PN emissions, total solid particle
emissions, and total volatile emissions. It should
be noted that some small volatile particles originate from oil penetrating into the cylinder from
the engine crank while the piston is moving.

However, previous studies have shown these
particles to have diameters of 30-40 nm, suggesting that sub23 PN are mostly VOCs.

Figure 35. PN from raw exhaust
without thermodenuder at engine
loads of 7, 8 and 9 bar IMEP, engine
speeds of 1500 to 2500 rpm, and
fuel injection mass splits ranging
from 0 to 100% PFI. R2 = 0.87.
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Conclusions

Particulate emissions from an engine with a
flexible dual injection system were studied.
Sequential measurements of exhaust with and
without a thermodenuder and a catalytic stripper increased understanding of PN emissions
and their measurement.
A factorial experimental design was used to
measure PN emissions from an engine operating at varied speeds and loads, with the fuel
mass split between PFI and DI being varied
between 0 and 100%.
The following conclusions were drawn:
• A DoE varying engine speed, load, and the
PFI/DI ratio showed that a GDI engine with
upstream fuel injection could reduce PN up
to 10-fold while modestly increasing fuel
consumption.
• Solid PN decreased almost linearly as the
upstream PFI contribution increased but was
independent of engine speed.
• At higher speeds, shorter mixing times lead
to high PN. At high loads, large fuel mass
injections lead to high PN emissions, indicating that upstream PFI improves mixing but
cannot yield complete homogeneity.
• Sub23 PN behave similarly to PN in raw
exhaust, so strategies for reducing total PN
emissions will also reduce sub-23 emissions.
However, the sub-23 fraction is found to be
mostly volatiles.

Figure 36 (top). Solid PN measured with thermodenuder. Engine load
of 7 bar IMEP, engine speeds ranging from 1500 to 2500 rpm and fuel
injection mass splits ranging from 0 to 100% PFI, R2 = 0.79.
Figure 37(middle). PN with a diameter of <23 nm in raw exhaust formed
at an engine load of 7 bar IMEP, engine speeds of 1500 to 2500 rpm
and fuel injection mass splits ranging from 0 to 100% PFI.
Figure 38 (bottom). Emissions of solid PN with a diameter below 23 nm
based on samples passed through a TD. Data acquired at an engine load
of 7 bar IMEP, engine speeds of 1500 to 2500 rpm, and fuel injection
mass splits ranging from 0 to 100% PFI.

Marine Engine Fuel Injection
Objectives
Project leader

Assoc. Prof. David Sedarsky

Project co-leader

Dr. Andreas Schmid (Winterthur
Gas & Diesel Ltd.)

This project aims to correlate the fuel flow inside a marine injector with spray morphology,
droplet mixing, vaporization, and combustion.

Background

Researcher

Much of the ongoing marine engine development is focused on satisfying the requirements
of the IMO Tier III legislation, which came into
effect in 2016 and mandates an 80% reduction in
engine-out NOx levels. Motivated by the prospect of yet more stringent future requirements,
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Reto Balz (industrial PhD student
from Winterthur Gas & Diesel Ltd.)

engine manufacturers are investigating engineinternal NOx reduction methods such as Miller/
Atkinson timing, water in fuel emulsions,
and EGR. To develop such methods, engine
manufacturers require a good understanding
of internal engine processes, and particularly
the fuel injection and mixing conditions. A key
challenge in the computational fluid dynamics
(CFD) modelling of such engines is to achieve
better predictability. This is complicated by
the limited understanding of the flows in the

interior of the nozzle and their effect on fuel
spray formation (primary breakup). Primary
breakup is the least understood part of the spray
combustion process [101]; this project’s purpose
is to make it better understood.
It is clear that cavitation can drastically affect
spray breakup and plays a large role in the
development of fuel sprays. One common type
of cavitation is “geometric cavitation”, which
occurs at the corner and wall of the nozzle
hole and is caused by the sudden reduction of
static pressure as the flow enters the passages.
Another is “string cavitation” or “vortex cavitation”, which occurs transiently in the core of
strong vortices that can build up in these geometries (see e.g. Andriotis et al. [102]). Current
results show that both types of cavitation can
occur in the marine injectors examined here.
However, it is still unclear how switching from
one type of internal flow to another will affect
spray formation and thus spray breakup, mixing, and combustion in a real marine engine
during one cycle.
Winterthur Gas & Diesel Ltd. (Win G&D) is a
Swiss company that develops advanced 2-stroke
marine engine designs that are then constructed
by various contractors and installed in ships at
various locations in Asia. Their main products
are the designs, which are based on a detailed
understanding of these complex interactions,
much of which derives from CFD models. One
of the greatest obstacles to the development of
next-generation designs is the difficulty of predicting coupled spray formation, mixing, and
combustion. The goals of this project are therefore to deliver the experimental observations
required to develop and validate new models.
In this work, the student will investigate interior
flows in a selection of optically transmissive
nozzles developed in collaboration with Win
G&D. The interior flows will be correlated with
spray formation in the spray near field using the
methods discussed below. After several years
at Chalmers, the student will then study the
far field and combustion in the spray chamber
at Win G&D using metal versions of the same
injector tips.

Methods

The Chalmers team has recently developed
optically transmissive injector tips that can
withstand higher fuel pressures than earlier
designs (see Falgout and Linne [103]). The tips
are modified to match Win G&D geometries
and used for the in-nozzle flow investigations.
The spray formation in the near field can be
observed using ballistic imaging, a technique
developed by the Chalmers team.
Unfortunately, rebounding fuel jets inside the
chamber produced streams of large drops that

fill the space between the jet and the window.
Ballistic imaging can minimize image corruption by small drops that scatter imaging light
off-axis. However, large drops in the geometric regime refract light without scattering.
Consequently, when large drops are present
in high number density and out of focus, they
attenuate source light. Moreover, such jets coat
the chamber windows, causing further attenuation. In this work, we will develop a room temperature pressurized chamber designed specifically for marine injectors to minimize the fuel
jet rebound problem and improve image quality.
Room temperature will be used to enable the
use of transparent tips and ballistic imaging.
In the near field, the density ratio and cavitation number are much more important than the
temperature, and it will be possible to match
important density ratios and cavitation numbers
at room temperature.

Reto Balz, Industrial PhD student,
Winterthur Gas and Diesel,
Div. of Combustion and Propulsion,
Mechanics and Maritime Sciences,
Chalmers University of Technology.

The far field of the spray under combusting and
non-combusting conditions will be investigated
using the high pressure and temperature spray
chamber at Winterthur [104]. This chamber has
the same inner bore as a small Win G&D marine
two-stroke engine. The chamber emulates the
engine’s swirl number using a jet of hot gas that
enters the chamber from the heater section. This
allows the chamber to reach peak gas pressures
of 200 bar and peak temperatures around 900
°C. The chamber also has windows that can be
placed at various locations, allowing investigators to view different regions of the spray. Highspeed planar laser diagnostics are available for
Mie scattering from drops, Rayleigh scattering from molecules, and selected laser-induced
fluorescence. Injector concepts that have been
studied using optical setups at Chalmers will
be investigated using metal injectors at Win
G&D to obtain a full description of spray performance from the interior of the injector to
the burning tip.

Results

A series of measurements was recently acquired
using the previously developed transparent
nozzle holder (based on [103]), which enables
the use of real-sized, single-orifice injector
nozzle designs matching Win G&D’s nozzles.
Three nozzle geometries were investigated:
a centrically arranged 90° orifice, a centrically arranged 75° orifice and an eccentrically
arranged 90° orifice. All the orifice diameters
were 0.75 mm and the rail pressure applied was
50 MPa. The in-nozzle flow and spray formation
were imaged simultaneously using two highspeed cameras. In addition, the nozzles were
conditioned using the previously developed
hydro-erosive grinding rig. This flow grinding
(using a highly viscous, non-Newtonian fluid
containing small abrasive particles) enables
small modifications of the inlet radii between
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the nozzle main bore and the orifice. Nozzles
subjected to various levels of hydro-erosive
grinding were investigated.
Figure 39 shows in-nozzle flow visualizations
for the three nozzle types with different levels
of hydro-erosive grinding. The field of view
is centred on the orifice, and the nozzle main
bore is visible at the top of the images. The fuel
flows through the main bore from the top left
corner, enters the orifice, and leaves the nozzle
at the bottom. Dark areas indicate cavitation
while bright areas correspond to non-cavitating
flows. The wall of the main bore is slightly visible because the Diesel fuel and the optically
transparent material of the nozzles (PMMA)
have slightly different refractive indices.
The in-nozzle flow visualizations in Figure 39
show how the hydro-erosive grinding affects the
level of cavitation and how the different nozzle
designs affect the cavitation patterns. Spray
visualizations acquired simultaneously with
the in-nozzle data from Figure 39 are shown
in Figure 40. The spray formation projections
were acquired using a line-of-sight focused
shadowgram approach. Note that the bottoms
of the sprays are truncated due to limitations
in the spray chamber field-of-view.

Figure 39. In-nozzle flow visualization
for three nozzle designs: centrically
arranged 90° orifice (a), centrically
arranged 75° orifice (b) and eccentrically arranged 90° orifice (c). The left
image shows the sharp edge and the
right image shows the hydro-erosive
ground configuration. Dark areas indicate cavitation.

The spray axes are corrected with respect to
the orifice orientation. Whereas hydro-grinding
appears to have little effect on spray morphology
in the case of centrically arranged 90° orifices
(see Figure 40 a), its effects were significant for
the other two nozzle designs (see Figures 40b and
40c). Hydro-grinding changed the spray axis and
angle significantly in the case of the centrically

(a)

Although spray formation was studied at ambient temperature and back-pressure conditions,
the nozzle configuration (and particularly the
application of hydro-erosive grinding) clearly
had significant effects on spray formation.

Conclusions and ongoing work

The in-nozzle flow of large marine two-stroke
Diesel engine injector nozzle geometries has
been visualized in some detail using a newly
developed transparent nozzle holder and nozzles with realistic geometries prepared using a
specially developed hydro-erosive grinding rig.
Nozzle geometry was shown to significantly
affect spray formation. These results are currently being analysed to relate the observed
outcomes to cavitation conditions.
Based on the acquired measurements, select
nozzle designs have been manufactured using
metal for use in combustion experiments, which
will be conducted using the spray combustion
chamber at Win G&D. The new metal nozzles
should match the geometries and cavitation
conditions of the transparent nozzles to enable
evaluation of the far field spray and reacting
conditions downstream. These results will then
be used to relate the influence of in-nozzle flow
on spray formation to effects on Diesel combustion under realistic conditions. Finally, the
resulting imaging datasets and compiled trends
will be made available for validation of CFD
cavitation models.

(b)

Figure 40. Visualizations of sprays
emitted at the moments when the innozzle flow images depicted in Figure
39 were captured for the centrically
arranged 90° orifice (a), centrically
arranged 75° orifice (b) and eccentrically arranged 90° orifice (c). The
left image shows the spray formation
from the sharp edge nozzle and the
right image from the hydro-erosive
ground nozzle configuration. The
lower parts of the sprays are cut-off
because of the optical limitations of
the spray chamber.
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arranged 75° orifice (see 40b), and caused the
spray emitted from the eccentrically arranged
90° orifice (see 40c) to be much wider than that
emitted with any other nozzle configuration.

(a)
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(c)

(b)

(c)

Heat Transfer Reduction in Internal Combustion Engines
Objectives

The overall aim of this project is to improve
understanding of strategies for regulating
the heat transfer between gases and the walls
in an engine combustion chamber. With this
understanding, attempts will be made to reduce
heat losses to and heat loads on the exposed
components.
The results of this project may lead to improved
engine efficiency by yielding: (i) an increase in
the indicated efficiency (conversion of chemical
energy in the fuel to work on the piston), (ii)
an increase in the energy transferred to the
turbine, and improved conversion efficiency of
the exhaust gas aftertreatment system due to an
increase in the exhaust temperatures, and (iii)
a reduction in the heat load on the wall of the
combustion chamber, which enables an increase
of the power density and, for the same power
output, a decrease in the engine size. Indirectly,
this also lowers fuel consumption by reducing the friction, weight, and time required for
warm-up to the operating temperature.

Project goals

In addition to the general objectives listed
above, two specific goals have been formulated:
• To reduce CO2 emissions by the reduction
of heat loss from the LD Diesel combustion
process.
• To improve engine durability and enable
increased specific performance by reducing
heat loads on the pistons, cylinderhead and
valves.

Background

Volvo Car Corporation has been producing diesel engines since 2000, starting with the 5-cylinder ‘new engine diesel’ (NED5). This engine
was equipped with a common rail fuel injection
system, capable of delivering 1600 bar injection pressure and a specific performance of 50
kW/L. At that time this engine was considered

very modern and powerful. Since then, the
performance of Volvo engines has steadily
improved and, with downsizing to reduce fuel
consumption, the specific power has rapidly
increased. The specific performance of the current 4-cylinder VED4 is 86 kW/L, representing
an increase of over 70% in 15 years. The power
density has reached a point where the heat load
from the combustion on the cylinder head and
piston is becoming critical. Achieving further
improvements in the cooling performance is
difficult, and advanced (expensive) materials
are required.

Project leader

Prof. Michael Oevermann

Researcher

Joop Somhorst (industrial PhD student)

As awareness of global warming problems
has increased, increasingly strict legislation
has been introduced regarding CO2 emission
limits and the use of renewable fuels. Fleet average limits for CO2 emissions from passenger
cars (produced by each manufacturer supplying
the EU market) in the NEDC (New European
Driving Cycle) are set at 130 g/km by the end
of 2015, 95 g/km by 2021, and an expected target for 2025 is 75 g/km. Similar legislation has
been passed in Japan, China, the USA, Canada,
India, Mexico, Brazil and South Korea, and is
pending in other countries.
Electrification of the powertrain, although
costly, represents one means of reducing (local)
CO 2 emissions and meeting the legislation
requirements. Hence, a limited range of affordable hybrid and fully electrical vehicles will
be available in the near future and combustion
engines will be needed for at least a few more
decades. Therefore, reducing the fuel consumption of Diesel and gasoline engines in order to
meet future CO2 emission targets at affordable
costs remains a central focus of the car industry.
Heat transfer from the hot cylinder charge and
hot exhaust gas to the surrounding walls represents one of the main energy conversion losses
in the internal combustion engine. Figure 41

Figure 41. Engine energy flow distribution; typical coolant losses range
from 20 to 35% of the total fuel
energy.
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shows the typical heat flow distribution in a
combustion engine.
If the heat loss to the coolant can be reduced, the
amount of heat converted to work will increase
and the heat load on the exposed engine components will decrease.

Joop Somhorst, Indust. PhD student,
Volvo Cars Corporation,
Div. of Combustion and Propulsion,
Mechanics and Maritime Sciences,
Chalmers University of Technology.

Fuel economy and engine durability would
both improve, thereby allowing an increase
in the specific power. Moreover, owing to the
increased temperature of the exhaust gases,
more energy goes to the exhaust turbine, and
faster catalyst light of improves emission conversion. Additionally, when the amount of heat
transferred to the coolant is reduced, the cooling
system dimensions and weight can be reduced.
Methods of reducing heat losses in internal combustion engines, especially diesel engines, have
been extensively investigated. In the early days,
the goal was to create high-efficiency adiabatic
engines without the need for cooling. Tested
measures to reduce the heat losses included use
of stainless steel with low thermal conductivity
and air gap insulated pistons and cylinder heads,
as well as the first ceramic thermal barrier coatings. The results from these investigations fell
short of expectations; the thermal efficiency
decreased in some cases. Since then, numerous
configurations have been tested and simulated
with various results. However, at the start of
this project, a commercially available method
for reducing heat transfer via insulating was
still lacking.
Therefore, this project will seek to address the
following questions:
• Why are technical solutions for reducing heat
losses lacking from present-day internal
combustion engines?
• Are options too costly, insufficiently effective
or durable, and/or inadequately developed?
• What are the essential factors for heat-loss
reduction?

Method

The original approach of this project was to start
with characterization of representative, state
of the art coatings with precise measurements
in a single cylinder research light duty diesel
engine, followed by statistical data analysis.
Thereafter, modeling and simulations were
planned to explain the measured results and
investigate possibilities for further development
of thermal barrier coatings.
However, in 2016, the opportunity arose to work
together with University West on development
of plasma sprayed thermal barrier coatings. This
university has a research group with profound
knowledge about plasma spraying thermal barrier coatings from their long cooperation with
CERC – Annual Report 2018
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aerospace industry. An FFI project was initiated
to develop thermal barrier coatings for diesel
engines. The project partners are University
West, Volvo Cars, Volvo AB and Scania.
The focus of the PhD project shifted to contain only experimental work and focused on
improving plasma sprayed thermal barrier coatings. The first experiments (campaign E1) were
performed with a number of state of the art
TBCs to understand the effects and properties
of currently available TBCs. Investigation of
the effect of surface roughness was also part
of this campaign. A second experimental campaign (E2) was performed to test new material
structures, a new coating material and sealing
of the porous surface. A third experimental
campaign (E3) will include further developed
coatings with respect to sealing materials and
surface roughness.
The experimental work aimed to provide global
measurement results for the energy balance of
the combustion chamber and a fingerprint of the
apparent rate of heat release which contains the
combined information of wall heat losses and
heat released by combustion. The main tool for
the investigation was thermodynamical analysis
of the measured cylinder pressure. The heat
losses to the piston cooling oil were measured
as a second method to assess the effect of TBCs
on heat losses.

Results
Literature
A literature and patent study on the subject has
been conducted. An interesting finding was that
Toyota has introduced a TBC based on aluminum oxide and silica oxide in their new 4-cylinder 2.8 liter diesel engines to be produced from
2015. However, the coating is applied to only a
small part of the piston surface and claims of
the effect on fuel consumption are only partly
supported by Toyotas scientific publications
on the topic. It will be an interesting development to follow up. In 2018 Hino presented an
interesting solution for a HD diesel engine with
a thermal barrier coating made of sealed and
polished plasma sprayed zirconia, applied on
the part of the piston where the spray interacts
most with the piston surface. A gain of up to
2% in indicated efficiency was reported for part
load operating conditions.
Experimental campaign E1
The first experimental campaign of the PhD
project was run in March and April 2016 at
Volvo Cars. The results of this investigation
were submitted to the International Journal
of Engine Research for publication. Four different state-of-the-art thermal barrier surface
coatings were investigated. Two of the coatings
are considered classical and have been studied

Label

Description

Application area

Roughness Ra [µm]

Compression ratio

Ref

standard machined

uncoated

1.3

15.5

RefPol

mirror polished

uncoated

0.2

15.5

RefRgh

sandblasted

uncoated

3.4

15.5

AlORgh

unpolished alumina

whole crown

7.2

14.9

ZrORgh

unpolished zirconia

whole crown

7.3

14.9

AlOTop

polished alumina

squish surface

3.2

15.1

ZrOTop

polished zirconia

squish surface

2.3

15.3

extensively, whereas the other two coatings
were developed for the aftermarket and racing. Some researchers have reported that thin
coatings (typically with thickness: ~ 0.05 mm),
perform better than thick coatings. However,
the thin coatings tested in this project did not
show any significant effect on engine properties.
The evaluated thick coatings of aluminum oxide
and zirconium oxide have a rough surface finish, due to the production process, which may
have a negative effect on their performance.
Therefore, experiments are conducted on polished coatings as well. To evaluate the effect
of surface roughness without the presence of
a coating, sandblasted and mirror polished
uncoated pistons are also included. An overview of their properties is presented in Table 1.

coating materials. The compression ratio is an
important parameter in the calculation of the
apparent rate of heat release (aRoHR) and the
energy balance. Another method for determining this parameter was therefore essential. An
alternative method for estimating the thermodynamic compression ratio was found in literature
and – after some modifications and validation
– applied for all tested hardware. A publication
detailing the validation and application of this
method was presented at the SAE Conference
‘Powertrain, Fuels & Lubes’ held in September
2018 in Heidelberg.

Table 1. Properties of the pistons tested in the first experimental campaign.

Figure 42 shows the apparent rate of heat release
(aRoHR) for the standard and rough uncoated

Figure 42. Apparent Rate of Heat
Release for the unpolished pistons,
the sandblasted uncoated piston
and the reference piston. The indices mark (1) the start of interaction
between the spray and wall, (2) the
end of fuel injection, (3) pilot main
interaction.
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The combustion system for the single cylinder
engine is based on the first generation VED4
engine hardware. For each operating point, fast
pressure data from the cylinder, intake and
exhaust are recorded for 100 cycles, together
with injector current and fuel pressure in the
injector body. Data corresponding to slow signals (i.e., emissions, temperature, and pressure
standard for a single cylinder test bench) are
recorded in two minutes. Extra sensors are
added for measurements of the piston cooling
oil flow and temperature in order to determine
the heat load on pistons with different coatings.
The automated test run for each hardware specification consisted of 26 operating points (i.e.,
a combination of the three load points detailed
in Table 2 and corresponding motored points
without fuel injection). The highest load point
is run with two fuel pressure levels. To investigate the effect of exhaust gas recirculation
(EGR) and soot deposits on heat transfer, the
two lowest load points were run with an increasing amount of EGR (intake CO2). The combustion chamber surfaces were cleaned in between
hardware changes in order to start each test run
with unsooted parts.
Compression ratio
Analysis of the motored pressure traces revealed
that the values of the measured compression
ratios for the aluminum oxide and zirconium
oxide coated pistons could not be correct. This
may have resulted from the open porosity of the

Table 2. Operating points for the
single cylinder engine experiments
in the first measurement campaign.
The fuel injection was split into a pilot injection and the main injection.

Operating
point

Speed
[rpm]

Fuel
[mg/str]

Pintake
[bar]

Pexhaust
[bar]

Pfuel
[bar]

IMEP
[bar]

EOP A

1500

2 + 13

1.3

1.5

500

~5

EOP B

1500

2 + 28

1.7

1.9

1000

~10

EOP C

3000

2 + 58

2.6

2.8

1500, 2000

~20

pistons and the coated pistons with rough TBCs
of zirconia and alumina. Especially for the
high engine load (EOP C), the negative effect
of surface roughness can be seen. The peak
of the aRoHR was reduced significantly. This
might be caused by increased heat losses or
slower combustion. Either way the indicated
efficiency is reduced. The effect is strongest
when the spray interacts with the combustion
chamber wall until end of injection. At the low
load point EOP A there seems to be no effect
from the surface roughness. The variations in
the aRoHR for this case are caused by small
differences in ignition delay from variations
in compression ratio.
Multiple linear regression
Valid conclusions are assured by applying a statistical approach. With this approach, the data
is modeled using Multiple Linear Regression
(MLR). A separate model is fitted to the data
of each operating point; three models for the
fired points and three models for the motored
points. The following factors were modeled:
the type of coating, surface roughness, compression ratio, EGR level and fuel pressure.
The responses are: the engine efficiency, heat
losses, exhaust losses, emissions, and burn
duration. The measured data are combined in
the statistical models and, hence, a measure of

confidence can be determined. Moreover, the
models reveal details regarding the effect and
significance of factors such as surface roughness that are obscured when only the raw data
are examined. A third feature of the models is
that they can predict the responses for a new
combination of factors.
The indicated efficiency (ratWork) is plotted
in Figure 43 for the three engine loads and five
different pistons. The figure for the measured
results (left) indicates a significant efficiency
reduction for the fully coated pistons with a
high surface roughness (AlORgh and ZrORgh)
and low compression ratio (see Table 1). With
the statistical model predictions can be made
to investigate what would happen if the coatings would be equally smooth and the compression ratio for all piston would be identical.
The results are shown in Figure 43 on the right.
There is no significant difference between the
pistons with respect to the indicated efficiency
anymore. The main cause for the reduced efficiency of the thermal barrier coatings is their
high surface roughness.
Soot deposits have insulating properties that
are comparable to that of current TBCs and
need to be accounted for in engine experiments with TBCs. The effect of soot deposits

Figure 43. Indicated work
(ratWork = ratio of piston
work to fuel energy) for the
different pistons and three
engine operating points. The
left figure shows the measured data. The figure on the
right shows the predictions for
all pistons having the same
surface roughness and compression ratio as the reference piston.

on motored losses (IMEPH) is shown in Figure
44. The motored losses before and after each
fired engine operating point are compared. The
increased soot deposits evidently reduce the
motored work caused by a reduction of heat
losses. The significance of this reduction is clear
when their magnitude is compared with typical
motored friction losses (FMEP).

Figure 44. Influence of soot
deposits on indicated work,
compared to typical friction
losses. S0 = no soot deposits, the soot level is increased
after each fired engine operating point.
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Experimental campaign E2
The second experimental campaign focused on
the evaluation of new coatings, created in cooperation with researchers at University West. The
investigated features were the coating structure,
coating material and sealing of the surface. All
coatings were polished to reduce the negative
effect of high surface roughness on heat transfer as seen in E1. The experimental method is
similar as for the first experimental campaign.

Two different coating structures were evaluated, presented in Figure 45 in cross section
images from an electron microscope. The left

Name in tests

Description

Ref

uncoated standard piston

RefRgh

uncoated sandblasted and polished piston

RefLowCR

uncoated piston with low CR

RefRghLowCR

uncoated sandblasted and polished piston with reduced CR

APS YZS open

APS coated with zirconia open surface

APS YSZ sealed

APS coated with zirconia sealed surface with Durazane

SPS YZS open

SPS coated with zirconia open surface

SPS YSZ sealed

SPS coated with zirconia sealed surface with Durazane

SPS GZO open

SPS coated with gadolinia open surface

SPS GZO sealed

SPS coated with gadolinia sealed surface with Durazane
Table 3. Piston properties for the second experimental campaign. APS=air
plasma sprayed, SPS=suspension
plasma sprayed. Durazane is a polymer that becomes a ceramic when
cured in an oven.

Figure 45. Cross section of two zirconia thermal barrier coatings. The TBC
in the left picture is applied with air
plasma spraying (SPS), the TBC in the
right picture is applied with the novel
suspension plasma spraying (SPS)
method. Pictures were taken with a
scanning electron microscope (SEM).

image shows the classical structure created
with an air plasma spraying (APS) process.
Relatively large molten ceramic particles are
deposited on the surface and flatten out to from
a ‘stacked pancake’ structure. The right image
is from a TBC created with a suspension plasma
spraying (SPS) process. The particle sizes are
much smaller and deposition occurs in a feather
like structure. SPS is a newly developed process
which gives improved coating durability and
reduced thermal conductivity.

Figure 46. Polished and sealed zirconia coating. The zirconia TBC was
applied with SPS. The sealant was
Durazane 1800.

Two materials were evaluated: zirconia or YSZ,
a widely used TBC material and gadolinia
Open

Figure 47. The six coated and polished pistons tested in the second
experimental campaign and the uncoated, sand-blasted and polished
piston. For details, see Table 3.

Sealed

APS YSZ

SPS YSZ

SPS GZO

Sandblasted and polished
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(GZO) a new material with lower thermal conductivity compared to zirconia.
The surface of the coated pistons was polished
with fine grained sandpaper (P600) to acquire
a smooth surface. However, some holes and pits
remain as can be seen in Figure 46. A similar
structure was applied on two uncoated pistons
(Table 3) by sandblasting the surface and polishing. For each coating type, two variants were
created. One with an untreated open surface
and the other with a sealed surface. The sealing
material was Durazane 1800, a polysilazane.
When cured in an oven this material transforms
into a glas like ceramic.
Table 3 lists the evaluated pistons and describes
their specifications. Figure 47 shows a picture of
the six coated pistons and the sandblasted and
polished uncoated piston. The bottom of the
piston bowl was not coated due to limitations in
the spraying process. This was not considered
to be a problem, the heat load in the center of
the piston was relatively low.

Figure 48. Indicated efficiency for the
four fired engine operating points of
the test runs. The engine load is increased for each EOP. The variations
within one EOP come from different
settings for the fuel injection timing.

A first impression of the results is given in
Figure 48 where the indicated efficiency is
plotted for the four different engine operating
points employed in this campaign. It appears
that the reference uncoated piston has the highest efficiency still. The sandblasted and polished
reference piston performed significantly worse.
The negative effect of surface roughness is still
evident. Another observation is that the pistons
with the sealed surface seem to perform better
than the pistons with open porosity. Other data,
not shown here, indicates that the pistons with
open porosity have lower wall heat losses and
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slower combustion. Further data analysis and
modeling will be carried out to investigate and
explain the experimental results.

Conclusions

A summary of the main conclusions of this
project is listed here:
• The standard method to measure the volume
of the piston cavity wit a liquid to determine
the compression ratio does not work for pistons with porous TBCs. An alternative method
to determine the compression ratio was
improved, validated and applied. The method
is not sensitive for surface roughness and heat
losses which makes it especially suitable for
pistons with thermal barrier coatings.
• Soot deposits have a significant insulating
effect which must be accounted for in experiments with thermal barrier coatings.
• Application of a robust measurement method
and statistical analysis using multiple linear
regression results in data with high precision.
Differences down to 0.2 percentage point in
indicated efficiency can be distinguished
with 95% confidence.
• High surface roughness of the evaluated piston coatings increases heat transfer and
delays combustion. The typical surface
roughness of the tested zirconia and alumina
TBCs increase fuel consumption by up to 1%.
• The evaluated representative TBCs of zirconia and alumina do not improve the indicated
efficiency. Their high surface roughness
counteracts the low thermal conductivity of
the TBCs, but even polished to a lower surface roughness, efficiency is not improved.

• Preliminary results from the second experimental campaign indicate that the pistons
with sealed coatings produce a higher indicated efficiency compared to coatings with
open porosity. Open porosity gives lower
heat losses to the coolant but slows down
combustion compared to a sealed coating
surface. Further analysis is needed to explain
the causes behind these observations.

Future work

In the first months of 2019, data from the second
experimental campaign in August-September
will be further analyzed in a similar fashion
as for the first experiments. All components
of the energy balance will be calculated, as
well as emissions and other relevant properties. Then models will be made using multiple
linear regression to find correlations between
the responses and the differences in hardware.
The plan is to publish and present the findings at

the SAE conference at Capri in September 2019.
From April 2019, the third and last experimental
campaign is planned. This time the focus will
be on two additional methods to seal a porous
surface: with a thin dense ceramic top layer or a
thin metal coating. The surface of the TBCs will
be polished to achieve a surface roughness even
further to become comparable to the original
uncoated surface of a standard piston. For this
investigation, a simplified piston bowl design
will be used. The aim is to make the sprayed
surface more even in thickness and to remain
close to the surface of the original uncoated
piston surface. The simple shape is also more
robust for small changes in surface profile with
respect to flow pattern in the bowl, and hence
the combustion process. A journal paper will
be written about the findings from this investigation. Thereafter it is time to wrap up and
write the PhD thesis. The defense is planned
for November 2019.

Accurate Conjugated Heat Transfer Prediction of an Impinging Flame
Objectives

This project’s overall goal is to find improved
models and methods to accurately predict the
heat transfer from an impinging flame in a CI
engine. Particular emphasis is placed on predicting engine durability at high heat load, which is
expected to require higher spatial and temporal
accuracy than current models can achieve. In
addition, the developed models should ideally
improve confidence in heat loss predictions. An
important issue is to describe the effects of coatings that build up in the combustion chamber
and whose material properties differ significantly from those of metal. Therefore, towards
the end of the project, methods for modeling
conjugated heat transfer will be investigated.
The developed models could enable heat transfer issues to be addressed earlier in the product
development cycle than they currently are. This
would make it possible to design combustion
systems closer to their durability limits, increasing fuel efficiency without reducing confidence
in the engine’s robustness toward high heat
loads. As a side effect, the success rate of timeconsuming durability tests will be increased
because bad designs will be disqualified in earlier stages of the design process. While this will
not eliminate the requirement for such tests, the
need for expensive re-designs after failed tests
will hopefully be greatly reduced.

Background

Direct injected Diesel engines are challenging
to model because of the need to account for
many non-linear phenomena that affect spray
evaporation and the jet’s evolution and mixing,

all of which strongly affect the subsequent turbulent combustion. Heat transfer to the engine
walls is particularly difficult to model accurately and is important both for heat rejection
strategies and mitigation of endurance problems
[112]. A crucial prerequisite for correctly modeling these phenomena is to correctly model the
velocity and the turbulent fields.

Project leader

Prof. Lars Davidsson

Researcher

Jon-Anders Bäckar (industrial PhD
student)

Most industrial combustion CFD calculations
are performed using the RANS (ReynoldsAveraged Navier Stokes) turbulence model
known as the standard k-ε model [110].
However, this model is known to overpredict
spreading rates and underpredict vapor penetration for a free round jet [108], which can
be seen as a simple model of a spray-induced
jet in a CI engine [106]. To mitigate this shortcoming, the coefficient Cε1 is usually modified
to better predict the velocity field for the free
jet [116]. Unfortunately, while this modification
improves predictions for the free round jet, it
worsens those for plane and radial jets [119].
However, there appear to be no literature data
on whether this is also true for the radial wall
jet formed when the free jet impinges on a wall.
Therefore, experimental data for non-confined
jets [105,117] and/or confined jets [120] will be
used to investigate this issue. Also uncertain
is the effect of combustion on the modulation
of turbulence and its consequences, especially
with respect to the near-wall velocity field.
DNS analyses of a reactive plane wall jet [118]
suggest that heat release causes a moderate
reduction in wall jet spreading beyond a certain distance from the impinging point. If this
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is due to increased turbulence resulting from
combustion, the effect should be even smaller
for an impinging jet where the initial wall flow
is turbulent due to the turbulence developed in
the incoming free jet.
There have only been a few studies on heat
transfer using setups relevant to internal combustion engines [113,115]. However, heat transfer from an incompressible impinging jet has
been investigated thoroughly by both experimentalists and modelers [121]. Of particular relevance to this project is the finding that RANS
Figure 49. Sketch of an axi-symmetric
impinging jet.

turbulence models based on the Durbin V2F
model [109] appear to be particularly well-suited
for predicting heat transfer from an impinging jet. These models are so-called LRN (Low
Reynolds Number) turbulence models that
resolve the boundary layer instead of using arithmetic approximations (“wall functions”) for the
velocity and temperature profile. Of course, this
necessitates the use of a much denser mesh near
the wells, which increases computational cost
by around two orders of magnitude if one follows common meshing guidelines. However,
meshing techniques exist [107] that increase
lead-times in such cases by a factor of only 3 – 5.
This project will first identify a RANS turbulence model that is suitable for impinging jet
heat transfer and which accurately predicts the
velocity fields for both free jets and radial wall
jets formed when a free jet impinges on a wall.
Second, it will investigate how well different
turbulence models predict the scalar fields, i.e.
concentration and temperature, around both free
and radial wall jets. Third, it will find efficient
ways to account for transients in the solid during an impinging pulse, i.e. transient conjugated
heat transfer to the wall, especially when the
wall is covered by different insulating coatings.

Method

To isolate the problems of interest, simplified
systems were simulated. This had the advantage of permitting considerable freedom with
respect to mesh resolution. The studied systems
were variants of a 2D non-reactive axi-symmetric impinging jet, as shown in Figure 49.
No attempt was made to model fuel injection
or combustion. The first simulation strategy to
be tested used an equivalent jet [106] intended
to mimic a Diesel spray some distance from the
nozzle. To ensure that the injected flows of mass
and momentum remained equivalent, the inlet
area was scaled based on the ratio of the liquid
and gaseous densities: Agas=Aliqρlig /ρgas. The
density of the gaseous fuel was computed based
on the pressure and temperature of the ambient
gas. This approach worked quite well for investigating the velocity field around the jet of an
adiabatic spray. However, an evaporating spray
is a more suitable model for studying heat transfer at the impinging wall because it more closely
resembles sprays in real engines. Unfortunately,
numerical problems were encountered when
using the equivalent jet to mimic an evaporating
spray while trying to maintain an appropriate
energy balance. This is unsurprising because
the whole setup is unphysical. For example, it
assumes that there is no fuel vapor at the temperature of injection.

Figure 50. Virtual evaporation cone,
where L represents the liquid length.

Therefore, evaporating sprays were simulated using a different approach in which the
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evaporation was modeled outside the CFD
system and the results (i.e. the distributions of
velocity, vapor fuel concentration, and temperature in the radial direction) were used to define
boundary conditions for a CFD simulation. To
ensure the boundary conditions were applied at
the right locations, a truncated cone was “cut
out” of the CFD domain (see Figure 50). The 0D
spray model used in this work is based on the
equations of conservation of mass and momentum, as used in the Musculus spray model [114].
However, our model also includes equations
for the conservation of energy and a saturation
condition to model the liquid fuel’s evaporation.
The spray model was written in Python, and
all CFD simulations were performed with the
OpenFOAM C++ toolbox.

Figure 51. Cε1;
: 1.5,
: 1.6,
: 1.63.

Figure 52. Vapor penetration for
: StdKE,
: TndKE,
: V2F.

Results

The solver used to simulate the equivalent gas
jet was the rhoPimpleFoam solver, with which
it was easy to obtain converged solutions for
adiabatic sprays. Some typical results obtained
by studying the velocity field around a gas jet
are presented in Figure 51, which compares
experimental data for the velocity spread of
ECN Spray A to predictions obtained using the
standard k−ε model with different values of the
Cε1 coefficient. As can be seen, this coefficient
must be increased substantially (to 1.63) from its
default value of 1.44 to achieve good agreement
with experiment.
Figure 52 compares three turbulence models:
the standard k−ε model, the same model with
a tuned Cε1 coefficient, and a V2F model. As
can be seen, the standard k−ε model predicts
a slower vapor penetration than the other two
models, with fuel taking a longer time to reach
the impinging wall.
The 0D spray model was validated against
experimental data from the ECN database representing variations on the Spray A conditions.
One of the quantities considered in this model
is the evaporation radius, i.e. the radius within
which a vapor-liquid equilibrium exists; it is
assumed that all fuel outside this radius exists
exclusively in the gaseous state. This radius falls
to zero some distance downstream of the injector; this distance is known as the liquid length.
Figure 53 compares the modeled evaporation
radius to measured liquid lengths for three
fuels under similar ambient conditions. The
horizontal axis represents the distance downstream, scaled against the nozzle diameter and
the square root of the density ratio between the
liquid and the ambient gas. As shown in the
figure, the model overpredicts the liquid length
in general but correctly reproduces differences
between fuels.

Figure 53. Predicted evaporation radii (dashed lines) plotted against
the corresponding experimentally determined liquid lengths (solid
lines) for
: n- Heptane,
: Dodecane, and
: Cetane.

Figure 54. Predicted evaporation radii (dashed lines) plotted
against the corresponding experimentally determined liquid lengths
(solid lines) for different ambient densities and temperatures;
: SprayA,
: lower density,
: lower density and temperature,
: lower temperature.
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Figure 54 presents a similar comparison for
dodecane under different ambient conditions
with varying densities and temperatures. The
model’s predictions are very good for the two
cases in the middle, with a liquid length of
around 21, but the other two cases are poorly
predicted. The model’s predictions for the
region far downstream also diverge widely from
the experimental observations for the case with
the longest liquid length. It seems that the current model generally predicts liquid lengths in
a narrow range centered approximately on a
value of 21, even under conditions that should
yield very different liquid lengths.

Concluding remarks

The equivalent gas jet was shown to be a useful
and simple model system that can be used to
study the effects of different meshes and turbulence models on the velocity field and the
scalar fields. However, to model heat transfer,
the energy balance must be treated correctly,
which results in unphysical behavior when
using the equivalent gas jet. To avoid the need
to incorporate droplets into the CFD model,
efforts have been made to simulate evaporation
outside CFD using a 0D model. This approach
currently produces fairly good results for a limited range of initial conditions.

Emission-Aware Energy Management of Hybrid Vehicles
Background
Project leader

Prof. Tomas McKelvey

Researcher

Jonathan Lock (PhD student)

In hybrid vehicles a combustion engine is complemented with an electric generator, an electrical machine, and a battery. An after-treatment
system is used to reduce exhaust emissions from
the combustion engine. A key challenge from a
controls perspective is to use these sub-systems
as efficiently as possible in the vehicle’s various
use-cases.
For electric hybrid vehicles, it is common to
implement an energy management system that
acts as a supervisory controller, which primarily
determines how much and when power should
be delivered from the electric machine and combustion engine. However, modern energy management systems largely neglect the dynamic
effects of the combustion and after-treatment
systems. This project aims to reduce current
inefficiencies in overall vehicle behavior with
respect to both emissions and fuel consumption.

Method

This project will focus on:
• Assessing the potential to create an energy
management system that is aware of the (full)
state of the combustion process and aftertreatment system.
• Designing an energy management control
architecture that can utilize state-information from the combustion system (including
the after-treatment system) to enable nearoptimal control of the relevant subsystems
for a range of vehicle use cases.
• Demonstrating the benefit of the developed
control structures by vehicle testing using
the Chalmers hybrid test rig for a limited set
of drive scenarios.

Jonathan Lock, PhD student,
Electrical Engineering,
Chalmers University of Technology.
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These goals will be achieved through work
in two distinct fields: we require new systems
control methods and tools to solve the stated
problems, and experimental studies to evaluate the performance of the proposed controller.
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Results

Optimal control policies for hybrid vehicles are
commonly developed using so-called dynamic
programming (DP) methods. DP methods are
very powerful, making it possible to find optimal decisions for nonlinear systems with constraints. However, their computational complexity increases exponentially with respect to
the system’s number of so-called state variables.
Intuitively, we can view the system’s state variables as the numerical values needed to predict
its future behavior. For instance, if we wish to
predict a vehicle’s speed in the next few seconds,
we must know its current speed (a state variable) and acceleration (an input we can control).
To date, most of the work in this project has
focused on developing and experimentally
validating two extensions to DP methods to
fill a knowledge gap, ultimately allowing us
to solve the control theory problems relevant
to this project.
Multi-pass iterative dynamic programming
A key state variable for a hybrid vehicle is the
battery state-of-charge. However, our goal of
considering additional sources of dynamics
in the after-treatment system will increase the
total number of state variables. Some potentially relevant state variables include the aftertreatment system temperature(s), engine block
temperature, and (if we consider the three-way
catalyst aftertreatment system) the stored oxygen content.

A standard DP method would typically take an
impractically long time to generate solutions
for cases including aftertreatment dynamics.
Fortunately, we have found that it is possible to
significantly reduce the time needed to generate a solution for dynamic systems where one
state variable changes much more rapidly than
another. For instance, the temperature of an
aftertreatment system changes over an interval
of minutes, whereas the battery state of charge

for a full hybrid changes over an interval of
hours.
The method we developed, which we have
named multi-pass iterative dynamic programming, reduces the time needed to solve an optimal control problem by the quotient of the relative time scales. Using the previous example,
this would imply that we can obtain solutions
approximately 50 – 100 times faster than would
be possible using a standard DP method. At
its core, our method works by initially solving a simplified problem that has fewer state
variables and is therefore very quick to solve.
The approximate solution obtained in this way
is then used to reduce the time needed to find a
solution to the full (original) problem.
Ultimately, our aim is to use this method to
generate a best-case reference for the fuel consumption and emissions problem, which we
can then compare to the current supervisory
controller and a to-be-developed near-optimal
real-time controller.
Minimum-horizon dynamic programming
Non-linear optimal control is computationally difficult and often not suited to real-time
control. Furthermore, heuristic penalty and/
or constraint terms are commonly added to
“tune” system behavior, paradoxically leading
to behavior that may be sub-optimal in some
sense. Our second DP extension, which we
have named minimum-horizon dynamic programming (MHDP), is a method that, neither
requiring nor precluding tuning parameters,
efficiently enables real-time control of constant
set-point non-linear optimal control problems.
By “constant set-point control”, we mean the
task of controlling a dynamic system’s state
such that it remains constant for a long time.

The MHDP procedure can be divided into two
distinct phases, and is conceptually similar to
explicit model predictive control methods:
1. First, the control problem is solved for all
set-points of interest using a standard computer. This process takes minutes to days,
depending on the specific application, but
need only be performed once for a given
physical system.
2. Second, the results from the first step are used
to implement near-optimal real-time control
at very low computational cost. Typically,
this requires on the order of 5-10 KiB of nonvolatile memory, a few bytes of RAM, and
10 – 100 CPU instructions per real-time control call; requirements easily satisfied by
almost all existing embedded systems.

Figure 55. Optimal control law for
combustion engine torque τ C and
electric machine torque τ E . The opti
mal torque to apply at any instant
depends only on the current crankshaft speed and the target power. For
a target power of 61.8 kW, this gives
an equilibrium speed of ≈ 520 rad/s.

One application we have tested and evaluated is
transient speed control of an engine-generator
subsystem (gen-set), i.e. a combustion engine
that is directly connected to an electric machine
whose overall function is to convert combustible fuel into electric power. The series-hybrid
vehicle is one example of a system that uses
a gen-set. Typically, the optimal control goal
is to deliver a given level of electrical power
while consuming as little fuel as possible. It
is easy to generate an equilibrium solution for
this problem (i.e. to find the equilibrium crankshaft speed that gives the lowest fuel consumption), but far harder when dynamic operation
is considered. If the goal is to deliver a given
amount of electrical power, how quickly should
the crankshaft speed be changed? Should the
combustion engine or the electric machine be
used to accelerate the crankshaft (or both)?
Should this acceleration change over time? All
these questions can be answered using MHDP.
An illustrative optimal solution (i.e. representative optimal combustion engine and electrical
machine torques to apply at any given time) for
an output power of 61.8 kW is shown in Figure
55. The optimal torques to apply at any given
moment depend only on the current crankshaft
speed, making the solution easy to implement
in real-time. Figure 56 shows the difference

Figure 56. Combustion engine operating points visited in an example
case where the target power switches
from 0 kW (engine idle) to 61.8 kW
and then back to 0 kW. The optimal
(ACOC) and traditional (proportional)
controllers reach the same equilib∞
via different paths.
rium point x*EQ
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The novelty of MHDP lies in its ability to generate near-optimal control solutions for general
constant-setpoint non-linear systems without
any field-specific knowledge.

Figure 57. Hybrid test cell.

between the optimal (indicated by violet dots)
and traditional (green dots) controllers during
an idle, 61.8 kW, idle load step. Naturally, both
controllers end up at the same operating point
(200 Nm, 520 rad/s), but they reach it by different paths. The optimal controller takes a path
through the ISFC map (and the corresponding
electric machine efficiency map) that minimizes
fuel consumption and converges to the optimal
equilibrium operating point. Conversely, the
traditional controller does not account for the
efficiency of the transient phase at all.

The effects of such optimized solutions on fuel
consumption have been evaluated by simulation and in a hybrid test cell (Figure 57). Both
simulation and experiment indicate that controllers implementing optimal solutions can reduce
fuel consumption during the transient phase
by approximately 6-7% compared to existing
controllers. These results demonstrate both the
usefulness of MHDP and its low computational
cost: we were able to implement a near-optimal
controller using existing hardware with no additional computational demand.

Conclusions and outlook

We have developed numerical methods for solving general optimal control problems, with a
focus on the advancements that will be needed
to implement some form of optimal supervisory control that optimally accounts for exhaust
after-treatment dynamics. In particular, we now
have a method that can be used to compute a
best-case control scenario (which is useful as a
reference benchmark when evaluating practical
solutions) and a method that enables practical
near-optimal real-time control of constantsetpoint systems.
In the future, we plan to apply these methods
in the context of after-treatment control. In particular, we will consider cases where the goal is
to minimize fuel consumption while generating
a given average level of emissions.

Waste Heat Recovery – Phase II
Objectives
Work package leader
Prof. Sven Andersson

Co-work package project leader
Assoc. Prof. Karin Munch

Researcher

Jelmer Johannes Rijpkema
(PhD student)

Jelmer J. Rijpkema, PhD Student,
Div. of Combustion and Propulsion,
Mechanics and Maritime Sciences,
Chalmers University of Technology.
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The second phase of the waste heat project
(WHR-II) aims to improve combustion engine
efficiency by exploiting both high- and lowtemperature waste heat sources. The project’s
first phase (WHR-I) focused exclusively on
high temperature sources (the EGR cooler and
exhaust) and the Rankine cycle. It was found
that this combination of sources and cycle could
reduce fuel consumption by 4 to 6%. The second
phase (WHR-II) also considers low-temperature
heat sources such as the charge air cooler and
the engine coolant, and combinations of highand low-temperature heat sources. Numerical
studies were conducted to evaluate the potential
efficiency gains resulting from the use of these
sources with various thermodynamic heat
recovery cycles (including the Rankine cycle)
and working fluids. The project’s goals are to:
• Evaluate the efficiency gains achievable by
exploiting different combinations of thermodynamic cycle, working fluid, and heat
sources (including low temperature sources).
• Validate thermodynamic simulations of
cycles and their components against experimental data.
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Background

To meet market demands and comply with
existing and future legislation, vehicle manufacturers must reduce the fuel consumption
of their vehicles. Therefore, it is increasingly
important to develop highly efficient engines
with low operating costs. Waste heat capture is
a promising way of increasing fuel efficiency
because over half of the fuel energy is lost in
the engine as heat. Previous studies showed
that heat recovery systems can reduce the fuel
consumption of Diesel engines by up to 10%.
The WHR-II project is collaboration between
Sweden’s three academic competence centers
in Internal Combustion Engines (CERC at
Chalmers, KCFP in Lund and CCGEx, at KTH)
and Volvo Car Corporation, with Chalmers
having overall responsibility for the project.

Methods

The WHR-II project combines simulation and
experiment, making it possible to study the
potential of selected thermodynamic cycles
using validated models. Thermodynamic cycles
were simulated using Modelica coupled to the
CoolProp fluid database.

Each cycle was evaluated for a number of
appropriate working f luids and boundary
conditions. To establish the heat input into the
thermodynamic cycles, heat source boundary
conditions were defined by measuring the
operating conditions of an actual heavy-duty
Diesel engine. Simulations were performed
using a GT-Power model of a 12.8L heavy duty
Diesel engine that was previously developed
and experimentally validated for the stationary
points of the European Stationary Cycle. The
waste heat sources considered in the simulations
were the exhaust gas recirculation cooler,
the exhaust gas flow, and the engine cooling
fluid. The model’s output was used to perform
energy and exergy analyses for each simulated
operating point.
The experimental setup, shown in Figure 58,
consists of a heavy-duty Diesel engine connected to a WHR system through a plate heat
exchanger in the exhaust. The heat exchanger
is used to evaporate and superheat the working
fluid, which then enters the reciprocating piston
expander. As a result, heat that would otherwise
be rejected via the exhaust can instead be used to
generate extra power. The experimental results
were used to validate and refine the models.

Results

Energy analyses based on data from the engine
tests and the output of the GT-Power model
showed that there is potential for waste heat
recovery for all of the studied heat sources, i.e.
the charge air cooler (CAC), engine coolant,
exhaust gas cooler (EGC), and exhaust gas
leaving the engine. On the basis of a literature
review, four thermodynamic cycles were
selected for further investigation: the organic
Rankine cycle (ORC), the transcritical Rankine
cycle (TRC), the organic flash cycle (OFC), and
the trilateral flash cycle (TFC). Simulations of
these cycles with over 50 working fluids were
performed for various engine operating points,
conditions and constraints.

Figure 58. Experimental setup of the heavy-duty engine and WHR system.

As a first step, each cycle’s maximum power
output for each individual heat source was
evaluated. Particularly good performance
was achieved using acetone, cyclopentane
and methanol as working fluids, and also with
benzene and ethanol to a lesser extent. When
toxicity and flammability were accounted for,
MM, Novec649, R1233zd(E), R1234ze(Z),
and water emerged as preferred working
fluids. For each heat source, the ORC and TRC
outperformed the TFC and OFC, with the OFC
giving the lowest maximum power output. In
a second step, the different heat sources were
connected in series in two configurations, shown
in Figure 59: Conf-1: CAC-Coolant-ExhaustEGRC and Conf-2: CAC-Exhaust-EGRC.

Figure 59. Heat exchanger configurations 1 and 2.
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Figures 60 and 61 show the ten best-performing
working fluids for each thermodynamic cycle
at the corresponding expander inlet pressure
for a 100 kW engine operating point, with
and without a recuperator. Considering all
dominant operating points in a typical long

haul cycle, the best performing fluids were
acetone and cyclopentane for both Conf-1 and
Conf-1, ammonia and R1234zd for Conf-1, and
ethanol and methanol for Conf-2. Again, the
ORC achieved the best performance because it
involves lower pressures than the TRC.

Figure 60. Heat exchanger configuration 1: Maximum power output of the
cycles at the corresponding expander
inlet pressures. The X symbols indicate the best perfor-mance achieved
using a recuperated cycle.

Figure 61. Heat exchanger configuration 2: Maximum power output of the
cycles at the corresponding expander
inlet pressures. The X symbols indicate the best perfor-mance achieved
using a recuperated cycle.

Future Alternative Transportation Fuels
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Fuels from renewable resources (e.g., biomass)
offer a way to secure a fossil-free energy supply and reduce unwanted greenhouse gas emissions. Drop-in fuels are designed to be suitable
for use in standard CI engines with unchanged
hardware and calibration settings. This project
aims to evaluate the effects of drop-in fuels on
CI engine performance and emissions. To this
end, the spray characteristics of fossil Diesel
fuel, hydrotreated vegetable oil (HVO), and two
oxygenated fuel blends were studied to elucidate
their combustion processes.
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Method

The fuels were studied in an optically accessible high-pressure/high-temperature chamber
under non-combusting (623 K, 4.59 MPa) and
combusting (823 K, 6.04 MPa) conditions at
injection pressures of 120 MPa and 180 MPa.
The gas density was held constant at 26 kg/m3.
Under non-combusting conditions, shadow
imaging was used to determine the penetration
length of the sprays’ liquid and vapor phases.
Under combusting conditions, the lift-off length
(the distance between nozzle and first visible

autoignition signal) and the soot volume fraction were measured by simultaneously recording time-resolved two-dimensional laser extinction, flame luminosity, and OH* chemiluminescence images. Additionally, the ignition delay
and start of soot formation were determined.
To obtain statistically reliable data, 30 injection
events were recorded for each combination of
fuel and operating conditions.
The reference fuels Diesel and hydrotreated
vegetable oil (HVO) were compared to two
oxygenated blends containing the alcohol 2-ethylhexanol (EH), HVO, and either 20% Diesel or
7% rapeseed methyl ester (RME). Both blends
were designed to have Diesel-like cetane numbers (CNs). Table 1 shows the properties of the
reference fuels and blends.

Results

Under non-combusting conditions at both injection pressures, the liquid penetration length was
higher for the blends and HVO than for Diesel,
but all fuels exhibited similar vapor penetration
lengths.
The liquid penetration length was found to
increase as the fuel density decreased, contradicting previous predictions suggesting that the
liquid length should increase with increasing
density [122,123]. This implies that the influence of density on liquid penetration is outweighed by that of other parameters. Analysis
of the relationship between boiling point and
penetration was challenging because Diesel is
a mixture of many compounds and has a relatively wide boiling temperature range. The final
boiling temperature of Diesel is 350 °C, which
was chosen as the temperature in the constant
volume chamber. The final boiling point of HVO
is 330 °C. The slope of Diesel’s distillation curve
is steeper than that of HVO; the curves intersect at the mid boiling temperature (TB,50, 50
% of distilled volume). The boiling temperature is higher for HVO at temperatures below
TB,50 and lower for temperatures above it [124].

Unit

Diesel

HVO

EH D20

EH R7

Diesel

vol. %

100

-

20

-

HVO

vol. %

-

100

44

50

2-EH

vol. %

-

-

36

43

RME

vol. %

-

-

-

7

Density

kg/m3

830

779.9

808.7

809.5

CN

-

52

75.1

51.9

51.1

Flash point

K

347

367

NA

NA

MJ/kg

42.9

44.1

41.7

41.1

m.%

-

-

4.4

6.0

O/C ratio

-

-

-

0.032

0.049

AFR stoich

-

14.5

14.9

14.2

13.9

Boiling point

K

NA

NA

LHV
Oxygen content

Kin. Viscosity (313 K)
Vapor pressure (298 K)

453-623 453-593

mm2/s

3.0

2.6

3.6

3.7

Pa

<120

87

NA

NA

Therefore, it is difficult to relate the slightly
longer liquid penetration length of HVO to the
boiling curve. The steeper distillation curve
of Diesel may however be related to its lower
liquid penetration length.

Table 1. Properties of the reference
fuels and oxygenated blends.

Another possible reason for the discrepancy is
the difference between the fuels’ latent heat of
vaporization, which is 389 kJ/kg for neat EH and
250 kJ/kg for Diesel. Because more energy is
needed to evaporate the blends than for Diesel,
the blends’ liquid length was slightly higher.
Additionally, the vapor pressures of HVO and
the blends are marginally lower than for Diesel
(Table 1), making them less volatile.
All of the tested fuels had similar vapor phase
penetration lengths, indicating that vapor penetration is uncorrelated with fuel-air mixing, as
concluded in earlier studies on the penetration

Figure 62. Lift- off length, combusting conditions (823 K, 6.04
MPa) and (a) p inj =120 MPa, (b)
pinj=180 MPa. The standard deviation is displayed in the legend.
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length of renewable fuels [125,126]. Similar
trends in penetration length were observed
at an injection pressure of 180 MPa, which is
reasonable because air entrainment increases
linearly with injection pressure [127].

Josefine Preuss, PhD Student,
Div. of Combustion and Propulsion,
Mechanics and Maritime Sciences,
Chalmers University of Technology.

Under combusting conditions, the ignition delay
was calculated as the time between the start
of injection (determined by laser extinction
measurements) and the first detection of OH*
radicals via OH*CL. Analogously, the delay
in soot formation was calculated as the delay
between the start of injection and the first visible soot radiation in flame luminosity images.
Despite their different CNs, Diesel and HVO
had similar ignition delays. The EH blends
had longer ignition delays than Diesel, despite
having similar CNs. Early research by Siebers
[128] showed that the CN alone is insufficient
to accurately predict the ignition delay under
ambient physical conditions (pressure, temperature, density) because these conditions differ
from those inside the CFR engine. Furthermore,
the CN (and thus the ignition delay) are loaddependent. This may explain the apparent independence of the CN and the ignition delay. The
blends’ elevated ignition delays could be due to
their higher latent heat of evaporation, which
increased with the proportion of EH and was
highest for the EHR7 blend.
The lift-off length is defined as the distance
form the injector nozzle to the location of
autoignition. As shown in Figure 62, the lift-off
length was highest for the blends with the highest EH content. In agreement with previously
published scaling relations, the lift-off length
increased with the injection pressure.
The EHR7 blend had the highest lift-off length.
In contrast to HVO and Diesel, the blends’

Figure 63. Soot volume fraction,
ppm, under combusting conditions
(550°C, 4.6 MPa, pinj = 120 MPa) ,
1.5 ms ASOI.
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lift-off lengths decreased slightly with increasing time after injection rather than stabilizing.
Lequien et al. [129] observed similar behaviour with a low-CN synthetic Diesel fuel and
attributed it to weak heat release from a prior
low temperature reaction (first-stage ignition).
The soot volume fraction was found to be lower
for the blends, in agreement with engine studies.
The optical thickness of the flame recorded by
laser extinction relates directly to the spatial
soot volume fraction. By using Abel-inversion
of averaged images, the location of the soot in
the flame can be estimated. Figure 63 shows the
soot volume fraction of the fuels at 1.5 ms ASOI.
Generally, less soot was formed at higher injection pressures. However, the trends for individual fuels were largely pressure-independent.
Therefore, flame images at an injection pressure
of 180 MPa are not shown. The high-volume
fraction observed around 20 mm downstream
of the nozzle tip was due to the liquid spray
jet. The soot volume fraction was highest for
Diesel fuel, closely followed by HVO. Lower
volume fractions were observed for EHD20 and
EHR7, so the maximum soot density occurred
slightly later with these fuels because of their
later ignition.
The soot volume fraction rose comparatively
shortly after injection when using Diesel fuel.
Diesel is slightly denser and more viscous than
HVO, and contains aromatic species. However,
the soot volume fraction for Diesel was only
slightly higher than for HVO. The EHR7 blend,
which is arene-free and had the highest oxygen
content of the tested fuels, exhibited the lowest soot formation. EHR7 also had the longest
ignition delay and the highest lift-off length,

increasing the time available for air-fuel mixing
and reducing the equivalence ratio at lift-off in
the jet core. This is consistent with earlier studies
on soot mass formation in heavy duty engines.

Conclusions

• Under non-combusting conditions, the liquid
penetration length was slightly higher for
HVO and the EH blends than for Diesel, but
their vapor penetration lengths were similar.
The liquid penetration length was independent of the injection pressure, in agreement
with previous studies.
• 2-Ethylhexanol has a higher latent heat of
evaporation than Diesel. This may be why
the blends had longer liquid penetration
lengths and ignition delays than Diesel
despite having similar CNs.

• Despite their similar CNs, the EH blends had
longer ignition delays than Diesel. Their late
ignition delayed the onset of soot formation,
and increased the lift-off length, increasing
the time available for mixture formation and
thus reducing soot particle formation. The
shorter residence time of the particles and
lack of soot precursors in the blends suppressed soot formation.
• The EHR7 blend, which lacks aromatics and
had the highest oxygen content of the studied
fuels, achieved the highest lift-off length and
lowest soot formation. This is consistent with
earlier engine studies on this fuel blend.
More details on this study can be found in [130].

Associated Projects

This section lists projects conducted within the Combustion Division but outside of CERC, albeit
often in close cooperation with CERC projects. The total research funding for these projects is
about the same as for the CERC projects.

Development of Predictive Models for Spray Breakup
Summary
This project aims to develop more predictive models for the primary breakup of sprays. It combines
model development with detailed experiments. The experiments are performed using transparent
nozzles so that interior flows can be studied by high speed long distance microscopic shadowgraphy and micro-PIV. Primary breakup is studied using ballistic imaging (BI). A 3-pulse BI
system has recently been developed and validated, enabling us to correlate two separate images in
order to extract the velocity of the liquid-gas interface. Three pulses will give 2 velocity images,
allowing us to extract acceleration vectors. In addition, software will be developed to provide
statistics on surface curvature, void size distributions, surface wave amplitude vs. frequency, etc.

Principal investigator

Prof. Michael Oevermann

Source of support

Knut and Alice Wallenberg
Foundation (KAW)

Seniors/students supported

M. Oevermann, D. Sedarsky,
B. Chen (PhD student working on interior flows) and A. Movaghar (PhD
student working on breakup)

Development of Predictive Models for Spray Breakup – One-Dimensional
Turbulence (ODT) Modeling of Primary Breakup
Objectives
Models for primary breakup are among the weakest parts of spray simulations with computational
fluid dynamics (CFD). They often rely on crude assumptions and phenomenological modeling
approaches leading to time-consuming model parameter tuning in order to match experimental
data. In this project we will use the one-dimensional turbulence (ODT) modeling framework to
simulate primary breakup of liquid jets. ODT is a low dimensional stochastic model resolving all
scales (spatial and temporal) which has proven to provide results comparable to direct numerical
simulations (DNS) for topologically simple flow. Turbulent advection in ODT is modeled via
stochastic re-arrangement events of all property profiles. Compared to DNS, ODT allows simulations of Reynolds and Weber number regimes which are not accessible by DNS. The model
will be validated with DNS results and experimental data. The overall goal of this project is to
develop a model for primary breakup providing drop size and velocity statistics which can be
used in CFD simulations (RANS and LES) of engineering interest.

Principal investigator

Prof. Michael Oevermann

Source of support

Knut and Alice Wallenberg
Foundation (KAW)

Seniors/students supported
A. Movaghar (PhD student)

Results
We have extended ODT to capture Rayleigh, bag/shear-driven and turbulence induced breakup
of liquid jets. The model has been validated with experimental data from the literature for the
high density ratios. Figure 64 (next page) shows a regime breakup map for a density ratio of 860
obtained with ODT and compared to experimental data. Then we evaluated the performance of
the model in the low density ratio regime by comparison with DNS simulation results from Prof.
M. Herrmann (Arizona State University).
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Figure 64. Breakup regime map obtained with ODT and compared with
experimental data and correlations
from literature. Onset, and column
length refer to the location of the onset of breakup, i.e. the axial position
of the first released droplet, and the
length of the liquid core respectively.
Figure 65. Drop size distributions
of ODT and DNS simulations from
primary breakup of a liquid jet into
stagnant air. Density ratio = 34, Re
= 5000, We = 17000, Oh = 0.026.

Figure 65 shows drop size distributions from ODT and DNS simulations. In a joint project with
Lund University and CSEfire, we provide drop size and velocity statistics from primary breakup
obtained with ODT for ECN spray A as an input to a Lagrangian spray simulation using LES
and RANS turbulence modeling to evaluate the applicability of ODT as a predictive model to
provide primary breakup statistics for practical spray simulations. Four journal papers and several conference contributions have been published. Furthermore, the Ph.D. student A. Movaghar
visited the group of Prof. O. Desjardins at Cornell for four months to investigate fundamental
turbulence-interface interactions with ODT and DNS. During this joint work, we assessed the
ability of ODT to capture the interface breakup with DNS
data in a simple canonical flow configuration. Results have
been presented in two conferences and a journal paper will
be submitted soon in a collaboration with Cornell university. Further investigations showed ODT can be served as
a subgrid resolution model in LES simulations to describe/
model subgrid interface dynamics. This approach called
VODT has been implemented and the preliminary results
have presented in ERCOFTAC meeting in December 2017.
As discussed earlier, the ODT model can provide droplet
size and velocity distributions from the primary breakup
region of a spraz. This provides a possibility to use ODT
as a sub-model in a full spray simulation. For a first evaluation ODT’s potential as a sub-model for primary breakup
in a standard Lagrangian simulation, the so called Spray
A and G of the Engine Combustion Network (ECN) were
investigated using a RANS turbulence modeling. The comparison with experimental results, see Figure 66, shows the
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general ability of our simulations to reproduce
the measured liquid penetration length. Though
the results in terms of spray penetration were
encouraging, the applicability of ODT to the
transient injection requires further investigation. The preliminary results were presented
at ICLASS 2018 by M. Pütz.

Figure 66. Liquid penetration
length from spray simulations
compared with experimental
data in ECN-spray G.

The Ph.D. student A. Movaghar presented his
disputation in April 2018.

Development of Predictive Models for Spray Breakup
– Cavitation Modeling in Fuel Injector Nozzles
Objectives
Cavitation in fuel injector nozzles can have a major impact on spray breakup and atomization.
Due to the destructive process of cavitation erosion, designers of fuel injectors usually try to
avoid cavitation. However, there has been increasing interest lately in utilizing cavitation for an
enhanced spray atomization process. For better understanding of the impact of cavitation on spray
atomization and for fuel injector design, predictive cavitation models are required. The purpose
of this project is the development of a cavitation model using Eulerian Stochastic Fields (ESF) for
realistic representation of cavitation bubble size distributions. The modeling approach assumes
a homogeneous mixture between liquid and vapor phase with mass transfer described by a variant of the Rayleigh-Plesset equation. Each Eulerian stochastic field provides a cavitation bubble
radius in each computational cell. Compared to Lagrangian treatment of cavitation bubbles, which
provides an alternative way to represent a discrete bubble size distribution, the ESF method has
the advantage of high computational efficiency, easy parallelization and straight forward implementation in standard CFD software like OpenFOAM. A large eddy simulation (LES) approach
has been chose to represent turbulence. This has been applied to standard test cases from the
literature as well as experimental data from cavitation in marine injectors obtained at Chalmers.
Results
An Eulerian stochastic field (ESF) method for cavitation simulations has been developed and implemented
in OpenFOAM Extend. The ESF model for volume
fraction has been combined with a pressure based
flow solver in order to avoid the high computational
cost typically involved in the density based solution. A high order accurate stochastic ODE solver for
time integration has been implemented to facilitate a
Monte-Carlo type treatment to the non-linear terms
associated with the cavitation models.

Fuel
Injection pressure
Fuel temperature
Ambient temperature
Ambient density
Back pressure

Iso-octane
20 MPa
90 °C
60 °C
0.5 kg/m3

Principal investigator

Prof. Michael Oevermann

Source of support

Knut and Alice Wallenberg
Foundation (KAW)

Seniors/students supported
B. Chen (PhD student)

Table 1. ECN spray G2 operating
conditions.

50 kPa

The model has been applied to simulate cavitation inside the injector of ECN (Engine Combustion
Network) spray G2 which features an 8 hole SVCO GDI injector, see Figure 67. The main operating
conditions are summarized in Table 1. The needle position under consideration corresponds to a
close opening position shortly after start of injection and remained fixed during the simulation.
Figure 67. The multi-hole injector nozzle geometry of ECN spray
G2 (9mm outlet plenum included).
Hole numbering and axis orientation
based upon ECN convention.
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Figure 68. Instantaneous mean volume fraction field at t = 0.00055 s
from the ESF model in the cut plane
through nozzle holes 1 and 5.

The total number of grid points was around 12 million. Figure 68 shows the instantaneous mean
volume fraction distribution in a cut-plane through nozzle holes 1 and 5 as seen in Figure 67 at
t = 0.00055s. Mean values are obtained by ensemble averaging of all stochastic field values in
each computational cell. Figure 69 demonstrates the ability of the ESF model to represent different bubble size distributions within the domain. The location of the points M0 – M3 can be
seen in Figure 70.
The work on this project has been ended in November 2018. Potential future developments would
be the extension of the model to non-isothermal conditions including modeling of flash boiling
phenomena and the consideration of needle movement. C. Chen will defend his PhD thesis in
February 2019.
Figure 69. PDF of bubble radii at different location in the injector at locations M0-M3 as seen in Figure 70.

Figure 70. Snapshot of the subgrid turbulent diffusivity and location of probe points for bubble size
distributions.
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Large-Eddy Simulation of Spray Flames in Reciprocating Engines
Using Linear-Eddy Sub-Grid Modeling
Objectives
Most combustion models in use today are based on i) the assumption of fast chemistry leading
to scale separation of turbulent and chemical time and length scales and ii) often on the combustion mode (premixed or non-premixed combustion). However, many of the advanced and future
engine concepts such as dual fuel combustion, low temperature combustion, reactivity controlled
compression ignition (RCCI) will (at least partly) feature turbulent combustion in unconventional
mixed-mode regimes which are not adequately predicted by many combustion models used today.
To further improve combustion engines by increasing efficiency and lowering emissions it is of
utmost importance to have models available which are predictive under all operating conditions.
The purpose of this project is the assessment of a turbulent combustion model with the potential
to be a truly predictive model not only in classical combustion modes and regimes but – even
more importantly -- under conditions not covered by standard combustion models. The overall
modeling strategy used here is called LES-LEM and is based on large-eddy simulation (LES)
of turbulent flow combined with the linear-eddy model (LEM) as a sub-grid combustion model.
The major benefit of LES-LEM is that it enables 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 focuses more on fundamental
investigations as LES-LEM is a computationally expensive model.
Results
We have developed a new formulation of LES-LEM in a pressure based flow solver and implemented it in OpenFOAM. Compared to previous implementations, we achieved several advantages: i) efficient simulations of low Mach number combustion, ii) a new coupling between flow
solver and LEM using source terms and iii) an implementation on arbitrary unstructured grids.
Figure 71 shows the interaction between the LES flow solver and the LEM sub-grid mixing and
combustion model. Providing source as the main feedback from the LEM to the LES solver will
allow for a unified treatment of different combustion models in one simulation and therefore a
local selection of the most appropriate model in terms of computational cost and physical fidelity.

Principal investigator

Prof. Michael Oevermann

Source of support

The Swedish Research Council
(Vetenskapsrådet, VR)

Seniors/students supported
S. Arshad (PhD student)

Figure 71. Coupling between LES
and LEM in the source term coupling
approach.

LES-LEM has been applied to simulate different
flow and combustion configurations including the
Volvo rig, a standard test-case for turbulent premixed combustion (see last year’s report) and a
temporally developing planar syngas jet based on
the DNS of Hawkes et al. (Proc. Comb. Inst., Vol.
31, No. 1, 1633-1640, 2007) as a test-case for turbulent non-premixed combustion. Figure 71 shows
a schematic of the turbulent non-premixed jet configuration. The fuel jet is syngas, comprising 50%
CO, 10% H2 and 40% N2 by volume. The oxidizer
is composed of 25% O2 and 75% N2. Both fuel and
oxidizer are initially at 500 K and react according
to the skeletal mechanism used by Hawkes et al.
The Reynolds number based on the fuel jet height is
4478 and the jet characteristic flow time tj ~5 µs. In
LES-LEM the simulation is started by mapping the
initial DNS solution, which was based on a laminar
flamelet solution and broadband turbulence, onto
the LES grid.
Figure 72 shows the streamwise and spanwise spatially averaged mean and RMS lateral temperature
profiles obtained with LES-LEM, DNS and LES
using no turbulent combustion model (perfectly
stirred reactor assumption). Overall the agreement
of both LES simulations with the DNS is very good
with the largest discrepancy observed at t = 10 tj.
LES-LEM does not show a clear benefit over the
simpler no-model approach which is likely due to the
moderate Reynolds number of the DNS case which
leads to only few eddy events on the LEM sub-grid

Figure 72. Schematic of the syngas
jet configuration with temperature
contours.
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Figure 73. Spatially averaged mean
and RMS lateral profiles of temperature for the temporal syngas jet
flame. (a) t = 0, (b) t = 10 tj, (c) t = 16
tj, (d) t = 20 tj, (e) t = 30 tj, (f) t = 40 tj
with tj~5 µs. Black solid line: mean,
no turbulent combustion model; blue
solid line: mean, LES-LEM; circles:
mean, DNS; black dashed line: RMS,
no turbulent combustion model; blue
dashed: RMS, LES-LEM; squares:
RMS, DNS.

model, i.e. turbulence is too weak for a detailed combustion model to fully kick in.
Future work in this project will include making LES-LEM computationally more affordable by
implementation of super-grid concept and its application on non-uniform unstructured meshes.
In the super-grid, each LEM is associated with many (clustered) LES cells instead of one LES
cell (as being done in the current LES-LEM formulation). Furthermore, high Reynolds number
test cases beyond DNS will be investigated to evaluate the full benefit of the relatively expensive
LES-LEM approach.

One-Dimensional Turbulence (ODT) SGS Modeling of Spray-Turbulence
Interactions
Principal investigator

Prof. Michael Oevermann

Source of support

EU Marie Curie program HAoS

Seniors/students supported
M. Fistler (PhD student)

Objectives
Development of fuel injection equipment (FIE) able to reduce pollutant emissions from liquidfueled transportation and power generation systems is a top industrial priority in order to meet
forthcoming EU 2020 emission legislations. However, design of new FIE is currently constrained
by the incomplete physical understanding of complex micro-scale processes, such as in-nozzle
cavitation, primary and secondary atomization. The EU funded Marie-Curie Innovative Training
Networks (ITN) program HAoS aims at developing a large eddy simulation (LES) CFD framework
that will account for the influence of unresolved sub-grid-scale (SGS) processes to engineering
scales at affordable computing times. The objective of this Chalmers project within HAoS is to
develop, validate and implement a one-dimensional turbulence (ODT) model of turbulence droplet
interaction during atomization. ODT is a stochastic, low-dimensional modeling tool for simulating
and investigating turbulent flow with high temporal and spatial resolution. The main advantage
of ODT over direct numerical simulations (DNS) is computational efficiency, which permits
investigation and provides important statistical sub-grid scale information for liquid surface/
turbulence interactions in engine relevant Reynolds and Weber number regimes not accessible
to DNS. Following model development and validation, a tabulation strategy for statistical data
on turbulence-droplet interaction will be developed and implemented to the common LES code.
Results
We have implemented an existing approach for simulating particle-turbulence interaction into
ODT 2.0 and extended the model to predict particle-laden forced homogeneous isotropic turbulence phenomena. Subsequently, we developed a SGS turbulence model for turbulence modulation
effects caused by droplets in collaboration with the group of Prof. Navarro-Martinez based on
the ODT results. The dispersed phase is represented by the Σ- ϒ -PDF method, which solves the
joint sub-grid probability density function of liquid volume and surface using stochastic methods.
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The approach can simulate both dense and dilute spray regions, estimating the instantaneous
sub-grid liquid structures (droplets) distributions as well as capturing the primary break-up. In
the original formulation, the sub-grid transport in the dilute region is modelled akin to a singlephase flow by the Smagorinsky model. The newly developed SGS model is a modification of the
Smagorisky model for the turbulent viscosity and is given as
 k 2 kp2 
2
ν sgs = ( CS ∆ ) Sij + CODT  0 − 
 0  p 


where Sij = 2 Sij � Sij is the Frobenius norm of the filtered strain rate. CS is the Smagorinsky constant obtained by using the dynamic approach of Piomelli and Liu. CODT is the ODT constant for
the turbulence modulation model. The subscript 0 and p describe the quantity without and with
the droplet phase, respectively. The latter will be obtained by searching data tables containing
ODT results for the local parameter combination of Reynolds no., Stokes no. and mass loading.

Experimental Investigation of Bubble-Collapse Induced Atomization
Objectives
This activity is part of a European Horizon 2020 project entitled ’Holistic Approach of Spray
Injection through a generalized multi-phase framework (HAoS)’ which is funded by ’Marie
Skłodowska-Curie Innovative Training Networks (ITN-ETN)’. The HAoS project aims to develop
a large eddy simulation (LES) CFD model that will account for the influence of unresolved subgrid scale (SGS) processes to engineering scales at affordable computing time scales. As the
experimental part of the project, our research is focused on the effect of cavitation bubbles on
primary break up, and the experimental data will be used for numerical validation and derivation
of a SGS model suitable for LES simulations.

Principal investigator
Prof. Mats Andersson

Source of support

EU Marie Curie program HAoS

Seniors/students supported
J. Zhou (PhD student)

Results
In this research, the effect of artificially introduced cavitation bubble collapse on jet break-up
is studied. Laser-induced cavitation bubbles are introduced into the jet at the exit of a scaled-up
nozzle. The flow is driven by pressurized nitrogen. The flow rate is controlled by a regulator
which is connected to the nitrogen bottle and the container on the top of the injector. Shadow
images of the jet are recorded by an ICCD camera. The schematic and photo of the experiment
facility are shown in Figure 74. The Nd: YAG laser beam is expanded by lenses L2 and L3, and
focused into the jet by lens L4. The shadowgraph imaging is performed by a plasma lamp and
the camera. A filter is put in front of the camera to block the scattered laser light. A photodiode
is used to coordinate the laser and the camera. The vertical and horizontal position of the laser
focus in the jet can be adjusted by moving the injector via electric motor-driven translation stages
and by moving L4 via a micrometer stage, respectively.

Part of the experimental results are shown in Figure 75. The working liquid was water, and the
flow was at laminar conditions in order to avoid spontaneous break-up and obtain reproducible
results. The laser beam was focused in the jet just downstream of the nozzle orifice. In the images
show water drops and ligaments of various sizes ejected in different directions. The velocity,
number and shape of these fragments will be measured, compared and analyzed under different
in-nozzle flow conditions and bubble generating positions.

Figure 74. Schematic and photo of
the experiment facility.
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Figure 75. Shadowgraph images of
the jet at laminar flow condition. The
nozzle is located in the upper left corner, and half of the jet is visible at the
left side of each image.

Previously, images have been captured with a high-speed video camera at turbulent flow conditions at which spontaneous break-up also occurred. In this case, the additional amount of liquid
ejected induced by the laser-generated cavitation bubble was analyzed [131].

Emission Control by Validated Catalytic Reactor Modelling
Project leader

Dr. Jonas Edvardsson (Johnson
Matthey)

Source of support

FFI, Swedish Energy Agency,
Johnson Matthey, Volvo Cars

Seniors/students supported

Assoc. Prof. J. Sjöblom, Prof. D.
Creaser, M. Walander (PhD student)

Objectives
In 2012, the World Health Organization estimated that the death of 3.7 million people worldwide was attributed to ambient air pollution. As a driving force to reduce this problem, current
and especially future emission legislations put stringent requirements on exhaust aftertreatment
systems (EATS). To satisfy the upcoming emission legislations using improved EATS design,
more detailed understanding of the various occurring phenomena is needed. This is addressed
using a combination of relevant experiments and modelling. A successful project will enable
better EATS design and better fuel economy while still maintaining emission requirements.

An experimental campaign was performed to investigate internal mass transfer limitations for
custom-made model diesel oxidation catalysts (DOC) [132]. Two Pt-based DOCs with varying
washcoat (55 and 110 µm) was subject to NO concentration steps in a synthetic-gas catalyst test
bench (SCAT) with a constant oxygen level of 8 % at various temperatures. The difference in
NO conversion was investigated using common time constants for reaction, diffusion and convection. Results showed that the difference in conversion mainly depends on the ratio between
reaction rate and washcoat diffusion rate, where the DOC with thicker washcoat was limited
by internal mass transfer. 76 shows the ratio between time scale for the reaction and washcoat
diffusion, which is calculated as:
R2
tr
= wsc
twsc Deff ki
where Rwsc is the effective washcoat thickness in (m), Deff is the effective diffusivity in (m 2/s)
and ki is the first order reaction rate constant in (s-1). It can be seen that the DOC with thicker
washcoat is already significantly limited by internal mass transfer at 175°C.
The next step in the project is to perform simulations and experiments to further explore the effect
of internal mass transfer. The final goal is to develop an improved model for washcoat diffusion.

Figure 76. Ratio of reaction time
constant to washcoat diffusion time
constant. Blue solid and dotted line
correspond to thick and thin washcoat, respectively. Three control regions; kinetically controlled, mixed
and internal mass transfer-controlled
region has been defined where values 10 and 1 correspond to boundary
values between these regions.
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FFI High-EGR Combustion System / Volvo Detailed Flame
This industrial PhD-project was conducted in association with CERC. The project ended in
November 2018, when the thesis was defended in public. The thesis examines typical late-cycle
mixing in a low swirl, heavy-duty Diesel engine. A new piston bowl shape (the Volvo “Wavepiston”) was used to create effects of interest in the flow in the region where adjacent flames
collide along the piston bowl wall.
Objectives
Improving the flow in the flame-flame interaction area was found to significantly reduce soot
emissions, enabling the typical soot-NOx trade-off to be largely avoided. Experimental and
computational studies showed that these improvements originated from enhancement of soot
oxidation late in the combustion cycle, after the end of the fuel injection period. The late-cycle
oxidation rate increased when the supply of oxygen to a radially developing turbulent mixing
zone (RMZ) was improved.

Principal investigator
Prof. Ingemar Denbratt

Source of support

Swedish Energy Agency FFI and
Volvo GTT

Seniors/students supported
I. Denbratt, A. Karlsson and
J. Eismark (Volvo GTT)

Results
The mixing features of the RMZ depended on the interaction between the high velocity, high
momentum fuel jet and the piston bowl shape. A clear coupling was identified between the piston bowl shape and the transport of oxygen to the trailing edge of the RMZ. Specifically, it was
shown that the presence of a wave-shaped protrusion caused a smoother flow in the flame-flame
area that improved oxygen transport to the trailing edge. This improved oxygen supply increased
late-cycle mixing and thus increased the soot oxidation rate, reducing net soot emissions by up
to 80% and also improving fuel consumption. Experiments with different fuel types revealed
that this strategy also improves late cycle mixing for renewable fuels.

The findings were used to develop a qualitative model describing late-cycle heavy-duty low-swirl
combustion (see illustration below). Together with previously introduced qualitative models of
free diesel jets, this model could help clarify events with important effects on various flame
interactions. In addition, a new experimental setup was developed to enable detailed studies of
RMZ behaviour in a spray chamber. The setup consists of a two-hole fuel nozzle combined with
different wall geometries. It is suggested that new insights into RMZ behaviour and late-cycle
oxidation will be obtained by combining experiments using this setup with simulation studies.
Figure 77. Schematic depiction of
late-cycle mixing in low-swirl combustion. Left: conventional bowl; right:
wave bowl.

The Swedish Energy Agency is acknowledged for partial funding of this work (project 30754-1&2).

Experimental Studies on Using Butanol and Octanol Isomers for
Diesel Engines
Objectives
To reduce the greenhouse gas (GHG) emissions from burning fossil fuels, biofuels are attractive
alternatives that could efficiently and sharply reduce vehicles’ ‘well to wheel’ GHG emissions
to comply with increasingly stringent regulations.

The aim of the engine study was to evaluate the engine performance and emissions of oxygenated fossil-free fuels in an HD Diesel engine with a wave piston, along with the comparison of
wave piston and standard piston on these fuels combustion. Fossil-free fuels, blends of n-butanol,
n-octanol, 2-ethylhexanol, HVO, and RME were performed under the same typical production
engines’ settings.
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Principal investigator
Prof. Ingemar Denbratt

Source of support

Swedish Energy Agency FFI,
Chalmers, Neste, Perstorp, Scania,
Volvo Car Corporation and Volvo GTT

Seniors/students supported

I. Denbratt, K. Munch and T. Zhang
(PhD student)
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The spray study’s purpose was to directly assess the effects of HVO and variation in the fuel’s CN
and oxygen content on combustion processes and soot emissions under simulated compressionignition engine conditions in a constant volume combustion chamber. Liquid and vapor phase
penetration were measured using backlight illumination at 623 K and an ambient gas density of
26 kg/m3. Flame luminosity, OH* chemiluminescence and soot extinction images were captured
at an ambient temperature and gas density of 823 K and 26 kg/m3.
Results
Figure 78 shows the indicated thermal efficiency (ITE) of tested fuels at operating condition A25
(IMEP of 0.59 MPa and speed of 1200 rpm), B50 (IMEP of 1.02 MPa and speed of 1500 rpm), C75
(IMEP of 1.29 MPa and speed of 1800 rpm), and B75 (IMEP of 1.49 MPa and speed of 1500 rpm)
in a wave piston HD engine. The operating conditions were found to have a significant influence
on the ITE. At operating condition A25, the ITE decreased when replacing Diesel fuel with one
of the fossil-free blends, whereas under the remaining operating conditions, there were limited
variations of ITE among each fuel. At B50, based on the sample distribution of fossil-free fuels
and Diesel, only 2EH40H60 showed a statistically significant difference (0.69 % higher) in ITE
compared with Diesel. The blends generated faster combustion and shorter combustion duration
than Diesel fuel, thus resulting in a tendency for increasing ITE.
Figure 78 (left). Indicated thermal
efficiency of tested fuels at various
operating conditions in a HD engine.

Figure 79 (right). Specific soot emission generated at various operating
conditions in a HD engine.

Figure 79 shows soot emission from burning fossil-free blends and Diesel in a wave piston HD
engine. High soot emission reduction for fossil-free fuels was observed in all tested operating
conditions relative to Diesel. For instance, nBu30H, nBu28R7H, nOc55H, nOc51R7H, 2EH40H60,
and 2EH37R7H decreased soot emission by 69.2 %, 72.7 %, 73.2 %, 69.3 %, 62.9 %, and 64.9 %
respectively compared with that of Diesel fuel at reference condition. Firstly, fossil-free fuels have
lower stoichiometric A/F ratio, which resulted in overall lower equivalence ratio. Consequently,
a lower equivalence ratio suppresses soot formation as more air entrainment into fuel jets and
air occurs upstream of the lift-off length. Secondarily, the oxygen content in the fossil-free fuels
consumes soot precursors, reducing soot formation. In addition, the greater the fuel’s oxygen
molar fraction, the lower the abundance of carbon-carbon single and double bonds in the fuel,
and thus the lower the rate of soot formation.
Figure 80 shows the soot mass as a function of flame lift-off length at 3.5 ms after the electronic
start of injection when the flame lift-off length was established. Soot emissions reduce as flame
lift-off length increase, due to more air entrainment and lower equivalence ratio.
In Figure 80, each dash line circle surrounds
three fuel symbols in the circle’s color. In the
top red circle, the blend of nBu20D80dtbp
exhibited lower soot emissions than Diesel
and HVO, because of the blend’s oxygen
content and lower stoichiometric A/F ratio,
even these three fuels have the similar flame
lift-off length. The same behavior is shown in
another red circle and the blue one, nBu30H70
appears less soot emissions than nBu20D80
and nBu20H40D40, although with the resembled flame lift-off length. All these suggest
that the flame lift-off length and oxygen
mass fraction of the fuel influences the soot
emissions.

Figure 80. Soot mass as a function
of flame lift-off length at an injection
pressure of 120 and 180 MPa in a
constant volume spray chamber. The
ambient air temperature and density
are 823 K and 26 kg/m3, at 3.5 ms
after the electronic start of injection.
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Fuel Flexible Engine Platform
Objectives
Studies have shown that increasing the combustion efficiency to reduce CO2 emissions from
transportation is not by itself enough to achieve the goals for action against global warming.
High combustion efficiencies must therefore be combined with the use of renewable fuels. AB
Volvo together with Loge and Chalmers are working on a Fuel Flexible Engine Platform (F-Flex)
that will enable the development of HD internal combustion engines that can satisfy the coming
requirements. A dual fuel direct injection HD engine using ethanol/methanol as its main fuel
and a pilot diesel injection for ignition is currently being studied. An injector arrangement used
for these tests is shown in Figure 81. The engine largely relies on components that are already in
commercial production, and deviates from the design of commercial engines as little as possible.
The aim is to combine the known advantages of the diesel engine, such as high fuel efficiency,
with the advantages of burning alcohol fuels, such as lower NOx and particulate emissions. The
adoption of dual fuel concepts may also have other benefits, including better controllability, lower
emissions of unburned hydrocarbons, and higher combustion efficiencies.

Two PhD students are working on this
project at Chalmers, conducting spray
experiments with high pressure ethanol/methanol injection under diesel-like
conditions, single cylinder engine (SCE)
tests, CFD simulations of the alcohol
sprays, and simulations of dual fuel combustion as a whole. The computational
and experimental results will facilitate
refinement of the CFD model and optimization of dual fuel combustion in the
engine.

Principal investigator
Prof. Ingemar Denbratt

Source of support

Swedish Energy Agency FFI and
Volvo GTT

Seniors/students supported

I. Denbratt, A. Karlsson, M. Sacullo
(PhD student) and A. Nygren (PhD
student)

Figure 81. Schematics of the Single
Cylinder Dual Injector Arrangement.

Results
A Volvo D13 SCCE at Chalmers was used
during an experimental campaign and it
stable combustion of methanol, ethanol or E85 with a Diesel igniter was achieved successfully.
All three fuels tested had significant advantages towards Diesel on the same engine set-up in
regards to indicated gross thermal efficiency, BSNOx and soot emissions. Figure 82 shows the
comparison of methanol and Diesel at a chosen speed-load point of 1262 rpm and 172 Nm with
and without EGR. Indicated thermal efficiencies over 51 % at BSNOx emissions of under 10 g/
kWh are promising for further optimizations. At the present stage the next steps in the development of dual-fuel concept is being discussed.

Figure 82. Indicated thermal efficiencies for reference Diesel and dual
fuel methanol Diesel in the dual fuel
SCE, at 1262 rpm and 172 Nm with
and without EGR.

CFD modeling is conducted in parallel with experiments in a separate work package. The first
part of the CFD work package was to evaluate the in house Lagrangian spray model, VSB2 for
use with alcohol fuels. Simulations of ethanol spray formation was made using VSB2 together
with the open source CFD platform OpenFOAM 2.2.x. The simulated results were compared
with experiments performed in the Chalmers HP/HT spray chamber and is shown in Figure 83.
It can be seen that the spray model can predict ethanol spray formation well.
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The second part of the CFD work package is to construct a full
cylinder, closed cycle CFD model of a direct injection dual fuel
engine. The combustion chemistry is computed by LOGEapi using
a chemical mechanism consisting of 386 species and 2331 reactions. LOGEapi has been fully coupled to OpenFOAM, and the
coupling has been validated as part of this project. The spray
formation is modeled using the VSB2 spray model. The results
presented here are at 1261 RPM and 172 Nm.
Figure 84 show the spray blobs from both the pilot and main
injectors, with the pilot spray offset from the centerline. Figure
85 show the temperature distribution inside the cylinder during
the main injection.

Figure 83. Predicted liquid and
vapor penetration of ethanol compared to experiments. Tests are
done at 823 K and 60 bar ambient
conditions.
Figure 84. Pilot injection (left) and
main injection (right), computed
with the CFD model at 1261 RPM
and 172 Nm.

Figure 85. Temperature contour
inside the engine. The pilot flame is
situated close to the dome.

Virtual Engine Calibration (VirCal)
Principal investigator

Assoc. Prof. Jonas Sjöblom

Source of support

Vinnova FFI and Volvo Penta

Researchers

Dr. A. Ghanaati

Objectives
The goal of this project was to increase the contribution of virtual testing in engine calibration
activities. Implementing virtual engine calibration into engine development processes can have a
direct effect on engine optimization projects by reducing the time, budget and scope (fuel economy
and emissions target). The integrated engine system, including combustion engine, emission
aftertreatment system (EATS) and Engine Management System (EMS), is the main target of the
project. Volvo Penta have developed a Hardware-in-the-Loop (HiL) platform called VIRTEC
(Virtual Test Cell) (see Figure 86) for reducing the calibration budget whilst facilitating effective
and quality development of energy efficient engine systems that fulfill emission standards. An
identical system is available at the Division of Combustion at Chalmers. This system was used
for research and development of collaborative projects.

Modeling and simulation of driveline systems, such as an engine, are important important for
system optimization. An engine model can be employed to clarify details of design strategies,
manufacturing procedures, operating maneuvers, and even maintenance guidelines. Using the
black-box approach as a branch of artificial intelligence has opened new horizons for the modeling and simulation of automotive systems. Black-box methodology is used to model relationships
between input and output variables of a system using measured operational data or data generated
by means of a simulation tool. An artificial neural network (ANN), as a data-driven model, is one
of the most promising methods for black-box modeling. This is due to their capability for capturing the dynamics of systems without any prior knowledge about their complicated dynamical
equations. Because of the sophisticated and nonlinear dynamic behavior of engines, attention
still needs to be paid to the dynamics of these systems to unfold unknowns behind undesirable
events during engine operation. According to the methodology used in this project, various backpropagation training functions, different numbers of neurons, and a variety of transfer functions
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were employed to train the network to explore an accurate ANN model using a Feed Forward or
nonlinear autoregressive network (NARX) structure.
The objectives of this part were:
1. To build a data-driven ANN model using data sets from an engine test cell,
2. To build a model with ability to run in real time,
3. To simulate the engine during transient conditions.
Figure 86. VIRTEC HiL system at
Chalmers (left), system structure and
communication between hardware
and software.

Results
The modeling results and HiL activities completed to date are surmised below:
• The simulation results showed that the ANN model accurately predicted engine performance,
temperature and pressure along the ﬂow path, as well as exhaust emissions. The ANN modeling approach represents a powerful tool for virtual engine testing and optimization.
• A new toolbox has been developed in GT-Power called the Fast Running Model (FRM). The
first of such models was generated for the Volvo D13 engine.
• A student project (Recalibration of Heavy-Duty Diesel Engine for Marine Application) has
been completed using the FRM model in the VIRTEC environment.

Large Eddy Simulation of Mixture Formation in Engines
Objectives
Many advanced combustion concepts for internal combustion engines rely on a proper fuel-air
distribution within the cylinder to achieve both high combustion efficiencies and low emissions.
To develop engines which fulfill future stringent emission and efficiency standards it is necessary to have predictive computational methods in the development process. It is generally agreed
that the next generation of turbulence modeling in CFD for engine applications will be based on
large-eddy simulation (LES). This project aims at developing a predictive LES based modeling
strategy for simulating fuel-air mixing in engines. It considers the impact of the fuel injector
internal nozzle flow on primary breakup and a Lagrangian modeling approach for secondary
breakup. Simulation results will be compared with results from the engine combustion network
(ECN) and experimental data obtained in the spray rig of Chalmers Division of Combustion.

Principal investigator

Prof. Michael Oevermann

Source of support

Swedish Energy Agency

Researchers

M. Pütz (PhD student)

Results
The project has started in May 2016. For the simulation of the dense spray region with primary
jet atomization as the dominant process, the volume of fluid method (VOF) will be applied in the
long term. For the dilute/intermediate spray region we employ quatrature-based moment methods
(QBMM), a rather new class of methods to model the dispersed phase in an Eulerian framework. For
a close collaboration with Prof. Hasse’s group at the Technical University Darmstadt (Germany),
it has been agreed to use FOAM-extend as the simulation platform. The Engine Combustion
Network’s (ECN) “spray G”, a direct-injected gasoline spray, serves as a well documented reference case for our investigations. Eulerian-Lagrangian simulations of the spray have already been
performed. The results are used as reference and input for our work on QBMM. The QBMM
codes have been coupled to the CFD solver and validated for stationary evaporating droplets and
one-dimensional two-phase flows involving momentum, heat and mass exchange between the
continuous gas phase and the dispersed phase. The next step is the application to the dilute spray
region of spray G, where breakup processes can be neglected. Simultaneous work on secondary
breakup models for QBMM is done to enable the application to more complex cases.
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As an alternative to the relatively new QBMM, we will investigate the potential of coupling
VOF to the commonly used Lagrangian methods. In this context, we also investigated the parallel capability of Lagrangian spray methods and found the parallel implementation to be highly
inefficient. Methods for dynamic load balancing could mitigate the negative effect of Lagrangian
methods on parallel efficiency.
Another alternative to model the primary breakup is the one-dimensional turbulence (ODT) model,
a stochastic model for the breakup of a statistically stationary jet. The one-way-coupling of the
ODT model to a standard Eulerian-Lagrangian model for the dispersed droplets and gas-droplet
interaction revealed some problems that are probably caused by the inability of the ODT model
to capture transient phenomena as well as its stochastic nature. However, the overall results were
promising and indicated a general applicability of the approach.

High Efficient SI-Engine with High Fuel Injection Pressures
Principal investigator
Prof. Ingemar Denbratt

Source of support

Swedish Energy Agency FFI, Denso
and Volvo Car

Seniors/students supported

P. Dahlander, M. Oevermann, A.
Yamaguchi (ind. PhD student Denso)
and S. Wadekar (PhD student)

Objectives
Maximum fuel injection pressures for GDI engines is expected to increase due to positive effects
on emissions and engine-efficiency. Current GDI injectors have maximum operating pressures
of 350 bar, but higher injection pressures have yielded promising reductions in particle number
(PN) and improved combustion stability. However, the mechanisms responsible for these effects
are poorly understood, and there have been few studies on fuel sprays and engine combustion
with high injection pressures more than 100 MPa. The main objective of this project is to investigate the effect of high fuel injection pressures more than 100 MPa on spray behaviors and
engine performance from experimental and numerical perspectives. For the experimental part,
there are four main campaigns: spray characterization, spray-induced air motion, optical engine
tests and metal engine demonstration. The CFD part develops an accurate spray model based
on experimental data first, then the spray model is used to predict detailed phenomena of sprays
and engines which experiment cannot investigate.

The experimental part comprises a spray characterization test to see the effect of increasing fuel
injection pressures on spray behavior, such as spray tip penetration and droplet size. By increasing the fuel injection pressure, the spray tip penetrates faster and longer than a spray with lower
injection pressure, and the spray shapes became wider. However, setting constant injection masses,
the penetrations at the end of the injection timing did not change for different injection pressures. Droplet size measurement has also been performed with a Phase Doppler Interferometry
system. The injection pressure had a significant impact on droplet size. Especially, there was
a pronounced decrease of droplet size at the beginning of the injection. However, the relative
level of the decrease of the droplet size diminished with pressure. This demonstrated that the
fuel injection pressure has a significant effect on the spray behavior when the pressure range is
lower, and it becomes less when the pressure range is higher like diesel injection pressure range.
The numerical simulation part has mainly focused on the reproduction of experimental finding,
which facilitates the integration of such advanced injection systems into gasoline engines where
experimental constrains are major concern. The understanding achieved through the simulations
may also be beneficial to improve further model development. The numerical results indicate that
a high fuel injection pressure increases the liquid penetration length and significantly reduces
droplet sizes.
Results
Spray characteristics with higher injection pressure were investigated. Spray imaging with high
speed video camera and droplet size measurement with Phase Doppler Interferometry were
conducted. Figure 87 shows images of sprays formed with identical injection masses of 27 mg at
the end of injection, which was defined as the time at which the fuel injection ended. All sprays
shown in Figure 87 contained the same mass of the fuel at EOI, so these images can be used to
analyze the dependence of spray shape on the fuel injection pressure and ambient pressure. There
is little variation in the spray penetration at EOI at injection pressures between 40 and 150 MPa
with 0.1 MPa back pressure, but the spray plume becomes wider at higher injection pressures.
The same behavior is observed with a back pressure of 0.6 MPa. Sprays formed with an injection pressure of 150 MPa were similar in shape to those formed at 40 MPa even though the time
between SOI and EOI in the former case was around half that in the latter case. The results also
show that the higher backpressure generally reduced the spray’s penetration, as expected. The
effect was significant for all injector types but was more pronounced for sprays emitted from
convergent and cylindrical nozzle injectors. The nozzle type also profoundly affected the spray
shape: sprays emitted from divergent holes were wider and shorted, while those emitted from
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convergent and cylindrical nozzles were narrower and longer. For all nozzles to achieve the
same flow rate, the 10 hole nozzles must have smaller holes than their 6-hole counterparts, and
therefore produce shorter sprays with wider spray distributions.

Figure 87. Spray images with different injection pressures and nozzle
types.

The mean droplet size (D10), Sauter mean diameter (SMD) and Dv90 for different injection pressures are shown in Figure 88. Dv90 is a droplet diameter value that serves as a statistical indicator
of the size of the largest droplets in the spray. Figure 88 shows that D10 decreased slightly with
increasing fuel injection pressure, whereas SMD and Dv90 decreased significantly. This indicates
that most droplets were small at all injection pressures. However, sprays formed at lower injection
pressures have a large number of big droplets (SMD and Dv90 both are greatly influenced by the
number of large droplets). Time-resolved SMD data is shown in Figure 89. The SMD decreased
as the fuel injection pressure increased, in accordance with the data presented in Figure 88. For
all injection pressures, the SMD at the beginning of the injection was greater than that during
the injection because the opening of the needle leads to a pressure drop inside the nozzle.
Figure 89. Time-resolved SMD.

Figure 88. Droplet size with different pressures.
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Figure 90. The comparison of spray
penetration length for experimental
(dot) and simulated (solid line) cases
at different injection pressures. The
filled area is the corresponding experimental standard deviation.

This reduces the beneficial effect of higher injection pressures on atomization, so the spray at the
beginning of the injection contains larger droplets than that formed when the needle is fully open.
This effect becomes less pronounced and persists for less time as the fuel pressure increases.
Larger droplets predominated for about 1 ms after SOI at an injection pressure of 20 MPa, but
only for 0.3 ms at 150 MPa injection pressure (see Figure 89). The duration of the large droplet
period is related to the time required for needle opening.
In the numerical part, the results of spray characteristics under higher fuel injection pressures are
compared with the experimental results. In particular, the computed results of liquid penetration,
droplet size and distribution are presented for divergent nozzle only. Figure 90 shows a comparison between the measured spray penetration and calculated spray penetration as a function of
the time for the injection mass of 54 mg. The fuel injection pressures are 40 MPa, 80 MPa, 150
MPa considered under the atmospheric pressure (0.1 MPa) and ambient temperature condition.
The spray penetration length is defined here as the distance between the nozzle exit and farthest
point of the spray tip along the spray axis. Each measured data point shown is an average of 20
injection shots, the respective shaded color band shows the standard deviation of the data. Good
agreement of the penetration length between measurement and simulation was found. This
indicates that the aerodynamics forces (which largely influence the atomization process) acting
on the droplets are also accurately predicted by the model. Altogether the spray-tip penetration
results clearly indicate that increasing the fuel injection pressure increases the spray penetration
and reduces injection time

Figure 91. Comparison between
measured and calculated mean
diameters (D10 and D32) over the
different fuel injection pressures.

Figure 91 shows a comparison between measured and calculated droplet mean diameters (D10 and
D32) at different fuel injection pressures. The mean diameters shown are the time-averaged droplet
diameters at the probe location (80 mm downstream from injector tip). Overall numerical model
nicely captures the mean diameters for all injection pressures. The result clearly demonstrate that
the size of fuel droplets decreases by increasing the fuel injection pressure. The arithmetic mean
droplet diameter (D10) shows little variation at higher injection pressure. Probably the droplets
may have reached to saturation state with sufficiently small diameter, stable state which do not
show further secondary break-up. However, Sauter mean diameter (D32) significantly reduces
by the higher the injection pressures. The SMD is very sensitive in nature for larger droplets.
This means higher injection pressure drastically reduces the larger droplets comes from initial
stage. The reduction of this larger droplet is very helpful for
faster evaporation.
Besides the droplet mean diameters, the droplet size distribution
in a spray is of crucial importance for the atomization process.
In the simulation, the same sampling point is 80 mm below the
injector tip with a probe radius of 2 mm is considered. Figure 92
shows a quantitative comparison of local droplet size distribution of the spray for different fuel injection pressures. Overall
a reasonably good agreement between experimental and simulated size distributions is observed for all injection pressures.
The droplet size distribution curves at injection pressures of 150
MPa shows the highest probability of finding smaller droplets
ranging between 5 to 10 μm. At these pressures, the droplet size
distributions also look very narrow towards the smaller droplets
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compared to the droplet distributions at lower injection pressures. The distributions confirm the
known result of decreasing droplet sizes with increasing fuel injection pressure. Moreover, the
droplet size distributions at pressures 40 MPa shows a comparatively higher probability of large
droplets. The droplet size distribution curves look more widely distributed.

Figure 92. Comparison between
measured and calculated droplet
size distributions for different fuel
injection pressures.

Lean Homogeneous Combustion in Gasoline Engines
Objectives
This project is dedicated to experimental research of the advanced combustion strategy called
homogeneous lean combustion, which can be utilized to improve fuel efficiency and reduce
GHG emissions in spark-ignited (gasoline) engines. Spark ignited engines have a cost advantage
compared to their main rivals, the compression ignition engines (diesel), which makes spark
ignited engines more attractive and likely to be included in more complex thus costly hybridized propulsion system solutions. This in turn increases the possibility of an extended use in the
future for the spark ignited engine, where electrification is emerging rapidly. Research of various
improvement strategies of the spark ignited engine is therefore important to guarantee compliance
with upcoming legislation and environmental needs to enable the possibility of providing clean
and affordable propulsion based on combustion engines with various degree of electrification.

The two main objectives of this project are to investigate expanded lean combustion operation,
i.e. increasing engine loads in lean operation, and extending the lean combustion stability limit.
Increasing the lean combustion stability limit yields better NOx vs fuel efficiency trade-off, as is
illustrated in Figure 93. At lambda 1.8, NOx (purple) is strictly decreasing while fuel consumption
(green) increases due to poor combustion. Engine stability is illustrated in the top graph where
stability deterioration can be observed at lambda 1.8 and above.
Lean combustion is primarily recognised as a means of improving low load engine operation
efficiency due to de-throttling capabilities, but lean operation can however be extended to higher
loads by boosting and previous investigations conducted at the division of Combustion and
Propulsion Systems at Chalmers have indicated that lean combustion is more feasible in higher engine loads, of at least 11 bar IMEP,
compared to low loads. This makes homogeneous lean combustion
suitable for boosted downsized engines which often operates at high
specific loads during driving compared to naturally aspirated or larger
engines. Extending the lean operation implies increased utilization
of lean combustion which will increase impact during operation.

Principal investigator
Prof. Ingemar Denbratt

Source of support
EU, Horizon 2020

Seniors/students supported

L. Koopmans and K. Clasén (PhD
student)

Figure 93. Results obtained from a
lambda sweep at 1500 rpm and 10
bar BMEP. TOP: Combustion stability defined by coefficient of variation
(CoV) and lowest normalised value
(LNV) of NMEP. BOTTOM: Normalized
brake specific fuel consumption and
normalized brake specific EO NOx
emissions. CoV is usually advised to
be less than 2-3%.

Results
In stage one of this project, a Volvo Cars two-litre four-cylinder
GDI engine was equipped with a prototype two-stage turbocharger
allowing ultra-lean operation in terms of air supply, from low load
up to at least 75% engine load. As expected, successful lean operation could be established up to 50% engine load (11 bar NMEP),
where fuel efficiency benefits of 12% could be demonstrated due to
improved combustion phasing and decreased heat losses. However,
when increasing the load higher a rapid deterioration of stability was
observed. Combustion phasing could not be improved proportionally
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Figure 94. Scatter plot of 1200
combustion cycles per cluster which
illustrates the relation between dispersion of combustion, i.e. AI50,
and the net indicated mean effective
pressure (NMEP). Left: 11 bar NMEP
and 1500 rpm. Right: 15 bar IMEP
and 1500 rpm. Legend “L” denotes
lambda number for each case.

to increased air dilution. Evidently, knocking combustion tendency was not sufficiently supressed
to allow for spark advance. Late combustion naturally increases heat losses, but it can also be
shown that the inherent increased dispersion of combustion, i.e. cycle to cycle variations, due to
air dilution in combination with averaged delayed or late combustion results in high instability
of NMEP and torque output which is highly undesired. Figure 94 illustrates the impact of combustion dispersion on stability, where the high increase of dispersion of combustion, measured
as AI50, between stoichiometric (red) and lean (black), can be observed. The higher correlation
between AI50 and NMEP due to later average combustion phasing can be seen in the 15-bar
case (right subplot).

Further research will be conducted mainly focusing on single cylinder engine experiments where
high load lean will be studied. Expected outcomes is to determine how high load lean combustion
is affected by trapped residuals of which is likely to increase in a turbocharged engine due to flow
restriction from the turbine(s). In parallel, 1-D simulations is conducted of both the multi-cylinder
engine of the first test campaign and the single-cylinder engine, using GT-Power and a method
called three-pressure analysis, which is used to calibre a gas-exchange and combustion model
which can determine the amount of internal residuals present, without physical measurements.

Soot Formation in Internal Combustion Engines
Principal investigator

Assoc. Prof. Jonas Sjöblom

Source of support

Areas of Advance (50%), Swedish
Energy Agency FFI (50%)

Seniors/students supported

Dr. Nikhil Sharma (Postdoctoral
Researcher)

The scope of project includes particulate sampling from both spark ignition (SI) and compression
ignition (CI) engines using renewable and conventional fuels.
Objectives
1. To understand soot formation in internal combustion engines.
2. To investigate particulate matter transformations
i. Inside the cylinder of an engine
ii. In the exhaust flow system
iii. In the Exhaust After Treatment System (EATS).

Particulate Matter (PM) emissions from both CI and SI engines pose serious concerns because
of various health issues associated with them. In this project, both online and offline comparative evaluation of alternative fuels will be performed. These findings will give insight of using
alternative fuels compared to diesel and gasoline and thereby offering a cleaner transport solution for Sweden.
For online analysis, particulate number size distribution was analyzed using a SMPS system
from TSI. The effect of thermal denuder (TD), catalytic stripper (CS) is also evaluated w.r.t. different fuels. When sampling through a TD or CS any volatile component will be removed, and
the remaining particles are sold (mainly soot). Gasoline direct injection (GDI) with fuel injection
timing of 270° before intake top dead center was used in this investigation. Figure 95 shows the
particle number-size distributions for raw exhaust, thermal denuder (TD) and, catalytic stripper
(CS) for two fuels ETOH (10% v/v oxygen content) and gasoline as a baseline fuel.
The PN emissions were relatively higher for raw exhaust in comparison to TD and CS for all the
operating conditions. It was observed that particle in the size range of ~ 10 nm were significantly
decreased by TD and CS indicating the volatile component of the particle size distribution. Also,
ETOH showed relatively lower PN at low load and higher PN at high load with respect to baseline
gasoline fuel. The reason may be due to relatively higher oxygen content, lower boiling point, lower
carbon/hydrogen ratio, and/or higher octane number of ETOH compared to baseline gasoline.
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Figure 95. Particle number (PN) size
distribution w.r.t. different engine
operating condition.

The Impact of all these factors on PN emission is directly related to (local) in-cylinder temperatures at different IMEP. The oxygen content of ETOH improves the combustion efficiency of
the charge at lower IMEP (low temperature) by locally altering the fuel-air ratios. ETOH have a
relatively higher latent heat of vaporization; therefore, they absorb greater amount of heat generated by combustion. At lower load, ETOH absorbs heat and suppress the PN emission compared
to gasoline. However at higher load, PN emission increase due to high in-cylinder temperature
and higher quantity of fuel injected.
Conclusions
TD and CS reduce the volatile components for both conventional and alternative fuels. This
study contributes to better understanding of the characteristics of different fuels before their
large-scale use at commercial level.

Modelling of a Parallel Hybrid Vehicle with an Electrified Dual Clutch
Transmission
Research regarding the development of an evaluation method for control strategies on a parallel
hybrid powertrain is on-going. A detailed, flexible powertrain model was created and validated
with testing of a similar powertrain in a plug-in hybrid electric vehicle (HEV). There were some
consistent findings from the test data that also verified the accuracy of certain aspects in the
simulation models.
A 1D internal combustion engine (ICE) model is created where brake specific fuel consumption
values from simulation results are within 98% accurate compared to benchmark test data on
the engine. Steady state fuel consumption figures of the test car with are also in-line with the
benchmark test data under select operating points. Test data showed that the powertrain losses
(gearbox, motor, battery and inverter) are more than the efficiency gains in the ICE above around
4 bar BMEP (around 50Nm), which means that ICE operation above around 10 kW (50 Nm, 1800
rpm) is preferable. Excess battery energy usage for prolonged EV operation may be preferred for
NVH and drivability, but it is not feasible from an efficiency perspective. Compared to a reference
setting, a modified controller operation that resulted in less EV propulsion reduced overall fuel
consumption by 6.1% in NEDC for the test vehicle. Simulation results also showed a significantly
lower fuel consumption value in NEDC with the same vehicle parameters.

Principal investigator
Prof. Ingemar Denbratt

Source of support

Swedish Energy Agency FFI, CEVT

Seniors/students supported

P. Dahlander, S. Mamikoglu (PhD
student)

The effect of electric motor (EM) assist during ICE load transients on fuel consumption and
emissions were investigated. As expected, increased EM assist levels required additional battery
energy, which resulted in higher overall fuel consumption. Both the fuel consumption values
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and certain emission levels were very consistent between each run, even at different test days.
Individual deviation of test runs for fuel consumption were within +-1.1%, while CO2 emission
values from FTIR results had a +-1.6% deviation. Between high EM assist and no assist, fuel
consumption is decreased by 2.2% on average while CO2 emissions are decreased by 2.4%.
Meanwhile, CO emissions were increased by 3.7%, NOx by 1.9% CH4 by 7.3% and NMHC by
1.2% on average. Still, the emissions values in CO (9.5g/km), NOx (2.5g/km), CH4 (0.03g/km)
and NMHC (0.07g/km) were small compared to CO2 (205g/km). The lambda readings were very
consistent, and the ECU kept the ICE mostly in stoichiometric operation (0.97-1.03 lambda) under
load change transients. The only time lambda readings showed rich or lean operation that could
result in significant emissions, were during the first 2 second transients in ICE starts. Unfortunately,
inconsistent vehicle operation at cold temperatures (oil and coolant temperature levels in ICE)
prevented tests with cold engine starts. EM assist may have a higher effect on fuel consumption
and emissions with a cold engine. Judging from fuel consumption and emissions values, it is not
feasible to have EM assist during load transients once the ICE has reached operating temperatures.
Overall, EM assist on a warmed-up engine is not feasible from a fuel consumption perspective
and offers negligible benefits on emissions during transient load changes. Additional testing will
be performed to see the effects on a cold engine, especially during engine starts, since lambda
readings are not within stoichiometric operation for around 2 seconds. Further work on the simulation models may also provide valuable findings regarding the effect of EM assist on cold starts.

48V Mild Hybrid with Direct Injection Biogas Engine
Principal investigator
Prof. Petter Dahlander

Source of support

Swedish Energy Agency

Researchers

Dr. Mindaugas Melaika

Objectives
An alternative and cost-effective solution to realize future sustainable mobility in Europe may
be application of alternative fuel use and hybridization in the transport sector. Combination of
an internal combustion engine with a biogas DI system and 48V mild hybrid system can give
several major advantages. The first is that the mild hybrid system design can have a variety of
different architectures which can be applied in powertrain design according to producer needs.
The second advantage is that a biogas engine can be very efficient and that biogas produced from
waste and manure can have very low or even negative greenhouse gas impact. Such combination
reduces CO2 emissions from a well-to-wheel perspective compared with traditional fuels. These
advantages together can enable a realistic way to reach CO2 emissions (g/km) determined in EU
legislations after 2020.

The project aims at studying a SI engine with a direct injection – biogas combustion system
together with a 48 V mild hybrid system. The project is based primarily on experimental studies
in optical / metal single-cylinder engines, also through simulations in GT-Power software. The
main project goals are to show that a direct injected biogas engine for a 48 V mild hybrid has
a high potential of low fuel consumption and low CO2 levels (CO2 at NEDC 75 g/km or lower)
and very low hazardous particle emissions; show the pros and cons of direct injection compared
to a port fuel injected system; understand how it differs from traditional combustion systems
for gasoline / diesel engines; determine how different fuel composition (e.g., hydrogen addition,
CO2 addition) can influence the combustion and emissions formation in different combustion
modes (stoichiometric, lean burn).
Results
A primary investigation was carried out in an optical spark ignition engine with a methane DI
system, where the combustion process was investigated in three different combustion modes –
homogenous stoichiometric, homogenous lean burn and stratified lean burn. DI system injected
gaseous fuel at 18 bar injection pressure. As expected, lean fuel/air mixtures showed the lowest
fuel consumption. Because of reduced pumping losses and lower heat losses, the ISFC in stratified
mode was 9% to 31% lower than that for stoichiometric combustion depending on engine load.
The lower fuel consumption in lean mode was expected to reduce CO2 emissions in the exhaust
gas. It was determined that the CoVIMEP was the highest in the lean air/fuel mixture combustion modes. Lean mixtures resulted in lower flame propagation speeds and RoHR values, and
also increased the cycle-to-cycle variation in the combustion process. These variations could be
reduced with higher tumble motion inside the cylinder and achieving better gaseous fuel mixing with air. Analysis of emission spectroscopy was also applied in the present study. Emission
spectroscopy revealed that CN* and OH* emission peaks can be observed at their characteristic
wavelengths during methane combustion in different modes. The intensity and duration of CN*
emission depended on the spark glow time and nature of the ignition system (single coil, dual
coil). The OH* peak, as an indicator of hot-burning gas, was a relatively good marker of the
heat release rate in all combustion modes: the OH* emission intensity correlated with the RoHR
and CO2* intensity in homogenous cases. The limited mixing time resulted in the emergence
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of locally fuel rich regions that probably enabled soot formation in stratified combustion mode.
However, black-body emissions from the soot were not detected in homogenous stoichiometric
and lean burn modes.
Secondary investigation covered the simulation of 48 V mild-hybrid architecture types, fuels and
power levels needed to achieve 75 g CO2 /km or lower emissions for a passenger car. Investigation
included also a conventional vehicle and vehicle with start/stop system (S&S). Different 48 V
mild hybrid system architectures (P0, P1, P2 and P3) with different electric motor power levels
were simulated to determine which architecture performs best with respect to fuel consumption and CO2 emissions. The use of a P2/P3 MHEV architecture instead of a P0/P1 architecture
reduced CO2 emissions much more effectively than simply using a more powerful EM (Figure
96). The ability to decouple the ICE (and thus its friction) from the drivetrain enabled significantly
greater brake energy recovery and pure EV operation. Since the P2/P3 systems reduced the need
for ICE operation (especially in the low load region where it is inefficient), the CO2 reductions
achieved with the P2/P3 architectures at a given power level were approximately 2 – 3 times
higher compared with the P0/P1 architectures in all tested driving cycles. Fuel consumption
and CO2 emissions in the NEDC, WLTC, and RTS95 cycles were minimized by using a MHEV
powertrain with a 20 kW electric motor (Figure 96). The target of 75 g CO2/km tailpipe emissions
could not be achieved with a standard gasoline engine in a typical compact class passenger car.
Indeed, the achieved emission levels were significantly greater than the target, suggesting that
the target may remain out of reach even with improved MHEV engine/powertrain technologies
if gasoline is used as the fuel. However, the target was reached with an SI engine running on
CNG fuel together with a P2 or P3 mild hybrid system in the NEDC and WLTC cycles. This
was attributed to the high H/C ratio of the methane-based fuel, which reduced CO2 emissions
by ~45% compared to the gasoline-fueled conventional SI engine (Figure 97).

Figure 96. CO2 emissions for gasoline-fueled vehicles with different mild hybrid
systems in the NEDC driving cycle.

Figure 97. CO2 emissions using different alternative fuels with a 15 kW EM
and different MHEV architectures in the NEDC.

High Efficient Hybrid Powertrain for Alternative Fuels
Objectives
In connection with hybridization, optimized SI engines need to be developed specifically for
efficiency, real exhaust emissions (including normal driving, cold start and evaporation), multifuel properties, costs and weight. Hybrid applications make special demands on the internal
combustion engine, but also allow for completely new possibilities, including new research to
improve the efficiency of the combustion engine in a narrower operating range than normal,
especially at higher loads/revolutions, which is possible through hybridization. The purpose of
the project is to study and investigate the potential of a dedicated hybrid engine application for an
SI engine in a hybrid powertrain. The project is carried out mainly in a 3-cylinder multi-cylinder
engine from Volvo Cars.

Principal investigator
Prof. Ingemar Denbratt

Source of support

Swedish Energy Agency

Seniors/students supported
L. Koopmans, J. Katri

Motivation
Global increase in sales of passenger cars have led to corresponding increase in fossil fuel
consumption and greenhouse gas emissions. Meeting the strict CO2 targets, while maintaining
similar vehicle performance levels, is highly challenging for the industry.

Downsizing engines has substantially helped efforts to meet these challenges, using strategies
including forced induction (boosting) to maintain performance while reducing fuel consumption. The operating point in a downsized engine is shifted from a low-load/high-fuel consumption region to high-load/low-fuel consumption region closer to the so-called ‘sweet spot’. The
improved mechanical efficiency at high load points is a result of reductions in pumping losses
and heat dissipation to cylinder walls.
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Due to increasing concern about Real Drive Emissions (RDE), customers and policymakers have
pressurized automotive manufacturers to keep emissions low throughout the engine operating
range. Since September 2018, the driving cycle used for vehicle certification and fuel consumption
in the EU has been the WLTC (Worldwide harmonized Light-duty vehicles Test Cycle), involving
a wider engine operation spectrum than previous cycles. The combination of downsized engines
and RDE has led to engine operation in high load-high rpm regions. The engine operating spectrum is higher in a dynamic RDE cycle and the engine operating load and speed are higher during
part of the drive event. Hence, operating points for a downsized engine will shift accordingly.
One of the major challenges with downsized engines is the increased knocking tendency, mainly
under high load conditions due to increased cylinder pressures and temperatures. Water injection
is a potential solution to combat the engine knocking in this regard.
Results
Water injection can be used to run the engine with a stoichiometric mixture (λ=1) while maintaining
maximum power. The torque enhancement provided by water injection and use of a stoichiometric
mixture can be seen in Figure 98. For operating points depicted with solid curves, measurements
were taken at both KLSA and 970° C turbine inlet temperature limit except for load points at
1500 rpm, where the limit was a maximum retardation of ignition timing of 30° CA aTDC. The
solid curves indicate the maximum torque at λ = 1 without water injection. The load points with
water injection and λ = 1 are denoted by points along ‘dashed’ curves. At 5500 rpm, where maximum engine power is obtained, significant differences in torque can be observed due to water
addition and variations in the fuels’ RON. It can also be seen that when the engine was operated
with RON91 fuel and water injection, torque was considerably higher than when using RON95
and RON98 fuels without water addition at high engine speed (4800 and 5500 rpm). Operating
the engine with RON95 and RON98 fuels at λ=1 and water provided maximum engine torque
comparable to that obtained with a rich (λ = 0.85) mixture. Using a ca. 0.80 water/fuel ratio (bymass) can assist achievement of maximum torque levels at a stoichiometric air:fuel ratio (AFR).

RON91 fuel with WI can replace RON95, and RON95 with WI can replace RON98 gasoline for
full load performance. RON98 with WI can increase maximum torque by ~6% at 5500 rpm and
~5% across the tested range of engine speeds. Water quantities required for maximum performance
with tested fuels decrease in the order RON91, RON98 and RON95 E10.
To investigate the effect of water injection on ignition advance, tests were run with a constant load
of 15 bar at 4800 rpm and all three fuels with varying W/F ratios. Results from the tests are presented in Figure 99. The fractional reduction in flame speed due to diluent is reportedly independent
of equivalence ratio, pressure and temperature. Results of this study indicate that relative effects
of a given W/F ratio on ignition advance are similar for fuels with differing RON values at constant
load conditions. In fact, with more than 30% water/fuel addition, the relative advance in ignition
timing was linear and is expressed by the equation y = −0.0964 ⋅ x + 1.1945 where y is advancement
in combustion phasing (ΔMFB50 CAD aTDC) and x is the water quantity (W/F ratio in %).
Figure 98 (below, left). Improvement
in engine torque using stoichiometric
mixture RON91, RON95 and RON98
fuels with (w) relative to without (w/o)
water injection (WI).
Figure 99 (below, right). Advances of
MFB50 with increases in W/F ratio in
tests with indicated fuels.

In the high load operating zone, reduced engine knock due to water injection can be used to advance
the ignition timing to improve combustion phasing and reduce cyclic variation, as previously
noted, with 2°CA advancement in spark timing and roughly 1.2% improvement in CoV with a
20% W/F ratio. However, with water injection, a notable increase in burn duration (defined as the
10-90% MFB timing interval), was observed during tests under both part and full load conditions.
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Human Resources
Personnel researching and working at CERC in 2018
During 2018, eleven PhD students and eleven senior
researchers from Mechanics and Maritime Sciences,
Electrical Engineering and Volvo Advanced Research and
Technology were engaged in the various CERC research
projects.

Senior Staff
Ingemar Denbratt *
Full Professor/Director
Mechanics and Maritime Sciences
* Involved in management.

Michael Oevermann
Full Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Tomas McKelvey
Full Professor
Electrical Engineering

Lars Davidsson
Full Professor
Mechanics and Maritime Sciences
Division of Fluid Dynamics

Lucien Koopmans
Full Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Sven Andersson
Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Petter Dahlander
Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Andrei Lipatnikov
Research Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Mats Andersson
Associate Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

David Sedarsky
Associate Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Karin Munch
Associate Professor
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems

Anders Karlsson
Adjunct Professor
Volvo ART

Elenor Norberg
Administration and Finance
Mechanics and Maritime Sciences
Division of Combustion
and Propulsion Systems
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PhD Students

Zhiqin Jia								
Jonathan Lock						
Vignesh Muthuramalingam		
Josefine Preuss						
Jelmer J. Rijpkema					
Sreelekha Etikyala					
Nidal Doubiani						

Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Electrical Engineering / Division of Signal processing and Biomedical engineering
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems

Industrial PhD Students

Joop Somhorst						Volvo Car Corporation
Reto Balz								Winterthur Gas and Diesel
Jon-Anders Bäckar					AB Volvo
Mohammad Nikouei				Scania

Research Engineers and Technicians

Alf Magnusson						
Timothy Benham					
Anders Bragée						
Robert Buadu							
Anders Mattsson					
Patrik Wåhlin							

Ph.D.		
Ph.D.		
Eng.		
M.Sc		
Eng.		
M.Sc.

Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems
Mechanics and Maritime Sciences / Division of Combustion and Propulsion Systems

											 A number of representatives from the member industries were also indirectly involved in CERC
											 activities working with the project leaders 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
Mechanics and Maritime Sciences at Chalmers University of Technology. CERC’s activities are
guided by a program advisory board that is appointed by the Chalmers’ Rector in consultation
with the member companies. Formal decisions are made by a delegated representative of the
Rector. In the case of CERC the Rector’s Delegate is Angela Hillemyr, Head of the Department of
Mechanics and Maritime Sciences.
The program advisory board consists of the chairman, two academic members, six representatives
from the member companies, and two representatives of the Swedish Energy Agency.
Sören Udd
Chairman of the Board for the Swedish Internal Combustion Engine Consortium (SICEC), including:
CERC at Chalmers University of Technology, KCFP at the University of Lund and CCGEx at the Royal
Institute of Technology.
Carolin Wang-Hansen
Håkan Persson
Volvo Car Corporation AB
Eva Iverfeldt
Per Stålhammar
Scania CV AB
Malin Ehleskog
Johan Wallesten
Volvo Group Truck Technologies
Sofia Andersson
Anders Johansson
Swedish Energy Agency
Maria Grahn
Tomas McKelvey
Chalmers University of Technology
Research at CERC is pursued as described in this annual report within working groups, and project
results are presented directly to the CERC board.
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Finances during the period 2018 – 2021
For the period 2018-2021 the budget following the agreement between the three parties Energy Agency / Industry / Chalmers,
given in Table 1, was established.
In the summary of the budget some of the revenues from the participating companies are efforts in-kind.
Table 2 shows actual input of cash respectively efforts in-kind for the participating companies during the year 2018.
In Table 3, the cost of activities at Chalmers during 2018 are given, distributed by cost categories.
Table 4 shows a summary of the project expenses for the year 2018.
Revenues

2018

2019

2020

2021

TOTAL

10 000

10 000

10 000

10 000

40 000

Scania CV AB

1 700

1 700

1 700

1 700

6 800

AB Volvo

1 700

1 700

1 700

1 700

6 800

Volvo Car Corporation AB

1 700

1 700

1 700

1 700

6 800

Winterthur G&D Ltd.

1 200

1 200

1 200

1 200

4 800

Delphi Technologies

500

500

500

500

2 000

Neste Oyj

400

400

400

400

1 600

Loge AB

300

300

300

300

1 200

Swedish Energy Agency

Johnson Matthey
Convergent Science GmbH
Wärtsilä
KAW*

300

300

300

300

1 200

2 250

2 250

2 250

2 250

9 000

738

738

738

738

2 950

4 000

Table 1. Total Incomes for 2018–
2021 period (KSEK).

4 000

Chalmers University of Technology

10 000

10 000

10 000

10 000

40 000

TOTAL

34 788

30 788

30 788

30 788

127 150

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

Revenues
Swedish Energy Agency

Total

Cash

In-kind

10 000

10 000

Scania CV AB

1 283

800

483 ****

AB Volvo

2 834

800

2 034 ****

Volvo Car Corporation AB

1 845

500

1 345 ****

Winterthur G&D Ltd.

1 289

0

1 289 ****

Delphi Technologies

0

0

Neste Oyj

404

200

Loge AB

300

Johnson Matthey
Convergent Science GmbH
Wärtsilä

0

0
204 **
300 *****

0

2 250
0

Table 2. Actual contributions from members
2018 (KSEK).

0
2 250 *****

0

0

KAW

4 842

4 842

Chalmers Univ. of Technology

9 367

1 125

Transfer from previous year

4 343

4 343

TOTAL

38 758

17 768

20 990

BUDGET

34 788

14 013

20 775

8 242

Comments on in-kind distributions:
*		
**		
***
****
*****

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

5 529

Lab costs

831

Equipment

538

Supplies

377

Travels and conferences

267

Miscellaneous; IT, premises, overhead

2 780

TOTAL

10 322

Contribution from members

17 268

Transfer to next year

6 947

Table 3. Expenses at Chalmers 2018 (KSEK).

Chalmers

Project

Salaries Lab cost Equipm. Supplies

Duel Fuel RCCI Combustion

173

63

Spray Formation Dynamics

122

Reducing Heat Transfer in IC Engines

147

2

Spray Turbulence Interaction

560

10

Spray Formation Dynamics

197

152

Marine Engine Fuel Injection

156

152

Soot Formation in SI Engines

944

201

Prediction of Heat Transfer

101

Heavy Duty Fuel Injection

102

Support for Model Development

511

Advanced Laser-based Methods

427

Modeling sGDI

541

RILEM 2

101

Emission Aware Energy Mgmt

585

Administration

862

TOTAL

5 529

3
453

63

Travels

Misc.

Total

Budget

20

86

405

750

1

58

181

750

215

364

750

263

864

1 090

93

446

690

31

1
105

7

76

496

500

40

16

443

2 097

1 539

197

299

350

48

150

800

240

767

1 000

33

202

892

1 000

21

254

816

800

48

149

822

264

961

1 500

293

1 435

1 400

1
16
217

109

831

13

3

538

142

138

377

267

2 780 10 322 13 741

Table 4. Summary of project expenses 2018 (KSEK).
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