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The International Council on Combustion Engines 
– CIMAC – warmly invites you to the 28th CIMAC 
Congress on 6 – 10 June 2016 in Helsinki, Finland. The 
honoured host of this event is the Finnish CIMAC Na-
tional Member Association, represented by the Branch 
Group of Combustion Engines and Turbocharger 
Technology within the Federation of Finnish Technol-
ogy Industries.

Thirty-fve years have passed since the Congress was 
held in Finland in 1981. During these years, the com-
bustion engine has been further developed into a 
stronger position than ever, as one of the main sources 
of energy conversion for powering ships, power plants 
and rail locomotives, among others. Our work in secur-
ing the future for combustion engines is supported by 
our belief in their ability to attract customers as an envi-
ronmentally friendly source of energy. We continuous-
ly strive to leave the legacy of a clean planet to the next 
generation. To seriously address our goals, we need to 
evaluate honestly where we stand in comparison with 
other energy producers. We also need to actively mar-
ket combustion engines as an important area of focus 
for university level studies and research. The entire 
supply chain also has an important role in our efforts 
towards these targets, and we should do our utmost to 
be the preferred partner for our customers.

The 2016 Congress will, once again, bring together the 
leading expertise from engine manufacturers, compo-
nent and system suppliers, rail, marine and power plant 
operators and users, technical universities, classifcation 
societies, and oil companies around the globe. The 
presentations will highlight the latest developments in 
products and technologies and the values they bring 
to the customer; they will elaborate on the scientifc 
research that creates the foundation for the next gen-
eration of engines and address the needs of the markets 
to ensure a sustainable, environmentally and economi-
cally sound future. Additionally, the Congress offers a 

Welcome to Helsinki

unique opportunity to generate business and build last-
ing networks. In the panel discussions and the keynote 
speeches, we will be challenged to broaden our per-
spectives. Customer benefts and values will be strongly 
emphasised during the Congress. This is clearly an op-
portunity that will help in making the right decisions 
for the future.

Helsinki welcomes you in early June. lt is a city on the 
sea with infuences from both east and west, full of op-
portunities, and surrounded by natural beauty. The 
Congress venue is the famous Finlandia Hall, designed 
by the Finnish architect Alvar Aalto. The optional tours 
will showcase the best that Helsinki and its surround-
ings can offer in terms of culture, nature, shopping, etc. 
With strong industrial traditions, Finland’s innovative 
design and expertise across multiple sectors will be pre-
sented during the technical tours to a number of inter-
esting places.

CIMAC and the Finnish NMA are happy to welcome 
you all to the 2016 Congress in Helsinki. Besides pro-
viding the chance to experience Finland and its natural 
beauty at a time of the year when the sun hardly sets, we 
will do our utmost to meet your expectations regarding 
the Congress.

Join us in Helsinki!

Christoph Teetz,  
CIMAC President,  
Rolls-Royce Power Systems

Robert Ollus,  
Congress President, 
Wärtsilä Corporation
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Date: Monday June 6th 
Time: 13:30 – 15:00 
Room: Finlandia Hall 

Topic: 01 Product Development - Diesel Engines 
Session: High Speed Engines 

The new Zvezda’s multi-purpose high-speed 
diesel engine family Pulsar-M150 (ID 266)

Main author: Wolfgang Kling, AVL List GmbH

Co-authors: Michael Ronchetti, AVL List GmbH, Austria 
Christian Fuchs, AVL List GmbH, Austria 
Andrei Ludu, AVL List GmbH, Austria 
Alexander Arkhipov, JSC ZVEZDA, Russia 
Attila Toth, AVL List GmbH, Austria 
Sergey Khilchenko, JSC ZVEZDA, Russia

The Pulsar high-speed engine family, recently developed by JSC 
Zvezda, represents one of the newest advances in Russia’s large 
engine industry. The new prime mover platform is dedicated to 
cover future domestic transportation, industrial and power gen-
eration requirements, and is Zvezda’s foundation for future busi-
ness expansion into target export markets.

With this in mind, the engine family specifications were 
aimed at multi-application coverage of the marine, power gen-
eration, mining and locomotive applications, developed for pre-
sent and future, local and global emissions legislations, including 
IMO III, US EPA Tier 4 interim, and for future fuel diversity op-
portunities.

The essential engine family orientation resulted in a carefully 
sized 3.1 litres / cylinder, versatile and modular product. Diverse, 
application-balanced, reliability-durability-driven power density 
specifications, going up to 138 kW / cylinder in the marine yacht 
application, the wide rated output engine speed coverage of 1,500 
to 2,250 rpm, the modern engine technologies and design fea-
tures, as required by the diverse emission compliance scenarios, 
and the state-of-the-art supplier base are important characteris-
tics of the new Pulsar engine family.

The paper describes the overall design and development 
process, as it is conceptualised, driven and executed by the 
combined project teams of AVL List GmbH and JSC Zvezda. 
Starting from application-specific targets, as overall installa-
tion dimensions, weight and efficiency targets, etc., the paper 
shows the main engine architecture and the essential features 
of the engine family. Details are shown, describing main engine 
components and systems, such as the compact crank case, with 
its two materials specification for different maximum cylinder 
pressures, the aluminium flywheel housing and the single alu-
minium water jacket for low engine weight, or the parallel valve 
pattern, crossflow, top-down cooling cylinder head concept. 
The employment of specific technologies, such as turbocharg-
ing, fuel injection and emissions abatement technologies are 
discussed in the context of the engine family targets. The paper 
emphasises the comprehensive front-loading development pro-
cess approach, the extensive CAE activity, which contributed 
essentially to components commonality and to the balanced en-
gineering solution across applications and emission legislations. 
Finally, the paper touches upon the procedural and logistical 
aspects of first prototype engine series procurement and ends 
with the current development status and the outlook of the con-
sequent activities.

UDMZ‘s new DM-185 diesel engine family (ID 93)

Main author: Martin Müther, FEV GmbH, Germany

Co-authors: - 

Ural Diesel Motor Works LLC (UDMZ) is developing a com-
pletely new engine family to be introduced into the market in 
2016. The engine family is specifically designed to cover a wide 
power range to be used in mining vehicles, railway, marine and 
generator applications. In total, 16 engines with a capacity from 
840 to 3,800 kW (protected up to 6,000 kW) are members of the 
DM-185 engine family. With the number of cylinders varying 
from six to 20, the main characteristics of the new engine family 
are high specific performance (up to 234 kW/cyl.) and low fuel 
consumption while complying with EU IIIA / IMO II emission 
legislations, without the use of external gas recirculation or ex-
haust gas aftertreatment systems.

Key parameters of the new engine family will be introduced. 
From the development work, results will be presented from the 
engines combustion simulations as well as the single-cylinder 
combustion development, which was successfully applied to de-
fine engine hardware and injection parameters.

With the first prototype engines built and currently under op-
eration at UDMZ’s facilities in Yeakterinburg, Russia, first results 
of the complete engines will be shown to demonstrate feasibility 
of the engine family’s concept, too. 

GE distributed power’s new 616 diesel  
genset – Applying platform strategies across 
GE’s businesses to provide fast product 
solutions for new segments (ID 164)

Main author: Ian Calvert, GE Distributed Power

Co-authors: Florian Becker, GE Power, Germany 
James Hamilton, GE Distributed Power, USA 
James Gamble, GE Transportation, USA

The paper will describe the recently completed programme for the ap-
plication of the P616 diesel locomotive engine into the new 616 die-
sel genset product for GE’s Distributed Power. A brief introduction to 
the motivation behind the current platform strategy will be given, as 
will a description of the lean programme structure and fast execution 
practices used to achieve the tight timeline of the programme. A tech-
nical review of the product will be given highlighting the development 
changes made to align the locomotive product to the power genset seg-
ment requirements, with attention given to the combustion and high 
efficiency air-charging system development resulting in specific fuel 
consumption targets being met. A summary of the engine and genset 
controller and control strategy will be presented, and finally a summary 
of the system integration work required to include the diesel specific 
systems etc. into GE’s standard Jenbacher genset package will be given.

The new MTU series 4000 with advanced 
technological concepts for EU Stage IIIB, EPA 
Tier 4 and IMO III emission legislations (ID 196)

Main author: Steffen Harscher, Rolls-Royce Power Systems, Germany
Co-authors: - 

Since their market introduction in 1996, Series 4000 engines 
have consistently demonstrated their reliability over several mil-
lion hours of operation in rail, mining, marine, power generation 
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and oil and gas applications throughout the world. The units in 
12V, 16V and 20V configuration cover a power range from 1,000 
to 4,300 kW. To ensure it can offer engines with even lower emis-
sions in future, MTU has comprehensively reworked its Series 
4000 engines.

Development of the model type 05 focused on fulfilling the 
emission legislations EU Stage IIIB, EPA Tier 4 and IMO III, 
which require a further reduction of NOx levels by 45 to 90% and 
of particulate matter emissions by 80% to 88% compared with the 
previous applicable standards.

Depending on application-specific conditions MTU offers 
perfectly matching technological concepts for emission reduc-
tion. In addition to exhaust gas aftertreatment systems for marine, 
rail and power generation, MTU takes a different approach to the 
mobile applications oil and gas as well as mining.

Utilising a unified technological engine concept, the compa-
ny’s Series 1600, 2000 and 4000 operate without the need for any 
exhaust gas aftertreatment.

Besides fulfilling the emissions standards power-to-weight ra-
tio, engine dimensions, low fuel consumption and high levels of 
reliability are major factors for the success of the engine.

For engines without exhaust gas aftertreatment, a number of 
key pollutant reduction technologies have been implemented in 
the engine design. Two-stage turbocharging in combination with 
Miller combustion and exhaust gas recirculation help diminish 
NOx emissions extensively.

A new fuel injection system capable of injection pressures up 
to 2,500 bar is a further innovative feature. 

With the new generation of engines MTU’s engineers have 
succeeded in bridging the gap between the stringent exhaust 
standards and the enhancement of customer benefits in the form 
of low lifecycle costs, improved engine performance and virtu-
ally unchanged engine dimensions – providing the best emission 
reduction technology for each application – with or without ad-
ditional exhaust gas aftertreatment.

Date: Monday June 6th 
Time: 13:30 – 15:00 
Room: Wärtsilä Hall 

Topic: 03 - Fuel Injection & Gas Admission 
Session: Gas Applications I 

Simplified L’Orange fuel injection system 
for dual-fuel applications (ID 39)

Main author: Clemens Senghaas, L’Orange GmbH, Germany

Co-authors: Michael Willmann, L’Orange, Germany 
Hans-Joachim Koch, L’Orange GmbH, Germany

Despite many advantages, the actual dual-fuel (DF) injection sys-
tems show one disadvantage: they are complex and extensive and 
therefore need equivalent constructed size. Usually DF injection 
systems have two separated fuel circuits, one for pilot injection 
with gas operation and one for liquid-fuel operation. This re-
quires several pumps for pressurisation, a double-needle injector 
with a common rail and a pump line nozzle site or two separate 
injectors per cylinder.

Currently L’Orange is developing a new, simplified injec-
tion system. The injection system consists of one fuel circle 
with one high-pressure pump plus one injector per engine cyl-

inder. The injector possesses a one-needle nozzle, with which 
the pilot quantity and the full load in the fluid fuel operation 
are injected.

The main challenge is the realisation of a stable injection 
quantity for the pilot injection at a sufficient fuel atomisation 
- with the same nozzle or the same blowholes for the pilot and 
main injection. To guarantee the required engine performance 
and emissions, the injection quantity has to remain stable for the 
whole lifetime, demanding a closed control loop for drift com-
pensation. Furthermore, design measurements are required to 
ensure the thermal balance of the high-pressure pump and the 
nozzle in gas operation.

Besides design and simulation activities extensive tests on 
component test rigs and on the spray diagnostic rig at L’Orange as 
well as on the engine were realised. The tests have provided good 
results, so first series operations are expected soon.

Development methodology for the  
new large engine gas admission valves  
by Robert Bosch (ID 156)

Main author: Peter Christiner, Robert Bosch AG, Germany

Co-authors: Martin Hainberger, Robert Bosch AG, Germany 
Claudia Gasselsdorfer, Robert Bosch AG, Germany 
Markus Schmitzberger, Robert Bosch AG, Germany 
Claus Minixhofer, Robert Bosch AG, Germany

Different factors have to be taken into consideration regarding 
the development process of ported fuel injection valves. Cus-
tomer specifications as well as legal requirements and economical 
goals pose a challenge during the design and validation process. 
In the paper the authors present a novel approach for the design 
and development of ported fuel injection valves for large bore 
engines in order to meet these requirements. A combined utilisa-
tion of advanced design, simulation and testing was used during 
the described development process of the new large engine gas 
admission valves by Robert Bosch.

A development methodology how to fulfil customer re-
quirements will be presented. Based on the combined use of 
simulation and measurements different design aspects for the 
layout of the ported fuel injection valves were evaluated and 
optimised.

Main aspects of the development like increased valve life-
time and minimised valve leakage in combination with high 
valve dynamics could be achieved and were optimised by the 
described development methodology and later proven by tests 
on flow test rigs as well as by measurements on single-cylinder 
engines.

In addition, a new measurement technique for the evaluation 
of the shot-to-shot variation was developed and implemented 
into a flow testbed. The measurement technique was then used 
to evaluate different influencing factors for the stable valve opera-
tion under engine-like conditions.

Concepts for the closed-loop control of the developed valves 
were derived and validated. As result a monitoring of the valve 
behaviour over lifetime is possible.

The electromechanical design of the presented valve fam-
ily is capable of meeting market challenges, thus offering the 
engine manufacturer a new means to realise efficient and re-
liable engine solutions complying with tomorrow’s emission 
regulations.
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Detailed assessment of an advanced  
wide range diesel injector for dual-fuel  
operation of large engines (ID 78)

Main author: Constantin Kiesling, LEC GmbH, Austria

Co-authors: José Maria Garcia-Oliver, CMT Universitat Politècnica de València, Spain 
Ingmar Berger, L‘Orange GmbH, Germany 
Dino Imhof, GE Global Research Zweigniederlassung der General Electric 
Deutschland Holding GmbH, Germany 
Andreas Wimmer, Graz University of Technology, Austria 
Martin Kirsten, Graz University of Technology, Austria 
Christoph Redtenbacher, LEC GmbH, Austria

Dual-fuel engines have become increasingly important in recent 
years thanks to their lower emissions compared with diesel en-
gines, the possibility to easily switch between different fuels and 
the increasing availability of gaseous fuels at comparatively low 
prices. State-of-the-art diesel-gas engine concepts have the dis-
advantage of high system complexity because they are equipped 
with either two diesel injectors (one main injector for diesel oper-
ation and one pilot injector for dual-fuel operation) or a double-
nozzle injector. In addition, the double-injector concept suffers 
from the decentralised position of the pilot injector. Therefore, 
concepts with only one centrally located diesel injector that al-
lows engine operation over the whole diesel range are the pre-
ferred solution. However, it is a challenge for injection system de-
sign to achieve the required injection accuracy especially at very 
small energetic diesel fractions of approximately 1%. The adjust-
ment of nozzle geometry to obtain adequate spray behaviour over 
the whole operating range with up to 100% diesel also remains 
an important issue. The paper will provide a comparison of the 
injection behaviour of an advanced L’Orange wide-range diesel 
injector with that of a state-of-the-art pilot diesel injector. Their 
injection characteristics will be evaluated on the basis of rate of 
injection measurements and optical investigations in a spray box. 
The spray vapour phase and spray liquid phase will be character-
ised using high-speed Schlieren and Mie scattering visualisation 
techniques. The focus of the investigations will be on small diesel 
fractions (1 - 10% of full load diesel operation) as applied to high-
speed dual-fuel engines.

Selected results of single-cylinder engine measurements 
will be discussed once again by comparing the two different 
injectors. In order to avoid any influence of injector position 
on the evaluation, both injectors are mounted at the centre of 
the cylinder head. The measurements will provide the limits 
with regard to very low diesel fractions that still result in sta-
ble combustion. In addition, the overall engine performance 
with the new injector design will be compared with that of the 
state-of-the-art pilot diesel injector at different engine operat-
ing conditions.

Research on the influence of diesel  
injection law to combustion process  
of micro-ignition dual-fuel engine (ID 306)

Main author: Yue Li, Harbin Engineering University, China

Co-authors: Liping Yang, Harbin Engineering University, China 
Enzhe Song, Harbin Engineering University, China

The micro-ignition dual-fuel engine is one of the most effective 
means to achieve energy conservation and emissions reduction. 
It not only improves the engine emissions, but also retains a 

high efficiency. The mixture of natural gas and air is ignited by a 
bit of diesel near the end of the compression stroke. Therefore, 
the investigation of the diesel injection law has an important 
effect on the combustion and emission performance optimis-
ing of a micro-ignition dual-fuel engine. In the paper, the 3D 
CAD software CATIA was used to simulate the geometric mod-
elling of the 2135G combustion chamber structure. Meshing 
and numerical calculations were accomplished in the software 
AVL-FIRE. Using methane chemical kinetic mechanism as a 
combustion model, the chemical kinetic mechanism and CFD 
model coupling calculating was adopted. The coupling calcu-
lation results was compared with the 2135G dual-fuel engine 
experimental data, comparative results showed that they are 
in good agreement. It is proved that a numerical model can ef-
fectively predict the influence of the diesel injection law to the 
actual work process in a dual-fuel engine. The influence of the 
fuel injection law on the micro-ignition dual-fuel engine com-
bustion process was investigated in the paper.

The influential factors are divided into diesel injection tim-
ing and quality of ignition diesel. The results showed that when 
the quality of ignite diesel is fixed, advancing the injection tim-
ing appropriately was conducive to the atomisation of diesel. 
This could provide more ignition energy and ignition source, 
and it was in favour of diesel igniting natural gas. These meas-
ures could lead to a fast and complete combustion, reduced CO 
emission and improved power performance. However, nitrogen 
oxide emissions would be slightly increased. The research re-
sults in the paper can provide important theoretical guidance 
for micro-ignition dual-fuel engine and it can be used to opti-
mise fuel injection parameters.

Date: Monday June 6th 
Time: 13:30 – 15:00 
Room: MTU Hall 

Topic: 04 - Turbochargers & Air/Exhaust Management 
Session: New Products 

New single-stage turbocharger for large 
high-speed diesel engines (ID 246)

Main author: Michael Gisiger, ABB Turbo Systems, Switzerland

Co-author: Tobias Gwehenberger, ABB Turbo Systems, Switzerland

Large high-speed diesel engines are typically developed as mul-
ti-purpose platforms that are used in very different application 
segments, such as in mining, marine, power generation, etc. The 
operation profiles of the individual application types vary in a 
very wide range: from highly loaded mining machinery operat-
ing with an extreme number of load cycles, over to more con-
stant load profiles in prime power generation, to only a few run-
ning hours in standby applications. Similarly, the engine speed 
characteristics are just as diverse: ranging from constant-speed 
applications in power generation, to a very broad engine opera-
tion map in which engine speed and load are varied indepen-
dently. Large mining trucks with a mechanical drive system are 
typical examples of highly demanding variable speed applica-
tions.

In many of the aforementioned applications the engine is 
used as a mission-critical element, meaning that any unexpected 
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downtime causes significant consequential damage. Hence, the 
turbocharger concept needs to cope with these demanding op-
eration profiles and harsh ambient conditions with uncompro-
mising reliability.

While the variety of the application requirements would drive 
specific technical solutions, the engine builder naturally faces 
cost constraints, which typically lead to a more modular approach 
based on a common engine platform. The turbocharger needs to 
support this concept and thus equally needs a wide application 
range based on limited hardware variants.

The engine’s performance characteristics are defined to 
a large extent by the capabilities of the turbocharging system. 
The ongoing engine development therefore continues to drive 
advancement of turbochargers. Modern turbocharging systems 
for high-speed diesel engines need to provide a high compres-
sor pressure ratio over a very wide range of compressor volume 
flow and at the same time provide superior efficiency resulting 
in low engine fuel consumption. In order to satisfy further ap-
plication requirements such as enabling fast load pick up and ac-
celeration, as well as coping with changing ambient conditions, 
new turbochargers need to be developed. ABB has developed 
a new range of high-speed turbochargers, setting the focus on 
reliability driven, variable speed applications such as mining 
trucks, marine propulsion, etc.

The paper describes how ABB developed and validated the 
new turbocharger range for large high-speed diesel engines. At 
the example of a large mining truck application, the paper dem-
onstrates the following benefits with the new high-speed diesel 
turbocharger:

 > Variable speed operation with high bmep,
 > Wide engine operation map offering high torque at low rpm,
 > Extended altitude capability,
 > Lowered fuel consumption and exhaust gas temperature.

New generation development for  
Mitsubishi turbocharger (ID 76)

Main author: Sakamoto Koichi, Mitsubishi Heavy Industries, Japan

Co-authors: Ito Yoshikazu, Mitsubishi Heavy Industries Marine Machinery & 
Engine Co. Ltd., Japan 
Ono Yoshihisa, Mitsubishi Heavy Industries Marine Machinery & Engine Co. Ltd., Japan 
Wada Yasuhiro, Mitsubishi Heavy Industries Marine Machinery & Engine Co. Ltd., Japan

Slow steaming has been a trend of the current shipping industry 
to reduce fuel costs. The authors of the present report believe that 
new technologies developed specifically for low-load operation 
will improve turbocharger performance with respect to the mar-
ket needs for slow steaming.

Mitsubishi Heavy Industries Marine Machinery & Engine 
Co, LTD (MHI-MME) has put its focus on the improvement 
of turbocharger efficiency, especially on optimising low-load ef-
ficiency, as a new-generation development for Mitsubishi tur-
bochargers. Optimised turbocharger efficiency under low-load 
conditions will contribute to higher combustion efficiency of the 
main propulsion engine resulting in reduced fuel consumption 
and minimised need of auxiliary blower over its operation range. 
Furthermore, for ships employing a turbo-compound system, a 
surplus of turbocharger improved efficiency can be used towards 
electrical power generation, thus enabling power turbine’s gener-
ation at a lower load than ever. This can also reduce the fuel used 
for electrical power generation at low load.

Moreover, MHI-MME’s new compressor wheel with higher 
scavenging air pressure, wider rage, and more air flow can re-
duce overall turbocharger size and achieve a higher applicability 
to main engine’s scavenging various pressure requirements. The 
new compressor wheel with wider range will be a remarkable 
fit to applications especially involving change in engine opera-
tion line during operation such as turbo-compound system and 
turbocharger with variable turbine inlet (VTI) for two- stroke 
engines.

The paper introduces MHI-MME’s new technologies em-
ployed for the next-generation turbocharger improvement. 

ETB - Electrical turbo blower MAN’s EGR 
blower series (ID 105)

Main author: Arman Garshasebi, MAN Diesel & Turbo SE, Germany

Co-authors: Herbert Schmuttermair, MAN Diesel & Turbo SE, Germany 
Manuel Stork, MAN Diesel & Turbo SE, Germany 
Petr Stefanak, PBS Turbo s.r.o., Czech Republic 
Martin Kern, Man Diesel & Turbo SE, Germany

Manufacturers of marine engines have focused on two approach-
es in order to fulfil new requirements for low emission levels, 
namely selective catalytic reduction (SCR) and exhaust gas re-
circulation (EGR).

SCR addresses emission reduction by using a catalyst, which 
has been identified as a promising approach for small-bore en-
gines – as well as stationary plants – where space and logistic 
requirements are manageable. As a second approach to reducing 
NOx emissions in marine diesel- engines, EGR is characterised 
by a compact design and its ease of integration into large-bore 
engines. It limits NOx formation during combustion, making 
catalytic converters obsolete. One of the challenges for this 
technology is the positive scavenging differential pressure. For 
this reason, an EGR blower is necessary to realise exhaust gas 
recirculation.

The purpose of the blower is to raise the pressure of the cooled 
and cleaned exhaust gases so that recirculation to the engine inlet 
is possible. In this way, a reduction of combustion temperature 
peaks – and an according reduction in NOx formation – can be 
achieved. The required EGR flow varies, depending on load and 
ambient conditions.

MAN Diesel & Turbo’s (MDT) electrical turbo blower 
(ETB) plays an important role in the operation of the EGR 
system by providing active control. Its materials are designed 
to withstand corrosive agents and its tailor-made compressor 
wheel is robust and designed for high performances, derived as 
it is from the MDT turbocharger portfolio. The desired EGR 
operating condition is achieved by using an electrical high-
speed motor directly coupled to the compressor wheel and 
driven via a frequency converter. A casing unit holds the stator 
of the motor and provides a supply for cooling water and lube 
oil for the journal bearings. The interface between the ETB, fre-
quency drive, instruments and control panel in the engine con-
trol room is hardwired.

The paper describes the EGR blower’s central role in the 
operation of the EGR system and presents important devel-
opment steps of the common development project between 
MAN Diesel & Turbo SE and PBS Turbo s.r.o. from prelimi-
nary sketches to concept, design and simulation, testing and 
field experience.
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Radial turbocharger for small bore marine 
auxiliary engines (ID 194)

Main author: Joel Schlienger, ABB Turbo Systems, Switzerland

Co-author: Ken Nakano, IHI Corporation, Japan

The electric power for marine vessels is in general delivered by a 
set of redundant auxiliary diesel engines that are frequently oper-
ated with heavy fuel oil (HFO) in combination with HFO-capa-
ble turbochargers. Within this market smaller-bore diesel engines 
of < 3MW and < 320mm bore cylinder diameter are typically 
applied on bulk carriers, container ships (up to Panamax class 
level) and tankers. These auxiliary engines roughly operate be-
tween 30% and 70% load for most of the time. The turbocharger 
itself features multiple gas inlet casings with pulse capable turbine 
designs. Its operation has a considerable impact on the engine’s 
fuel consumption, its maintenance cost and the robustness of the 
power system, which is a key factor for a reliable power supply 
and trouble-free operation during the vessel’s lifetime.

A turbocharger design study was performed by ABB Turbo 
Systems and IHI Corporation for this dedicated market and 
small-bore marine auxiliary engines as presented in this paper. 
Hence, the turbocharger pressure ratio is adapted to cope with 
IMO Tier II emission regulations without any additional after-
treatment of the exhaust gas or for IMO III in combination with 
SCR (selective catalytic reduction) or alternative technologies.

For reducing the operational cost and fuel consumption 
the design is optimised for high part load efficiency without 
compromises at full load. This reduction also supports the 
Energy Efficiency Design Index (EEDI) for new ships. Addi-
tionally, the turbocharger response time at transient operation 
can be reduced by increasing the specific flow rates of the rotor 
components. Hence, the turbocharger performance and char-
acteristics of the compressor, turbine, bearings and related tur-
bocharger functions are designed for typical marine auxiliary 
engine conditions, the engine designer’s and end user require-
ments. 

Finally, the turbocharger design philosophy for ensuring 
operational robustness, performance stability under HFO con-
ditions, end user friendly serviceability and minimal handling 
effort for overhauls done by the ship crew is explained in detail.

Date: Monday June 6th 
Time: 13:30 – 15:00 
Room: AVL Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: Basic Study 1 

Integrated simulation approach for drive-
line development to meet future demands 
in large engine development (ID 268)

Main author: Nikola Naranca, AVL-AST d.o.o., Croatia

Co-authors: Moritz Frobenius, AVL Deutschland GmbH, Germany 
Christoph Priestner, AVL List GmbH, Austria 
Thomas Resch, AVL List GmbH, Austria 
Torsten Philipp, AVL Deutschland GmbH, Germany 
Franz Zieher, AVL List GmbH, Austria

Numerical simulation and virtual design release are key tasks 
in the large engine development. Due to the large size of the 

entire product incorporating very high single-unit costs lead-
ing to a limited number of units, testing possibilities are very 
limited compared with the automotive or other industries. As 
design changes are hardly possible after an engine has been 
built and unexpected maintenance during operation has to be 
avoided, the design needs to be optimised as much as possi-
ble by simulation. The simulation model must cover the real 
system behavior, and results have to be as reliable as possible. 
In addition, the complexity of installations and the number of 
variants rises steadily. Engine designers have to consider more 
complex propulsion lines, enhanced and more flexible operat-
ing conditions and various approaches for exhaust gas after-
treatment and compliance with emission regulation standards. 
This means that the development scope and effort is growing 
constantly. This stands in contrast to the requirement of re-
ducing development time in order to ensure a shorter time to 
market.

Nevertheless, the simulation infrastructure in most com-
panies is still heavily fragmented and standard workflows are 
being established only very slowly. Research projects have 
shown that approximately 50% of a simulation project is regu-
larly invested in data handling and another 20% in data prepa-
ration and modelling. The remaining time for the actual work 
on results evaluation and interpretation is rather low. These 
numbers demonstrate the need for standard workflows, for in-
tegrated simulation solutions and for a seamless modelling ap-
proach with a minimum number of breaks in the toolchain in 
order to reduce delays due to conversion/migration of models 
or sub-models.

The article describes a highly integrated and consistent 
simulation workflow for the development of the mechanical 
drivelines in large engine applications. All simulation tasks are 
linked to the development process. In order to assure and rate 
the product quality and maturity only by simulation a virtual 
design release process is used. The initial crankshaft model 
is established for the early concept phase including torsional 
behavior with parameter optimisation, baseline bearing and 
strength analysis. During the engine development process, the 
model is being enhanced stepwise and technically matured 
in order to perform 3D multi-body dynamic with multi-axial 
strength and elasto-hydrodynamic bearing analysis within the 
same simulation environment. In a further step, a detailed con-
necting rod and piston-ring-liner-model is added, enabling 
piston dynamic and friction simulation and optimisation on 
an overall-engine-level. Further on, NVH simulation of the 
combustion engine and finally of the complete application 
(e.g., genset with driveline, e-machine interaction and skid) is 
performed. This includes low frequency vibration evaluation 
due to mass and gas forces as well as high frequent acoustics 
simulation, considering excitations from valve train, timing 
drive, piston slap and auxiliaries. The presented workflow and 
simulation tasks are based on real engine developments and 
validated by measurement results.

As all modelling levels are based on the same database, in-
tegrated in the same simulation environment and in line with 
standard development processes, data handling time is reduced 
and development efficiency is significantly increased. An in-
tegrated and seamless simulation approach is therefore an im-
portant aspect to manage the complex demands in the develop-
ment of large engine drivelines.
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Utilisation of simulation technology for  
diesel engine development in Niigata (ID 140)

Main author: Toshiyuki Saito, Niigata Power Systems Co. Ltd., Japan

Co-authors: Shoji Kato, Niigata Power Systems Co. Ltd., Japan 
Takumasa Neichi, Niigata Power Systems Co. Ltd., Japan

For a modern high thermal efficiency engine, it is necessary to 
optimise the component design based on endurance and effec-
tive cooling technology to achieve a high performance and du-
rability. Therefore, Niigata has promoted to improve simulation 
utilisation for solving these problems. For a new engine develop-
ment, Niigata recently carried out simulation such as FEA (finite 
element analysis) and CFD (computational fluid dynamics) 
to achieve a shortened development period and a compact and 
lightweight engine design.

In recent years, Niigata developed the 28AHX and the 17AHX 
series medium-speed diesel engines. The AHX series complies 
with IMO NOx Tier II regulation and achieves higher thermal effi-
ciency compared with conventional engines. For the development, 
simulation technology has been properly utilised for the design of 
various components. As the latest member of the 28AHX series 
Niigata has developed the V28AHX medium-speed diesel engine. 
It uses a lot of identical components from the 28AHX. Moreover, 
Niigata has carried out improvements of the design by using simu-
lation technology. As an example, Niigata has optimised the air flow 
through the charge air cooler by using CFD, which contributed to 
good engine performance and higher output.

The paper describes our simulation work for diesel engine de-
velopment by the example of the V28AHX.

Active cylinder technology in Wärtsilä  
engines (ID 83)

Main author: Niclas Liljenfeldt, Wärtsilä Corporation, Finland

Co-author: Kaj Portin, Wärtsilä Corporation, Finland

Active cylinder technology, cylinder deactivation or skip firing 
has been introduced for different applications for various reasons. 
The main driver in the automotive industry has been to increase 
fuel economy, especially in low-load operation. Other drivers are 
emission control and operational benefits. The impact on the 
noise, vibration and harshness (NVH) has, however, always been 
an aspect to take into consideration when an active cylinder tech-
nology is introduced.

The main drivers to introduce active cylinder technology 
(ACT) for Wärtsilä gas engines have been to reduce the un-
burned hydrocarbons as well as to improve the efficiency at part 
loads. These benefits have been proven by engine tests during the 
past years. The first successful field tests were made in 2003 on a 
power plant engine. During the past years, ACT has been devel-
oped both for marine and power plant applications.

In order to make a robust introduction of the function, Wärt-
silä is also focusing on the NVH. With a range of engine sizes 
from 20cm up to 50cm bore and cylinder configurations between 
six and 20 cylinders, extensive calculation and testing have been 
performed in order to find the best cylinder deactivation patterns 
for all Wärtsilä gas engines.

The impact on the design of the base frame and mounting of 
the engine has been calculated and tested. The impact on the flex-
ible coupling has also been calculated and measured on several 

engine sizes with different types of flexible couplings at different 
engine speeds. The measurement set-up and the test procedures 
will be presented in the paper.

The paper will present both optimised engine operation and 
operation patterns with high vibration levels. The results are then 
compared with standard operation and failure operation modes. 
Test results will be shown from performed tests on both small 
and bigger size Wärtsilä engines.

Wärtsilä 31 – Industrial design in a modular 
engine architecture (ID 234)

Main author: Jonas Åkerman, Wärtsilä Corporation, Finland

Co-authors: Juhana Arkio, Wärtsilä, Finland 
Jussi Sippola, Wärtsilä, Finland 
Mika Yli-Salomäki, Wärtsilä, Finland 
Marco Delise, Wärtsilä, Finland

The strategic decision by Wärtsilä around 2010 to develop a new 
medium-speed engine platform provided an opportunity to utilise 
new methodologies not so common in the world of large engine 
development but already applied in other industries since decades.

From the outset, it was clear that a change in the way of work-
ing was a tool to create new values, not only for the benefit of the 
customer, but also for the overall product platform lifecycle man-
agement. The new programme demanded a cross-company, fully 
transparent development, in which R&D, supply management, 
manufacturing, sales and services collaborated closely from the 
very beginning, and therefore became a showcase in requirement 
management, conceptual design, architectural studies, and sev-
eral other front-end loaded methodologies.

Requirement management is one crucial methodology ap-
plied. It aims to collect and understand market needs and treat the 
requirements in a controlled manner throughout the development. 
Extensive requirement gathering was successfully applied in the 
Wärtsilä 31 programme albeit with some unexpected outcome.

Another important feature, which even required an organisa-
tional unit of its own, was the modularisation, which, as the name 
implies, is an approach in which the product is broken down into 
smaller independent entities, all with their own specific features 
and interfaces. Although past products have to some extent been 
modular in design, this brought the modular approach to another 
level. Modularisation is not only technical in nature but enables 
business strategies and customer values to be directly linked to 
the end product. Modularisation enables a flexible design that se-
cures easy future development, and in the end, has major implica-
tions for the product lifecycle process, the organisational set-up, 
and the product cost and quality.

Coupled with another strategic function, industrial design, 
the end result became significantly different compared with pre-
vious engine projects. Industrial design not only stands for brand-
ing and appearance but has its own value due to its direct link to 
conceptual layouts, usability, and product operation.

Also, thanks to its visual capabilities, it is the key for the con-
ceptual phase and provides a platform for communicating ideas 
and inspires innovations.

The end result, Wärtsilä 31, is in many aspects strikingly dif-
ferent from previous engine development projects. In addition to 
the high performing engine design itself with all its new technolo-
gies, the way it has been put together, the sheer appearance and 
the way it is operated is a step change in the market.
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Date: Monday June 6th 
Time: 15:30 – 17:00 
Room: Finlandia Hall 

Topic: 01 - Product Development – Diesel Engines 
Session: Medium Speed Engines I 

 
Update on the extended engine portfolio 
of Anglo Belgian Corporation (ID 135)

Main author: Lieven Vervaeke, Anglo Belgian Corporation N.V., Belgium

Co-authors: - 

The Anglo Belgian Corporation (ABC) has a new D36 en-
gine range available with a power output of 650kW/cylinder at 
750rpm, for both marine and power generation applications. The 
engine is equipped with the latest technology, such as common 
rail, a double-stage charging system, exhaust gas recirculation and 
variable valve timing, resulting in low fuel consumption with low 
emissions.

This engine is running on the test bench and a dedicated team 
is continuously working on the collection of data and tuning of 
the engine for the optimal set-up between customer expectations, 
emission limits and fuel consumption. A huge amount of data is 
collected and with the use of “Design Of Experiments” and ad-
ditional simulation work, the engine parameters are set and op-
timised.

What’s more, a dual-fuel version of the current DZ range has 
been made available for marine applications. While taking care of 
the simplicity of this dual-fuel engine and the installation, we still 
succeeded to have a load impact reaction time that is even better 
than a standard diesel engine. Due to these and other key aspects, 
this engine has been chosen for a ferry application in an eco-
friendly design. The ferry is powered by a hybrid system in which 
the ABC engines are fed by expanded gas from a compressed 
natural gas tank. Batteries connected to this electrical propulsion 
system are taking care of the optimal load distribution to reduce 
the emission output to a minimum. On the other hand, the ferry 
must also be operated in case of emergency and therefore the en-
gines are equipped with a control system that makes it possible to 
load the dual-fuel engines even faster than a normal diesel engine.

On top of that, ABC is also developing engines for the nuclear 
sector and a special engine design for locomotive applications.

The paper will describe these latest developments and will 
give an overview of the characteristics of the newly developed 
engines. It will show the results of the latest tests and unique fea-
tures of the engines. It will include a discussion on the different 
issues, such as mechanical design, thermodynamics, emissions 
and fuel consumption.

The next generation of MDT’s large bore 
diesel engines (ID 181)

Main author: Sebastian Kunkel, MAN Diesel & Turbo, Germany

Co-authors: Fridolin Unfug, MAN Diesel & Turbo, Germany 
Alexandre Menage, MAN Diesel & Turbo, Germany 
Gunnar Stiesch, MAN Diesel & Turbo, Germany

The next generation of MAN Diesel and Turbo’s (MDT) large 
bore diesel engines has been developed to succeed the existing 
48/60 engine family. The main development objective is to set 

a benchmark in achieving best-in-class fuel consumption and 
power density for marine and stationary applications. This new 
medium-speed four-stroke engine is highly flexible regarding 
adaptions to customer needs with a very advantageous power 
output.

The paper will give an overview of the technical key facts 
about the developed new engine, especially bore and stroke, en-
gine speed, power output per cylinder, available cylinder num-
bers, main applications and turbocharger configurations. In addi-
tion, the key design features enabling these performance figures 
will be described more closely.

The entire development process is explained using demon-
strative examples. After an intensive research and documenta-
tion of customer needs a detailed variant management has been 
performed in order to develop a new product dedicated to the 
latest market requirements with the minimum variety of parts. 
Furthermore, the feedback from MDT’s large field experience 
on medium-speed engines has been integrated into the new 
engine development to reach highest product maturity. The 
new design is using well proven MDT technologies like our 
common rail injection system and our own developed MDT 
two-stage turbocharging system, which further enables a good 
product maturity right from the start of the field introduction. 
During the engineering phase intensive state-of-the-art simu-
lations have been executed, especially FEM und CFD calcula-
tions using multi-criteria optimisations for optimum results. 
Within the validation and testing phase a single cylinder test 
engine is crucial to define the best combustion setup before 
the full-scale engine starts at testbed. Especially the early vali-
dation of the thermodynamic layout is a key milestone within 
the product development, consequently shortening the very 
cost-intensive full-scale engine testing. The single cylinder en-
gine also gives the opportunity to investigate a larger variety 
of engine components (e.g., piston bowl geometry and nozzle 
layout), which allows even more potential to further optimise 
the trade-off between low emissions and best-in-class fuel con-
sumption. The paper closes with a summary and a future out-
look regarding the next products within the described engine 
family from MDT.

Product technology development for  
increased customer benefits (ID 285)

Main author: Ilari Kallio, Wärtsilä, Finland

Co-authors: Erik Jungner, Wärtsilä, Finland 
Janne Klemola, Wärtsilä, Finland 
Grant Gassner, Wärtsilä, Finland 
Jonas Åkerman, Wärtsilä, Finland 
Robert Ollus, Wärtsilä, Finland 
Ulf Åstrand, Wärtsilä, Finland

In recent years, the development of technologies to reduce 
emissions has been accelerated due to the 2016 introduction of 
IMO Tier III regulation for reduced NOx emissions in NECAs 
and the 2015 introduction of low-sulphur emissions in SECAs. 
Furthermore, legislation already passed, such as EPA Tier  4 
for smaller marine category II engines, underlines the need 
for finding solutions to reduce particulate matter emissions for 
diesel engines and total hydrocarbon (THC) emissions for gas 
engines.

The energy market, after a relatively long period of high en-
ergy prices, has experienced an abrupt drop in oil prices, driven 

MAN Turbocharger
On top of engine performance

Since 1934, MAN Turbocharger reliably has set the pace for pioneering innovations. It was MAN that  rst 
introduced the plain bearing design for large turbochargers in 1940, the prevailing design concept until 
today. Again, in 2008, MAN was a pioneer with the introduction of the variable turbine area VTA for heavy 
fuel oil operated engines. With TCA and TCR Turbochargers MAN has more than 100 million operating 
hours of experience and by that proves to have one of the most reliable series in the market. 
Find out more at www.mandieselturbo.com 
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largely by the exploitation of shale reserves in the USA and a com-
plex geo-political climate. The changing energy landscape com-
bined with new emission regulations has resulted in the emer-
gence of new fuels, such as LNG, LPG and LEG.

The operational profiles of internal combustion engines has 
also changed, with a significant trend in certain segments towards 
increased operation at part loads, larger units being replaced by 
smaller multiple units for increased plant flexibility, and increas-
ing demand for fast load taking capability and starting.

Regardless of commodity prices, fuel will continue to be a 
significant cost driver. There will also be a continuous need to re-
duce the environment footprint associated with CO2 emissions. 
Engine efficiency will therefore continue to play an integral role 
in Wärtsilä´s development activities.

The paper will summarise the development methodologies 
and technologies identified as key enablers for meeting customer 
values and flexibility required in the market. The increasingly 
front-loaded development process will be highlighted with an in-
creasing emphasis on virtual validation, single-cylinder engines 
and validation rigs.

Some of the key technologies including two-stage turbo-
charging, an innovative new twin-needle common rail injection 
system, further improvements in variable valve timing and a new 
automation platform will be summarised. The paper will high-
light examples of the above technologies applied to recent key 
product launches, such as the Wärtsilä 31, Wärtsilä 46DF, up-
grades to Wärtsilä 20DF, Wärtsilä 34DF, Wärtsilä 34SG and the 
launch of the Auxpac 32. Emphasis is placed on connecting the 
technologies to specific customer values to improve the profit-
ability of the end customer´s operation.

Introducing a completely new medium-
speed engine (ID 112)

Main author: Ben Rogers, Ricardo, UK

Co-authors: Simon Brewster, Ricardo, UK 
James Mullineux, Ricardo, UK 
Ben McCully, Ricardo, UK 
Jan Hrach, Ricardo, UK 
Martin Kratky, Ricardo, UK

World demand for decentralised power is driving a market need 
for cost-effective power plant engines. Ricardo, now a company 
in its 100th year, has cooperated with an engine manufacturer to 
design a completely new medium-speed engine platform to ad-
dress this market. On December 25th 2014, just 18 months after 
commencing the initial layout design calculations, a production 
intent full-scale engine achieved its first fired run at the engine 
manufacturer’s development test facility.

The engine has a market entry power rating of 530kW/cyl, 
initially employing single-stage turbocharging, and is designed 
to operate at up to 250 bar peak firing pressure. The initial pro-
duction engine will run on HFO/MDO with further natural-gas 
and dual-fuel variants already under development, supported by 
an architecture of common major components. Extensive use of 
analysis and simulation tools enabled the engine design engineers 
to optimise the strength and durability of the engine design while 
enabling efficient manufacturing by a localised supplier base. 
Ease of assembly, ease of maintenance and long service intervals 
are also features of the design, which contribute to a competitive 
capital cost per MW.

Competitive specific fuel oil consumption of the production 
intent engine has been measured on the development test facil-
ity over a wide range of operating loads, confirming the success-
ful use of engineering analysis tools to minimise friction and the 
simulation-led optimisation of both gas exchange and combus-
tion systems. Combined with the competitive first cost this en-
gine therefore brings highly competitive total cost of ownership 
to the world power plant market within a robust and maintainable 
technology package.

The paper will seek to provide an overview of this new medi-
um-speed engine including the technologies selected to be appro-
priate for the target market and the state-of-the-art engineering 
processes that underpinned the design.

Date: Monday June 6th 
Time: 15:30 – 17:00 
Room: Wärtsilä Hall 

Topic: 03 - Fuel Injection & Gas Admission 
Session: Common Rail Developments 

Development of CR technology in the last 
decade – four-stroke Wärtsilä engines (ID 232)

Main author: Dave Jay, Wärtsilä, Finland

Co-authors: Franco Cavressi, Wärtsilä, Finland 
Diego Delneri, Wärtsilä, Finland 
Stefan Saario, Wärtsilä, Finland 
Arto Järvi, Wärtsilä, Finland

The paper describes how features of the first-generation com-
mon rail (CR) equipment were developed, and validated, and 
later introduced for the next CR generation equipment, called 
CR2. System lifecycle cost experiences comparisons are pre-
sented for Wärtsilä W32 and W46 engines based on operator 
experiences.

Performance has advanced significantly in the last decade. 
The W20 engine has been used to pioneer the field testing on 
CR2, multi-element pump systems, but the engine performance 
has progressed with a new 2,200 bar concept injector design suit-
able for EGR, to reach the IMO Tier III regulations with a pure 
primary engine build.

The new W31 engine has been an opportunity to design an 
engine purely for the future common rail. This has enabled a 
smaller footprint, advanced valve train packaging, and a com-
pact engine block outline, with a smaller camshaft and drive 
train, due to the lower peak torques that are inherent of a high-
pressure jerk pump system. The merits of having a diesel engine 
version CR twin nozzle with a low-load nozzle tuned for low 
load performance, with emphasis on smoke and emissions, and 
a high load nozzle optimised for full load efficiency, has proven 
to be a performance pace-setter. The paper will also describe 
the functionality of the W31 DF fuel injection equipment. The 
W31 fuel injection has a ‘one system fits all’ strategy, meaning 
the dual-fuel engine system also has a twin nozzle, with in this 
case, an optimised small nozzle for the pilot fuel, to support gas 
ignition. The ‘one system fits all’ enables greater fuel flexibility, 
reliability, easy conversion and simpler external plants. Since 
many of the features in the W31 engine FIE have a field-tested 
history, it is possible to finalise on the predicted life cycle and 
cost of ownership of the new W31 injection equipment. 
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The new modular MAN common rail  
system for future HFO applications (ID 215)

Main author: Johann Wloka, MAN Diesel & Turbo, Germany

Co-authors: Christian Friedrich, MAN Diesel & Turbo, Germany 
Ludwig Maier, MAN Diesel & Turbo, Germany 
Eric Lauer, MAN Diesel & Turbo, Germany 
André Hauschild, MAN Diesel & Turbo, Germany 
Armin Weber, MAN Diesel & Turbo, Germany 
Thomas Klaua, MAN Diesel & Turbo, Germany 
Stefan Kern, MAN Diesel & Turbo, Germany 
Wolfgang Wagner, MAN Diesel & Turbo, Germany

One indispensable feature of future diesel engines is a high per-
formance injection system, which allows controlling the mix-
ture formation and the combustion process precisely in order to 
achieve the high-sophisticated consumption and emission goals.

MAN Diesel & Turbo SE has a long history in developing and 
producing conventional and common rail injections systems for 
medium-speed diesel engines. In the future, especially in combi-
nation with exhaust gas aftertreatment systems, the control of the 
mixture formation in the combustion chamber, for example with 
multiple injections and variable injection timing, plays a major 
role for the diesel engine combustion process. Due to this, MAN 
Diesel & Turbo SE decided to develop a new modular common 
rail system with 2,200 bar rail pressure, the CR 2.2 - system.

In the paper MAN Diesel & Turbo SE wants to show the main 
features of the newly developed MAN CR 2.2 - system and give a 
precise description of all the efforts and optimisations made dur-
ing the engineering work.

Beginning with a detailed hydraulic simulation analysis of 
the system’s main concept and the injector layout, the paper will 
show performance test bench results, like the injection rate, and 
highlight the possibility of stable multiple-injection events, which 
are needed to achieve further emission goals. From these simula-
tion and test bench results, the benefits for the atomisation, mix-
ture formation and subsequently the combustion process will be 
shown and described.

A 2,200-bar rail pressure increases the fuel atomisation pro-
cess and subsequently the mixture formation. Unfortunately, 
cavitation is also increased due to high fluid velocities. One major 
development goal is to optimise the cavitation in the nozzle and 
the whole injection system. To achieve a better understanding of 
cavitation formation, two-phase CFD methods and CT - scan 
analysis for detailed nozzle cavitation prediction have been used 
during the development process. The optimisation of nozzle fluid 
flow is a crucial development task to achieve high service life, and 
will be discussed in the paper.

In order to evaluate the spray process and gain a better under-
standing of the atomisation, optical investigations on the MAN 
injection spray chamber have been carried out. The analysis of 
spray data, like penetration length and spray angle, allows the 
evaluation of the spray process as a function of geometrical noz-
zle parameters. The use of optical diagnostic methods during the 
development phase will be discussed and the results linked to en-
gine mixture formation.

The paper will also describe the performance tests of the CR 
2.2 - injection system on various test engines. The MAN Diesel 
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& Turbo SE tool chain contains, besides single-cylinder research 
engine tests, in-house engine test and field test with customer 
engines in real operation mode. The achieved results will be de-
scribed and discussed.

The paper will summarise the benefits of the MAN CR 2.2 - 
injection system compared with conventional injection systems 
and the well-established MAN CR 1.6 - injection system, and will 
finish with an outlook of future developments.

New developments and service experience 
with OMT’s latest generation common rail 
injector (ID 184)

Main author: Marco Coppo, OMT S.p.A., Italy

Co-authors: Carlo Cocito, OMT S.p.A., Italy 
Klaus Heim, OMT S.p.A., Italy

OMT’s new generation of a common rail injector concept was 
presented during the CIMAC Congress 2013. Since then, the 
concept was developed into different implementations suitable 
for two-stroke engines and four-stroke medium-speed engines of 
various bore sizes.

The paper describes how the two-stroke version was designed 
for operating up to 1,250 bar system pressure and to be capable of 
realising long injection cycles up to 40 ms typical for low-speed 
engines without significant system pressure drop, while at the 
same time retaining the possibility to precisely operate in multi-
shot mode with up to five injections per cycle. This was achieved 
with a system layout design that included an accumulator inte-
grated in the injector body as well as external accumulators to act 
both as fuel reservoirs and as connection points from cylinder to 
cylinder, arranged in such a way that the two injectors mounted 
on each cylinder would draw fuel from different accumulators to 
minimise their size. The injector design is currently undergoing 
a field test on a shuttle tanker engine. At the time of writing the 
abstract, the injectors had cumulated several hundreds of operat-
ing hours without any problem.

The four-stroke version of the common rail injector was de-
signed for operation up to 2,200 bar, following the most recent 
trends in terms of engine development that focus on the possi-
bility of operating with both liquid and gaseous fuel. The added 
complexity of having multiple fuel systems is driving their design 
towards simple and cheaper layouts. In this sense, using a single-
liquid fuel system both for gas ignition and full load operation on 
liquid fuel as well as eliminating cost- and space-consuming fuel 
rails simplifies the engine layout considerably.

The paper describes how these requirements were met by de-
signing a tall and slim shape injector targeted to fit into existing 
cylinder heads and use all the space available up to the cylinder 
head cover for the integrated accumulator. To allow easy retro-
fitting of existing engines the injector layout was arranged with 
a side supply hole, fitting a quill pipe between injector and con-
nection block. The latter was placed outside the cylinder head, 
together with the jumper lines. This avoided the need to fit the 
pipes through the cylinder head covers.

The injector internal layout features the same solenoid and 
control valve base design as the two- stroke versions to increase 
component reuse and hence reduce cost and increase reliability. 
A novel design of sac hole and needle tip was developed through 
detailed CFD analysis to reduce sac volume without incurring in 

problems generated by cavitation erosion, which are typical of 
common rail nozzles running at very high system pressure. The 
small sac size allowed significant reduction in unburnt hydrocar-
bon emissions and, in conjunction with the control valve design, 
a more precise metering of the small injection quantities typical 
of operation in gas pilot mode.

The paper presents first test results of a design application for 
medium-speed marine engines with bore sizes of 250 to 300mm.

An engine layout study for common rail 
systems in large diesel engines (ID 94)

Main author: Alkan Göcmen, Peter Fuchs Technology Group AG, Switzerland

Co-authors: Frank Wrona, Peter Fuchs Technology Group AG, Switzerland 
Jan Ehrensperger, Peter Fuchs Technology Group AG, Switzerland 
Kornelija Okonji, Peter Fuchs Technology Group AG, Switzerland

The proper layout of the accumulator function in a common rail 
system (CRS) is crucial for the competitiveness of the CRS in 
terms of costs and benefit. The accumulator function can be real-
ised in various ways. It can be built up by a modular system that 
allows using the same accumulators and connecting parts in en-
gines with different numbers of cylinders or by the integration of 
a manifold (common rail) that feeds several injectors. Accumula-
tors can be integrated into the injectors. The accumulator func-
tion can alternatively be integrated into the fuel pipe line system 
between the high pressure pump and the injectors. 

A systematic approach is presented for the identification of 
an optimal layout of the accumulator function in diesel engines 
with a power output in the range between 1 and 5 MW by tak-
ing into consideration the engine layout conditions, hydraulic 
and lifetime requirements, manufacturability and manufactur-
ing economies as well as assembly and maintenance require-
ments. The effects of various design layouts of the accumulator 
on the hydraulic performance and fatigue life has been studied 
by means of hydraulic simulations and fatigue calculations using 
an in-line six cylinder model engine with 1,750 MW power out-
put and a nominal operation pressure of 2,000 bars. Two funda-
mentally different approaches for the accumulator function have 
been studied in detail. In one approach the system is built-up in 
a modular way, whereas an accumulator of 500 or of 80cm3 vol-
ume content is integrated into the injectors. In a second approach 
the CRS was built up using a one piece accumulator (rail) with 
500cm3 volume content. In both approaches the damping effect 
of orifices on pressure fluctuations was studied. For the rail vari-
ant the damping effect of additional, small-sized 40cm3 single ac-
cumulators, which can be integrated into the injector or in front 
of the injector, was additionally studied.

The hydraulic performance is discussed in terms of the pres-
sure drop within the injector, injected discharge rate development 
over one cycle, amount of injected fuel per cycle as well as their 
reproducibility from one cylinder to another. It was shown that the 
best combination with respect to a minimum drop of the injection 
discharge rate and to a reproducible injection discharge rate func-
tion can be achieved with two fundamentally different approaches: 

 > 1. By a modular system with 500cm3 accumulator integrated 
injectors in which pressure pulsations within the jumper 
lines are dampened by orifices and

 > 2. By a non-modular common rail system with a 500cm3 

one piece accumulator, which is stabilised against pressure 
pulsations within the injector by means of additional 40cm3 
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single accumulators that are placed in front of the injector or 
integrated into the injectors. Under given design boundary 
conditions, a slight but visible advantage of variant 1 over 
variant 2 in terms of the reproducibility of the injection dis-
charge rate function from one cylinder to the other is found.

Damping of pressure pulsations is found to be crucial for the 
high-pressure capability (fatigue life) under nominal operation 
conditions at the working pressure of 2,000 bar. The relevance of 
the hydraulic characteristics diminishes when fatigue lifetime is 
governed by a high number of start-up/shut-down cycles. 

As long as advanced requirements in regard to hydraulic perfor-
mance and fatigue life can be realised with a modular set-up with 
large accumulator integrated injectors as well as with an optimised 
CRS based on an external accumulator system, the decision for ei-
ther of these approaches must be made dependent on given engine 
layout conditions, cost targets, manufacturing opportunities and 
preferences with respect to assembly and maintenance works. The 
relative strengths and weaknesses of studied variants are briefly dis-
cussed in relation to the above mentioned decision criteria.

Date: Monday June 6th 
Time: 15:30 – 17:00 
Room: MTU Hall 

Topic: 04 - Turbochargers & Air/Exhaust Management 
Session: 2-Stage Turbocharging 

Experience of two-stage turbocharged  
engines (ID 191)

Main author: Matti Vaarasto, Wärtsilä Corporation, Finland

Co-authors: Tero Raikio, Wärtsilä, Finland 
Diego Delneri, Wärtsilä, Finland 
Björn Hallbäck, Wärtsilä, Finland

Wärtsilä has been performing full-scale engine tests with ad-
vanced Miller timing and two-stage turbocharging on diesel en-
gines in the engine laboratory since 2006. The main objective was 
to explore the potential of advanced Miller timing as a means to 
reduce NOx emissions and fuel consumption and also to explore 
the potential of increased power density. Eight test engines of 
different types, including a single-cylinder research engine, have 
been tested since then at an overall pressure ratio (PIC) of up to 
13 and brake mean effective pressure (BMEP) of up to 36 bar. 
The total operating time of these engines was 11,400 hours, and 
most of the operation was on heavy fuel.

With gas engines, both spark-ignited gas (SG) engines and 
dual-fuel (DF) engines testing started in 2011. The main objec-
tive with these tests was to explore the potential of an increased 
BMEP through a widened operating window between knock and 
misfiring limits. Considerably higher engine efficiency was also 
expected. Six test engines of different type and size, including a 
single-cylinder research engine, have been tested. The total oper-
ating time of these test engines is 6,500 hours. A BMEP of up to 
32.5 bar was reached without facing problems with self-ignition 
and knocking. The highest overall PIC run on the gas versions is 
ca. 9.0.

The main principles for the design and layout of two-stage 
turbocharged engines have been clear and consistent from the 
beginning. The target is to reach a compact design and dimen-
sions by building all modules and components that are related to 

turbocharging on the engine while maintaining excellent engine 
dynamic properties and good serviceability. These targets are 
valid for all medium-speed diesel and gas engines. Recent engine 
developments with the two-stage system prove that the highest 
efficiency can be reached with a compact design while the engine 
dynamics still meet the same targets as previous Wärtsilä engines 
despite of the added mass due to two-stage turbocharging.

In order to fully utilise the potential of the two-stage system, 
fundamental development on other technology areas has been 
carried out as well, e.g., within variable valve timing, fuel system 
performance and flexibility, engine controls, and peak pressure 
capability. Based on the development, two engine types have 
been released for production: the Wärtsilä 32-based W20V32TS 
in 2014 and the most efficient medium-speed engine family 
Wärtsilä 31, including diesel, DF and SG versions, in 2015.

Valve control management and Power2 – 
the answers to highly demanding diesel 
engine applications (ID 280)

Main author: Christoph Mathey, ABB Turbo Systems, Switzerland

Co-author: Boris Willneff, ABB Turbo Systems, Switzerland

ABB Turbocharging presented the possibilities to improve the per-
formance of gas engines by applying the electro-hydraulic variable 
valve timing system VCM® during the 2013 CIMAC congress in 
Shanghai. The considerable degree of VCM®s flexibility allows in 
connection with Power2®, ABBs two-stage turbocharging system, 
to satisfy even the most stringent requirements regarding air-to-fu-
el ratio and thermal load of highly demanding engine applications. 
After extensive testing of the full system on high-speed pre-mix gas 
engines, confirming the possibility of the VCM® to improve the en-
gine performance, it is now up to investigate the benefits for a diesel 
engine and to enhance its application range.

Based on a generic model of a diesel engine extensive engine 
cycle simulations have been performed with the target to show 
how wide its operation field could be extended in comparison 
with conventional engine configurations. Furthermore, the pro-
posed concept with VCM® and Power2® shows the substantial 
improvements regarding fuel consumption and thermal load, in-
cluding the necessary pressure reserve for acceleration.

The paper does not only show the thermodynamic performance, 
but also gives some indications regarding the possible control strat-
egy to be applied for applications with variable engine speed.

Turbocharger solutions for new engine  
generations (ID 265)

Main author: Silvio Risse, Kompressorenbau Bannewitz GmbH, Germany

Co-author: Klaus Buchmann, Kompressorenbau Bannewitz GmbH, Germany

The latest development of engines is mainly driven by perfor-
mance targets, lifetime costs and rules or regulations regarding 
emissions. All these demands lead to new generations of engines 
with several new technologies.

On the one hand, gas engines show a trend to install two-
stage turbocharging systems to use the benefit of the intercooling 
for better performance. On the other hand, diesel engines have 
to include new engine technologies, like exhaust gas recircula-
tion (EGR) or exhaust gas aftertreatment systems, to manage the 
trade-off between emissions and specific fuel oil consumption 
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demands. Dual-fuel engines, more or less a combination of both 
engine types, are characterised by much higher compressor pres-
sure ratios for diesel mode in comparison with gas mode. This 
implies new challenges for the single-stage turbocharging due to 
the demands of pressure ratio more than 5.5 in combination with 
wide compressor maps for mode switching. In the majority of 
cases the effectiveness of all these new technologies depends on 
optimised or even customised turbocharger solutions.

The product portfolio of KBB reflects these requirements of 
new engine generations. KBB offers a new designed compressor 
family for the well accepted single-stage turbocharger series ST27 
to fulfil the special requirements of these engines.

In addition, KBB has developed the two-stage turbocharger 
system K2B, which can currently achieve charging pressures of 
up to 10 bar. Since its launch in 2014, the K2B system is installed 
on several diesel and gas engines and has now passed a signifi-
cant operation time to evaluate the system. The paper contents a 
brief report on test rig and field experience. Apart from the per-
formance targets, it addresses in particular the high demands in 
terms of sealing and matching both stages on the large variety of 
customised turbocharging control systems.

Furthermore, KBB is engaged in the development of EGR tur-
bochargers for single- and two-stage turbocharged engines. Main 
challenge is the matching of the compressor and turbine design 
due to the untypical turbocharger operating conditions in a high-
pressure EGR system. Additional requirements are high durability 
at EGR specific entry conditions with intake temperatures of up to

140°C and sufficient wear resistance against condensate and 
particle impact on compressor side. Conventionally designed ex-
haust gas turbochargers require considerable redesign to achieve 
reasonable efficiencies under these particular conditions. Since 
the exhaust gas enthalpy, which is carried away via the EGR tur-
bine due to mismatching, is not available to build up the actual 
charge-air pressure, the influence on the system’s efficiency can-
not be ignored. For this, KBB designed the specially adapted 
EGR turbocharger ERT20 as an effective way to bridge the pres-
sure difference between the exhaust manifold and air receiver on 
large diesel engines under consideration of the overall system ef-
ficiency demands. Apart from maximum turbocharger efficiency, 
the focus is primarily on reasonable costs and an acceptable ser-
vice life of the components. The paper describes selected steps of 
the development and first results from test rig. 

Power2 – Is two-stage turbocharging  
interesting for two-stroke engines? (ID 281)

Main author: Raphael Ryser, ABB Turbo Systems, Switzerland

Co-authors: Christoph Mathey, ABB Turbo Systems, Switzerland 
Alexander Mutter, ABB Turbo Systems, Switzerland

In recent years fuel costs have become the predominant part of op-
erating costs of low-speed engines. Therefore, the thermodynamic 
cycle of uniflow scavenged two-stroke engines needs to be opti-
mised in the direction of highest efficiency. Additionally, within 
the boundaries implied by the powertrain layout, there is some po-
tential in changing cylinder geometries, power density and the cor-
responding turbocharging system for improved system efficiency.

Application of variable exhaust valve timing, a state-of-the-art 
technology, enables to set effective compression ratio according 
to the requirement to limit NOx and black smoke emissions. If, 
in addition to this, independent intake port opening and clos-

ing timing is introduced, the expansion stroke can be maximised 
without shortening the duration of gas exchange. Charge air pres-
sure and supercharging efficiency need to be adapted to changing 
conditions in the gas exchange process to preserve sufficient scav-
enging. In this context the change from a one-stage to a two-stage 
turbocharging, ABBs Power2® package offers a high potential due 
to the reserves in compression pressure ratio and system efficien-
cy, which would also allow to increase mean effective pressure.

In the paper the performance potential of variable intake port 
timing and especially its impacts on the layout and matching of 
the turbocharging system are presented. Furthermore, the design 
parameters for the low- and high-pressure stages of Power2® are 
discussed according to the results from parametric analysis. 

Date: Monday June 6th 
Time: 15:30 – 17:00 
Room: AVL Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: Basic Study 2 

Pros and cons of exhaust gas recirculation 
for emission reduction of medium-speed 
diesel engines (ID 52)

Main author: Carsten Rickert, Caterpillar Motoren GmbH & Co. KG, Germany

Co-authors: Andreas Banck, Caterpillar Motoren GmbH & Co. KG, Germany 
Sven Ernst, Caterpillar Motoren GmbH & Co. KG, Germany 
Kai Ruschmeyer, Caterpillar Motoren GmbH & Co. KG, Germany

At Caterpillar Motoren GmbH in Kiel, Germany, major emission 
reduction technologies have been investigated in e recent years. 
One of the technologies is the exhaust gas recirculation (EGR), 
already established in passenger car and truck engines to reduce 
nitrogen oxide emissions of diesel engines. However, deploying 
EGR in a medium-speed diesel engine for marine applications is 
not just copying existing concepts. The specific definition of ni-
trogen oxide emission limits inside and outside ECAs as well as 
the compliance with different sulphur emission limits were the 
main drivers for a concept that is tailored to the needs of marine 
applications.

Following a general concept selection phase, a technology 
demonstrator engine was built at Caterpillar Motoren, based on 
the proven M32C Diesel engine. The chosen concept is highly 
flexible with regards to emission limits and fuel quality, thus ena-
bling a cost-optimised operation depending on shipping routes. 
A new charge air path architecture was realised by rebuilding an 
existing IMO II-compliant 6M32C diesel engine in the lab. But 
not only that the engine’s air path had to be redesigned complete-
ly. As one of the major principle penalties of EGR is an increased 
smoke emission, also the fuel injection equipment had to be up-
graded to the latest state-of-the-art technology. This gives the op-
portunity to optimise the combustion process to enable invisible 
smoke emission under all operating conditions.

As a result, the lab engine is capable of fulfilling IMO Tier III 
emission limits with activated EGR by burning low sulphur MDO. 
The operation mode can be s witched to an IMO Tier II-compliant 
and cost-optimised HFO-burning operation mode outside ECAs.

The following paper describes the concept architecture, sum-
marises the main test results of the lab engine and describes the 
positive aspects as well as the challenges of the chosen concept.
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Development of low fuel consumption 
technology for medium-speed diesel  
engines (ID 148)
Main author: Yoshinori Fukui, Yanmar Co., Ltd. Japan
Co-authors: Yasuyuki Takahata, Yanmar Co., Ltd. Japan 
Paolo Tremuli, ABB Turbo Systems Ltd., Switzerland

In January 2013 CO2 emission regulation by IMO went into force 
and the Energy Efficiency Design Index (EEDI) was applied to 
indicate the CO2 emission category of a ship. The value of EEDI 
is the result of several ship design selections, among them there 
is the selection of the engines: main and auxiliary. The EEDI is 
an index indicating the energy efficiency of vessels, therefore 
the EEDI becomes one of the important index of maritime die-
sel engines. In this view, Yanmar continues various researches 
and developments to achieve a substantial reduction of the fuel 
consumption for improving the value of EEDI. There are not 
many parameters influencing the fuel consumption, the most 
important are: the peak firing pressure, the air-to-fuel ratio, the 
gas exchange work, the reduction of heat losses, the combustion 
process and the engine friction. In the paper, Yanmar presents the 
result of a project based on the improving the gas exchange work, 
the combustion process and the influence of water fuel emulsion.

At the beginning the focus is on enhancing the charging process 
of the engine. Two-stage turbocharging system, advanced Miller and 
variable valve timing are the proper tools to increase combustion 
pressure and enhance the gas exchange work with controlled NOx 
emission. Especially, two-stage turbocharging has the potential to im-
prove engine efficiency across the whole engine operating field. This 
becomes more evident when looking at higher turbocharger com-
pression ratio. ABB’s Power2 solution is compared with present sin-
gle-stage solution and a part-load optimised solution in order to iden-
tify the potentials. Miller timing is also applied to further enhance 
engine efficiency and to exploit the benefits of the Power2 solution. 
As the comparison will show, there is no compromise in reliability as 
thermal and mechanical loads remain the same. Furthermore, load 
acceptance is improved in combination with VVT solution.

In the following step, Yanmar applies the EUP (electronic con-
trolled unit pump) system. The system consists of a solenoid valve 
and the conventional fuel pump (jerk type). The EUP allows opti-
mising the injection timing in accordance with the engine operating 
conditions. This is the best ways to comply with the IMO Tier III 
regulation to switch the injection timing in ECAs and non-ECAs.

At the end, the results of the investigation on the effects of emul-
sified fuel in such modified maritime engine are presented, too.

Virtual design and simulation in two- 
stroke marine engine development (ID 173)

Main author: Alexander Brueckl, Winterthur Gas & Diesel, Switzerland

Co-authors: Uros Balsiger, Winterthur Gas & Diesel, Switzerland 
Martin Sichler, Winterthur Gas & Diesel, Switzerland

Today various applications in the area of computer-aided engineer-
ing (CAE) offer extensive possibilities for a structured design and 
development approach. More than ever there is a strong demand for 
seamless project execution across various disciplines both on- and 
offshore. In addition, competition forces companies active in prod-
uct development to continuously rationalise their time to market. 
In order to be most efficient with design and development of new 
products it is not enough to have the right engineering software ap-

plications in place. It is rather a question of how these tools are in-
tegrated in the corresponding environment and how structured the 
approach for uniform application by all parties involved is.

The paper aims to provide an insight in the approach of Win-
terthur Gas & Diesel Ltd how design and development of a mod-
ern two-stroke marine engine is carried out with focus on the 
actual engineering tools and methods landscape.

Looking at the two-stroke marine engine from the design and de-
velopment point of view, it is a complex product that involves several 
systems and subsystems consisting of various assemblies and com-
ponents. Depending on the type of system, the characteristics are 
different in terms of technical requirements, specification, function, 
validation, execution and operation. On top of that, there is the license 
model that asks for a specific set-up in order to comply with the need 
to dispatch information from the engine designer to the engine build-
er, which are nowadays different companies located in different coun-
tries. Within this heterogeneous environment and considering all the 
conditions imposed by the product, the appropriate engineering tools 
landscape needs to be flexible and integrated, both at the same time.

In order to learn about the engineering approach specific 
expert areas involved in the engineering process will be closer 
looked at to showcase the way of working within the execution 
project phase from concept to detailed design with different 
types of deliverables for each execution stage. 

With examples from the engineering process in the two-
stroke context on the one hand and the applied engineering tools 
on the other, the target is to draw a picture of an efficient engi-
neering approach for two-stroke marine engine development in 
Switzerland for ships operating all over the world.

Combustion analysis in a natural gas  
engine with pre-chamber to improve  
thermal efficiency (ID 262)

Main author: Yasuo Moriyoshi, Chiba University, Japan
Co-authors: Jun Hashimoto, Oita University, Japan 
Kimitoshi Tanoue, Oita University, Japan 
Masatoshi Suzuki, SERC, Japan 
Toshio Yamada, Chiba University, Japan 
Koji Morikawa, Chiba University, Japan 
Tatsuya Kuboyama, Chiba University, Japan 
Yasushi Takahashi, Chiba University, Japan 
Qian Xiong, Chiba University, Japan

The 1 MW class gas cogeneration system is expected to be spread 
rapidly in the near future. The objective of the study is to propose 
and prove a gas engine cogeneration system with high thermal ef-
ficiency and reduction in CO2 emission, which can provide a sta-
ble power supply as the supplement of unstable renewable green 
energy power systems like wind power.

To realise the improvement in thermal efficiency, research 
and development of the following four element technologies 
were carried out by numerical simulations. Based on the results, 
the evaluation of the element technologies by using a single-cyl-
inder engine has been made.

 > 1. CO2 reduction and the maximum power increase by im-
proving the thermal efficiency;

 > 2. Enhancement of heat supply by increasing the amount of 
exhaust gas energy;

 > 3. Improvement of the spark plug’s life and reduction of un-
burned methane emissions by using the low-temperature 
plasma technology;

 > 4. A flexible operation achieved by stable combustion and 
the control of thermoelectric ratio. 

SPECIAL | Ship & Offshore | Schiff&Hafen  | June 2016 17

CIMAC CONGRESS HELSINKI 2016

SPI_CIMAC_16_003-044_SP-.indd   17 19.04.2016   11:34:41



Date: Tuesday June 7th 
Time: 08:30 – 10:00 
Room: Finlandia Hall 

Topic: 01 - Product Development – Diesel Engines 
Session: Medium Speed Engines II 

HHM 12MV390 – Heading the new Hu-
dong medium-speed engine family (ID 95)

Main author: Markus Hermanns, FEV GmbH, Germany

Co-authors: Thomas Schwaderlapp, FEV GmbH, Germany 
Ludger Ruhkamp, FEV GmbH, Germany 
Zhengbin Yu, CSPI, China 
Fan Li, HHM, China 
Chaohui Wu, CSPI, China

Hudong Heavy Machinery (HHM), a company within China State 
Shipbuilding Corporation (CSSC), is well known for manufacturing 
large bore two- and four-stroke engines. For many years, E390VA se-
rial engines and different types of Pielstick engines have been pro-
duced as a major part of Hudong’s medium-speed engine portfolio.

In 2011, HHM decided to update the former E390VA medi-
um-speed engine family together with support from FEV. The fo-
cus of the development programme of the new-generation engine 
family was on market requirements, advanced performance, fulfil-
ment of latest and future emission legislations and high reliability.

The family with a bore of 390mm and a stroke of 550mm covers 
a power range from approximately 5MW for an inline-six engine and 
up to approximately 17 MW for a V20 version. The engine’s target ap-
plications are marine propulsion (river and coastal shipping) as well as 
genset use, meeting IMO Tier II NOx emission targets, and also IMO 
Tier III standards with an additional exhaust gas aftertreatment system.

The paper describes the major advanced design features of 
the V12 version as the first member of the engine family as well as 
the development process, including utilisation of intensive CAE 
analyses and combustion development on a single-cylinder en-
gine, followed by information about corresponding test results.

New generation HiMSEN H21C engine (ID 186)

Main author: Ki Hoon Jang, Hyundai Heavy Industries, Republic of Korea

Co-authors: Ki Hoon Kim, Hyundai Heavy Industries, Republic of Korea 
Hoon Suk Kim, Hyundai Heavy Industries, Republic of Korea 
Hyo Hwan Choi, Hyundai Heavy Industries, Republic of Korea

Since the first announcement of the HiMSEN H21/32 in 2001, 
Hyundai Heavy Industries (HHI) has been continuously de-
veloping not only diesel engines such as the H25/33, H17/28, 
H32/40, H32/40V and H46 but also gas and dual-fuel engines, 
such as the H35/40G, H35/40GV, H35DF and H27DF as part 
of its HiMSEN family. All HiMSEN family engines have been 
developed with the original concept of a “Practical” engine by Hi-
Touch and Hi-Tech, which led to a successful positioning in the 
medium-speed engine market for the past decade.

Depending on customer needs and market change, the HiMSEN 
engine is adding the new design philosophy “Clean” to the existing con-
cept. Here, each letter of the word “Clean” has the following meaning:

 > C = Customer, 
 > L = Liability, 
 > E = Environment,
 > A = Acceptable technology and 
 > N = No defect. 

The HiMSEN H21C has been developed based on the new de-
sign philosophy and concept.

It has been designed with 210mm bore/330mm stroke and 
900/1,000 rpm and covers an output range from 1.1 MW to 2.0 
MW. The reliable and robust design of the engine structure helps 
optimise the engine performance and efficiency in much higher 
pressure combustion conditions than the current H21/32 HiM-
SEN engine. In addition, to realise high reliability and perfor-
mance, state-of-the-art technology has been implemented.

The HiMSEN H21C is equipped with a high-pressure me-
chanical fuel injection system for low fuel consumption and stable 
engine operating. The dual valve timing (DVT) technology and 
the swirl of combustion chamber help improve the combustion 
performance and reduce the smoke especially on low-load oper-
ating conditions. The high efficiency turbocharging system and 
advanced Miller cycle technology are also adopted to fulfil the en-
forced environmental regulation and fuel efficiency. HHI is con-
tinuously developing new technologies in order to meet customer 
needs and market trends in advance. Furthermore, HHI makes an 
effort to ensure reliability of the product through continuous en-
durance and performance tests.

The paper introduces the new-generation HiMSEN H21C engine 
and various researches conducted for optimal design and performance.

Wärtsilä 31 – World ś most efficient  
four-stroke engine (ID 225)

Main author: Ulf Åstrand, Wärtsilä Corporation, Finland

Co-authors: Hannu Aatola, Wärtsilä, Finland 
Juha-Matti Myllykoski, Wärtsilä, FInland

In addition to emissions and environmental pollution, the avail-
ability of fossil fuels is and will be one of the main questions for 
the world to solve. For Wärtsilä, combustion efficiency has been 
prioritised for several decades in the engine design to achieve low 
operational cost and secure compliance with emissions regulations.

On June 2nd 2015, during the Nor-Shipping exhibition in 
Oslo, the new Wärtsilä 31 engine platform was released to set 
a new industry standard for fuel consumption worldwide. The 
Wärtsilä 31 is designed for fuel flexibility with an engine platform 
consisting of three different products – a diesel engine, a gas en-
gine, and a dual-fuel engine. The specific fuel oil consumption 
has been lowered by 8g/kWh, which has resulted in a new world 
record and registered in Guinness Book of World Records.

The paper will describe the benefits and customer values of the 
Wärtsilä 31 engine platform and outline the technologies that have 
been used to reach the set targets. More specifically, to reduce the life-
cycle cost of the engine as well as minimise the environmental foot-
print, such as CO2 emissions, the thermal combustion efficiency was 
identified as one of the key factors. To further reduce the operational 
cost of the engine, a new maintenance concept has been taken into use 
with longer maintenance intervals and shorter down-times. As marine 
solutions and applications nowadays tend to become more and more 
customer-specific, flexibility has been another key priority.

In particular, the Wärtsilä 31 engine has been designed to 
accommodate the utilisation of a large variety of fuels and fuel 
qualities, both liquid and gas fuels, such as heavy fuel oil, marine 
diesel oil, low-viscosity and low-sulphur fuels, liquefied natural 
gas, ethane gas and petroleum gas. Moreover, in terms of opera-
tional flexibility, it has been essential to provide outstanding load-
ing capabilities despite variations in the fuel quality.
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The new Bergen B33:45 medium-speed 
diesel engine series – An essence of 30 years 
experience in the 3x cm bore class (ID 307)

Main author: Peter Koch, Rolls-Royce Power Systems, Germany

Co-authors: Leif-Arne Skarbø, Rolls-Royce Power Systems, Germany 
Thor Humerfelt, Rolls-Royce Power Systems, Germany

The Bergen B-series 32cm bore engine was designed back in 1983 
and first went into commercial service in 1985. By 2010, the B-series 
had gone through several development stages, including the intro-
duction of gas variants for power gensets as well as marine mechani-
cal drive applications. Considering its, then, 25 years technical life 
span and future challenges in the different markets and applications, 
an innovation process was started for further upgrades and improve-
ments. The innovation process spawned a concept leading to the 
first clean sheet engine platform from Bergen Engines in a decade.

Increasing the power output per cylinder as well as the power 
flexibility while reducing fuel consumption, emissions and lifecycle 
costs were obvious targets. A significant amount of time was spent 
initially, but also throughout the project, to incorporate technical 
solutions based on feedback and recommendations from owners, 
operators, service technicians and mechanics. This includes en-
hanced equipment health monitoring and surveillance systems ena-
bling not only condition-based maintenance and spare part sourc-
ing, but also a minimisation of failures and downtime by continuous 
data acquisition and evaluation. The main focus, however, was given 
to the engine architecture - the block, cylinder heads, liner and the 
connecting rod as the engine’s performance is heavily dependent on 
the successful integration of the power pack elements. In doing so, a 
sustainable power output of 600 kW per cylinder could be achieved 
for both in-line and V, diesel and gas engines at 750 and 720 rpm.

Moreover, the active use of modern engineering tools and 
front-loading methods allowed for global optimisation of the 
whole engine structure, providing improved material utilisation 
in the block and crank shaft as well as add-on modules and ap-
pendices. The block stiffness was significantly increased resulting 
in a reduction of vibration and noise levels. At the same time, the 
original footprint was practically maintained.

Another important feature incorporated is the common ba-
sic structure shared between all fuel types so that a rebuild from 
diesel to natural gas or dual fuel can be carried out by switching 
power packs and adapting the fuel system. The paper focuses on 
the key aspects of the development programme and process and 
presents an overview of technical and performance data of the 
first B33:45 in-line diesel engines. 

Date: Tuesday June 7th 
Time: 08:30 – 10:00 
Room: Wärtsilä Hall 

Topic: 06 - Controls & Automation 
Session: Engine Control Systems 

Next generation UNIC automation system 
to enable Wärtsilä 31 performance (ID 96)

Main author: Jonatan Rösgren, Wärtsilä Corporation, Finland

Co-authors: Tomi Vuollet, Wärtsilä, Finland 
Tom Kaas, Wärtsilä, Finland 
Jari Kuusisto, Wärtsilä, Finland

Stringent emission legislation and demands on low fuel con-
sumption set some of the main trends for medium- and low-
speed combustion engine development. To bring the engine 
performance to the next level, many aspects are to be taken into 
account. One area, which is getting more and more in focus, is the 
engine controls. High-performing engines require high-perfor-
mance controls. By utilising the foundation of the Wärtsilä UNIC 
engine control system platform, the next-generation UNIC has 
been developed with a focus on engine performance, reliability, 
and safety as key cornerstones.

The starting point of the next-generation UNIC systems is 
the well-established UNIC system that is currently running on 
thousands of Wärtsilä engines in the field. Essentially, the UNIC 
is a scalable and modular system in terms of both software and 
hardware architecture. The software is moreover developed ac-
cording to model-based design principles, and the flying-lead 
concept is used for connecting all sensors to the on-engine mod-
ules to secure highest reliability.

Along with new engine technologies, such as variable valve 
timing, there is an increased demand of controls and monitor-
ing features. Furthermore, with different engine applications and 
configurations, there is an increased need for flexibility from the 
engine control system.

In the paper, the development of the next-generation UNIC 
system will be presented, including the design choices that have 
been made to comply with future requirements of marine and 
power plant engines. By creating a state-of-the-art engine con-
trol system, future needs for controls and fault diagnostics have 
been secured. Advanced control methods aim at retaining high-
est engine performance throughout its lifetime and transient 
and fluctuating operation points. Reliability and minimised en-
gine down-time are taken into account by new fault-diagnostic 
features as well as a clear emphasis on usability. In the new local 
display module design, the demands on usability have been put 
in front. To take quality to the next level, state-of-the-art engine 
software application testing and continuous integration methods 
have been taken into use.

By building on the UNIC platform and taking a leap in key 
areas to enable new engine performance, the foundation is built 
to enable engine performance, reliability, and safety today and in 
the future.

Development of HiLS system for HiMSEN 
dual-fuel engine (ID 195)

Main author: Seunghyup Ryu, Hyundai Heavy Industries, Republic of Korea

Co-authors: Hyeonsook Yoon, Hyundai Heavy Industries, Republic of Korea 
Hangsoeb Choe, Hyundai Heavy Industries, Republic of Korea 
Gyungmin Choi, Pusan National University, Republic of Korea

Electronic engine control systems (ECS) used in today’s complex 
engine systems require extensive testing. The validation proce-
dure on an engine test bench is a time-consuming, dangerous 
and sometimes impossible task. Over the last decade significant 
efforts have been made with hardware-in-the-loop simulation 
(HiLS) to be a trusted, cost-effective alternative for several limi-
tations and shortcuts. For this purpose, high fidelity as well as fast 
running over a wide range of operating conditions is indispensa-
ble, especially for efficient evaluation of control algorithms and 
strategies. The paper describes the development of a virtual sim-
ulator of the HiMSEN dual-fuel (DF) engine. A real-time (RT) 
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calculation model for gas and diesel combustion was constructed 
each, based on the mean value engine model. The mean value en-
gine model was derived from a detailed 1D engine model, using 
the design of experiments (DOE) and neural network approach-
es to approximate the simulation results of the detailed model for 
cylinder quantities (e.g., the engine volumetric efficiency, the in-
dicated efficiency and the energy fraction of the exhaust gas). The 
combustion model is corresponded not only to each single-fuel 
operation but also to fuel-switching operation between diesel and 
gas. The intake and exhaust systems were completely simplified 
by lumping flow components together. Models for turbocharg-
er, engine starting unit, charge air cooling system, gas regulat-
ing unit and common rail micro pilot fuel injection system, etc., 
were included. Furthermore, crank-angle resolved math models 
for the calculation of each cylinder pressure trace and knock sig-
nals were added. Finally, the RT hardware for HiLS testing was 
constructed to cover over 250 in/out signals from generator and 
yard interfaces as well as between engine and controller. The ECS 
test linked with this HiLS system was executed according to vir-
tual scenarios over the entire engine operation (e.g., engine start, 
idle operation, load run, fuel-switching operation, normal stop 
and emergency situations). During the test, some engine control 
strategies (e.g., the air-to-fuel-ratio control, the cylinder balanc-
ing and the knock control) for enhancing the engine efficiency 
and reducing emission were also evaluated. As the results, calcula-
tion time was maintained under 0.75 times RT with 1 millisecond 
iterative update during the entire operation. And the simulation 
results show the similar behaviours with the actual dual-fuel en-
gine operations. 

Dynamic two-stroke engine model for 
hardware-in-the-loop testing (ID 65)

Main author: Steffen Tscherch, Winterthur Gas & Diesel Ltd., Switzerland

Co-author: Manuel Redle, Winterthur Gas & Diesel, Switzerland

Winterthur Gas & Diesel Ltd has developed a dynamic engine 
model of two-stroke diesel and dual-fuel engines. The presented 
dynamic engine model provides the possibility to test the com-
plete engine control software in hardware-in-the-loop fashion. 
The engine simulator is equipped with the real hardware modules 
needed to control an up to twelve-cylinder diesel engine or an up 
to six-cylinder dual-fuel engine, where the actuator outputs are 
connected to realistic electrical loads. The simulator also emu-
lates external systems like the remote control system and gas valve 
unit, which makes it possible to test the entire automation set-up 
as installed on the ship.

The objective of the article is to describe the dynamic engine 
model designed in Matlab Simulink and embedded in a NI-Ver-
istand environment that executes all necessary tasks in real time. 
The engine model consists of a physical common rail system 
with multiple pumps and injectors, a thermodynamic model of 
the cylinder pressure with a simplified combustion as well as a 
mechanical model for the load computation related to operating 
point and engine specific inertia. It also computes all relevant en-
gine feedback signals in real time, such as exhaust valve position, 
gas admission valve position, lubrication pressure feedback, cyl-
inder pressure and more.

Regarding the utilisation of the dynamic engine model, the 
paper will also focus on the new possible control software tests 

that can be performed compared to the previously used steady 
state test rigs. The main purpose of the engine simulator is to test 
the behaviour of the engine control system in normal operation 
as well as in emergency conditions. Typical emergency cases are 
malfunctions of control modules, communication buses, actua-
tors or sensors. It is also used for testing control sequences crucial 
for the correct engine operation, e.g., engine starting, fuel transfer 
from diesel to gas operation, redundancy functionalities. Addi-
tionally, it enables the possibility of testing and monitoring the 
interaction of independently controlled closed-loop systems, e.g., 
the interaction between the fuel pressure controller and the speed 
controller of the engine.

By using an engine simulator that is able to represent engine 
hardware and its dynamic behaviour, it is possible to develop a 
more robust engine control software in much shorter time.

OpenECS: Universal engine control system 
platform with open software based on an 
industrial PLC (ID 211)

Main author: Martin Greve, AVAT Automation GmbH, Germany

Co-authors: - 

Gas engines have always been equipped with electronic controls 
that are vital for reliable start-up and safe operation with the non-
standardised fuel gas. In the past, engine control systems (ECS) 
were considered as external units. They kept speed, load and 
air-fuel ratio constant and prevented the engine from exceeding 
critical limits. Nowadays, high-end reciprocating engines are me-
chatronic systems whose properties are significantly determined 
by the ECS software. Therefore, most combustion developments 
and mechanical design changes involve additional software devel-
opment. Some engine manufacturers spend considerable effort 
in developing their own control systems; others are seeking for 
appropriate cooperation partners.

OpenECS describes a way of cooperation between an engine 
manufacturer and a control system supplier and integrator, grant-
ing the engine manufacturer direct access to the control code. As 
in combustion development, where it is quite common to consult 
external engineering companies with long experience and power-
ful development tools, the engine manufacturer has the choice to 
develop the software in-house or to use external experts.

The OpenECS platform supports the PLCopen program-
ming languages as well as MATLAB/SIMULINK code. In the 
past ten years, various PLC (programmable logic controller) 
manufacturers have established PLCopen as a standard for PLC 
programming in industrial automation. PLCopen offers inter-
faces to major professional software development tools for de-
bugging, testing, documentation, source code management and 
tracking systems. Many classification societies require the use of 
such established tools to prove sufficient software quality. AVAT 
provides a large library of gas-engine-specific software mod-
ules for the control of the gas engine and its periphery. Among 
other things, it includes synchronisation and generator protec-
tion functions, built-in diagnostic tools for service engineers and 
well-tested communication drivers for the integration of various 
external units such as ignition systems. The development of a spe-
cific engine application program typically starts from one of the 
standard application programs, which are available for different 
engine types. AVAT is ready to support engine manufacturers in 
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any phase of the development or to take on full responsibility for 
the application.

The OpenECS hardware is based on an industrial PLC sys-
tem, which is manufactured in larger quantities. The PLC manu-
facturer takes care for professional obsolescence management, 
numerous classifications and continuous further development 
so that long-term spare part availability is ensured. The modular 
PLC system offers several different CPUs and a comprehensive 
range of I/O modules, including grid measurement and protec-
tion modules. As with other typical PLC systems, the compact 
modules are designed for best utilisation of the limited space in 
control panels. The paper further emphasises on some new tech-
nologies in industrial automation that are likely to establish them-
selves also in engine control solutions.

On the other hand, the paper shows that industrial PLCs still 
lack certain essential inputs and outputs of gas engines. AVAT has 
filled the gap with compact specific PLC modules driving typical 
actuators such as throttle or wastegate positioners or stepper mo-
tors and processing sensor signals, such as speed/timing sensors, 
Lambda probes, knock sensors and cylinder pressure sensors. 
Unlike existing stand-alone units, these modules are fully inte-
grated into the PLC and do not require extra PC tools for set-up 
and maintenance.

The result is an engine control system platform in a state-of-
the-art compact design supporting professional software devel-
opment tools as expected from a modern industrial PLC. The 
paper shows gas engine applications ranging from compact 100 
kW gensets up to large-bore marine DF engines.

Date: Tuesday June 7th 
Time: 08:30 – 10:00 
Room: MTU Hall 

Topic: 05 - Components & Tribology 
Session: Piston, Liner and Wear 

Interaction between ship operation and 
cylinder lubrication of marine two-stroke 
diesel engines (ID 67)

Main author: Markus Weber, Winterthur Gas & Diesel Ltd., Switzerland

Co-authors: Konrad Räss, Winterthur Gas & Diesel Ltd., Switzerland

Recent years have shown significant changes in how marine 
two-stroke diesel engines are being operated. Slow steaming 
has reduced average load of such engines and load profiles have 
become more disperse. The more frequent operation at low en-
gine loads lead to a phenomenon called cold corrosion, which 
means the corrosion of cylinder liner running surface due to 
attack of sulphuric acid from burning sulphur-containing fuels, 
yielding pronounced wear and tear of cylinder liner and piston 
rings. The paper aims to display the measures taken by Winter-
thur Gas & Diesel Ltd to investigate the physics behind the de-
scribed phenomena and to implement design features to reduce 
the leverage of negative effects of slow steaming in favour of ship 
operators and shipowners.

The measures taken comprise the following:
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 > Lubricant oil deposit control and optimised material combi-
nations and surface machining to achieve minimal running-
in wear and consecutive wear;

 > Engine design adaptations to minimise condensation of 
sulphuric acid on the liner running surface and optimise 
distribution of cylinder lubricant stroke wise and circumfer-
entially;

 > Investigations to understand the influence of recent engine 
layout (lower power and speed) and operation regimes 
(slow steaming, turbocharger cut-off) and definition of 
measures to compensate adverse effects of these.

The success of above mentioned measures can be summarised as 
follows:

 > The current material combination with plateau-honed cyl-
inder liner and chrome-ceramic piston ring running surface 
coating attains maximum corrosion protection and lowest 
possible wear over component lifetime. If, by any means, 
significant corrosive attack takes place, wear rate of cylinder 
liner and piston rings will increase during this period and 
goes back to regular level after suitable lubrication condi-
tions have been re-established, because the piston ring 
coating does not disintegrate even under severe corrosive 
conditions. Corrosion scares will wear off in operation and 
normal wear regime will return;

 > Gas-tight top piston ring lock design keeps lube oil and 
combustion deposits out of the ring pack and reduce the 
lubricant loss to both combustion chamber and piston 
underside space. Free moving piston rings are the prereq-
uisite for trouble-free piston running over entire engine 
lifetime;

 > Liner cooling bore insulation and - for latest engine designs-
liner cooling water feed system with high temperature help 
keep liner running surface temperature above dew point of 
water over the entire load range, which reduces the intensity 
of sulphuric acid condensation;

 > Cylinder lubricant injection nozzles optimised by simula-
tion algorithms in combination with distribution and re-
taining grooves on the cylinder liner surface ensure a perfect 
circumferential distribution of the cylinder lubricant; 

 > Optimised piston ring running surface profiling on the 
three-piston ring pack on latest engine designs keeps cylin-
der lubricant longer in the ring pack before releasing it for 
disposal;

 > By choosing suitable (fuel-dependent) cylinder lubricant 
and controlling cylinder lube oil feed rate by appropriate 
piston underside drain oil sample analysis for remaining 
base number according to specified limit, cold corrosion of 
cylinder liners and consequential damage on piston rings 
can be avoided;

 > Extensive operator information released for improving 
and optimising operation on slow-steaming regime and 
with turbocharger cut-off translates innovation in tech-
nology to a monetary benefit for shipowners and opera-
tors.

Further design features planned for release during the next years 
will enhance the position of engine designs engineered by Win-
terthur Gas & Diesel Ltd, such as reduction of piston rings from 
three to two or one, inclined inlet ports, improved piston centring 
by a revolutionary piston skirt and closed- loop piston underside 
lube oil base number control.

Valve wear in lean-burn large bore gas en-
gines – from engine tests of components 
to a unique tribological test rig (ID 231)

Main author: Oliver Lehmann, Märkisches Werk GmbH, Germany

Co-author: Alexander Renz, Fraunhofer Institute for Mechanics of Materials IWM, 
Germany

The linking between the striving for higher efficiency and global 
tightening of emissions legislation is one of today’s biggest tech-
nical challenges in the field of large-bore engines. In case of raw 
emissions, gas-fuelled engines show a lower concentration of pol-
lutants like carbon dioxide compared with other fossil fuels. To 
achieve high efficiency and lowest level of emissions altogether, 
lean-burn gas engines are a promising approach of reciprocating 
engines. In terms of insignificantly changed components, the op-
erating conditions may have modified, which can exhibit wear. 
Valve wear is an example that links the global tightening of emis-
sion legislations and the striving for more efficiency.

Operating conditions created by lean-burn concepts, effi-
ciency enhancing measures, such as higher peak cylinder pres-
sures, customised valve timings and a compact design of cylin-
der heads can lead to an aggravation of the operational boundary 
conditions, which impose detrimental effects on the tribological 
contact pair of valve spindle vs. seat ring. Consequently, valve re-
cession increases and lifetime decreases. The contact pair valve 
spindle/seat ring becomes more sensitive to the load collective, 
leading to unexpected failures of the engine.

The first part of the paper will deal with the wear behaviour of 
different hard-faced valve spindles obtained from engine tests. St-
ellite® 12 as well as Tribaloy®T400-hardfaced valve spindles of the 
same type from the same engine were comparatively analysed with 
regard to valve recession, oxygen penetration depth and formation 
of a protective anti-wear tribofilm on the valve seating faces. As re-
sponse to the load collective of contact, the severely worn sealing 
interfaces show no protective tribofilm whereas a wear-minimising 
oxide film is observed on the valve seating faces showing low wear.

The results from the engine tests were compared with pre-
limimary results from tests with the novel test rig - a valve spindle 
tribometer. In order to investigate the correlation of wear behav-
iour and load parameters, the valve spindles were tested at various 
temperatures, atmospheres and valve-closing velocities, whereas 
the focus in the first phase was on inlet valves. By use of an en-
vironmental chamber, a reliable and controlled atmosphere was 
ensured. From the comparison of engine tests with the lab-scale 
experiments, the measured linear wear rate of 2.2 µm/h is of the 
same magnitude as for the excessively worn valves of about 3.6 
µm/h from engine testing. Hence, the test rig has proven that is 
able to produce wear rates similar to those found in engine tests. 
Consequently, it establishes a research tool for studying the wear 
mechanisms of valve closure and peak cylinder pressure in detail 
in a sustainable way.

Lubtronic SIP promises remarkably low wear 
rates with low CLO consumption (ID 283)

Main author: Peter Jensen, Hans Jensen Lubricators A/S, Denmark

Co-authors: Dimitrios Tsalapatis, Costamare, Greece 
Henrik Rolsted Man Diesel & Turbo, Denmark 
Mads Bach, Hans Jensen Lubricators, Denmark 
Athanassios Saloufas, Costamare, Greece
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The recent years’ change in the operation of two-stroke marine 
diesel engines, driven by fuel optimisation and legislation of ex-
haust gas emissions, has been the main reason for changes in the 
design of the two-stroke marine diesel engine. The changes are 
seen in the development of the electronically controlled engine, 
which enables higher combustion pressure, as well as engines 
with much longer stroke lengths for more efficient propulsion. 
The design changes and operation at low loads (slow steam-
ing) has led to increased corrosion including cold corrosion as a 
high-priority problem. Focus is also on optimisation of cylinder 
oil consumption, as this is a very high cost when looking at the 
total cost of operating a vessel (OPEX), where the recent years’ 
solution to challenges with cold corrosion has been to increase 
the consumption.

The design changes, and challenges with cold corrosion 
have initiated a joined test between MAN Diesel & Turbo 
(MDT), Hans Jensen Lubricators AS and Costamare on a 
Costamare-owned vessel. The Lubtronic SIP system was 
tested in different configurations against the standard MDT 
lubrication. The purpose was to test the Lubtronic SIP equip-
ment on a new, long-stroke, electronically controlled engine. 
The test was started in January 2014 and has until now ac-
cumulated more than 6,000 running hours, on a 9S90ME-C 
TII Mk 9.2 engine with JBB and T/C cut out. The long-stroke 
engine suffers from a high risk of cold corrosion, because of 
the required Tier II compliance and fuel oil optimisation by 
an EGR, combined with long periods with low-load operation 
(slow steaming).

The result of the tests on the cylinders equipped with SIP and 
Lubtronic are remarkable in terms of cylinder lube oil consump-
tion, liner wear and cylinder condition. There was no sign of cold 
corrosion on the liner surface, despite the combination of high-
sulphur fuel and low-load operation. The conclusion is that the 
consumption can be lowered, while remaining good wear rates 
on the new and more corrosive engine designs. Based on the find-
ings, test managed by MDT on another new build vessel has been 
initiated.

The test was specified by MDT, who carried out all the meas-
urements.

The paper will be authored by MDT, Hans Jensen Lubricators 
AS and Costamare. It will discuss and describe the test set-up, go 
into detail about the test results and conclusion.

How can we improve peripheral wear of  
piston rings for low-speed diesel engine (ID 302)

Main author: Minoru Kawanishi, Riken Corporation, Japan

Co-authors: Satoru Kakegawa, Riken Corporation, Japan 
Takuma Sekiya, Riken Corporation, Japan 
Syuuichi Kamura, Riken Corporation, Japan 
Kazuhiro Hirota, Riken Corporation, Japan

How can we improve peripheral wear of piston rings for low 
speed diesel engines in corrosive condition by applying the latest 
thermal spray coating?

More than ten years ago, application of the current thermal spray 
coating, which has a superior wear resistance and a good scuffing per-
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formance, to piston rings for low-speed diesel engines had started. 
However, the current market trend of low-speed diesel engine requires 
a higher durability in corrosive condition due to the slow steaming.

Against this background, Riken has successfully developed a 
new thermal spray coating with a higher durability under the cor-
rosive condition compared with the current coating.

Riken will show the latest technology, how the durability of 
the new spray coating has been improved. The key word is “Com-
plicated microstructure”.

We could confirm the mechanism of how the wear occurs on 
the coating by performing rig tests.

In this case, we could find out the indicative vestiges that par-
ticles dropped out from the surface of the coating.

These dropped-out particles created the unacceptable abrasive 
wear on the sliding faces of both piston ring and liner material.

Thus, it was considered that a better anti-wear performance 
is needed in order to reduce the dropped- out particles. We con-
cluded that the new thermal spray coating should have complicated 
microstructure, because complicated particle interface prevents 
the particles from dropping out. The complicated microstructure 
would be achieved by optimising the particle size and ratio of chro-
mium carbide, and getting higher energy for well melting powder.

In general, harder coatings show better anti-wear perfor-
mance. It is also well known that the larger particles and the high-
er ratio of chromium carbide make spray coatings harder. On the 
other hand, such coatings easily make particles drop out, so they 
cannot achieve a good anti-wear performance.

Finally, we found out the best combination of the particle size 
and the ratio of chromium carbide. We confirmed that the combina-
tion of smaller particle size compared with the current specification, 
and middle ratio of chromium carbide has the best anti-wear perfor-
mance without any dropped particles. As the results, we achieved 
to reduce not only the wear of spray coating by approximately 35%, 
but also the wear of liner material by approximately 30%.

Moreover, we could get excellent anti-wear results in the field 
under low feed rate condition.

Date: Tuesday June 7th 
Time: 08:30 – 10:00 
Room: AVL Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: New Simulation 

Effect of injection pressure in a reacting 
diesel spray: Large eddy simulation on the 
ECN spray A (ID 104)

Main author: Heikki Kahila, Aalto University, Finland

Co-authors: Mahdi Masouleh Ghaderi, Aalto University, Finland 
Armin Wehrfritz, Aalto University, Finland 
Ossi Kaario, Aalto University, Finland 
Ville Vuorinen, Aalto University, Finland

Large eddy simulations (LES) of a chemically reacting “Spray 
A” - target case, defined by the Engine Combustion Network 
(ECN), are carried out with three injection pressures: 50, 100 
and 150 MPa. The flamelet generated manifold (FGM) is ap-
plied as the combustion model in the present study. The simula-
tion results in non-reacting conditions indicate relatively good 
agreement with the experimental data in terms of liquid and 

vapour penetrations and radial mixture fraction profiles. Sub-
sequently, the simulation results in reacting conditions indicate 
the inverse relationship of the ignition delay time (IDT) to in-
jection pressure with a slight underprediction. The experimen-
tal trend in flame lift-off lengths (FLOLs) is better captured for 
all cases with a slight overprediction growing with the injection 
pressure. Complementary analysis of formaldehyde and hy-
droxide formation is shown and the spatio-temporal features 
of the ignition and flame development are discussed. Further-
more, the length of the confined formaldehyde region, i.e., ‘cool 
flame’ is discussed. 

Simulation of dual-fuel large marine  
engines using combined 0/1D and 3D  
approaches (ID 213)

Main author: Jöran Ritzke, University of Rostock, Germany

Co-authors: Karsten Schleef, University of Rostock, Germany 
Björn Henke, University of Rostock, Germany 
Martin Theile, University of Rostock, Germany 
Egon Hassel, University of Rostock, Germanyk 
Jürgen Nocke, University of Rostock, Germany 
Sascha Andree, University of Rostock, Germany

An ongoing research project at the University of Rostock, Ger-
many, funded by the Federal Ministry of Economic Affairs and 
Energy, investigates innovative approaches regarding the devel-
opment of dual-fuel engines. It combines 0/1D and 3D CFD 
techniques with a focus on modelling the detailed kinetic of the 
specific chemical reactions.

The 0/1D simulation is used as a more general approach to 
model the overall system of the large engine including the intake 
and exhaust manifolds, the turbocharger and the cylinder with its 
auxiliary parts, each in terms of reduced models. This allows for 
the calculation of the boundary conditions for the 3D CFD mod-
els in a fast manner. It is also possible to obtain results of certain 
parameter variations, e.g., valve timing, within a reasonable time.

A second part is the investigation of the complex chemical 
reaction mechanisms of the dual-fuel combustion. In a first at-
tempt, the flame speed of burning methane at relevant tempera-
tures and pressures is addressed, which leads to a well-grounded 
estimation of the flame spread speed. Another important aspect 
is the ignition delay. Due to the lack of experimental and theoreti-
cal data of the interaction between methane and the diesel pilot 
spray at the relevant conditions, the ignition delay is modelled by 
a mechanism for n-heptane as a reference fuel for diesel and acts 
as the pilot fuel. Thus, existing mechanisms are adapted and com-
bined to fulfil the requirements of a capable dual-fuel mechanism 
taking into account the flame speed and ignition delay.

The main task of the 3D CFD simulation is the calculation of 
the cold flow within the power unit of the engine, thus focusing on 
a small part of the intake and exhaust manifold and the combustion 
chamber. The calculations are combined with a detailed reaction 
mechanism of the dual-fuel combustion of natural gas ignited with 
a diesel pilot spray and will be validated with experimental results 
from a test rig of a large single-cylinder research engine, regarding 
cylinder pressure, rate of heat release and certain emissions.

This leads to a better understanding of the complex processes 
of dual-fuel fluid mechanics and combustion and can therefore 
support an optimised development of next-generation dual-fuel 
engines. The authors would like to present first results in each 
section of this complex topic.
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Dynamic behaviour of gas and dual-fuel 
engines: Using models and simulations to 
aid system integration (ID 126)

Main author: Ioana Georgescu, Delft University of Technology, Netherlands

Co-authors: Benny Mestemaker, MTI Holland B.V., Netherlands 
Douwe Stapersma, Delft University of Technology, Netherlands

The importance of natural gas as a primary fuel in internal com-
bustion engines is steadily increasing. While in the energy sector 
it has been considered a viable option for decades, its use in the 
maritime sector has been limited. Despite the recent improve-
ments to the infrastructure available for natural gas, the reason 
for this is still mainly due to fuel-related concerns (storage, bun-
kering). However, poor transient performance can disqualify 
gas engines for certain applications even in areas where the in-
frastructure is sufficiently developed. Particularly in applications 
with expected severe transient loading, the increasing importance 
placed on system integration requires studies of dynamic behav-
iour to be carried out by potential users of the system.

The air-excess ratio in the cylinder influences efficiency and 
emissions through its effects on the combustion process. Further-
more, its range is severely constrained by misfire and knock. These 
two factors make engines running primarily on natural gas particu-
larly sensitive to transient operations. The paper investigates the 
transient behaviour of engines using natural gas as primary fuel. In 
order to achieve this, two existing diesel engine models have been 
adapted to simulate the operating principle of such engines. The 
first model focuses on the cylinder processes and has a crank angle 
time scale. It is used to gain insight into the combustion process of 
gas and dual-fuel engines. The second model simulates the entire 
system and has a revolution time scale. It includes three different 
versions of controlling the air-excess ratio in the cylinder: waste 
gate, blow-off valve and variable valve timing.

The simulation results show the trade-off between cost and ef-
ficiency on the one side and transient response on the other. By 
increasing the extent to which the air-excess control system is used, 
bigger load steps can be taken without the occurrence of knock or 
misfire. This would, however, also imply a bigger waste gate/blow-
off valve and more losses, as these would be opened over a larger 
range. Variable valve timing could theoretically be used to eliminate 
this choice entirely, so it is expected that manufacturers will work 
on the development of this technology. The difference in perfor-
mance observed between a waste gate and a blow-off valve was neg-
ligible. Much more important proved to be the sizing of the valves 
mentioned above and the parameters of the control system.

The models developed give an initial indication to potential us-
ers whether a gas or dual-fuel engine can comply with the transient 
requirements for a certain application. Furthermore, the results can 
be used to identify changes that would increase the transient capa-
bilities of the engine up to the desired level. This could give poten-
tial users the required confidence and might help engines running 
primarily on natural gas to enter previously inaccessible markets.

Use of 1D simulation tools with a physical 
combustion model for the development of 
Diesel gas or dual-fuel engines (ID 124)
Main author: Eike Joachim Sixel, Caterpillar Motoren GmbH & Co. KG, Germany

Co-authors: Joel Hiltner, Hiltner Combustion Systems, USA 
Carsten Rickert Caterpillar Motoren GmbH & Co. KG, Germany

The development time for new engines is getting shorter and tests 
are, in case of large-bore medium-speed engines, very expensive.

An accurate assessment of the expected engine performance 
is required at an early stage of a project. Cylinder pressure traces 
and the main mass flows are required to support the engine de-
sign. The general set-up, mass flows and pressure requirements 
are necessary to define the auxiliary systems and the turbocharg-
er. And last but not least, the fuel consumption is important to 
support the sales activities. Information about the restrictions 
concerning ambient conditions such as altitude, temperature and 
gas quality are required in a later stage as well.

It is impossible to measure all of these values even with de-
tailed single-cylinder tests in advance. To deliver the information, 
a detailed and reliable simulation model of the engine is required. 
1D simulation tools like GT-Power are well known and effective 
tools to predict the performance of a combustion engine. With-
out an empirical combustion model it is not possible to set up the 
model prior to measurements. A fully integrated physical Diesel 
gas combustion model for GT-Power is available at Caterpillar 
and will be presented in the paper. The model is validated with 
a broad range of single cylinder measurements. It shows a very 
good correlation for the required range of air-fuel-ratios, start of 
injection (SOI), ignition fuel quantities and gas qualities. The in-
fluence of engine speed and load is covered and a validation with 
different engine sizes was successful.

The physical combustion model is a co-development of Hilt-
ner Combustion Systems (HCS) and Caterpillar. Models are avail-
able for the combustion in liquid fuel ignited Diesel gas and spark-
ignited prechamber and open chamber Otto gas engines. The topic 
of this presentation is the Diesel gas engine combustion model and 
the use during the development of the M46DF. An outlook for fu-
ture projects, like a possible power upgrade and the use of alterna-
tive fuels as methanol and associated gas will be given at the end of 
the presentation. It was possible to support the development of the 
recent engine families at Caterpillar Motoren Kiel.
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Topic: 01 - Product Development – Diesel Engines 
Session: Low Speed Engines 

The development of a modern low-speed 
two-stroke marine diesel engine (ID 120)

Main author: Andreas Kyrtatos, Winterthur Gas & Diesel Ltd., Switzerland

Co-authors: Marc Spahni, Winterthur Gas & Diesel, Switzerland 
Gregory Sudwoj, Winterthur Gas & Diesel, Switzerland 
Reto Züger, Winterthur Gas & Diesel, Switzerland 
Sebastian Hensel, Winterthur Gas & Diesel, Switzerland

The prime mover of merchant ships has been the marine diesel 
engine for more than a century, which is nowadays predomi-
nantly a low-speed, two-stroke, crosshead-type, reversible, 
uniflow- scavenged, turbocharged, electronic engine. The low-
speed engine is, because of its size, the most efficient thermal 
machine and, due to its fewer cylinders and consequently few-
er moving parts, particularly reliable. The two-stroke cycle is 
applied to maximise the power-to-weight ratio and minimise 
engine size. Due to the low speed required and the finite maxi-
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mum piston speed achievable, the marine engine features a 
very high stroke-to-bore ratio, which in turn is the main reason 
for the crosshead design and the uniflow-scavenging concept. 
Since the long two-stroke engine needs to be force-scavenged, 
the two-stroke marine diesel engine is invariably also turbo-
charged. Finally, the demand for flexible engine tuning, opti-
mised throughout the load range dictates the use of electronic 
engine control.

The market requirements for a two-stroke marine diesel 
engine differ profoundly from engines in other segments of 
the marine and automotive industries. The engine designer 
is obliged to correctly select the power output and the speed 
of the engine independently, since the engine is directly con-
nected to the propeller without a gearbox. This attribute of the 
low-speed engine, added to the low production volumes char-
acteristic of the merchant shipbuilding market, makes the low-
speed engine a highly customised product, tailor made for each 
application.

The purpose of the paper is to give an overview of the de-
velopment of the modern low-speed two-stroke marine diesel 
engine from the engine designer’s point of view, starting from 
the market requirements for power and speed, with insights 
that are relevant for the whole industry. The presentation 
comprise

 > The basic thermodynamic layout of the engine,
 > The dimensioning and design criteria determining the size 

and design concept of the powertrain and structure parts,
 > The design concepts for the hot parts and cylinder lubrica-

tion,
 > The choices the engine designer has to make regarding core 

ancillary systems, such as the fuel injection and exhaust 
valve actuation systems,

 > The automation and control systems governing the modern 
electronic engine.

Particular focus will be placed on the trade-off the engine design-
er (licensor) is challenged with in terms of reliability, cost, manu-
facturability and serviceability of the engine in order to make a 
competitive product for his customers. Additionally, the tools 
and methods that the engine designer of a modern two-stroke 
marine diesel engine has at his disposal will be described in the 
context of the development process.

The latest technologies of the Mitsubishi 
UEC engine (ID 149)

Main author: Katsumi Imanaka, Mitsubishi Heavy Industries, Japan

Co-authors: Akihito Aota, Mitsubishi Heavy Industries, Japan 
Chikara Matsuda, Mitsubishi Heavy Industries, Japan 
Koji Edo, Mitsubishi Heavy Industries, Japan

Mitsubishi Heavy Industries Marine Machinery & Engine Co, 
Ltd (MHI-MME) has developed a state- of-the-art low-speed 
marine diesel engine that includes all of the advanced technolo-
gies that MHI- MME has accumulated over the years. The lat-
est UE engine series was named UEC-LSH, and the develop-
ment of the first in the series, the UEC50LSH-Eco, has been 
completed. The production and shop testing of the first 6UE-
C50LSH-Eco was completed in March 2015. Comprehensive 
verification was carried including the engine’s performance, 
reliability and vibration, and the engine performance was opti-
mised before being delivered to the customer. The vessel pow-

ered by the first UEC50LSH-Eco engine entered into service 
in September 2015. 

In designing the UEC50LSH-Eco engine, MHI-MME be-
gan considering principal particulars on the basis of thorough 
market research. As a result, the engine power output and speed 
were adjusted to those suitable for chemical tankers, handy-
max bulk carriers, supramax bulk carriers and medium-range 
tankers. The UEC50LSH-Eco achieves extremely low SFOC 
(specific fuel oil consumption) due to an improved trade-off 
relationship between SFOC and NOx obtained by an opti-
mised fuel injection pressure and rate, reduction of mechanical 
loss, and high efficiency of the exhaust gas and scavenging air 
system. Further fuel efficiency has been achieved through the 
enhanced propeller propulsion efficiency of long-stroke, low-
speed engine operation. Moreover, further SFOC reduction can 
be achieved with Mitsubishi’s MET Turbocharger technologies. 
In addition, the UEC50LSH-Eco and the other UE engines can 
comply with IMO NOx Tier III regulations when combined 
with the electronically controlled system and EGR/SCR. MHI-
MME’s latest technology for IMO NOx Tier III regulations will 
also be introduced in the paper.

The concepts of the UEC50LSH-Eco engine will be incorpo-
rated into other engines that will follow, with MHI-MME and its 
licensees offering the LSE and LSH series engines.

In the paper, we will summarise latest concepts and further 
new technologies for enhancing UE engine features.

 

MAN B&W two-stroke engines: Latest  
design development within engine types, 
Tier III and multiple gas fuels (ID 116)

Main author: Susanne Kindt, MAN Diesel & Turbo, Germany

Co-authors: - 

Since the last CIMAC meeting in Shanghai 2013, the number 
of gas-fuelled engine orders has grown to an unexpected level. 
More than 140 MAN B&W gas engine orders have been con-
firmed since the first firm order was received in December 2012. 
These include not only liquefied natural gas (LNG) as fuel, but 
also methanol, ethanol, and liquid volatile organic compounds 
(LVOC).

In combination with the general ongoing development of fuel 
equipment, this market situation has led to the introduction of a 
wide range of new fuel injection systems that did not exist before 
these gasified days. For example, our methane GI engine runs on 
300 bar whereas the ethane version runs on 400 bar. Such a pres-
sure increase means changes to the components.

However, the fuel injection equipment for heavy fuel has 
also seen new development, such as the top controlled exhaust 
valve (TCEV) and our fuel booster injection valve (FBIV). For 
the methanol version our FBIV has been further developed, as 
methanol operation requires cooling and sealing oil. The TCEV 
and FBIV combination means that the traditional hydraulic cyl-
inder unit (HCU) can be omitted.

Besides the increasing focus on gas-fuel engines, the focus on 
Tier III technologies has also increased. Exhaust gas recirculation 
(EGR) and selective catalytic reduction (SCR) optimised for low- 
sulphur fuel operation are now our standard and are based on con-
tinuous development and market feedback. This development has 
resulted in down-sizing of both EGR and SCR for our engines.
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Last but not least, new engines types have been added to our 
engine portfolio at the time of writing. In response to the market 
development towards further optimisation of engines for large 
container ships, the G90ME-C10.5 has been launched in addi-
tion to our already very competitive engine types S90ME-C9/10 
and G95ME-C9. Furthermore, we have introduced the S50ME-
C9.5 to our small bore engines programme. The paper describes 
these new engine types as well as the development in engine de-
sign for gas operation and Tier III compliance.

Development of a low-pressure exhaust 
gas recirculation system for Mitsubishi UE  
diesel engine (ID 142)

Main author: Naohiro Hiraoka, Mitsubishi Heavy Industries, Japan

Co-authors: Takashi Ueda, Mitsubishi Heavy Industries, Japan 
Takahiro Nakagawa, Mitsubishi Heavy Industries, Japan 
Kazuhisa Ito, Mitsubishi Heavy Industries, Japan

Mitsubishi UE engines feature high economic efficiency and reli-
ability as well as environmental compatibility. The high econom-
ic performance of the UE engine can help shipowners save oper-
ating costs and achieve long-term safe operation. Mitsubishi UE 
engines have been developed and improved for more than half a 
century, with more strict environmental regulations and market 
needs taken into consideration.

The IMO NOx Tier III regulation dictates the reduction of 
NOx emissions by approximately

76% compared with Tier II regulation within ECAs (Emis-
sion Control Areas). It applies to ships with a keel-laying date on 
or after January 1st 2016.

To comply with IMO Tier III regulation, Mitsubishi Heavy 
Industries Marine Machinery & Engine Co, Ltd (MHI-MME) 
has developed the new exhaust emission reduction technology 
”Low Pressure Exhaust Gas Recirculation (LP-EGR) System” be-
cause of its drastic NOx reduction possibility. In the Mitsubishi 
LP-EGR system the generation of NOx is suppressed by changing 
combustion conditions inside the engine by means of recirculat-
ing a part of low-pressure exhaust gas emitted from the engine 
turbocharger outlet to a turbocharger intake after scrubbed by 
the EGR scrubber. The system from one low-pressure side to the 
other low-pressure side is a so called low-pressure system.

It has been confirmed by a lot of studies in our full-scale test 
engine 4UE-X3 that the NOx emissions comply with IMO Tier 
III regulation and the increase of fuel oil consumption was mini-
mised.

Now, we have applied an integrated on-engine LP-EGR 
system into a commercial engine 6UEC45LSE- Eco-B2 aim-
ing for an onboard durability test. As a result of its shop test, in 
cooperation with the classification society ClassNK we could 
confirm its NOx emission level complied with IMO Tier III reg-
ulation and the increase of fuel oil consumption was less than 
approximately 1%. Furthermore, we have installed the system 
on a 34,000dwt bulk carrier and are now conducting long-term 
durability confirmation tests during sea trial and commercial 
voyages.

Our decisive strength: efficiency
On luxury cruisers just as on today‘s high-powered ferries and  
yachts, it‘s comfort and efficiency that matter most. This is why we  
apply our decades of experience gained in the manufacture of ship 
bearings in order to offer our innovative solutions as series-pro - 

duced bearings, too. With extensive standard lineups for propulsion 
systems and onboard power generation. Which is why builders of 
cruise ships trust in bearings from RENK.
The #1: your best move!                         www.renk.eu                            
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Date: Tuesday June 7th 
Time: 10:30 – 12:00 
Room: Wärtsilä Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: New Concept 

From HERCULES A-B-C to HERCULES-2: A 
classic cooperative programme in large 
engine R&D (ID 17)

Main author: Nikolaos Kyrtatos, National Technical University of Athens, Greece

Co-authors: Ilari Kallio, Wärtsilä, Finland 
Gunnar Stiesch, MAN Diesel & Turbo, Germany

The major research project named Hercules-2, which started in May 
2015, is the next phase of the R&D programme Hercules on large en-
gine technologies, which was initiated in the year 2004 as a joint vision 
by the two major engine manufacturer groups MAN and Wärtsilä.

Three consecutive projects namely Hercules- A, -B and -C 
spanned the years 2004-2014 with a combined budget surpassing 
EUR 80 million. The three projects produced exceptional results 
and received worldwide acclaim.

The current project Hercules-2 is targeting at a future fuel-
flexible large marine engine, optimally adaptive to its operating 
environment. The targets of Hercules-2 build upon and surpass 
the targets of the previous Hercules projects, going beyond the 
current state of the art.

The objectives of the Hercules-2 project are associated to four 
areas of engine integrated R&D:

 > Improving fuel flexibility for seamless switching between 
different fuel types, including non- conventional fuels;

 > Formulating new materials to support high-temperature 
component applications;

 > Developing adaptive control methodologies to retain per-
formance over the power plant lifetime;

 > Achieving near-zero emissions, via combined integrated af-
tertreatment of exhaust gases.

By applying advanced engineering methods and tools and by com-
bining cutting-edge technologies, the project aims at significantly 
improving fuel consumption and achieving emission reduction tar-
gets. Some of the integrated solutions are expected to quickly ma-
ture into commercially available products. The project also aims to 
construct several full-scale prototypes and shipboard demonstrators.

The project consortium comprises 32 partners of which 35% 
are industrial and 65% are universities / research institutes.

The paper gives an overview of the achievements of the past 
Hercules projects, which reflect the technological challenges and 
needs of the industry and describes the evolution towards the ob-
jectives and work plan of the current Hercules-2 project, present-
ing the initial results in all areas.

The large engines validation challenge in 
the context of new exhaust emissions 
regulation (ID 272)

Main author: Christopher Huber, AVL List GmbH, Austria

Co-authors: Christoph Priestner, AVL List GmbH, Austria 
Michael Zallinger, AVL List GmbH, Austria 
Thomas Hirschberger, AVL List GmbH, Austria 
Thomas Kammerdiener, AVL List GmbH, Austria 

Johan Wohlfart, AVL List GmbH, Austria 
Andrei Ludu, AVL List GmbH, Austria

Large engines have undergone an exciting evolution since new 
exhaust emission regulations have been issued during the first 
decade of the 21st century. At the time when the paper will be 
published, the implementation dates of all of the new emission 
regulations for various large engine applications will be a matter 
of the recent past.

Many engine platforms evolved through a process driven by 
environmental requirements and application specifics, such as 
power increase, power nodes coverage and fuel versatility. Some 
existing engine platforms, mature in their lifetime, underwent 
major modernisation programmes at the same time. Last but not 
least, totally new engine platforms were designed and introduced 
to the market, facing the combined challenge of the right posi-
tioning and product differentiation, on top of the challenges spe-
cific to the current era.

As a result, the modern large engines of today have become 
highly performant and complex. Power density levels of up to 
50 kW/litre for high-speed engines and up to 25 kW/litre for 
medium-speed engines are state of the art. The rotational speeds 
have increased: medium-speed engines evolved beyond 11m/s, 
while high-speed engines went past 13m/s mean piston speed. 
Overall, the modern engines now feature new technologies, such 
as high pressure injection, variable gas exchange and turbocharg-
ing, electronics and smart controls commanded by sophisticated 
algorithms and software, and new systems, like exhaust gas after-
treatment systems, exhaust gas recirculation systems, liquid and 
gaseous fuel admission systems coexisting on the same product, 
controls and monitoring systems. The combination of power 
and operational requirements with emission-compliance-driven 
technologies often result in a higher structural and thermal en-
gine loading situation.

Against this background, the present paper addresses the 
task of high- and medium-speed engine validation, imbedded 
into the overall engine design and development process. The 
holistic engine design and development process approach, de-
pending on the CAE front loading, with a first-time-right spirit, 
is discussed as the basis for engine validation. Based on con-
crete engineering examples, an emphasis will be made on the 
use of simulation results for virtual pre-validation and the cor-
relation to component loading measurements and functional 
development during engine testing. The causality path from 
product definition, through exhaust emission compliance and 
the required technology building blocks, down to the concrete 
combustion, engine architecture and materials solution and the 
resulting engine loading situation is generically explained in the 
paper for typical high- and medium-speed engine builds. By 
this, the ground is prepared for engine validation, which will be 
described in terms of the overall structured validation process, 
along AVL’s load matrix approach, as well as in the form of indi-
vidual validation activities, as they are required by the specific 
engineering solution. Examples of engine systems and compo-
nents instrumentation, measurement results, their criticality 
and how they can be positively influenced by the integrated 
virtual and experimental validation approach are shown. Over-
all, the paper will contribute with the proposition of an overall 
approach to engine validation under the specific circumstances 
of exhaust emission compliance, engine loading and application 
requirements.
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Advantages of statistical methods in the 
development of combustion concepts  
for large engines (ID 128)

Main author: Michael Engelmayer, LEC GmbH, Austria 

Co-authors: Andreas Wimmer, Graz University of Technology, Austria 
Gerhard Pirker, LEC GmbH, Austria 
Jan Zelenka, LEC GmbH, Austria 
Markus Krenn, LEC GmbH, Austria 
Sebastian Salbrechter, LEC GmbH, Austria

As a response to market demand and fluctuating fuel costs, engine 
combustion concepts and subsystems must be characterised by 
maximum flexibility. Researchers, manufacturers and suppliers 
are forced to develop and optimise combustion concepts for fuel-
efficient multi-application engines in a shorter amount of time. 
With little change in hardware, the engines must be capable of run-
ning on different types of fuel with varying properties and meeting 
emission limits that depend on the area of application and national 
legislation. The well-known “Design of Experiments” method, or 
DoE, can help meet these multiple challenges. Making use of a sta-
tistical approach is not an innovation itself, but today DoE can be 
employed to do much more than just optimising a test plan and 
minimising testbed time. By examining a variety of concrete cases, 
the article will explore the range of ways the DoE method can be 
used to advance engine development from its classic application to 
DoE-based model development to purely simulation-based DoS 
(‘Design of Simulations’) system optimisation.

In the section on classic application of DoE, the advantages of a 
statistical approach are compared with a full factorial collection of 
measurement data in the examination of a high-speed diesel engine 
focusing on PM emissions. With this approach multiple applications 
(gen-set, locomotive, etc.) were optimised in terms of fuel consump-
tion and emissions. Two further examples of areas of application

to be discussed are the pre-optimisation of efficiency and ni-
tric oxides in the case of a dual-fuel engine as well as the investi-
gation of the influence of different fuel gas compositions on the 
operating range (knocking) in the case of a gas engine.

In addition, the DoE method can also lay the foundations for 
model development, e.g., for describing the combustion process. 
Originating from experimental investigations, measurement-
based functions provide the input required for system optimisa-
tion. With this input, multi-cylinder engine simulation following 
a statistical approach can be applied to vary engine parameters 
in order to optimise efficiency while respecting the constraints 
of emissions, knocking and misfire. In the paper this process is 
demonstrated for a prechamber gas engine.

Finally, optimisation work involving multiple parameters can 
also be conducted entirely with simulation without using any 
measurement data. Using simulation instead of measurements can 
result in long processing times, e.g., detailed reaction kinetic deter-
mination of ignition delay, laminar flame speeds, etc. Therefore, the 
simulation tasks are treated separately; the results can once again be 
described by functions and serve as input for system optimisation.

Performance of a heavy-duty single- 
cylinder DI diesel engine in PCCI mode with 
Miller valve timing (ID 244)
Main author: Clemens Brückner, ETH Zürich, Switzerland
Co-authors: Panagiotis Kyrtatos, ET H Zürich, Switzerland 
Konstantinos Boulouchos, ETH Zürich, Switzerland

In an effort to reduce both NOx and PM emissions, low-temper-
ature combustion (LTC) technologies, such as premixed charge 
compression ignition (PCCI), have emerged over the past years. 
PCCI combustion can be achieved by combining cold end-of-
compression temperatures with high levels of recirculated ex-
haust gas (EGR), causing NOx and PM formation to be mostly or 
completely avoided. However, this combustion mode is typically 
solely applicable at lower loads, where low boost pressures and 
short injection durations result in end-of-injection and sufficient 
premixing prior to ignition.

In this work, we examine the limits of PCCI combus-
tion under a wide range of low to medium loads for early 
inlet valve closure (i.e., Miller valve timing) and high boost 
pressures. The experiments are carried out on a 4L single-
cylinder heavy-duty common rail DI diesel engine, operat-
ing at 1,050 rpm in combination with a cooled external EGR 
system. The engine is equipped with an in-cylinder optical 
light probe (OLP), providing crank angle resolved informa-
tion about the in-cylinder soot evolution. The main objec-
tives of the study are to examine the trends of PM, CO, uHC 
and NOx for varying intake O2 concentrations until PCCI 
combustion mode is achieved. We show that for all tem-
peratures and loads, a reduction of intake O2 concentration 
leads to a gradual reduction of NOx emissions. The trend 
of soot emissions, however, shows to be different between 
loads. At higher loads and low loads at high temperatures, 
soot emissions gradually increase with increasing EGR rate 
up to a peak value before drastically reducing. At that point, 
soot formation is suppressed and soot luminosity cannot be 
detected anymore. At low loads and low end-of-compression 
temperatures, the soot emissions show to decrease gradually 
without the characteristic peak found for all other operating 
conditions, even though the soot luminosity shows the same 
gradual reduction until disappearance. This can mainly be 
attributed to the initial long ignition delay (ID), which is en-
hanced by increasing EGR rates leading to very lean mixtures 
prior to combustion.

For all loads and temperatures, reducing intake O2 concen-
tration leads to a gradual increase of CO and uHC emissions. 
However, at a given load and EGR rate, operating conditions 
at lower temperatures show higher CO emissions, while the 
uHC emissions are lower compared with hotter cases. Because 
increasing temperatures reduce the ID, worsening mixing prior 
to the start of combustion, higher EGR rates are required to 
achieve PCCI combustion with increasing temperature. Moreo-
ver, low-temperature cases in PCCI mode have higher uHC 
emissions than hot cases not operating in PCCI mode at the 
same load and intake O2 concentration. Overall, higher CO and 
uHC emissions are observed at PCCI conditions for constant 
load and increasing temperatures due to the higher required 
EGR rate. A similar effect on the ID is observed for increasing 
load at constant temperature, requiring higher amounts of EGR 
to achieve PCCI combustion and thus leading to higher CO and 
uHC emissions.

Overall, the study offers a comprehensive investigation 
into the limits of PCCI combustion in terms of various engine 
parameters and the resulting advantages and penalties in emis-
sions from an engine running under these conditions.
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Date: Tuesday June 7th 
Time: 10:30 – 12:00 
Room: MTU Hall 

Topic: 05 - Components & Tribology 
Session: Crankshaft 

Torsional system modelling: Balancing and 
diagnosis application in two-stroke low-
speed power plant diesel engine (ID 72)

Main author: Francisco Jimenez Espadafor, Seville University, Spain

Co-authors: Daniel Palomo Guerrero, Seville University, Spain 
Miguel Bueno Amo, ENDESA-ENEL, Spain 
Francisco Fernandez Vacas, ENDESA-ENEL, Spain

The paper shows the development and operation of a torsional 
model of a ten-cylinder, two-stroke low-speed diesel engine that 
currently is implemented in a diesel power plant.
1. Torsional system model

The nature of the torsional system makes it highly non-lineal. 
A lumped-mass non-lineal torsional system model with 16 de-
grees of freedom (DOF) is formulated where excitation comes 
from the combustion pressure in each cylinder.
2. System identification

Data provided by the engine maker does not fulfil the real en-
gine parameters and therefore the model needs a system identifi-
cation analyses. For this purpose combustion pressure on the ten 
cylinders and the instantaneous mechanical torque are measured. 
An optimisation procedure allows the fitting between the meas-
ured torque and the torque provided by the model, which is fed 
with the combustion pressure.
2.1. Torque measurement

The real mechanical torque delivered by the engine is meas-
ured from strain gages located in the engine generator shaft. Be-
cause of generator efficiency has been measured and the electri-
cal power is known the mechanical torque is correctly calibrated. 
The torque curve along an engine cycle is far to be flat, being 
maximum torque about 50% of the mean torque.
3. Model application
3.1. Acute indicated engine power measurement

Indicator diagrams from combustion pressure measurement 
allow the evaluation of indicated engine power and the correct 
balancing of the cylinders. If the crankshaft dynamic torsion is not 
considered, the combustion chamber volume is poorly evaluated 
and therefore the cylinder power is overvalued. In a two-stroke, ten-
cylinder, low speed diesel engine, the maximum error in the evalua-
tion of the power of one cylinder has been 5%, giving an error in the 
engine power higher than 10%. The error affects not only the engine 
efficiency calculation but also the cylinders power balancing.
3.2. Estimation of combustion pressure

The lumped-mass, non-lineal torsional system model allows 
the estimation of the combustion pressure of each cylinder. From 
the measured pressure at plenum intake and considering poly-
trophic compression and expansion processes, a functional law 
of two parameters is formulated for combustion pressure descrip-
tion. In the case of a ten-cylinder engine the structure supposes 
20 unknowns that are evaluated from an optimisation procedure. 
Although the combustion pressure provided is not as accurate as 
the measured one, it is enough for diagnostic.

3.3. Identification of crankshaft cracks
The torsional model fitted to the engine at section 2 is sensitive 

to changes in the mechanical engine parameters. Mass and inertia 
are invariant but in the case of the existence of a crankshaft crack, 
there is a reduction of the DOF stiffness that grows with the crack 
progress. From a simulated combustion pressure curve that ac-
counts the different engine load, the torsional model is excited and 
the crack on each crank (modelled as stiffness reduction) are free 
parameters to be estimated from an optimisation procedure.
4. Conclusions

A precise model of the torsional system applied to current en-
gine data, it is a valuable tool for diesel engine management that it 
has important applications:

 > Acute indicated engine power measurement;
 > Estimation of combustion pressure curve per cylinder,
 > Identification of crankshaft cracks. 

The system is successfully in operation on three diesel generators 
of 15 MW at the Balearic Islands in Spain.

Crankshaft development with virtual  
engine modelling (ID 180)

Main author: Tero Frondelius, Wärtsilä Corporation, Finland

Co-authors: Antti Mäntylä, Wärtsilä Corporation, Finland 
Pasi Halla-aho, Wärtsilä Corporation, Finland

Wärtsilä has been using verified virtual engine models for years in 
product development projects. The modern numerical methods 
combine flexible multi-body dynamic simulation, non-linear finite 
element method and multi-axial fatigue criterion to predict local 
stresses under realistic boundary conditions very accurately. The 
models are verified with intensive field measurements of engines. 
In addition, we include initial data fields from, e.g., forging, deep 
rolling and stroke peening simulations. From these encouraging 
learnings, Wärtsilä would be ready to move forward and conduct 
classification calculations with these modern methods. Due to the 
necessity of high reliability, especially regarding large engine crank-
shafts, on one hand, and also new demands in the sense of efficien-
cy and costs, on the other hand, which can hardly be covered by 
traditional approaches, it is important to enhance the current rules 
to go closer to the limits and reach the new targets without losing 
the stability of these methods. Therefore, the relation between the 
methods and their results is of interest in order to be able to con-
nect them. The paper reports the principles of creating a full gen-
erator set model including an engine with crankshaft. 

Influence of inclusion size on fatigue 
strength and stress assessment for forged 
crankshaft under multiaxial loading (ID 151)

Main author: Tomoya Shinozaki, Kobe Steel Ltd., Japan

Co-authors: Atsushi Sugeta, Hiroshima University, Japan 
Nobuyuki Fujitsuna, Kobe Steel Ltd., Japan 
Tomonori Ikegami, Kobe Steel Ltd., Japan 
Masato Ota, Kobe Steel Ltd., Japan 
Mariko Matsuda, Kobe Steel Ltd., Japan

In the forged crankshafts for diesel engines, there inevitably exist 
non-metallic inclusions that have been generated in the steel mak-
ing and casting process of large ingot. It is generally known that fa-
tigue cracks frequently initiate from inclusions especially for high 
strength steel. The design fatigue strength of crankshafts, however, 
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is defined only by the tensile strength of used steel grade in accord-
ance with, for example, IACS UR M53, so that it has adequate safety 
margin even if crankshafts contain large size inclusions in the steel. 
Nowadays, the remarkable progress in steel making technology has 
enabled manufacturing of “clean steel”, which contains a lower num-
ber and a smaller size of inclusions. A higher design fatigue strength 
could conceivably be applied to such clean steel by clarifying the 
effect of inclusion size on the fatigue strength of crankshafts. There-
fore, the following subjects are discussed in the study:

 > Estimation of the relationship between the fatigue strength 
and the maximum inclusion size in the crankshaft;

 > Confirmation that the relationship is valid to the full scale 
of crankshafts;

 > Estimation of the fatigue strength under multiaxial loading 
of axial and torsion to the crankshafts in the operating con-
dition taking inclusion size into account.

Two types of forged carbon and low-alloy steel crankshafts with 
different level of inclusion sizes were manufactured. The speci-
mens for fatigue testing were taken from these crankshafts.

First, high-cycle fatigue tests under uniaxial and multiaxial 
loading were conducted. From these basic tests, the relationship 
between the multiaxial fatigue strength and the inclusion size of 
the crankshaft was examined. And it is made clear that the de-
sign fatigue strength of the crankshaft in accordance with IACS 
M53 rule indicated the lower limit of these fatigue test results. 
Moreover, even though the critical inclusion size that influences 
the fatigue strength depends on the loading condition and tensile 
strength, the fatigue strength indicated the tendency that decreas-
es so that the inclusion size became large in any case.

Next, bending fatigue tests of actual size of crankshafts were carried 
out for four-stroke crankshaft. The fatigue strength of full scale crank-
shafts is clarified to be estimated by the results obtained from specimens.

Finally, some multiaxial criterions are applied to estimate the 
results and their validity is investigated. Based on the evaluated 
results above, a multiaxial fatigue assessment method of crank-
shafts considering the influence of inclusion size is proposed.

Studies on tribology to reduce friction, 
wear and lubricating oil consumption for 
internal combustion engines (ID 23)

Main author: Mitsuhiro Soejima, Kyushu Sangyo University, Japan

Co-authors: Yasuo Harigaya, Utsunomiya University, Japan 
Toshiro Hamatake, Oita University, Japan

In order to prevent global warming and protect resources, the im-
provement of the fuel economy and reliability has been required 
for internal combustion engines. Recently, it has become one 
urgent requirement to reduce the lubricating oil consumption 
(LOC) because the emission with sulphide ash, phosphorous 
and sulphur contents from oil additives degrades the exhaust gas 
aftertreatment devices of diesel engines.

Fuel economy and the reliability can be improved by reduc-
ing the friction loss and the wear for components of engines. The 
friction loss of piston assembly accounts for about half of the total 
friction loss. The rings with lower tension and the lubricating oil 
with lower viscosity can reduce the friction loss. They, however, 
increase both the LOC and the gas blow-by.

The oil control ring is designed so as to form a thin oil film 
and reduce the LOC. In a ring pack, the oil quantity on the cyl-

inder wall depends on the interaction between the preceding and 
succeeding rings, so that the oil film of the oil control ring pri-
marily governs those of compression rings. The oil film under the 
mixed lubrication for the piston rings in the diesel engine is theo-
retically analysed. Some factors influencing the characteristics of 
film thickness, friction and LOC have been investigated.

The evaporation of the lubricating oil on the cylinder wall 
(LOE) is properly supposed to be another factor of the LOC. 
From the viewpoint of the oil volatility, some analytical methods 
to predict the LOE have been proposed by several researchers, in-
cluding the authors. The evaporation is theoretically analysed un-
der the following principles. The surface temperature of oil film 
varies under the energy balance among the heats flowing from or 
to the gas or the cylinder wall and the heat dispersing with the 
evaporation. The oil evaporates under the diffusion law governed 
by the saturated vapour pressure changing with the temperature. 
It has been made obvious that the evaporation increases as the 
saturated vapour pressure rises but it decreases with the increase 
of gas pressure. Therefore it changes for each piston stroke under 
the operating condition of engine and it increases as the tempera-
ture of cylinder wall becomes high.

The practical lubricating oils are composed of multi-species 
with hydrocarbons from small to large carbon numbers. The influ-
ences of multi-component oils or engine operating conditions on 
the LOE are examined by applying physical properties of oil spe-
cies. The LOE increases as the content ratio of hydrocarbons with 
small molecular weight becomes large in the oil. Also, the relation-
ship between the LOE and the NOACK volatility or the ASTM 
D6417 distillation curves is clarified to make them available.

Further, the total friction loss is examined for the fired engine 
lubricated with the low viscosity oil lower in sulphide ash, phos-
phorous and sulphur contents as the low SAPS. The friction torque 
is measured by the run-out method to evaluate the effect to reduce 
the loss. It is made obvious that the reduction rate is comparatively 
high under the low temperature and low load conditions.

The friction and wear characteristics of the cam and tap-
pet are examined with a test rig. The friction characteristics are 
evaluated concerning the compatibility of the surface treatment 
like DLC coating with low SAPS oils. Also, the friction and wear 
characteristics are evaluated through the long running time test 
regarding the effect of the surface roughness and treatment. It is 
made obvious that the effect to reduce the friction and wear is 
markedly larger under the surface with smaller roughness like a 
mirror face finished by the electrolytic in-process dressing than 
the usually ground surface with DLC coating.
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Premium long-life stationary natural gas 
engine lube oil technology for increased up-
time and reduced maintenance (ID 133)

Main author: Virginia Carrick, The Lubrizol Corporation, USA

Co-authors: Paul Mardula, The Lubrizol Corporation, USA 
Al Haas, The Lubrizol Corporation, USA
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Stationary natural gas reciprocating engines are essential to mov-
ing natural gas from the ground (wells) to the market. The sta-
tionary natural gas engine population is growing in both the USA 
and globally. Decreasing the downtime of the engines is becom-
ing increasingly important to the engine operators. Premium lube 
oils can provide the engine operator with an effective method of 
increasing engine uptime and decreasing costs. Although station-
ary natural gas engines resemble other large engine types, the 
lubrication requirements are very different for engines that burn 
different fuels. Compared with diesel and gasoline engines, sta-
tionary natural gas engines stress the lube oil in different ways. 
Natural gas engines operate at higher combustion tempera-
tures than gasoline or diesel engines. They also generate higher 
amounts of NOx. Additionally, ash deposits can form in the com-
bustion chamber, leading to pre-ignition, detonation and knock.

In recent years, research and testing has unveiled an advanced 
additive technology that provides differentiated performance for 
stationary natural gas engine lubricants - better high temperature 
oxidation, nitration and deposit control, improved wear and fric-
tion performance, improved phosphorus retention, prevention of 
combustion chamber deposits, better TBN retention/TAN con-
trol, improved engine cleanliness and extended oil life. Premium 
oils formulated specifically for stationary natural gas engines can 
provide operating efficiencies leading to lower oil costs, top-end 
overhaul extension and increased uptime versus standard station-
ary natural gas lube oils.

The paper will include the following: The reasons why a 
stationary natural gas engine requires a specialty lube oil, how 
a premium stationary natural gas engine lube oil is formulated 
with advanced additive technology to increase uptime, the screen 
testing process used to guide formulation development and the 
maintenance cost savings that premium oils can provide to the 
engine operator.

Improving the efficiency of next-generation 
gas engines with lubricant formulation 
choice (ID 276)

Main author: Jonathan Hughes, Infineum, UK

Co-author: Andrew Bailey, Infineum, UK

The gas engine market is currently seeing an increase in the de-
mand for greater specific power outputs from engines. To meet 
this demand, engine manufactures are introducing design chang-
es for modern gas engines aimed at increasing overall engine effi-
ciency. The design changes frequently involve the introduction of 
tighter tolerances and reduced clearances for engine components 
e.g., reduction of the height of the piston top land to reduce pis-
ton weight and minimise the methane slip. The design changes 
have in turn led to an increase in the temperatures observed by 
the lubricant and greater pressures generated during engine op-
eration to provide the required efficiency gains.

With the increased demands many current additive technolo-
gies may struggle to provide the same level of performance over 
the oil drain duration as is achieved in today’s hardware, poten-
tially resulting in a necessity to reduce the oil drain interval. The 
effect of shorter oil drain intervals is that any efficiency gains 
achieved by the design changes will be impacted by the need to 
shut down the engine sooner than envisaged to perform an oil 
drain or undertake preventive maintenance. Therefore, to meet 

the demands of the new high-efficiency engines, the formulation 
of the lubricant additive system needs to be optimised, or even 
enhanced to provide better protection in the increasingly chal-
lenging chemical environment. Higher performance lubricants 
will allow modern gas engines to be operated at higher tempera-
ture and pressures for longer periods ensuring the performance of 
the engine (with respect to running time, temperatures and pres-
sures) to be maximised. This will therefore allow higher efficien-
cy and higher power outputs to be achieved without an increased 
risk in engine damage. In this respect additive component choice 
becomes critical in providing the necessary protection required.

The paper will describe the effects that additive component 
selection can have on prolonging lubricant life in a modern high-
efficiency gas engine, such as the impact that detergent choice 
can have upon the cleanliness (to counteract deposit formation) 
and acid control (due to increased organic acid species) within 
the engine, the role dispersant plays in supporting the detergent 
in preventing deposit formation within the ring pack together 
with the crucial impact of antioxidants and anti-wear protection. 
A correctly tailored chemical additive package can help reduce 
the risk of ring sticking, bore polish, filter-plugging and bearing 
damage in a modern gas engine. To support the additive package, 
the choice of base oil is also found to be crucial in defining robust 
lubricating oils for future engine demands.

Performance assessment of a new- 
generation gas engine lubricant – novel de-
velopmental screening methodology (ID 121)

Main author: Sankara SV Ramakumar, IndianOil Corporation Limited, India

Co-authors: T. L. Sethuram, Lubrizol India Private Limited, India 
Virginia Carrick, The Lubrizol Corporation, USA 
Sanjeev Kumar Majumdar, IndianOil Corporation Limited, India 
Sarita Garg, IndianOil Corporation Limited, India 
Virender Kumar Bathla, IndianOil Corporation Limited, India 
Yogesh Kumar, IndianOil Corporation Limited, India

Despite the fact that gas engines may be similar to other engines 
in their appearance and specifications, lubrication requirement 
of a gas engine is quite different from the conventional diesel or 
gasoline engine, owing to their higher combustion temperatures, 
engine loads and very different engine operation. Gas engines op-
erate at high temperatures greater than 200°C. At these high tem-
peratures, especially in a piston environment, lubricating oil is 
prone to severe thermal oxidation. Nitration is the most common 
route cause for many maladies of a gas engine lubricant, which 
occurs due to the reaction of the oil with the oxides of nitrogen 
(NOx) generated during combustion. Several engine operating 
factors that will contribute to nitration are air-to-fuel ratio, load, 
cylinder liner temperatures, blow-by ingress, poor crankcase ven-
tilation, etc. The impact of nitration on the lubricant would be 
excessive sludge/varnish formation, premature oil thickening, 
insoluble increase and ring and liner wear. To sustain these opera-
tional eventualities, natural gas engine lubricants are to be robust 
in nature. The robustness is important to achieve longer drain 
potentials, which is one of the customer demand, as frequent oil 
changes not only pushes the oil bill but will also lead to conse-
quential power loss arising out of shut downs. Oils not properly 
designed specifically for gas engines can reduce head rebuild cy-
cles, filter plugging and accelerate ring and liner wear.

Natural gas engine oils are classified according to their ash con-
tent: low, medium and high. Ash comes from the detergent addi-
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tives used in these formulations. While too little ash leads to valve 
seat recession, too much ash leads to valve guttering and torching. 
Hence optimum balance needs to be achieved. Since gaseous fuel 
per se is much cleaner and devoid of sulphur compared with liquid 
fuels, low ash (<0.6% Wt) is generally preferred for these oils. Re-
garding base oils, API Gp. II base oils – hydro-treated, branched 
paraffinic - are more preferred due to their higher oxidation stabil-
ity than Gp. I oils. Gp.III oils, though are more oxidatively stable, 
may not be suitable because of their lower viscosity. Furthermore, 
lubricants based on off-the-shelf additive packages from various ad-
ditive suppliers may not be as robust as they ought to be. 

The present paper describes the development of a new gen-
eration, component-based, low-ash natural gas engine oil for 
stationary gas engines formulated with API Gp.II base oil. Per-
formance assessment methodology devised involves effective lab 
screening tests, with each test simulating a condition that the oil 
would experience in service. The selection of test methods in-
volves the adoption of the severe deposit formation tests that are 
commonly used for passenger car and heavy-duty diesel engine 
segments - where pass/fail criteria and test conditions for these 
parameters are far more severe. Three types of thermo-oxidation 
tests – static, bubbling oxygen, dynamic catalytic oxidation -  
were used coupled with a blotter test to establish the oxidation 
stability of the oil. A specially designed nitration test bench was 
used to assess the oil resistance to degradation from nitration. 
Friction, wear and film strength characteristics were screened in 
widely accepted tribological test rigs. All the test data was bench-
marked against a very high industry reference oil. The candidate 
oil delivers better performance than industry reference product 
in tests related to nitration, oxidation, deposits, corrosion, TBN 
retention, acid control, wear, film thickness, friction and sludge 
dispersancy. Single cylinder engine tests were conducted to dem-
onstrate that the formulation offers superior control of deposits 
and bearing corrosion protection. Volatility tendency of the oils 
were assessed using standard test methods. Based on the superior 
performance of the candidate oil, leading gas engine manufactur-
ers have issued a “Letter of Support”.

B20 fuel effects on engine lubricating oil 
properties (ID 25)

Main author: Katriina Sirviö, University of Vaasa, Finland

Co-authors: Tapani Katila AGCO Power Oy, Finland 
Olav Nilsson, University of Vaasa, Finland 
Teemu Ovaska, University of Vaasa, Finland 
Seppo Niemi, University of Vaasa, Finland 
Erkki Hiltunen, University of Vaasa, Finland

Lubricating oil has several functions in an engine. The oil decreas-
es friction, cools down the engine, acts as insulation material and 
bonds contaminants. During recent years, use of various renew-
able fuels in different engines has steadily increased, in particular 
in the form of different blends of fossil and renewable fuels. It has 
been assumed that those new fuels may affect lubricating oils in a 
different way compared with conventional fossil fuels.

Indeed, biodiesels have often observed to deteriorate lubri-
cant oil quality and to shorten the oil-changing time span. As an 
example, kinematic viscosity of the lubricating oil has reported to 
decrease linearly with the percentage of fuel in the oil. Important 
properties of lubricating oil that may be affected by new fuels and 
their blends are oil dilution by fuel, fatty acid methyl ester percent-
age, total acid number, and the change of wear metals by time.

At the moment, the Standard EN 590 allows a 7% increase of 
biodiesel in fossil fuel in automotive use. Nevertheless, even high-
er percentages are in use, for instance in agricultural machines. 
In automotive use, the allowed biodiesel content also seems to 
increase.

In the study, B20 fuel was used in an endurance engine test 
and the lubricating oil sample was analysed fresh and after 200, 
350 and 500 hours of engine operation. The main objective was 
to find out how a long-term use of high-quality B20 fuel affects 
the engine lubricating oil.

The lubricant used during the engine operating was com-
mercially available Valtra Engine CR-4, 10W-40 (ACEA E9, 
API CJ-4). The commercially available biodiesel fuel fulfilled 
the requirements of Standard EN 14214 except for iodine value 
which was slightly above the limit of 130 mg I/100 g. The raw 
material of biodiesel was soy bean oil and the oxidation stabil-
ity of each batch of the B20 fuel was monitored continuously 
during the 500-hour test run. The experimental engine was a 
high- speed, turbocharged, intercooled Agco Power non-road 
engine.

During the 500-hour study, small changes in wear metals, total 
acid number and viscosity were detected but as a whole, B20 had 
only a minor effect on the lubricating oil. The results thus showed 
that high-quality lubricating oil can be used for more than 500 
hours of engine operation without any notable problems when 
commercial B20 fuel is used as the engine fuel.

In the paper, the analysing results of the lubricating oil will 
be presented, the main target being to find out how a long-term 
use of B20 fuel affected the engine lubricating oil. The analyses 
results are compared with those received in similar long-term 
tests with fossil fuel or blends containing higher percentages of 
biodiesel than 20% used in the study.
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MTU Series 4000 for natural gas operation 
in ships – Challenges for high-speed gas 
engines in mobile applications (ID 53)

Main author: Udo Sander, Rolls-Royce Power Systems, Germany

Co-authors: Friedrich Köskemeier, MTU Friedrichshafen GmbH, Germany 
Breuer Jörg, MTU Friedrichshafen GmbH, Germany 
Peter Friedl, Rolls-Royce Power Systems, Germany 
Stephan Menzel, MTU Friedrichshafen GmbH, Germany

Off-highway applications such as locomotives, mining trucks, in-
land waterway carriers, ferries or tug- boats are operated several 
thousand hours each year and require robust and cost-efficient 
internal combustion engines. Today most of these applications 
are powered by diesel engines. But tightened emission regula-
tions and limited oil reserves lead to more complex engines and 
higher costs.

This leads to the question: Is compressed (CNG) or lique-
fied (LNG) natural gas an alternative to diesel fuel? Looking at 
availability, infrastructure, costs and engine-out-emissions good 
arguments can be found to switch from diesel to gas in the future. 
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The motivation is clear but the hurdles are high: availability of 
gas equipment (fuelling equipment, storage tanks, engines), op-
erational experience with gas (fuelling, servicing) or clear regula-
tions.

With the paper we will provide a first deeper insight into the 
development of a 2-MW gas engine based on Series 4000 diesel 
and gas. It will be explained why the product is a promising con-
cept for marine applications in particular. Design details like gas 
supply and an injection system will be presented. Safety issues 
and how they are applied to the engine will be discussed. Results 
from the test bench will demonstrate the diesel-like performance 
while lowering emissions.

Finally, there are a lot of further challenges, such as ship de-
sign and gas fuelling. Having solved this, gas engines will have a 
great future in the market. 

Holistic approach for performance and 
emission development of high-speed gas 
and dual-fuel engines (ID 273)

Main author: Shinsuke Murakami, AVL List GmbH, Austria

Co-authors: Thomas Kammerdiener, AVL List GmbH, Austria 
Andrei Ludu, AVL List GmbH, Austria 
Robert Strasser, AVL List GmbH, Austria 
Michael Zallinger, AVL List GmbH, Austria 
Ingo Koops, AVL Software & Functions GmbH, Austria

For high-speed engines of the five- to six-litre-per-cylinder dis-
placement class, the holistic gas engine development approach 

starts with the diversity of diesel engine applications such as elec-
tric power generation, marine, locomotive, oil and gas as well as 
industrial. Each of these applications has its specific challenges 
with respect to power density, packaging constraints, altitude 
capability and wide range of emission compliance solutions cov-
ering from less-regulated countries (EPA Tier 2 and below) to 
high-regulated countries (EPA Tier 4, EU V and beyond). For a 
gas or dual-fuel engine, this subsequently means that the major 
design boundaries are often already fixed being derived from such 
diverse requirements for the diesel engine.

Mobile gas applications are an upcoming requirement in 
addition to conventional power generation application. In this 
content fleet management and real duty cycle aspects play a role 
when deciding if an arranged combination of dedicated (pure) 
gas and diesel engines or if substitution or dual-fuel engines are 
a successful solution. Here, the inconsistent availability of the gas 
infrastructure might require a 100% diesel capability or a “limp 
home diesel operation capability”. In view of the potential of 
cutting fuel costs, specific applications e.g., gas-driven fractur-
ing and drilling are of interest, including the challenge to operate 
the engine with specific gases, such as field and flare gas (large 
bandwidth of varying calorific values and methane numbers) still 
ensuring future emission compliance.

Considering these aspects, the paper describes the challenges 
for the development of gas and dual-fuel engines with the inten-
tion to show where the emphasis with respect to a combination of 
scientific work, analysis and simulation and classical engineering 
tasks shall lay on in order to guarantee a successful development.
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One of the most important building blocks are the experi-
mental investigations on a single-cylinder engine, including the 
baseline development regarding methods and algorithms to de-
tect knocking and misfiring and the validation of the combustion 
system. Fed by exhaust gas from the single-cylinder engine, cata-
lyst samples are characterised in parallel using a mobile catalyst 
analyser in order to define overall strategies for NOx, CO and 
methane slip reduction. In addition, some mechanical develop-
ment tasks, such as assessment of core component temperatures 
(nozzle tip temperatures of dual fuel injector), valve train devel-
opment and piston bore interface development are covered.

The early experimental results are used as validation base for 
the CFD simulations of the in-cylinder flow and combustion and 
for the base thermodynamic engine layout. Subsequently, the ex-
perimental results are used for transient simulations (Cruise M) 
optimising the control functions for the engine ECU at a very 
early stage, tested in a XiL environment. 

Development of the new DAIHATSU 2MW 
class dual-fuel engine for marine use (ID 77)

Main author: Tetsuji Yamada, Daihatsu Diesel Mfg.Co.Ltd., Japan

Co-authors: Keita Kawase, Daihatsu Diesel Mfg.Co.Ltd., Japan 
Akio Okada, Daihatsu Diesel Mfg.Co.Ltd., Japan

In an effort to better protect the environment, more stringent 
regulations are to be applied to marine exhaust emissions, with 
the IMO not only implementing its NOx Tier III requirements 
in ECAs from 2016, but also placing a global cap on SOx in all 
waters from 2020 or 2025.

In order to satisfy the regulations in diesel engines, fuel 
changes or ancillary systems must be employed, such as the SCR 
aftertreatment system for NOx reduction and a scrubber system 
or low- sulphur fuel for SOx reduction. As a result, operating cost 
for the vessels increases. On the other hand, the lean-burn com-
bustion technology of natural gas has the advantage that NOx, 
SOx, CO2 and PM can all be reduced at once. With increases in 
shale gas production also signalling a further decline in the mar-
ket price of LNG, now more than ever are marine engines fuelled 
by natural gases, with their low environmental impact, attracting 
attention.

In order to meet market demands, Daihatsu Diesel Mfg Co, 
Ltd has developed a dual-fuel engine, the ”DE28DF”.

The DE28DF was developed according to the following concepts:
 > To satisfy the levels of reliability necessary for marine use;
 > To conform to the IGF code for inherently gas safe machin-

ery spaces;
 > To comply with IMO NOx Tier III when in gas operation 

mode and Tier II in diesel operation mode;
 > To be able to change the operation mode from diesel to gas 

and vice versa without fluctuations in engine speed and 
load; and

 > To be acceptable for transient operation considering marine 
use on both diesel and gas operation mode.

After addressing the above requirements, the DE28DF under-
went a type approval and NOx testing by classification societies in 
October 2014. It has now received the certificates for both tests.

The paper describes the details of the engine structure and 
control system, its reliability and safety as required for marine 
engines, the engine performance and addressing of practical ap-
plications in LNG fuelled vessels.

New marine gas engine development in 
Yanmar (ID 49)

Main author: Ohashi Issei, Yanmar Co. Ltd., Japan

Co-authors: Koichi Hirose, Yanmar Co. Ltd., Japan 
Kazuo Nishida, Yanmar Co. Ltd., Japan

Yanmar has developed two types of marine gas engines, convert-
ed from proven marine diesel engine. They are a pure gas engine 
and dual-fuel engine. The pure gas engine was developed as an 
auxiliary power supply or as propulsion power of electric propul-
sion ship. The environmental impact from the engine is little and 
thermal efficiency is high. A dual-fuel engine was developed as 
the direct drive main propulsion engine. The features of the en-
gine are high-power density and a high acceleration performance.

The air and fuel are mixed before the mixture is inhaled into, 
which is ignited in the gas engine. Because a homogeneous air-
fuel mixture can control the highest combustion temperature by 
the density of the air-fuel mixture, the generation of the nitrogen 
oxide can be controlled. When the gas engine changes the output, 
a short time lag is necessary for the making changing of the air-fu-
el mixture. In the worst case, the engine runs into the knocking or 
missfire because the density of the air- fuel mixture significantly 
changes during this term.

As for above marine gas engine mentioned before, the devel-
opment technology of mixture concentration control during the 
load changing has been installed.

In the paper, we describe the mixture concentration control 
technology, and test results done by the new gas engines. 

Date: Tuesday June 7th 
Time: 13:30 – 15:00 
Room: Wärtsilä Hall 

Topic: 06 - Controls & Automation 
Session: Controls Applications 

Cylinder individual combustion control of 
gas and dual-fuel engines (ID 40)

Main author: Klaus Schmid, AVAT Automation GmbH, Germany

Co-authors: - 

Balancing the combustions of different cylinders in a multi-cylin-
der internal combustion engine is a task dealt with for more than 
100 years now. The assumption that all cylinders provide the 
same torque to the crankshaft has always been a basic precondi-
tion for the mechanical design of an engine. However, in practice, 
different factors disturb this assumption, resulting in cylinder-to-
cylinder combustion variations.

Already at the early beginning of multi-cylinder engine devel-
opment, operators could adjust the fuel supply to each cylinder 
individually, for example with throttle devices in the fuel line 
upstream of each cylinder. Such devices were made for adjusting 
an engine literally “manually”. Operators had to use their human 
senses to assess engine operation. There wasn’t any sensor or 
technical measurement providing precise information about the 
combustions of different cylinders.

Over the years, technical progress produced many new means 
facilitating the balancing task: Manufacturing tolerances were re-
duced significantly. Powerful sensors provide detailed information 
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to electronic control systems. Actuators for both liquid and gaseous 
fuels provide interfaces to electronic controllers, allowing for fast 
and precise closed-loop control of cylinder individual fuel supply. 
As a result, balancing combustion can now be simply done by add-
ing some software functions to an electronic engine control system.

Nonetheless, balancing combustion is still becoming a more 
and more challenging task. The main reason for this is that modern 
engines are extremely sensitive to the aforementioned cylinder-to- 
cylinder variations. Even very small variations between two cylin-
ders may result in strong deviations of their combustion behaviour.

The paper presents solutions to some of the main tasks in in-
tegrating balancing functions to controller software. The big chal-
lenge with these balancing functions is to handle their complex-
ity. Complexity emerges from several issues: The mere number of 
actuators and sensors to choose from, the difficulty to find out the 
“right” balancing for a specific engine, the interdependencies be-
tween more than one balancing function, the interdependencies 
between balancing and further standard control functions and 
last but not least the problem that a well-balanced engine might 
seem to be running well, even though severe engine problems 
might be the reasons for its imbalance and should be repaired as 
soon as possible.

The first point is the mere number of actuators and sensors 
resulting in a large number of possible balancing solutions. In case 
of typical gas and dual-fuel engines, on the actuator side we can 
choose from spark plug timing, port injection gas valve, main die-
sel fuel injector and pilot diesel fuel injector.

These actuators have an effect on the sensor information about 
structure-borne sound, exhaust temperature, in-cylinder combus-
tion temperature and in-cylinder combustion pressure. There is no 
general answer to the question which actuator and sensor to choose 
for balancing. And usually, balancing the direct sensor information 
is only a first step to improve engine performance.

For example, regarding pure exhaust temperatures, balancing 
is very simple. However, it is not really the task to balance exhaust 
temperatures. It is far more important to balance “combustion”.

Therefore, the most important step in designing a combustion 
balancer is to find out the right control variable, which might be 
a combination of sensor information from different sensors. The 
paper emphasises the cylinder individual combustion control. It 
presents how to combine combustion balancing with conventional 
control functions. Especially, a new approach to anti-knock gov-
erning is presented. It is integrated into the combustion balancing, 
which enables the engine control system to avoid knocking com-
bustion – instead of only reacting to knocking combustion.

Gas engine for marine applications:  
Modelling and control (ID 56)

Main author: Oleksiy Bondarenko, National Maritime Research Institute, Japan

Co-authors: Yasuhisa Ichikawa, National Maritime Research Institute, Japan 
Tetsugo Fukuda, National Maritime Research Institute, Japan

In the field of marine application, natural-gas-fuelled engines are a 
promising alternative to the diesel engine, due to lower emissions 
and fuel cost. However, marine applications impose vast require-
ments on transient responses, such as that ship manoeuvring re-
quires fast response to the load demand, in rough weather the engine 
is exposed to large load fluctuation, etc. Moreover, the engine can be 
coupled to a fixed pitch propeller (FPP), controllable pitch propeller 
(CPP) or electric generator specifying various modes of operation. 

Since the combustion process of a gas engine differs from 
that of a diesel engine, the load acceptance is subject to specific 
limitation due to a knock and misfiring phenomena. Thus, for 
the gas engine to be efficient and safe, it is necessary to consider 
the problems related to transient response behaviour and develop 
countermeasures.

The paper employs a mean-value approach for constructing 
the engine model where non-linear dynamics are modelled from 
first principles, using available non-linear characteristics of es-
sential components. In order to capture the particularities inher-
ent to the gas engine, notably the air throttle valve and fuel gas 
admission valve, the non-linear model of components has been 
developed and discussed in detail. The non-linear model is para-
metrised from the engine test data and model fitness is then con-
firmed. Finally, the paper discusses the derivation of a linearised 
model of the target engine, which is necessary for transfer func-
tion model describing the transition from the inputs to the de-
sired outputs. The transfer functions constituent parameters can 
be readily obtained from the fully parametrised non-linear model 
at any operating point, thus facilitating study on engine frequency 
characteristics and uncertainty of model parameters.

In the study the experimental data obtained from the lean 
burn gas engine of Yanmar AYG20L was used to develop a simu-
lation model suitable for purpose of control algorithm develop-
ment, also the engine model unit can be used as a part of power 
plant model facilitating the development of clever load manage-
ment system. 

State-based diesel fuelling for improved  
transient response in a dual-fuel engine (ID 161)

Main author: Ryan Roecker, Southwest Research Institute, USA

Co-authors: Garrett Anderson, Southwest Research Institute, USA 
Jayant Sarlashkar, Southwest Research Institute, USA

A known issue with all gaseous-fuelled engines, including dual-
fuel engines, and especially those with fumigation-type or other 
“upstream” injection of gas, is poor transient response. This is due 
to the transport delay from the gaseous fuel injection point to the 
engine cylinders. The delay can result in slow up-transients as 
well as slow down-transients.

We present a solution to the problem of poor up-transients 
(a request for increased torque from the driver) in the form of 
state-based diesel fuelling. This includes matching the quan-
tity, timing, pressure, and pattern of the diesel injection to the 
current in-cylinder state of the engine. In order to have state-
based fuelling, knowledge of the state must be available. This 
is achieved via a natural gas fraction observer. That is a model 
of the intake manifold natural gas to air ratio. Other important 
states include pressure, mass and/or concentration of oxygen, 
and temperature.

The diesel fuel quantity, timing, pressure, and pattern is 
then determined as a function of engine speed, desired torque, 
and the current in-cylinder state. During an up-transient, the 
natural gas quantity will be below that which is desired for the 
new desired torque and oxygen may be higher than desired. 
The diesel fuel quantity, however, is matched to the desired 
torque and available oxygen, thereby providing the torque tar-
get until the natural gas is delivered to the cylinders. In other 
words, torque during up-transients is similar to a diesel-only 
engine.
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Model-based design and development  
of power turbine generator waste heat 
recovery systems (ID 223)
Main author: Kalevi Tervo, ABB Marine, Finland

Co-author: Klaus Vänskä, ABB Marine, Finland

Large container vessels utilise only about 50% of the fuel energy 
content for useful work. The rest of the energy is lost to various 
kinds of heat losses. Majority of the heat loss is in the exhaust gas 
in form of thermal and kinetic energy. ABB has developed a power 
turbine generator (PTG) waste heat recovery system (WHRS) to 
capture part of the exhaust gas energy and generate electrical power 
out of the waste heat. The PTG WHRS system can capture about 
4% of the wasted energy, which means that it will increase the over-
all efficiency of the power plant by 2% units. The WHRS system has 
been delivered to 14 container vessels, which have about 47-MW 
main engines. The maximum power output of the PTG system was 
confirmed at sea trials to be around 1.6 MW as it was designed.

The ABB PTG WHRS system can operate in parallel with auxil-
iary diesel generators, but also in island mode, supplying all the elec-
trical power to the whole ship. The PTG system has very low physical 
inertia and controlling the power turbine speed with a control valve 
that controls the exhaust gas flow to the PTG bypass line is very slow 
compared with the dynamics of the electrical network. Therefore the 
control of the PTG system in island mode is very challenging.

The PTG system was developed together with ABB Marine and 
ABB Turbochargers, but before the pilot project, the full-scale tests 
were not possible to do. The first full-scale tests for the actual system 
could be executed in the last days of the first sea trial of the delivery 
project. This set a major challenge for the development as it was abso-
lutely necessary that the automation and control work from day one.

The paper describes the WHRS system, the basic principles 
of the control system as well as the hardware-in-loop (HIL) de-
velopment and test platform that was used to develop the auto-
mation and control of the PTG system. Quantifiable results of 
the improved development, delivery and on-site test process are 
given. Moreover, the performance of the control system on board 
in island and parallel operation is demonstrated showing real 
measured data from a running implementation. As a result of the 
development project, the PTG WHRS system has been standard-
ised so that the delivery of similar systems is very efficient.

Date: Tuesday June 7th 
Time: 13:30 – 15:00 
Room: MTU Hall 

Topic: 05 - Components & Tribology 
Session: Bearings 

Understanding and maintaining high  
bearing life in a reduced friction crank train 
system (ID 218)

Main author: Martin Offenbecher, Miba Bearing Group, Austria

Co-authors: Georg Leonardelli, Miba Bearing Group, Austria 
Gunther Hager, Miba Bearing Group, Austria

In recent years, engine operation conditions have been studied 
intensively and start-stop operation has been widely introduced 
to passenger car engines to contribute to a further reduction of 

fuel consumption. This trend is now rolled out to larger engines 
and subject of further studies.

However, CO2 emissions and fuel efficiency are linked and di-
rectly influenced by the internal friction of the combustion engine. 
Among other things, a major part of this internal friction comes 
from the crank train system, with all its mechanical and tribo-
chemical interactions.

Additionally to the engine operating conditions like full load, 
idle and start-stop, there are several factors influencing the inter-
nal friction of the tribo-system. Design factors like the number and 
width of bearings have a major influence on the potential reduc-
tion of friction. However, also the used lubricant viscosity and its 
interaction with the bearing surface influence the total friction of 
the crank train.

The current trend towards reduced oil viscosity is reducing the 
hydrodynamic friction significantly, but also leads to an increas-
ing share of mixed friction running conditions. These changed 
operating conditions may result in extreme cases in increased fric-
tion instead of a friction reduction, and, together with the above 
described trend and more start-stop cycles, it may also result in a 
reduced bearing life.

In order to fulfil the demands of latest emission legislations 
there is a trend to low SAPS lubricant formulations (LowSAPS: 
lubricants containing low levels of sulphated ash, phosphorus and 
sulphur). The combination of the two trends in lubricant formula-
tion, low SAPS and low viscosity, also seems to reduce the tribo-
logic robustness of a journal bearing system.

For a holistic picture on the potential of friction reduction in 
the crank train it is not enough to only look at changing crank train 
designs, operation conditions and oil viscosity. Additionally, there 
will be a deeper focus on tribologic effects on friction reduction 
and lifetime of components.

In the paper the amount of potential friction reduction based 
on simulation as a function of different operating conditions will 
be estimated.

 In the well-known ring-on disc tribotest set-up the mixed fric-
tion behaviour of several bearing surfaces, like AlSn sputter bear-
ings, polymer coated bearings and AlSn bimetal bearings and their 
tribo-chemical interactions with latest-generation low viscosity, 
low SAPS lubricants will be compared. Additionally, we will intro-
duce a new test set-up to show the tribologic interactions between 
bearing materials and lubricants in the hydrodynamic regime.

The new test set-up is an excellent complement to a deeper 
understanding of the tribo-chemical interactions of the crank 
train system, allowing a holistic estimation of the friction reduc-
tion potential of low-viscosity, low-SAPS oils together with life-
time estimations of the bearings.

Finally, a new robust, start-stop-capable, low-friction bearing 
material, which is able to maintain excellent bearing lifetime un-
der severe lubricant conditions, will be introduced.

Development trend of aluminium alloy bearing 
for medium- and high-speed engines (ID 198)
Main author: Akihiro Kose, Daido Metal Co. Ltd.

Co-authors: - 

With increased awareness of environmental issues and regula-
tions, developments for medium- and high-speed engines are 
progressing towards engines with low fuel consumption and low 
harmful substances such as NOx in the exhaust gas.
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As one of the methods, these engines have improved the com-
bustion efficiency by increasing the internal cylinder pressure.

Due to this improvement, medium- and high-speed engine 
bearings require high-temperature strength by a higher load and 
higher temperature around the shaft.

On the other hand, bearing alloy requires conformability and 
corrosion resistance; it becomes necessary to develop a bearing 
alloy having higher strength without losing conformability and 
corrosion resistance.

Conventionally, Al-Sn-Si alloy bearings have been used in 
these engines.

The material has both strength and conformability, its prop-
erties are contradictory. And Al-Sn-Si alloy also has corrosion 
resistance.

Sn phase disperse in the aluminium alloy matrix, it gives not 
only conformability but also good sliding properties to bearing 
alloy. Si particles disperse in the same way as Sn, it prevent to sei-
zure between bearing alloy and shaft to scrape off aluminium al-
loy attached on the shaft.

The bearing strength of the aluminium matrix depends on 
the aluminium matrix strength and its strong oxide layer prevents 
corrosion.

Sn and Si have good properties, but much element reduce 
strength of aluminium matrix, because Sn is a soft material and Si 
particles are easily broken.

Aluminium matrix hardness is necessary to higher strength, 
but higher strength lose good conformability and much typical 
strengthening elements such as Cu, Zn and Mg for aluminium al-
loy are easily reduced corrosion resistance.

So, development of bearing alloy for middle and high speed 
engine is important to optimize amount of these element, and 
aluminium alloy strength at high temperature without much 
strengthening element such as Cu, Zn and Mg.

Therefore, the study introduces the development of Al-Sn-Si 
bearing alloy by focusing on optimising the amount of Sn and Si.

Theoretical and experimental oil film  
characteristics of an externally pressurised 
crosshead bearing to enhance the load-
carrying capacity (ID 141)

Main author: Masaaki Endo, Daido Metal Co. Ltd., Japan

Co-authors: Tatsumi Kitahara, Kyushu University, Japan 
Takeshi Katagiri, Daido Metal Co. Ltd., Japan 
Motohiko Koushima, Daido Metal Co. Ltd., Japan

Crosshead bearings in two-stroke diesel engines operate under 
severe lubrication conditions; they are subject to high specific 
loads and oscillate through a small angle at a low speed. Cross-
head bearings have several axial oil grooves on the loaded surface 
to promote oil film exchange during bearing oscillation. Howev-
er, because the development of a thick oil film by hydrodynamic 
action is impaired by these oil grooves, the bearings are prone to 
seizure and fatigue cracking. The continuing trend towards more 
powerful, more compact engines increases bearing specific loads 
and thereby makes crosshead bearing lubrication more difficult. 
This gives rise to a need for further enhancement of the load-car-
rying capacity of the crosshead bearings.

In externally pressurised bearings, the lubricating oil is sup-
plied to two hydrostatic oil pockets at high pressure to hydro-

statically lift the bearing from the crosshead pin. There is sparse 
literature about hydrostatic pocket design in crosshead bearings. 
Therefore, externally pressurized, hydrostatically lubricated 
crosshead bearings were designed and test bearings produced. 
Theoretical analysis and experimental studies using a dynamical-
ly loaded bearing apparatus were conducted to relate the hydro-
static lift and hydrodynamic characteristics to the bearing design 
parameters.

For a conventional bearing with four axial oil grooves, the 
shaft eccentricity ratio exceeds 0.9 throughout the load cycle. 
The oil film thickness and its cyclic fluctuations are extremely 
small. However, for an externally pressurised bearing, the oil film 
thickness increases significantly as the load is low magnitude near 
the bottom dead centre (BDC), then the oil film rapidly decreas-
es as the load rises. The hydrostatically pressurised oil promotes 
formation of a very thick oil film near BDC where the load is low.

The lowest oil film thickness in the externally pressurised 
bearing is not at the top dead centre (TDC), maximum load posi-
tion, but occurs when the hydrostatically pressurised oil begins 
to lift the crosshead bearing assembly from the crosshead pin 
around 120° crank angle. However, the oil film is very thick in 
this bearing type compared with the conventional bearing. Even 
when an externally pressurised lubrication system is applied to a 
crosshead bearing, the hydrostatic pressure alone cannot support 
the high load around TDC and so squeeze film formation is still 
important.

Load capacity in a conventional bearing with an oil-groove 
pitch angle of 45° plummets as the journal oscillation angle is 
reduced from 55° to 35°. This is because oil film replenishment 
between the journal and the bearing surface is inhibited when the 
journal oscillation angle is smaller than the pitch angle of the oil 
grooves. The relationship between the journal oscillation angle 
and the oil groove pitch angle determines the capacity for oil film 
exchange and hence the provision of adequate lubrication.

Adaptive tin-based journal bearing overlays 
for future generations of high- and  
medium-speed engines (ID 320)

Main author: Johann Nagl, Miba Gleitlager Austria GmbH, Austria

Co-authors: Michael Putz, Miba Gleitlager Austria GmbH, Austria 
Christian Übleis, Miba Gleitlager Austria GmbH, Austria 
Jakob Zidar, Miba Gleitlager Austria GmbH, Austria 
Martin Offenbecher, Miba Gleitlager Austria GmbH, Austria 
Manfred Viechtbauer, Miba Gleitlager Austria GmbH, Austria 
Greg Shumaker, Miba Bearings, USA

Technical demands for journal bearings in combustion engines 
are highly varied, and often in contradiction to each other. Re-
quirements are resistance to wear, fatigue, corrosion, cavitation; 
sufficient emergency run and smooth running-in behaviour. Fur-
ther challenges may arise from manufacturing and the operation-
al environment. Adaptability to manufacturing tolerances as well 
as insensitivity to original dirt and foreign particles is required in 
applications as well as robustness to operation and the possibility 
to perform bearing changes directly in the field. Driven by IMO 
Tier III regulations ongoing trends towards higher fuel efficiency 
and increased power density in diesel, gas, and dual-fuel engines, 
accompanied by increasing peak oil film pressures and simulta-
neously a reduction of minimum oil film thickness, put ever in-
creasing demand on materials used for bearings, approaching the 
performance limits of conventional products.
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The strengths of state-of-the-art bearings are divided - while 
journal bearings with standard sputtered overlays provide the 
highest load carrying ability, they are vulnerable to dirt, whereas 
conventional electroplated bearings offer high tolerance to for-
eign particles at the cost of reduced lifetime and wear resistance.

The paper will present the recent development of journal 
bearings for high- and medium-speed diesel, gas and dual-fuel 
engines combining the robustness and dirt tolerance of conven-
tional electroplated three-layer bearings with the wear resistance 
and longevity of standard sputter bearings. This is achieved by a 
leaded or lead-free bronze lining with a tin-based sputtered over-
lay consisting of a conforming, ductile matrix as the main com-
ponent, containing a load-carrying structure of hard particles to 
provide the necessary mechanical strength required for loaded 
bearing shells.

An overview of rig testing results for wear resistance at me-
dium- and high-speed engines as well as for dirt-shock tolerance 
will be given in comparison with standard bearings, complement-
ed by results from engine tests of prototype bearings.

Additional development aspects for adaptive journal bearings 
will be discussed, addressing measures to further prolong the ser-
vice life and field performance of journal bearings.

Such are advancements of the development of electroplated 
overlays for bearing diameters up to 450mm, combining high 
strength tin based materials with extremely soft micro-alloyed 
running in layer. Such materials proved to show excellent ductil-
ity while massively increasing fatigue strength. We will further 
present material design of tin-based overlays that allows for grad-
ual hardening of initially soft and conforming overlays during en-
gine operation. Such an approach can provide the required adapt-
ability during the run-in and will subsequently gain mechanical 
strength further extending service life.

Date: Tuesday June 7th 
Time: 13:30 – 15:00 
Room: AVL Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: New Combustion 1 

Unburned hydrocarbon emissions from 
lean burn natural gas engines – Sources 
and solutions (ID 32)

Main author: Joel Hiltner, Hiltner Combustion Systems, USA

Co-authors: Andy Loetz, Caterpillar Inc., USA 
Scott Fiveland, Caterpillar Inc., USA

Developers of lean burn natural gas engines have made dramatic 
improvements to engine performance in the last three decades. 
This includes nearly doubling the achievable power density and 
reducing fuel consumption by 25% while operating on a clean, 
plentiful and low-cost fuel source. The developments have been 
achieved in conjunction with dramatic reductions in engine emis-
sions. Potential future regulations intended to limit the emissions 
of unburned hydrocarbons from natural gas engines are a new 
challenge that is only beginning to be addressed by heavy-duty 
natural gas engine manufacturers. Emissions of non-methane hy-
drocarbons from many sources, including natural gas engines, are 
becoming more strictly regulated due to their contribution to lo-

cal air quality issues. Increased natural gas engine utilisation has 
the potential to reduce greenhouse gas emissions substantially, 
but this benefit requires exhaust methane emissions to be con-
tained. Also of significant importance is the loss of engine effi-
ciency that results from the failure of a given combustion system 
to convert between 1% and 4% of the supplied fuel energy. The 
challenge of unburned hydrocarbons is further exacerbated by 
the fact that technologies that reduce NOx emissions and increase 
thermodynamic efficiency often decrease combustion efficiency.

The paper describes research work aimed at understanding 
the sources of unburned hydrocarbons from lean burn engines 
and identifying technology to mitigate the emissions. An over-
view of all potential sources of unburned hydrocarbon emissions, 
as described in the literature for spark-ignited engines, is pro-
vided. For a sub-set of these potential sources, test results from a 
single-cylinder, medium-speed engine are coupled with zero- and 
one-dimensional cycle simulation analysis to provide a quantita-
tive perspective of unburned hydrocarbon emissions in lean burn 
gas engines.

Engine test data and basic simulation results are provided, 
which quantify the impact of the piston top land crevice on 
engine out hydrocarbons. Data for a variety of top land geom-
etries and compression ratios is presented. Crank angle resolved 
exhaust port hydrocarbon measurements and cycle simulation 
results are used to quantify the impact of fuel short-circuiting 
during valve overlap in port- injected gas engines. The impact 
of flame extinction at combustion chamber surfaces is investi-
gated using flame quench thickness relationships available from 
the literature. Based on this analysis, an estimate of the poten-
tial contribution of wall quenching to unburned hydrocarbons 
is given. Finally, measured variations in total heat released per 
cycle, as extracted from cylinder pressure data, demonstrates 
the tendency towards bulk flame extinction near the lean limit 
for a given engine. The in-cylinder conditions that contribute 
to flame extinction and thus high emissions of unburned hy-
drocarbons are investigated. The relative importance of these 
sources of unburned hydrocarbons is compared and various ap-
proaches for reducing each source is discussed and, where pos-
sible, demonstrated.

Impact of the fuel gas quality on the  
efficiency of a large gas engine (ID 43)

Main author: Thomas Lauer, TU Wien, Austria

Co-authors: Shinsuke Murakami, AVL List GmbH, Austria 
Franz Winter, TU Wien, Austria 
Robert Pachler, TU Wien, Austria 
Werner Holly, TU Wien, Austria

The combustion efficiency of large gas engines is strongly limited 
by the self-ignition of the endgas (knock) depending on the gas 
quality. As a consequence, it is an important goal for future gas 
engine development to optimise the combustion process for dif-
ferent gas qualities and compositions. Due to the complexity of 
the kinetically controlled processes of the irregular combustion 
(knock) and emission formation, the investigations were carried 
out experimentally in the past, which is time and cost consum-
ing and does not allow a full understanding of the processes in-
volved. Therefore, a numerical method was developed to model 
the knocking combustion and the formation of nitric oxides for 
a large gas engine in dependency of the fuel gas chemistry. With 
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this approach optimal operating parameters were investigated for 
a given fuel composition and methane number.

A comprehensive simulation approach based on a 0D-2-Zone 
combustion model was enhanced for the investigations. The burn 
rate was predicted with a phenomenological combustion model. 
The knocking combustion and nitric oxide emissions for dif-
ferent fuel compositions were modelled with detailed reaction 
chemistry. Therefore, a suitable CH4/C3H8 mechanism was 
chosen, validated and reduced by means of a sensitivity analy-
ses. Since the knocking combustion is related to the fast burning 
cycles, an empirical cycle-to-cycle model was implemented. All 
models were calibrated with measurements of a large gas engine 
with prechamber spark plug. A good correlation of the simulation 
results with the measured burn rates, NOx concentrations and 
knock intensities could be observed.

With this thermodynamic approach detailed studies were 
carried out for fuel gas with methane numbers between 65 and 
100 in order to identify the impact of engine parameters like 
the compression ratio, inlet valve closing, EGR rate and the 
boost pressure on fuel efficiency. The boundaries for these 
investigations were the knock limit of the combustion process 
and the legislation for the nitric oxide emissions. Detailed in-
vestigations were carried out for IMO Tier III, TA Luft and TA 
Luft ½ and the impact of the mentioned engine parameters is 
discussed.

In an additional step, the thermodynamic model was com-
bined with a metaheuristic optimisation method in order to 
achieve optimal results for the process efficiency and a given limit 
of the NOx- emissions by searching the best combination of spark 
timing, compression ratio, boost pressure, equivalence ratio and 
Miller timing in the multi-parameter space. The optimisation re-
sults are presented in dependency of the fuel gas quality, too. The 
impact of different fuel parameters like the methane number and 
the fraction of inert gases (N2, CO2) on the engine process are de-
scribed with respect to the burn rate, the knock limit and the NO 
formation. The impact of the fuel quality on the engine design is 
documented.

The numerical method based on 1D-simulation and detailed 
chemistry is regarded as new and innovative. The discussion of 
different fuel gas qualities and emission limits provides a detailed 
understanding of the thermodynamic process of large gas en-
gines.

Combustion system development of a 
large bore gas engine – Efficient combina-
tion of simulation and experiment (ID 80)

Main author: José Geiger, FEV GmbH, Germany

Co-authors: Harsh Sankhla, FEV GmbH, Germany 
Avnish Dhongde, Institute for Combustion Engines RWTH Aachen University, Germany 
Sven Lauer, FEV GmbH, Germany 
Bertold Hüchtebrock, FEV GmbH, Germany 
Peter Heuser, FEV GmbH, Germany

The paper analyses and describes the requirements given by the 
specific applications of large-bore gas engines. Based on this, the 
particular challenges of their combustion system layout can be 
derived. Compared with passenger car or commercial vehicle en-
gines, this requires a distinctly different conception.

The paper is focused on the description of the development 
of a prechamber combustion system at FEV. For this, the combi-

nation of the well-established charge motion design (CMD) pro-
cess with experimental work on a single-cylinder engine could be 
realised successfully. Due to the CMD-supported layout of the 
prechamber the development process could be shortened sig-
nificantly because of the reduced number of variants in the test 
programme. The excellent combustion stability of the optimised 
system allows BMEP levels in the range of 30 bar. By means of 
parameter variations the very good correlation between simula-
tion and experimental results as well as the effect of different pre-
chamber layouts can be shown. This is a basic prerequisite for a 
target-oriented combustion system development.

Understanding of combustion process in a 
premixed lean burn gas engine fuelled with 
hydrogen-enriched natural gas (ID 171)

Main author: Satoshi Kawauchi, Class NK, Japan

Co-authors: Junichi Hirata, ClassNK, Japan 
Koji Takasaki, Kyushu University, Japan 
Daisuke Tsuru, Kyushu University, Japan 
Georg Wachtmeister, Technical University of Munich, Germany 
Benjamin Korb, Technical University of Munich, Germany

The policy of energy transition in Germany promotes the shift 
from the usage of fossil fuel to renewable energy and increases 
its domestic share year by year. Usage of renewable energy offers 
some inherent advantages, however, the output from renewable 
energy can fluctuate strongly due to climate and external condi-
tions and the electricity is overproduced at times of low demand. 
As one solution to handle the overproduced electricity, power to 
gas has attracted a lot of attention in recent years. The overpro-
duced electricity can converted into H2 and is injected into the 
existing natural gas grid.

Based on this background, the paper discusses the influence 
of H2 addition in the engine combustion process, focusing on 
industrial lean-burn gas engines operated at high specific loads. 
Experimental investigation was carried out using a single-cyl-
inder research gas engine, which was developed at the institute 
of internal combustion engines at the Technical University of 
Munich in Germany. Three fuels – natural gas, H2-enriched 
natural gas with 10 and 30 mol% – were examined in the engine 
experiment. The result revealed an influence of H2 addition on 
the engine operating range limited by knocking and misfire. 
The knocking limit was less influenced by 30 mol% H2 addition, 
on the other hand the misfire limit was substantially extended. 
Interestingly enough, the engine operation fuelled with H2-en-
riched natural gas was restricted by occurrence of pre-ignition, 
which was identified by a rapid pressure rise prior to the spark 
ignition timing.

Additionally, an optical study was carried out using a rapid 
compression expansion machine, which was developed at the 
laboratory of engine and combustion (ECO) at the Kyushu Uni-
versity in Japan. The optical study aims to obtain a deeper un-
derstanding of the combustion process observed in the engine 
experiment. A laser shadowgraph was applied in order to visual-
ise the combustion process in premixed lean burn gas engines. 
The visualisation result showed that H2 admixtures could induce 
a self-ignition during the flame propagation, and it led to a reduc-
tion in the flame propagation period.

All the research work presented in the paper was carried out 
through a research project sponsored by ClassNK.
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Date: Tuesday June 7th 
Time: 15:30 – 17:00 
Room: Finlandia Hall 

Topic: 02 - Product Development – Gas & Dual Fuel Engines 
Session: Medium Speed Engines I 

MAN Diesel & Turbo SE’s medium-speed 
gas engine portfolio – a modular matrix 
design (ID 163)

Main author: Matthias Auer, MAN Diesel & Turbo, Germany

Co-authors: Gunnar Stiesch, MAN Diesel & Turbo, Germany 
Alexander Knafl, MAN Diesel & Turbo, Germany 
Markus Bauer, MAN Diesel & Turbo, Germany

Gas engines are becoming increasingly attractive in marine and sta-
tionary applications. This is mainly due to low fuel cost, but also 
to the extremely low engine-out emissions compared with state-of-
the-art diesel engines. NOx and particulate matter (PM) are inher-
ently low due to the lean-burn pre-mixed combustion process. SOx 
are absent in the fuel; CO2 is significantly reduced compared with 
standard diesel engines due to the favourable hydrogen/carbon 
ratio of the fuel. MAN Diesel & Turbo SE (MDT) offers a broad 
product portfolio of highly efficient four-stroke medium-speed 
diesel, gas and dual-fuel engines, covering a power range from 0.5 
– 21.6 MW. Highest efficiencies and lowest emissions are achieved 
through a lean-burn, high compression ratio combustion set-up.

The paper starts with an overview of MDT’s single- and 
two-stage turbocharged engine portfolio in the 32cm- to 51cm-
bore range. Besides single cycle (SC) electricity generation for 
maritime and stationary applications, engines are optimised for 
total plant efficiency in combined cycle (CC) as well as com-
bined heat and power (CHP) applications. In addition to spark-
ignited gas engines, MDT offers dual-fuel engines when fuel 
flexibility is required.

MDT’s growing engine portfolio is based on a modular ma-
trix design utilising a maximum on communalities within the 
portfolio. The paper shows the modular matrix design or family 
approach on the base engines, the combustion-specific compo-
nents and the turbocharging concepts. Special focus is on the 
latest two-stage turbocharged gas engines V35/44G TS and 
V51/60G TS in the 7.6 to 20.7 MW class, which consequently 
continue the path taken with the single-stage turbocharged en-
gines. The medium-speed engines achieve benchmark power 
density and efficiency in their power segment. Key design fea-
tures are aggressive Miller intake valve timings combined with 
high-efficiency two-stage turbocharging. Central element of 
these engines is a sophisticated combustion process that is de-
veloped on highly flexible single-cylinder research engines.

The modular matrix design, the background concern-
ing two-stage turbocharging and details of the combustion 
system – considering the differences in the size of the igni-
tion components corresponding to the engine size – are de-
scribed.
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G20CM34 – A highly flexible 10 MW gas 
engine concept (ID 27)

Main author: Marius Wolfgramm, Caterpillar Motoren GmbH & Co. KG, Germany

Co-authors: Carsten Rickert, Caterpillar Motoren GmbH & Co. KG, Germany 
Andreas Banck, Caterpillar Motoren GmbH & Co. KG, Germany 
Hendrik Herold, Caterpillar Motoren GmbH & Co. KG, Germany

Natural gas constantly expands its share of the worldwide total 
energy consumption. This trend is expected to continue during 
upcoming decades. Facing varying emissions legislation and indi-
vidual customer requirements, flexibility of modern gas engines 
for electric power generation gains importance.

In order to meet these requirements, different applications 
of the G20CM34 lean burn Otto gas engine were developed. 
The goal was to provide the nominal engine power output of 10 
MW at high engine efficiency and low NOx emissions within a 
wide range of changing boundary conditions (altitude, ambient 
temperature, fuel composition, plant operation mode). The ap-
plications were placed in diverging spots regarding the trade-off 
between applied Miller cycle, required intake manifold air pres-
sure and maximum compression ratio below the knock limit. As 
a result, customised engine set-ups can be provided, serving indi-
vidual needs at specific sites.

The capability of simulation tools is permanently en-
hanced, but some impacts of design changes on engine perfor-
mance can still not be reproduced or predicted. That is why a 
validation of an entire development concept at the first proto-
type engine involves a high risk of not achieving the stated de-
velopment target. This was the main driver for implementing 
a three-cylinder test engine in an iterative gas engine develop-
ment process.

The highly flexible test set-up provides the possibility to assess 
gas engine operation within a wide range of adjustable boundary 
conditions at the required high turbocharging efficiency. Optimi-
sations like crevice volume reduction and improved prechamber 
designs were realised by the use of various simulation tools. The 
resulting impact on combustion performance could separately 
be assessed by the analysis of the obtained test engine data. Ad-
joining, the durability of selected components could be proved 
during appropriate endurance runs. So a substantial portion of 
the development effort could be shifted to the test engine, where 
the thermodynamic concept could be validated in an early stage 
of the project. As a consequence, engine settings could be deter-
mined in advance and the required test time for prototype en-
gines significantly reduced.

The lean burn concept with prechamber enables high engine 
efficiency at relatively low NOx emissions. While power density 
of modern gas engines is still restricted by events like knock, mis-
fire, abnormal combustion and pre ignition, cylinder balancing 
in combination with advanced engine controls represents a rea-
sonable approach to generate several benefits to mitigate these 
limitations. Potentially engine efficiency or power density can be 
increased. Furthermore, the operating range under challenging 
boundary conditions can be extended.

Parameters to characterise the combustion process are re-
quired as input for cylinder balancing and advanced control ef-
forts. A cylinder pressure-based control system was chosen to 
provide the input. Being applied to the three-cylinder test engine, 
its global functionality could be validated and different control 
strategies evolved.

Enabled by the described gas engine development process, 
costs were reduced and the development cycle of the project was 
significantly shortened.

Improvement of power generation  
efficiency and heat recovery of cooling  
energy in Mitsubishi KU30GSI gas engine 
for better heat and power utilisation (ID 189)

Main author: Hiroshi Yoshizumi, Mitsubishi Heavy Industries, Japan

Co-authors: Junnosuke Andou, Mitsubishi Heavy Industries, Japan 
Shoji Namekawa, Mitsubishi Heavy Industries, Japan 
Michiyasu Ishida, Mitsubishi Heavy Industries, Japan 
Hajime Suzuki, Mitsubishi Heavy Industries, Japan 
Minoru Esaki, Mitsubishi Heavy Industries, Japan

In 2012, Mitsubishi Heavy Industries, Ltd (MHI) released the 
KU30GSI-Plus model, which achieved a power generation ef-
ficiency of 48.8%, to the market. 

At the same time MHI aimed to boost the potential of the 
existing KU30GSI model whose total heat and power genera-
tion efficiency is well suited for combined heat and power ap-
plication. 

In order to pursue a better energy utilisation, MHI has 
further enhanced the power generation efficiency of the 
KU30GSI-Plus model. The improvement has increased the 
power generation efficiency by up to 1pt%, thus the effi-
ciency is 49.5% (ISO3046). For increasing the power gen-
eration efficiency, we have been focusing on the control of 
knocking and the combustion stabilisation as foremost im-
portant factors. Coupled with the unique patented gas valve, 
the configuration and timing of the gas-feeding passage have 
been optimised for the gas and air mixing in the intake port, 
with an influence on the knocking and combustion stability. 
Optimisation was performed to obtain the preferable mix-
ture formation in the main chamber to reduce the instabil-
ity of combustion. Other parameters, such as Miller timing 
and compression ratio, were also optimised to match the im-
proved mixture formation.

In addition, the KU30GSI model, whose exhaust gas tem-
perature at turbocharger outlet is higher than the equivalent 
output engines, has been released. The high exhaust gas tem-
perature has brought the high total efficiency including ex-
haust gas and hot cooling water energy for CHP application. 
In some cases such as the plant locates at subtropical area and 
hot water is in no demand, so as the hot water energy cannot 
be in effective use. KU30GSI has made it possible to improve 
the CHP application. For these cases, MHI with three other 
partner companies has released the new steam recovery sys-
tem in May 2015, which produces the flash steam by increased 
engine jacket cooling water around 120°C and boosts it by the 
steam compressor to the pressure level of the steam generated 
by the exhaust gas boiler. In order to fulfil this high cooling 
water temperature, KU30GSI has optimised to solve the tech-
nical hurdles of the higher cooling water temperature regard-
ing the combustion stability and the relevant engine parts as 
well.

The paper describes the above mentioned superior fea-
tures of KU30GSI series and the technical aspects of the effi-
ciency improvement as well as the performance and test result 
under the higher cooling water temperature.
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Investigation of alternative dual-fuel engine 
concepts (ID 212)

Main author: Hendrik Lange, Caterpillar Motoren GmbH & Co. KG, Germany

Co-authors: Eike Sixel, Caterpillar Motoren GmbH & Co. KG, Germany 
Andreas Banck, Caterpillar Motoren GmbH & Co. KG, Germany

For years now, the industry, media and conferences on marine 
propulsion have been putting a strong focus on gas as a marine 
fuel. One of the important enablers for the development of 
the concept from being accepted in a niche market in Norway 
to becoming a viable scenario for ECA applications and even 
been taken into account for intercontinental traffic was the ar-
rival of the dual-fuel engine. The concept of being able to run 
on gas as a fuel while keeping the diesel fall-back option for the 
case of gas supply shortage or problems with the more sophis-
ticated engine and fuel system controls encourage shipowners 
to invest.

For the time being, one kind of standard dual-fuel engine 
concept has evolved for medium-speed four-stroke engines. 
There are of course important differences in the systems de-
tails, but the common features for a competitive dual-fuel en-
gine today are gas supply via port injection, AFR control by the 
use of a waste gate and/or a compressor bypass valve, a pilot 
injection system for gas ignition, variable valve timing and in 
most cases an in-cylinder pressure measurement system sup-
porting the engine control system.

All these systems have their value for the engines capabili-
ties, partly with no alternative at all, partly with advantages in 
terms of emissions and efficiency compared with alternative 
systems. And they come at a cost.

In a study conducted at Caterpillar, different alternative and 
simpler dual-fuel concepts were investigated in terms of engine 
performance and emissions on a testbed. Based on the results, 
the overall profitability for the shipowner was analysed looking 
at different market and application scenarios. Special attention 
was paid to the requirements of gas retrofits of vessels already 
in service.

The results of the economic analysis depend heavily on the 
assumptions made for the fuel price development, especially on 
the price relation between liquid and gaseous fuels. But despite 
the strong dependencies, some basic lessons can be learned.

Date: Tuesday June 7th 
Time: 15:30 – 17:00 
Room: Wärtsilä Hall 

Topic: 06 - Controls & Automation 
Session: Combustion Control and Diagnostics 

Controlling Tier III technologies (ID 51)

Main author: Morten Vejlgaard-Laursen, MAN Diesel & Turbo, Denmark

Co-author: Henrik Rechnagel Olesen, MAN Diesel & Turbo, Denmark

The IMO Tier III legislation applicable from January 1st 2016 
has forced engine designers to develop new engine technolo-
gies that require new comprehensive control strategies. MAN 
Diesel & Turbo has chosen a two-technology approach for its 
two-stroke engines, supplying both exhaust gas recirculation 
(EGR) and selective catalytic reduction (SCR) to the engine 
makers. Both systems will be controlled by the emission reduc-

tion control system (ERCS). While some features of the SCR 
and EGR solutions on large two-stroke engines are inspired by 
similar and well-known solutions from the car industry, other 
features have completely new challenges. Some of the chal-
lenges may be that the technology is placed upstream of the 
turbocharger, that sulphur-containing fuels are used as well as 
the application of the technology on a two-stroke engine or a 
combination.

The basic control principle for EGR is feedback control of 
scavenge O2. However, as O2 sensors have slow responses, mod-
el-based control is proposed for improved O2 control in tran-
sient operation. As EGR changes the smoke margin, the EGR 
rate must be taken into consideration especially during vessel 
acceleration; though with proper control, acceleration may even 
be improved on an EGR engine. Furthermore, as the recircu-
lated gas is cleaned with water, the water requires proper control 
of its pH value.

As SCR reactant dosing is similar to that of the car industry, 
the primary challenge on marine engines is to avoid formation of 
ABS in the reactor or boiler by the applied dosing strategy. From a 
thermodynamic perspective, when the SCR is placed upstream of 
the turbocharger, the heat capacity of the SCR heavily affects the 
energy balance and thus the airflow of the engine. This requires 
dedicated control, not least while engaging and heating the SCR 
with the exhaust gas.

The paper presents details on the above challenges and so-
lutions as well as presenting the basic operating and failure han-
dling principles, the system layout and compliance in practice.

Next generation of four-stroke control 
and monitoring architectures – based on 
a modular kit concept, also considering an 
electronic condition-based maintenance 
management (ID 109)

Main author: Stephan Dannhauer, MAN Diesel & Turbo, Germany

Co-authors: Gunnar Stiesch, MAN Diesel & Turbo, Germany 
Günther Glas, MAN Diesel & Turbo, Germany 
Timo Melcher, MAN Diesel & Turbo, Germany

Electronics and software are drivers of innovation in many areas 
of product development and use. This leads the industry to in-
crease safety for people and to reduce costs. Engine development 
needs to target a level of reliability and robustness that is even 
higher than in the past. Therefore, in addition to the next genera-
tion of modular control systems and communication technolo-
gies, an electronic condition-based maintenance management is 
essential. The paper presents an engine control architecture and 
an electronic condition-based maintenance management as the 
basis for this development.

The challenge for a control system is to integrate new func-
tions and technologies with sufficient safety, reliability and ro-
bustness. Our approach is a next-generation of four-stroke con-
trol and monitoring architecture based on a modular kit concept:

 > standardised framework for flexibility and reliability,
 > reduction of the total automation costs,
 > shorter development periods,
 > common platform for all engine and fuel types,
 > reduction of space required for automation,
 > optimisation of commissioning and service simplicity. 
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The architecture includes functional and data model compo-
nents in addition to the hardware and software framework. This 
is necessary to capture all aspects of a higher level of functional 
considerations as well as the internal and external communica-
tion. We will discuss the aspects of architectural design on the ba-
sis of a specific application of the next generation of four-stroke 
control and monitoring systems.

Condition monitoring and electronic condition-based 
maintenance, respectively, links the analysis of sensor data with 
experiences and product knowledge. The goal is to reduce life-
cycle costs by improving the products’ reliability, availability 
and efficiency. This helps products run in the optimum eco-
nomical operating range adjusted to customers’ needs. For ex-
ample, typical maintenance plans featuring regular intervals and 
component replacement will increasingly be complemented by 
the evaluation of sensor data, thereby gaining flexibility. We will 
discuss this on the basis of a specific case of application and give 
an outlook.

Securing engine performance and safety 
through fault diagnostics (ID 118)

Main author: Fredrik Östman, Wärtsilä Corporation, Finland

Co-authors: Tom Kaas, Wärtsilä Corporation, Finland 
Jonatan Rösgren, Wärtsilä Corporation, Finland

For combustion engines, performance and safe operation are 
largely a function of the maintenance quality of the engine and 
related systems. Some faults are inherently more critical than 
others and often also dependent on the operating conditions. 
Fault identification, isolation and assessment facilitate deci-
sion making, whether to reschedule the needed maintenance 
and continue operation, potentially on a different operating 
point, or stopping the engine immediately to repair the fault. 
To manually assess the fault situation requires extensive skills 
and experience of combustion engines and is typically only 
possible to do after the fault event has occurred. Historical 
trends of measurements can be used, but usually these are on 
a very low time resolution, which is not sufficient for rapidly 
progressing faults.

Within the automotive industry, fault diagnostic methods, 
i.e., automatic fault identification and isolation that is embed-
ded in the engine control system, have been used for over two 
decades with good results. Many different methods have been 
applied, but model-based fault diagnostics can be regarded as 
one of the most promising approaches within the industry. 
However, as automotive engines are highly standardised with 
high sales volumes, the additional cost of maintaining models 
and parameters for a large set of models becomes insignifi-
cant. In contrast, for large medium- and low-speed engines, the 
volumes are low and the ratio of variants to total sales is typi-
cally high. To overcome this situation, new fault diagnostic ap-
proaches need to be considered with the target to reduce the 
parameter management problem, while still securing the quality 
of the diagnostics.

In the paper, the opportunity and value of fault diagnostics of 
large medium-speed engines will be discussed. Practical aspects 
will moreover be highlighted along with a set of fault diagnostics 
case studies for specific sensors and actuators. Test results from 
full-scale engine tests will be provided for evidence of the perfor-
mance of the fault diagnostics methods.

Potential and challenges of technology 
transfer from on-road applications to large 
bore diesel engines (ID 209)

Main author: Robert Bank, FVTR GmbH, Germany

Co-authors: Kay-Jochen Langeheinecke, IAV GmbH, Germany 
Etienne Costa-Patry, IAV GmbH, Germany 
Andre Müller, IAV GmbH, Germany 
Horst Harndorf, University of Rostock, Germany 
Bert Buchholz, FVTR GmbH, Germany 
Uwe Etzien, FVTR GmbH, Germany 
Claude-Pascal Stöber-Schmidt, IAV GmbH, Germany

In the past, technology transfer took place from large-bore diesel 
engines to smaller diesel engines, e.g., in commercial vehicles and 
passenger cars. This transfer contained for instance supercharg-
ing technologies, common rail injection as well as operating and 
combustion processes. But technology transfer also occurred in 
the field of exhaust gas treatment systems. The best example of 
this is the ammonia SCR technology, which was initially intro-
duced for large-bore diesel engines in the late 90s and nowadays 
represents the standard application for denitrification of exhaust 
gas in smaller diesel engines in order to comply with actual emis-
sion regulations.

However, after this initial transfer of technologies, the specific 
boundary conditions for on-road applications, i.e., the superior 
fuel quality as well as the faster development cycles and more strict 
emission regulations led to faster development and implementa-
tion of the transferred technologies. With that several technologies 
appeared, such as high-pressure common rail injection systems, 
EGR concepts as well as new exhaust gas treatment concepts. In 
the field of small diesel engines this contains diesel oxidation cata-
lyst (DOC), NOx storage catalysts (NSC), ammonia SCR catalysts 
and coated particulate filter (CDPF) systems with additional DOC 
or SCR coatings. Furthermore, the exhaust gas systems were com-
pleted with sensors and actuators in order to guarantee efficiency 
and reliability as well as emission monitoring.

The functionality of a state-of-the-art exhaust gas system is 
based on closed-loop control using model based approaches within 
the control algorithms instead of open-loop control or operation 
based on fixed maps. Thus even the most stringent emission limits 
can be fulfilled with high reliability and limited system costs.

Within the article the technologies and concepts for an efficient 
exhaust gas treatment in on- and off-road applications of small die-
sel engines will be introduced. Special attention will be payed to the 
actual concepts to minimise NOx and particulate emissions with 
the focus on model based approaches for controlling the systems 
ammonia SCR and particulate filter. It is verified to which extent 
these approaches and strategies can be used at large-bore diesel 
engine applications and which challenges appear considering the 
special boundary conditions, such as exhaust gas temperature, 
maximum of exhaust gas back pressure and fuel quality. At the same 
time, the potential and the advantages of a model-based control of 
the exhaust gas treatment system compared with a map-based con-
trol, i.e., if the route of a vessel and the corresponding emission lim-
its are known while this journey, are derived.

The paper introduces an overview of the state-of-the-art tech-
nologies in the field of small diesel engines exhaust gas treatment 
and their efficient operation using model-based approaches for 
control. The possibilities of a technology transfer to large-bore 
diesel engine applications will be discussed and resulting advan-
tages presented.
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Date: Tuesday June 7th 
Time: 15:30 – 17:00 
Room: MTU Hall 

Topic: 05 - Components & Tribology 
Session: Components Design 

Prechamber design criteria for high- 
efficiency gas engines (ID 203)

Main author: Ioannis Vlaskos, Ricardo Deutschland GmbH, Germany

Co-authors: Milan Letrich, Ricardo Deutschland GmbH, Germany 
Jan Majer, Ricardo UK Ltd., UK 
Jan Kolda, Ricardo UK Ltd., UK

Increasingly demanding efficiency requirements on new high 
BMEP gas engines are driving the trend of the development of 
modern high- and medium-speed engines toward natural gas 
[NG] lean burn combustion systems, which are characterised by 
a very efficient combustion and long operating intervals while 
keeping the NOx emissions at a very low level.

A design process and design criteria for an efficient combustion 
based on Ricardo’s experience and guidelines applied in the design and 
evaluation of gas engines with prechambers will be described in the 
paper, focusing on prechamber features like nozzle design, spark plug 
position or interaction between the cylinder and prechamber flow.

Following the design process, the article will illustrate the 
necessary analytical steps required for an efficient gas combus-
tion system design in terms of both prechamber and main cham-
ber and will provide information of typical misconceptions that 
could appear in the design of such systems.

Additionally to the prechamber combustion performance, 
the paper will show the influence of the prechamber combustion 
on its structure and durability using thermo-structural simula-
tions, also utilising the outputs of CFD combustion analysis.

For prediction of thermo-structurally driven pre-chamber sur-
face degradation (like cases where a significant amount of porosity 
throughout the thickness is spotted), carrying out a transient ther-
mal analysis followed with a structural stress-fatigue analysis using 
transient results is investigated to address the issues.

Transient thermo-structural analysis of the prechambers is 
proposed using full-cycle CFD data from in-cylinder CFD anal-
ysis as boundary condition. The approach is intended as a sup-
plement to the existing standard steady-state thermo-structural 
analysis in order to address the above mentioned issues.

Tribology design for components of  
HiMSEN engine (ID 263)

Main author: Sangdon Lee, Hyundai Heavy Industries, Republic of Korea

Co-authors: Jonghwan Lee, Hyundai Heavy Industries, Republic of Korea 
Sungchan An, Hyundai Heavy Industries, Republic of Korea

A marine diesel engine is composed of many interacting compo-
nents. In the study, technologies to improve the tribological per-
formance of components of the HiMSEN engine are explained.

A cam-roller system is used as a device for driving the valve train 
in the HiMSEN engine. Real contact stress as well as Hertz stress is 
a very important design parameter of cam and roller. Local contact 
stress concentration often causes scratches or contact fatigue damag-
es such as pitting on surface of roller and cam. In order to obtain even 
contact stress distribution, a logarithmic roller profile was applied. 
Three factors that determine the profile were optimised using micro 
contact analysis and RSM (Response Surface Method). Optimised 
profile induced 10% lower contact pressure than the previous profile.

Hydrodynamic journal bearings are widely used in machinery to 
support a rotating shaft. In case of connecting rod bearing, lubricating 
oil is supplied through the rotating crank pin and high load by firing 
pressure acts on connecting rod body. So fluctuating oil pressure and 
elastic deformation of connected components should be considered to 
evaluate the lubrication performance of journal bearing. Elasto-hydro-
dynamic (EHD) lubrication analysis considering oil supply pressure 
variation in a cycle was carried out. Based on the analysis results, the 
optimum oil supply hole size and clearance of bearing were determined.

Idle gear serves to transmit torque for the driving valve train 
form crankshaft to camshaft and consists of gear, shaft and shrink-
fitted journal bearing. Idle gear shaft is assembled on front end block 
by bolts in the latest HiMSEN engine. To ensure a robust idle gear 
system, convergence technology that is a coming together of vibra-
tion analysis, structural analysis and lubrication analysis is applied. 
Through the natural frequency analysis design for idle gear shaft and 
supporting part of the engine block were determined. Stress analysis 
and fatigue analysis were carried out to design the shape of idle gear 
shaft having enough fatigue safety factor. Based on the EHD lubri-
cation analysis results, idle gear bush design was optimised.

3D printing - Additive manufacturing  
technologies on the rise (ID 254)

Main author: Alexander Sakotnig, GE Jenbacher, Austria

Co-authors: Stephan Laiminger, GE Jenbacher, Austria 
Alexander Leitner-Audoui, GE Jenbacher, Austria

Although 3D (metal) printing is not a brand new technology, it is current-
ly seeing some tailwinds. There is a strong need for building prototypes 
faster and almost a hype to produce parts without any limitations, rethink-
ing traditional ways of component design and manufacturing. The target 
in a competition between the big players of all industrial areas is to be the 
frontrunner, implementing 3D metal printed parts into serial production.

The technology is able to break boundaries of conventional 
design and manufacturing.

GE is making great progress with metal additive manufacturing in 
multiple areas. The article will give an overview of the actual status in 
printing technologies, identification criteria for components targeted 
for serial production, with a focus on the area of reciprocating engines.
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GE is targeting to serialise this technology to lever all the ad-
vantages and new options at its best. Therefore, a radical new de-
sign process needs to be implemented to use the potential of this 
technology and make it cost competitive compared with conven-
tional manufacturing techniques. The article will describe the new 
approach, from design to prototype and finally serial production, 
shows pros and cons and what new additional selection and design 
criteria need to be considered.

A huge variety of different parts and assemblies for serialisa-
tion have already been identified, but just the tip of the iceberg 
is seen, the next level will go in a systematic approach across the 
current component fleet. Main interests are high chip volume, 
complex assemblies or weldings, intense machining hours, with 
the additional target to produce at lower cost. Near future trials 
with hybrid printing, a combination of different materials and 
properties, will potentially offer a complete new level of design 
combinations and possibilities.

Crucial for the success of the technology is to re-imagine the 
design process and close out boundaries that have been forced 
into the heads of the engineers.

Firing order optimisation on large bore  
engines for gas exchange, mechanical loading 
and fuel consumption improvement (ID 169)

Main author: Tom Dieghan, Ricardo, UK

Co-authors: Premysl Kuchar, Ricardo, UK 
Lukas Valenta, Ricardo, UK 
Joshua Dalby, Ricardo, UK 
Jonathan Brown, Ricardo, UK

A methodology for optimising the gas exchange and mechanical 
loading on crankshafts and bearings in large-bore engines has been 
developed by utilising optimisation of the cylinder firing order. A 
rapid optimisation tool allowing an assessment of thousands of 
firing orders for various configurations of multiple-cylinder en-
gines is utilised to identify a reduced list of options that can then 
be investigated in higher fidelity through detailed analytical tools. 
This provides the potential during clean-sheet engine design to 
minimise component geometries, reducing frictional losses. 1D 
thermodynamic simulation shows gains in fuel consumption 
that can also be realised from balancing the cylinder-to-cylinder 
combustion performance to reduce the coefficient of variation on 
maximum cylinder pressure and exhaust temperature. For further 
gains in both clean-sheet and existing engine designs, considera-
tion of the engine breathing was also included in the optimiser 
along with the mechanical considerations.

The firing optimisation provides a means of rapidly assessing 
a larger number of firing orders and V-angle options across a fam-
ily of engines, allowing the impact of decisions regarding firing 
order and V angle on engine package, mass and fuel economy to 
be considered at an early stage. With the optimisation focused 
on both the mechanical and air-side of the engine, real improve-
ments in fuel consumption may be realised without an increase 
in engine cost.

Firing order optimisation in FEV virtual 
engine (ID 98)
Main author: Konrad Buczek, FEV Polska Sp. z o.o., Poland

Co-author: Sven Lauer, FEV GmbH, Germany

The continuously increasing mechanical and thermal load of 
modern engines causes the need to optimise the designs over 
a wide range of different aspects. The development process of 
many engine components supported by various computer sim-
ulations is currently advanced and well defined, leading to crea-
tion of highly optimised products. However, the optimisation 
of such design variables like the firing order, which influences 
engine operation in several disciplines, is still challenging. In 
the time of application of high combustion pressures, the lay-
out of the firing order in multi-cylinder commercial engines is 
an efficient way to reduce cranktrain/overall engine vibration 
and main bearing loads, whilst controlling engine balancing and 
preserving adequate gas flow dynamics through the engine in-
take and exhaust systems.

The proposed general firing order selection process of the 
four-stroke engine, and in particular its first part being the opti-
misation of the firing order based on crank train torsional vibra-
tion, is the main topic of the paper. A central role in this process 
plays a dedicated algorithm as developed at FEV GmbH, which 
generates series of firing orders for predefined crankshaft layouts, 
for which then engine simulations are to be performed. Such ap-
proach reduces the number of theoretically possible alternative 
firing orders only to those that are consistent with the boundary 
conditions of specific engine design and are technically feasible. 
The influence of each firing order is finally analysed and rated 
by use of multi-criteria optimisation techniques, such as the pro-
posed desirability index method.

Considerations regarding the number of technically feasible 
alternative firing orders for typical engine configurations and 
crankshaft layouts being a result of development of above men-
tioned algorithm and the study about the influence of the firing 
order on cranktrain torsional vibration of exemplary V16 com-
mercial diesel engine is presented in the paper as well.

Date: Tuesday June 7th 
Time: 15:30 – 17:00 
Room: AVL Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: New Combustion 2 

Combustion behaviour in largest two-
stroke gas engine (ID 136)

Main author: Takayuki Hirose, IHI Corporation, Japan

Co-authors: Yutaka Masuda, IHI Corporation, Japan 
Takeshi Yamada, IHI Corporation, Japan 
Yoshiyuki Umemoto, Diesel United Ltd., Japan

The IMO NOx Tier III regulation requires an 80% reduction 
of NOx from Tier I within ECAs. To make a diesel engine meet 
the regulation, an exhaust gas aftertreatment or an EGR sys-
tem is needed. On the other hand, the premixed lean burn gas 
engine, which can reduce NOx emission to comply with the 
IMO NOx Tier III regulation without any exhaust gas after-
treatment or EGR system, is currently attracting attention. In 
addition, the success of shale gas development increases the 
need for large gas engines as main propulsion of LNG carriers. 
Engineers almost believed that a large gas engine is impossi-
ble due to knocking and pre-ignition induced by less gas mix-
ing, long flame propagation period, and lower engine speed. 
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Against these expectations, the authors and WinGD succeeded 
in running the world’s largest gas engine X72DF (720mm of 
bore diameter, details are described in a different paper) which 
is introduced by WinGD.

The paper focuses on the fundamental test results that were 
carried out with the largest premixed lean burn gas engine and 
simulation results. The author’s previous work shows that a 
pre-ignition occurs in a smaller gas engine but can be prevented 
by keeping lean gas mixture condition with improving the gas 
mixing. From the point of scavenging and gas mixing process, 
the stable operating condition without pre-ignition as well as 
knocking in large gas engine is discussed with the sweep test of 
engine parameters, such as Lambda, scavenging port, exhaust 
valve timing, scavenging temperature, gas injection parameters, 
etc. The residual gas effect is also discussed with 1D simulation 
results. Furthermore, the behaviour of cylinder lubricating oil, 
which effects pre-ignition, is provided by the advanced CFD 
simulation, which can predict the evaporation and auto-ignition 
phenomena of cylinder lubricating oil. Finally, the reason for 
success in large gas engine operation with premixed lean burn 
concept is discussed.

The examination on the main contributing 
factors of lube oil pre-ignition (ID 147)

Main author: Shinji Yasueda, GDEC inc., Japan

Co-authors: Yasuo Moriyoshi, Chiba University, Japan 
Mitsuhiro Matsumura, Chiba University, Japan 
Tatsuya Kuboyama, Chiba University, Japan 

Valerie Doyen, TOTAL, France 
Jean-Baptiste Martin, TOTAL, France

Pre-ignition caused by lubricating oil has been becoming ap-
parent with the increasing mean effective pressure of more than 
approximately 1.8 MPa, including passenger car engines and 
one of the critical issues nowadays for the most premixed com-
bustion engines, because it could damage the engine with the 
remarkably high maximum firing pressure. This phenomenon 
could be the impediment to the improvement of the engine ef-
ficiency and the increase of mean effective pressure in the future 
development of engines because it becomes severer by increas-
ing compression ratio and mean effective pressure. In consid-
eration of the fact that this phenomenon is much more apparent 
in industrial gas engines in the Japanese market where city gas 
with a very low methane number is used, it is expected that this 
issue will be more common when LNG with a wide range of 
methane numbers will be used as fuel for gas engines, especially 
in marine applications, in which the methane number changes 
also depending on the tank level.

Through the experiences on many production and test 
engines, it has been found that this kind of pre-ignition is the 
complicated phenomenon affected by many contributing fac-
tors, such as the compression temperature, Lambda of mixture, 
methane number of fuel gas, mean effective pressure, etc. But 
the contribution of each factor has not been clarified quantita-
tively yet.

In order to clarify the magnitude of the contribution of 
each factor and consider the effective countermeasure, the 
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fundamental research with a rapid compression machine 
(RCM) was conducted. Using the RCM, the ignition delay of 
the lubricating oils with different formulation was measured 
with various ambient conditions to investigate the effect of the 
characteristics of the oil. After this fundamental test, the single-
cylinder test under similar conditions as commercial engines is 
scheduled as the next step of the research to confirm the validity 
of the results of the RCM test.

The test results with RCM and the analysis for the mecha-
nism of the pre-ignition are introduced in the paper. Further-
more, the effective countermeasures are also discussed.

Improving efficiency of the premixed com-
bustion by reducing cyclic variability (ID 257)

Main author: Emmanuella Sotiropoulou, Prometheus Applied Technologies LLC, USA

Co-authors: Shengrong Zhu, Prometheus Applied Technologies, LLC, USA 
Luigi Tozzi, Prometheus Applied Technologies LLC, USA 
Shinji Yasueda, GDEC Inc., Japan

The cyclic combustion variation is an inherent characteristic of 
premixed combustion engines affecting not only the reliability 
of engine components but also the engine efficiency and power 
stability. The homogeneity of the mixture lambda and the distri-
bution of the residual gas are generally recognised to be the main 
causes of combustion cycle variation. However, recent studies 
conducted by the authors and discussed in the paper, have re-
vealed the effect of two additional factors contributing to the 
cyclic combustion variation.

One factor is the auto-ignition of lubricating oil occurring 
prior to the ignition timing and resulting in combustion cycles 
with very high firing pressures. The phenomenon is nowadays a 
common issue for the majority of the premixed combustion en-
gines with high mean effective pressure. Furthermore, the auto-
ignition of the lubricating oil, when occurring after the start of 
combustion, has been found to enhance the rate of combustion 
causing a stochastic increase in the maximum firing pressure, 
hence contributing to a worsening of the combustion cyclic 
variation.

A second factor is the variation in the location where igni-
tion occurs within the electrodes of a spark ignited engine. It 
has been observed that small variations in the location of igni-
tion can cause different rates of flame kernel growth, resulting 
in large variations of the maximum firing pressure. While the 
development of the flame kernel is strongly influenced by the 
flow field at the location where the spark breakdown occurs, the 
parameters determining the location of the breakdown are also 
analysed and discussed in the paper.

The effects of lubricating oil auto-ignition and location of 
ignition on the combustion cyclic variation are described with 
advanced CFD technology combined to experimental data. 
Moreover, a demonstration of some potential countermeasures, 
aiming at reducing combustion cyclic variation in premixed en-
gines, is provided with the help of CFD.

Fuel flexibility of the future combustion 
engine power plants (ID 70)

Main author: Päivi Aakko-Saksa, VTT Technical Research Centre of Finland Ltd., Finland

Co-authors: Sami Nyyssönen, VTT Technical Research Centre of Finland Ltd., Finland 

Tuula Kajolinna, VTT Technical Research Centre of Finland Ltd., Finland 
Juha-Pekka Sundell, Wärtsilä Energy Solutions, Finland 
Tuomas Niskanen, Gasum Oy , Finland 
Lauri Pirvola, Gasum Oy, Finland 
Pekka Hjon, AGCO Power, Finland 
Seppo Niemi, University of Vaasa, Finland 
Teemu Sarjovaara, Aalto University, Finland

Combustion engine power plant related technologies play a sig-
nificant role in the energy industry. Today, a global challenge is to 
reduce greenhouse gas emissions to combat climate change. This 
can be achieved by increasing energy efficiency and by finding 
alternative and renewable options instead of conventional fossil 
energy sources.

Work on fuel flexibility was conducted within the Future 
Combustion Engine Power Plant (FCEP) programme of the 
Cluster of Energy and Environment (CLEEN) in Finland. 
A number of fuel options, including liquid biofuels and their 
treatment, as well as gaseous fuels, were explored for different 
engine concepts. LNG was found to be a potential solution to 
upcoming environmental requirements in shipping. Biogas was 
studied as regards upgrading technologies, particularly silox-
ane removal, which is a weak spot for biogas from wastewater 
and landfills. A medium-speed engine was tested by using dif-
ferent fuels. Some of the fuels were challenging, and therefore 
pre-treatment methods for difficult fuels were developed to en-
able their use in medium-speed engines. Combustion proper-
ties of various fuels were studied with special ignition test unit, 
with a medium-speed and with a high-speed engine. Some fuels 
yielded promising results when engine performance and emis-
sions are considered. A special task devoted to development of a 
diesel-ignited dual fuel ethanol high-speed engine for non-road 
machinery. The developed engine can be switched from die-
sel to diesel-ethanol operation at any load without noticeable 
change in engine operating point.

Work on fuel flexibility within the FCEP programme took 
steps towards increased fuel flexibility, and consequently, to-
wards better energy security in Finland. In addition, the de-
mand for lower environmental impact of the current combus-
tion engines was sought for. The structure and form of FCEP 
programme supported close cooperation of the industrial and 
research partners. This kind of cooperation and further devel-
opment in the field of fuel flexibility is still needed.

Date: Tuesday June 7th 
Time: 08:30 – 17:00 

Poster Topic: 08 – Basic Research & Advanced Engineering 

Analysis of temperature fields of the cylin-
der head and liner of a two-stroke marine 
engine by CFD-FEA coupling method (ID 20)

Main author: Liyan Feng, Dalian University of Technology, China 

Structural analysis of large diesel genera-
tor in resilient and rigid support mounting 
based on vibration measurement (ID 137)

Main author: Don Chool Lee, Mokpo National Maritime University, Republic of Korea 
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Automatic simulation platform to support 
product design (ID 197)
Main author: Antti Hynninen, VTT Technical Research Centre of Finland Ltd., Finland 

Simulation-based grid compliance (ID 216)

Main author: Juho Könnö, Wärtsilä Corporation, Finland 

The 60% efficiency reciprocating engine:  
A modular alternative to large scale  
combined cycle power (ID 267)

Main author: Adam Gurr, Ricardo, UK 

A reverse estimation method calculating 
the coupling dynamic stiffness applied to 
fault diagnosis (ID 66)

Main author: Mengqi Wang, Harbin Engineering University, China 

Black carbon measurements using different 
marine fuels (ID 68)

Main author: Päivi Aakko-Saksa, VTT Technical Research Centre of Finland Ltd., Finland

Poster Topic 06 – Controls & Automation 

Energy management controller design for 
hybrid ship propulsion during transient 
operation (ID 50)

Main author: Sotiris Topaloglou, National Technical University of Athens, Greece 

Application research of neural network 
control on diesel (ID 55)

Main author: Guofeng Zhao, Harbin Engineering University, China 

Poster Topic 05 - Components & Tribology 

Friction investigations on locally  
microstructured cylinder liner surfaces  
using a floating liner measurement  
system (ID 295)

Main author: Henning Pasligh, Institut für Technische Verbrennung Hannover, 
Germany

OFFSHORE WIND

MARINE ENERGY

OIL & GAS

Created and produced by

Platinum SponsorSupported by

Book your
stand now!

CIMAC CONGRESS HELSINKI 2016

SPI_CIMAC_16_045-071_SP-.indd   51 19.04.2016   12:01:33



Date: Wednesday June 8th 
Time: 09:00 – 10:30 
Room: Finlandia Hall 

Topic: 01 Product Development - Diesel Engines 
Session: Field Experience 

Operation experience of the world’s first 
methanol engine in a ferry installation (ID 99)

Main author: Toni Stojcevski, Wärtsilä Corporation, Finland

Co-authors: Luca Vicenzi, Wärtsilä Corporation, Finland 
Dave Jay, Wärtsilä Corporation, Finland

The regulations as well as expectations on shipping concerning 
the environmental impact have been growing in recent years. At 
present, regulations on sulphur content in marine fuels are imple-
mented in certain regions and a global decrease will be applied 
in the years to come. This has led to a search for very low sul-
phur (<0.1%) or sulphur-free alternative fuels. The maritime fuel 
of today being heavy fuel oil has often up to 4% sulphur, which 
requires exhaust gas cleaning systems to avoid excessive sul-
phur emissions. Consequently, and on request from Stena Line, 
Wärtsilä initiated a project to select a sulphur-free fuel to be used 
initially on Stena ships in 2015. The fuel chosen is a liquid-state 
methanol.

The capability of methanol to replace fuels based on mineral 
oil has been known for a long time.

In this context, methanol has been forwarded as a strong alter-
native that can be used in converted diesel engines. Besides the to-
tal sulphur reduction, methanol is also contributing to emission re-
duction, in terms of nitrogen oxides and particulates, and provides 
a fuel that is biodegradable, decreasing environmental impact from 
accidental spills. There are also demands that shipping should con-
tribute to reducing carbon dioxide emissions radically in the future. 
Also here, methanol could play an important role if produced from 
non-fossil feedstock like CO2 capture or wooden mass.

The physical and chemical properties of methanol make it very 
well suited for use in spark-ignited engines. It has excellent ignition 
properties with an Octane number of 106. But its ability to combust 
without forming soot (due to the lack of carbon-to-carbon bonds) 
has attracted diesel engine designers to find ways of using it as well.

The challenges for the design of the fuel injection system are 
connected to the properties of methanol, in particular the combi-
nation of high viscosity of 0.57cSt at 40°C and a low boiling point 
of 65°C in atmospheric pressure. Then the fuel system has to be 
resized to accommodate the lower energy values of around 19.8 
MJ/kg. Eventually, the cost of methanol should be lower than that 
of marine gas oil, making it a competitive commercial alternative.

The paper describes the patented injection system work-
ing principles and its key design challenges, the first laboratory 
engine results, as well as the results from the application on the 
first-ever ship operated on methanol, the passenger ferry Stena 
Germanica.

EPA Tier 4 and IMO Tier III development 
and field experience at GE (ID 309)

Main author: Rob Mischler, GE Transportation, USA

Co-author: John Dowell, GE Transportation, USA

GE Transportation has launched an updated EVO diesel 
engine to meet the requirements of EPA Tier 4. The base en-
gine with the largest production volumes continues to be the 
locomotive version of the 12-cylinder EVO rated at 3,375 kW. 
Additionally, the L/V250 engine series has been developed to 
serve the marine market in variants from six to 16 cylinders. 
The EVO engine has been one of GE Transportation’s most 
successful products. Over 7,500 engines have been built to date. 
The product line has been expanded from its original offering to 
serve higher power applications and the marine market via the 
L/V250 engine series.

The new engines use cooled exhaust gas recirculation (EGR), 
two-stage turbocharging, Miller valve timing, and high-pressure 
common rail fuel injection, along with sophisticated control strat-
egies to achieve an in-cylinder solution. The approach meets the 
exhaust emission requirements while maintaining excellent fuel 
efficiency and provides a compact package with cost, installation 
and space advantages, since no exhaust gas aftertreatment system 
is necessary. However, the in-cylinder approach imposes signifi-
cant challenges for the engine designer. The paper will describe 
the combustion system configuration, performance parameters, 
along with some of the more challenging aspects of the mechani-
cal design/development and field test experience.

Field experience of L28AHX, and  
development of V28AHX (ID 139)

Main author: Hideyoshi Yamamoto, Niigata Power Systems Co. Ltd., Japan

Co-authors: Shoji Kato, Niigata Power Systems Co. Ltd., Japan 
Shuichi Anzawa, Niigata Power Systems Co. Ltd., Japan 
Hideaki Nagasawa, Niigata Power Systems Co. Ltd., Japan 
Kazumi Imai, Niigata Power Systems Co. Ltd., Japan

Against the background of increasing environmental issues, Nii-
gata Power Systems Co, Ltd has developed the environmentally 
friendly four-stroke medium-speed diesel engine 28AHX as a 
marine main engine (reported at the CIMAC 2010 conference in 
Bergen). The 28AHX engine has a high output, is light and com-
pact, and features good fuel consumption together with low emis-
sions. The 28AHX series consists of six-, eight- and nine-cylinder 
in-line engines, covering an output range of between 2,070 kW 
and 3,330 kW. Since the release of the series, the engines have 
been adopted by many customers as the main engine of supply 
boats together with the Z-Peller azimuth propulsion unit, and 
sales are steadily increasing.

To meet the requirements for additional output and to cope 
with environmental issues, a highly reliable V type engine, which 
is also available as a land-based generator engine, has been devel-
oped and released to the market in 2014. The V28AHX engine 
achieved improved fuel consumption without an increase of NOx 
emissions, and a size and weight reduction compared with our 
existing engines.

The series is available with 12, 16 or 18 cylinders and can pro-
vide a maximum output of 6,660 kW. The basic specifications of 
the V28AHX are 280mm bore, 390mm stroke, maximum output 
of 370 kW/Cyl at 800 rpm, 345 kW/Cyl at 750 rpm (same as the 
in-line 28AHX). In order to reduce the development period and 
achieve high efficiency and low NOx emissions, the main parts 
used are the same as those of the in-line 28AHX.

The paper presents the current status of the 28AHX and the 
V28AHX.
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HiMSEN engine’s solution for engine  
starting and low-load operation (ID 190)

Main author: Taehyung Park, Hyundai Heavy Industries, Republic of Korea

Co-authors: Seho Kim, Hyundai Heavy Industries, Republic of Korea 
Sieun Cho, Hyundai Heavy Industries, Republic of Korea 
Kidoo Kim, Hyundai Heavy Industries, Republic of Korea 
Taehyung Park, Hyundai Heavy Industries, Republic of Korea

The application of medium-speed diesel engine on offshore ship 
is increasing. Especially on a drillship, an engine largely operates 
at low loads (10-50%) and has rapid and frequent load variation 
characteristics. Therefore, performance enhancement is needed 
for engine start and low-load operation condition. In addition, 
stringent emission regulations in ECAs urge the engine makers to 
use MGO (marine gas oil), which has low-sulphur contents com-
pared with MDO (marine diesel oil) or HFO (heavy fuel oil). In 
preparation to apply the SCR (selective catalyst reduction) sys-
tem for IMO Tier III NOx regulation, engine-out temperature is 
needed to increase up to range of catalyst activation.

In the paper, modifications of the HiMSEN engine for off-
shore application and their effect on performance of starting and 
low load operating condition were discussed. The turbo-lag at the 
turbocharger system generally occurs at starting and acceleration 
situation of medium-speed diesel engine. It results in deteriora-
tion of air-fuel ratio (fuel-rich) and combustion characteristics 
and causes a large amount of smoke. The severe carbon deposits 
on valves and cylinder head are generated because of low load op-
eration and advanced intake valve close timing.

In order to solve these problems, a DVT (dual valve timing) 
system was applied to reduce smoke and starting time by retard-
ing the intake valve close timing under 40% of engine load for 
improvement of intake air flow rates. The JAS (jet air system) was 
also installed behind compressor outlet to provide compressed 
air for the reduction of engine stating time. The optimisation of 
governor settings such as dual-fuel limitation was tried to avoid 
fuel-rich environment in cylinder at engine start. Fuel injection 
pressure of MGO has a lower value at the same nozzle hole diam-
eter than that of HFO due to the lower viscosity of MGO. To pre-
vent the increase of smoke, nozzle hole diameter of fuel injector 
for MGO was reduced. Through these applications, the H32/40 
engine achieved smoke reduction of about 40% at starting and 
25% load, and 4% of SFOC without increase of NOx. Moreover, 
the optimisation of overlap between intake and exhaust valve 
timing and AWG (air-waste gate) system allowed the exhaust 
temperature after turbine to reach the activation temperature of 
catalyst in SCR system regardless of fuel type.

Date: Wednesday June 8th 
Time: 09:00 – 10:30 
Room: Wärtsilä Hall 

Topic: 11 - Users‘ Aspects, Maintenance & Monitoring – Marine 
Applications 
Session: Tribology and Cylinder Oil 

Cold corrosion on MAN B&W Tier II engines 
and solutions in spirit of mutual  
cooperation between Costamare and MAN 
Diesel & Turbo (ID 153)

Main author: Henrik Rolsted, MAN Diesel & Turbo, Denmark

Co-authors: Demitrios Tsalapatis, Costamare, Greece 
Athanasios Saloufas, Costamare, Greece

The paper shares our experience gained with the first generations 
of Tier II NOx-compliant MAN B&W engines in the Costamare 
fleet. It tells how and why combustion chamber cold corrosion 
reappeared, how corrosive wear was controlled and how MAN 
Diesel & Turbo have reduced the corrosive level on the latest 
Tier II engines.

The previous MAN B&W engines were known for having a 
very low corrosive level, needing very little alkali neutralisations 
from the cylinder oil. In cases where this was not respected and 
the engines were over-lubricated instead, the result was sometimes 
scuffing of the cylinder liners and piston rings due to bore polish.

To increase the safety margin against such over-additivation, 
the oil industry developed cylinder oils with a lower alkali level. 
These oils were known as mid-range cylinder oils and typically 
had an alkali level between 55 BN and 60 BN.

MAN Diesel & Turbo has fulfilled prevailing Tier II legisla-
tion, i.e., a maximum NOx limit 14.4 g/kWh, by means of two-
stroke Miller timing, among other things. Basic ingredients are 
a high scavenge air pressure, late closing of the exhaust valve and 
part load optimisation.

Due to the higher pressure in the combustion chamber, and 
the - as a result hereof – higher dew-points and lower expansion 
temperature caused by an improved thermal efficiency, the early 
Tier II engines have a relatively high corrosive level.

The launch of mid-range cylinder oils and the introduction 
of Tier II engines coincided around 2011. With this combina-
tion, the operators faced unfavourable under-neutralisation, and 
the results were in many cases increased corrosive wear and de-
creased overhaul intervals.

The paper tells about the effort that has been put into achiev-
ing a balance between the corrosive level in the combustion 
chamber and the neutralisation by the cylinder oil.

Costamare has had much success with actually measuring the 
result by analysing the drain oil from the cylinders. The BN level 
and the iron content of the used cylinder oil have been followed 
systematically. Adjusting the cylinder oil feed rate in accordance 
with the analyses results has brought the wear down and the over-
haul intervals back to normal. However, this also resulted in an 
increased cylinder oil level.

In order to lower the economic burden of the operators stem-
ming from a high cylinder oil consumption, MAN Diesel & Tur-
bo engaged in a dialogue with the oil industry about the possibili-
ties of developing cylinder oils with a BN higher than the normal 
70 - 80 BN. This was very positively received by the industry, and 
as a result, 100 BN cylinder oils are today available worldwide.

Today 100 BN cylinder oils are used on all MK8-10 engines and 
the cylinder oil dosages are hereby back to the normal, low level.

MAN Diesel & Turbo has further introduced a number of 
retrofit solutions, which actually reduce the corrosive level in the 
combustion chamber.

Costamare still engages in new projects with the latest MAN 
B&W Tier II engine types, such as the G95ME-C9.5. The engine 
type has a significantly lower corrosive level based on the latest 
engine technology. This is obtained by means of a piston design 
that actually reduces the corrosive impact on the liner surface, 
with a load-dependant cooling system and with cylinder liners 
with a special, optimised cooling profile.
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The paper also deals with the new operational challenges that 
have emerged with the ultra-low sulphur cap in SECAs. Again, 
we experienced the need for new cylinder oils, to which the oil 
industry took the responsible approach by introducing new, low 
BN cylinder oils.

In-service monitoring of two-stroke low 
speed engines with automatic on-line  
cylinder lubricant analyser – A key added 
value for users in two-stroke engine  
management (ID 54)

Main author: Jean-Philippe Roman, Total Lubmarine, France

Co-authors: Philippe Renaud, CMA Ships, France 
François Chaudoreille, Avenisense, France

Two-stroke low-speed engines with high BMEP are particularly 
sensitive to cold corrosion. It depends, among other factors, on 
the sulphur content of the fuel, the operating load and the lube 
oil feed rate. The cold corrosion occurrence can lead to corrosive 
wear and heavy damages for the engine liners.

To avoid failures, engine manufacturers recommend moni-
toring the engine by checking the residual base number (BN) 
and the iron content (Fe) of the cylinder lube oil (CLO) sam-
pled at the bottom of the liners on a regular basis. The BN and 
the Fe are generally determined by onshore laboratory analy-
sis, because reliable techniques and standardised procedures 
are applied. However, the timing to get the information while 
in operation is extended and sometimes inappropriate to pre-
vent engine failures. Therefore, alternative solutions for BN 
and Fe determination on board are proposed to the users. Such 
alternatives may be time-consuming for the crews and require 
particular skills or are still questioned for their reliability. The 
advantage of doing the BN and Fe analysis on board is then 
counterbalanced by the risk of taking inappropriate actions.

We propose an alternative that combines the advantages of 
existing solutions and provides additional perspectives. It is an 
online system that ensures automatic sampling of the lubricant 
from the cylinder units, the continuous determination of six 
parameters, including the BN and the Fe, the processing and 
the reporting of the data with indications on actions to take if 
necessary. The online reporting system (ORS) combines novel 
sensors and a genuine automatic sampling system. It is small in 
volume, simply connected to the drain oil pipes and operates 
without particular maintenance (no additional work for the 
crew). The ORS maintenance and update is based on an ex-
change of parts or sensors if necessary and on regular upgrade 
of the software.

The ORS is ideal for the chief engineer to monitor in real time 
the critical parameters of the CLO on board the vessel, and also 
beneficial for fleet managers since data can be sent to shore. In a 
basic configuration, the data is continuously acquired, processed 
and finally visualised in the engine room by using the vessel’s 
management IT system. However, more sophisticated data treat-
ment and management can be tuned upon user needs. Therefore, 
the ORS is a very powerful tool to prevent corrosive wear, but 
also to finely optimise the LOFR according to the actual vessel 
environment or sailing condition.

In the paper we describe the ORS and how it operates. We re-
view the parameters measured and we show the reliability of the 

measurements. We report on the tests in service during long-haul 
voyages of the vessel. We finally propose various ways to value the 
data provided by the ORS.

Onboard diagnostic: The new onboard tool 
for main engine condition monitoring with 
special focus on cylinder condition (ID 87)

Main author: Jesper Weis Fogh, MAN Diesel & Turbo, Denmark

Co-authors: Jonathan Hodges, Flame Marine Limited, UK 
Henrik Rolsted, MAN Diesel & Turbo, Denmark 
Raj Dewan, Seaspan Ship Management Ltd., Canada

Onboard diagnostic (OBD) is a tool for the condition-based 
monitoring of MAN B&W Diesel two-stroke engines. Based 
on the data collected, expert advice is given to chief engineers, 
owners and/or managers via real-time systems, and operational 
reports on the reliability and economic operation of the main en-
gine are provided.

The main component is the OBD software that collects data 
from CoCos, PMI Auto-tuning, the ship’s alarm system, external 
sensors, onboard and shore-based laboratory measurements as 
well as wear measurements from scavenge port inspections, and 
liner calibrations.

OBD compares and correlates the information to provide 
new and vital knowledge on the detailed engine condition, such 
as predicting ring packages lifetime and assessing the optimal 
cylinder-lubricating oil feed rate.

Unlike most real-time systems, the data from OBD is auto-
matically replicated to the owners/managers office for further 
analysis and actions without expensive communication cost; ad-
ditional expert systems can monitor and advice on main engine 
performance by correlating the data received from the vessel with 
current best practice and operational data.

The paper focuses on the use of OBD in relation to cylinder 
condition. One example is the correlation between scavenge air 
temperature, wear measured manually and drain oil analysis to 
optimise the cylinder oil consumption and time between over-
haul; both important issues for the operators in relation to reli-
ability and cost.

Other operational examples are given in the paper, such as 
documenting the relation between fuel quality, fuel treatment 
and engine tuning.

The OBD system is also intended for the use in a home office, 
offering an unique opportunity for the superintendents to get 
documentation of the main engine condition on individual ships 
and on the whole fleet under the superintendent’s supervision.

In connection with condition-based maintenance, OBD 
could automatically provide the information required by classi-
fication societies.

Save and cost-effective operation of slow-
speed two-stroke diesel engines with 
scrape-down oil analysis (SDA) (ID 291)

Main author: Steffen Bots, OELCHECK GmbH, Germany

Co-authors: -

At times when engines are only operating at partial load due to 
slow steaming, condensation occurs in the engine, causing cor-
rosion that will deteriorate further if insufficient lubricant is sup-
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plied, but will not improve by adding too much engine oil. To en-
sure that the main engine of a ship works reliably and efficiently 
over several years and for well over 100,000 hours of operation, 
even under extremely unfavourable operating conditions, it re-
quires excellent maintenance and effective control mechanisms. If 
the injection of heavy fuel oil can also be optimised as part of the 
engine management, along with optimised feed rates for cylinder 
oil, the immense operating costs can be significantly reduced. Af-
ter all, a large, slow-speed two-stroke diesel engine requires up to 
25 tonnes of HFO fuel per cylinder per day. Moreover, large ship 
engines consume up to 2,000 litres of cylinder oil per day with 
their twelve or 14 cylinders.

The two-stroke marine diesel in particular, with an output of 
over 100,000hp, is a hard worker with plenty of stamina. They 
are mostly operated with HFO (heavy fuel oil). Its quality not 
only varies constantly but it is also contaminated, above all, with 
sulphur. Then there are also impurities, such as water, salt, nickel, 
vanadium and cat fines. The fine-grained aluminium and silicone 
compounds have an abrasive effect like that of sand. They origi-
nate from the treatment of the HFO with a catalyst. HFO fuel and 
its fluctuating feed rates that depend on its quality pose a constant 
challenge for engines and their lubrication. The volume of lubri-
cant, which is provided for each cylinder with an individually set 
dosing pump, needs to be continuously adjusted for the fuel and 
the operating conditions of the engine. The more sulphur the fuel 
contains, the higher the concentration of additives needs to be to 
neutralise the sulphuric acid and the combustion residues.

In order to determine how heavily contaminated the lubricat-
ing oil is and whether more or less should be fed in, the cylin-
der oil running down from the liner is analysed with rapid test 
equipment, often on board the ship. Another option is the much 
more precise analysis of the drain oil, often called SDA analysis, 
in the laboratory. The detailed analysis shows opportunities for 
significant cost savings due to cylinder oil feed rate optimisation. 
Further, it can ensure that no excessive corrosion or wear is occur-
ring in the engine. 

The availability of cylinder oils with an alkalinity higher 
than the conventional 70 BN allow significant feed rate reduc-
tions, especially when operating on HFO with a sulphur con-
tent close to the 3.5% limit. Use of the high-BN cylinder oils 
limits corrosion, thus it is feasible to reduce the cylinder oil feed 
rate while still maintaining acceptable residual BN values. Older 
engines that do not have a very high alkalinity requirement can 
thus be operated at feed rates lower than recommended by man-
ufacturers, provided that a monitoring programme is carefully 
followed. It is also important to take SDA samples when the 
highest anticipated HFO sulphur fuel is in use and the engine is 
operated under low load conditions so that a worst-case dataset 
can be generated. Once this is established, the optimum feed 
rates at less critical conditions can also be established. Trend 
analysis is an important aspect of a well-run monitoring pro-
gramme. Like a sweep test, historical data can be used to deter-
mine the ACC (adaptive cylinder oil control) value. Experience 
with SDA will allow the range of feed rates to be determined 
within a four-sample range. This ensures that unnecessary sam-
pling and analysis are avoided.

A number of ship operators are using onboard devices to 
measure iron and/or residual BN.

However, while these provide useful indications of these pa-
rameters, only a well-structured laboratory report gives the full 

picture of lubricant and engine component performance. When 
optimising cylinder oil feed rates, it is important to distinguish 
between corrosive and abrasive, i.e., magnetic iron. The paper 
will show with practical examples how this can be achieved with 
proper laboratory analysis and evaluation.

Handling cost accuracy and the analysis 
methods of drain oil onboard test (ID 60)

Main author: Jörg Erdtmann, NSB Niederelbe Schiffahrtsgesellschaft mbH & Co. 
KG, Germany

Co-authors: -

All low-speed engine users face the problem of controlling abra-
sive wear and cold corrosion. For good reasons the producers of 
this type of engine recommend a drain oil analysis. Only frequent 
tests provide users with an accurate measure of the wear condi-
tions within the cylinder. Not only is the base number of the drain 
oil important, but also the iron content. The iron particles in the 
oil correspond with abrasive wear, whereas Fe2+ and Fe3+ com-
pounds show the amount of cold corrosion.

Despite all that, engine producers do not supply any on-board 
test sets. However, several on-board test sets are available on the 
market.

It is an advantage that the test sets only take a few minutes to 
provide a result of abrasive wear and cold corrosion. A laboratory 
will only hand out the results after a few days or even weeks after 
the sampling due to the shipment of the oil. Some of the on-board 
sets only give the total iron content. And there are additional dif-
ferences between the available test sets. These differences affect 
mainly the handling, costs, accuracy and analysis method itself. 
The list of differences also displays the common disadvantages 
and problems every operator has to handle.

Even though all these problems are common knowledge to 
shipowners and operators, no comparison or academic paper can 
be found. Furthermore, a standardisation of on-board test sets is 
not in sight.

The paper gives a general view of the basic analysis methods 
and a selection of on-board test sets. It is important to outline a 
first comparison of these products and their methods. Addition-
ally, the paper sketches a possible future solution.

Date: Wednesday June 8th 
Time: 09:00 – 10:30 
Room: MTU Hall 

Topic: 07 - Exhaust Gas Aftertreatment 
Session: NOx Reduction – Low Speed 

Development of NOx reduction system 
that combines an oxygen reduction  
membrane with water mixed fuel (ID 176)

Main author: Kazuyuki Maeda, National Fisheries University, Japan

Co-authors: -

An oxygen reduction membrane (ORM) system was recently de-
veloped in Japan by the Asahi Kasei Chemicals Corporation. It 
reduces NOx emission by decreasing the oxygen concentration in 
the intake or scavenging air using a special membrane. The ORM 
system is set up on the intake or scavenging air side; therefore, the 
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specific fuel properties (e.g., sulphur content) or fuel types (e.g., 
heavy fuel, marine diesel oil and gas fuel) are not used in the sys-
tem. Moreover, the system is operated using only air, so that there 
is no potential for environmental harm.

In the study, the following experiments were conducted to 
evaluate the reduction of NOx emissions from marine diesel 
engines. The ORM system was first connected to the suction 
lines of a four-stroke high-speed marine diesel engine and a 
two-stroke low-speed single-cylinder engine, and the effect of 
varying the oxygen concentration in the intake or scavenging 
air on NOx emissions was investigated. The ORM system can 
be used to specify the oxygen concentration in the air by using 
a polymer membrane. The concentration of oxygen in the air 
was decreased with the ORM, and experiments in combination 
with water mixed fuel (WMF) technology were conducted and 
the results analysed.

Analysis of the results clarified that NOx emissions were de-
creased with a decrease in the oxygen concentration in the air 
for each engine load factor, and the limitation of NOx emissions 
set by the IMO regulation could be satisfied simply by setting 
the oxygen concentration to less than 17%. NOx emissions can 
be decreased by approximately 50% without any significant ef-
fect on fuel consumption when the oxygen concentration in the 
air is reduced to 19% with the ORM system. IMO Tier III regu-
lations can be met when combined with WMF with a water con-
tent of 60-80%. In addition, fuel consumption when operating 
in a non-ECA can be decreased by employing the ORM system.

SCR under pressure – Pre-turbocharger 
NOx abatement for marine two-stroke  
diesel engines (ID 111)

Main author: Kristoffer Sandelin, Winterthur Gas & Diesel, Switzerland

Co-author: Daniel Peitz, Winterthur Gas & Diesel, Switzerland

Selective catalytic reduction (SCR) is an established technology 
for NOx abatement on ships but the majority of the SCR systems 
have been installed on four-stroke diesel engines. A fairly low 
number of large marine two-stroke diesel engines were equipped 
with SCR in the past and the industrial experience is therefore 
less established. To obtain a sufficient operating temperature 
for such applications, the catalyst can be placed upstream of the 
turbocharger. As a consequence, the SCR is operated at elevated 
pressures and at high temperatures during high loads of the en-
gine. At part loads, on the other hand, the exhaust gas is close to 
ambient pressure and the temperature will be at the lower operat-
ing limit of the SCR.

In 2015 Winterthur Gas & Diesel conducted a series of tests 
on a full-scale pre-turbocharger SCR to establish engine testbed 
procedures, map the performance of the engine/SCR, and to 
show Tier III compliance. Additionally, the functionality of the 
arrangement was demonstrated under real-sailing conditions 
where the engine, SCR, and exhaust temperature management 
method were monitored. A series of laboratory bench scale ex-
periments was conducted in order to test the catalyst operation 
and, specifically, to be able to assess the effects of temperature 
and pressure on the catalyst performance.

Our tests show that the increased pressure and high tempera-
ture lead to certain SCR system design benefits and that a poten-
tial reduction of the required catalyst amount is likely as com-

pared with atmospheric systems. On the other hand, high-load 
operation at high exhaust temperatures, and part-load operation 
at the low exhaust temperatures need special attention from the 
temperature management point of view.

The world first commercialised low- 
pressure SCR system on two-stroke engine, 
DelNOx system (ID 305)

Main author: Changseong Ryu, Doosan Engine, Republic of Korea

Co-authors: Jinwoo Hwang, Doosan Engine, Republic of Korea 
Sangjin Kim, Doosan Engine, Republic of Korea 
Jongtae Choi, Doosan Engine, Republic of Korea 
Jinho Cheon, Doosan Engine, Republic of Korea

In order to develop technology which is able to meet IMO Tier 
III regulation, Doosan Engine has started the developed of an 
SCR in 2010.

DelNOx is Doosan Engine’s brand name for its low-pres-
sure SCR system. DelNOx is mounted at the exhaust gas funnel 
downstream of the after turbocharger. The DelNOx catalyst is a 
low-temperature catalyst enhancing NOx reduction efficiency at 
lower and wide temperatures range over 220°C and improving 
resistance to sulphur. The reactor is provided with an automati-
cally operating soot-blowing system. By using soot blowing on 
the surface of the catalyst, dust deposits can be prevented and the 
catalyst lifetime can be increased. The hybrid dosing system is 
composed of four main units, including blower, oil burner, urea 
supply unit and decomposition unit. The components in the hy-
brid dosing system are mounted on a skid frame and are easy to 
install and maintain. Functions of the hybrid dosing system are 
urea decomposition, catalyst regeneration and pre-heating before 
SCR operation. N-WACS, the control system of DelNOx, is an 
effective system to interface with engine and operate easily.

DelNOx was verified by the classification society, DNV GL 
in 2013, according to Scheme A. The statement of compliance 
concerns the first-ever low-pressure SCR on a low-speed diesel 
engine. Also, DelNOx has been verified by both MDT and Win-
GD in 2014.

Doosan Engine received the first order for the Tier III-com-
pliant two-stroke diesel engine with SCR from Samsung Heavy 
Industries for the shipowner Reliance. DelNOx together with a 
two-stroke diesel engine was tested and confirmed on the testbed 
in 2015 and installed on an 87,000m3 ethane carrier in 2016.

Design of an efficient urea decomposi-
tion chamber using urea decomposition 
catalyst in NoNOx-LP SCR system for two-
stroke engine (ID 172)

Main author: Mun Kyu Kim, Hyundai Heavy Industries, Republic of Korea

Co-authors: Keon Ho Kim, Hyundai Heavy Industries, Republic of Korea 
Hee Sung Yang, Hyundai Heavy Industries, Republic of Korea 
Hyung Sik Um, Hyundai Heavy Industries, Republic of Korea 
Dae Hee Kim, Hyundai Heavy Industries, Republic of Korea 
Jong Suk Kim, Hyundai Heavy Industries, Republic of Korea 
Sang Lip Kang, Hyundai Heavy Industries, Republic of Korea 
Ju Seog Han, Hyundai Heavy Industries, Republic of Korea

Selective catalytic reduction of NOx by urea is a commercially 
proven and efficient technology to reduce NOx included in die-
sel engine exhaust. The technology has been widely applied to 
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various marine vessels with two-stroke diesel engine to meet 
the stringent air pollution regulations including IMO Tier III. 
In order to overcome the installation constraint of SCR systems 
in the engine room, a low-pressure (LP) SCR system, which is 
installed at the downstream of the engine and turbochargers, 
especially in the funnel of the vessel, has been developed. The 
LP SCR system of the two-stroke engine is operated at a tem-
perature of below 250°C due to the location of the installation 
as described above. The effective decomposition of urea to NH3 
as a reducing agent is important to achieve the required perfor-
mance of the SCR, especially at the low temperature condition 
of the LP SCR system. In order to maximise the conversion 
of urea to NH3, a new urea decomposition chamber has been 
designed by using a urea decomposition catalyst in the present 
study.

The conventional TiO2 catalyst has been employed as a urea 
decomposition catalyst, since TiO2 is generally recognised as an 
excellent HNCO hydrolysis catalyst in the presence of SO2. The 
TiO2 catalyst was washcoated onto the channel of 50 cpsi metal 
substrates. The urea decomposition activity over TiO2 catalyst 
has been investigated through the pilot test system using the con-
struction equipment engine. The conversion of urea decomposi-
tion to NH3 and HNCO with the TiO2 catalyst is significantly 
increased by as much as ~30% at 300°C, compared with that 
without the TiO2 catalyst.

The application of the TiO2 catalyst as the urea decomposi-
tion catalyst can reduce the size of the urea decomposition cham-
ber by the enhancement of urea decomposition efficiency. It is 
also possible for the size of the urea decomposition chamber to 
decrease by the optimum design of the chamber improving the 
uniformity of flow field. Therefore, the commercial application 
of an LP SCR system in marine vessels might be facilitated due 
to the improvement of the urea decomposition chamber by using 
the urea decomposition catalyst as well as optimising the design 
of the urea decomposition chamber.

Date: Wednesday June 8th 
Time: 09:00 – 10:30 
Room: AVL Hall 

Topic: 11 Users‘ Aspects, Maintenance & Monitoring – Marine 
Applications 
Session: From Field Experience back to Engineering / Training 

Embedded turbocharger performance 
monitoring (ID 275)

Main author: Michael Daiber, ABB Turbo Systems, Switzerland

Co-authors: Tobias Spilker, ABB Turbo Systems, Switzerland

The paper presents turbocharger-related data based offerings and 
how they fit to the variety of customer requirements. Further-
more, it shows a performance-monitoring system for turbocharg-
ers, showcasing the capabilities of such a monitoring system and 
the way of embedding the solution into a remote system infra-
structure. Focusing on customers’ needs, we identified that only a 
robust and the utmost simple solution will be of value. 

The purpose of performance measurement is to find the ideal 
time to clean the turbochargers operated with heavy fuel oil. Per-
formance deterioration occurs as a result of blade tip wear and 

two fouling mechanisms – deposits removable by washing and 
deposits only removable by mechanical cleaning. Hence, cleaning 
can either be performed as turbocharger washing during opera-
tion or as mechanical cleaning when the turbocharger is stopped 
for service. Both approaches affect the operation of the engine 
in terms of power output. For the washing approach, the engine 
load has to be reduced to about 30%, while it is necessary to stop 
the engine for at least ten hours to perform a mechanical cleaning.

The performance monitoring module analyses operational 
parameters as well as the commercial aspects to identify the best 
point in time for washing.

Since the installed sensor and data infrastructure is continu-
ously improving on marine and electric power generation appli-
cations, monitoring is becoming more and more of a standard. 
The infrastructure enables the usage of the operational data in the 
engine control room and additionally, the processing of data by 
remote connection in a central office to support the optimisation 
of operations.

In a pilot application, we embedded the turbocharger moni-
toring system in an existing remote infrastructure. By this, the 
existing user interface for the operator could be extended rather 
than changed. Furthermore, it enabled the implementation of a 
lean and cost-efficient solution with minimum effort.

Connectivity and analytic technologies to 
ensure safe and reliable operation of  
electronic controlled engines (ID 294)

Main author: Bert Ritscher, Caterpillar Motoren GmbH & Co. KG, Germany

Co-authors: -

Marine engine technology is on its way to move from pure mechan-
ical to more and more electronic controlled engines. Common rail 
and dual-fuel is available today and spark-ignited gas engines are 
upcoming fast. With this change in technology, a lot of improve-
ments to engine performance and emissions are achieved. On the 
other hand, it can bring some challenges for the operator / crew in 
understanding the system, and consequently new ways in perform-
ing troubleshooting and fault finding in case of alarms and diagnos-
tics are needed. The situation becomes even worse with the slightly 
decreasing skills and capabilities of the crew on board.

The full paper is to deal with both, on the basis of technical 
and practical examples of Caterpillar engines equipped with elec-
tronic control systems and advanced technologies.

Two examples are given that were realised on the M46 dual-
fuel engine: 
Lambda control using electrical servomotors for the exhaust 
valve actuation

 >  Fast and accurate actuation with servomotors enable very 
quick fuel changeover (gas – diesel -–gas) with better diag-
nostic clarification. In comparison with Hydrax systems, hy-
draulic fluid, pumps and pipes can be eliminated.

Cylinder-pressure-based control system
 > Provide several more degrees of freedom to enable items 

like low-load gas operation and engine start in gas mode.
With the new control feature, consequently more failure modes 
are added up to the overall engine system, which have to be ad-
dressed and understood by the operator. On the other hand, the 
availability of the data, e.g., real-time cylinder pressure signals, of-
fers the possible to analyse the data over the time and compare it 
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with historical or testbed data. Component failures can be pre-
dicted and eventually avoided to minimise engine downtime.

Caterpillar has recently introduced asset intelligence to help 
owners use automated advanced analytics and expert engineering 
review services to turn onboard data into actionable information 
that can be used to optimise when maintenance is performed, 
avoid equipment failures, improve vessel or equipment perfor-
mance, increase fuel efficiency, or increase the overall productiv-
ity of the vessel or asset.

Development of virtual engine rooms  
simulators – A modern approach to  
operator’s training (ID 115) 

Main author: Gregory Sudwoj, Winterthur Gas & Diesel, Switzerland

Co-author: Leonard Tomczak, UNITEST Marine Simulators Ltd., Poland

The purpose of the paper is to present measures taken by Win-
terthur Gas & Diesel Ltd. in an effort to develop modern training 
methods and aids.

The developed and presented “W-Xpert Simulator” depicts 
the main engine implemented into a virtual engine room where 
it coexists with all ER systems including the propeller and the 
PTO shaft generator. The trainee has full interactive access to 
all functions offered by the real user interface of an engine in-
cluding all valves, etc. located on the engine and most of the en-
gine room system controls. The effect of the Operator’s actions 
on the Engine performance is visualised in the form of various 
virtual displays, including an engine performance monitoring 
system.

Effects of a wear and failures of certain parts and components 
are considered in the simulation of engine performance and emis-
sion model. This creates operator’s awareness of parts wear and 
tear influence on engine efficiency and its emissions level. This 
feature of the simulator rises the level of maintenance decisions to 
a dimension where both thermodynamic efficiency and emission 
performance are understood and respected in reality.

A very realistic response of the virtual engine to the load and 
environmental condition changes is achieved by incorporated 
real engine thermodynamics and physics into the simulation. 
Various configurations reflecting different engine bores, a choice 
of propeller type (CPP and FPP) and a selection of engine tuning 
have been created so far.

Additional motivation to choose this path was the encourag-
ing change in STCW regulations dealing with requirements for 
training and competence evaluation of marine engineers. The 
new “Methods for Demonstrating Competence” as described 
in the 2010 Manila Conference (the Amendment to Seafarers 
Training, Certification and Watchkeeping Code, STCW/Conf. 
2.34) allows for the first time the “examination and assessment of 
evidence” based on “approved simulator” tests.

Experience shows that training and self-education sessions 
can be carried out almost at any location and are not limited to 
dedicated training centres. As presented, the simulator can be op-
erated on a single standard laptop or desktop PC with one or two 
screens and a pair of speakers.

Winterthur Gas & Diesel Ltd. will continue to add new en-
gines and environmental solutions to the existing W-Xpert Simu-
lator portfolio to satisfy the growing demand on modern meth-
ods of crew training.

Service and operational experience with 
diesel engines (ID 61)

Main author: Jörg Erdtmann, NSB Niederelbe Schiffahrtsgesellschaft mbH & Co. 
KG, Germany

Co-authors: -

The CIMAC Users WG 10 database has been operational since 
the late 1990s. Today, there are 22 working group members 
from ten shipping nations across Europe, Canada, USA, Japan 
and South Korea. Currently, the database contains data from a big 
variety of engines, distributed among two-stroke and four-stroke 
engines.

The engine itself, be it two- or four-stroke, is divided into ten 
basic fault areas and a number of sub-areas with the aim of both 
easing the analysis work and to confine, hence highlight the trou-
ble areas of the various engine makers and types.

The CIMAC Users WG 10 meetings are held twice a year and 
are usually hosted by either an engine maker, builder or supplier. 
An important agenda point during the meeting are the “members 
cases stories”, allowing the participating members to present their 
own engine experience, trouble or challenges, be it good or bad, 
which always results in a lively debate during the session.

Engine failure data may be fed into the database anytime by 
the members, however, it is entirely up to each member whether 
he finds his data relevant for the database or not.

The database is obviously confidential to all members of the 
Users WG 10. Furthermore, the available data is incognito since 
names of vessels do not appear anywhere in the database. Every 
member who contributes engine fault data is automatically grant-
ed access to the database, but only for his own use.

Operating costs and reliability has always had the highest pri-
ority amongst ship operators. By scrutinising the vast pool of en-
gine failure data, the analysis results becomes an important tool, 
both for the users and subsequently also the engine designers, by 
attracting attention and maintain focus on the trouble areas as-
sisting in solving the problems and obtain an even more reliable 
product in the future.

The paper gives an insight of some analysis work of the engine 
failure cases and distribution among the major engine makers and 
builders including turbocharger failures. Additionally, the engine 
builder’s reactions to the reported failures have been reviewed.

Date: Wednesday June 8th 
Time: 13:30 – 15:00 
Room: Finlandia Hall 

Topic: 02 - Product Development – Gas & Dual Fuel Engines 
Session: Low and Medium Speed Engines & Users Aspects 

Performance and emission results from the 
MAN B&W LGI low-speed engine operating 
on methanol (ID 101)

Main author: Stefan Mayer, MAN Diesel & Turbo, Denmark

Co-authors: Niels Kjemtrup, MAN Diesel & Turbo, Denmark 
K. Shimada, Mitsui Engineering and Shipbuilding, Japan  
T Murakami, Mitsui Engineering and Shipbuilding, Japan 
Johan Sjöholm, MAN Diesel & Turbo, Denmark

The novel MAN B&W LGI engine design aims to enable low-
speed marine diesel engines to operate on a large variety of low 
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flash point fuels, like LPG or methanol. In the present paper the 
design details of the LGI concept will be shown and its adoption 
to methanol operation will be discussed. This includes the meth-
anol LGI fuel booster injection system, pilot injection system 
ensuring ignition, double-wall piping of all methanol containing 
pipes thus eliminating the risk of methanol contamination of the 
engine room, safety systems, etc. The LGI methanol concept has 
been tested on two engines so far; a four-cylinder 50 bore LGI 
test engine and a 7S50ME-B9.3-LGI production engine, and re-
sults from both will be presented and discussed. The engines op-
erate on both diesel oil and methanol with the same rating and ac-
cording to the standard performance layout of the baseline diesel 
engine. The tests show very good performance when operating 
on methanol. The NOx emissions levels for methanol were found 
to be approximately 30% lower than for diesel oil, given same 
load and operating conditions. The specific fuel oil consumption 
(SFOC) was at the same time found to be better for methanol 
than for diesel oil. The measured CO emission was comparable 
with that for diesel oil operation, while HC emissions were meas-
ured to be somewhat higher. The NOx reduction accompanied 
with methanol operation can be traded into an additional SFOC 
improvement when optimising the overall engine performance 
with respect to IMO Tier II NOx limits.

The general conclusion is that the tests have shown a very 
successful demonstration of the operation of MAN B&W low-
speed two-stroke engines on methanol. The first LGI methanol 
engines are scheduled for sea trial in 2016.

The two-stroke low-pressure dual-fuel 
technology: from concept to reality (ID 233)

Main author: Marcel Ott, Winterthur Gas & Diesel, Switzerland

Co-authors: Takeshi Yamada, IHI Corporation, Japan 
Yoshiyuki Umemoto, Diesel United Ltd., Japan 
Takayuki Hirose, IHI Corporation, Japan 
Ingemar Nylund, Intec Ab, Finland

Gas as a fuel for merchant shipping has gained considerable inter-
est during the last years, primarily driven by its inherent potential 
to reduce emissions, and secondarily due to the fact that gas is 
a sulphur-free fuel, with the potential to be readily available at a 
feasible price.

Winterthur Gas and Diesel Ltd (WinGD) has developed a 
low-pressure dual-fuel technology for slow-speed two-stroke 
engines, which is capable of meeting emission requirements far 
below the IMO Tier III limits, utilising a low-cost, highly efficient 
and reliable low-pressure gas admission system. The basic con-
cept was presented at the 2013 CIMAC conference in Shanghai, 
and the technology is now implemented on several bore sizes in 
the generation-X engine range and taken into commercial use.

The technology is based on the lean-burn Otto cycle combus-
tion process in order to exploit the full emission reduction po-
tential of gas as fuel and thus fully complying with IMO Tier III 
emission limits without any exhaust gas aftertreatment. Addition-
ally, only low-pressure gas supply to the engines is required. These 
advantages allow substantial simplifications on the plant installa-
tions, resulting in considerable savings of installation cost and very 
competitive operating cost. The first application of the technology 
was made on a 50cm-bore engine type, where a number of engines 
have been produced and in service for some time. In the meantime, 
the dual-fuel technology has been developed and released for larger 

bore, lower speed engines like the X62DF and X72DF. A joint de-
velopment project with WinGD’s Japanese licensee Diesel United 
Ltd. (DU) has resulted in the installation of a six-cylinder X72DF 
test engine at DU’s Aioi works, and extensive testing has taken 
place, ensuring that the dual-fuel technology is fulfilling the market 
requirements. Preparations to extend the technology to even larger 
bore X engines have been taken.

The present paper gives an overview of the concept and de-
scribes the application of the technology on larger bore engines. 
Besides an outline of the test bed set-up, test results of the X72DF 
test engine are being presented. Additionally, a number of market 
references of two-stroke dual-fuel engines are shown.

Service experience with the first MAN 
B&W diesel ME-GI engines on board LNG 
vessels (ID 269)

Main author: Lars Ryberg Juliussen, MAN Diesel & Turbo, Denmark

Co-authors: Ho Jung Choi, Hyundai Heavy Industries Co. Ltd., Republic of Korea 
Hwa Taik Lee, Hyundai Heavy Industries Co. Ltd., Republic of Korea  
Michael Johnsen Kryger, MAN Diesel & Turbo, Denmark

After years of research and development as well as valuable ex-
periences gained on testbeds, the ready-to-apply concept of the 
ME-GI engine has now reached its maturity by being installed 
and operating on several commercial vessels.

The ME-GI engine is a low-speed, two-stroke, dual-fuel en-
gine that when acting as main propulsion in LNG carriers, can 
consume natural gas, boil-off gas or fuel oil at any ratio, depend-
ing on the energy source available on board.

In close cooperation with HHI-EMD and other MDT part-
ners, multiple test campaigns on various research platforms have 
been conducted to prove that the ME-GI concept is safe, matured 
and cost efficient.

In the current paper, the verification of the optimised ME-GI 
engine design, functionality, performance and reliability as well 
as the validation of the gas supply and auxiliary systems on board 
LNG vessels are presented.

As confirmed from previous testing campaigns, fuel efficien-
cy of the ME-GI engine has been improved when changing from 
oil to gas at comparable engine operating conditions, in particular 
the optimised pilot fuel oil consumption and the specific dual-
fuel (SDF) operation are to mention. The latest ME- GI results 
from service experiences are presented and thereby, the ME-GI 
engine operational features expect to offer efficient ship propul-
sion with low emission values, in which current emission regula-
tions are met and the energy efficiency design is improved.

Moreover, continuous optimisation during the development 
work has secured a user-friendly design of the gas components. 
Production support has issued new, updated installation guides, 
recommendations and design specifications as well as special tools 
in order to facilitate successful installation and operation in service.

Equally, essential knowledge obtained from extensive testing 
in close cooperation between MDT and partners has improved 
the ready-to-apply solutions for gas supply systems and auxiliary 
equipment, e.g., reliability and efficiency for cryogenic pumps, 
compressors and gas valve train (GVT), which aims to add to the 
cost-efficient benefits of the ME-GI concept.

Based on the well-proven ME engine control system (ME 
ECS), which holds the overall responsibility of safe gas operation 
in the engine room as well as a complete monitoring of all major 
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safety aspects, it is anticipated that future service experiences on 
board LNG carriers will verify this unique safety feature and will 
be discussed further in details in the present paper.

The overall conclusion from the ME-GI service experience on 
board LNG Carries are presented, highlighting the lessons learned 
and support the above mentioned features of the ME-GI concept.

The new ACD medium-speed gas and dual-
fuel marine propulsion engine (ID 236)

Main author: Gareth Estebanez, AVL List GmbH, Austria

Co-author: Shiming Zhang AnQing, CSSC Diesel Engine Co. Ltd., China

Anqing CSSC Diesel Engine Co Ltd (ACD) has partnered with 
AVL List GmbH (AVL) to design a new spark-ignited (SI) gas and 
a new dual-fuel (DF) medium-speed engine platform for marine 
propulsion applications. The engines were to use a common design 
as much as possible, with differences between the two kept to an 
absolute minimum necessitated by the combustion concepts: The 
SI gas engine is a prechamber spark ignition (PCSI) concept. The 
DF engine uses a main injector and a micro pilot injector.

The paper will describe the design approach used for the selected 
combustion concepts and the design methodology used to achieve a 
high degree of commonality between the SI gas and the DF engines.

The SI gas engine was designed to be IMO III compliant. The 
dual-fuel engine was designed to be IMO III emissions capable 
when operating in gas mode and IMO II emissions capable when 
operating in diesel (MDO, HFO) mode. The paper will discuss 
how a combination of thermodynamic calculations and existing 
engine development experience was used to determine the opti-
mum engine performance and emissions architecture.

The paper will describe key design elements of the new en-
gine platform, and the differentiating features between the SI gas 
and DF engines will be discussed. Advanced CAE analysis was 
used in conjunction with the design of the engines to ensure they 
were optimised for functionality and operational efficiency. The 
approach will be described in some detail for the cylinder head 
design, since there was a challenging requirement to integrate the 
combinations of main and micro-pilot injectors and the SI pre-
chamber together with optimal port geometries while maintain-
ing sufficient structural strength and cooling.

At the time of writing, the prototype engines were in the pro-
curement and assembly phase, therefore the paper will only focus 
on the design and analysis phase.

Date: Wednesday June 8th 
Time: 13:30 – 15:00 
Room: Wärtsilä Hall 

Topic: 11 - Users‘ Aspects, Maintenance & Monitoring – Marine 
Applications 
Session: Emission Technologies and Choices 

Choice of Tier III technologies – shipowners’ 
viewpoints (ID 134)

Main author: Christer Wik, Wärtsilä Corporation, Finland

Co-authors: -

The objective of the paper is to investigate how shipowners and 
operators react to a change in the landscape regarding demands 

in emission levels and how they make the final choice of en-
gine technology to comply with them. One hypothesis is that 
the lifecycle cost of the technology implemented plays a vital 
role and is the main parameter for the choice. An analysis of 
different technology options available for reducing NOx and 
SOx engine emissions has been made regarding implications 
on the lifecycle cost. The evaluations are based on operating 
data from ship operators and in-company technology data. 
The case studies are made for some chosen ship applications 
and include variations in operating time inside ECAs as well 
as fuel prices and reduction agents. Furthermore, shipowners 
and operators in Asia, Australia and the EU have been inter-
viewed to find out the differences between the markets regard-
ing how the choice of engine emission reduction technology is 
made and how shipowners and operators expect the market to 
develop from an environmental point of view. Different ship 
applications at different segments and markets are studied to 
get a wider overview.

Case and lifecycle cost studies conclude that the optimum 
solution varies depending on many issues, for instance operating 
time inside ECAs and real prices for fuels and reduction agents. 
Overall, switching to gas engines seems to be a very attractive 
alternative. Shipowner interviews showed some differences in 
attitudes between Asian, Australian and EU-based shipping com-
panies in respect of willingness to implement new, sustainable 
technology solutions. Lower operating cost (OPEX) was seen as 
more important than lower capital expenditure (CAPEX), when 
making the choice of future low-emission technologies.

With the paper, the reasons why certain emission reduction 
technologies are chosen should become clearer, and the biggest 
potential winners on the technology side will be listed for some 
chosen shipping segments under the assumptions made.

The engine users and the implications of 
IMO Tier III coming into force (ID 62)

Main author: Jörg Erdtmann, NSB Niederelbe Schiffahrtsgesellschaft mbH & Co. 
KG, Germany

Co-author: Keith Wilson, Keith Wilson & Associates, UK

The coming into force of the IMO Tier III requirements has 
brought many problems for engine users regarding the conver-
sion of engines to use new fuels plus the need for new lubricating 
oils to suit them. At the time of writing the operation of dual-fuel 
engines is not guaranteed 100%.

All of this represents changes and uncertainties for the users 
when the turbocharging state, especially on four-stroke engines 
and blower failures on two-stroke engines, has not been fully re-
solved. In addition, the use of exhaust gas scrubbers is not yet a 
certainty for many.

In European Emission Control Areas (ECAs) only one case 
has been recorded so far where Exxon HDMA 50 fuel was mixed 
with HFO. That gave asphaltenes fall out and the storage tank had 
to be cleaned manually. With the HFO limited to only 4.0% (not a 
realistic figure on board a ship) the storage tank still needed strip-
ping. Therefore, in the long-term ship operators cannot live with 
different brands of fuel oil. There needs to be an ISO Standard 
that would ensure the mixability of new fuel grades.

Such an ISO Standard must be so that it can fixed within a 
charter party while quality control and international supply will 
be the same at every port. The RND 80 mix, according to the 
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ISO Standard 8217, may be the future standard as proposed by 
many suppliers.

At the same time, there are quite a number of problems with 
large four-stroke engines using marine gas oil (MGO) when op-
erating in ECAs. An example of this is that fuel leaks into the lube 
oil trunk at a rate of up to 1.5 tonnes in seven hours. Therefore, 
there is a distinct risk of bearing failures or fire in the lube trunk. 
The oil cooling system for the fuel injectors is also under investi-
gation.

All of this means increased costs for the operator (the engine 
user) at a time when all costs are rising and profits are often in 
decline.

Experience from the world’s first ethane-
powered multi-gas carrier (ID 286)

Main author: Grant Gassner, Wärtsilä Corporation, Finland

Co-authors: Mihir Navalkar, Evergas, Denmark 
Jens Karlsson, Wärtsilä Corporation, Finland 
Luca Zubin, Wärtsilä Corporation, Finland

In January 2013, Evergas, owner and operator of seaborne petro-
chemical and liquid gas transport vessels, announced that it had 
secured 15-year shipping agreements with INEOS Europe for the 
transportation of liquefied ethane gas (LEG) from US shale re-
serves to Europe. On June 1st 2015, the first in a series of eight 
27,500m3 Dragon-class vessels ordered by Evergas was delivered 
from the Sinopacific Offshore & Engineering Shipyard in China. 
The vessels feature a comprehensive Wärtsilä solutions package, 
including two Wärtsilä 50DF dual-fuel engines, Wärtsilä propul-
sion equipment including gearbox, two Wärtsilä 20DF auxiliary 
generating sets, a Wärtsilä LNG fuel system, and a Wärtsilä cargo 
handling system.

During the first half of 2015, Evergas, INEOS and Wärtsilä 
embarked on a joint development project to test, validate and cer-
tify the Wärtsilä 50 dual-fuel engine to use LEG as an alternative 
fuel to LNG for the Dragon-series of vessels. The opportunity to 
use ethane as fuel in the main engine would allow Evergas and IN-
EOS to streamline their operations in three ways. Firstly, engines 
capable of burning ethane enable Evergas to burn the natural boil-
off gas coming off the cargo tanks. Normally, if not burned in the 
engines, the gas would need to be re-liquefied, which requires a 
significant amount of energy, thus making it very practical and 
economically beneficial to use the boil-off gas in the engines 
to power the vessel. Secondly, in case of burning LNG, Evergas 
would have needed to bunker LEG and LNG separately, creating 
an inconvenience in their operations. The ability to burn ethane 
gas in the main engines now eliminates the need for Evergas to 
bunker separate fuels. Finally, using ethane in the engines allows 
Evergas to use the LNG deck tanks to carry cargo, thus increasing 
the payload, efficiency and profitability of the operation.

In addition to the above benefits, the engine is successfully 
certified as IMO Tier III compliant in gas mode, using either 
ethane, methane or any mixture of the two gases, without the 
need of secondary exhaust gas treatment systems, such as selec-
tive catalyst reduction and/or exhaust gas recirculation - all with a 
relatively simple and cost-effective low-pressure gas system. The 
engines are capable to burn MDO, LFO, LEG and/or LNG with 
uninterrupted operation.

The paper will summarise the testing and operational experi-
ences of the world´s first marine engine using LEG as marine fuel. 

The paper highlights actions taken on the engine to optimise en-
gine performance for LEG fuel, including power availability, load-
ing, emissions and efficiency. The operator´s experience with 
the engines, based on sailing experience from the Dragon-series 
vessels running on ethane fuel, is summarised in the paper along 
with customers’ and shipyard’s benefits of Wärtsilä´s integrated 
solution for a modern multi-gas carrier.

Service experience of MAN B&W two-
stroke diesel engines (ID 34)

Main author: Stig Baungaard Jakobsen, MAN Diesel & Turbo, Denmark

Co-authors: -

A high number of G- and S-type engines of the latest generation 
have successfully entered service. The engines are characterised 
by Tier II compliance; typically they have heavily de-rated layouts 
and focus on part- and low-load fuel optimisation. Almost 100% 
of the engines are electronically controlled ME-C&ME-B types.

The paper will give an update on service experience for this 
generation of engines. Topics touched upon will be electronic and 
hydraulic issues for the ME-engines, cylinder condition mainly 
focussing on cold corrosion control, issues related to structural 
integrity and bearing performance.

Furthermore, early service experience for the high-pressure 
gas injection ME-GI engines will be shared.

Also, the service experience for the Tier III-compliant en-
gines with exhaust gas recirculation (EGR) or selective catalytic 
reaction (SCR) will be presented.

Date: Wednesday June 8th 
Time: 13:30 – 15:00 
Room: MTU Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: New Systems for Emission 

Combination of EGR and fuel-water  
emulsions for simultaneous NOx and  
soot reduction in a medium-speed diesel  
engine (ID 248)

Main author: Panagiotis Kyrtatos, ETH Zurich, Switzerland

Co-authors: Konstantinos Boulouchos, Swiss Federal Institute of Technology, 
Switzerland 
Kai Herrmann, Paul Scherrer Institut, Switzerland

Recent and future NOx emission legislations have placed increas-
ing pressure on engine manufacturers to adopt additional NOx 
emission reduction measures. A well-established method for 
NOx reduction in diesel engines is the use of cooled exhaust gas 
recirculation (EGR), which reduces the flame temperature result-
ing in lower NOx formation. The adoption of EGR results in in-
creased soot emissions due to the lower flame temperature and 
reduced oxygen availability, both of which hamper soot oxida-
tion. Using water-in-fuel emulsions, past research has shown that 
the soot emissions can be reduced, a process which is understood 
to take place due to changes in spray and chemical kinetics.

In the paper the combination of EGR and fuel-water emul-
sions (FWE) is tested on a prototype two- stage turbocharged 
six-cylinder 1MW Wärtsilä W20 common rail medium-speed 
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diesel engine. The exhaust gases are recirculated to the intake us-
ing a semi-short EGR system, which directs part of the exhaust 
gases from the high-pressure exhaust manifold through an EGR 
cooler to the intermediate pressure intake manifold before the 
high-pressure (HP) compressor. The EGR is then compressed to 
the high-pressure intake manifold along with the charge air us-
ing the HP compressor. The FWE is performed online using a 
prototype system that injects the water into the fuel directly be-
fore the high-pressure fuel pump. Thus, no additional additives 
are required to keep the water emulsified in the fuel. The water 
is injected into the fuel stream at high pressures (~12bar) using 
dedicated nozzles, which have a different diameter depending on 
the load, to assure adequate emulsification and the formation of 
small water droplets.

The focus of the study is placed on the emission reduction 
potential of the combination of EGR and FWE, with specific em-
phasis on NOx and soot emissions. At high EGR levels and me-
dium load, the results show a >60% reduction in exhausted par-
ticulate mass combined with a slight reduction in NOx emissions 
at constant fuel consumption, when using 15% water-in-fuel by 
mass. Compared with the non-EGR engine, NOx is reduced by 
>80%, while particulate mass is increased by about a factor of 3 
when using 15% water, compared with a >9 times increase when 
using no water addition.

Overall, the paper presents the advantages of combining EGR 
and FWE in terms of emissions. In addition, it shows the effec-
tiveness and flexibility of the newly developed online FWE sys-
tem, which allows instantaneous variation of water amount under 
all loads, while minimising the requirements for moving parts.

Zero NOx emission in large-bore medium-
speed engines with exhaust gas  
recirculation (ID 58)

Main author: Matteo Imperato, Aalto University, Finland

Co-authors: Christer Wik, Wärtsilä, Finland 
Martti Larmi, Aalto University, Finland 
Teemu Sarjovaara, Aalto University, Finland 
Ossi Kaario, Aalto University, Finland

Since NOx are mainly formed in high temperature zones, re-
search to comply with new regulations has been oriented 
towards reducing the combustion temperature by low com-
pression temperature or using gas fuels. However, exhaust gas 
recirculation has been adopted successfully in high-speed die-
sel engines for a few decades. The study describes the applica-
tion of exhaust gas recirculation in a single-cylinder, large-bore 
medium-speed research engine. The system permits to cool the 
exhaust gas and mix it with the charge air in the intake manifold 
like in smaller engines. Tests were carried out with an exhaust 
gas rate of up to 30% at an engine load ranging from 10 to 20 bar, 
as indicated mean effective pressure. All the tests were run at 
constant speed of 900 rpm. In addition, two injection pressure 
levels were tested. The results showed that exhaust gas in the 
mixture charge reduced the combustion temperature, abating 
NOx by up to 95%. However, this implied longer combustion 
duration worsening the engine fuel economy. To improve the 
fuel economy, Miller cycle was applied and the exhaust gas rate 
reduced. The outcomes claimed more favourable NOx fuel con-
sumption trade-off to meet the limits, which can be optimised 
by tuning the injection pressure and timing.

Numerical and experimental study of  
in-cylinder cleaning technologies for  
medium-speed diesel engines (ID 300)

Main author: Tianhao Yang, Dalian University of Technology, China

Co-authors: Yao Fu, Dalian University of Technology, China 
Wuqiang Long, Dalian University of Technology, China 
Shuang He, Dalian University of Technology, China 
Liyan Feng, Dalian University of Technology, China 
Hua Tian, Dalian University of Technology, China

In this work novel various internal purification methods were nu-
merically analysed on a large-bore medium-speed diesel engine, 
under different valve close timings, geometric compression ratios, 
injection timings and EGR rates, to evaluate their potentialities 
of emissions abatement. In addition, two types of novel combus-
tion chambers, defined as chamber one and chamber two, were 
designed and experimentally tested for NOx reduction abilities. 
Numerical results show that, as the intake valve close timing is 
advanced up to 50°CA before BDC, NOx is reduced by as much 
as 27%, while the peak of premixed combustion heat release rate 
is increased, which can weaken the Miller cycle’s ability to reduce 
NOx emissions. Moreover, the peak of premixed combustion 
heat release rate can be reduced by increasing the geometric com-
pression ratio up to 15.4, and combining with a 6°CA delay of in-
jection timing, NOx emissions can be reduced by 55.3% from the 
baseline. Furthermore, over 80% NOx and 20% soot reduction 
can be achieved, when the above schemes are cooperated with 
15% EGR with a constant air fuel rate by raising boost pressure, 
which can avoid NOx increase from low oxygen concentration. 
Thus, the trade-off relationship between NOx and soot can be 
compromised. Afterwards, two novel combustion chambers were 
tested separately under E3 cycle to evaluate their emissions re-
duction abilities. Chamber one allows mixture to spread wider re-
sulting in 6%-14% NOx and 5.7% fuel consumption reduction at 
medium and high load. Chamber two improves the combustion 
process by providing injection spray with open space in the di-
rection of spray development and reducing wall-wetting, and re-
duces 1.8-2.5% of fuel consumption with an original level of NOx 
emissions at medium and high load. In conclusion, NOx and soot 
can be reduced simultaneously by using moderate Miller cycles 
combining with moderate EGR, and novel combustion chambers 
show great potential in NOx abatement.

Method for analysing prechamber NOx 
emissions from large gas engines (ID 130)

Main author: Gerhard Pirker, LEC GmbH, Austria

Co-authors: Andreas Wimmer Graz University of Technology, Austria 
Christoph Redtenbacher, LEC GmbH, Austria 
Markus Krenn, LEC GmbH, Austria 
Jan Zelenka, LEC GmbH, Austria 
Philipp Mayr, LEC GmbH, Austria

To obtain NOx emissions that fall below the increasingly lower 
NOx limits with prechamber gas engines, it is not enough to 
merely increase the excess air ratio in the main combustion cham-
ber. This would result in significant losses in engine efficiency. In-
stead, it is necessary to focus on the NOx emissions created in the 
prechamber in particular, since they greatly contribute to the total 
amount of NOx emissions. Thus, when developing combustion 
concepts for prechamber gas engines, attention must be paid to 
finding ways to reduce NOx in the prechamber without compro-
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mising the effectiveness of flame torches in initiating combustion 
in the main combustion chamber.

The article will make use of engine measurements to show 
what challenges arise as a result of high prechamber NOx emis-
sions. The main emphasis is placed on a methodology that is 
capable of characterising the origin of NOx emissions. Next, the 
causes of NOx formation in the scavenged prechamber are inves-
tigated by conducting detailed analyses of testbed measurements. 
Advanced analytical tools that rely mainly on 0D models and 
analysis methods are applied to perform calculations of the ther-
modynamic conditions in the prechamber in order to calculate 
prechamber NOx. These tools are also capable of calculating the 
charge composition in the prechamber at ignition timing, which 
is relevant information for ignition and flame propagation. The 
flow of nitric oxides between prechamber and main combustion 
chamber is considered as well.

Thorough knowledge of parameters related to the precham-
ber such as prechamber pressure curve and prechamber gas 
amount, composition of the scavenging gas and timing of the ad-
mission is imperative.

The described methodology is used for developing combus-
tion concepts for highest efficiencies that are able to also comply 
with future low NOx emissions levels.

In addition, it is shown what impact various prechamber 
parameters (amount of prechamber gas, prechamber geometry, 
etc.) and different types of scavenging gases, such as hydrogen 
and reformer gas, have on prechamber NOx formation. The in-
teraction between the prechamber and the main combustion 
chamber will be analysed in detail.

Date: Wednesday June 8th 
Time: 13:30 – 15:00 
Room: AVL Hall 

Topic: 12 - Users’ Aspects, Maintenance & Monitoring – Land-
based Applications 
Session: Users’ Aspects, Maintenance & Monitoring – Land-based 
Applications 

Prognosis performance of a diagnosis 
system for low-speed two-stroke diesel 
engines (ID 71)

Main author: Francisco Jimenez Espadafor, Seville University, Spain

Co-authors: Francisco Fernandez Vacas, ENDESA-ENEL, Spain 
Miguel Bueno Amo, ENDESA-ENEL, Spain 
Daniel Palomo Guerrero, Seville University, Spain

Low-speed diesel engines show reduced availability when com-
pared with steam turbines or, to a lesser extent, gas turbines. The 
state of mechanical parts as piston, cylinders, rings, valves or in-
jectors is usually maintained through operational maintenance, 
where detailed knowledge of turbocharger vibrations is not usu-
ally available.

The paper shows the performance and main features of a di-
agnosis system currently in service on four 14 MW / 125 rpm 
10-cylinder, two-stroke uniflow-scavenged diesel generators. The 
system captures and processes the information provided by 17 
sensors: one accelerometer per cylinder head, one accelerometer 
per each turbocharger, one pick-up for each turbocharger for rpm 
measurement, one pick-up for instantaneous engine speed at fly 

wheel and one instantaneous torque sensor formed by strange 
gages located in the shaft between engine and generator.

The diagnosis system is based on data-driven techniques sup-
ported by the historical data of the diesel generator at good con-
dition. For the engine, the system captures about 1,000 of engine 
cycles per day and applies windowing to every relevant engine 
process, allowing the supervision of the following events:

Engine: needle injector opening, needle injector closing, start 
of injection angle, end of injection angle, combustion roughness, 
compression stroke, expansion stroke, inlet port opening, exhaust 
valve closing, indicated torque harmonics.

Generator: harmonics of the generator rotor oscillation. It has 
been demonstrated that harmonics 24th, 48th, 72th and 96th are 
related to the transitory torque generated by the passing of the 
rotor armature in front of the stator and therefore to its technical 
condition.

For the turbochargers, the analysis is performed for a package 
of 80 consecutive turbocharger cycles, allowing the supervision 
of the following events:

Turbocharger: engine power turbocharger rpm curve, bear-
ing vibration harmonics, turbocharger shaft vibration harmonics.

Each event is characterised by an indicator (harmonic am-
plitude, root mean square acceleration amplitude at specific 
frequency band, torque and angular speed amplitude at specific 
frequency band, mean turbocharger speed). The reference con-
dition is evaluated from the event indicator-power data map at 
good condition, which is gathered after engine overhaul or after 
the replacement of the component. The condition of the engine 
generator is evaluated from the evolution of the symptom named 
SINDEX along operational hours of the generator:

SINDEX = 2 •  abs[Ic (W) - It max (W)] / [It max (W) + It 
min (W)] if Ic (W) > It max (W) SINDEX = 2 •  abs[Ic (W) - It 
min (W)] / [It max (W) + It min (W)] if Ic (W) < It min (W)

Being I the event indicator, W generator power, suffix c the 
current value, suffix t the reference template value and max and 
min refers to the maximum and minimum values of the indicators 
template for every generator power band.

The system has been working since 2012 in one group and 
since 2015 in the three identical diesel groups at Diesel Power 
Plant of Mahón (Balearic Island, Spain). Up to now the system 
has identified the following anomalies:

 > Cylinder seizure (3)
 > Broken rings (9)
 > Injector malfunction (5)
 > Changing of the start of injection (3)
 > Exhaust valve regulator failure (2)
 > Turbine blade failure (1)
 > Compressor fouling (continuously)

Work is in progress to increase the capability of the system to 
identify combustion anomalies that will be developed before the 
28th CIMAC Congress.

Support scheme in collaboration with 
manufacturers making use of the diagnostic 
platform-based on big data analysis (ID 74)

Main author: Takashi Fujii, Diesel United Ltd., Japan

Co-authors: Junichi Hirata, ClassNK, Japan 
Koji Takasaki, Kyushu University, Japan
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The recent advancement in computer performances and the de-
veloped machine learning algorithm have been bringing us to the 
more sophisticated abnormality detection and condition diagno-
sis based on big data analysis. The results have also been required 
for safer and more economical operations.

However, when it comes to the machineries in the engine 
room of a ship, the practical diagnostic system that gives suffi-
cient economic effects does not seem to prevail, because:

 > The engine room consists of a number of machineries of dif-
ferent manufacturers, each of which must be equipped with 
its own diagnostic system;

 > The diagnostic system for smaller machineries in particular 
is less likely to be developed due to a lack of expected cost 
effectiveness; or

 > The measurement items for the engine system lack unified 
standards for data format, impeding the development of 
multi-purpose systems.

To find a solution to the above mentioned problems, a mecha-
nism equipped with the following functions has been developed:

 > A diagnostic platform applicable to diverse machineries 
and equipped with the support functions for the automatic 
abnormality detection, automatic condition diagnosis and 
automatic troubleshooting;

 > The application of the automatic abnormality detection al-
gorithm based on machine learning and the establishment 
of the optimal method to apply the algorithm to each ves-
sel’s machinery;

 > The integration of the measured data and diagnostic results 
of each machinery with maintenance and management; and

 > The function for the uniform management and effective use 
of the aforementioned information.

A field test has been conducted witnessed by multiple machinery 
manufacturers for the purpose of diagnosing all the engine room 
machineries. The test has been indicating the originally antici-
pated effects.

The previous system has been applied to the practical ships 
in the last few years, with the majority of problems already solved 
indicating the effectiveness of the concept.

Machinery manufacturers can apply the platform to machin-
eries for which no diagnostic system was developed for cost effec-
tiveness reasons. The platform also helps users uniformly control 
a number of different machineries through a single system and 
easily have an advanced diagnosis from the specialist of machin-
ery manufacturers.

The study aims to further increase the accuracy in data analy-
sis and support safer and more

Operational experience and newly  
development for high performance of  
Kawasaki green gas engine (ID 150)

Main author: Takashi Horie, Kawasaki Heavy Industries, Japan

Co-author: Yoshishige Sakai, Kawasaki Heavy Industries, Japan

Kawasaki Heavy Industries, Ltd (KHI) is combining its KG series 
and KG-V series gas engine to develop the Kawasaki Green Gas 
Engine (GGE), and is expanding its share in the market, so the 
power range of 5.0 to 7.8 MW is covered by 12- and 18-cylinder 
engines. KHI has already shipped 60 sets, both in its home market 
and from international customers. 

GGE maintains both a high electrical efficiency (49.0%) and 
a low NOx emission level. Moreover, GGE can be operated from 
low load (30%) to high load and the electrical efficiency of the 
partial load is kept high. Thus, the GGE meets various require-
ments for a flexible operation range.
KHI’s experience and development are presented as follows:

 > 1) Operation experiences
The performance of the gas engine is confirmed at every engine 
sets at KHI Kobe works. KHI shows the experience of the stable 
high electrical efficiency.

In addition, KHI checked the engine parts at the scheduled 
maintenance and found them in good condition (especially fric-
tional parts) after long operation. 

 > 2) Gas engine optimisation for meet customers’ needs
KHI tried to perform various test to meet customers’ needs. The 
test is isolation operation mode, extreme quick starting and sudden 
calorific fluctuation, so KHI performed an engine optimisation. 

 > 3) Development of performance improvement
KHI has improved the combustion chamber configuration and 
other elements to improve the overall performance. KHI con-
firmed that a high electrical efficiency and lower NOx emission 
were achieved by the development. 

 > 4) Development of sign diagnostic system
KHI is also developing a sign diagnostic system. A life expectancy 
and the sign to breaking down are given beforehand by the sys-
tem, so the system enables the improvement of availability ratio.

Lean burn engines – the optimal power 
source for energy solutions (ID 85)

Main author: Mikael Wideskog, Wärtsilä Corporation, Finland

Co-author: Kenneth Widell, Wärtsilä Corporation, Finland

Several countries have made the political decision to move away 
from conventional power generation towards more environ-
mentally sustainable solutions. The currently available sustain-
able solutions, mainly solar and wind power have the drawback 
- besides the high investment cost - of the rainy days without 
wind. The de-centralisation of power generation is another ob-
vious change. Partly related to the above, but also related to the 
overall efficiency, avoiding losses induced by longer transporta-
tion distances, a need for smaller power plants can be foreseen. 
There are many actors on the market trying to seize this oppor-
tunity. Some are offering solutions to store the energy during 
optimal sunny and windy days, then to be used during the rainy 
days without wind, others are offering smaller power plants, 
ranging from 10 - 500 MW, for flexibility.

The most competitive solution, given the boundary condi-
tions today, is the lean burning internal combustion piston engine 
running on gas. The Smart Power GenerationTM, enabling fast 
starting and stopping for the sudden clouds in the sky or lack of 
wind as the weather fronts move away, is a spinning reserve with-
out spinning. The recent engine technology developments, in 
which over 50% of mechanical efficiency has been reached, also 
speak for the fact that smaller power plants can be made without 
compromising the efficiency.

The article will focus on the recent technology develop-
ments on spark-ignited gas engines and how they will support 
the change of power generation. In particular, the development 
regarding fast loading and unloading, as well as grid code com-
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pliance and efficiency at high and partial load will be analysed 
in greater detail. The lean burn gas engines are closing the gap 
to diesel engines in respect of load acceptance. The gas engines 
are well ahead regarding emissions, fulfilling today’s require-
ments without exhaust gas aftertreatment. The emission regu-
lations of the future are met with lean burning gas engines with 
less effort than those using conventional liquid fuels.

Date: Wednesday June 8th 
Time: 15:30 – 17:00 
Room: Finlandia Hall 

Topic: 10 - Fuels, Lubricants & Fluid Technologies 
Session: New Fuels I 

Visual study on combustion for develop-
ment of alternative liquid and gas fuels (ID 91)

Main author: Koji Takasaki, Kyushu University, Japan

Co-authors: Junichi Hirata, ClassNK, Japan 
Daisuke Tsuru, Kyushu University, Japan 
Stefan Mayer, MAN Diesel & Turbo, Denmark 
Johan Hult, MAN Diesel & Turbo, Denmark 
Tatsuo Takaishi, Maritime Innovation Japan Corporation, Japan

The trend of shifting from HFO to alternative fuels is promoted 
by two circumstances: tighter regulations for emissions from 
ships imposed by the IMO including the SOx and NOx regula-
tion and the benefit for cost-effectiveness in operation achieved 
by more affordable fuels.

The paper investigates the potential of a number of alterna-
tive fuels as future environmentally friendly marine fuels using a 
world-largest class visual combustion test facility, RCEM (rapid 
compression and expansion machine). Contents of the liquid fuel 
part are as follows:

Low-sulphur but high-aromatic fuel
CLO (clarified oil = heavy cycle oil) is a residual from the FCC 
(fluid catalytic cracking) process in the oil refinery, and is mainly 
composed of two to three ring aromatics. However, it has rather 
low-sulphur content and will be a fit for the global cap of marine 
fuel from 2020. As a measure to improve the poor ignition quality 
of CLO, a high CN (cetane number) component like GTL (gas to 
liquid) is mixed and the effect as an ignition improver is confirmed.

Large amount of water emulsion
In this test, large amounts of water, even more than fuel (cracked 
gas oil) itself is mixed and ignited by a pilot injection. About 
twice the volume of emulsified fuel is injected from a larger noz-
zle hole than the normal pure fuel case to obtain the same heat. 
The method is effective, not only to reduce NOx drastically to 
even clear the Tier III regulation (-75%) but also to promote 
spray combustion to achieve shorter after-burning. The reason 
for improvement of spray combustion is examined according to 
the momentum theory of fuel spray.

Methanol
As a zero-sulphur fuel, the combustion characteristics of metha-
nol are investigated. Methanol spray combustion displays ex-
tremely short after-burning and reduced NOx, which can be 
explained in the same way as for the water-emulsion technology.

Regarding the gaseous fuel study, gases suitable for the GI 
(high-pressure gas injection) type engine are investigated. Con-
tents are as follows:

Natural gas
Image of air-fuel mixture formation by high pressure natural gas jet 
is fundamentally near to that of liquid spray. The effect of gas injec-
tion pressure on GI combustion is investigated by raising it from the 
conventional 30 MPa level, and the improvement of air-fuel mixture 
formation that leads to faster diffusive combustion is studied.

Ethane
Ethane will be used as a marine fuel in the near future and GI combus-
tion of ethane instead of methane is here demonstrated. Results indi-
cate that the ethane jet burns with a more luminous flame because 
of a higher C/H ratio at a little slower burning speed than methane.

Hydrogen-admixture to natural gas
Adding hydrogen is one way to reduce CO2 further from the 
natural gas level. Moreover, the prominent effect to improve the 
natural gas diffusive combustion by added hydrogen is visualised.

Low calorie gas
Since air entrainment into a gas jet depends on the injected gas 
momentum, adding even inert gas thus increases the momentum 
and could improve the diffusive combustion. It is the same theory 
as for the above mentioned water emulsion. The admixture of nat-
ural gas and inert gas, equivalent to a low calorie gas shows a rather 
higher combustion rate during the injection than pure methane 
does. This is a unique feature of GI combustion, which is not seen 
in the lean-burn type engine. In addition, the inert gas, in contrast 
to hydrogen addition, has the merit of not increasing NOx.

Hydrogen as fuel for Wärtsilä gas engines 
(ID 84)

Main author: Kaj Portin, Wärtsilä Corporation, Finland

Co-authors: Hanna Berg, Aalto University, Finland 
Gilles Monnet, Wärtsilä Corporation, Finland 
Jenny Stegar, Wärtsilä Corporation, Finland

There is a global discussion if the excess power from renewable en-
ergy can be used for hydrogen production. Hydrogen is a good en-
ergy carrier. There has been some discussion that hydrogen could 
be used to be mixed into the natural gas in pipelines, and a small 
amount is already put into pipelines in Europe. As Wärtsilä engines 
can operate with limited amounts of hydrogen, the objective was to 
test and find the limits of hydrogen content in natural gas.

Hydrogen mixing into natural gas has been tested at Wärtsilä’s 
engine laboratory. For this purpose, a tailor-made gas mixing sta-
tion has been designed, built and used. The gas mixing station is 
built so that we can use different gases and ensure sure mixing 
ranges and a homogeneous blend. Hydrocarbons from methane 
to octane have been used as well as other gases like CO and H2. In 
the paper we will show the working principles of the gas mixing 
station and how safety was ensured in the engine cell.

The testing safety in the cell was guaranteed to make sure 
that the system is built for safe operation. The air exchange was 
improved by an extra fan coupled to hoods over the vulnerable 
areas. Additional sniffers were distributed throughout the system 
to ensure that possible leakages and other risk situations could 
be monitored online. The access to the test cell was restricted, 
and additional measures were taken to ensure safe testing. The 
needed safety for application in power plants and marine installa-
tions will be discussed in the paper.

Testing was done with mixing various contents of hydrogen 
in natural gas at different ambient conditions. We tested for both 
different applications and different contents of hydrogen, to en-
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sure a wide applicability. Both power plant and marine applica-
tions were considered. The target was to find the limits for the 
hydrogen content in the fuel regarding engine performance and 
operability. The paper will show the test results.

Feasibility and environmental impact of 
alternative fuels for shipping (ID 132)

Main author: Christos Chryssakis, DNV GL, Norway

Co-authors: Niels Clausen, MAN Diesel & Turbo, Denmark 
Christian Mørch, MAN Diesel & Turbo, Denmark 
Pierre Sames, DNV GL, Germany 
Hendrik Brinks, DNV GL, Norway

There is currently strong interest in exploring alternative fuels for 
shipping, as one of the solutions for complying with Emission 
Control Area (ECA) requirements. At present, LNG represents 
the first and most likely alternative fuel to be widely adopted in 
shipping. A number of other fuels, such as LPG, methanol and 
various types of biofuels, are also being considered and tested. 
The adoption of any new fuel will be driven by fuel price develop-
ments, technology, regulation, availability and the development 
of the appropriate infrastructure.

In the paper a cost-benefit comparison between HFO/MGO 
and LNG, LPG, methanol, and hydrogevated vegetable oil (VGO) 
will be presented. A product tanker will be used as the test vessel 
to enable the comparison between various fuels. A route includ-
ing operations in ECAs is defined. Economical comparison of the 
equipment and installation cost for each fuel will be performed. A 
number of fuel price scenarios will be considered to evaluate the 
operational costs of the vessel for each fuel option.

The environmental implications of using each one of the al-
ternative fuels will also be considered by performing lifecycle as-
sessment of the environmental footprint of each fuel. This will be 
mainly based on greenhouse gas equivalent emissions, but NOx 
and SOx emissions will also be included. 

A study on flame temperature and soot 
production characteristics of FAME mixed 
diesel oil (ID 249)

Main author: Akihiko Azetsu, Tokai University, Japan

Co-authors: Phung Kim Le, Ho Chi Minh City University of Technology, Japan 
Anh Tuan Pham, Ho Chi Minh City University of Technology, Japan 
Mohammad Haris, Tokai University, Japan

Due to the attractiveness of biofuel, a number of studies were 
conducted for examining the engine performance and emission 
characteristics of biodiesel used in diesel engine. The authors also 
conducted the systematic fundamental studies examining the 
spray combustion characteristics of biodiesels such as palm oil 
methyl ester (PME), coconut methyl ester (CME) and rapeseed 
methyl ester (RME) and reported at CIMAC 2010 and SETC 
2013. However, as biodiesel consists of some kinds of fatty acid 
methyl ester (FAME), it is difficult to determine the major factor 
governing the combustion characteristics of biodiesels. There-
fore, in the current research we used different types of FAME 
present in biodiesel.

To examine the phenomena in detail, the diesel spray flame 
formed in the constant volume high-pressure vessel was visual-
ised and the flame temperature and the soot concentration were 
analysed by the two-colour method of luminous flame. Ambient 

high-pressure and high-temperature conditions inside the con-
stant volume vessel were achieved by the combustion of hydro-
gen in an enriched oxygen and air mixture. The composition of 
the mixture was such that the oxygen concentration after hydro-
gen combustion would be at a predetermined value. Following 
hydrogen combustion, fuel was injected into the vessel at the time 
when the ambient pressure reached the expected value, and the 
spray combustion was then examined. The fuel injection system 
used in the present study is an electronically controlled accumu-
lator type fuel injection system developed by the authors. The 
ambient pressure and temperature were set to 3 MPa and 985 K, 
and the injection pressure was set to 100 MPa. Spray combustion 
was photographed using the colour high-speed video camera and 
the two-colour method was used to evaluate 2D temperature and 
soot distributions in flame.

The FAMEs examined in the study are lauric acid methyl 
ester, oleic acid methyl ester, linoleic acid methyl ester and lino-
lenic acid methyl ester, major components of CME, PME and 
RME. Furthermore, another biodiesel, i.e., rubber seed methyl 
ester is also tested together with other FAMEs. From the data 
of systematic experiments changing the mixing rates of tested 
FAMEs to diesel oil and ambient O2 concentration, the ignition 
and combustion characteristics are discussed in detail. Under the 
high temperature ambient condition around 1,000 K, type of 
fuel and the mixing rates has small effect on the ignition delay. 
Though there is a significant decrease in flame temperature as 
the decrease of ambient oxygen concentration, there is only small 
change in flame temperature for different type of fuel and mixing 
rate. FAMEs produced less soot compared with diesel. This may 
be due primarily to the higher oxygen content in fuel for FAMEs. 
However, the soot production tendency is different in each type 
of fuel. The presence of double bond may influence the increase 
of soot production in FAMEs. Though the soot yield increases as 
the ambient oxygen concentration decreases, FAMEs suppressed 
the amount of soot emission even at low ambient oxygen concen-
tration due to its high oxygen content.

Date: Wednesday June 8th 
Time: 15:30 – 17:00 
Room: Wärtsilä Hall 

Topic: 04 - Turbochargers & Air/Exhaust Management 
Session: Technologies and Applications 

Turbocharging system optimisation for 
Kolomna D500 newly designed engine 
platform (ID 290)

Main author: Pierre Jacoby, ABB Turbo Systems, Switzerland

Co-authors: Markus Laaksonen, ABB Turbo Systems, Switzerland 
Valery Ryzhov, PJSC Kolomensky Zavod, Russia 
Vasiliy Kneltz, PJSC Kolomensky Zavod, Russia

Turbocharging systems play a key role in optimising an engine 
concept in order to meet ever greater technical and commercial 
requirements faced when developing a state-of-the-art diesel en-
gine platform. Reliability, performance and flexibility are the ba-
sic criteria integrated in the trade-off, along with emission legisla-
tion and dedicated application specifics. Over the past years, JSC 
Kolomna Plant, one of the main industrial diesel engine manu-
facturers in Russia, has been developing a brand new platform, 
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’D500’, to tackle domestic market demand. It is a medium-speed, 
distillate fuel engine with a nominal brake mean effective pres-
sure of 25 bar at 1000 rpm. It has been designed essentially for 
traction application, and also with some possible use in power 
generation and main marine propulsion. Currently in the final 
qualification phase, it will enter commercial application in 2016 
and has some design protection for future emission regulations. 
In parallel, ABB Turbo Systems has been working on a turbo-
charger platform, TPR series, which is specifically tuned to these 
engine types on rail applications. It has a proven reliability record, 
high thermodynamic and mechanical performance, and a VTG 
module; a flexible feature for enhanced capability of the turbo-
charging system. After a brief description of both products, the 
paper will focus on how technical requests, product features and 
market demand are balanced to reach a competitive trade-off and 
fulfil the various application specifics. Different aspects will be 
reviewed - from product concept to field experience – and results 
from simulation works, engine test bed, validation program, and 
field qualification will be reported. The discussion will detail 
from engine / turbocharging module interconnection the opti-
misation possibilities for commercial operation and will depict 
future product potential

Challenge of environmentally friendly low-
emission system to Tier III for two-stroke 
diesel engines (ID 106)

Main author: Masanori Higashida, Kawasaki Heavy Industries, Japan

Co-authors: Ai Nishiyama, Kawasaki Heavy Industries, Japan 
Takamichi Hosono, Kawasaki Heavy Industries, Japan 
Shinji Nakao, Kawasaki Heavy Industries, Japan 
Ikumi Onishi, Kawasaki Heavy Industries, Japan 
Takuroh Nakamura, Kawasaki Heavy Industries, Japan

To meet current IMO NOx limitations with a minimum penalty 
in fuel oil consumption in any sea area, the K-ECOS (Kawasaki 
Ecology & Economy System) has been newly developed as an 
add-on system to the current two-stroke diesel engines for the 
field test. K-ECOS consists of four systems, including an exhaust 
gas recirculation system (EGR), a water treatment system for 

EGR (WTS), a water emulsified fuel system (WEF) and a turbo-
charger cut-out system (T/C cut), and an integrated control sys-
tem (K-ECOS-CS). K-ECOS prepares several running modes for 
operators. By just pushing a mode button on K-ECOS-CS suit-
able for the sea area, each mode selects and controls the systems 
to optimise fuel oil consumption and characteristics of emission 
automatically. Switching one mode to another or transit one 
system to another in the mode does not require complicate han-
dlings and delicate tunings between systems from the operators.

In ECAs, for instance, the ”Tier III” running mode is selected 
on the K-ECOS-CS, which controls EGR, WEF & T/C cut in 
parallel to comply with Tier III regulation without any penalty in 
fuel oil consumption.

Outside ECAs, a combination of WEF & T/C cut is normally 
used to achieve both lowest fuel oil consumption and emission 
level clearing Tier II regulation.

The high-pressure EGR system with built-in gas cooler and 
wet scrubber is applied for the compactness of the system and 
for a less risk of corrosion on the T/C blower. The scrubber is 
of chemical desulphurisation and gas-liquid collision type, which 
enables to remove SOx and PM efficiently. The major compo-
nents of the EGR are designed to be equipped on the engine to 
facilitate the installation on a ship.

The water treatment system of the EGR has been also origi-
nally developed to remove PM from the washing water in the 
scrubber. A special compact settling tank with unique ditches as a 
component has been developed based on the sewerage treatment 
technologies and secures the efficient removal of PM.

The turbocharger cut-out system has an original sequential 
control mechanism for two different size turbochargers in order 
to cut out or operate the smaller sub turbocharger automatically, 
depending on engine load, without engine stop for switching on/
off. It always contributes to the lowest fuel oil consumption in/
outside ECAs.

Water emulsified fuel technique precedes the EGR, and has 
already completed long-term operation tests for more than four 
years on other ships in order to accumulate experiences in the 
service field.
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The paper describes the features of the K-ECOS installed on 
the main engine Kawasaki-MAN B&W 7S60ME-C8.2 for a pure 
car carrier and reports about the engine performance and emis-
sion characteristics at shop trial, including the result of a combined 
EGR & WEF system in comparison with EGR alone and at sea trial.

Unsteady flow pulses interaction with a 
turbine (ID 308)

Main author: Yuri A. Grishin, Bauman Moscow Technical University, Russia

Co-authors: -

It is important to give the adequate boundaries at a turbine inlet 
when numerically modelling a one-dimensional simulation task 
(1D CFD) for unsteady flow in the exhaust system of a TC piston 
engines. The mostly wide used way is when the turbine charac-
teristics are taken for the turbine reflected exhaust pulses calcu-
lation, and these characteristics are obtained on the test bench 
at stationary conditions. In such cases, the boundaries ratios for 
numerical calculation are taken only at the one centred section 
of the turbine inlet. The method may not provide satisfactory 
results for the pulse systems calculation in case of the turbines 
of some particular geometry with or without blades snail nozzle 
outlet with an extended nozzle cut, whose length is equal to the 
length of the median circle diameter at the entrance to the impel-
ler, since the length of this circle is comparable with the length of 
an exhaust manifold itself.

In this case, it is necessary to consider the distribution of pulses 
interaction with the impeller over the median circumference diam-
eter. Experience shows that instead of the complicated gradual dis-
tribution along the length of the interaction one can use the model 
when the input to impeller conventionally concentrated in two sec-
tions - at the entrance to the cut-off nozzle and at its outlet, with 
this the inlet to the nozzle cut-off is represented as a tree branch.

The numerical calculation of unsteady flow before the first and 
second cross-sections is performed as a continuation of the 1D 
modelling of exhaust manifold, considering its constrictor geom-
etry and its losses in the nozzle. The flow calculation in relatively 
short ports of impeller is performed in a quasi- stationary formula-
tion with the usage of a shock of discontinuity methods. We devel-
oped a special method for accounting of the separated flow losses at 
the high values of the attack angle at the inlet to impeller.

Verification of the developed calculation method for interact-
ing pulses was carried out on a special experimental test bench 
consisting of solitary pulses generator, manifold and the turbine. 
Relevant calculations performed numerically with the usage of a 
shock of discontinuity methods (Godunova methods) showed a 
good agreement with the experiments.

Date: Wednesday June 8th 
Time: 15:30 – 17:00 
Room: MTU Hall 

Topic: 07 - Exhaust Gas Aftertreatment 
Session: NOx Reduction – Medium Speed 

Optimisation of NOx emission reduction in 
medium-speed marine diesel engines with 
SCR catalyst (ID 243)

Main author: Sun Shaowei, Technical University Braunschweig Institute of  
Internal Combustion Engines, Germany

Co-authors: Peter Eilts, Technical University Braunschweig Institute of Internal 
Combustion Engines, Germany  
Jan Dreves, Caterpillar Motoren GmbH, Germany 
Kai Ruschmeyer, Caterpillar Motoren GmbH, Germany 
Claude-Pascal Stöber-Schmidt, Technical University Braunschweig Institute  
of Internal Combustion Engines, Germany

With the introduction of IMO Tier III NOx emissions from 
marine diesel engines have to be reduced dramatically. With 
EGR it is possible to realise the required reduction. This has 
been demonstrated successfully in automotive engines. The 
operation of marine engines, however, poses some difficulties 
that do not exist in the automotive sector. These are high sul-
phur content of the fuel and the necessity to switch off the EGR 
outside ECAs.

Therefore, selective catalytic reduction (SCR) has turned out 
to be the mainstream solution, in particular for medium-speed 
engines. For the technology a supply of urea is necessary, which 
represents an additional operating fluid and therefore additional 
cost. This results in the task to minimise operational cost while 
maintaining emission limits and all operational boundaries of the 
engine and the aftertreatment system.

For this purpose a simulation model of the engine and the af-
tertreatment system is used. The basis is the commercial simula-
tion package GT-Suite. The engine cylinder is computed with an 
in-house model. For the calculation of heat release a quasi-steady 
jet model is used. Engine-out NOx emissions are calculated with 
an empirical model taking into account characteristics of the 
rate of heat release, gas temperature in the cylinder and oxygen 
concentration representing EGR rate, among other things. Good 
agreement between measurements and calculations is demon-
strated. The chemical reactions in the SCR catalyst are simulated 
with an artificial neural network, which is trained with data from 
a laboratory gas test bench.

With the toolbox a systematic parametric study is carried 
out. Engine parameters like injection timing, injection pressure, 
compression ratio, valve timing, charge air pressure, charge air 
temperature etc. are varied. All these have an influence on spe-
cific fuel consumption, engine-out NOx emission and exhaust 
temperature. The latter influences the conversion rate in the 
catalyst. The limitations of the engine-like maximum cylinder 
pressure and maximum temperatures are taken into account. 
NOx emission after catalyst is kept below the IMO Tier III lim-
it. As a result a matrix of fuel and urea consumption is obtained. 
From this the cost optimum can be calculated with the fuel and 
urea prices.

Development of exhaust gas  
aftertreatment systems applied to modern 
high efficiency four-stroke medium-speed 
engines (ID 97)

Main author: Heikki Korpi, Wärtsilä Corporation, Finland

Co-authors: Antonino Di Miceli, Wärtsilä Corporation, Finland 
Lars Ola Liavåg, Wärtsilä Corporation, Finland 
Göran Hellén, Wärtsilä Corporation, Finland

As a response to tightening emission regulations, efficient SCR 
systems for NOx emission reduction of diesel engines have been 
developed and successfully introduced on the market. The devel-
opment of modern high-efficiency engines tends to decrease the 
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exhaust gas temperatures, causing new challenges for the SCR 
systems. Tightening emission legislation can also often be met by 
introducing gas-operated engines. Despite of the low NOx, SOx, 
PM and CO2 emissions of gas engines, hydrocarbon emissions 
are now getting more focus by the regulators and, consequently, 
also in product development.

The paper gives an overview of the emission legislative de-
velopment and the aspects of developing exhaust gas cleaning 
systems for NOx and hydrocarbons applied to modern high-
efficiency, four- stroke medium-speed engines. Aspects of ex-
haust gas temperatures, pressure level, pressure drop, design 
parameters, performance, and regeneration possibilities are 
discussed for the application on both single- and two-stage tur-
bocharged engines. Real test examples along with simulation 
results are presented.

The operating temperature window of a SCR system for NOx 
control with high-sulphur fuels is mainly determined by ammo-
nium bisulphate condensation at low temperature and increased 
SO3 formation under high temperature. The exhaust gas tem-
perature of a single-stage turbocharged engine can be tuned for 
SCR operation with reasonable efforts, e.g., by controlled exhaust 
waste-gate and air by- pass valve operation. In two-stage turbo-
charged engines, the exhaust gas temperature is further decreased 
creating more challenges for temperature control. Installation of 
SCR between the turbochargers (inter-turbine SCR) provides 
higher operating temperatures and compressed exhaust gas with 
lower volumetric flow rate. These conditions enable higher cata-
lytic activity and a more compact SCR design compared with a 
post-turbine installation. An installation of reactor under pres-
surised conditions and high exhaust flow rates require detailed 
CFD simulation to optimise the pressure drop, urea conversion 
to ammonia and mixing in exhaust gases in order to reach a high 
catalytic performance.

The operating window for an oxidation catalyst for hydrocar-
bon control in lean-burn gas engines is mainly determined by the 
low activity at low temperatures and non-reversible deactivation 
at high temperatures. Depending on the catalyst chemistry and 
reactivity of the targeted hydrocarbon compounds, the oxidation 
catalyst can be located for optimum exhaust gas temperature in 
a pre-, inter- or post-turbine location (single- and two-stage tur-
bocharged engine, respectively). Fast deactivation of the catalyst 
by sulphur is the main challenge and obstacle for the practical ap-
plication of an oxidation catalyst.

The MAN SCR system – More than just 
fulfilling IMO Tier III (ID 26)

Main author: Andreas Döring, MAN Diesel & Turbo, Germany

Co-authors: Mehmet Baydak, MAN Diesel & Turbo, Germany 
Daniel Struckmeier, MAN Diesel & Turbo, Germany 
Ingo Bader, MAN Diesel & Turbo, Germany 
Joachim Hetzer, MAN Diesel & Turbo, Germany 
Mirko Bugsch, MAN Diesel & Turbo, Germany 
Gunnar Stiesch, MAN Diesel & Turbo, Germany 
Richard Losher, MAN Diesel & Turbo, Germany

At the beginning of 2016, IMO Tier III regulations came into force 
in designated NECAs. Even as these zones are up to now limited to 
the US and Canadian coastline and the Gulf of Mexico, great uncer-
tainty is caused by national, local and harbour regulations that are 
being discussed to limit the access of special areas to environmental 
friendly vessels or at least grant incentives to these vessels.

Therefore, the aim of the development of the MAN Diesel & 
Turbo (MDT) SCR system was not only to develop an aftertreat-
ment system for fulfilling the IMO Tier III limit but also to de-
velop a system that gives customers maximum flexibility and the 
possibility to minimise operating costs even in IMO Tier II areas. 
By doing so, the SCR system is no longer just an environmental-
driven device for NOx reduction but became an import tool for 
OPEX and EEDI reduction, which can be used even if the vessel 
is never intended to enter NECAs.

This was only possible as the engines and its SCR systems 
were optimised as an overall system and not as standalone, inde-
pendent components.

The MAN SCR system has proven its reliability by more than 
15,000 operating hours on a field test carrier operating on heavy 
fuel oil (HFO) and its compliance with IMO regulations by re-
ceiving the first IMO Tier III EIAPP certificate worldwide as well 
as the approval in principle for the entire MDT four-stroke en-
gine portfolio following scheme B certification.

Wärtsilä SCR development and experience 
for IMO Tier III (ID 204)

Main author: Jan Torrkulla, Wärtsilä Corporation, Finland

Co-authors: Pekka Kinnari, Wärtsilä Corporation Environmental Solutions, Finland 
Niko Soikkeli, Wärtsilä Corporation Environmental Solutions, Finland

SCR is a known technology and significant experience also 
exists from applications on ships. The new IMO Tier III rules 
will, however, entail installation of SCR into new applications 
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and involve parties without prior experience of SCR. The ar-
ticle will summarise the status of Wärtsilä’s SCR development 
and provide new information on how to ensure trouble-free in-
stallation and operation. The SCR is not a separate system that 
can be configured separately from the rest of the ship system. 
Planning, procuring, installation and final tuning of the system 
need to take into consideration the specific features of the in-
stallation. The SCR needs to be designed for the complete op-
eration window and operating conditions of the engine in the 
actual installation. Results will be presented on how the fuel 
and operating conditions influence not just the optimal catalyst 
system set-up, but also the overall selections made to fullfil Tier 
III operation requirements in ECAs. Thermal management of 
the catalyst system is a critical feature in a successful SCR in-
stallation and data will be presented on how optimised engine 
tuning and catalyst set-up handled together will ensure a trou-
ble-free SCR operation. The article will present how SCR in-
tegration with engine plays a crucial role in ensuring high SCR 
performance and durability. Urea dosing control and the need 
for NOx measurements is a key design feature of SCR systems. 
Pros and cons of different control strategies will be presented. 
SCR can be successfully operated also with low-grade fuels if 
the system is properly designed. This gives an advantage to op-
timise urea and fuel consumption in different operational areas 
and profiles. Follow-up data from existing SCR installations is 
presented. This information combined with other operating 
experience and supporting results from e.g., CFD simulations 
is used in the design of more robust and safe-to-operate SCR 
systems.

Date: Wednesday June 8th 
Time: 09:00 – 17:00 
 
Poster Topic: 02 – Product Development - Gas & Dual Fuel Engines 

MAN gas engine safety – Handling  
technical and regulatory challenges from 
part to plant (ID 271)

Main author: Hans-Philipp Walther, MAN Diesel & Turbo, Germany 

Front-loaded R&D process for high quality – 
development case Wärtsilä 31 (ID 100)

Main author: Jaana Tamminen, Wärtsilä Corporation, Finland 

Advanced pre-combustion chamber  
technology for large bore natural gas  
engines (ID 259)

Main author: Luigi Tozzi, Prometheus Applied Technologies LLC, USA 

Optimisation of gas injection in marine 
natural gas engine (ID 145)
Main author: Yang Li-Ping, Harbin Engineering University, China 

Introduction of liquid and gas dual fuelled 
gas turbine system for standby generator set 
(ID 48)

Main author: Masamichi Koyama, Niigata Power Systems Co. Ltd., Japan 

Demanding icebreaking - LNG-powered 
icebreaking features the industry’s most 
advanced technology (ID 226)
Main author: Magnus Kronholm, Wärtsilä Corporation, Finland 

Poster Topic 07 – Exhaust Gas Aftertreatment 

Performance investigation on new  
developed maritime SCR catalysts for  
medium-speed engine (ID 64)
Main author: Jinhee Koo, STX Engine Co.LTD., Republic of Korea 

Imitating emission matrix of large natural 
gas engine opens new possibilities for  
catalyst studies in engine laboratory (ID 107)
Main author: Timo Murtonen, VTT Technical Research Centre of Finland Ltd., Finland 

Optimised performance, design and  
manufacturing of compact silencer system 
for engine exhaust noise (ID 187)
Main author: Sami Oksanen, Wärtsilä Corporation, Finland

Date: Thursday June 9th 
Time: 08:30 – 10:00 
Room: Finlandia Hall 

Topic: 02 - Product Development – Gas & Dual Fuel Engines 
Session: Medium Speed Engines II 

New DF engine portfolio 
(Wärtsilä four-stroke) (ID 251)

Main author: Petri Aaltonen, Wärtsilä Corporation, Finland

Co-authors: Kenneth Widell, Wärtsilä Corporation, Finland 
Pekka Vaahtera, Wärtsilä Corporation, Finland 
Arto Järvi, Wärtsilä Corporation, Finland

The paper focuses on the new four-stroke large- and medium-
bore dual-fuel engine portfolio development for marine and sta-
tionary power plant solutions concentrating on the following top-
ics: Engine reliability, transient operation capability, operational 
flexibility and the increase of thermal efficiency with liquefied 
and gaseous fuels. 

Latest development of large gas engine 
(MD36G) (ID 86)

Main author: Kento Mayuzumi, Mitsui Engineering & Shipbuilding Co. Ltd., Japan

Co-authors: Hidehiko Takemoto, Daihatsu Diesel Mfg. Co. Ltd., Japan 
Hisako Kato, Mitsui Engineering & Shipbuilding Co. Ltd., Japan 
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Toshiro Oka, Mitsui Engineering & Shipbuilding Co. Ltd., Japan 
Morio Kondo, Mitsui Engineering & Shipbuilding Co. Ltd., Japan

Mitsui Engineering & Co, Ltd (MES) has, together with Daihat-
su Diesel MFG CO, Ltd, developed the large lean-burn gas en-
gine MD36G. The base engine of the MD36G is the medium-
speed diesel engine Daihatsu DK-36. The power output of the 
MD36G, which was launched in April 2008, is 3.7 MW. A sig-
nificant feature is the direct injection of micro pilot as ignition 
system. The six-cylinder MD36G has been working well and its 
reliability has been confirmed by operating more than 20,000 
hours.

To achieve higher generating efficiency we have improved 
the gas engine and added heat recovery technology. As one 
of the improvements we have optimised the method of direct 
injection of micro pilot. The optimised method can increase 
combustion speed of the pre-mixture and efficiency of the gas 
engine. The most attractive point of the method is to suppress 
NOx increase in the exhaust gas and avoid abnormal combus-
tion in the cylinder while increasing efficiency. As heat recovery 
technology, a THS (turbo hydraulic system) and a VPC (vari-
able phase cycle) system have been added to the gas engine sys-
tem. The THS can take the power from excess energy of the 
turbocharger by converting it to hydraulic pressure. The VPC 
system can take the power from low-temperature exhaust gas af-
ter the turbocharger, which has not been used before. The THS 
can also assist the turbocharger rotation and thereby the gas en-
gine can respond quicker to load fluctuation than before. It is 
confirmed that the generating efficiency of the MD36G reaches 
48.8 % in V-type and 47.8 % in L- type. Moreover, especially for 
customers with a main demand for electric power, the generat-
ing efficiency will be improved further by adding THS and VPC 
to the MD36G gas engine system.

Development of Kawasaki green gas  
engine for marine, L30KG series (ID 159)

Main author: Yosuke Nonaka, Kawasaki Heavy Industries, Japan

Co-authors: Towa Hirayama, Kawasaki Heavy Industries, Japan 
Shigeharu Fujihara, Kawasaki Heavy Industries, Japan 
Hiroyoshi Ishii, Kawasaki Heavy Industries, Japan

Against the background of current and upcoming regulations 
for the prevention of air pollution from ships, Kawasaki Heavy 
Industries, Ltd (KHI) started the development of the L30KG 
marine gas engine in 2011 based on its KG series for power 
generation plants. The L30KG is designed as an in-line engine 
to facilitate maintenance work on board and covers a power 
range of 2,670 to 4,005 kW with six, seven, eight and nine cyl-
inders.

KHI completed the 6L30KG test engine in November 2013 
and conducted various tests at KHI Kobe works for about a year. 
Through the test, KHI improved the engine control system ac-
cording to marine propulsion and confirmed performance and 
reliability of 6L30KG. In April 2014, L30KG was type approved 
by the classification society DNV GL. 

The charge air system, the exhaust system and the control 
system have been developed to meet requirements of marine 
propulsion. Occurring knocking can be governed by using an 
optimised combination of air-fuel-ratio and ignition control. 
Unless there is a risk of knocking, ignition timing can be rapidly 

set to the optimal timing that leads to the most efficient com-
bustion in the condition. While such modifications are applied, 
NOx emission level remained almost the same as in the KG 
series, which means being well below IMO Tier III limitation 
without any aftertreatment

The L30KG was operated by LNG vapourised gas with a 
variation of quality like methane number or calorific value and 
city gas with stable quality. It was confirmed that the L30KG 
can bear not only a low-methane-number gas but also the rapid 
fuel gas composition changing that is caused by the process of 
vapourising LNG.

Thanks to these characteristics, the L30KG can be applied 
to various marine applications, such as mechanical drive by con-
trollable pitch propeller and marine generating sets including 
electric drive and can contribute to green environment for the 
future.

Dual-fuel engine optimised for  
marine applications (ID 47)

Main author: Andreas Banck, Caterpillar Motoren GmbH & Co. KG, Germany

Co-authors: Eike Sixel, Caterpillar Motoren GmbH & Co. KG, Germany 
Carsten Rickert, Caterpillar Motoren GmbH & Co. KG, Germany

Caterpillar develops medium-speed dual-fuel engines for ma-
rine applications in the power range from 2,400 to 15,440 kW. 

The M46DF and M34DF Caterpillar dual-fuel engines - also 
offered under the MaK trademark - are able to burn LNG and 
liquid fuels like diesel, HFO or crude oil. IMO Tier III emission 
limits are fulfilled with in-gas operation, and for liquid fuels an 
exhaust gas aftertreatment solution (SCR) is offered.

Transient response is a key requirement for a lot of marine 
applications and these are not only emergency gensets with 
three-step block loading. The majority of time supply vessels 
operate on low stand-by power and require fast ramp up to 
high level of thrust. Even with diesel engines this demands ad-
ditional features like air injection into the charge air manifold.

Gas engines are known to be slow in load response. This 
is mainly caused by air-fuel-ratio control depending on turbo-
charger inertia. Gas ignition is limited by upper and lower air-
fuel-ratio limit, which leads to reduced rates in fuel ramp-up. A 
faster speed governor would overfuel the combustion chamber. 
A diesel engine would react with black smoke, but a gas engine 
would break down due to a mixture that is too rich.

The M46DF and M34DF engines are equipped with a supe-
rior engine control. All controls are handled in a MIMO control 
architecture. One speed governor controls three fuel systems 
(main diesel fuel, ignition diesel fuel and gas admission). Due 
to the concept the load acceptance of dual fuel is on a level that 
may be called “It runs like a diesel”. The paper describes the en-
gine concept and will show engine test results.

A second aspect is the low load operation in gas mode. With-
out additional technologies common gas engines run with a 
very lean mixture and emit increased amount of hydrocarbons. 
New technologies have been developed to allow unlimited en-
gine operation with gas combustion.

The paper describes the engine concept and will show en-
gine test results of an IMO Tier III dual-fuel engine optimised 
for marine applications with class-leading load acceptance and 
low load operation.
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Date: Thursday June 9th 
Time: 08:30 – 10:00 
Room: Wärtsilä Hall 

Topic: 09 - System Integration & Optimization 
Session: Ship, System and Component Design 

Integration of propulsion system from the 
point of view of efficiency optimisation (ID 264)
Main author: Elias Boletis, Wärtsilä Corporation
Co-authors: - 

Marine applications provide serious challenges to the propulsion 
system designer. While bollard pull performance, manoeuvrabil-
ity, compactness and ease of installation remain critical matters, 
great attention needs to be drawn to energy efficiency and envi-
ronmental performance. Especially energy efficiency remains the 
most important parameter, influencing the lifecycle costs of the 
operator at the most and directly impacting the environmental 
performance of the vessel.

The present paper emphasises the effort of the propulsion sys-
tem engineer to achieve the highest optimisation. This requires not 
only the highest efficiency from the individual systems and compo-
nents but mostly the most efficient system integration. Emphasis will 
be given to the propulsion system, including ship hull design, propul-
sion unit, shafting, electrical machinery and main engine. Both the 
mechanical and the electrical systems integration are considered.

Three main cases will be analysed to demonstrate the impor-
tance of the integration of the mechanical and electrical systems:
1) Engine and propulsion unit integration for offshore support 
vessels (OSVs) and tugboats. These vessels require medium-size 
azimuth thruster units and medium- or high-speed reciprocat-
ing engines. For efficiency enhancement, hybrid propulsion is 
considered in combination with advanced electrical machinery.
2) Engine and propulsion unit integration for anchor handling tug 
supply (AHTS) vessels and fishery applications. These vessels re-
quire controllable pitch propellers, two-speed gear boxes and me-
dium-speed reciprocating engines. The overall automation control 
system is of critical importance.
3) Engine and propulsion integration for offshore drilling vessels. 
These vessels require large steerable thruster units (under-water 
mountable and/or retractable) with large reciprocating engines. 
Performance integration leads to optimal dynamic positioning 
performance and lowest energy consumption. In parallel, very 
long periods between unit overhaul are required.

Assessment of LNG carriers electric  
propulsion configurations via process  
modelling (ID 177)
Main author: George Dimopoulos, DNV GL, Greece
Co-authors: Iason Stefanatos, DNV GL, Greece 
Nikolaos Kakalis, DNV GL, Greece 
Alexandros Zymaris, DNV GL, Greece

The seaborne transportation of liquefied natural gas (LNG) is inten-
sified, with the number of LNG carriers sailing or on order stead-
ily increasing. The current volatile global market and energy supply 
environment puts a pressure on LNG vessels to be more efficient, 
cost-effective and environmentally friendly. Modern LNG carriers 
feature complex and tightly integrated machinery systems to con-

vert the primary energy sources on board to useful energy demands 
for propulsion, service electricity and heat. The main fuel source of 
LNG carrier is natural boil-off gas (BOG) from the cargo tanks with 
varying quantity and composition during voyage. The LNG ship’s 
energy system consists of various interdependent modules such as 
BOG compression trains, gas distribution and management, possi-
ble reliquefaction plant for the surplus BOG, prime movers, electrici-
ty generation / distribution networks as well as boilers for steam pro-
duction. LNG carriers have also a time-varying operational profile 
and trading patterns that affect LNG and BOG composition, hence 
affecting the energy efficiency of the integrated system. Therefore, 
the selection of the most suitable technologies and configurations for 
a particular ship is not trivial.

To manage the complexity, in the paper we employ process 
modelling and simulation techniques combined with an integrated 
systems approach for the evaluation of different technologies and 
system design alternatives for LNG carriers. Our focus is on electric 
propulsion configurations, which are among the most widely used 
system alternatives today. We used our in-house process modelling 
framework DNV GL COSSMOS to develop a generic model of an 
LNG carrier integrated machinery system encompassing various 
electric propulsion and energy recovery technologies. The integrat-
ed process model was developed using a modular library of recon-
figurable component models suitable for design, performance and 
transient operation analyses. The component models describe all 
the machinery elements found on board the vessels, including com-
pressors, heat exchangers, electric motors/ generators, dual-fuel en-
gines, cryogenic equipment, etc. In addition, real gas thermophysical 
properties for natural gas, cryogenic cooling medium, air and water/
steam were also employed. The resulting system model was then 
coupled to a generic operational profile description accounting for 
various operating modes and intended trading routes of the vessel.

The integrated LNG carrier system model was subsequently 
used for the evaluation and assessment of different technology al-
ternatives and machinery configurations for a case study vessel. 
Specifically, the model was used to assess and improve the power 
management strategies on board, improve the design of waste heat 
recovery through the engines’ economisers, assess the introduction 
and optimal size of an LNG partial reliquefaction plant and compare 
various electric propulsion configurations. The model-based studies 
resulted in an improved insight of this complex integrated machin-
ery arrangement, revealing important performance trade-offs and 
interrelations between the vessel’s sub-systems. Through this ap-
proach energy and fuel cost savings potentials of between 10 to 18% 
have been identified, depending on the technologies and energy 
recovery options implemented, operating profile and trading route.

Waste heat recovery solution for marine 
applications (ID 199)
Main author: Michael Sturm, Caterpillar Motoren GmbH & Co. KG, Germany
Co-author: Andreas Banck, Caterpillar Motoren GmbH & Co. KG, Germany

The increase in efficiency along with a reduction in emissions is the 
main task in the development of modern marine propulsion sys-
tems. The improvement can be achieved directly by the engine itself 
or by a combined cycle for waste heat recovery. The paper presents 
a method in which an ORC process (organic rankine cycle) is ar-
ranged downstream the engine for generating electric power.

The ORC process is actually different from the water steam 
cycle by using an organic working fluid. Due to the high number of 
potential work fluids they can be optimally adapted to the existing 
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heat source and cooling system. In order maximise the efficiency 
the temperature difference of the ORC process should be as large 
as possible. This can generally be reached by utilising the exhaust 
heat directly or by the steam system.

The analysed ORC module is an independent unit with a rated 
electrical output of 309 kW and an efficiency of 13.9%. The full 
power of the ORC module is already provided at 65% load of the 
8 M 46 DF engine. Due to the early achievement of the maximum 
output, a high average utilisation of the ORC module is ensured. 
The feasible ORC output is up to 8% of the engine power. This 
value corresponds directly to an efficiency improvement.

In addition to the rated output, the average load of the ORC 
module is defined through the connection to the exhaust system of 
the engine. Therefore, the ORC module is integrated in the standard 
steam system of the vessel and acts upstream the dumping condens-
er to control the steam pressure. Accordingly, the pressure control 
strategy is extended by a further level. Due to this configuration, the 
operation of the ORC module is independent of the uptime of the 
individual engine in a multi-engine system and provides electrical 
power once excess steam is available. Studies considering charac-
teristic load profiles of multi-engine vessels showed a payback time 
of two to four years. The payback period is affected by the average 
ORC output and the cost of fuel.

Due to the special design and integration of the ORC module, 
a significant increase in efficiency and a decrease in specific emis-
sions are achieved.

Further opportunities for flexible engines 
and their generators (ID 298)
Main author: Nicholas Bellamy, SSS Gears Limited, UK
Co-authors: - 

The paper describes several existing machine arrangements, all 
driven by reciprocating gas / diesel piston engines and explains their 
current application. The descriptions include key technical informa-
tion and the payment mechanisms which warrant their operation.

The paper goes on to show the challenges and goals for tech-
nical rearrangement, which may be rewarded with additional 
generation revenue streams for packagers, owners and operators. 
In the main, the payment mechanisms for these additional rev-
enue streams already exist, whilst more innovative structures are 
gradually being rolled out across the world.

The paper also explains the minimal impact on fuel consump-
tion, emissions and running / servicing costs to the engine / gen-
eration plant.

Date: Thursday June 9th 
Time: 08:30 – 10:00 
Room: MTU Hall 

Topic: 03 - Fuel Injection & Gas Admission 
Session: Diesel Applications 

Comparative investigations of spray  
formation, ignition and combustion for  
LFO and HFO at conditions relevant for 
large two-stroke marine diesel engine  
combustion systems (ID 253)
Main author: Beat von Rotz, Winterthur Gas & Diesel, Switzerland
Co-authors: Konstantinos Boulouchos, Swiss Federal Institute of Technology (ETH) 
Zurich, Switzerland 
Kai Herrmann, Paul Scherrer Institute (PSI), Switzerland 
Andreas Schmid, Winterthur Gas & Diesel, Switzerland 
Sebastian Hensel, Winterthur Gas & Diesel, Switzerland

The further development and optimisation of the combustion 
systems of large marine diesel engines is a key element to meet 
the upcoming emission targets imposed by legislation as well as 
the increase in efficiency to attend the demands of the seaborne 
freight transportation market. In this context, the in-depth knowl-
edge of the in-cylinder processes has to be seen as a prerequisite to 
the technology development work.

Therefore, a unique optical accessible experimental test set-up 
- the so-called spray combustion chamber (SCC) - for investigat-
ing the spray and combustion behaviour under conditions relevant 
for large marine diesel engines has been developed. The facility 
resembles the sheer physical dimensions of large two-stroke en-
gines and the operational characteristics with respect to thermo- 
and fluid-dynamic conditions (including swirl) at start of injec-
tion. Moreover, a wide range of fuel qualities can be applied via an 
engine-like injection system.

To gain information about the influence of the fuel on the 
spray characteristics during injection, the evaporation behaviour 
and the subsequent ignition/combustion, investigations under 
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engine-like conditions have been performed, using adequate and 
specific measurement techniques.

The macroscopic observations of the spray evolution are con-
ducted by means of an advanced ”shadow-imaging” (diffused back-
illumination technique) for varying fuel qualities, i.e., light fuel oil 
(LFO) vs. heavy fuel oil (HFO). In particular, the difference in the 
evaporation behaviour as well as the propagation/interaction of 
the spray with the swirl flow observed with experiments at inert 
conditions will be presented and discussed.

Next, the ignition (and combustion) characteristics are ana-
lysed by measuring the flame illumination and OH* - chemilumi-
nescene signals, including a simultaneous capturing of shadow-im-
aging recordings. This results in getting results about information 
about ignition delay as well as ignition (and lift-off) location at 
a chamber condition (pressure, temperature) representative for 
large two-stroke marine diesel engines. For comparison reasons, 
the data is put into relation with the conditions found in the fuel 
ignition analyser (FIA).

For an in-depth investigation of the subsequent combustion, the 
heat release rate has been assessed by using an appropriate calcula-
tion based on the in-cylinder pressure trace analysis. Here, a variation 
of three different fuel qualities (one LFO and two qualities of HFO) 
at different temperature and pressure conditions were studied.

These investigations will provide a better in-sight into the 
special characteristics of the spray formation and combustion be-
haviour imposed by the peripheral injection into a swirling flow 
inside the combustion chamber. Moreover, due to the fuel flexible 
operation of such engines, an emphasis on the fuel quality (vary-
ing thermophysical properties) influences with regard to the in-
jection/fuel spray evolution as well as the ignition/combustion 
behaviour shall extend knowledge on the involved injection and 
combustion processes.

Finally, allowing the optimisation of engine performance-related 
needs and technologies as well as the development and validation of 
suitable calculation and simulation methodologies are in focus.

The challenge of EU Stage 5 emissions -  
Are current injection systems sufficient for  
future large engine emission limits? (ID 30)
Main author: Christoph Kendlbacher, Robert Bosch Diesel Systems, Austria
Co-authors: Peter Haider, Robert Bosch Diesel Systems, Austria 
Helmut Giessauf, Robert Bosch Diesel Systems, Austria 
Martin Bernhaupt, Robert Bosch Diesel Systems, Austria 
Christian Barba, Robert Bosch Diesel Systems, Austria 
Mathias Fenner, Robert Bosch Diesel Systems, Austria

Large diesel engines that fulfil EPA Tier 4 final emissions have 
just entered the market. The EPA deterioration factor tests and 
the field validation are positively completed and the ramp up is 
ongoing. Robustness, reliability and durability statistics are cur-
rently not available. Field inspections will support the learnings. 
They will set the targets for further evolutionary improvements 
on the EPA Tier 4 engines to ensure mature systems. The current 
publications show following solutions on the market. CRS > 1,800 
bar +SCR and CRS 2,200 bar + EGR and DOC. Due to further 
combustion optimisation we will also see CRS 1,600 bar + SCR 
+ DOC in future. All solutions lead to significant cost increase 
compared with EPA Tier 2 engines. EGR and SCR costs, as well as 
cooling and packaging requirements made the application of Tier 
4 solutions very complex and cost intensive.

Although learning on the EPA Tier 4 systems is not completed 
yet, new emission limits are already under discussion. A proposal 
for EU Stage 5 has been published. It shows further significant re-
ductions on PM and NOx emissions.

The paper is trying to give an outlook on the requirements 
for the injection system and the exhaust gas aftertreatment. What 
emissions can be achieved with a 2,200 bar CRS on a large high-
speed engine and is this sufficient to fulfil upcoming emission leg-
islation? The injection system is described and its performance at 
the emission relevant load points is documented and brought into 
relation to the emission and fuel consumption results. The injec-
tion rate, the spray performance and the spray velocity at the spray 
hole exit is analysed in detail. The investigations include engine 
measurements with a one- and two-stage turbocharger like setting 
on a high-end single-cylinder high-speed large engine.

Based on the experience of heavy-duty on- and off-highway 
engines a prediction of the requirements for the injection system 
and the exhaust gas aftertreatment for a high-speed LE engine can 
be given to fulfil future emission legislations.

Investigation of cavitation in injection  
nozzles for two-stroke diesel engines (ID 79)
Main author: Simon Matlok, MAN Diesel & Turbo, Denmark
Co-authors: Stefan Mayer, MAN Diesel & Turbo, Denmark 
Philipp Simmank, MAN Diesel & Turbo, Denmark 
Johan Hult, MAN Diesel & Turbo, Denmark

The fuel nozzle of a diesel engine can be seen as the interface between 
the injection system and the combustion chamber, and it plays a piv-
otal role in achieving a fuel-effective combustion with low emissions. 
The injector is responsible for delivering and distributing the fuel into 
the combustion chamber, and to achieve good air-fuel mixing.

To improve the design of injectors for two-stroke diesel en-
gines both experimental and numerical development work has 
been performed to better understand the role of cavitation inside 
the fuel nozzles for large two-stroke diesel engines. A number of 
experimental rigs have been used to investigate different aspects of 
the flow and cavitation properties in the fuel injector.

A rig utilising a full size injection system injecting into a stand-
ard atmosphere vessel has been used to evaluate the momentum flux 
produced by individual nozzle holes. The rig can be used to assess to 
what extent upstream geometrical features in the injector influence 
the momentum flux of the spray using force measurements.

Furthermore, an optically accessible rig mimicking the fully 
open injection valve has been used to measure the fuel velocity 
field inside the injector together with visualisations of the in-noz-
zle cavitation, using advanced optical measurement techniques. 
These techniques encompass microscopic particle imaging veloci-
metry (PIV) using fluorescing seeding particles as well as shadow-
graph techniques using high spatial resolution with a pulsed laser 
and high temporal resolution with high-speed imaging with frame 
rates as high as 400,000 frames per second.

The rigs have shown to be useful in producing results suitable for 
the evaluation of computational fluid dynamics models. The com-
puted time averaged in-nozzle velocity fields as well as the prediction 
of the location of cavitation shows good agreement with the experi-
ments. Furthermore, the predicted loss coefficients of the individual 
nozzle holes show an excellent accordance with experimental results.

Finally, visualisations of the near nozzle fuel spray inside a full 
size two-stoke low-speed test engine have been performed using 
high-speed shadowgraphy with frame rates up to approx. 70,000 

Monday, June 6th Tuesday, June 7th Wednesday, June 8th

Thursday, June 9th

74 SPECIAL | Ship & Offshore | Schiff&Hafen  | June 2016

SPI_CIMAC_16_072-090_SP-.indd   74 19.04.2016   12:06:38



frames per second to assess the spray characteristics at engine condi-
tions. The results obtained can be used to increase the understand-
ing of the flow inside injectors and the cavitation produced.

Internal diesel injector deposits – Causes 
and measures with the focus on marine 
engine applications and fuels (ID 217)
Main author: Christian Fink, University of Rostock, Germany
Co-authors: Horst Harndorf, University of Rostock, Germany 
Matthias Nowotny, University of Rostock, Germany 
René Junk, University of Rostock, Germany 
Ulrike Schümann, University of Rostock, Germany

Engine and FIE manufacturers are facing an increased number of 
complaints on abnormal engine functioning related to internal 
diesel injector deposits (IDID). Possible consequences are in-
creased emissions, rough engine running and misfiring due to im-
pairments in the timing of the injector, modified injection quanti-
ties or sticking injector needles.

Along with the introduction of new emission legislations re-
garding SOx and NOx, it is expected that the risk of dysfunction-
ing may exacerbate for future marine diesel engine applications. 
On the one hand this is caused by more complex combustion 
processes utilised for IMO Tier III EGR concepts by means of 
multiple injection strategies. These concepts rely on sophisticated 
common rail injection systems that are, however, potentially more 
sensitive against injector internal deposits than conventional me-
chanical unit pump injection systems.

On the other hand, the introduction of substantially reduced sul-
phur oxide emission limits in the Sulphur Emission Control Areas 
(SECA) demand frequent changes of the fuel type, i.e., from HFO to 
MDO and back when entering and leaving SECAs unless SOx scrub-
bers are installed on the vessels. Changing the fuel can be accompa-
nied with the fall out of specific insoluble fuel components because 
of mixture incompatibilities of the different fuel types followed by 
increased generation of deposits in the injection system of an engine.

In order to understand the different processes implied, this work 
describes the basic mechanisms and influencing parameters on the 
formation of fuel related deposits. These results have been obtained 
from extensive experimental measurement campaigns, theoretical 
modelling of the fuel oxidation process and comparison with the lit-
erature. The experimental work implies laboratory scale tests as well 
as durability runs with real common rail injectors at engine-like con-
ditions. Different analytical methods were applied to characterise the 
formed deposits on the test objects in order to validate hypothesized 
chemical pathways and their influencing factors.

The majority of the presented work on the fundamental pro-
cesses leading to deposit formation has been performed in the 
scope of the FVV-funded research projects “Alteration of fuel 
properties I-III”. Based on the findings, general recommendations 
are derived to control the formation of deposits. Considering ma-
rine engine conditions and typical fuel compositions, these rec-
ommendations are specifically extended to marine applications.

Date: Thursday June 9th 
Time: 08:30 – 10:00 
Room: AVL Hall 

Topic: 10 - Fuels, Lubricants & Fluid Technologies 
Session: Traditional Fuels 

The effect of renewable parafinnic  
diesel oil on engine performance /  
NESTE NEXBTL (ID 41)
Main author: Toomas Karhu, Turku University of Applied Sciences , Finland
Co-authors: Henna Saveljeff, Turku University of Applied Sciences, Finland 
Kalle Lehto, Neste, Finland 
Mika Laurén, Turku University of Applied Sciences, Finland

In the experimental engine study, the effects of renewable paraffin-
ic NEXBTL diesel on engine performance were researched by the 
Turku University of Applied Sciences Engine laboratory in coop-
eration with Neste Corporation.

The target was to determine if it was possible to reduce the fuel 
consumption of the engine with two research fuels by optimising 
fuel injection parameters and the use of exhaust gas recirculation, 
while maintaining nitrous oxide emission levels achieved with 
diesel. In the first part of the study, fuel injection parameters were 
optimised separately to determine the effects of each change with 
research fuels. The two used research fuels were neat NEXBTL 
and a 50-50 blend of fossil summer grade diesel and NEXBTL. A 
fossil summer grade diesel was used as a reference fuel.

The greatest advantages of the two research fuels in compari-
son with diesel were seen in significantly lower smoke numbers. 
Fuel injection parameter optimisation did not produce significant 
reduction in fuel consumption, as the base results of NOx were 
quite similar with all fuels, which limited optimisation possibili-
ties. The use of EGR reduced the NOx significantly but at the same 
time the amount of smoke rose. When NOx was brought back to 
the reference levels by optimising the fuel injection parameters, 
notable gains in fuel consumption were noticed. At the same time 
the smoke numbers were clearly higher than the reference level. 
No significant constant differences between the three fuels were 
seen in in-cylinder results. At some lower load points a shorter igni-
tion delay of NEXBTL was measured. The NOx results of the transient 
cycle were quite close to each other when using different fuels. Only 
slight changes in fuel consumption were noticed in these runs.

Two different rates of EGR settings were used, and in addi-
tion fuel injection parameters were optimised with lower EGR 
valve settings to bring NOx to the reference level. In the last part 
of the study, a transient cycle was used to compare the fuels. Gase-
ous emissions, temperatures and pressures were collected with an 
engine controlling program. The engine used in this study was a

four-cylinder AGCO Power off-road diesel engine. Also, in-
cylinder data was collected and analysed via a cylinder pressure 
sensor and engine indicating system. The main target was to com-
pare the results of cylinder pressures, heat release rates and igni-
tion delays of different fuels. 

The effect of boil-off on the knock  
resistance of LNG gases (ID 123)
Main author: Martijn van Essen, DNV GL, Netherlands
Co-authors: Sander Gersen, DNV GL Oil & Gas, Netherlands 
Nikolaos Kakalis, DNV GL Maritime, Greece 
George Dimopoulos, DNV GL Maritime, Greece 
Torsten Mundt, DNV GL Maritime, Germany 
Howard Levinsky, DNV GL Oil & Gas, Netherlands 
Gerco van Dijk, DNV GL Oil & Gas, Netherlands

Liquefied natural gas (LNG) is becoming an attractive alterna-
tive to traditional transportation fuels such as diesel and heavy 
fuel oil. The major advantages in terms of reduced pollutant emis-
sions and its worldwide availability make it an attractive fuel for 
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powering ships. This has resulted in a rapidly growing number 
of LNG-fuelled ships. The natural boil-off gas (NBOG), which 
is taken from the top of the tank, can directly be used as fuel gas 
for the engines. The NBOG typically has a high methane content 
and hence a high knock resistance. However, when the power de-
mand is higher than the power that can be generated using NBOG, 
forced boil-off gas (FBOG, obtained by vapourising liquid LNG) 
is mixed with the NBOG. Gas from forced boil-off contains all the 
hydrocarbons present in the LNG and usually has a lower knock 
resistance than that produced by natural boil-off. Thus, adding 
FBOG to NBOG reduces the knock resistance of the fuel and ap-
propriate precautions should be taken in situation when the knock 
resistance of the LNG is low to avoid the occurrence of engine 
knock.

Mild engine knock increases pollutant emissions and can dam-
age the engine in the long term, while severe knock can physi-
cally destroy the engine in seconds. Thus, engine knock should 
be avoided. There is a wide variety of engine types used in LNG-
fuelled ships. Both engine manufacturers and fleet owners must be 
certain that the engines chosen can accept the range of LNG com-
positions available in the ports at which they bunker. To ensure 
that the engines to be used in LNG-fuelled ships are matched with 
the expected variations in fuel composition, the knock resistance 
of the LNG fuels must be determined, and subsequently specified, 
unambiguously.

Recently, DNV GL developed a method to characterise gases 
with respect to their knock resistance. The DNV GL method is 
based on the physics and chemistry of combustion, and is uniquely 
flexible in being adaptable for any engine type and gas composition. 
Furthermore, it has been demonstrated to have superior accuracy 
for predicting the knock resistance for different gas compositions 
than the existing methods. In addition, to be able to predict the 
effect of boil-off on the knock resistance of NBOG and FBOG of 
typical LNGs during a voyage, we coupled the knock model to a dy-
namic model that computes the evaporation of LNG in tanks. The 
model is part of the DNV GL COSSMOS modelling framework for 
ship machinery systems. It employs coupled thermodynamic non-
linear vapour-liquid phase equilibrium equations and differential 
conservation equations describing the evolution of LNG quantity 
and composition with time. The boil-off model is used to calculate 
the variation in composition of the LNG and the boil-off gas, dur-
ing typical voyage profiles derived from a case study LNG vessel. 
The gas compositions calculated from the boil-off model are then 
used as input to the knock model to calculate the knock resistance 
of the LNG (thus, the FBOG) and NBOG during the voyage. The 
results provide valuable input and insight regarding the accept-
ability of the range of LNG qualities in the ports at which ships 
bunker.

Depth-type filtration technology -  
absolute protection from cat fines in  
marine residual fuel (ID 297)
Main author: Albert Leyson, Drew Marine, USA
Co-authors: - 

As long as marine residual fuel continues to be the primary fuel 
that is used for main propulsion, ship operators will continue to 
face the risk of experiencing premature engine and fuel injec-
tion equipment wear as a result of cat fines contamination. As 
cat fines-laden 1.0% low sulphur fuel oil, which was used mainly 

by ECA-bound ships, has been reintegrated into the high-sulphur 
bunker market from January 2015, the risk to all ship operators has 
increased. Furthermore, the compulsory reintroduction of low-
sulphur fuel oil for use in the EU waters (and also possibly in inter-
national waters in January 2020) will amplify the problem caused 
by the inclusion of cat fines in fuel as suppliers blend additional 
heavy-cycle oil, which is the source of cat fines, to achieve a 0.5% 
fuel sulphur maximum. Conventional 5 micron fuel filters, such as 
barrier-type filters, can block asphaltenes in fuel. As a result, opera-
tors normally select filter pore sizes that are equal or greater than 
10 microns. On the other hand, 5 micron depth-type filters have 
the ability to capture and remove cat fine particles from fuel with-
out blocking fuel. Bench testing of 5 micron depth-type filtration 
technology resulted in an average removal efficiency of 92.9% across 
all particle diameter sizes that range from 3 to 5 microns, 5 to 10 
microns, 10 to 15 microns, 15 to 25 microns, and 25 to 50 microns. 
The new Drewcat Fine Filter from Drew Marine has the ability to 
fully mitigate the risk from cat fines contamination and protect ship 
engines from premature engine machinery wear.

From the lab to the field, how new chemis-
try can solve the operating issues of two-
stroke engines transiting ECAs (ID 240)
Main author: Valérie Doyen, TOTAL Marketing &Services - Centre de Recherches  
de Solaize, France
Co-authors: Antoine Mezin, TOTAL Marketing & Services - Lubmarine Technical 
Department, France 
Philippe Renaud, CMA Ships - Efficiency & Technology department, France

Up until January 2015 vessels transiting ECAs switched between 
high-sulphur residual fuel and low-sulphur residual fuel. For the 
liners operated in and outside ECAs, it was found not to be ab-
solute necessary to switch cylinder oils as the engines were oper-
ated safely with a 70 BN conventional cylinder oil. Since January 
2015 vessels are running on high-sulphur residual fuel such as 
HS RMK700 (<3.5% sulphur) and ULSFO or DMO (<0.1% sul-
phur). With these very different fuels it is now necessary to use 
two cylinder oils, typically a 70 BN and a 25 BN. This adds com-
plexity, particularly with vessels with one day tank. At switchover, 
the lubricant in the day tank risked ending up with a BN between 
25 and 70 and not 25 or 70 as required.

To further complicate matters, the sustained use of slow steam-
ing combine with the Tier II engine tuning has promoted the in-
troduction of engines that are more challenging to lubricate. New-
generation engines and de-rated engines require a 100 BN lubricant. 
So the challenge now is to switch between a 100 BN and a 25 BN 
cylinder oils in coordination with the fuel switchover. As operators 
we decided to look for alternative simpler solutions.

After several exchanges, Total came to us with a new genera-
tion of lubricant. The cylinder oil will build on the single oil solu-
tion already proposed to the market eight years ago by Total.

It will allow the use of only one lubricant in operation with 
any kind of fuel, even when operating in ECAs for at least ten days. 
With a new organic chemistry called ash-free neutralising mole-
cules (ANM), more efficient neutralisation is obtained, as well as 
an improved resistance to deposit formation. Without the mineral 
component hard deposits can be avoided. This innovative way of 
formulating a lubricant has been evaluated in an extensive field 
trial in comparison with classical formulations.

The aim of the field test was to demonstrate that operation and 
technical issue can be answered by the use of innovative chemistry.
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Date: Thursday June 9th 
Time: 10:30 – 12:00 
Room: Finlandia Hall 

Topic: 02 - Product Development – Gas & Dual Fuel Engines 
Session: Medium Speed Engines III 

Development of HiMSEN dual-fuel engine 
line-up (ID 201)
Main author: Wookhyeon Yoon, Hyundai Heavy Industries, Republic of Korea
Co-authors: Changhoon Park, Hyundai Heavy Industries, Republic of Korea 
Jonghwan Lee, Hyundai Heavy Industries, Republic of Korea 
Daeyeoul Jung, Hyundai Heavy Industries, Republic of Korea 
Seongcheol Jeong, Hyundai Heavy Industries, Republic of Korea 
Yongseok Lee, Hyundai Heavy Industries, Republic of Korea 
Jaeyeob Seo, Hyundai Heavy Industries, Republic of Korea

Hyundai Heavy Industries, Co Ltd (HHI) has been developing dual-
fuel (DF) engines to fulfil market requirements for low-emission and 
fuel-flexible engines. The paper gives an overview of HHI’s HiMSEN 
DF engine series. In order to improve performance, reliability and cus-
tomer friendliness of the engines, various unique designs and technol-
ogies, based on the development and service experience from diesel 
and gas-fuelled HiMSEN engines, are applied and optimised.

For low emissions and high efficiency of the HiMSEN DF 
engine series, air and exhaust, fuel feed and combustion systems, 
including new additional parts, have been optimised. A highly in-
tegrated control system also contributes to the high performance 
and low emissions. To improve the reliability, optimisation design 
techniques, such as topology and shape optimisation, have been 
applied to the structural and hot part design as well as the anti-
vibration design. Furthermore, customer friendly designs, like a 
modularised feed system and a separated micro-pilot injector from 
the main injector, have also been applied. 

The performance of the H35DF engine, the first developed HiM-
SEN DF engine in 2012, has been steadily improved, including its ther-
mal efficiency. The high-peak firing pressure design helps enhance the 
thermal efficiency. In 2014, the H27DF engine was developed based 
on the H25/33 diesel engine and type approved by class societies. The 
H27DF has provided the highest efficiency among the released DF en-
gines with the same level of power output, about 285kW/cylinder. The 
H54DF, the largest HiMSEN engine, has been developed based on the 
H46/60 diesel engine. The maximum power output will be 1.47MW/
cylinder at rated speed. In order to achieve high efficiency, the engine 
will feature a two-stage turbocharging system and a high-peak firing 
pressure design. The H54DF will be released as an optimised product 
for both marine and power plant markets in 2016.

GE transportation dual-fuel locomotive 
development (ID 214)
Main author: Eric Dillen, GE Transportation, USA
Co-authors: Adam Klingbeil, GE Global Research, USA 
Leslie Trask, GE Transportation, USA 
Dan Yerace, GE Transportation, USA

The abundance of natural gas in North America has driven natural 
gas prices to a relatively low price with respect to diesel fuel. The ex-
pectation is that diesel fuel prices will continue to fluctuate and rise 
in the future, while natural gas prices will remain stable. Due to the 
expected long-term price differential between diesel fuel and natu-
ral gas, there is an interest by the North American railroads in being 
able to burn natural gas in their existing diesel locomotive fleets.

The paper will detail the technical hurdles and development of 
two dual-fuel locomotives that were used for demonstration purposes 
on a class 1 North American railroad. The development started in ear-
ly 2012 with single-cylinder engine (SCE) testing at the GE research 
facility in Niskayuna, NY. The SCE testing included feasibility stud-
ies, in-cylinder studies to maximise gas substitution rates and an initial 
knock detection investigation. The development then progressed to 
multi-cylinder engine (MCE) testing where the demonstrator engine 
control system was developed, detailed engine performance mapping 
was performed, knock detection and mitigation strategy was devel-
oped, and various engine hardware configurations were tested. The 
SCE and MCE optimisation techniques and results will be discussed.

The two demonstrator locomotives were built in 2013 and 
went through validation testing at the GE Transportation locomo-
tive production facility in Erie, PA, before being shipped to a Class 
1 North American railroad for in-use testing in the spring of 2014. 
The in-use testing included performance testing at TTCI in Pueb-
lo, CO, to validate that overall locomotive performance was not 
impacted by dual-fuel operation. After that, high-elevation testing 
was performed in southern Colorado to identify any altitude im-
pact on performance and then cold weather testing was performed 
in Minnesota and Wisconsin in early 2015. Mainline testing was 
then carried out on the southern trans-con between Barstow, CA, 
and Kansas City, MO, for the remainder of 2015. Results and les-
sons learned will be presented.

Fuel sharing for Wärtsilä gas engines (ID 82)
Main author: Kenneth Widell, Wärtsilä Corporation, Finland
Co-authors: Jonas Williamsson, Wärtsilä Corporation, Finland 
Mikael Wideskog, Wärtsilä Corporation, Finland

The possibility to mix gas and liquid fuels could be a useful feature for 
vessels in which the quantity of boil-off gas (BOG) is not sufficient to 
provide the needed speed but in which still is a need to use BOG to 
a certain extent. In order to meet the demands from the market, this 
feature has now been introduced to Wärtsilä gas engines and the first 
ships have been delivered with this function in early 2015.

Two main aspects of the operation have been emphasised in the 
development of the function: First of all the robustness of the func-
tion, which means that the fuel sharing function has to be safe to use 
and the performance of the engine cannot be compromised regarding 
operation and loading. The second aspect is the operating area regard-
ing both engine load and the gas- and liquid-fuel ratios to be used. The 
paper will present how the fuel sharing operating area has been defined 
according to optimal engine operation and how the engine will operate 
in this area and be controlled if the operating area needs to be exceeded.

The fuel sharing function has also been introduced as a new fuel 
mode, and tests and demonstrations have been carried out for classifi-
cation societies and customers in order to release the function. Several 
failure mode operations have been demonstrated, and the paper will 
show how the engine behaves at different situations when running in 
the fuel sharing mode. Situations like loss of gas or loss of liquid fuel 
must be well defined in the engine automation system to have a safe 
operation of the ship even in an abnormal or failure situation.

The ship operator also needs to know the impact on the en-
gine performance when operating in the fuel sharing mode. This 
has been mapped all over the fuel sharing operating area, and the 
impact on engine emissions and engine total efficiency has been 
defined from these tests. With the newly launched function, the 
ship operator has been given yet another feature that will improve 
the flexibility of the ship operation.
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Development of dual-fuel engine 28AHX-
DF capable of FPP direct drive (ID 146)
Main author: Tetsuya Tagai, Niigata Power Systems Co. Ltd., Japan
Co-authors: Takahisa Mimura, Niigata Power Systems Co. Ltd., Japan 
Satoru Goto, Niigata Power Systems Co. Ltd., Japan 
Tomohiro Kurai, Niigata Power Systems Co. Ltd., Japan

In order to meet stringent exhaust emission regulation for marine 
engines, alternative fuels are growing in usage and popularity. In 
particular, the market demand for gaseous fuels such as natural gas 
is heavy thanks to its high environmental adaptability and world-
wide falling prices. Against this background, Niigata recently de-
veloped the dual-fuel engine 28AHX-DF with advanced transient 
performance and thermal efficiency.

The 28AHX-DF engine has been developed to directly drive the 
fixed pitch propeller (FPP) since the effect of greenhouse gas reduc-
tion is larger compared with electric propulsion, which is affected by 
generator efficiency. In case of the direct-drive propulsion, it is diffi-
cult to ensure sufficient air delivery, and knocking might occur since 
the engine load is changed along the propeller law. Therefore, com-
bustion and air/fuel control technologies are required. 

A 28AHX-DF engine with superior transient performance, 
which allows load acceptance within approximately 15 second due 
to high performance control technology, was delivered as a main 
engine of a tugboat in 2014 and operation begun in 2015.

The 28AHX-DF can be delivered as six-, eight- or nine-cyl-
inder version, covering an output range of 2 to 3 MW. It can be 
adopted as main engine for workboats with our azimuth propeller. 
The engine can not only be applied to tugboats but also as main 
engine for marine research vessels, cargo vessels, ferries and as aux-
iliary engine for large container vessels. 

In the paper, the engine performance, an estimation of green-
house gas reduction by comparison with existing diesel engine 
performance and the adaptability of the engine are described. 

Date: Thursday June 9th 
Time: 10:30 – 12:00 
Room: Wärtsilä Hall 

Topic: 09 - System Integration & Optimization 
Session: Integration Methodologies 

Operating cost optimised engine and  
aftertreatment concepts for marine  
applications (ID 311)
Main author: Udo Schlemmer-Kelling, FEV GmbH, Germany
Co-authors: Vinod Rajamani, FEV GmbH, Germany 
Hermann-Josef Laumen, FEV GmbH, Germany

Apart from lowered emission limits, the major driver for the engine de-
velopment of marine applications is to maintain and possibly increase 
the engine efficiency. To reach both the emission and efficiency targets, 
the complexity of engine concepts will continue to increase. Depend-
ing on the engine size, application and region of operation, several solu-
tions, including internal and external engine measures, are under inves-
tigation to comply with current and upcoming legislative regulations.

While material and development costs for new technologies play a 
decisive role for manufacturers, the consumables are an important cost 
factor for end users. Conventionally, they are determined by the fuel 
costs and thus by engine efficiency. Meanwhile, however, the costs for 
emission reduction in terms of operating fluids take on an important 

role. In the study, operating-cost-optimised and reliable engine system 
concepts from the perspective of the end user shall be determined.

The study is based on a medium-speed diesel engine application, 
operated completely in an ECA. The technical implications, financial 
aspects and advantages or disadvantages of the individual emission 
control concepts and technology packages are discussed. These in-
clude both engine internal and after treatment measures.

The bore/stroke ratio and the piston speed are figures that have 
to be defined carefully in the layout phase of the engine. Peak cylinder 
pressure, BMEP and displacement for a required power output are also 
important figures that have to be optimised. For the thermodynamic 
side the combustion process (fuel system), the gas exchange phase (air 
system) and the mechanical losses (friction) have to be considered. 
The investigation will start with state-of-the-art engines as base line 
and will check several CO2 reduction regimes.

The optimal combination of technologies from a point of view of 
investment cost, total cost of ownership as well as operating costs is dis-
cussed. The presentation will give guidelines for OEMs and customers and 
helps understand critical issues in the definition phase for future projects.

Energy saving technologies and new  
analysis methods in cargo ship machinery 
design (ID 310)
Main author: Mia Elg, Deltamarin, Finland
Co-authors: Heikki Isomoisio, VTT Ltd., Finland 
Waltteri Salmi, Aalto University, Finland 
Maunu Kuosa, Aalto University, Finland 
Juha Vanttola, Aalto University, Finland 
Risto Lahdelma, Aalto University, Finland 
Guangrong Zou, VTT, Finland 
Kari Tammi, Aalto University, Finland

Today, the majority of prime movers (propulsion configuration) 
and auxiliary plants of ships are diesel engines. In current ships ap-
proximately half of the fuel energy is utilised as propulsion power 
or electricity to ship processes and the other half is lost and deliv-
ered to sea as waste heat. The four main sources of waste heat in a 
marine internal combustion engine are the flue gases, scavenge air, 
jacket water and lubrication oil cooling. The waste heat streams can 
be divided into different temperature categories. Furthermore, de-
pending on the temperature level, a portion of the waste heat may be 
utilised as electricity or heating energy purposes in ships.

Several up-to-date energy saving technologies that are suitable 
for ships were reviewed. The selected energy-saving technologies 
included organic rankine cycle (ORC), natural circulated boiler, 
absorption chilling process, thermal storage, compression heat 
pump, onboard direct current distribution and efficient ship cool-
ing circuit. The waste heat recovery technologies require individual 
power inputs and absorb and reject heat at individual temperatures. 
The target of the study was to apply the technologies to simple cargo 
ships that represent the most common type of ship machinery set 
up. The technologies should be integrated in such a way that total 
fuel consumption of the vessel is minimised.

In practice, evaluating the profitability of the various energy sav-
ing methods for a ship can be a challenging task due to many reasons, 
but most of all due to the often limited time and resources for making 
a holistic evaluation of the ship systems in the concept design phase. 
Therefore, tools for supporting the energy and environmental ship 
design process were developed recently, such as system level energy 
flow simulators. At the side of the system model entropy generation 
or exergy analysis can be performed for concretising the energy sav-
ing potential especially in the heat flow systems.
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A multi-domain ship energy flow model in Simscape simulation 
environment was utilised for the study. The ship model included all 
main components in the ship machinery, including the most relevant 
auxiliaries. The model and its components included the necessary 
functionalities and the system requirements and limits that are rel-
evant for concept level design. Once the system components were 
defined, the expected yearly operation profile was included in the 
model, including estimation of the electricity consumption, propul-
sion power consumption and heating and cooling requirements. 
After this, the true saving potential in the system was evaluated by 
modelling the ship’s fuel consumption and performing entropy gen-
eration analysis in the main components. Based on the analysis and 
optimisation process, the characteristics of improved, energy effi-
cient machinery for a cargo ship could be recognised.

As a result of the study, various types of waste heat recovery 
technologies available on board ships were studied from the per-
spective of technical principle and application feasibility. Further-
more, an optimal solution for improved, energy-efficient cargo 
ship machinery was defined, considering the pre- defined system 
limits. With the studied technologies the excess engine heat could 
be utilised to meet the cooling, heating and power demand on 
board that otherwise would require additional fuel.

The ship-specific fuel saving potential always depends on the actual 
operation profile that can be evaluated at the early phases of ship design 
project to some extent. The developed solution included a new system 
analysis method for supporting the ship concept development. The 
whole method aims for holistic optimisation of ship energy efficiency.

Simulation-based approach for customer-
specific optimal solution design (ID 219)
Main author: Kalevi Tervo, ABB Marine, Finland
Co-authors: Aleksi Eskelinen, ABB Marine, Finland 
Juha Orivuori, ABB Marine, Finland

Traditionally, ships have been designed to one point and every 
system has been optimised to perform optimally in that particu-
lar point. However, ships are very rarely operated at their design 
points. As a consequence of the single-point design optimisation, 
the system level performance will be poor outside that point, 
meaning that the ship only rarely runs at optimal performance.

Improvements in the systems that are in very low level in the 
energy conversion and transfer chain are intuitive and easily justifi-
able. For example, it is very easy to calculate the payback time for 
installing a variable speed drive (VSD) for a seawater cooling loop. 
When it comes to more complex systems, where different domains 
of energies are interacting with each other and systems have strong 
nonlinear interconnections and feedback loops, the efficiency im-
provements due to the technology improvements are not that eas-
ily justifiable since the effects might not be intuitive. Therefore, in 
order to find the most beneficial results for the customer, it is im-
portant that the system level performance of the overall solution can 
be evaluated in the design phase, taking into account the assumed 
operation profile as well as the uncertainty of the assumptions.

The paper proposes a method for using simulation to design op-
timal solutions for a customer, based on the actual operation profile. 
The method uses measured or estimated operation profiles and the 
ship energy flow simulator to calculate the optimal system level solu-
tion for a specific improvement, such as shaft generator, waste heat 
recovery system, etc. The proposed method takes into account the 
robustness of the solution, meaning that it can analyse the sensitivity 
of the return of investment (ROI) time for the uncertainty in the as-

sumed operation profile. Because the solution takes into account the 
uncertainty of the operation profile, the ROI time will most likely 
be reached in practice even though the operation profile of the ship 
would not be exactly the same as assumed in the design phase.

The robust design method will be demonstrated using real 
measured data from a container vessel to design a shaft generator 
system for a similar container vessel. The robustness of the ROI 
times are analysed with different sizes of the shaft generator and it 
is shown that if the uncertainty is not taken into account, one can 
end up in an investment that never pays back.

Simulation of a hybrid marine propulsion 
system in waves (ID 202)
Main author: Kevin Koosup Yum, Norwegian University of Science and Technology, 
Norway
Co-authors: Sverre Steen, Norwegian University of Science and Technology, Norway 
Eilif Pedersen, Norwegian University of Science and Technology, Norway 
Bhushan Tasker, Norwegian University of Science and Technology, Norway 
Stian Skjong, Norwegian University of Science and Technology, Norway

A hybrid marine propulsion system for an international freight ves-
sel is conceptually presented. The application of such a concept in 
the international freight vessel market is still rare, but could improve 
its safety and operability with the aid of an extra power boost and 
absorption by an energy storage device. Such a novel concept is 
tested for heavy-sea conditions using simulation of a multi-physical 
domain model. A very large crude oil carrier with a shaft generator 
is chosen as a simulation case, in which an electric battery pack is 
added to the electrical power plant. Specific models and simula-
tion tools for vessels, propellers, internal combustion engines, ship 
electrical system and controllers are presented and validated to the 
available performance data. The result of the simulation showed that 
having an energy storage device enables utilisation of the shaft gen-
erator as an active aid for propulsion with allowable influence on the 
generator load. In addition, the system efficiency is equivalent to the 
conventional system even without optimising the plant. Finally, co-
simulation using the functional mockup interface (FMI) standard is 
tested to see improvements in computational time of the complex 
simulation. The co-simulation result is verified against the result of 
simulation in all-in-one fashion. It shows good agreement and sig-
nificant improvement in computational speed.

Date: Thursday June 9th 
Time: 10:30 – 12:00 
Room: MTU Hall 

Topic: 03 - Fuel Injection & Gas Admission 
Session: Gas Applications II 

Development of Mitsui high-pressure com-
pressor for fuel gas supply system of ME-GI 
engine (ID 168)
Main author: Kouichi Namba, Mitsui Engineering & Shipbuilding Co. Ltd., Japan
Co-authors: Yasuyuki Tsuji, Mitsui Engineering & Shipbuilding Co. Ltd., Japan 
Teppei Kajitani, Mitsui Engineering & Shipbuilding Co. Ltd., Japan 
Keiji Kumashiro, Mitsui Engineering & Shipbuilding Co. Ltd., Japan 
Yutaro Wada, Mitsui Engineering & Shipbuilding Co. Ltd., Japan 
Kousuke Matsumaru, Mitsui Engineering & Shipbuilding Co. Ltd., Japan

Mitsui Engineering & Shipbuilding Co, Ltd (MES) recently devel-
oped a boil-off gas (BOG) compressor for the high-pressure fuel gas 
supply system (FGSS) of MDT ME-GI engines on LNG carriers. 
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The compressor for the offshore market was developed with high 
reliability and safety design based on more than 1,100 compressor 
experiences on shore in oil and gas applications all over the world.

The typical rated flow rate of the compressor is 3,500kg/h. It 
can handle the BOG at -160°C for suction and up to 300 bar for 
injection into the engine. The structural feature of the compres-
sor is a horizontal balanced opposed type with cylinders placed 
on opposite sides. This enables smooth and vibration-minimised 
operation and provides easy inspection and maintenance. Each 
compressor stage is followed by an intercooler to control the inlet 
temperature of the following stage and has both inlet and outlet 
pulsation suppression devices. A bypass valve provided over each 
stage enables to precisely and easily regulate the flow according to 
ME-GI engine set pressure. For shorter installation time at ship-
yards, the five-stage compressor and auxiliaries comprising cool-
ers, control valves, pulsation suppression devices, etc. be mounted 
on a skid together. In LNG carrier applications, a non-lubricated 
piston ring sealing system is employed from the first stage to the 
fourth stage while lubricated sealing is applied at the fifth stage. 
The sidestream taken out after the second stage can be fed into 
dual-fuel diesel engine generators and/or boilers. Furthermore, 
oil-free and high-pressure sidestream after the fourth stage can be 
used for a reliquefaction system of BOG recovery.

In 2013, a FGSS comprising an LNG tank, a high-pressure LNG 
pump and a vapouriser was introduced for ME-GI shop test opera-
tions in MES Tamano Works, Japan. Thereafter, for expanding the 
fuel gas supply capacity, the full scale prototype of the BOG com-
pressor developed was installed in the FGSS. A forced vapouriser 
was located upstream of the gas compressor. From June 2015, dem-
onstration test operations of the gas compressor with using LNG 
were started on the premise of offshore applications. Commercial 
ordered ME-GI shop test operations are carried out with the combi-
nation of the gas compressor and the LNG pump system.

Methane slip reduction from marine gas 
engines by stratified oxygen concentration 
using gas permeation membrane (ID 162)
Main author: Hiroshi Tajima, Kyushu University, Japan
Co-author: Daisuke Tsuru, Kyushu University, Japan

Gas engines are expected to be a strong substitute for diesel engines 
in marine fields, where strict emission regulations have been recently 
introduced. Thanks to the sulphur-free (in LNG form) and low-car-
bon features of natural gas, gas engines emit much less CO2 (ca 25%) 
and particulate matter than marine diesels burning heavy fuel oil.

The premixed lean-burn engines, however, suffer two massive 
flaws. One is abnormal combustion called knocking, which lim-
its the maximum engine torque, and the other one is the methane 
slip, which substantially means the unburned methane emitted into 
exhaust ports. Since methane is 25 times as harmful as CO2 in the 
greenhouse effect, the methane slip could halve the above men-
tioned CO2 reduction.

The major sources of the methane slip are thought to be flame 
quenching in dead volumes around a combustion chamber or in-
side a boundary layer near a cylinder wall. However, only supportive 
measures like cut down of the crevice volume have been conducted 
against the methane slip because the quenching distance depends on 
the chemical properties of the premixture and is difficult to change.

The study proposes a novel and essential method for methane 
slip reduction for the first time using a gas permeation membrane 

(GPM). The GPM adopted here permeates oxygen molecules more 
preferentially which is smaller than nitrogen molecules. The GPM 
unit is equivalent with a throttling channel with a small hole opening 
to its secondary side. When charged air flows into the GPM channel 
after a charge cooler, oxygen-enriched air (OEA) permeates to its 
secondary side and the charged air turns to be nitrogen-enriched air 
(NEA) along with charge flow passing the channel.

NEA and re-compressed OEA flow into a combustion cham-
ber thorough fully separated intake ports and form uneven oxygen 
gradient across a combustion chamber. The OEA-based premix-
ture directed towards the cylinder wall will decrease the quench-
ing distance and resulting methane slip, and the NEA premixture 
around the cylinder centre will control the knock tendency keep-
ing the same level of NOx emission.

At first, the feasibility of a twin turbocharging system was con-
firmed on a 1D engine simulator. Then the possibility of oxygen 
stratification during compression stroke and the potential of the 
methane slip reduction on chemical analysis were analysed on 3D 
CFD simulations.

Finally, combustion tests were conducted under near actual in-
cylinder conditions of gas engines using a constant-volume cham-
ber with a special thin-wall separator and a rapid-compression ex-
pansion machine of 240mm bore.

All of these investigations clearly showed the novel GPM sys-
tem could cope with both the knock avoidance and the methane 
slip reduction effectively.

Study on mixture formation process in 
two-stroke low-speed premixed gas-fuelled 
engine (ID 207)
Main author: Takahiro Kuge, IHI Corporation, Japan
Co-authors: Yoshiyuki Umemoto, Diesel United Ltd., Japan 
Takeshi Yamada, IHI Corporation, Japan 
Takayuki Hirose, IHI Corporation, Japan 
Takahide Aoyagi, IHI Corporation, Japan

Lean premixed combustion technology has great potential to reduce 
NOx emission without an exhaust gas aftertreatment system, and 
it has been mostly developed in four-stroke medium-speed gas en-
gines. On the other hand, to satisfy lean pre-mixture in two-stroke 
low-speed gas engines, there are the following technical difficulties 
to overcome because of its gas injection during scavenging period:

 > Gaseous fuel slipping through exhaust valve,
 > Unexpected ignition due to contact with hot residual gas and 

gas mixture,
 > Quick gas mixing is needed to inhibit abnormal combustion 

(pre-ignition, rapid combustion and end gas auto-ignition).
Therefore, the technology concerning mixture formation is a key 
point for developing two-stroke premixed gas-fuelled engines.

The paper describes the mixture formation process and feasibil-
ity in a two-stroke lean premixed combustion gas engine by using 
CFD analysis and elementary test. The gaseous fuel is injected from 
the injectors mounted on the cylinder liner between the scavenging 
port and exhaust valve. The mixture formation process is investigat-
ed by CFD simulation and visualisation experiment using 200mm 
diameter acrylic cylinder. The CFD result shows that gaseous fuel 
jets in crossed swirl flow reach the cylinder centre and mix with fresh 
air. The jet trajectory of CFD has a good conformity with the visu-
alisation result. Optimisation of injection timing can almost control 
non-contact with hot residual gas, and also minimise gaseous fuel 
slipping through exhaust valve.
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Furthermore, the effect of injection system on mixing process 
is studied by CFD simulation. The result shows that the scaveng-
ing port injection system, in which gas nozzles are mounted on 
each scavenging port, improves mixing and in addition, optimis-
ing swirl flow provides further mixing.

Impact of different combustion methods 
on performance and exhaust gas  
composition of natural gas engines (ID 170)
Main author: Yoshitane Takashima, Osaka Gas, Japan
Co-authors: - 

Engines using natural gas as their main fuel are attracting attention 
for their environmental-protection and energy-saving potential. 
The development of techniques for the extraction of non-conven-
tional gases such as shale gas has led to the production of low-cost 
natural gas, the use of which is being revisited from an economic 
standpoint. Natural gas also shows promise as a solution to stricter 
exhaust gas regulations, in view of the fact that it produces no SOx 
emissions and very low NOx emissions, and wider use of natural 
gas engines is expected, not only in stationary, but also in road 
transport and shipping applications. As an energy-saving measure, 
there is a need to improve the thermal efficiency of natural gas en-
gines, and research and development of spark ignition engines and 
auto-ignition engines is being pursued.

Natural gas has a relative high auto-ignition temperature as com-
pared with gasoline, light fuel oil, and heavy fuel oil, making it an ideal 
fuel for use with high compression ratios and high-pressure forced 
induction, and natural gas engines are ideally suited to homogeneous 
charge compression ignition (HCCI). However, combustion control 
has in the past been an issue with HCCI, and research and develop-
ment of spark ignition engines in which combustion can be controlled 
to some extent is also being pursued. To achieve stable combustion 
under lean conditions in engines with a large bore, it is important to 
improve ignition, and many methods have been adopted to improve 
combustion in the main chamber, including prechamber ignition and 
micro-pilot ignition. However, there is concern that prechamber igni-
tion and micro-pilot ignition produce increased NOx emissions, and 
for this reason, spark plugs without a fuel supply mechanism, such as 
prechamber plugs, are also being researched.

In the study, a single-cylinder test engine with a bore of 165mm 
and a stroke of 215mm was used to conduct tests with HCCI, pre-
chamber spark ignition, open chamber with prechamber plug ignition, 
and open chamber conventional spark ignition, and to evaluate the ef-
fect of each combustion method on thermal efficiency and exhaust 
gas. The effect of high mean effective pressure was also investigated.

Date: Thursday June 9th 
Time: 10:30 – 12:00 
Room: AVL Hall  

Topic: 10 - Fuels, Lubricants & Fluid Technologies 
Session: Lube Oil Technology II 

Lubricant development tools for modern 
trunk piston engine oils (ID 241)
Main author: Jose Luis Garcia, Shell Global Solutions (Deutschland) GmbH, Germany
Co-authors: John Schakel, Shell Global Solutions International, Germany 
Stefan Schleper, Shell Global Solutions (Deutschland) GmbH, Germany

Trunk piston engines (medium speed) for the marine and power 
generation sector have significantly developed in recent years. Tight-
ening emissions controls, efficiency and fuel flexibility are driving 
engine technology evolution to satisfy increasingly demanding mar-
ket needs and regulations. To address these requirements, well stab-
lished concepts like Miller timing, increased compression ratios and 
dual- or multi-fuel engine designs continue to expand to medium-
speed engines applications. For engine oils used in the applications, 
all the approaches have resulted in exposure to higher oil stresses that 
accelerate oil degradation, which is reflected in reduced oil service 
life as condemnation limits are reached faster particularly in terms of 
base number depletion and lubricant viscosity increase.

Facing these challenges, it is expected that commercial trunk 
piston engine oil (TPEO) technologies are undergoing the next 
development cycle, as more demanding applications penetrate the 
market and most of current lubricant products have been available 
for over a decade. Screening performance improvements for new 
TPEO developments utilising only laboratory and bench tests ap-
proaches can be challenging as lubricant performance aspects are 
usually tested separately and their correlation to more demanding 
applications in the field might not be well established.

In particular, the paper will highlight the increasing relevance of us-
ing engine testing tools on top of traditional approaches to develop TPE-
Os and challenge some bench testing and performance relationships.

The authors will discuss some aspects of utilising a single-cyl-
inder research engine fuelled with HFO to demonstrate the effect 
of oil stress in lubricant performance as well as the capability of the 
tool to discriminate for lubricant performance improvements par-
ticularly around aspects of engine cleanliness, viscosity control and 
alkaline reserve depletion.

Improved test protocols and engine control systems for Shell’s 
Caterpillar-AVL test engine (single-cylinder AVL diesel engine LEF 
model with a Caterpillar 1Y540 top construction) will be presented 
to show how the tool can be utilised to generate reliable and repeat-
able test data for discovery and benchmarking purposes, highlighting 
discrimination for high performance candidate formulations to prove 
their robustness and readiness for further testing in full size engines 
such as Shell’s Wärtsilä 4L20D as well as field engines running under 
conditions capable to discriminate the performance of a lubricant.

Cylinder lube oil experiences and new  
development for the MAN B&W  
two-stroke engines (ID 73)
Main author: Dorthe M.S. Jacobsen, MAN Diesel & Turbo, Denmark
Co-authors: Stefan Mayer, MAN Diesel & Turbo, Denmark 
Julia Svensson, MAN Diesel & Turbo, Denmark 
Jesper Mark Pedersen, MAN Diesel & Turbo, Denmark

New types of fuels enter the marine market and novel combustion 
principles are introduced in MAN B&W engines. This imposes 
challenges to the traditional cylinder lube oils, cylinder lube oil sup-
ply systems and engine components. Here, MAN Diesel & Turbo 
presents the lubrication challenges and latest experiences for op-
eration on fuels with less than 0.1% sulphur for two-stroke engines. 
Our future cylinder lube oil supply systems, which cover the entire 
fuel range from 0-3.5% and new components to overcome the risk of 
obstructions in oil-film formation, are also discussed. 

Until recently, marine low-speed engines and cylinder lube 
oils have been optimised for operation on heavy fuel oil (HFO) 
with a high sulphur content. The purpose of the alkaline additives 
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in the lube oil is to neutralise the sulphuric acid condensed on the 
liner wall and thereby protect the components against corrosion. 

When operating on fuels with less than 0.1% sulphur, i.e. dis-
tillates, ultra-low sulphur fuel oil (ULSFO), liquefied natural gas 
(LNG), methanol, ethane and LPG, only small amounts of sul-
phuric acid is formed and the alkaline additives in the lube oil are 
not needed. The unused alkaline additives tend to form deposits 
in the combustion chamber and these can disturb the lube oil film, 
obstruct the piston ring movement, polish the liner surface and 
thereby increase the risk of scuffing. Newly developed cylinder 
lube oils are available to decrease these risks. 

For engines operating continuously on fuels with less than 
0.1% sulphur, two components that aim to reduce the risk of sei-
zures, polished liner surfaces and scuffing are presented. Cermet 
coated rings show successful results and installing a full set of pis-
ton rings with cermet coating is recommended. 

Cylinder oils are usually optimised for a specific sulphur range. 
Ships operating in the full sulphur range from 0 to 1.0 to 2.0 to 
3.5% require several lube oil types in order to have an efficient lu-
brication. The automated cylinder oil mixing (ACOM) system is 
the solution and only requires two oils and will be available for all 
engines types. The ACOM mixes low-BN oil and high-BN oil to 
the required BN to match the fuel sulphur content. It mixes and 
delivers the lube oil mixture just in time, facilitating the process 
of optimising the lubrication and cylinder condition. Using suit-
able lubricants, ACOM operation can cover the complete sul-
phur range from 0-3.5% and facilitate optimised lubrication. The 
ACOM is presently out for service testing.

The automated cylinder oil switching (ACOS) system is spe-
cially developed for ME-GI engines and facilitates the lubrication 
during operation on LNG and high-sulphur HFO. It is controlled 
by the engine operating system and switches automatically be-
tween low-BN and high-BN cylinder lube oil based on the sulphur 
content in the actual fuel and load applied. The ACOS system is 
now standard for the ME-GI engines.

Successful optimisation of the lubrication and improvement of 
the cylinder condition depend on a close following of the condi-
tion and operator’s acting on the information obtained.

The importance of onboard analysis tools, i.e., drain oil analysis, port 
inspections and liner surface examinations, are described and discussed.

Development of cylinder lubricant for LNG-
fuelled two-stroke engines (ID 143)
Main author: Shigeki Takeshima, JX Nippon Oil & Energy Corporation, Japan
Co-author: Naozumi Arimoto, JX Nippon Oil & Energy Corporation, Japan

It is estimated that the number of vessels with LNG-fuelled engines 
will be about 1,000 by 2020. LNG-fuelled four-stroke engines have 
been used for some years in power generation applications world-
wide and as marine propulsion engines, primarily in Europe. In con-
trast, few two-stroke LNG-fuelled are in service at present.

LNG-fuelled two-stroke engines have been studied since the 
1980s. The first such commercial engine was a Mitsui-MAN B&W 
12K80MC-GI-S engine, which was installed in a 40 MW power 
plant in 1994. Initially, low base number (<=10BN) cylinder lubri-
cants were used for the engine. But liner scuffing and severe wear of 
liners and rings occurred after brief periods of operation. Modifica-
tions to the engine (e.g., high top land, controlled pressure relief ring, 
semi-honed wave cut liner, alpha lubricator) improved liner lubrica-
tion. The authors also set about improving the cylinder lubricant and 
developed a 40 BN cylinder lubricant. The lubricant not only shows 

good cylinder lubricant performance, it also has good high-tempera-
ture oxidation stability and controls ash deposits. Cylinder lubricant 
performance is defined by detergency and anti-scuffing performance 
at high temperatures. Through use of a unique ash softening technol-
ogy, the lubricant offered a perfect balance between high-ash (which 
translates to high BN and high performance) and ash-deposit con-
trol. It was in use for more than 20,000 hours until 2003.

Meanwhile, the first delivery of a vessel with an LNG-fuelled 
two-stroke engine would have to wait until 2015. Now the authors 
are developing a cylinder lubricant for ME-GI, UEC-LSGi and 
W-X DF engines. It has been confirmed that the aforementioned 
40 BN cylinder lubricant can be used for ME- GI engines.

The ME-GI engine and UEC-LSGi engine are diesel cycle en-
gines, and the W-X DF engine is an Otto cycle engine. Otto cycle 
engines are known to be prone to pre-ignition caused by oil ash 
accumulating in the combustion chamber and/or lubricant mists. 
The authors tried reducing the BN of the cylinder lubricant and 
studied the relation between the formulation of a lubricant and its 
auto- ignition temperature and the influence of the auto-ignition 
temperature on pre-ignition.
In the paper, the following topics are discussed;

 > History of the development of a 40 BN cylinder lubricant for 
the MC-GI engine;

 > Lubrication conditions of LNG-fuelled two-stroke engines, 
two-stroke engines with heavy fuel and LNG-fuelled four-
stroke engines;

 > Requirements for cylinder lubricant for LNG-fuelled two-
stroke engines;

 > Results of using 40 BN cylinder lubricants in ME-GI engines;
 > The challenge to reduce BN of cylinder lubricants for LNG-

fuelled two-stroke engines;
 > The influence of the cylinder lubricant on pre-ignition or 

knocking in Otto cycle engines.

Advanced filtration of lubrication oil for the 
hydraulic system in two-stroke engines (ID 45)
Main author: Stefan Schmitz, Boll&Kirch Filterbau GmbH, Germany
Co-authors: - 

The use of lubrication oil as a hydraulic medium to actuate the in-
jection systems of two-stroke engines has been well experienced for 
more than 15 years now. The hydraulic oil system works like a kidney 
loop, safe-guarding the quality of the overall oil volume. It receives ad-
ditional filtration downstream the main lube oil automatic filter.

A new filtration concept is introduced to enhance the cleaning 
of the oil during engine flushing procedures and over the entire 
engine lifetime. At the same time, the concept is space saving and 
performs better in the vibrating environment on the engine. 

Date: Thursday June 9th 
Time: 13:00 – 14:30 
Room: Finlandia Hall 

Topic: 10 - Fuels, Lubricants & Fluid Technologies 
Session: New Fuels II 

B5 biodiesel fuel for locomotives in the US (ID 16)
Main author: Steven Fritz, Southwest Research Institute, USA
Co-authors: Melissa Shurland, U.S. Department of Transportation - Federal  
Railroad Administration, USA 
John Hedrick, Southwest Research Institute, USA
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As a result of changes in the US diesel fuel regulations, mandates, and 
specifications, American railroads are using fuel with up to 5% biodiesel 
(B5), and are faced with the likelihood of receiving biodiesel blends (up 
to 20%) for use in diesel locomotive engines. Although biodiesel blends 
have been in the automotive fuel market for several years, there is less 
experience with regular operation of locomotive engines on these fu-
els, and a number of concerns have been expressed by the locomotive 
manufacturers and the railroad companies, especially when biodiesel 
concentrations higher than B5 are used.

The paper summarises work funded by the US Department of 
Transportation Federal Railroad Administration (FRA) supporting the 
railroad industry in assessing biodiesel fuel issues in locomotives. Details 
are given for the regulatory drivers in the US for biodiesel: an experimen-
tal programme to assess the impact of B5 and B20 on exhaust emissions, 
fourier transform infrared (FTIR) characterisation of biodiesel markers 
in elastomer and fuel filter components in locomotive engines and loco-
motive engine fuel injector deposit characterisation using FTIR.

The objective of the experimental programme was to assess the ef-
fects of various blends of biodiesel on locomotive engine exhaust emis-
sions. Systematic, credible, and carefully designed and executed loco-
motive fuel effect studies produce statistically significant conclusions 
are very scarce, and only cover a very limited number of locomotive 
models. Most locomotive biodiesel work has been limited to cursory 
demonstration programmes. Of primary concern to railroads and regu-
lators is understanding any exhaust emission associated with biodiesel 
use, especially NOx emissions.

In the study, emissions tests were conducted on two locomotive 
models, a Tier II EMD SD70ACe and a Tier I+ GE Dash9-44CW with 
two baseline fuels, conventional EPA ASTM No. 2-D S15 (commonly 
referred to as ultra-low sulphur diesel - ULSD) certification diesel fuel, 
and commercially available California Air Resource Board (CARB) 
ULSD fuel. A single batch of soy-based B100 was blended with the EPA 
and CARB diesel fuels to yield 5% and 20% by volume blends of fuels. 
A randomised test matrix was used to perform triplicate tests on each of 
the six test fuels (EPA0, CARB0, EPA5, CARB5, EPA20, and CARB20).

The results of these emissions test results were analysed to deter-
mine the statistical relevance of any difference in emissions among fuels. 
General emissions and fuel economy trends for biodiesel seen in other 
studies and in other applications were found in the study. Higher blend 
levels of biodiesel were associated with lower carbon monoxide and par-
ticulate matter, and higher levels of nitrogen oxides and fuel consump-
tion. Diesel fuel with 20% biodiesel often resulted in statistically signifi-
cant differences from the fuel with 0% or 5% biodiesel. The difference 
between 0% and 5% biodiesel was generally not statistically significant. 
Different trends between the locomotives could be explained by differ-
ences in emissions certification levels, combustion cycle (four-stroke vs. 
two-stroke), and lubricating oil consumption. 

Performance and emissions of a common-
rail non-road diesel engine driven with  
different renewable fuels (ID 29)
Main author: Seppo Niemi, University of Vaasa, Finland
Co-authors: Olav Nilsson, University of Vaasa, Finland 
Michaela Hissa, University of Vaasa, Finland 
Erkki Hiltunen, University of Vaasa, Finland 
Tuukka Hartikka, Neste Corporation, Finland 
Katriina Sirviö, University of Vaasa, Finland

One of the best methods to reduce greenhouse gas emissions of ther-
mal energy generation systems is to use waste-derived fuels. In Finland, 
high-quality liquid engine fuels are produced from various wastes, e.g., 
animal fats, bi-products of forest industry, and wastes of food industry.

In the study, three different liquid renewable fuels were inves-
tigated in a turbocharged, intercooled, common rail, non-road die-
sel engine. The fuels were animal fat based methyl ester (AFME), 
hydrotreated vegetable oil (HVO), and biodiesel from fish wastes 
(FISH). As the baseline fuel, commercial low-sulphur diesel fuel 
oil (DFO) was used. The engine was designed to fulfil the US Tier 
III emissions legislation.

The engine was driven according to the eight-mode cycle C1 
of the ISO8178 standard. In addition to the basic engine perfor-
mance and regulated gaseous emissions, the exhaust smoke and 
particulate number emissions were determined.

For all studied fuels, similar rated engine output and maxi-
mum torque were used. Due to the lower volumetric heating val-
ues, the injection periods were at some loads slightly longer for 
AFME, FISH and HVO relative to DFO. No deliberate modifica-
tions were, however, made for the injection strategy.

The smoke emissions were the lowest with AFME and FISH, 
both of which showing very similar results. DFO emitted the high-
est smoke and the results of HVO were between those of DFO and 
esters. At low load at rated speed, HVO showed, however, almost 
as low smoke readings as AFME and FISH.

At high loads, FISH produced the highest NOx emissions, 
HVO usually showing the lowest NOx. At maximum torque, the 
NOx with HVO was more than 20% lower compared with FISH. 
At rated speed, DFO was almost as favourable as HVO but at very 
low load the NOx was slightly the highest with HVO.

Regarding CO emissions within the upper half load range, there 
were no big differences between the fuels, the esters having slightly 
the lowest recordings at 75% and full loads at intermediate speed. At 
low loads, HVO was the most beneficial concerning CO emissions.

At rated speed, DFO produced the highest HC emissions, HVO, 
AFME and FISH showing lower but almost equal results each. At 
intermediate speed, HVO and FISH emitted the lowest HC, AFME 
being slightly less favourable and DFO again showing the highest HC.

The highest particulate number (PN) emissions were measured 
with DFO, the peak value usually detected within a particle size range 
of 50 to 70 nm. The lowest PN was generally recorded with FISH, but 
AFME showed almost similar results. With the esters, the highest PN 
was often approximately 50% of that with DFO. Commonly, the high-
est PN with HVO was halfway between DFO and esters.

At idle, the particle size distributions were, however, completely 
different. FISH produced clearly the highest emissions and HVO the 
lowest. As a whole, the benefit of HVO was very clearly seen just at idle. 
The brake thermal efficiencies were almost equal throughout the test 
cycle. At high loads at intermediate speed, AFME and FISH showed 
slightly higher efficiencies than HVO and particularly DFO, but the 
differences were almost within the range of the measurement accuracy.

The study showed that oxygen containing waste-derived esters 
may form a feasible option for local energy production and off-
road use, particularly when used as blends with fossil DFO. More-
over, the advantages of the high-quality renewable HVO fuel were 
especially clearly seen in low-load engine operation conditions.

Alternative fuels from a medium-speed 
engine manufacturer’s perspective (ID 238)
Main author: Kai Juoperi, Wärtsilä Corporation, Finland
Co-authors: - 

As a consequence of the new sulphur emission legislation, many 
new fuel qualities have entered the market. Concerning distillate 
fuel and residual fuel, the trend is towards a lower sulphur con-
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tent. Both the ultra-low sulphur diesel with a sulphur content of 
~ 10 mg/kg and low-sulphur fuel oils with various composition, 
but with a sulphur content of max. 0.10% m/m, are now available.

Natural gas, both in liquefied form and as pipeline gas, has added 
its flavour during the latest years in all areas where gas is available. 
Liquefied natural gas is nowadays a commonly used fuel quality in 
LNG tankers equipped with Wärtsilä dual-fuel engines, and lately 
the use has been expanded to other applications as well. Examples 
are ferries, coast guard vessels, harbour tugs and product tankers. In 
addition to LNG, there has been interest towards the use of liquefied 
ethane gas, which is transported in similar carriers as LNG.

In the paper, the focus is put on the physical and chemical 
properties of the 0.10% m/m sulphur fuels introduced for SECAs, 
some liquid biofuels, as well as on methanol, ethane, and propane. 
The paper summarises engine performance and existing field ex-
perience along with the findings and inspection results from these 
fuels as available so far. The required modifications for the engines 
and fuel system to ensure successful engine operation are also dis-
cussed. Finally, the future potential for utilising different alterna-
tive fuel qualities is evaluated.

The experience has shown that the quality of the new 0.10% 
m/m sulphur fuels can vary significantly. This poses some chal-
lenges to engine builders to offer relevant operating instructions 
for each individual product. New biofuel qualities have also been 
introduced, which - based on their composition - can be used as 
such or as a blending component with fossil fuels. Additionally, 
liquid fuels like methanol, and gaseous fuels like ethane and pro-
pane have been utilised successfully.

It is expected that distillate fuels, residual fuels, and natural gas 
are still likely to maintain the dominating position as fuel sources for 
medium-speed diesel engines for several decades. However, there is 
a wide selection of other potential alternative fuel qualities that can 
be considered suitable for medium-speed diesel engines, too.

From an environmental point of view, renewable energy 
sources are offering several advantages compared with fossil fuels. 
However, the spectrum of liquid biofuels is very wide, making it 
extremely important to evaluate in detail the properties of each 
biofuel quality.

Impacts of minor components on knock 
tendency of methane-based fuels (ID 89)
Main author: Hiroki Tanaka, Osaka Gas, Japan
Co-authors: Takuji Ishiyama, Kyoto University, Japan 
Hiroshi Kawanabe, Kyoto University, Japan 
Kazunari Kuwahara, Osaka Institute of Technology, Japan 
Takahiro Sako, Osaka Gas, Japan 
Kazunobu Kobayashi, Osaka Gas, Japan

Gaseous fuels used for gas engines are composed primarily of 
methane (CH4), but also contain small hydrocarbons, ethane 
(C2H6), propane (C3H8) and butane (C4H10), and inert gases, 
carbon dioxide (CO2 ) and nitrogen (N2). In recent years, the pro-
ductions of unconventional fuel gases, such as shale gas, and the 
increasing use of biogas and hydrogen (H2), have led to diversi-
fication in the constituents of gaseous fuels. Demand for higher 
thermal efficiency and greater power has led to high-pressure 
charging of gas engines, which results in knocking during opera-
tion under high loads. Knocking in a spark-ignition engine occurs 
when the unburned mixture of end-gas region is ignited prior to 
flame propagation. The most important determinants of end gas 
auto-ignition are the chemical reactivity and physical state of end 
gas mixture. As for gaseous fuels containing small hydrocarbons 

and H2, ignitability, burning velocity and specific heat ratio are 
significantly different among those components. Accordingly, 
knock rating using two-component primary reference fuels, such 
as methane number, can be applied to a limited range. The study 
investigated the knocking characteristics of H2, C2H6, C3H8, n-
C4H10, and iso-C4H10, and also investigated promoting/inhibiting 
effects of these minor components, including CO2 , on the inci-
dence of knock with methane-based multi-component fuels. First-
ly, engine tests were conducted using neat fuels. Among H2, C2H6, 
C3H8, n-C4H10, and i-C4H10, H2 possessed the highest knocking 
tendency. The knock-limited spark advance (KLSA) with H2 was 
5 deg. ATDC, while that with n-butane was -23 deg. ATDC. The 
causes of high knock tendency of H2 were analysed using zero-
dimensional detail chemical kinetic computations, CHEMKIN-
PRO. Computed ignition delay time was longest for CH4, fol-
lowed by H2, C2H6, C3H8, i-C4H10, and n-C4H10. Thus, H2, which 
is a pro-knock reference fuel of methane number, was less ignit-
able than the other minor components. The test results were also 
simulated by setting measured pressure data to constrain pressure 
model of CHEMKIN-PRO. It was revealed that auto-ignition of 
H2 was due to the high temperature profile of unburned gas dur-
ing compression and combustion phase. The higher unburned gas 
temperature with H2 during the compression stroke is due to the 
high specific heat ratio of H2 in the mixture. In addition to this 
effect, the unburned gas temperature with H2 is easy to increase 
during the combustion phase because of the high burning velocity 
of H2, which promote compression by flame front. Engine tests 
were also conducted using CH4-based dual-component fuels hav-
ing H2, C2H6, C3H8, n-C4H10, or i-C4H10 as their secondary com-
ponent, and ternary fuels of CH4/H2/CO2 . When the proportion 
of secondary component was small, a CH4/H2 blend showed the 
lowest knocking tendency. However, as the proportion of second-
ary component increased, CH4/H2 showed a higher knocking ten-
dency compared with CH4/C2H6. This is due to the high specific 
heat ratio and burning velocity of H2. Furthermore, the addition 
of CO2 to CH4/H2 significantly increased knock resistance of 
CH4/H2. This is because CO2 mitigates the high specific heat ra-
tio and burning velocity of H2. The impacts of minor components 
on knock can be more characteristic of gaseous fuels containing 
small hydrocarbons than of large hydrocarbons such as gasoline, 
in which the change in specific heat ratio and burning velocity for 
different fuel constituents is smaller. The authors believe that tak-
ing both the chemical and physical properties of fuels into account 
for knock prediction could help to utilise diversified gaseous fuels 
in the future.

Date: Thursday June 9th 
Time: 13:00 – 14:30 
Room: Wärtsilä Hall 

Topic: 09 - System Integration & Optimization 
Session: Ship Related Issues 

SOLAS new noise regulation impact on en-
gine noise reduction and engine room (ID 103)
Main author: Zengxin Gao, Wärtsilä Corporation, Finland
Co-authors: Kari Saine, Wärtsilä Corporation, Finland 
Sami Oksanen, Wärtsilä Corporation, Finland

Over years in history, engines have become more and more power-
ful and the fuel injection pressure has become higher and higher. 
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Almost every major development intention that an engine man-
ufacturer has been striving for tended to increase the noise level 
of the engine. In recent years, the increasing public awareness of 
noise hazard has given rise to the need for noise reduction.

At the 91st session of the IMO Maritime Safety Committee 
(MSC), regulation II-1/3-12 of the International Convention for 
the Safety of Life at Sea (SOLAS), 1974, as amended, was adopted 
by the resolution MSC.338(91). The regulation provides that ships 
shall be constructed to reduce onboard noise and to protect person-
nel from noise in accordance with the code on noise levels onboard 
ships. The code was concluded for entry into force on July 1st 2014. 
In the code, the maximum acceptable sound pressure level of 110 
dB at any individual measurement position in the machinery space 
is treated as mandatory. In brief, the regulation has become stricter 
concerning the change for the A-weighted equivalent noise level at 
the distance of 1m from machinery from the “recommended aver-
age 110 dB” to the “mandatory individual position 110 dB”. This is a 
wise and logical change because it means that none of the measure-
ment points shall exceed the limit so that now one really has to take 
care of every noisy component instead of tending to measure more 
at less noisy areas to bring the average level down. The new SOLAS 
noise regulation has a significant impact on new ship constructions, 
and the yielded challenge has driven the shipyards to seriously con-
sider selecting a manufacturer of quieter engines.

Wärtsilä is ready to provide the least noisy large diesel engines 
with technical low-noise solutions to assist shipyards in achieving 
an utmost quiet engine room, fulfilling the SOLAS regulations. 
With decades of experience and knowledge in engine noise and 
vibration, Wärtsilä is today able to reduce the noise level by more 
than 5 dB without adding any additional insulation panels that in-
crease the difficulty for maintenance on the engine.

This achievement may be regarded as a milestone in the whole 
engine noise reduction history, before which most of the world 
believed that a more than 5 dB noise reduction is extremely dif-
ficult or even impossible to achiev without adding insulation pan-
els. On the other hand, reducing the engine noise alone is often 
not enough to keep the noise level in the engine room below the 
limitation because the room acoustical properties also have a con-
siderable impact.

The paper presents the engine noise reduction that Wärtsilä 
has achieved over years and discusses shouldering the obliged 
responsibilities for a quiet engine room fulfilling the SOLAS re-
quirements. With solid theoretical know-how and advanced exper-
imental techniques, Wärtsilä is able to precisely identify the major 
engine noise source and effectively reduce it to an acceptable level 
during the factory acceptance test. Meanwhile, there are still things 
to be taken into account in the engine room design. Engine rooms 
built with and without proper noise absorptive surroundings have 
a noticeable difference in the induced noise levels. Consequently, 
to fulfil the SOLAS new noise regulations, great effort is required 
from both the engine manufacturer and the shipyards.

Experimental and numerical vibration 
study into hydraulic top bracingś  influence 
on engine and superstructure vibration (ID 28)
Main author: Michael Holtmann, DNV GL, Germany
Co-authors: Martin H. Frandsen, MAN Diesel & Turbo, Germany

Top bracings are widely used to control vibration resonances of 
engine/hull structures and to reduce the vibration of the engine 

frame itself in transverse and sometimes also in longitudinal di-
rection. Therefore and because top bracings form an additional 
transmission path for engine-excited vibrations, they also may 
positively or negatively influence the vibration response of other 
machinery and equipment as well as the ship structure.

Currently, two types of top bracings are used: mechanical 
top bracings with a friction connection and hydraulic top brac-
ings. The main advantages of the hydraulic top bracing are their 
improved ability to compensate relative deflections between the 
engine and the ship and that their dynamic characteristic can be 
controlled by different settings. Compared with the conventional 
mechanical top bracings, MAN’s hydraulic top bracings have two 
basic settings that can be controlled by engine speed: the standard 
active setting and the passive setting. While in the active setting 
the hydraulic top bracings acts like a spring with a certain amount 
of stiffness - similar in its behaviour to the mechanical type - in the 
passive setting it acts like a damper.

To get more insight into the dynamic characteristics of hy-
draulic top bracings and its influence on the engine and structural 
vibrations, MAN conducted several measurements on board dif-
ferent ships. Based on the measurements, the working principle 
and the effectiveness of the hydraulic top bracings were proven. 
Furthermore, their stiffness and damping properties were studied. 
In addition to the active and passive setting, a third condition was 
assessed: the top bracings were drained from oil, a condition simi-
lar to no top bracings at all. Furthermore, the correlation between 
these different top bracing settings and the vibrations response of 
the superstructure was investigated.

In a joint project, DNV GL and MAN aimed at correlating the 
measurement results by the simulation findings. Based on a validat-
ed simulation model it was then even possible to investigate several 
more different non-standard configurations and settings by addition-
al simulations. The additional simulations covered the influence of 
increasing the amount of top bracings, the top bracings stiffness, and 
the effect of applying top bracings on both sides of the engine struc-
ture (double-sided arrangement in port and starboard side of vessel).

In the paper MAN’s measurements and DNV GL’s corre-
sponding simulations will be presented, compared and discussed.

Ship engine in-service performance  
management, using a state-of-art model-
based assessment methodology (ID 129)
Main author: Panos Theodossopoulos, Propulsion Analytics, Greece
Co-authors: Theodore Ioannou, Propulsion Analytics, Greece 
Eleftherios Dedes, Euronav Ship Management (Hellas) Ltd., Greece 
Zois Dagkaris, Euronav Ship Management (Hellas) Ltd., Greece 
Dimitrios Lourandos, Propulsion Analytics, Greece

Retaining and improving the performance and efficiency of ship-
board power plants as well as performing condition monitoring 
towards efficient fault diagnosis and asset management require 
monitoring (measuring) and evaluation (benchmarking).

On the monitoring side, the evolution of smart sensors and data 
acquisition systems, along with advanced telecommunications for 
transferring data from such systems to the shore office, provides a 
solid basis for the primary source of information needed. In practice 
though, any in-service measurements may occasionally prove to be 
untrustworthy, taking into account drift of sensors and accuracy is-
sues, and in any case, shipboard automatic data acquisition systems 
often result in a flood of transmitted information in need to be fil-
tered and processed, in order to obtain any useful results. Successful 
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performance management, fault diagnosis and optimisation heav-
ily rely on dependable and accurate benchmark/reference, against 
which measurements can be compared, in order to draw useful con-
clusions and produce diagnostic and prognostic results.

The core of the novel methodology, presented in the paper, in-
volves the use of a thermodynamic simulation model for each spe-
cific shipboard engine. The model is tuned to be an exact replica of 
the actual engine in operation, reflecting the physical relationships 
of all primary parameters (temperatures, pressures, rpm) and result-
ant values (torque, fuel consumption, emissions, etc.). Once tuning 
is performed, the model predicts engine performance as influenced 
by ambient conditions, load, speed and fuel, at any operating point. 
Based on the premise that the operating envelope of the engine is 
known, a great number of simulations are performed a priori, for 
combinations of all possible engine settings, ambient conditions and 
fuels. Thus an engine performance hyper-map (HyperCube) is gen-
erated. This hyper-map database can provide the expected values of 
performance parameters at any engine operating condition. The ex-
pected values are then compared with the measured values, offering 
diagnostics based on the residual differences between the two.

Euronav Shipping Company has installed HyperCubes, as pro-
duced by Propulsion Analytics, for seven Suezmax tankers (sister 
ships), in their performance department. The ships’ main engines 
have various measuring and data acquisition systems installed on 
board, with the Hypercube methodology capable of working with 
any such system and/or sensor. To ascertain the accuracy of the meth-
odology and the predictive potential, a single blind validation was 
performed. On a specific vessel, where service performance reports 
were available for some years in the past, the engine settings of all past 
instances were fed into the HyperCube. Assuming that past measure-
ments were of reasonable fidelity, any swing in residuals (measured/
expected) in the timeline, were then compared with the known en-
gine maintenance events. The results indicated a recognisable shift 
in performance, following maintenance events in the ship’s records, 
confirming the validity and accuracy of the Hypercube methodology.

In addition to the above validation exercise as well as the estab-
lishment of the HyperCube technology among the standard prac-
tices for performance management, the methodology also allows 
the shipping company to perform optimisation studies (e.g., VIT 
optimization) as well as execute a number of “what-if ” scenarios 
for examining how the vessel engine performs in regimes it had 
not operated in the past.

In closing, the long-term vision of the shipping company with re-
spect to the usage of such methodologies and technologies for monitor-
ing and evaluation are presented, aiming at optimum vessel operation.

OHS – noise reduction in engine rooms on 
board ships (ID 289)
Main author: Marius Banica, ABB Turbo Systems, Switzerland
Co-authors: Carsten Spinder, ABB Turbo Systems, Switzerland 
Klaus Fusstetter, ABB Turbo Systems, Switzerland

The development of new combustion engine designs results in 
ever more demanding requirements on the supercharging system, 
such as increasing pressure ratios and increasing specific volume 
flow rates. Major drivers for the new developments are environ-
mental aspects, such as increased fuel economy and reductions 
in exhaust gas emissions. At the same time, compactness of the 
supercharging system should further be maintained. As a result, 
the mechanical requirements on the turbochargers have increased 
considerably for new developments.

In addition to these development trends on the engine and 
turbocharging side, vessel occupational health and safety (OHS) 
regulations are constantly being tightened. Particularly relevant to 
turbocharger designers is the IMO resolution MSC.337 (91). The 
regulation defines the “Code on Noise Level on Board Ships” to be 
mandatory under the SOLAS convention, thus leading to stricter 
requirements on the noise level on board ship for new vessels. A 
major part of the noise of modern two- and four-stroke engines is 
emitted from the supercharging system if no effective noise reduc-
tion measures are applied.

To fulfil the requirements regarding noise emissions from 
engines in the future, a new approach to implement noise reduc-
tion measures on the engine as well as on the turbocharging side 
is needed in many cases. On the supercharging side, the challenge 
is to develop solutions that constitute an optimum between noise 
reduction, compactness, weight, cost, and mechanical robustness. 
In the past, the development of new noise reduction measures has 
been a time consuming process that relied heavily on experimental 
methods. Given the tremendous increase in computational power 
over the past few decades, however, it is now becoming increas-
ingly attractive for the industry to optimise designs acoustically by 
means of modern CFD and FEM methods.

The paper discusses current development trends in noise miti-
gation strategies for turbocharger systems and their pertinence 
to regulatory frameworks. Particular emphasis is placed on the 
application of state-of-the-art commercial CFD methods to the 
prediction of noise emitted by maritime radial compressors in the 
nominal operating range. Here, the compressor constitutes the 
main source of noise, which is emitted through both the inflow 
and the outflow. The former is linked to rotor locked shock fronts, 
which are a result of the transonic flow on the blade suction sur-
faces. Their strength, and hence the noise levels, are determined 
by the machine operating point. In the outlet, noise is generated 
by two mechanisms, unsteady pressure field of the rotor exit flow 
and rotor-stator interactions. Surface integral methods are not ap-
plicable and the noise needs to be propagated numerically. This 
places high demands on the numerical method.

Therefore, a brief overview of issues such as numerical damp-
ing, dissipation, and required temporal and spatial resolution is 
provided. Computed sound pressure fields in compressor inflows 
and outflows are presented and compared with experimental data 
where available.

The continuous assessment of noise by ABB Turbo Systems 
Ltd over decades secured for all product platforms noise levels go-
ing below the respective limits. Based on this fundament and by 
applying and further developing the most recent methods in the 
future, a significant contribution to noise reduction on board ships 
will be made. This enables an offering of solutions to the industry 
like the noise reduction package for the A100-L/A200-L turbo-
charger series, comprising special features including an air outlet 
silencer as an answer to the challenge of advanced noise limits.

E-drive – An integrated system approach 
for ships: concepts and verification (ID 322)
Main author: Stefan Müller, Rolls-Royce Power Systems, Germany
Co-author: Gerhard Filip, Rolls-Royce Power Systems, Germany

MTU Friedrichshafen develops innovative e-drive systems. In addi-
tion to internal combustion diesel engines, these systems comprise 
electrical machines for both propulsion and onboard power supply, 
including power electronics switchboards, and optionally energy 
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storage devices. All components are controlled and monitored by 
a supervisory control and data acquisition system, providing the to-
tal bridge and engine room equipment required for operating the 
vessel. Emphasis is laid on the total integration of all components 
and systems by MTU’s MELT approach, i.e,. the implementation of 
mechanical, electrical, logical, and thermal features.

The e-drive system is based on a modular concept, which can 
be adapted to the specified vessel sizes and types, applications, 
modes of operation, etc. The paper deals with the concepts of dif-
ferent approaches for a production yacht and a mega yacht. While 
the production yacht was realised as a technology platform and 
demonstrator, the mega yacht features a highly innovative system 
based on state-controlled variable speed electric power generation 
combined with direct diesel engine propulsion and controlled by 
a patented supervisory systems controller. The controller enables 
the adaptation of the operation of the diesel engines for electric 
power generation according to their actual condition as well as the 
desired optimisation criteria, such as minimum fuel consumption, 
maximum performance, maximum redundancy, etc. Both vessels 
provide complementary experience to be presented. 

Date: Thursday June 9th 
Time: 13:00 – 14:30 
Room: MTU Hall 

Topic: 07 - Exhaust Gas Aftertreatment 
Session: SOx, Particulates and Classification 

Marine diesel engines with SCR: class  
societies’ best practices (ID 160)
Main author: Fabian Kock, DNV GL, China
Co-author: Markus Osterkamp, DNVGL, Germany

The third stage of emission limits for NOx (Tier III) applies to new-
buildings when operating in an Emission Control Area (ECA) for ves-
sels being keel-laid after January 1st 2016. Particularly the SCR guide-
line by IMO, MEPC.198(62) and the herein introduced Scheme B 
approach impose a strong challenge for engine and SCR manufactur-
ers, ship operators and certifiers (recognised organisations / classi-
fication societies). Following the guideline, a combined engine and 
SCR may be tested separately in cases where the combined system 
can neither be tested on a testbed due to technical and practical rea-
sons nor an onboard test can be performed fully complying with the 
test requirements detailed in the NOx Technical Code 2008.

The presentation aims to introduce latest experiences in meas-
uring, surveying and certification of gaseous emissions from ma-
rine diesel engines fitted with SCR. The presentation evaluates 
technical solutions for exhaust gas cleaning systems from the per-
spective of a classification society with a strong focus on its tech-
nical, operational, organisational and administrative challenges. 
The presentation gives best practices for engine manufacturers, 
shipyards, ship operators and owners and tries to point to possible 
challenges or even show-stoppers.

In addition to the statutory requirements in connection with 
international maritime legislation (MARPOL Annex VI), the au-
thors introduce the latest class rules and guidelines with regard 
to exhaust gas cleaning systems in order to ensure a classification 
society’s purpose to strive to safeguard life, property and the en-
vironment. The authors emphasise additional requirements for 
exhaust gas cleaning systems when installed on sea-going ships.

A regulatory outlook for PM / BC emissions 
for shipping (ID 247)
Main author: Torsten Mundt, DNV GL, Germany
Co-author: Malte Zeretzke, DNV GL SE, Germany

Particulate matter (PM) emitted by the shipping industry is current-
ly in the focus of the public as well as the media. As a result, there are 
political discussions on the suitability of the current legal framework 
on emissions by the shipping industry on international level. One of 
the main drivers for this are recent studies showing negative impacts 
of PM mainly towards climate and human health, and the contribu-
tion of the shipping industry to local and global PM emission effects.

One of PM’s compositions is black carbon (BC). This light 
absorbing fraction is said to have a quite detrimental impact on 
climate forcing. The impact of shipping overall on PM / BC is pre-
sumably limited but may have an impact on a regional level as ships 
may operate in quite short distance to arctic areas and may even 
more often be in arctic areas in the future.

The presentation provides insights into the ongoing discus-
sion at IMO and its background on the definition of BC. It asks 
what challenges lay ahead for measuring BC in ship stacks and 
considers an outlook on these exciting tasks.

The presentation further aims to sensitise the industry to pos-
sible upcoming regulatory requirements in this regard and empha-
sises the need for more research activities.

Detailed analysis of PM emissions from a 
medium-speed diesel engine as a precondi-
tion for successful application of DPF (ID 221)
Main author: Bert Buchholz, FVTR GmbH, Germany 
Co-authors: Rom Rabe, Universität Rostock, Germany 
Jan Dreves, Caterpillar Motoren GmbH & Co. KG Kiel, Germany 
Marko Püschel, FVTR GmbH, Germany 
Tim Peppel, Leibniz-Institut für Katalyse e.V., Germany

Over the last decade, diesel particulate filters (DPF) have been 
successfully applied to nearly all on- road diesel engines (cars 
and lorries) and in many off-highway applications inside the EU. 
Significant reductions of PM emissions and impressive reliabil-
ity levels have been obtained. Nevertheless, a successful transfer 
of the DPF technology to marine engines is still a huge challenge 
and requires ongoing research and development efforts. High ash 
loads, low exhaust gas temperatures and very low permissible pres-
sure drops in the exhaust gas system are only some of the special 
challenges for DPF solutions in the maritime sector. These special 
requirements will be discussed in the first chapter of the paper.

The paper then presents the findings of a comprehensive experi-
mental project to obtain fundamental information on the particu-
late emission of medium-speed diesel engines. The influence of fuel 
quality and engine load on the particulate emission was established. 
The test engine was operated with HFO, MDO and clean on-road 
diesel fuel (EN 590). Particulate emissions were sampled at differ-
ent load points along the propeller and generator curves. Finally, 
the influence of increased injection pressure and increased injection 
flexibility was analysed using a CR injection system.

The PM measurement equipment consisted of a smart sam-
pler dilution tunnel for PM mass measurement, particle counter 
and particle sizer and a FSN measurement for comparison. Fol-
lowing the gravimetric analyses to determine PM mass, the loaded 
filters from the smart sampler were further analysed to determine 
the PM composition of organic-soluble, anorganic-soluble and 
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soot components. For selected engine test points the PM emis-
sions were further analysed regarding their reactivity, which is con-
sidered as a parameter to describe the ignitability of the PM load in 
a DPF during filter regeneration. The reactivity analyses were car-
ried out with an adapted thermo- gravimetric analysis procedure.

The findings are presented and discussed regarding their con-
sequences for PM filtering technologies in marine medium-speed 
diesel engines. Different filter technologies known from mobile 
and stationary applications are discussed and evaluated regarding 
their fundamental suitability for the PM load and PM composition 
at a medium-speed diesel engine. Special attention is paid to the 
influence of the different fuel qualities and lubrication oil.

Finally, selected results from DPF tests at a medium-speed en-
gine are shown and compared with the results from the PM analyses.

The paper aims to give a more detailed insight in the PM emis-
sion composition of medium-speed diesel engines and the influ-
ence of fuel quality, engine load point and fuel injection on these 
PM emission. This fundamental information is a valuable basis for 
ongoing research and development, which is required for a tech-
nically reliable and commercially viable implementation of DPF 
technologies in medium-speed diesel engines.

Development of dry scrubber technology: 
New absorbent technologies for two- and 
four-stroke applications (ID 210)
Main author: Robert Bank, FVTR GmbH, Germay
Co-authors: Marc Thijssen, Solvay Chemicals GmbH, Germany 
Thomas Bauer, Solvay Chemicals GmbH, Germany

The threshold for SOx emissions can be achieved by reducing the 
sulphur content of the used fuel or by an aftertreatment of the ex-
haust gas. The financial advantage of exhaust gas scrubbing lies in 
the continued operation on sulphur-containing fuel. Scrubber sys-
tems are suitable and well known for an efficient reduction of the 
SOx emissions. Nevertheless, different scrubber technologies exist.

One possible approach is the dry scrubber technology. Here 
the exhaust gas is conducted to a cascaded reactor requiring a tem-
perature of 200 to 350°C depending on the application. The reac-
tor contains an absorbent material that is binding the SOx emis-
sions by physical and chemical processes. The used absorbent is 
discharged in intervals and replaced by fresh material.

Currently, significant improvements of the absorbent materi-
als for dry scrubbing are focus of several research and development 
programmes. An improved absorptive capacity allows a reduction 
in granule consumption and therefore a size and weight reduc-
tion of reactors and consumable bunkers. Furthermore, several 
new materials for significantly reduced operation temperatures 
are under development. The materials are designed for operating 
conditions and exhaust gas temperatures of large-bore two-stroke 
engines or medium-speed four-stroke engines.

The article presents the basic physical and chemical principles 
of the dry scrubber technology. This includes a brief comparison 
with wet scrubber technology and the identification of important 
advantages of the dry scrubbing. The slightly exothermal chemi-
cal reactions of SOx with the granules of the absorbent material 
allow an exhaust gas cleaning without cooling down the exhaust 
gas. This has important advantages regarding package solutions 
in combining desulphurisation and denitrification concepts. The 
denitrification unit, e.g., an ammonia SCR system, can be posi-
tioned downstream the scrubber system. The exhaust gas tem-

perature remains high enough for SCR reactions. Furthermore, 
the SOx components are removed from the exhaust gas and there-
fore the risk of ammonia sulphate formation, which may lead to a 
blocking of the SCR catalyst, is minimised.

Besides the theoretical aspects the paper will contain experimen-
tal results. Using a scaled reactor on an engine test bench the poten-
tial of the developed absorbent materials was examined. The results 
of these experimental investigations and the conclusions for a safe 
and efficient desulphurisation of the exhaust gas will be presented. 

Date: Thursday June 9th 
Time: 13:00 – 14:30 
Room: AVL Hall 

Topic: 08 - Basic Research & Advanced Engineering 
Session: New Measurements 

Study on the measurement method and 
characteristics of particulate matter from 
marine diesel engines (ID 205)
Main author: Hidetsugu Sasaki, Tokyo University of Marine Science and  
Technology, Japan
Co-author: Tatsuro Tsukamoto, Tokyo University of Marine Science and  
Technology, Japan

In the paper, particle size distribution and mass concentration 
of particulate matter from marine diesel engines were measured 
with two types of marine diesel engine: a high-speed four-stroke 
engine (3L13AHS, 73.55 kW) and a low-speed two-stroke engine 
(3UEC33LSII-Eco, 1,275 kW). Furthermore, particle size distri-
bution was measured by a hot-dilution method and a cooled di-
lution method. In the hot-dilution method, exhaust gas from the 
engine is diluted with high temperature air. Two types of marine 
diesel fuel, low-sulpur fuel with a sulpur content of 0.089 %, and 
high-sulphur fuel with a sulphur content of 0.73 % were used for 
the tests.

Mass concentration of particulate matter was measured with 
the dilution tunnel system (compliant ISO8178-1), and divided 
into SOF (soluble organic fraction) and ISF (insoluble organic 
fraction) by the Soxhlet extraction method, and PM particle size 
distribution was measured with the scanning mobility particle 
sizer (SMPS) and electric low pressure impactor (ELPI).

The effects of the dilution ratio and the dilution air tempera-
ture in the dilution tunnel on particle size distribution and mass 
concentration of particulate matter were examined.
The results of this experiment are as follows:

 > (1) In the measurement by SMPS, the mode diameters of 
particle size of particulate matter from the marine diesel en-
gines are below 100 nm for all experimental conditions.

 > (2) Comparison of particulate size distributions by the hot 
dilution method and the cooled dilution method shows that 
a nucleation mode of volatility component within the par-
ticulate matter in the dilution tunnel is generated clearly.

 > (3) For the two-stroke diesel engine, the mode diameter of 
particulate size becomes larger at high engine load condition, 
and this fact suggests that Brownian coagulation particulate 
matter has occurred.

 > (4) In the measurement by ELPI, the particulate size distri-
bution shows bimodal distribution under the weight concen-
tration analysis.
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 > (5) The number concentration of particles of particulate 
matter from four-stroke marine diesel engine is higher than 
that of from marine two-stroke diesel engine for the particle 
of less than 100 nm diameter.

Particulate and special emission  
measurement – methods and needs for the 
future (ID 110)
Main author: Juha Heikkilä, Wärtsilä Corporation, Finland
Co-authors: Göran Hellen, Wärtsilä Corporation, Finland 
Sven Ingo, Wärtsilä Corporation, Finland

“To measure is to know” says an old quote, presumably from Lord 
Kelvin. This holds true more than ever also for exhaust gas emissions 
- we must measure to gain knowledge. There is an ever increasing 
demand to measure. The scope and range of the measured emission 
components are wide and expanding: stricter emission legislation, 
fuel flexibility, aftertreatment systems, customers’ needs, etc.

The paper concentrates on two areas: particulate measure-
ments and special gaseous emission measurements. The focus is 
on medium-speed diesel and gas engines used for power genera-
tion in power plants or in marine applications. Emission limits can 
vary depending on application, location, engine size and power 
output. The emission level for a specific engine depends, for ex-
ample, on the fuel type and quality. This means that one must be 
able to measure a wide variety of different emission components 
over a wide range - both gaseous and particulate.

In the first part of the paper, particle emissions from engines 
operated with different fuels and fuel qualities are studied, using 
novel particle analysers (e.g., Dekati ELPI+ and AVL Micro Soot 
Sensor). One interesting result is that black carbon (BC) exhaust 
concentration is on the same level when running on LFO as on 
HFO fuels. When running on gas, the BC level drops by over 
90%. Traditional gravimetric particle measurement method (ISO 
8178&9096) results are incorporated into the study.

The second part presents how sophisticated gas emission ana-
lysers are used in engine development, allowing more detailed and 
faster testing compared with traditional methods. Results on fast 
measurement of NOx and THC are presented as well. The meth-
od is used in the study to optimise combustion quality, leading to 
lower emissions.

Based on findings presented in the paper, future prospects re-
garding requirements and needs for emission measurements are 
discussed. Lower emissions are harder to measure, pushing the 
performance limits of the current measurement methods and 
equipment. On the other hand, more advanced measurement 
equipment enables a more versatile use. Novel particle and gas 
analysers are not just emission measurement devices but also an 
important part of the engine development process.

Impact of sampling conditions and  
procedure on particulate matter emissions 
from a marine diesel engine (ID 165)
Main author: Leonidas Ntziachristos, Tampere University of Technology, Finland
Co-authors: Jorma Keskinen, Tampere University of Technology, Finland 
Risto Hillamo, Finnish Meteorological Institute, Finland 
Hilkka Timonen, Finnish Meteorological Institute, Finland 
Kati Lehtoranta VTT Technical Research Centre of Finland, Finland 
Topi Rönkkö, Tampere University of Technology, Finland 
Erkka Saukko, Tampere University of Technology, Finland

In the study we measured gaseous and PM emissions from a 1.6 
MW medium-speed turbocharged four-stroke marine diesel en-
gine (Wärtsilä 4R32), installed on an engine testbed. The sam-
pling protocol followed the guidelines of ISO 8178 and the engine 
was tested in two of the protocol’s modes, at rated speed (750 rpm) 
and 25% load and rated speed and 75% load. The exhaust flow was 
split in two parts and PM samples were collected from a portion 
of the exhaust kept at constant temperature, following a primary 
dilution using an AVL Smart Sampler. This device allows the dilu-
tion ratio to be varied at will, within a given range, while PM filter 
temperature remains within specific range ((<52oC). In our tests, 
the dilution ratio was adjusted in three consecutive settings, nomi-
nally 5:1, 10:1, and 30:1, to check the impact of sampling condi-
tions on the PM collected. PM filters were analysed for sulphates, 
bound water and organic material. Tests were repeated with two 
fuels, a heavy fuel oil (HFO) with a density of 1,005 kg/m3 and 
~1% wt. sulphur content and a light fuel oil (LFO) with a density 
of 820 kg/m3 and <20 ppm wt. sulphur content.

The results showed that the same engine may produce PM 
emissions that vary by more than one order of magnitude at the 
same load by just changing fuel and sampling conditions. To put 
it in perspective, PM emissions per unit of energy produced (g/
kWh) at the same load point varied from levels equivalent to early 
Euro I on-road diesel engines to levels as low as Euro IV engines. In 
general, PM emissions decreased when sampling at high dilution 
ratios and when shifting from HFO to LFO. The sensitivity of PM 
levels increased with decreasing dilution ratio; therefore, in princi-
ple, higher dilution ratios lead to more repeatable PM results.

Analysis of the filters showed that the majority of the PM col-
lected consists of organic and inorganic volatile and semi-volatile ma-
terial. Organic carbon is the most abundant species for LFO derived 
PM samples. Under low dilution ratio conditions, sulphates and as-
sociated water actually dominate the PM mass when HFO is used.

In order to better understand the impact of fuels and sampling 
conditions on emissions, airborne particles were chemically ana-
lysed using a soot particle aerosol mass spectrometer (Aerodyne 
Research Inc.) that provides the speciation of particles distin-
guished in nitrate, ammonium and sulphate salts as well as vari-
ous chemical groups for the organic load. This revealed the high 
contribution of inorganic, non-combustion produced, species 
with the HFO compared with the LFO fuel and confirmed that 
the majority of particles consist of volatile, mostly fuel-derived 
components.

Preliminary tests were also conducted utilising a chamber that 
simulates the photo-oxidation of species to understand how the large 
volatile load of marine PM is transformed once emitted to the atmos-
phere. Measurements revealed that PM fast becomes significantly oxi-
dised with a gain in total mass as more oxygen is added to the mixture. 

The results of the study show that control of PM emissions from 
marine engines will first require stricter control of the sampling con-
ditions currently enforced by the ISO 8178 protocol, at least in terms 
of the dilution ratio range allowed. Also, if PM were to be included 
in the certification data of production engines, then fuel properties 
for the tests will have to be strictly controlled. Although this may 
be difficult to achieve in practice, current specifications for HFO 
certification fuels only determine maximum limits (for sulphur, ash 
content, density, etc.) and significant emission variance is expected 
using different fuels within the same specifications. In general, fur-
ther work is required to determine which part of the emissions is an 
engine product and how much depends on fuel residues.
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Effect of fuel composition on its ignition 
and combustion quality (ID 258)
Main author: Chiori Takahashi, National Maritime Research Institute, Japan
Co-authors: Sumito Nishio, National Maritaime Research Institute, Japan 
Toshiaki Hayashi, National Maritaime Research Institute, Japan 
Yuta Mitsui, JX Nippon Oil & Energy Corporation, Japan 
Atsuto Ohashi, National Maritaime Research Institute, Japan

The effect of chemical composition of residual fuels on its igni-
tion and combustion quality was investigated. In order to control 
the aromatic and paraffin hydrocarbons content, 18 sample fuels 
with a kinematic viscosity of 380mm2/s were produced with dif-
ferent proportions of a straight-run light gas oil (LGO), a vacuum 
gas oil (VGO), a FCC light cycle oil (LCO), a FCC clarified oil 
(CLO) and a vacuum residue (VR). Their ignition, combustion 
and afterburning characteristics were examined by using a fuel 
combustion analyser (FCA), and detailed chemical analyses were 
also conducted by using a thermo gravimetric analyser (TGA) and 
gas chromatography - mass spectrometry (GC/MS). The addition 
of LCO and CLO led to a longer FCA ignition delay (ID), depend-
ing on the total amount of LCO and CLO. Though four sample 
fuels contain none of a straight-run components, and exhibited a 
significant longer FCA ID, their poor ignition property cannot be 
recognised clearly by estimated cetane number (ECN) and CCAI. 
The straight-run components, especially LGO, can improve FCA 
ID. The amount of VR does not affect the combustion property. 
Good ignition can lead to good burning of VR, which contains 
long paraffin hydrocarbons. Based on these results, we oper-
ated a four-stroke 257kW engine, using some fuels with different 
chemical composition including MGO, HFO and indirect/direct 
desulphurisation products. The indirect/direct desulphurisation 
products might be used for base components of fuels to comply 
with ECAs and the global sulphur cap. The exhaust gas emissions 
were measured using the flue gas O2, CO, CO2 , NOx, and SO2 
analyser, particulate matter (PM) measurement method, thermal 
optical analysis (TOA) and a filter smoke metre. The fuel type’s 
effect on soot concentration was observed. For example, the soot 
concentration when operating with indirect/direct desulphuri-
sation products was very low at higher load (engine operating in 
optimum condition), even lower than that in MGO operation. In 
contrast, the soot concentration increased significantly at lower 
load, when the engine operated with a direct desulphurisation 
product, the soot concentration was higher than with HFO. It was 
supposed that this resulted from the fuel injection condition.

Date: Thursday June 9th 
Time: 08:30 – 17:00 

Poster Topic: 03 – Fuel Injection & Gas Admission 

New Heinzmann high-performance  
actuator family for diesel, gas and dual-fuel 
engines (ID 279)
Main author: Philipp Tritschler, Heinzmann GmbH & Co KG, Germany 

Analysis and testing the impact of large 
volumes of water in diesel fuel oil (ID 42)
Main author: Arthur Killinger, MPR Associates Inc., USA 

New common rail injector and engine ap-
plication performances (ID 63)
Main author: Kilian Zimmermann, Ganser CRS AG, Switzerland 

Large engines system approach for diesel, 
gas and dual-fuel engines (ID 122)
Main author: Anton Brandstätter, Robert Bosch GmbH, Germany 

Poster Topic: 09 – System Integration 

The Alfa Laval EGR economizer. Joint  
development by Alfa Laval and MAN of  
an efficient economizer system for an  
EGR-operated MAN B&W low-speed  
two-stroke engine (ID 178)
Main author: Henrik Rasmussen, Alfa Laval Aalborg, Denmark 

Poster Topic: 10 – Fuels, Lubricants & Fluid Technologies 

The quantitative determination of catalytic 
fines in heavy fuel oil (ID 33)
Main author: David Atkinson, Parker Kittiwake, UK 

Field performance evaluation essential for 
lubricant development (ID 81)
Main author: Peter Van Houten, Chevron Oronite, Netherlands 

Using alcohol fuels in dual fuel  
operation of compression ignition engines: 
A review (ID 224)
Main author: Jakob Coulier, Ghent University, Belgium 

Impacts of HFO and MGO on combustion, 
primary and secondary emissions (ID 229)
Main author: Benjamin Stengel, University of Rostock, Germany 

The nature and cause of internal diesel 
injector deposits and the effectiveness  
of fuel additives (ID 192)
Main author: Michael Banning, Innospec Limited, UK 

Low-sulphur liquid marine fuels in the  
Baltic Sea SECA (ID 155)
Main author: Kalle Lehto, Neste, Finland 

Chemical regulatory changes and the po-
tential impact on marine lubricants (ID 188)
Main author: Luciana Angonesi, Infineum, UK
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L’Orange GmbH, Porschestrasse 30, 70435 Stuttgart, Germany, Tel. +49 711 82609-0, sales@lorange.com, www.lorange.com

Precise. Innovative. Leading.
Fuel injection solutions from L’Orange

With its pioneering achievements in injection technology, L’Orange has again and again met the most 
demanding challenges, setting milestones in the history of technology. As a leading supplier of injection 
systems in the off-highway segment, we contribute to our customers’ success with innovative techno-
logy and efficient processes. Today our injection systems are found in large engines from all successful 
manufacturers worldwide. We are committed to building on this trust as market leader and as a reliable 
partner to all our international customers – offering unmatched expertise and innovation.
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