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World’s Largest Marine 2-Stroke Diesel Test Engine, the 4UE-X3
- Development in Compliance with the Next Version of
Environmental Regulations and Gas Engine Technology -

MASAHIKO OKABE*! KATSUHIKO SAKAGUCHTI*?

MASAHIDE SUGIHARA*2 AKIHIRO MIYANAGI*

NAOHIRO HIRAOKA*® SATORU MURATA*

Mitsubishi Heavy Industries, Ltd. (MHI) has brought to completion the 4UE-X3, one of the
world's largest test engines that has four cylinders with a bore diameter of 60 cm, based on the
latest UE diesel engine. Using this test engine to assure verification of the performance and
reliability of the latest technologies and to enable technological development in response to
environmental regulations that will be restricted further in the future and current market trends
heading toward the diversification of fuel (toward gaseous fuel in particular), MHI will be able to
promptly offer products that meet the needs of customers. Recently a test of EGR (Exhaust Gas
Recirculation), one of the technologies for compliance with environmental regulations, was
performed and favorable data was obtained. This document describes a general outline of the test
engine and also presents the trends of technological development.

| 1. Introduction

Most propulsion engines (generating the power required for the propulsion of ships) used for
ships all over the world, especially for large ships such as merchant vessels, are two-stroke diesel
engines. This is because large two-stroke diesel engines are employed as economical power plants:
they can use heavy fuel oil (C oil; a residue of the oil refining process), their thermal efficiency as
sole propulsion engines is as high as approximately 50%, they can slow the rotating speed down to
around 100 min" or less and thus a propeller can be connected directly, and therefore they can
achieve the highest efficiency of the entire power plant. MHI is one of the world's three major
licensers of large two-stroke marine engines, and is also the only licenser who performs all of the
development, design, and manufacturing.

In recent years, the role of licensers to develop new technologies has become more important
against a background of factors such as the tightening of exhaust emission controls by IMO
(International Maritime Organization) and increasing market demand toward LNG-fueled engines.
One after another, competing licensers and licensees have been introducing mid-level full-scale test
engines to simultaneously assure speedy development and reliability.

MHI’s NC33 two-stroke diesel test engine at Nagasaki Research & Development Center has
a single cylinder with a bore diameter of 33 cm. On the other hand, the introduction of a full-scale
multi-cylinder test engine was desired in order to rapidly evolve the design into medium and large
engines. The NC33 test engine was used mainly for understanding the basic phenomenon in an
engine required for the design of actual engines. Through detailed analysis of the results obtained
from this new 4UE-X3 medium sized test engine in combination with knowledge obtained with the
NC33, the quick and reliable evolution of design will be possible.
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I 2. Completion of 4UE-X3 test engine

Planning to build the test engine started in 2010. Table 1 presents the principal
specifications. The data shown are the initial specifications completed this time based on the latest
commercial engine, and look ahead to a higher mean effective pressure (Pme) in the future.
Because one of the main objectives of this test engine is to develop technologies that are
environmentally-friendly, full electronic control (Eco system) is used in consideration of the
adjustment of various parameters during testing. Figure 1 shows a full view of the test engine. The
main specifications are described below (Figure 2).

Table 1 Principal specifications of 4UE-X3 test engine

Item Description
Base engine UEC60LSE-Eco
Basic Bore x stroke 600mmx=2400mm
. . Power output x engine speed  |9970kWx105min™"
specification — - - -
. 21bar (at initial completion)—Enables higher Pme in
Mean effective pressure (Pme) the future

New structure looking ahead to increase of power
output in the future:
Twin tie bolt, single wall bed plate and column, etc.
+ New structure looking ahead to increase of power
output in the future:
Bore cooled, high top land piston, new structure
cylinder liner
* Aluminum bearings
Latest Eco system
*  A-ECL system

Main body structure

Structure and

Combustion chambers
system

Bearings
Eco system
Cylinder lubricating system

(" Combustion chamber

- Bore cooled, high top land
piston Cvlinder lubricati .
\Z New structure cylinder liner | ARG LLAEEENE Sy

- A-ECL system

/Optimization of main body structure
(High rigidity and simplicity)
— Bed plate and column
single wall structure
— Twin tie bolt

Bearings
— Aluminum bearings

Figure 2 Outline of 4UE-X3 test engine

(enables lower lubricating rate)
o B 3 e | |
Full electronic control

— Latest Eco system
(Reliable and simple)
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(1)  Main body structure
The main body (bed plate and column) uses a high rigidity, light weight and simple
single wall structure in consideration of manufacturability. The structure and thickness of the
wall is optimized through FEM analysis using 3D modeling, etc.
(2) Combustion chambers
Bore cooled, high top land pistons are used to deal with the high heat load. The cylinder
liners employ a new construction with reinforced rings.
(3) Bearings
The main and crankpin bearings are aluminum bearings instead of conventional white
metal bearings.
(4)  Electronic control
As described above, full electronic control is employed. This follows the compact and
reliable Eco system used on the latest commercial engines. Also the latest A-ECL system,
which can reduce lubricating rate, is used as the cylinder lubricating system.
(5)  Test plant control
Remote control and alarm systems are installed in order to simulate actual operation on a
ship. In addition, MHI's DIASYS Netmation® control system was used for the integrated
control of auxiliary machines and ancillary facilities (Figure 3).

The test engine was completed in May 2012. After trial operation and verification in June,
the unveiling ceremony for those involved was held in July." One of the objectives of this test
engine is to offer training to entities such as customers and ARA (authorized repair agency). In
fact, such training has been held several times using this test engine.

From here on, this document will describe the technological development, which is the
primary objective of building of this test engine, in terms of regulations.

Figure 3 Control and measurement system

I 3. Trend of marine emission regulations by IMO

Since 1988 when Norway proposed the study of air pollutants exhausted from ships at the
26th IMO Maritime Environment Protection Committee (MEPC26), issues related to the reduction
of air pollutants exhausted from ships have been vigorously discussed internationally through IMO.
As a result of lengthy discussions, a new protocol was adopted at the conference of the contracting
parties to MARPOL73/78 in 1997, and Annex VI of the convention came into effect in May 2005.
As shown in Figure 4, an amendment of Annex VI of the convention requesting more and more
stricter regulations was approved at MEPC57 in 2008, and it came into effect in July 2010. The
controlled emission matters include NOx, SOx, PM (particulate matter), etc., exhausted from diesel
propulsion engines. In terms of SOx and PM, the sulfur content in the fuel oil is controlled.

On the other hand, NOx is generated mainly by engine combustion. Therefore currently some
NOx reduction has been provided by the improvement of combustion itself. However, through the
discussions of IMO, it has been agreed that the Tier III limit in ECA (emission control area;
planned to be set in 2016) will be lowered by 80% from the Tier I limit with an eye toward
introducing SCR (Selective Catalytic Reduction) systems, etc., which have been sufficiently proven
in land facilities, rather than repeating the gradual development of NOx reduction technology.
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Figure 4 Trend of regulations by IMO and CARB (California Air Resources Board)

| 4. Technologies in response to environmental regulations

As shown in Table 2, there are many technologies for NOx reduction. The current Tier II is
responded by internal engine tuning including fuel injection timing retard, the arrangement of fuel
valve injecting holes, and the optimization of the scavenging and exhaust systems. However,
internal engine tuning cannot meet the requirements of Tier III, where a significant NOx reduction
is required. There are two main types of measures for Tier III.

Table 2 NOx reduction technologies

NOx reduction rate Decrease of Initial Running
Item (vs. Tier T) fuel Technology cost cost
) efficiency

Engine specification
?51221111;23:2? ype  |A20% +2~+3% | Existing Small Small
engine)
f;egci::mc control | 2004 0~+1% | Developed Middle | Small
Water injection Water emulsified fuel: A50%| +2~+3% Developed Middle Middle

ncspendent water inection: | 7~110% | Developed | Middle | Middle

Stratified fuel water

injection: A80%

For restriction of fuel pum, Appx. . .
gapacity ete.. actual pump +f)(1)3% Developed Middle Middle
reduction rate will be at the

MOl b L
:, Developing !
1 EGR with Scrubber |A80% +1~+3% (basic tests Large Middle !
| complete) !
| Developing I
. SCR A80~90% 0~+1% (onboard test Large Large
X carried out) |

One of the two is an exhaust after-treatment technology, SCR. The other is a method that
changes the combustion conditions in the engine to reduce NOx, and is known as EGR.

SCR is a technology where a reducing agent such as ammonia is added to the exhaust gas
and mixed uniformly before reaching the vanadia-titania catalyst that decomposes the NOx into
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harmless nitrogen and water. In 2007, MHI took part in a National project of the Japan Ship
Machinery & Equipment Association (JSMEA), which is financially supported by the Nippon
Foundation, and led by the Ministry of Land, Infrastructure, Transportation and Tourism (MLIT)
under the project name of "Super Clean Marine Diesel." In this project, MHI developed an
after-turbocharger SCR system for large two-stroke diesel marine engines and tested it on an actual
ship.” An after-turbocharger SCR system has no negative effects on the reliability of the engine
itself. The system can be controlled separately from the engine, assuring high controllability. It can
be switched ON/OFF inside and outside ECAs.

EGR, which MHI has been developing through in-house research, is a technology where
some of the engine exhaust gas is returned into the intake air in order to reduce the O,
concentration in the combustion chambers and add inert gases such as H;O and CO; in the exhaust
gas to increase the heat capacity, resulting in a suppression of the increase in combustion gas
temperature and a reduction of NOx generation. MHI's EGR system uses a low pressure system
that recirculates low pressure exhaust gas from the turbocharger outlet to the turbocharger inlet.
MHI tested the EGR system in the NC33 single cylinder test engine at Nagasaki Research &
Development Center in 2011.

Although the intention of SOx control is to limit sulfur content in fuel oil as described above,
there is an EGCS (exhaust gas cleaning system), a method for the reduction of SOx emissions from
ships still using conventional heavy fuel oil (C oil). EGCS includes two types, a wet scrubber that
uses water and a dry scrubber that uses no water for cleaning exhaust gas. There is also a method
using alternative fuels that include no sulfur such as LNG instead of using fuel oil. MHI is also
developing this method as described below. However, there are a number of unclear factors, such
as infrastructure building and cost, and therefore a sudden shift to alternative fuel is unlikely to
occur.

Among the technologies described above, an EGR and a wet scrubber were tested on the
4UE-X3 test engine. An outline of the testing is presented below.

| 5. EGR test results

Figure 5 illustrates the EGR system for the 4UE-X3 test engine. This is a low pressure EGR
system as described above. Some of the exhaust gas from the turbocharger outlet passes through
the scrubber where PM and SOx are cleaned, and the gas returns to the turbocharger inlet. MHI has
developed the scrubber, which is necessary for an EGR system, together with Mitsubishi Kakoki
Kaisha, Ltd. This scrubber is a combination of a venturi type and a packed tower type, which is
well-known in IGS (inert gas system). Typically, the venturi part cleans PM away and the packed
tower part removes SOX. Scrubbing water uses recirculating fresh water. Because the scrubbing
water absorbs SOx, etc., and then its pH changes after exhaust gas cleaning, a caustic soda (NaOH)
solution is added as a neutralizing agent to control the pH. When brought into practical use, this
system requires an additional wastewater treatment device in order to discharge the recirculating
scrubbing water out of the ship. Integrated control of the EGR system for the 4UE-X3 test engine
uses the aforementioned DIASYS Netmation®™ to establish a test system where parameters can be
easily set for each test condition.

To funnel

Turbocharger

EGR
scrubber

Water treatment

@ system

EGR blower

Figure 5 EGR system
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Figure 6 shows the test results. Although only representative results at 75% engine load
appear in Figure 6, relational data between the EGR rates and NOx reduction at each engine load
was obtained. The EGR rate in the figure refers to the ratio of the EGR gas (recirculating gas) flow
rate to the exhaust gas flow rate without EGR (in normal operation). In a similar way to the test
results in the past, when the EGR rate increased, NOx emission decreased gradually, and it was
verified that an approximately 80% NOx reduction, which had been considered impossible, could
be achieved. In the future, MHI will determine the conditions where the necessary NOx reduction
is maintained with the lowest degradation of fuel efficiency.
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Figure 6 Test results of EGR

The results of SOx measurement used to evaluate scrubber performance are shown in
Figure 7. When comparing the scrubber inlet and the scrubber outlet, 98% or more of SOx was
removed and sufficient performance was achieved. If this scrubber is applied to the entire exhaust
gas, the SOx control (sulfur content limit in fuel) described above can also be met. Inherently, this
scrubber is easily combined with MHI's low pressure EGR system, which divaricates exhaust gas
downstream from the turbocharger outlet and cleans it. Depending on the price of heavy oil and the
intentions of the ship owner or operator, MHI will continue to study these aspects to offer the most
appropriate systems for entire vessels.
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Figure 7 Test results (scrubber performance)

MHI will also proceed with the development to determine the necessary performance of
devices for the engine and to promote downsizing as an EGR system as shown in Figure 8, in
order to bring an on-engine EGR to the market.
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EGR valve

EGR blower

EGR scrubber

Mist separator

Figure 8 Plan of on-engine EGR

I 6. Development of UEC-LSGi (dual fuel engine)

As described in the section on technologies responding to environmental regulations, one of
the countermeasures for SOx regulations is to switch fuel oil to an alternative fuel such as LNG. In
recent years, as a measure for the reduction of environmental load, the use of such alternative fuels
has been evaluated with promising results, because the combustion of LNG produces less CO, than
that of heavy oil. Under the present circumstances where the price advantage of LNG due to the
"shale gas revolution" in the United States and other factors are being focused on, the development
of technologies in response to alternative fuels is desired, for reasons of not only environmental
burden, but also economics.

There are roughly two types of combustion that allow the use LNG as a fuel for diesel
engines, as shown in Table 3. One is premixed combustion typical of a mid-speed four-stroke
engine, while the other is diffusion combustion, which is under development for large two-stroke
engines. Since a heavy oil fueled diesel engine works by diffusion combustion, in the case of an
LNG-fueled engine, the same diffusion combustion seems to be able to maintain the advantage of
high thermal efficiency and relatively smooth fuel switching. To meet the demands of future
alternative fuels and realize a dual fuel (DF) engine that can use both heavy oil and LNG, MHI is
developing a DF engine named "UEC-LSGi" that uses diffusion combustion.’

Table 3 Comparison of DF combustion types
Premixed DF Gas Injection DF

Main FO=

Sub FO= Moy Gas
\\\' /) )

FO Gas

1
1
1
1
1
1
1
1
1
1
1
:
''| * Robust combustion
! Insensitive to ambient condition,
1
1
1
1
1
1
1
T
1
1
1
1
1
1
1

+ Low gas pressure (around 5 bar) operational condition, LNG

Merit + Lower NOx composition (methane number), etc.
* No methane slips
+ Same performance as oil mode
+ Narrower stable combustion zone
Sensitive to ambient condition,
operational condition, LNG + High gas supply pressure (250 to 300
composition (methane number), etc. bar)
Demerit = Load restriction (two cycle engine) | + Higher NOx than premixed DF due to
+ Lower efficiency in oil mode ! diffusion combustion, but lower than
* Methane slip equivalent to unburned! |  heavy oil diesel

gas
+ More time to switch fuel l
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Figure 9 shows a planning drawing of the fuel supply system of the UEC-LSGi. In addition
to heavy oil fueled diesel engine parts, there is an added high pressure LNG line for LNG fuel
supply, high pressure LNG injection valves, and safety devices such as double walled pipes. LNG
is supplied to the engine at a pressure as high as approximately 300 bar, so it is necessary to
provide a separate pump unit that pressurizes LNG from a tank. MHI offers "GEMS (Gas
Equipment Modules and Systems)" modular parts. The development of the UEC-LSGi is ongoing
on the premise of using the high pressure LNG pump included in GEMS. MHI started basic tests in
2012 and plans to start full scale tests on the 4UE-X3 test engine after 2014.

Planning overview of 4UE-X3 |

| Gas parts overview l

Blue parts: Diesel origin Gas accumulator block
Yellow parts: Gas addition

Gas injection valve (GIV)

High pressure
LNG line

Valve driven oil line
Purge gas line

Figure 9 Schematic drawing of UEC-LSGi

| 7. Conclusion

MHI has brought to completion the 4UE-X3, one of the world's largest test engines that has
four cylinders with bore diameter of 60 cm, based on the latest UE diesel engine. Using this test
engine, an EGR system, which is one technology responding to environmental regulations, could
be tested on actual equipment, and the NOx reduction effect of the sole EGR that meets IMO's
NOx Tier III emission regulation was ascertained. The performance of the scrubber, one of the
important components of the EGR system, was also tested on a full-scale level, and its sufficient
SOx reduction performance was ascertained. In the future, MHI will increase the sophistication of
the test engine to bring it to the market through such efforts as the downsizing of equipment and the
optimization of the entire system. As a future development task, MHI is planning a full scale test of
a dual fuel UEC-LSGi engine. MHI, the one and only licenser that covers all processes from
development to manufacturing, is willing to continue technological development that quickly
responds to the needs of markets and customers.

In addition, the use of this test engine as a training facility for customers has begun. MHI
considers the test engine as one of the methods for the enhancement of customer satisfaction, and
will take full advantage of it.
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