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Preface

Developments in two-stroke and four-stroke designs for propulsion
and auxiliary power drives in the five years since the publication of
the seventh edition of Pounder’s Marine Diesel Engines call for an update.
Rationalization in the engine design/building industry has also been
sustained, with the larger groups continuing to absorb (and in some
cases phase out) long-established smaller marques.

This eighth edition reflects the generic and specific advances made
by marine engine designers and specialists in support technologies—
notably turbocharging, fuel treatment, emissions reduction and
automation systems—which are driven by: ship designer demands
for more compactness and lower weight; shipowner demands for
higher reliability, serviceability and overall operational economy; and
shipbuilder demands for lower costs and easier installation procedures.

A revised historical perspective logs the nautical milestones over
the first century of marine diesel technology, which closed with the
emergence of electronically-controlled low speed designs paving the
path for future so-called Intelligent Engines. Development progress
with these designs and operating experience with the first to enter
commercial service are reported in this new edition.

Increasing interest in dual-fuel and gas-diesel engines for marine
and offshore applications, since the last edition, is reflected in an
expanded chapter. The specification of dual-fuel medium speed
machinery for LNG carriers in 2002 marked the fall of the final
bastion of steam turbine propulsion to the diesel engine.

Controls on exhaust gas emissions—particularly nitrogen oxides,
sulphur oxides and smoke—have tightened regionally and
internationally, dictating responses from engine designers exploiting
common rail fuel systems, emulsified fuel, direct water injection and
charge air humidification. These and other solutions, including
selective catalytic reduction systems, are detailed in an extended
chapter.

Also extended is the chapter on fuels and lube oils, and the problems
of contamination, which includes information on low sulphur fuels,

vii



viii PREFACE

new cylinder and system lubricants, and cylinder oil feed system
developments.

A new chapter provides an introduction to marine gas turbines,
now competing more strongly with diesel engines in some key
commercial propulsion sectors, notably cruise ships and fast ferries.

The traditional core of this book—reviews of the current
programmes of the leading low, medium and high speed engine
designers—has been thoroughly updated. Details of all new designs
and major refinements to established models introduced since the
last edition are provided. Technically important engines no longer
in production but still encountered at sea justify their continued
coverage.

In preparing the new edition the author expresses again his gratitude
for the groundwork laid by the late C.C. Pounder and to the editors
of the sixth edition, his late friend and colleague Chris Wilbur and
Don Wight (whose contributions are respectively acknowledged at
the end of sections or chapters by C.T.W. and D.AW.).

In an industry generous for imparting information on new
developments and facilitating visits, special thanks are again due to
MAN B&W Diesel, Wartsila Corporation, Caterpillar Motoren, ABB
Turbo Systems, the major classification societies, and the leading
marine lube oil groups. Thanks also to my wife Shelley Woodyard for
support and assistance in the project.

Finally, the author hopes that this edition, like its predecessors,
will continue to provide a useful reference for marine engineers
ashore and at sea, enginebuilders and ship operators.

Doug Woodyard



Introduction: a century of
diesel progress

Ninety years after the entry into service of Selandia, generally regarded
as the world’s first oceangoing motor vessel, the diesel engine enjoys
almost total dominance in merchant ship propulsion markets.
Mainstream sectors have long been surrendered by the steam turbine,
ousted by low and medium speed engines from large containerships,
bulk carriers, VLCCs and cruise liners. Even steam’s last remaining
bastion in the newbuilding lists—the LNG carrier—has now been
breached by competitive new dual-fuel diesel engine designs arranged
to burn the cargo boil-off gas.

The remorseless rise of the diesel engine at the expense of steam
reciprocating and turbine installations was symbolized in 1987 by the
steam-to-diesel conversion of Cunard’s prestigious cruise liner Queen
Elizabeth 2. Her turbine and boiler rooms were ignominiously gutted
to allow the installation of a 95 600 kW diesel—electric plant.

The revitalized QE2’s propulsion plant was based on nine 9-cylinder
L58/64 medium speed four-stroke engines from MAN B&W Diesel
which provided a link with the pioneering Selandia: the 1912-built
twin-screw 7400 dwt cargo/passenger ship was powered by two
Burmeister & Wain eight-cylinder fourstroke engines (530 mm bore/
730 mm stroke), each developing 920 kW at 140 rev/min. An important
feature was the effective and reliable direct-reversing system.

Progress in raising specific output over the intervening 70 years
was underlined by the 580 mm bore/640 mm stroke design specified
for the QE2 retrofit: each cylinder has a maximum continuous rating
of 1213 kW.

Selandia was built by the Burmeister & Wain yard in Copenhagen
for Denmark’s East Asiatic Company and, after trials in February
1912, successfully completed a 20 000 mile round voyage between
the Danish capital and the Far East. The significance of the propulsion
plant was well appreciated at the time. On her first arrival in London
the ship was inspected by Sir Winston Churchill, then First Lord of
the Admiralty; and Fiona, a sistership delivered four months later by
the same yard, so impressed the German Emperor that it was
immediately arranged for the Hamburg Amerika Line to buy her.

ix



X INTRODUCTION

Figure 1.1 One of two Burmeister & Wain DM8150X engines commissioned (1912) to
power the first Selandia (MAN B&W Diesel)

A third vessel in the series, Jutlandia, was built by Barclay, Curle in
Scotland and handed over to East Asiatic in May 1912. The Danish
company’s oceangoing motor ship fleet numbered 16 by 1920, the
largest being the 13 275 dwt Afrika with twin six-cylinder B&W engines
of 740 mm bore/1150 mm stroke developing a combined 3300 kW
at 115 rev/min. Early steam-to-diesel conversions included three 4950
dwt vessels built in 1909 and repowered in 1914/15 by the B&W Oil
Engine Co of Glasgow, each with a single six-cylinder 676 mm bore/
1000 mm stroke engine developing 865 kW at 110 rev/min.

Selandia operated successfully for almost 30 years (latterly as
Norseman) and maintained throughout a fully loaded service speed
of 10.5 knots before being lost off Japan in 1942. The propulsion
plant of the second Selandia, which entered service in 1938,
demonstrated the advances made in diesel technology since the
pioneering installation. The single, double-acting two-stroke five-
cylinder engine of the 8300 dwt vessel delivered 5370 kW at 120 rev/
min: three times the output of the twin-engined machinery powering
the predecessor.

The performance of Selandia and other early motor ships stimulated
East Asiatic to switch completely from steamers, an example followed
by more and more owners. In 1914 there were fewer than 300 diesel-
powered vessels in service with an aggregate tonnage of 235 000 grt;
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Figure 1.2 A 20 bhp engine built in 1898 by Burmeister & Wain to drawings supplied by
Dr. Diesel, for experimental and demonstration purposes. MAN built the first diesel
engine—a 250 mm bore/400 mm stroke design—in 1893

a decade later the fleet had grown to some 2000 ships of almost two
million grt; and by 1940 the total tonnage had risen to 18 million grt
embracing 8000 motor ships.

Between the two world wars the proportion of oil-engined tonnage
in service thus expanded from 1.3 to 25 per cent of the overall
oceangoing fleet. By 1939 an estimated 60 per cent of the total
tonnage completed in world yards comprised motor ships, compared
with only 4 per cent in 1920.
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Evolution of large two-stroke engines
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Figure 1.3 Main lines of development for direct-drive low speed engines

In outlining the foundations of the diesel engine’s present
dominance in shipping other claimants to pioneering fame should
be mentioned. In 1903 two diesel-powered vessels entered service in
quick succession: the Russian naphtha carrier Vandal, which was
deployed on the Volga, and the French canal boat Petit Pierre. By the
end of 1910 there were 34 trading vessels over 30 m long worldwide
with diesel propulsion, and an unknown number of naval vessels,
especially submarines.
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INTRODUCTION xiii

Figure 1.4 Twin Sulzer 4547 type
cross-flow scavenged crosshead
engines served the Monte Penedo,
the first large oceangoing vessel
powered by two-stroke engines
(1912). Four long tie-rods secured
each cylinder head directly to the
bedplate, holding the whole cast iron
engine structure in compression

The earliest seagoing motor vessel was the twin-screw 678 ton
Romagna, built in 1910 by Cantieri Navali Riuniti with twin four-
cylinder port-scavenged trunk piston engines supplied by Sulzer. Each
310 mm bore/460 mm stroke engine delivered 280 kW at 250 rev/
min.

1910 also saw the single-screw 1179 dwt Anglo-Saxon tanker Vulcanus
enter service powered by a 370 kW Werkspoor six-cylinder four-stroke
crosshead engine with a 400 mm bore/600 mm stroke. The Dutch-
built vessel was reportedly the first oceangoing motor ship to receive
classification from Lloyd’s Register.

In 1911 the Swan Hunter-built 2600 dwt Great Lakes vessel Toiler
crossed the Atlantic with propulsion by two 132 kW Swedish Polar
engines. Krupp’s first marine diesel engines, six-cylinder 450 mm
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Figure 1.5 One of the two Sulzer 4547 engines installed in the Monte Penedo (1912)

bore/800 mm stroke units developing 920 kW at 140 rev/min apiece,
were installed the same year in the twin-screw 8000 dwt tankers Hagen
and Loki built for the German subsidiary of the Standard Oil Co of
New Jersey.

The following year, a few months after Selandia, Hamburg-South
Amerika Line’s 65600 dwt cargo/passenger ship Monte Penedo entered
service as the first large oceangoing vessel powered by two-stroke diesel
engines. Each of the twin four-cylinder Sulzer 4547 crosshead units
(470 mm bore/680 mm stroke) delivered 625 kW at 160 rev/min.

(The adoption of the two-stroke cycle by Sulzer in 1905 greatly
increased power output and fostered a more simple engine. Port-

T - e e e e T

Figure 1.6 The 6500 dwt cargo liner Monte Penedo (1912)
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INTRODUCTION XV

scavenging, introduced in 1910, eliminated the gas exchange valves
in the cylinder cover to create a simple valveless concept that
characterized the Sulzer two-stroke engine for 70 years: the change
to uniflow scavenging only came with the RTA-series engines of 1982
because their very long stroke—required for the lower speeds dictated
for high propeller efficiency—was unsuitable for valveless port
scavenging.)

Another important delivery in 1912 was the 3150 dwt Furness
Withy cargo ship Eavestone, powered by a single four-cylinder Carels
two-stroke crosshead engine with a rating of 590 kW at 95 rev/min.
The 508 mm bore/914 mm stroke design was built in England under
licence by Richardsons Westgarth of Middlesbrough.

There were, inevitably, some failures among the pioneers. For
example, a pair of Junkers opposed-piston two-stroke engines installed
in a 6000 dwt Hamburg-Amerika Line cargo ship was replaced by
triple-expansion steam engines even before the vessel was delivered.
The Junkers engines were of an unusual vertical tandem design,
effectively double-acting, with three pairs of cylinders of 400 mm
bore and 800 mm combined stroke to yield 735 kW at 120 rev/min.
More successful was Hapag’s second motor ship, Secundus, delivered
in 1914 with twin Blohm+Voss-MAN four-cylinder two-stroke single-
acting engines, each developing 990 kW at 120 rev/min.

After the First World War diesel engines were specified for
increasingly powerful cargo ship installations and a breakthrough
made in large passenger vessels. The first geared motor ships appeared
in 1921, and in the following year the Union Steamship Co of New
Zealand ordered a 17 490 grt quadruple-screw liner from the UK’s
Fairfield yard. The four Sulzer six-cylinder ST70 two-stroke single-
acting engines (700 mm bore/990 mm stroke) developed a total of
9560 kW at 127 rev/min—far higher than any contemporary motor
ship—and gave Aorangi a speed of 18 knots when she entered service
in December 1924.

Positive experience with these engines and those in other
contemporary motor ships helped to dispel the remaining prejudices
against using diesel propulsion in large vessels.

Swedish America Line’s 18 134 grt Gripsholm—the first transatlantic
diesel passenger liner—was delivered in 1925; an output of 9930 kW
was yielded by a pair of B&W six-cylinder four-stroke double-acting
840 mm bore engines. Soon after, the Union Castle Line ordered the
first of its large fleet of motor passengers liners, headed by the
20 000 grt Caernarvon Castle powered by 11 000 kW Harland & Wolff-
B&W double-acting four-stroke machinery.
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Figure 1.7 Sulzer’s 18100 single-cylinder experimental two-stroke engine (1912) featured a
1000 mm. bore

Another power milestone was logged in 1925 when the 30 000 grt
liner Augustus was specified with a 20 600 kW propulsion plant based
on four MAN six-cylinder double-acting two-stroke engines of
700 mm bore/1200 mm stroke.
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It was now that the double-acting two-stroke engine began to make
headway against the single-acting four-stroke design, which had enjoyed
favour up to 1930. Two-stroke designs in single-and double-acting
forms, more suitable for higher outputs, took a strong lead as ships
became larger and faster. Bigger bore sizes and an increased number
of cylinders were exploited. The 20 000 grt Oranje, built in 1939,
remained the most powerful merchant motor ship for many years
thanks to her three 12-cylinder Sulzer 760 mm bore SDT76 single-
acting engines aggregating 27 600 kW.

The groundwork for large bore engines was laid early on. Sulzer,
for example, in 1912 tested a single-cylinder experimental engine
with a 1000 mm bore/1100 mm stroke. This two-stroke crosshead
type 1S100 design developed up to 1470 kW at 150 rev/min and
confirmed the effectiveness of Sulzer’s valveless cross-scavenging system,
paving the way for a range of engines with bores varying between
600 mm and 820 mm. (Its bore size was not exceeded by another
Sulzer engine until 1968.)

At the end of the 1920s the largest engines were Sulzer five-cylinder
900 mm bore models (3420 kW at 80 rev/min) built under licence
by John Brown in the UK. These S90 engines were specified for
three twin-screw Rangitiki-class vessels of 1929.

GOODBYE TO BLAST INJECTION

It was towards the end of the 1920s that most designers concluded
that the blast air—fuel injection diesel engine—with its need for large,
often troublesome and energy-consuming high pressure compressors—
should be displaced by the airless (or compressor-less) type.

Air-blast fuel injection called for compressed air from a pressure
bottle to entrain the fuel and introduce it in a finely atomized state
via a valve needle into the combustion chamber. The air-blast pressure,
which was only just slightly above the ignition pressure in the cylinder,
was produced by a water-cooled compressor driven off the engine
connecting rod by means of a rocking lever.

Rudolf Diesel himself was never quite satisfied with this concept
(which he called self-blast injection) since it was complicated and
hence susceptible to failure—and also because the ‘air pump’ tapped
as much as 15 per cent of the engine output.

Diesel had filed a patent as early as 1905 covering a concept for
the solid injection of fuel, with a delivery pressure of several hundred
atmospheres. A key feature was the conjoining of pump and nozzle
and their shared accommodation in the cylinder head. One reason
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Figure 1.8 A B&W 840-D four-stroke double-acting engine powered Swedish America Line’s
Gripsholm in 1925

advanced for the lack of follow-up was that few of the many engine
licensees showed any interest.

A renewed thrust came in 1910 when Vickers’ technical director
McKechnie (independently of Diesel, and six months after a similar
patent from Deutz) proposed in an English patent an ‘accumulator
system for airless direct fuel injection’ at pressures between 140 bar
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Figure 1.9 A B&W 662-WIF/40 two-stroke double-acting engine, first installed as a six-
cylinder model in the Amerika (1929)
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and 420 bar. By 1915 he had developed and tested an ‘operational’
diesel engine with direct injection, and is thus regarded as the main
inventor of high intensity direct fuel injection. Eight years later it
had become possible to manufacture reliable production injection
pumps for high pressures, considerably expanding the range of
applications.

The required replacement fuel injection technology thus had its
roots in the pioneering days (a Doxford experimental engine was
converted to airless fuel injection in 1911) but suitable materials and
manufacturing techniques had to be evolved for the highly stressed
camshaft drives and pump and injector components. The refinement
of direct fuel injection systems was also significant for the development
of smaller high speed diesel engines.

A BOOST FROM TURBOCHARGING

A major boost to engine output and reductions in size and weight
resulted from the adoption of turbochargers. Pressure charging by
various methods was applied by most enginebuilders in the 1920s
and 1930s to ensure an adequate scavenge air supply: crankshaft-
driven reciprocating air pumps, side-mounted pumps driven by levers
off the crossheads, attached Roots-type blowers or independently
driven pumps and blowers. The pumping effect from the piston
underside was also used for pressure charging in some designs.

The Swiss engineer Alfred Biichi, considered the inventor of exhaust
gas turbocharging, was granted a patent in 1905 and undertook his
initial turbocharging experiments at Sulzer Brothers in 1911/15. It
was almost 50 years after that first patent, however, before the principle
could be applied satisfactorily to large marine two-stroke engines.

The first turbocharged marine engines were 10-cylinder Vulcan-
MAN four-stroke single-acting models in the twin-screw Preussen and
Hansestadt Danzig, commissioned in 1927. Turbocharging under a
constant pressure system by Brown Boveri turboblowers increased
the output of these 540 mm bore/600 mm stroke engines from
1250 kW at 240 rev/min to 1765 kW continuously at 275 rev/min,
with a maximum of 2960 kW at 317 rev/min. Bichi turbocharging
was keenly exploited by large four-stroke engine designers, and in
1929 some 79 engines totalling 162 000 kW were in service or
contracted with the system.

In 1950/51 MAN was the forerunner in testing and introducing
high pressure turbocharging for medium speed four-stroke engines
for which boost pressures of 2.3 bar were demanded and attained.
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Progressive advances in the efficiency of turbochargers and systems
development made it possible by the mid-1950s for the major two-
stroke enginebuilders to introduce turbocharged designs.

A more recent contribution of turbochargers, with overall efficiencies
now topping 70 per cent, is to allow some exhaust gas to be diverted
to a power recovery turbine and supplement the main engine effort
or drive a generator. A range of modern power gas turbines is available
to enhance the competitiveness of two-stroke and larger four-stroke
engines, yielding reductions in fuel consumption or increased power.

HEAVY FUEL OILS

Another important step in strengthening the status of the diesel
engine in marine propulsion was R&D enabling it to burn cheaper,
heavier fuel oils. Progress was spurred in the mid-1950s by the
availability of cylinder lubricants able to neutralize acid combustion
products and hence reduce wear rates to levels experienced with
diesel oil-burning. All low speed two-stroke and many medium speed
four-stroke engines are now released for operation on low grade
fuels of up to 700 cSt/50°C viscosity, and development work is
extending the capability to higher speed designs.

Combating the deterioration in bunker quality is just one example
of how diesel engine developers—in association with lube oil
technologists and fuel treatment specialists—have managed successfully
to adapt designs to contemporary market demands.

Figure 1.10 Direct fuel injection
system introduced by Sulzer in
1930, showing the reversing
mechanism and cam-operated
starting air valve. Airless fuel
injection had been adopted by all
manufacturers of large marine
engines by the beginning of the
1930s: a major drawback of
earlier engines was the blast
injection system and its
requirement for large, high
pressure air compressors which
dictated considerable maintenance
and added to parasitic power
losses
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Figure 1.11 Cross-section of Sulzer SD72 two-stroke engine (1943). Each cylinder had its
own scavenge pump, lever driven off the crosshead. The pistons were oil cooled to avoid the
earlier problem of walter leaks into the crankcase



INTRODUCTION xxiii

ENVIRONMENTAL PRESSURES

A continuing effort to reduce exhaust gas pollutants is another
challenge for engine designers who face tightening international
controls in the years ahead on nitrogen oxide, sulphur oxide, carbon
dioxide and particulate emissions. In-engine measures (retarded fuel
injection, for example) can cope with the IMO’s NOx requirements
while direct water injection, fuel emulsification and charge air
humidification can effect greater curbs. Selective catalytic reduction
(SCR) systems, however, are dictated to meet the toughest regional
limits.

Demands for ‘smokeless’ engines, particularly from cruise operators
in pollution-sensitive arenas, have been successfully addressed—
common rail fuel systems playing a role—but the development of
engines with lower airborne sound levels remains a challenge.

Environmental pressures are also stimulating the development and
wider application of dual-fuel and gas-diesel engines, which have
earned breakthroughs in offshore support vessel, ferry and LNG
carrier propulsion.

LOWER SPEEDS, LARGER BORES

Specific output thresholds have been boosted to 6950 kW/cylinder
by MAN B&W Diesel’s 1080 mm bore MC/ME two-stroke designs. A
single 14-cylinder model can thus deliver up to 97 300 kW for
propelling projected 10 000 TEU-plus containerships with service
speeds of 25 knots-plus. (The largest containerships of the 1970s
typically required twin 12-cylinder low speed engines developing a
combined 61 760 kW). Both MAN B&W Diesel and Wartsila
Corporation (Sulzer) have extended their low speed engine
programmes from the traditional 12-cylinder limit to embrace 14-
cylinder models.

Power ratings in excess of 100 000 kW are mooted from extended
in-line and V-cylinder versions of established low speed engine designs.
V-configurations, although not yet in any official programme, promise
valuable savings in weight and length over in-line cylinder models,
allowing a higher number of cylinders (up to 18) to be accommodated
within existing machinery room designs. Even larger bore sizes
represent another route to higher powers per cylinder.

Engine development has also focused on greater fuel economy
achieved by a combination of lower rotational speeds, higher maximum
combustion pressures and more efficient turbochargers. Engine
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thermal efficiency has been raised to over 54 per cent and specific
fuel consumptions can be as low as 155 g/kWh. At the same time,
propeller efficiencies have been considerably improved due to
minimum engine speeds reduced by more than 40 per cent to as low
as bb rev/min.

The pace and expense of development in the low speed engine
sector have been such that only three designer/licensors remain
active in the international market. The roll call of past contenders
include names either long forgotten or living on in other fields:
AEG-Hesselman, Deutsche Werft, Fullagar, Krupp, McIntosh and
Seymour, Neptune, Nobel, North British, Polar, Richardsons Westgarth,
Still, Tosi, Vickers, Werkspoor and Worthington. The most recent
casualties were Doxford, Gotaverken and Stork, some of whose products
remain at sea in dwindling numbers.

These pioneering designers displayed individual flair within generic
classifications which offered two-or four-stroke, single-or double-acting,
and single-or opposed-piston arrangements. The Still concept even
combined the Diesel principle with a steam engine: heat in the exhaust
gases and cooling water was used to raise steam which was then
supplied to the underside of the working piston.

Evolution has decreed that the surviving trio of low speed engine
designers (MAN B&W, Mitsubishi and Sulzer) should all settle—for
the present at least—on a common basic philosophy: uniflow-
scavenged, single hydraulically-actuated exhaust valve in the head,
constant pressure turbocharged, two-stroke crosshead engines
exploiting increasingly high stroke/bore ratios (up to 4.2:1) and low
operating speeds for direct coupling to the propeller. Bore sizes
range from 260 mm to 1080 mm.

In contrast the high/medium speed engine market is served by
numerous companies offering portfolios embracing four-stroke, trunk
piston, uniflow- or loop-scavenged designs, and rotating piston types,
with bore sizes up to 640 mm. Wartsild’s 64 engine—the most powerful
medium speed design—offers a rating of over 2000 kW/cylinder
from the in-line models.

Recent years have seen the development of advanced medium
and high speed designs with high power-to-weight ratios and compact
configurations for fast commercial vessel propulsion, a promising
market.

THE FUTURE

It is difficult to envisage the diesel engine being seriously troubled
by alternative prime movers in the short-to-medium term but any
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Figure 1.13 Advances in specific fuel consumption by Burmeister & Wain uniflow-
scavenged two-stroke engine designs (900 mm bore models)

regulation- or market-driven shift to much cleaner fuels (liquid or
gas) could open the door to thwarted rivals.

As well as stifling coal- and oilfired steam plant in its rise to
dominance in commercial propulsion, the diesel engine shrugged
off challenges from nuclear (steam) propulsion and gas turbines.
Both modes found favour in warships, however, and aero-derived gas
turbines have recently secured firm niches in fast ferry and cruise
tonnage. A stronger challenge from gas turbines has to be faced
(although combined diesel and gas turbine solutions are an option
for high-powered installations) and diminishing fossil fuel availability
may yet see nuclear propulsion revived in the longer term.

Diesel engine pioneers MAN B&W Diesel and Sulzer (the latter
now part of the Wartsili Corporation) have both celebrated their
centenaries since the last edition of Pounder’s and are committed
with other major designers to maintaining a competitive edge deep
into this century. Valuable support will continue to flow from specialists
in turbocharging, fuel treatment, lubrication, automation, materials,
and computer-based diagnostic/monitoring systems and maintenance
and spares management programs.

Key development targets aim to improve further the ability to
burn low-grade bunkers (including perhaps coal-derived fuels and
slurries) without compromising reliability; reduce noxious exhaust
gas emissions; extend the durability of components and the periods

www.EngineeringEBooksPdf.com



INTRODUCTION Xxvii

Figure 1.14 Burmeister & Wain uniflow scavenging system

between major overhauls; lower production and installation costs;
and simplify operation and maintenance routines.

Low speed engines with electronically-controlled fuel injection and
exhaust valve actuating systems are entering service in increasing
numbers, paving the way for future ‘Intelligent Engines’: those which
can monitor their own condition and adjust key parameters for
optimum performance in a selected running mode.

Potential remains for further developments in power and efficiency
from diesel engines, with concepts such as steam injection and
combined diesel and steam cycles projected to yield an overall plant
efficiency of around 60 per cent. The Diesel Combined Cycle calls
for a drastic change in the heat balance, which can be effected by
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O)oxo

Figure 1.15 Cross-section of a modern large bore two-stroke low speed engine, the Sulzer
RTA96C

the Hot Combustion process. Piston top and cylinder head cooling
is eliminated, cylinder liner cooling minimized, and the cooling losses
concentrated in the exhaust gas and recovered in a boiler feeding
high pressure steam to a turbine.

Acknowledgements to: ABB Turbo Systems, MAN B&W Diesel and Weirtsild
Corporation.
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Figure 1.16 The most powerful diesel engines in service are 12-cylinder MAN B&W
K98MC low speed two-stroke models developing 68 640 kW
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Figure 1.17 Historical and estimated future development of mean effective pressure ratings
Jfor two-stroke and four-stroke diesel engines (Wirlsild Corporation)
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Theory and general
1 principles

THEORETICAL HEAT CYCLE

In the original patent by Rudolf Diesel the diesel engine operated on
the diesel cycle in which the heat was added at constant pressure. This
was achieved by the blast injection principle. Today the term is universally
used to describe any reciprocating engine in which the heat induced
by compressing air in the cylinders ignites a finely atomized spray of
fuel. This means that the theoretical cycle on which the modern diesel
engine works is better represented by the dual or mixed cycle,
diagrammatically illustrated in Figure 1.1. The area of the diagram, to
a suitable scale, represents the work done on the piston during one

cycle.

Adiabatic expansion

Pressure —m—mm»
P

/7

Adiabatic
compression

<

E—— Volume

Figure 1.1 Theoretical heat cycle of true diesel engine

1



2 POUNDER’S MARINE DIESEL ENGINES AND GAS TURBINES

Starting from point C, the air is compressed adiabatically to a point
D. Fuel injection begins at D, and heat is added to the cycle partly at
constant volume as shown by vertical line DP, and partly at constant
pressure, as shown by horizontal line PE. At the point E expansion
begins. This proceeds adiabatically to point F when the heatis rejected
to exhaust at constant volume as shown by vertical line FC.

The ideal efficiency of this cycle (i.e. of the hypothetical indicator
diagram) is about 55—60 per cent: that is to say, about 40—45 per cent
of the heat supplied is lost to the exhaust. Since the compression and
expansion strokes are assumed to be adiabatic, and friction is
disregarded, there is no loss to coolant or ambient. For a four-stroke
engine the exhaust and suction strokes are shown by the horizontal
line at C, and this has no effect on the cycle.

PRACTICAL CYCLES

While the theoretical cycle facilitates simple calculation, it does not
exactly represent the true state of affairs. This is because:

1. The manner in which, and the rate at which, heat is added to the
compressed air (the heat release rate) is a complex function of the
hydraulics of the fuel injection equipment and the characteristic of its
operating mechanism; of the way the spray is atomized and distributed
in the combustion space; of the air movement at and after top dead
centre (TDC); and to a degree also of the qualities of the fuel.

2. The compression and expansion strokes are not truly adiabatic.
Heat is lost to the cylinder walls to an extent which is influenced by
the coolant temperature and by the design of the heat paths to the
coolant.

3. The exhaust and suction strokes on a four-stroke engine (and
the appropriate phases of a two-stroke cycle) do create pressure
differences which the crankshaft feels as ‘pumping work’.

It is the designer’s objective to minimize all these losses without
prejudicing first cost or reliability, and also to minimise the cycle loss:
that is, the heat rejected to exhaust. It is beyond the scope of this book
to derive the formulae used in the theoretical cycle, and in practice
designers have at their disposal sophisticated computer techniques
which are capable of representing the actual events in the cylinder
with a high degree of accuracy. But broadly speaking, the cycle efficiency
is a function of the compression ratio (or more correctly the effective
expansion ratio of the gas/air mixture after combustion).
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The theoretical cycle (Figure 1.1) may be compared with a typical
actual diesel indicator diagram such as that shown in Figure 1.2. Note
that in higher speed engines combustion events are often represented
on a crank angle, rather than a stroke basis, in order to achieve better
accuracy in portraying events at the top dead centre (TDC), as in
Figure 1.3. The actual indicator diagram is derived from it by
transposition. This form of diagram is useful too when setting injection
timing. If electronic indicators are used it is possible to choose either
form of diagram.

An approximation to a crank angle based diagram can be
made with mechanical indicators by disconnecting the phasing
and taking a card quickly, pulling it by hand: this is termed a ‘draw
card’.

Pressure

TDC Volume > BDC

Figure 1.2 Typical indicator diagram (stroke based)
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<+ Expansion

Point of ignition ———

Pressure

Compression line

BDC TDC BDC
Crank angle

Figure 1.3 Typical indicator diagram (crank angle based)

EFFICIENCY

The only reason a practical engineer wants to run an engine at all is
to achieve a desired output of useful work, which is, for our present
purposes, to drive a ship at a prescribed speed, and/or to provide
electricity at a prescribed kilowattage.

To determine this power he must, therefore, allow not only for the
cycle losses mentioned above but for the friction losses in the cylinders,
bearings and gearing (if any) together with the power consumed by
engine-driven pumps and other auxiliary machines. He must also
allow for such things as windage. The reckoning is further complicated
by the fact that the heat rejected from the cylinder to exhaust is not

I.EngineeringEBooksPdf.com
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necessarily totally lost, as practically all modern engines use up to 25
per cent of that heat to drive a turbocharger. Many use much of the
remaining high temperature heat to raise steam, and low temperature
heat for other purposes.

The detail is beyond the scope of this book but a typical diagram
(usually known as a Sankey diagram), representing the various energy
flows through a modern diesel engine, is reproduced in Figure 1.4.
The right-hand side represents a turbocharged engine and an indication
is given of the kind of interaction between the various heat paths as
they leave the cylinders after combustion.

Note that the heat released from the fuel in the cylinder is augmented
by the heat value of the work done by the turbocharger in compressing
the intake air. This is apart from the turbocharger’s function in
introducing the extra air needed to burn an augmented quantity of
fuel in a given cylinder, compared with what the naturally aspirated
system could achieve, as in the left-hand side of the diagram.

It is the objective of the marine engineer to keep the injection
settings, the air flow, coolant temperatures (not to mention the general
mechanical condition) at those values which give the best fuel
consumption for the power developed.

Note also that, whereas the fuel consumption is not difficult to
measure in tonnes per day, kilograms per hour or in other units, there
are many difficulties in measuring work done in propelling a ship.
This is because the propeller efficiency is influenced by the entry
conditions created by the shape of the afterbody of the hull, by cavitation,
etc., and also critically influenced by the pitch setting of a controllable
pitch propeller. The resulting speed of the ship is much dependent,
of course, on hull cleanliness, wind and sea conditions, draught, and
so on. Even when driving a generator it is necessary to allow for
generator efficiency and instrument accuracy.

It is normal when talking of efficiency to base the work done on
that transmitted to the driven machinery by the crankshaft. In a
propulsion system this can be measured by a torsionmeter; in a generator
it can be measured electrically. Allowing for measurement error,
these can be compared with figures measured on a brake in the test
shop.

THERMAL EFFICIENCY

Thermal efficiency (Thn) is the overall measure of performance. In
absolute terms it is equal to:



35-40%
Exhaust from

=50 turbine
Charge
cooler

Heat from
walls

=10% Coolant

Pumping > —_

7N\ =50% =5% Lub oil
Recirc [+. Exhaust -
‘s, to turbine ~ 5‘5% Radiation
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Charge —
air
37% 100% Fuel
To exhaust
15% \
5% To coolant I
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Figure 1.4 Typical Sankey diagrams
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heat converted into useful work (1.1)
total heat supplied

As long as the units used agree it does not matter whether the heat
or work is expressed in pounds—feet, kilograms-metres, BT'U, calories,
kWh or joules. The recommended units to use are now those of the SI
system.

Heat converted into work per hour = N kWh
= 3600 NkJ
where N = the power output in kW

Heat supplied = M x K

where M = mass of fuel used per hour in kg
and K = calorific value of the fuel in kJ/kg

3600 N
Mx K

It is now necessary to decide where the work is to be measured. If
itis to be measured in the cylinders, as is usually done in slow-running
machinery, by means of an indicator (though electronic techniques
now make this possible directly and reliably even in high speed engines),
the work measured (and hence power) is that indicated within the
cylinder, and the calculation leads to the indicated thermal efficiency.

If the work is measured at the crankshaft output flange, it is net of
friction, auxiliary drives, etc., and is what would be measured by a
brake, whence the term brake thermal efficiency. [Manufacturers in
some countries do include as output the power absorbed by essential
auxiliary drives but some consider this to give a misleading impression
of the power available.]

Additionally, the fuel is reckoned to have a higher (or gross) and a
lower (or net) calorific value, according to whether one calculates the
heat recoverable if the exhaust products are cooled back to standard
atmospheric conditions, or assessed at the exhaust outlet. The essential
difference is that in the latter case the water produced in combustion
is released as steam and retains its latent heat of vaporization. This is
the more representative case—and more desirable as water in the
exhaust flow is likely to be corrosive. Today the net or lower calorific
value (LCV) is more widely used.

Returning to our formula (Equation 1.2.), if we take the case of an
engine producing a (brake) output of 10 000 kW for an hour using
2000 kg of fuel per hour having an LCV of 42 000 kJ/kg

therefore Thn =

(1.2)
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3600 x 10 000
3600 x 10 000 . 4,
2000 x 42 000 < 100%

42.9% (based on LCV)

(Brake) Thn =

MECHANICAL EFFICIENCY

output at crankshaft

Mechanical efficiency = (1.3)

output at cylinders

_ bhp kW (brake)
B ihp ~ KW (indicated)

(1.4)

The reasons for the difference are listed above. The brake power is
normally measured with a high accuracy (98 per cent or so) by coupling
the engine to a dynamometer at the builder’s works. If it is measured
in the ship by torsionmeter it is difficult to match this accuracy and,
if the torsionmeter cannot be installed between the output flange and
the thrust block or the gearbox input, additional losses have to be
reckoned due to the friction entailed by these components.

The indicated power can only be measured from diagrams where
these are feasible and they are also subject to significant measurement
erTors.

Fortunately for our attempts to reckon the mechanical efficiency,
test bed experience shows that the ‘friction’ torque (thatis, in fact, all
the losses reckoned to influence the difference between indicated
and brake torque) is not very greatly affected by the engine’s torque
output, nor by the speed. This means that the friction power loss is
roughly proportional to speed, and fairly constant at fixed speed over
the output range. Mechanical efficiency therefore falls more and more
rapidly as brake output falls. It is one of the reasons why it is undesirable
to let an engine run for prolonged periods at less than about 30 per
cent torque.

WORKING CYCLES

A diesel engine may be designed to work on the two-stroke or on the
four-stroke cycle: both of these are explained below. They should not
be confused with the terms ‘single-acting’ or ‘double-acting’, which
relate to whether the working fluid (the combustion gases) acts on
one or both sides of the piston. (Note, incidentally, that the opposed
piston two-stroke engine in service today is singleacting.)
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The four-stroke cycle

Figure 1.5 shows diagrammatically the sequence of events throughout
the typical four-stroke cycle of two revolutions. It is usual to draw such
diagrams starting at TDC (firing), but the explanation will start at
TDC (scavenge). Top dead centre is sometimes referred to as inner
dead centre (IDC).

TDC (firing)
Fuel valve closed (full load)
Injection commences TDC (scavenging)
~10-20° BTDC
\ ’
TDC (firing)
\ ’
\ Exhaust
Inlet valve ! valve closes
open =70-80° ~50-60°
TDC
Inlet valve closes
~145-155° BTDC
Exhaust valve opens
=120-150° ATDC
BDC

Figure 1.5 Four-stroke cycle

Proceeding clockwise round the diagram, both inlet (or suction)
and exhaust valves are initially open. (All modern four-stroke engines
have poppet valves.) If the engine is naturally aspirated, or is a small
high speed type with a centripetal turbocharger, the period of valve
overlap (i.e. when both valves are open) will be short, and the exhaust
valve will close some 10° after top dead centre (ATDC).

Propulsion engines and the vast majority of auxiliary generator
engines running at speeds below 1000 rev/min will almost certainly
be turbocharged and will be designed to allow a generous throughflow
of scavenge air at this point in order to control the turbine blade
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temperature. (See also Chapter 7.) In this case the exhaust valve will
remain open until exhaust valve closure (EVC) at 50-60° ATDC. As
the piston descends to outer or bottom dead centre (BDC) on the
suction stroke, it will inhale a fresh charge of air. To maximize this,
balancing the reduced opening as the valve seats against the slight
ram or inertia effect of the incoming charge, the inlet (suction valve)
will normally be held open until about 25-35° ABDC (145-155°BTDC).
This event is called inlet valve closure (IVC).

The charge is then compressed by the rising piston until it has
attained a temperature of some 550°C. At about 10-20°BTDC (firing),
depending on the type and speed of the engine, the injector admits
finely atomized fuel which ignites within 2-7° (depending on type
again) and the fuel burns over a period of 30-50° while the piston
begins to descend on the expansion stroke, the piston movement
usually helping to induce air movement to assist combustion.

Atabout 120-150°ATDC the exhaust valve opens (EVO), the timing
being chosen to promote a very rapid blow-down of the cylinder gases
to exhaust. This is done: (a) to preserve as much energy as is practicable
to drive the turbocharger, and (b) to reduce the cylinder pressure to
a minimum by BDC to reduce pumping work on the ‘exhaust’ stroke.
The rising piston expels the remaining exhaust gas and at about 70—
80°BTDC the inlet valve opens (IVO) so that the inertia of the outflowing
gas, plus the positive pressure difference, which usually exists across
the cylinder by now, produces a through flow of air to the exhaust to
‘scavenge’ the cylinder.

If the engine is naturally aspirated the IVO is about 10° BTDC. The
cycle now repeats.

The two-stroke cycle

Figure 1.6 shows the sequence of events in a typical two-stroke cycle,
which, as the name implies, is accomplished in one complete revolution
of the crank. Two-stroke engines invariably have ports to admit air
when uncovered by the descending piston (or air piston where the
engine has two pistons per cylinder). The exhaust may be via ports
adjacent to the air ports and controlled by the same piston (loop
scavenge) or via piston-controlled exhaust ports or poppet exhaust
valves at the other end of the cylinder (uniflow scavenge). The principles
of the cycle apply in all cases.

Starting at TDC, combustion is already under way and the exhaust
opens (EO) at 110-120° ATDC to promote a rapid blow-down before
the inlet opens (I0) about 20-30°later (130-150° ATDC). In this way
the inertia of the exhaust gases—moving at about the speed of sound—
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TDC

Injection commences =10-20° BTDC Fuel valve closes (full load)

Exhaust closes Exhaust opens
~110-150° BTDC ~110-120° ATDC

Inlet closes ~130-150°

Inlet opens ~130-150°
BTDC

ATDC

BDC

Figure 1.6 Two-stroke cycle

is contrived to encourage the incoming air to flow quickly through
the cylinder with a minimum of mixing, because any unexpelled exhaust
gas detracts from the weight of air entrained for the next stroke.

The exhaust should close before the inlet on the compression stroke
to maximize the charge, but the geometry of the engine may prevent
this if the two events are piston controlled. It can be done in an
engine with exhaust valves, but otherwise the inlet and exhaust closure
in a single-piston engine will mirror their opening. The inlet closure
(IC) may be retarded relative to exhaust closure (EC) in an opposed-
piston engine to a degree which depends on the ability of the designer
and users to accept greater out-of-balance forces.

At all events the inlet ports will be closed as many degrees ABDC as
they opened before it (i.e. again 130-150° BTDC) and the exhaust in
the same region. Where there are two cranks and they are not in
phase, the timing is usually related to that coupled to the piston
controlling the air ports. The de-phasing is described as ‘exhaust lead’.

Injection commences at about 10-20° BTDC depending on speed,
and combustion occurs over 30-50°, as with the four-stroke engine.
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HORSEPOWER

Despite the introduction of the SI system, in which power is measured
in kilowatts (kW), horsepower cannot yet be discarded altogether.
Power is the rate of doing work. In linear measure it is the mean force
acting on a piston multiplied by the distance it moves in a given time.
The force here is the mean pressure acting on the piston. This is
obtained by averaging the difference in pressure in the cylinder between
corresponding points during the compression and expansion strokes.
It can be derived by measuring the area of an indicator diagram and
dividing it by its length. This gives naturally the indicated mean effective
pressure (imep), also known as mean indicated pressure (mip). Let
this be denoted by ‘p’.

Mean effective pressure is mainly useful as a design shorthand for
the severity of the loading imposed on the working parts by combustion.
In that context it is usually derived from the horsepower. If the latter
is ‘brake’ horsepower (bhp), the mep derived is the brake mean effective
pressure (bmep); but it should be remembered that it then has no
direct physical significance of its own.

To obtain the total force the mep must be multiplied by the area
on which it acts. This in turn comprises the area of one piston, a =
nd>/4, multiplied by the number of cylinders in the engine, denoted
by N. The distance moved per cycle by the force is the working stroke
(1), and for the chosen time unit, the total distance moved is the
product of [ X n, where n is the number of working strokes in one
cylinder in the specified time. Gathering all these factors gives the
well-known ‘plan’ formula:

pXIXaxnxN

k

The value of the constant k depends on the units used. The units
must be consistent as regards force, length and time.

If, for instance, SI units are used (newtons, metres and seconds) k
will be 1000 and the power will be given in kW.

If imperial units are used (Ib, feet and minutes) kwill be 33 000 and
the result is in imperial horsepower.

Onboard ship the marine engineer’s interest in the above formula
will usually be to relate mep and power for the engine with which he
is directly concerned. In that case /, a, n become constants as well as
k and

power = p x CX N (1.6)

IXaxXn
k

power = (1.5)

where C =
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Note that in an opposed-piston engine ‘/’ totals the sum of the strokes
of the two pistons in each cylinder. To apply the formulae to double-
acting engines is somewhat more complex since, for instance, allowance
must be made for the piston rod diameter. Where double-acting engines
are used it would be advisable to seek the builder’s advice about the
constants to be used.

TORQUE

The formula for power given in Equations (1.5) and (1.6) is based on
the movement of the point of application of the force on the piston
in a straight line. The inclusion of the engine speed in the formula
arises in order to take into account the total distance moved by the
force(s) along the cylinder(s): that is, the number of repetitions of
the cycle in unit time.

Alternatively, power can be defined in terms of rotation.

If F = the effective resulting single force assumed to act tangentially
at given radius from the axis of the shaft about which it acts
r = the nominated radius at which Fis reckoned, and
n = revolutions per unit time of the shaft specified

then the circumferential distance moved by the tangential force in
unit time is 27 rn.

FX2mnrm
K

_Frx2mn (1.7)
K

The value of K depends on the system of units used, which, as
before, must be consistent. In this expression I X r = T, the torque
acting on the shaft, and is measured (in SI units) in newton-metres.

Note that T'is constant irrespective of the radius at which it acts. If
n is in rev/min, and power is in kW, the constant K= 1000 so that

Hence power =

7 power x 60 x 1000
- 21n

~ 30000 x power

nn
If the drive to the propeller is taken through gearing, the torque
acts at the pitch circle diameter of each of the meshing gears. If the
pitch circle diameters of the input and output gears are respectively

in newton-metres (Nm) (1.8)
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d; and dy and the speeds of the two shafts are n; and ny, the
circumferential distance travelled by a tooth on either of these gears
must be ©td; X n; and Tdy X ny respectively. But since they are meshed
Tdyny = Tdgny,
n dy
Therefore —- = -2
Ny dl
The tangential force F on two meshing teeth must also be equal.
Therefore the torque on the input wheel

Fd,
= —
o2
and the torque on the output wheel
Fdy
Ty = ——
S’
or
5L _d
T, dy

If there is more than one gear train the same considerations apply
at each. In practice there is a small loss of torque at each train due to
friction, etc. This is usually of the order of 1.5-2 per cent at each train.

MEAN PISTON SPEED

This parameter is sometimes used as an indication of how highly
rated an engine is. However, although in principle a higher piston
speed can imply a greater degree of stress, as well as wear, etc., in
modern practice the lubrication of piston rings and liner, as well as of
other rubbing surfaces, has become much more scientific. It no longer
follows that a ‘high’ piston speed is of itself more detrimental than a
lower one in a well-designed engine.

Mean piston speed is simply Z;O" (1.9)

This is given in metres/sec if /= stroke in metres and n = revolutions
per minute.

FUEL CONSUMPTION IN 24 HOURS

In SI units:

W WX kW x 24 (1.10)
1000
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_ 1000 W
kW x 24

where w = fuel consumption rate, kg/kW h
W= total fuel consumed per day in tonnes.
(1 tonne = 1000 kg)

(1.11)

VIBRATION

Many problems have their roots in, or manifest themselves as, vibration.
Vibration may be in any linear direction, and it may be rotational
(torsional). Vibration may be resonant, at one of its natural frequencies,
or forced. It may affect any group of components, or any one. It can
occur at any frequency up to those which are more commonly called
noise.

That vibration failures are less dramatic now than formerly is due
to the advances in our understanding of it during the last 80 years. It
can be controlled, once it is recognized, by design and by correct
maintenance, by minimizing it at source, by damping, and by arranging
to avoid exciting resonance. Vibration is a very complex subject and
all that will be attempted here is a brief outline.

Any elastically coupled shaft or other system will have one or more
natural frequencies which, if excited, can build up to an amplitude
which is perfectly capable of breaking crankshafts. ‘Elastic’ in this
sense means that a displacement or a twist from rest creates a force or
torque tending to return the system to its position of rest, and which
is proportional to the displacement. An elastic system, once set in
motion in this way, will go on swinging, or vibrating, about its equilibrium
position forever, in the theoretical absence of any damping influence.
The resulting time/amplitude curve is exactly represented by a sine
wave, i.e. it is sinusoidal.

In general, therefore, the frequency of torsional vibration of a single
mass will be:

f= QLTC \/% cycles per second (1.12)

where ¢ is the stiffness in newton metres per radian
and I is the moment of inertia of the attached mass in kg metres?.

For a transverse or axial vibration

f= QL \/Z cycles per second (1.13)
T m
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where s is the stiffness in newtons per metre of deflection
and m is the mass attached in kg.

The essence of control is to adjust these two parameters, gand / (or
sand m), to achieve a frequency which does not coincide with any of
the forcing frequencies.

Potentially the most damaging form of vibration is the torsional
mode, affecting the crankshaft and propeller shafting (or generator
shafting). Consider a typical diesel propulsion system, say a six-cylinder
two-stroke engine with a flywheel directly coupled to a fixed pitch
propeller. There will be as many ‘modes’ in which the shaft can be
induced to vibrate naturally as there are shaft elements: seven in this
case. For the sake of simplicity, let us consider the two lowest: the one-
node mode and the two-node mode (Figure 1.7 (a) and (b)).

In the one-node case, when the masses forward of the node swing
clockwise, those aft of it swing anti-clockwise and vice versa. In the
two-node case, when those masses forward of the first node swing
clockwise, so do those aft of the second node, while those between the
two nodes swing anti-clockwise, and vice versa.

The diagrams in Figure 1.7 show (exaggerated) at left: the angular
displacements of the masses at maximum amplitude in one direction.
Atright: they plot the corresponding circumferential deflections from
the mean or unstressed condition of the shaft when vibrating in that
mode. The line in the right-hand diagrams connecting the maximum
amplitudes reached simultaneously by each mass on the shaft system
is called the ‘elastic curve’.

A node is found where the deflection is zero and the amplitude
changes sign. The more nodes that are present, the higher the
corresponding natural frequency.

The problem arises when the forcing frequencies of the externally
applied, or input, vibration coincide with, or approach closely, one of
these natural frequencies. A lowish frequency risks exciting the one-
node mode; a higher frequency will possibly excite the two-node mode,
and so on. Unfortunately, the input frequencies or—to give them
their correct name, the ‘forcing frequencies’—are not simple.

As far as the crankshaft is concerned, the forcing frequencies are
caused by the firing impulses in the cylinders. But the firing impulse
put into the crankshaft at any loading by one cylinder firing is not a
single sinusoidal frequency at one per cycle. It is a complex waveform
which has to be represented for calculation purposes by a component
at 1 X cycle frequency; another, usually lower in amplitude, at 2 X cycle
frequency; another at 3 X and so on up to at least 10 before the
components become small enough to ignore. These components are
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called the Ist, 2nd, 3rd up to the 10th orders or harmonics of the
firing impulse. For four-stroke engines, whose cycle speed is half the
running speed, the convention has been adopted of basing the
calculation on running speed. There will therefore be ‘half’ orders as
well: for example, 0.5, 1.5, 2.5 and so on.

Unfortunately from the point of view of complexity, but fortunately
from the point of view of control, these corresponding impulses have
to be combined from all the cylinders according to the firing order.
For the 1st order the interval between successive impulses is the same
as the crank angle between successive firing impulses. For most engines,
therefore, and for our six-cylinder engine in particular, the one-node
1st order would tend to cancel out, as shown in the vector summation
in the centre of Figure 1.8. The length of each vector shown in the
diagram is scaled from the corresponding deflection for that cylinder
shown on the elastic curve, such as is in Figure 1.7.

On the other hand, in the case of our six-cylinder engine, for the
6th order, where the frequency is six times that of the 1st order (or
fundamental order) to draw the vector diagram (right of Figure 1.8)
all the Ist order phase angles have to be multiplied by 6. Therefore,
all the cylinder vectors will combine linearly and become much more
damaging.

If, say, the natural frequency in the one-node mode is 300 vibrations
per minute (vpm) and our six-cylinder engine is run at 50 rev/min,
the 6th harmonic (6 x 50 = 300) would coincide with the one-node
frequency and the engine would probably suffer major damage.
50 rev/min would be termed the ‘6th order critical speed’ and the 6th
order in this case is termed a ‘major critical’.

Not only the engine could achieve this. The resistance felt by a
propeller blade varies periodically with depth while it rotates in the
water, and with the periodic passage of the blade tip past the stern
post, or the point of closest proximity to the hull in the case of a multi-
screw vessel. If a three-bladed propeller were used and its shaft run at
100 rev/min, a 3rd order of propeller excited vibration could also risk
damage to the crankshaft (or whichever part of the shaft system was
most vulnerable in the one-node mode).

The most significant masses in any mode of vibration are those with
the greatest amplitude on the corresponding elastic curve. That is to
say, changing them would have the greatest effect on frequency. The
most vulnerable shaft sections are those whose combination of torque
and diameter induce in them the greatest stress. The most significant
shaft sections are those with the steepest change of amplitude on the
elastic curve and therefore the highest torque. These are usually near
the nodes but this depends on the relative shaft diameter. Changing
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the diameter of such a section of shaft will also have a greater effect
on the frequency.

The two-node mode is usually of a much higher frequency than the
one-node mode in propulsion systems, and in fact usually only the
first two or three modes are significant. That is to say that beyond the
three-node mode the frequency components of the firing impulse
that could resonate in the running speed range will be small enough
to ignore.

The classification society chosen by the owners will invariably make
its own assessment of the conditions presented by the vessel’s machinery,
and will judge by criteria based on experience.

Designers can nowadays adjust the frequency of resonance, the
forcing impulses and the resultant stresses by adjusting shaft sizes,
number of propeller blades, crankshaft balance weights and firing
orders, as well as by using viscous or other dampers, detuning couplings
and so on. Gearing, of course, creates further complications—and
possibilities. Branched systems, involving twin input or multiple output
gearboxes, introduce complications in solving them; but the principles
remain the same.

The marine engineer needs to be aware, however, that designers
tend to rely on reasonably correct balance among cylinders. It is
important to realise that an engine with one cylinder cut out for any
reason, or one with a serious imbalance between cylinder loads or
timings, may inadvertently be aggravating a summation of vectors
which the designer, expecting it to be small, had allowed to remain
near the running speed range.

If an engine were run at or near a major critical speed it would
sound rough because, at mid-stroke, the torsional oscillation of the
cranks with the biggest amplitude would cause a longitudinal vibration
of the connecting rod. This would set up in turn a lateral vibration of
the piston and hence of the entablature. Gearing, if on a shaft section
with a high amplitude, would also probably be distinctly noisy.

The remedy, if the engine appears to be running on a torsional
critical speed, would be to run at a different and quieter speed while
an investigation is made. Unfortunately, noise is not always distinct
enough to be relied upon as a warning.

It is usually difficult, and sometimes impossible, to control all the
possible criticals, so that in a variable speed propulsion engine it is
sometimes necessary to ‘bar’ a range of speeds where vibration is
considered too dangerous for continuous operation.

Torsional vibrations can sometimes affect camshafts also. Linear
vibrations usually have simpler modes, except for those which are
known as axial vibrations of the crankshaft. These arise because firing
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causes the crankpin to deflect and this causes the crankwebs to bend.
This in turn leads to the setting up of a complex pattern of axial
vibration of the journals in the main bearings.

Vibration of smaller items, such as brackets holding components,
or pipework, can often be controlled either by using a very soft mounting
whose natural frequency is below that of the lowest exciting frequency,
or by stiffening.

BALANCING

The reciprocating motion of the piston in an engine cylinder creates
out-of-balance forces acting along the cylinder, while the centrifugal
force associated with the crankpin rotating about the main bearing
centres creates a rotating out-of-balance force. These forces, if not in
themselves necessarily damaging, create objectionable vibration and
noise in the engine foundations, and through them to the ship (or
building) in which the engine is operating.

Balancing is a way of controlling vibrations by arranging that the
overall summation of the out-of-balance forces and couples cancels
out, or is reduced to a more acceptable amount.

The disturbing elements are in each case forces, each of which acts
in its own plane, usually including the cylinder axis. The essence of
balancing is that a force can be exactly replaced by a parallel force
acting in a reference plane (chosen to suit the calculation) and a
couple whose arm is the distance perpendicularly between the planes
in which these two forces act (Figure 1.9). Inasmuch as balance is
usually considered at and about convenient reference planes, all
balancing involves a consideration of forces and of couples.

In multi-cylinder engines couples are present because the cylinder(s)
coupled to each crankthrow act(s) in a different plane.

There are two groups of forces and couples. These relate to the
revolving and to the reciprocating masses. (This section of the book is
not concerned with balancing the power outputs of the cylinders. In
fact, cylinder output balance, while it affects vibration levels, has no
effect on the balance we are about to discuss.)

Revolving masses are concentrated at a radius from the crankshaft,
usually at the crankpin, but are presumed to include a proportion of
the connecting rod shank mass adjacent to the crankpin. This is done
to simplify the calculations. Designers can usually obtain rotating balance
quite easily by choice of crank sequence and balance weights.

Reciprocating masses are concentrated at the piston/crosshead,
and similarly are usually assumed to include the rest of the connecting
rod shank mass.
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(b) P © P

Figure 1.9 Principle of balancing
(a) Force (P) to be balanced acting at A
(b) Equal and opposite forces, of magnitude (P) assumed to act at B, a distance
(I) arbitrarily chosen to suil calculation
(¢) System is equivalent to couple (P X 1) plus force (P) now acting at B

Revolving masses turning at a uniform speed give rise to a single
system of revolving forces and couples, each system comprising the
related effects of each crank and of any balance weights in their correct
phase relationship.

Reciprocating masses are more complicated, because of the effect
of the obliquity of the connecting rod. This factor, particularly as the
connecting rod length is reduced in relation to crank radius, causes
the motion of the piston to depart from the simple sinusoidal time/
displacement pattern along the cylinder axis. It has instead to be
represented by a primary (sinusoidal) component at a frequency
corresponding to engine speed in rev/min, a secondary component
at 2 X engine speed, a tertiary at 3 X engine speed, and so on. (It is
seldom necessary to go beyond secondary.)

In practical terms, the reversal of direction involves greater
acceleration at TDC than at BDC. This can be thought of as an average
reversal force (the primary) at both dead centres, on which is
superimposed an extra inward force at twice the frequency which adds
to the primary at TDC and detracts from it at BDC. Reciprocating
forces and couples always act in the plane of the cylinder. For V-
cylinder engines they are combined vectorially. (The effect of side-by-
side design for V-engine big ends is usually ignored.)

Most cylinder combinations of two- and of four-stroke engines lend
themselves to complete balance of either primary forces, primary
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couples, secondary forces or secondary couples; some to any two,
some to any three, and some to all of them.

Where one or more systems do not balance, the designer can contain
the resulting vibration by low frequency anti-vibration mountings (as
in the fourstroke four-cylinder automotive engine which normally
has severe unbalanced secondary forces); or he can ameliorate it by
adding extra rotational balance weights on a different shaft or shafts
running at crankshaft speed (for primary unbalance) or at twice that
speed (for secondary unbalance).

Note that a reciprocating unbalance force can be cancelled out if
two shafts, each carrying a balance weight equal to half the offending
unbalanced weight, and phased suitably, are mounted in the frame,
running in opposite directions. The lateral effect of these two contra-
rotating weights cancel out. This is the principle of Lanchester balancing
used to cope with the heavy unbalanced secondary forces of four in-
line and V8-cylinder four-stroke engines with uniform crank sequence.

In general it is nowadays dangerous to consider only the crankshaft
system as a whole, because of the major effect that line-by-line balance
has on oil film thickness in bearings. It is often necessary to balance
internal couples much more closely, i.e. for each half of the engine or
even line-by-line.

NOISE

Noise is unwanted sound. It is also a pervading nuisance and a hazard
to hearing, if not to health itself. Noise is basically a form of vibration,
and it is a complex subject; but a few brief notes will be given here.

To the scientist noise is reckoned according to its sound pressure
level, which can be measured fairly easily on a microphone. Since the
topic is essentially subjective, that is to say, it is of interest because of
its effect on people via the human ear, the mere measurement of
sound pressure level is of very limited use.

Noises are calibrated with reference to a sound pressure level of
0.0002 dynes per cm? for a pure 1000 Hz sine wave. A dyne is the force
that gives 1 g an acceleration of 1 cm/s% It is 107 newtons. A linear
scale gives misleading comparisons, so noise levels are measured on a
logarithmic scale of bels. (1 bel means 10 times the reference level, 3
bel means 1000 times the reference level, i.e. 103.) For convenience
the bel is divided into 10 parts, hence the decibel or db. This means
that 80 db (8 bel) is 10® times the reference pressure level.

The human ear hears high and lower frequencies (over say 1 kHz
or below 50 Hz) as louder than the middle frequencies, even when



THEORY AND GENERAL PRINCIPLES 25

sound pressure levels are the same. For practical purposes, sounds are
measured according to a frequency scale weighted to correspond to
the response of the human ear. This is the ‘A’ scale and the readings
are quoted in dBA.

The logarithmic-based scale is sometimes found confusing, so it is
worth remembering that:

30 db corresponds to a gentle breeze in a meadow
70 db to an open office
100 db to a generator room.

Any prolonged exposure to levels of 85 db or above is likely to lead
to hearing loss in the absence of ear protection; 140 db or above is
likely to be physically painful.

The scope for reducing at source noise emitted by a diesel engine
is limited, without fundamental and very expensive changes of design
principle. However, the measures which lead to efficiency and
economy—higher pressures, faster pressure rise and higher speeds—
all, unfortunately, lead also to greater noise, and to noises emitted at
higher frequencies and therefore more objectionably.

The noise from several point sources is also added in the logarithmic
scale. Two point sources (e.g. cylinders) are twice as noisy as one.
Log;p2=10.3010,i.e. 0.301 bel or 3.01 db louder than one. Six cylinders,
since log;, 6 = 0.788, are 7.88 db louder than one.

If there is no echo, sound diminishes according to the square of
the distance from the source (usually measured at a reference distance
of 0.7 metres in the case of diesel engines). So moving ten times
further away reduces the noise to 1/100th, or by 20 db.

Unfortunately a ship’s engine room has plenty of reflecting surfaces
so there is little benefit to be had from moving away. The whole space
tends to fill with noise only a few db less than the source. Lining as
much as possible with sound-absorbing materials does two things:

1. Itreduces the echo, so that moving away from the engine gives
a greater reduction in perceived noise.

2. It tends to reduce sympathetic (resonant) vibration of parts of
the ship’s structure, which, by drumming, add to the vibration and
noise which is transmitted into the rest of the ship.

Anti-vibration mounts (see page 29) help in the latter case also but
are not always practical. The only other measure which can successfully
reduce noise is to put weight, particularly if a suitable cavity can be
incorporated (or a vacuum), between the source and the observer.
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A screen, of almost any material, weighing 5 kg/m? will effect a
reduction of 10 db in perceived noise, and pro rata. Where weight is
increased by increasing thickness it is more effective to do so in porous/
flexible material than in rigid material. For the latter the db reduction
in transmitted noise is proportional to the log, of the weight, but for
the former it is proportional to the thickness. A tenfold increase in
the thickness of the rigid material of 5 kg/ m? would double the
attenuation; in porous material it would be tenfold.

The screen must be totally effective. A relatively small aperture will
destroy much of the benefit. For example, most ships’ enginerooms
now incorporate a control room to provide some noise protection.
The benefit will be appreciated every time the door is opened.

ACHIEVING QUIETER ENGINEROOMS

On the basis of engine noise measurements and frequency analyses,
MAN B&W Diesel explains, it can be determined that noise emissions
from two-stroke engines primarily originate from:

e The turbocharger, air and gas pulsations.
e Exhaust valves.
e Fuel oil injection systems.

The chain drive also contributes to a certain extent. The best way of
reducing engine-related noise is, naturally, to reduce the vibrational
energy at the source or, if this is neither feasible nor adequate, to
attenuate the noise as close to its source as possible (Figure 1.10).

National and international standards for noise levels in ships have,
in general, resulted in a considerable reduction of noise in newly-
built tonnage, especially in accommodation spaces, but enginerooms
remain a problem, suggests MAN B&W Diesel. Limits for maximum
sound pressure levels in areas of a newbuilding are either defined
specifically between shipowner/yard and enginebuilder or indirectly
by referring to relevant national and international legislation.

Many owners refer to the German SBG (See-Berufsgenossenschaft)
specifications or the IMO recommendations (see table below). On
the bridge wing, where exhaust gas noise predominates, there are
certain limitations as this area is regarded as a listening post. The
requirement, depending on the noise standard to be met, is a maximum
of 60-70 dB(A), which can always be satisfied by installing a suitable
exhaust gas silencer. Ships built and registered in the Far East are
often not equipped with exhaust gas silencers, while European-built
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Figure 1.10 Typical sources of engine noise (MAN B&W Diesel)

tonnage is normally fitted with silencers in accordance with rules and
regulations prevailing in Europe. In saving the cost of silencers, owners
often do not specify compliance with European rules for ships built in
the Far East; and even if such tonnage is later transferred to Europe
compliance with the rules is not required.

Noise reductions have not been achieved in the engineroom, however,
where airborne noise from the main engine dominates. The reason,
MAN B&W Diesel explains, is that the acceptable noise limits for
periodically-manned enginerooms have been set at around 110 dB(A)
for many years; and the introduction of stricter requirements has not
been realistic as noise emissions from engines have increased over the
years with rising power ratings. The unchanged noise limit in itself
seems to have constituted a serious limitation for enginebuilders. It is
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recognised, however, that a noise level of over 110 dB(A) can, in the
long term, cause permanent damage to hearing, and any easing of
this limit cannot be expected—rather to the contrary. Engine designers
must therefore pay particular attention to reducing the airborne sound
levels emitted from their future models.

Noise emitted by the main diesel engine’s exhaust gas, and the
structure-borne noise excited by the engine, are generally so low that
keeping within the noise level requirements for the bridge wing and
accommodation does not pose a problem. Airborne noise emitted
from the engine, on the other hand, is so high that in some cases
there is a risk that the noise limits for the engineroom cannot be met
unless additional noise reduction measures are introduced. These
measures may include:

A Helmholtz resonator lining in the scavenge air pipe.

External insulation of the scavenge air receiver.

External insulation of the scavenge air cooler.

Additional absorption material at the engine and/or at the

engineroom walls (shipyard responsibility).

e Additional turbocharger intake silencer attenuation (turbocharger
maker’s responsibility).

e Additional attenuation material at the turbocharger inspection
cover.

e Low noise diffusor for turbocharger compressor (if available).

Such measures may reduce the maximum noise levels by 3-5 dB(A)
or more, depending on their extent, says MAN B&W Diesel. It would
nevertheless be extremely difficult to meet stricter engineroom noise
level requirements of, say, 105 dB(A) instead of 110 dB (A), especially
in view of the influence of sound reverberations and the noise emitted
by other machinery. The possibility of reducing the noise from an
existing engine is greatly limited because the noise stems from many
different sources, and because the noise transmission paths (through
which vibrational energy is transferred from one area to another through
the engine) are numerous. In principle, however, the transmission of
airborne noise from the engineroom to other locations (accommodation
quarters, for example) normally has no influence on the actual noise
level in those locations.
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IMO Noise Limits (Sound Pressure Level) in dB(A)

Workspaces

Machinery spaces (continuously unmanned)* 90
Machinery spaces (not continuously manned) * 110
Machinery control rooms 75
Workshops 85
Unspecified workspaces* 90
Navigation spaces

Navigating bridge and chartrooms 65
Listening posts (including bridge wings and windows) 70
Radio rooms (with radio equipment operating but not

producing audio signals) 60
Radar rooms 65

Accommodation spaces

Cabins and hospital 60
Messrooms 65
Recreation rooms 65
Open recreation areas 75
Offices 65

*Ear protectors should be worn when the noise level is above 85 dB(A), and no
individual’s daily exposure duration should exceed four hours continuously or
eight hours in total.

ANTI-VIBRATION MOUNTINGS

Over the past 25 years the use of elastomer-based mounting systems to
suppress or attenuate noise and vibration in ships has advanced both
in technical sophistication and growth of application. Rubber-to-metal
bonded systems are the most commonly applied anti-vibration
mountings, and also deliver the highest performance rating for a
given size. Shipboard installations mainly benefit propulsion engines,
gensets and diverse ancillary machinery, such as ventilation fans,
compressors, pumps, sewage treatment units, refrigeration plant and
instrument panels.

Any item of machinery with moving parts is subject to out-of-balance
forces and couples created by the interaction of those parts. The
magnitude of the forces and couples will vary considerably, depending
on the configuration of the machine design. In theory, some machines
will be totally balanced and there will be no external forces or couples
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(for example, an electric motor or a six-cylinder four-stroke engine).
In practice, however, manufacturing tolerances may create out-of-
balance excitations that can become significant in large elements of
the machinery. The weights of pistons and connecting rods in large
diesel engines may vary substantially, although to some extent this is
allowed for by selective assembly and balancing. Uneven firing in
large engines, due to variation in combustion between the cylinders,
can also cause significant excitation.

The various excitations in a machinery element will either have
discrete frequencies, based on a constant running speed, or there will
be a frequency range to contend with (as in the case of a variable
speed machine). In practical terms, it may not be possible or cost
effective to eliminate vibration at source, and the role of anti-vibration
mountings is therefore to reduce the level of transmitted vibration.

In an active isolation system the use of anti-vibration mountings
beneath a machine will isolate the surrounding structure from the
vibrating machine and equipment; in a passive system the mountings
may be used to protect an item of sensitive equipment—such as an
instrument panel—from external sources of vibration or shock. The
amplitude of movement of the equipment installed on a flexible
mounting system can be reduced by increasing the inertia of the
vibrating machine, typically by adding mass in the form of an inertia
block. Unfortunately, adding mass is not generally acceptable for marine
and offshore applications because of the penalties of weight and cost.

A number of standard ranges of rubber/metal-bonded anti-vibration
and suspension components are offered by specialist companies, but
most installations differ and may call for custom-designed solutions.
Computer analysis is exploited to study individual applications, predict
the behaviour of various isolation systems and recommend an optimum
solution. It is usually possible to design an anti-vibration system of at
least 85 per cent efficiency against the worst possible condition, reports
Sweden-based specialist Trelleborg.

LOW SPEED ENGINE VIBRATION: CHARACTERISTICS
AND CURES

Ship machinery installations have two principal sources of excitation:
the main engine(s) and the propeller(s). The two components are
essentially linked by elastic shaft systems and may also embrace gearboxes
and elastic couplings. The whole system is supported in flexible hull
structures, and the forms of vibration possible are therefore diverse.
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Problems in analysing ship machinery vibration have been com-
pounded in recent years by the introduction of new fuel-efficient
engine designs exploiting lower running speeds, longer stroke/bore
ratios and higher combustion pressures. Another factor is the wider
use of more complex machinery arrangements including, for example,
power take-offs, shaft alternators, exhaust gas power turbines and
multiple geared engines. The wider popularity of four- and five-cylinder
low speed two-stroke engines for propulsion plant—reflecting attractive
installation and operating costs—has also stimulated efforts by designers
to counteract adverse vibration characteristics.

The greater complexity of vibration problems dictates a larger number
of calculations to ensure satisfactory vibration levels from projected
installations. For optimum results the vibration performance of the
plant has to be investigated for all anticipated operational modes. In
one case cited by Sulzer, in which two unequal-sized low speed engines
were geared to a single controllable pitch propeller with a pair of PTO-
driven generators, some eleven different operational configurations
were possible.

Sophisticated tools such as computer software and measuring systems
are now available to yield more detailed and accurate analysis of complex
vibration problems. Even so, inaccuracies in determining shaft stiffness,
damping effects, coupling performance and hull structure response
make it advisable in certain borderline cases to allow, at the design
stage, for suitable countermeasures to be applied after vibration
measurements have been taken during sea trials.

Both MAN B&W Diesel and Wartsila (Sulzer) stress that proper
consideration should be given to the vibration aspects of a projected
installation at the earliest possible stage in the ship design process.
The available countermeasures provide a good safety margin against
potential vibration problems. Close collaboration is desirable between
naval architects, machinery installation designers, enginebuilders and
specialist component suppliers.

MAN B&W Diesel emphasises that the key factor is the interaction
with the ship and not the mere magnitude of the excitation source.
Excitations generated by the engine can be divided into two categories:

e Primary excitations: forces and moments originating from the
combustion pressure and the inertia forces of the rotating and
reciprocating masses. These are characteristics of the given engine
which can be calculated in advance and stated as part of the
engine specification with reference to a certain speed and power.

e Secondary excitations: stemming from a forced vibratory response



32 POUNDER’S MARINE DIESEL ENGINES AND GAS TURBINES

in a ship sub-structure. The vibration characteristics of sub-
structures are almost independent of the remaining ship structure.

Examples of secondary excitation sources from sub-structures could
be anything from transverse vibration of the engine structure to
longitudinal vibration of a radar or light mast on top of the deckhouse.
Such sub-structures of the complete ship might have resonance or be
close to resonance conditions, resulting in considerable dynamically
magnified reaction forces at their interface with the rest of the ship.
Secondary excitation sources cannot be directly quantified for a certain
engine type but must be calculated at the design stage of the specific
propulsion plant.

The vibration characteristics of low speed two-stroke engines, for
practical purposes, can be split into four categories that may influence
the hull (Figures 1.11(a) and 1.11(b)):

e FExternal unbalanced moments: these can be classified as
unbalanced 1st and 2nd order external moments which need to
be considered only for engines with certain cylinder numbers.

LeVeI of ¢
- r .
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Figure 1.11(a) Forces and moments of a multi-cylinder low speed two-stroke engine. The
firing order will determine the vectorial sum of the forces and moments from the individual
oylinders. A distinction should be made between external forces and moments, and internal
Jorces and moments. The external forces and moments will act as resultants on the engine
and thereby also on the ship through the foundation and top bracing of the engine. The
internal forces and moments will tend to deflect the engine as such (MAN B&W Diesel)
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Figure 1.11(b) Free couples of mass forces and the torque variation about the centre lines of the engine
and crankshaft (New Sulzer Diesel): My is the 1st order couple having a vertical component.
My is the 1st order couple having a horizontal component. Moy is the 2nd order couple having a
vertical component. AM is the reaction to variations in the nominal torque. Reducing the 1st order
couples is achieved by counterweights installed at both ends of the crankshaft

e Guide force moments.
e Axial vibrations in the shaft system.
e Torsional vibrations in the shaft system.

The influence of the excitation forces can be minimized or fully
compensated if adequate countermeasures are considered from the
early project stage. The firing angles can be customized to the specific
project for nine-, ten-, eleven- and twelve-cylinder engines.

External unbalanced moments

The inertia forces originating from the unbalanced rotating and
reciprocating masses of the engine create unbalanced external moments
although the external forces are zero. Of these moments, only the 1st
order (producing one cycle per revolution) and the 2nd order (two
cycles per revolution) need to be considered, and then only for engines
with a low number of cylinders. The inertia forces on engines with
more than six cylinders tend, more or less, to neutralize themselves.

Countermeasures have to be taken if hull resonance occurs in the
operating speed range, and if the vibration level leads to higher
accelerations and/or velocities than the guidance values given by
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international standards or recommendations (for example, with
reference to a special agreement between shipowner and yard). The
natural frequency of the hull depends on its rigidity and distribution
of masses, while the vibration level at resonance depends mainly on
the magnitude of the external moment and the engine’s position in
relation to the vibration nodes of the ship.

Ist order moments

These moments act in both vertical and horizontal directions, and are
of the same magnitude for MAN B&W two-stroke engines with standard
balancing. For engines with five cylinders or more, the 1st order moment
is rarely of any significance to the ship but it can be of a disturbing
magnitude in four-cylinder engines.

Resonance with a 1st order moment may occur for hull vibrations
with two and/or three nodes. This resonance can be calculated with
reasonable accuracy, and the calculation will show whether a
compensator is necessary or not on four-cylinder engines. A resonance
with the vertical moment for the two-node hull vibration can often be
critical, whereas the resonance with the horizontal moment occurs at
a higher speed than the nominal because of the higher natural frequency
of the horizontal hull vibrations.

Four-cylinder MAN B&W MC two-stroke engines with bores from
500 mm to 980 mm are fitted as standard with adjustable counterweights
(Figure 1.12). These can reduce the vertical moment to an insignificant

Adjustable
counterweights

Main
counterweight

counterweight
Adjustable
counterweights

Figure 1.12 Four-cylinder engines of MAN B&W Diesel’s 500 mm to 980 mm bore MC
lypes are fitted with adjustable counterweights



THEORY AND GENERAL PRINCIPLES 35

value (although increasing, correspondingly, the horizontal moment)
so this resonance is easily handled. A solution with zero horizontal
moment is also available.

For smaller bore MAN B&W engines (S26MC, L35MC, S35MC,
L42MC, S42MC and S46MC-C series) these adjustable counterweights
can be ordered as an option.

In rare cases, where the 1st order moment will cause resonance
with both the vertical and the horizontal hull vibration modes in the
normal speed range of the engine, a 1st order compensator (Figure
1.13) can be introduced in the chain tightener wheel, reducing the
1st order moment to a harmless value. The compensator is an option
and comprises two counter-rotating masses rotating at the same speed
as the crankshaft.

Seen from aft

Resulting horizontal
compensating force

Centrifugal force
rotating with
the crankshaft

Figure 1.13 1st order moment compensator (MAN BSW Diesel)

With a Ist order moment compensator fitted aft, the horizontal
moment will decrease to between 0 and 30 per cent of the value stated
in MAN B&W Diesel tables, depending on the position of the node.
The 1st order vertical moment will decrease to around 30 per cent of
the value stated in the tables.

Since resonance with both the vertical and the horizontal hull
vibration mode is rare the standard engine is not prepared for the
fitting of such compensators.
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2nd order moments

The 2nd order moment acts only in the vertical direction and
precautions need only be considered for four-, five- and six-cylinder
engines. Resonance with the 2nd order moment may occur at hull
vibrations with more than three nodes.

A 2nd order moment compensator comprises two counter-rotating
masses running at twice the engine speed. Such compensators are not
included in the basic extent of MAN B&W Diesel engine delivery.

Several solutions are available to cope with the 2nd order moment
(Figure 1.14), from which the most efficient can be selected for the
individual case:

e No compensators, if considered unnecessary on the basis of natural
frequency, nodal point and size of 2nd order moment.
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Figure 1.14 2nd order moment compensators (MAN B&'W Diesel)
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e A compensator mounted on the aft end of the engine, driven by
the main chain drive.

e A compensator mounted on the fore end, driven from the
crankshaft through a separate chain drive.

e Compensators on both aft and fore end, completely eliminating
the external 2nd order moment.

Experience has shown, MAN B&W Diesel reports, that ships of a size
propelled by the S26MC, L/S35MC and L/S42MC engines are less
sensitive to hull vibrations. Engine-mounted 2nd order compensators
are therefore not applied on these smaller models.

A decision regarding the vibrational aspects and the possible use of
compensators must be taken at the contract stage. If no experience is
available from sisterships (which would be the best basis for deciding
whether compensators are necessary or not) it is advisable for
calculations to be made to determine which of the recommended
solutions should be applied.

If compensator(s) are omitted the engine can be delivered prepared
for their fitting at a later date. The decision for such preparation must
also be taken at the contract stage. Measurements taken during the
sea trial, or later in service with a fully loaded ship, will show whether
compensator(s) have to be fitted or not.

If no calculations are available at the contract stage, MAN B&W
Diesel advises the supply of the engine with a 2nd order moment
compensator on the aft end and provision for fitting a compensator
on the fore end.

If a decision is made not to use compensators and, furthermore,
not to prepare the engine for their later fitting, an electrically driven
compensator can be specified if annoying vibrations occur. Such a
compensator is synchronised to the correct phase relative to the external
force or moment and can neutralize the excitation. The compensator
requires an extra seating to be fitted—preferably in the steering gear
compartment where deflections are largest and the effect of the
compensator will therefore be greatest.

The electrically driven compensator will not give rise to distorting
stresses in the hull but it is more expensive than the engine-mounted
compensators mentioned above. Good results are reported from the
numerous compensators of this type in service (Figure 1.15).

Power related unbalance

To evaluate if there is a risk that 1st and 2nd order external moments
will excite disturbing hull vibrations the concept of ‘Power Related
Unbalance’ (PRU) can be used as a guide, where:
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N

Active compensator

I
il

Figure 1.15 Active vibration compensator used as a thrust pulse compensator (MAN B&W
Diesel)

PRU = Exterr}al moment Nm,/kW
Engine power

With the PRU value, stating the external moment relative to the engine
power, it is possible to give an estimate of the risk of hull vibrations for
a specific engine. Actual values for different MC models and cylinder
numbers rated at layout point L1 are provided in MAN B&W Diesel
charts.

Guide force moments

The so-called guide force moments are caused by the transverse reaction
forces acting on the crossheads due to the connecting rod/crankshaft
mechanism. These moments may excite engine vibrations, moving
the engine top athwartships and causing a rocking (excited by H
moment) or twisting (excited by X-moment) movement of the engine
(Figure 1.16).

Guide force moments are harmless except when resonance vibrations
occur in the engine/double bottom system. As this system is very
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H-type guide force moment X-type guide force moment

(@) (b)
Figure 1.16 H-type and X-type guide force moments (MAN B&W Diesel)

difficult to calculate with the necessary accuracy MAN B&W Diesel
strongly recommends as standard that top bracing is installed between
the engine’s upper platform brackets and the casing side for all its
two-stroke models except the S26MC and L35MC types.

The top bracing comprises stiff connections (links) either with
friction plates which allow adjustment to the loading conditions of
the ship or, alternatively, a hydraulic top bracing (Figure 1.17). With
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Figure 1.17 Hydraulically adjustable top bracing, modified type (MAN B&W Diesel)
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both types of top bracing the above-mentioned natural frequency will
increase to a level where resonance will occur above the normal engine
speed.

AXIAL VIBRATIONS

The calculation of axial vibration characteristics is only necessary for
low speed two-stroke engines. When the crank throw is loaded by the
gas pressure through the connecting rod mechanism the arms of the
crank throw deflect in the axial direction of the crankshaft, exciting
axial vibrations. These vibrations may be transferred to the ship’s hull
through the thrust bearing.

Generally, MAN B&W Diesel explains, only zero-node axial vibrations
are of interest. Thus the effect of the additional bending stresses in
the crankshaft and possible vibrations of the ship’s structure due to
the reaction force in the thrust bearing are to be considered.

An appropriate axial damper is fitted to all MC engines to minimize
the effects of the axial vibrations (Figure 1.18). Some engine types in
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Figure 1.18 Mounting of previous and improved axial vibration damper for MAN B&W
Diesel’s 500 mm to 900 mm bore MC engines
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five- and six-cylinder form with a power take-off mounted at the fore
end require an axial vibration monitor for alarm and slow down. For
the crankshaft itself, however, such a damper is only necessary for
engines with large cylinder numbers.

The examination of axial vibration (sometimes termed longitudinal
vibration) can be confined to the main shaftline embracing crankshaft,
intermediate shaft and propeller shaft because the axial excitation is
not transmitted through PTO gearboxes to branch shaftlines. The
vibration system can be plotted in equivalent constant masses and
stiffnesses, just as with torsional vibration.

The masses are defined by the rotating components as a whole and
can be calculated very accurately with the aid of CAD programs.
Axial stiffnesses of the crankshaft are derived, as with the torsional
values, from an empirical formula and, if necessary, corrected by
comparing measured and calculated axial natural frequencies.
Alternatively, axial stiffnesses can be calculated directly by finite element
analysis. Damping in the crankshaft is derived from measurements of
axial vibration.

The dominating order of the axial vibration is equivalent to the
number of cylinders for engines with less than seven cylinders. For
engines with more than six cylinders the dominating order is equal to
half the cylinder numbers. For engines with odd cylinder numbers
the dominating orders are mostly the two orders closest to half the
cylinder number.

When MAN B&W Diesel’s MC series was introduced an axial vibration
damper was only standard on engines with six or more cylinders. It
was needed because resonance with the order corresponding to the
cylinder number would otherwise have caused too high stresses in the
crank throws.

An early case was experienced in which a five-cylinder L6OMC engine
installed in an LPG tanker recorded excessive axial vibration of the
crankshaft during the trial trip. A closer analysis revealed that the
crankshaft was not in resonance, and that the situation was caused by
a coupled phenomenon. The crankshaft vibration was coupled to the
engine frame and double bottom which, in turn, transferred vibration
energy back to the crankshaft. As a result, both the whole engine and
the superstructure suffered from heavy longitudinal vibration.

MAN B&W Diesel decided to tackle the problem from two sides. An
axial vibration damper was retrofitted to the crankshaft while top
bracing in the longitudinal direction was fitted on the aft end of the
engine. Both countermeasures influenced the vibration behaviour of
the crankshaft, the engine frame and the superstructure.
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The axial vibration damper alone actually eliminated the problems;
and the longitudinal top bracing alone reduced the vibration level in
the deckhouse to below the ISO-recommended values. With both
countermeasures in action, the longitudinal top bracing had only
insignificant influence. The incident, together with experience from
some other five-cylinder models, led MAN B&W Diesel to install axial
vibration dampers on engines of all cylinder numbers, although those
with fewer cylinders may not need the precaution.

TORSIONAL VIBRATIONS

Torsional vibration involves the whole shaft system of the propulsion
plant, embracing engine crankshaft, intermediate shafts and propeller
shaft, as well as engine running gear, flywheel, propeller and (where
appropriate) reduction gearing, flexible couplings, clutches and power
take-off drives.

The varying gas pressure in the cylinders during the working cycle
and the crankshaft/connecting rod mechanism create a varying torque
in the crankshaft. It is these variations that cause the excitation of
torsional vibration of the shaft system. Torsional excitation also comes
from the propeller through its interaction with the non-uniform wake
field. Like other excitation sources the varying torque is cyclic in
nature and thus subject to harmonic analysis. Such analysis makes it
possible to represent the varying torque as a sum of torques acting
with different frequencies which are multiples of the engine’s rotational
frequency.

Torsional vibration causes extra stresses, which may be detrimental
to the shaft system. The stresses will show peak values at resonances:
that is, where the number of revolutions multiplied by the order of
excitation corresponds to the natural frequency.

Limiting torsional vibration is vitally important to avoid damage or
even fracture of the crankshaft or other propulsion system elements.
Classification societies therefore require torsional vibration
characteristics of the engine/shafting system to be calculated, with
verification by actual shipboard measurements. Two limits are laid
down for the additional torsional stresses. The lower limit T1 determines
a stress level which may only be exceeded for a short time; this dictates
a ‘barred’ speed range of revolutions in which continuous operation
is prohibited. The upper stress limit T2 must never be exceeded.

Taking a shaftline of a certain length, it is possible to modify its
natural frequency of torsional vibration by adjusting the diameter: a
small diameter results in a low natural frequency, a larger diameter in
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a high natural frequency. The introduction of a tuning wheel will also
lower the natural frequency. Classification societies have also laid down
rules determining the shaft diameter. An increase in the diameter is
permissible but a reduction must be accompanied by the use of a
material with a higher ultimate strength.

Based on its experience, MAN B&W Diesel offers the following
guidelines for low speed engines:

Four-cylinder engines normally have the main critical resonance
(4th order) positioned above but close to normal revolutions. Thus,
in worst cases, these engines require an increased diameter of the
shaftline relative to the diameters stipulated by classification society
rules in order to increase the natural frequency, taking it 40-45 per
cent above normal running range.

For five-cylinder engines the main critical (5th order) resonance is
also positioned close to—but below—normal revolutions. If the diameter
of the shafting is chosen according to class rules the resonance with
the main critical will be positioned quite close to normal service speed,
thus introducing a barred speed range. The usual and correct way to
tackle this unacceptable position of a barred speed range is to mount
a tuning wheel on the front end of the crankshaft; to design the
intermediate shaft with a reduced diameter relative to the class diameter;
and to use better material with a higher ultimate tensile strength. In
some cases, however, an intermediate shaft of large diameter is installed
in order to increase the resonance to above the maximum continuous
rating speed level. This is termed ‘overcritical running’ (see section
below).

Only torsional vibrations with one node generally need to be
considered. The main critical order, causing the largest extra stresses
in the shaftline, is normally the vibration with order equal to the
number of cylinders: that is, five cycles per revolution on a five-
cylinder engine. This resonance is positioned at the engine speed
corresponding to the natural torsional frequency divided by the number
of cylinders.

The torsional vibration conditions may, for certain installations,
require a torsional vibration damper which can be fitted when necessary
at additional cost. Based on MAN B&W Diesel’s statistics, this need
may arise for the following types of installation:

e Plants with a controllable pitch propeller.

e Plants with an unusual shafting layout and for special owner/
yard requirements.

e Plants with eight-, ten-, eleven- or twelve-cylinder engines.
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Four-, five- and six-cylinder engines require special attention. To avoid
the effect of the heavy excitation the natural frequency of the system
with one-node vibration should be situated away from the normal
operating speed range. This can be achieved by changing the masses
and/or the stiffness of the system so as to give a much higher, or much
lower, natural frequency (respectively termed ‘undercritical’ or
‘overcritical’ running).

Owing to the very large variety of possible shafting arrangements
that may be used in combination with a specific engine only detailed
torsional vibration calculations for the individual plant can determine
whether or not a torsional vibration damper is necessary.

Undercritical running

The natural frequency of the one-node vibration is so adjusted that
resonance with the main critical order occurs about 35-45 per cent
above the engine speed at specified maximum continuous rating (mcr).
The characteristics of an undercritical system are normally:

Relatively short shafting system.

Probably no tuning wheel.

Turning wheel with relatively low inertia.

Large diameter shafting, enabling the use of shafting material
with a moderate ultimate tensile strength, but requiring careful
shaft alignment (due to relatively high bending stiffness).

e Without barred speed range.

When running undercritical, significant varying torque at mcr
conditions of about 100-150 per cent of the mean torque is to be
expected. This torque (propeller torsional amplitude) induces a
significant varying propeller thrust which, under adverse conditions,
might excite annoying longitudinal vibrations on engine/double bottom
and/or deckhouse. Shipyards should be aware of this and ensure that
the complete aft body structure of the ship, including the double
bottom in the engineroom, is designed to cope with the described
phenomena.

Overcritical running

The natural frequency of the one-node vibration is so adjusted that
resonance with the main critical order occurs about 30-70 per cent
below the engine speed at specified mcr.
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Such overcritical conditions can be realized by choosing an elastic
shaft system, leading to a relatively low natural frequency. The
characteristics of overcritical conditions are:

Tuning wheel may be necessary on crankshaft fore end.
Turning wheel with relatively high inertia.
Shafts with relatively small diameters, requiring shafting material
with a relatively high ultimate tensile strength.

e With barred speed range of about +/- 10 per cent with respect
to the critical engine speed.

Torsional vibrations in overcritical conditions may, in special cases,
have to be eliminated by the use of a torsional vibration damper
which can be fitted when necessary at extra cost.

For six-cylinder engines the normal procedure is to adopt a shaftline
with a diameter according to the class rules and, consequently, a barred
speed range. Excitations associated with engines of seven or more
cylinders are smaller, and a barred speed range is not normally necessary.

MAN B&W Diesel cites a series of tankers, each powered by a five-
cylinder L8OMC engine and featuring a shaft system of a larger diameter
than that required by the classification society, and with no tuning
wheel to avoid a barred speed range. The torsional vibration-induced
propeller thrust was about 30 per cent of the mean thrust. During sea
trials heavy longitudinal vibration of the engine frame as well as of the
superstructure (excited by the varying thrust) was experienced.

A replacement of the entire shaft system was considered virtually
impossible (expensive and time-consuming) so efforts to restrict the
heavy longitudinal vibration were concentrated on longitudinal top
bracing. After a few attempts it became evident that the steelwork of
the deck in way of the fore end of the engine had to be strengthened
to yield sufficient rigidity. Vibration levels became acceptable after
this strengthening had been executed.

HULL VIBRATION

The natural frequencies of ship hulls are relatively difficult to predict
accurately and are also influenced by the loading condition. MAN
B&W Diesel and Sulzer two-stroke engines do not generate any free
forces; and free moments only are generated for certain numbers of
cylinders.

Hull vibration can only be excited by a Sulzer RTA low speed engine
if it is located on or near a node of critical hull vibration, and if the
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frequency of this vibration mode coincides with the first or second
harmonic of the engine excitation. Furthermore, the magnitude of
the troublesome free moment has to exceed the stabilising influence
of the natural damping in the hull structure.

If resonance is foreseen, Sulzer notes the following solutions (Figures
1.19 and 1.20):

e Lanchester balancers, either on the engine or electrically driven
units usually located on the steering gear flat, compensate for
ship vibration caused by the 2nd order vertical moment.

e Counterweights on the crankshaft often represent a simple and
effective solution for primary unbalance, which is only relevant
to four-cylinder engines.

Second-order
balancers

Attachment points
for transverse stays

\ Integrated axial
\ '\ detuner

Second-order
balancers

Torsional vibration
damper

Figure 1.19 Provisions for vibration control and balancing on Sulzer RTA low speed engine
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Figure 1.20 Typical attachment points for transverse stays of Sulzer RTA low speed engine

e Combined primary/secondary balancers are available for RTA
engines to counteract entirely both primary and secondary
unbalance.

e Side stays can be fitted between the engine top and hull structure
to reduce vibration caused by lateral moments, a situation mainly
arising for four-, eight- and twelve-cylinder engines. Hydraulic-
type side stays are preferable.

Acknowledgements are made to MAN B&W Diesel and Wartsila Corporation
(Sulzer) in the preparation of this chapter. Both designers have produced valuable
papers detailing the theory of vibration in shipboard machinery installations,
analysis techniques and practical countermeasures.



Gas-diesel and
2 dual-fuel engines

Growing opportunities for dual-fuel and gas-diesel engines in land
and marine power markets have stimulated designs from leading
medium speed and low speed enginebuilders. Development is driven
by the increasing availability of gaseous fuels, the much lower level
of noxious exhaust emissions associated with such fuels, reduced
maintenance and longer intervals between overhauls for power plant.
A healthy market is targeted from floating oil production vessels and
storage units, rigs, shuttle tankers, offshore support vessels and LNG
carriers; LNG-fuelled RoPax ferries have also been proposed with
dual-fuel diesel propulsion.

Valuable breakthroughs in mainstream markets have been made
since 2000 with the specification of LNG-burning engines for propelling
a small Norwegian double-ended ferry (Mitsubishi high speed engines),
offshore supply vessels and a 75 000 cu.m. LNG carrier (Wirtsila
medium speed engines).

Natural gas is well established as a major contributor to the world’s
energy needs. It is derived from the raw gas from onshore and offshore
fields as the dry, light fraction and mainly comprises methane and
some ethane. It is available directly at the gas field itself, in pipeline
systems, condensed into liquid as LNG or compressed as CNG.

Operation on natural gas results in very low emissions thanks to
the clean-burning properties of the fuel and its low content of
pollutants. Methane, the main constituent, is the most efficient
hydrocarbon fuel in terms of energy content per amount of carbon;
operation on natural gas accordingly reduces emissions of another
key pollutant—carbon dioxide—by over 20 per cent compared with
operation on diesel fuel. Natural gas has very good combustion
characteristics in an engine and, because it is lighter than air and
has a high ignition temperature, is also a very safe fuel. The thermal
efficiencies of various prime movers as a function of load are illustrated
in Figure 2.1.

Wartsila’s dual-fuel (DF) four-stroke engines can be run in either
gas mode or liquid-fuelled diesel mode. In gas mode the engines
work according to the lean-burn Otto principle, with a lean pre-

48
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Figure 2.1 Thermal efficiency of diesel and gas-diesel engines as a function of load
(Wiirtsild)

mixed air-gas mixture in the combustion chamber. (Lean burn means
the mixture of air and gas in the cylinder has more air than is
needed for complete combustion, reducing peak temperatures). Less
NOx is produced and efficiency increases during leaner combustion
because of the higher compression ratio and optimized injection
timing. A lean mixture is also necessary to avoid knocking (self-
ignition).

The gas is fed into the cylinder in the air inlet channel during the
intake stroke (Figure 2.2). Instead of a spark plug for ignition—
normally used in lean-burn gas engines—the lean air-gas mixture is
ignited by a small amount of diesel fuel injected into the combustion

Air & gas Compression of Ignition by
intake air & gas pilot fuel

Figure 2.2 The lean burn dual-fuel diesel operating system (Wirtsild)
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chamber. This high energy source ensures reliable and powerful
ignition of the mixture, which is needed when running with a high
specific cylinder output and lean air-gas mixture. To secure low NOx
emissions it is essential that the amount of injected diesel fuel is very
small. The Wartsila DF engines therefore use a ‘micro-pilot’ injection,
with less than 1 per cent diesel fuel injected at nominal load, to
achieve NOx emissions approximately one-tenth those of a standard
diesel engine.

When the DF engine is running in gas mode with a pre-mixed air-
gas mixture the combustion must be closely controlled to prevent
knocking and misfiring. The only reliable way to effect this, says
Wiartsila, is to use fully electronic control of both the pilot fuel injection
and the gas admission on every cylinder head. The global air-fuel
ratio is controlled by a wastegate valve, which allows some of the
exhaust gases to bypass the turbine of the turbocharger. This ensures
that the ratio is of the correct value independent of changing ambient
conditions, such as the temperature (Figure 2.3).
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Figure 2.3 A special electronic system for the Wirtsili DF engine controls combustion in
each cylinder, and optimizes efficiency and emissions under all conditions by keeping each
oylinder within the operating window

The quantity and timing of the injected pilot fuel are adjusted
individually together with the cylinder-specific and global air-fuel
ratio to keep every cylinder at the correct operating point and within
the operating window between the knock and misfire limits. This is
the key factor for securing reliable operation in gas mode, automatically
tuning the engine according to varying conditions, Wartsila explains.

In diesel mode the engine works according to the normal diesel
concept using a traditional jerk pump fuel injection system: diesel
fuel is injected at high pressure into the combustion chamber just
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before the top dead centre. Gas admission is de-activated but the
pilot fuel remains activated to ensure reliable pilot ignition when the
engine is transferred to gas operation.

The gas pressure in the engine is less than 4 bar at full load,
making a single-wall pipe design acceptable if the engineroom is
arranged with proper ventilation and gas detectors. The gas valve on
every cylinder head is a simple and robust, electronically-controlled
solenoid valve, promising high reliability with long maintenance
intervals.

The pilot fuel system is a common rail system with one engine-
mounted high pressure pump supplying the pilot fuel to every injection
valve at a constant pressure of 900 bar. Due to the high pressure a
double-walled supply system is used with leak fuel detection and
alarms. The injection valve is of twin-needle design, with the pilot
fuel needle electronically controlled by the engine control system. It
is important that the injection system can reliably handle the small
amount of pilot fuel with minimum cycle-to-cycle variation. The main
needle design is a conventional system in which mechanically-controlled
pumps control the injection.

Other main components and systems are similar to designs well
proven over a decade on Wairtsila standard diesel engines, further
underwriting high reliability of the dual-fuel engines.

DUAL-FUEL ENGINE OPERATION

Wartsila DF engines can be run on gas or on light fuel (marine
diesel or gas oil) and heavy fuel oil. When running in gas mode the
engine instantly switches over to diesel operation if the gas feed is
interrupted or component failure occurs. The switch-over takes less
than one second and has no effect on the engine speed and load
during the process. Transferring from diesel to gas operation, however,
is a gradual process: the diesel fuel supply is slowly reduced while the
amount of gas admitted is increased. The effect on the engine speed
and load fluctuations during transfer to gas is minimal, Wartsila reports.

Switching from gas to heavy fuel oil dictates some minor
modifications on the engine, although the necessary changes can be
executed in one day. Using HFO also demands another type of
lubricating oil quality (in gas and light fuel oil operation the same
lube oil quality can be used).

The DF engine is normally started only with the pilot fuel injection
enabled to a speed of approximately 60 per cent of the nominal
engine speed. When ignition is detected in all cylinders the gas
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admission is activated and the engine speed increased to the nominal
speed; this safety measure ensures that no excess unburned fuel is
fed directly into the exhaust gas system.

Wartsila has supplemented its portfolio with dual-fuel versions of
the 320 mm bore and 500 mm bore medium speed designs, which
have respectively earned contracts for offshore supply vessel and
LNG carrier propulsion projects, both burning natural gas. These
32DF and 50DF engines—covering a power band from 2010 kW to
17100 kW with six-cylinder to V18-cylinder models—extended a
programme which also embraces gas-diesel (GD) variants of the W32
and W46 engines as well as smaller spark-ignited gas engines.

The Wartsila 32DF engine was introduced for marine applications
in 2000 to meet the requirements of a new safety class for installations
with a gas pressure of less than 10 bar in a single-pipe arrangement.
It provided an alternative to the 32GD (gas-diesel) engine (see below)
which had been successful in offshore markets. An early application
called for shipsets of four 6L32DF LNG-burning genset engines to
power diesel-electric offshore supply vessels; each vessel has capacity
for 220 cu.m. of LNG stored at a pressure of 5.5 bar. The larger
50DF engine was officially launched in the following year, four 6-
cylinder models (each developing 5700 kW) being specified to drive
the main gensets of a diesel-electric LNG carrier.

Wirtsila DF engine data 32DF 50DF

Bore 320 mm 500 mm

Stroke 350 mm 580 mm

Engine speed (rev/min) 720/750 500/514

Mean piston speed (m/s) 8.4/8.75 9.7/9.9

Mean effective pressure (bar) 19.9 20/19.5
Output/cylinder (kW) 335,/350 950

Cylinder numbers 6,9L/12,18V 6,8,91./12,16,18V
Power band 2010-6300 kW 5700-17 100 kW

WARTSILA 50DF ENGINE DETAILS

Based on the well proven Wartsila 46 diesel engine, but with special
systems for dual-fuel operation, the 50DF is produced in six-cylinder
in-line to V18-cylinder configurations yielding 950 kW per cylinder
at a speed of 500 or 514 rev/min. A thermal efficiency of 47 per cent
(higher than any other gas engine) is claimed, and the engine delivers
the same output whether running on natural gas, light fuel oil or
heavy fuel oil.
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The airfuel ratio is very high, typically 2.2:1. Since the same specific
heat quantity released by combustion is used to heat up a larger
mass of air, the maximum temperature and hence NOx formation
are lower. The mixture is uniform throughout the cylinder since the
fuel and air are pre-mixed before introduction into the cylinders,
which helps to avoid local NOx formation points within the
cylinder.

Engine starting is always in diesel mode, using both main diesel
and pilot fuel. At 300 rev/min the main diesel injection is disabled
and the engine transferred to gas mode. Gas admission is activated
only when combustion is stable in all cylinders, ensuring safe and
reliable starting. In gas running mode, the pilot fuel amounts to less
than 1 per cent of the full load fuel consumption, the quantity of
pilot fuel controlled by the Wartsila Engine Control System.

Natural gas is fed to the engine through a valve station, the gas
first filtered to ensure a clean supply. The gas pressure—dependent
on engine load—is controlled by a valve located near the engine
driving end. The full load pressure is 3.6 bar (g) for a lower heating
value of 36 MJ/m3N; for a lower LHV the pressure has to be increased.
The system incorporates the necessary shut-off and venting valves to
secure a safe and trouble-free gas supply. Gas is supplied through
large common rail pipes running along the engine, each cylinder
then served by an individual feed pipe to the gas admission valve on
the cylinder head.

The diesel fuel oil supply on the engine is divided into two systems:
one for the pilot fuel and one for the back-up fuel (Figure 2.4). The
pilot fuel is raised to the required pressure by a pump unit
incorporating duplex filters, pressure regulator and engine-driven
radial piston-type pump. The high pressure pilot fuel is then distributed
through a common rail pipe to the injection valves at each cylinder;
pilot fuel is injected at approximately 900 bar pressure and the timing
and duration are electronically controlled.

Back-up fuel is fed to a normal camshaft-driven injection pump,
by which it is pumped at high pressure to a spring-loaded injection
valve of standard design for a diesel engine. The larger needle of the
twin-needle injection valve is used in diesel engine mode, and the
smaller needle for pilot fuel oil when the engine is running in gas
mode. Pilot injection is electronically controlled; main diesel injection
is hydro-mechanically controlled.

The individually-controlled solenoid valve allows optimum timing
and duration of pilot fuel injection into every cylinder when the
engine is running in gas mode. Since NOx formation depends greatly
on the amount of pilot fuel, the system secures a very low NOx
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Figure 2.4 Diesel fuel oil supply system for the Wirtsild DF engine (WECS = Wartsild
Engine Control System)

creation while retaining a stable and reliable ignition source for the
lean air-gas mixture in the combustion chamber.

Gas is admitted to the cylinders just before the air inlet valve. The
gas admission valves are electronically actuated and controlled by
the engine control system to deliver exactly the correct amount of
gas to each cylinder. Combustion in each cylinder can thus be fully
and individually controlled. Since the admission valve can be timed
independently of the inlet valves, the cylinder can be scavenged without
risk of gas being fed directly to the exhaust system. Independent gas
admission ensures the correct air-fuel ratio and optimized operating
point with respect to efficiency and emissions; it also fosters reliable
performance without shutdowns, knocking and misfiring. The gas
admission valves have a short stroke and embody special materials to
underwrite low wear and long maintenance intervals.

A well proven Wirtsila-developed monobloc fuel injection pump
is specified to withstand the high pressures involved, with a constant
pressure relief valve provided to avoid cavitation and a plunger
featuring a wearresistant coating. The fuel pump is ready for operation
at all times.
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The pilot fuel pump is a stand-alone unit comprising a radial
piston pump and necessary filters, valves and control system. It receives
the signal and required pressure level from the engine control unit
and independently sets and maintains the pressure at that level,
transmitting the prevailing fuel pressure to the engine control system.
High pressure fuel is delivered to each injection valve via a common
rail pipe which acts as a pressure accumulator and damper against
pressure pulses in the system. The fuel system is of double-wall design
with alarm for leakage.

The 50DF engine can be switched automatically from fuel oil to
gas operation at loads below 80 per cent of the full load. The transfer
takes place automatically after the operator’s command, without load
changes. During the switchover—which lasts for about one minute—
the fuel oil is gradually substituted by gas. Trip from gas to fuel oil
operation occurs instantaneously and automatically (for example, in
the event of gas supply interruption). A correct air-fuel ratio under
any operating conditions is essential for optimum performance and
emissions, a status addressed by an exhaust gas wastegate valve. Part
of the exhaust gases bypass the turbocharger through this valve,
which adjusts the air-fuel ratio to the correct value independently of
the varying conditions under high engine loads. The wastegate is
actuated electro-pneumatically.

A flexible cooling system, optimized for different cooling
applications, has two separate circuits: high temperature and low
temperature. The HT circuit controls the cylinder liner and cylinder
head temperatures, while the LT circuit serves the lubricating oil
cooler. Both circuits are also connected to the respective parts of the
two-stage charge air cooler; and both HT and LT water pumps are
engine driven as standard.

All engine functions are controlled by the Wartsila Engine Control
System (WECS), a microprocessor-based distributed control system
mounted on the engine. The various WECS modules are dedicated
and optimized for certain functions and communicate with each
other via a databus. Diagnostics are built in for easy trouble shooting.
The core of the WECS is the main control module, which is responsible
for keeping the engine at optimum performance in all operating
conditions, such as varying ambient temperature and methane number.
The main module reads the information sent by all the other modules
and applies it in adjusting the engine speed and load control by
determining reference values for the main gas admission, air-fuel
ratio and pilot fuel amount and timing. It also automatically controls
the start and stop sequences of the engine and the safety system, and
communicates with the plant control system.
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Each cylinder control module is arranged to monitor and control
three cylinders; it controls the cylinder-specific air-fuel ratio by adjusting
the gas admission individually for each cylinder. The module measures
the knock intensity (uncontrolled combustion in the cylinder), this
information being applied in adjusting the cylinder-specific pilot fuel
timing and gas admission. Light knocking leads to automatic
adjustment of the pilot fuel timing and cylinder-specific air-fuel ratio;
heavy knocking leads to load reduction or a gas trip.

GAS-DIESEL. ENGINES

Wartsila gas-diesel (GD) technology differs from the dual-fuel diesel
concept in using direct, high pressure injection of gas and 3 per cent
pilot fuel for its ignition. GD medium speed engines can be operated
on heavy fuel and diesel oils, crude oil directly from the well or
natural gas; supply can be switched instantly and automatically from
one fuel to another without shutdown. Conversions of existing engines
from normal heavy fuel mode to natural gas/diesel oil operation can
be executed with small modifications. Containerized engineroom
packages have been delivered along with the associated gas compressors
and other ancillaries.

The gas-diesel engine was developed in the late 1980s mainly as a
prime mover for the offshore industry. High pressure direct injection
for the gaseous fuel maintains the diesel process, making the concept
insensitive to the methane content of the fuel. Such a feature makes
the GD engine especially suitable for mobile oil production processing
plants, where the gas composition may change with the location of
the vessel and the stage in the production process.

Initially, the gas injection was controlled by a mechanical/hydraulic
system using a cam-actuated jerk pump to generate the control pressure
for the gas needle. Although reliable, Wartsild explains, this system
did not offer the required flexibility and was later replaced by an
electro-hydraulic system based on a constant rail pressure to control
the gas injection via solenoid valves. Gas-specific monitoring and
safety functions were all integrated, and the system allowed adjustment
of individual cylinders. This represented the first step towards fully
computerized systems for engine control, and valuable experience
was gained in both software and hardware requirements.

Rolls-Royce is another specialist in the technology, its Norwegian
subsidiary Bergen Diesel having started development of a lean-burn
gas-fuelled version of the 250 mm bore K-series medium speed diesel
engine in the mid-1980s. Numerous engines of this type have been
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sold for land power and co-generation installations, reportedly
demonstrating high efficiency and very low emissions. The company
has also been keen to demonstrate the potential in gas-fuelled ferries
in an era of concern over atmospheric coastal pollution and the
increasing availability of gas from domestic pipeline terminals.

Rolls-Royce Bergen spark-ignition lean burn gas engine technology
has matured through four generations of engines and thousands of
operating hours in shoreside power installations, running on various
gas fuels including natural gas and biogas derived from landfill. The
250 mm bore KV-G4 engine features variable geometry turbocharging
and individual electronic gas and air controls for each cylinder to
yield a shaft efficiency of 44 per cent on a brake mean effective
pressure of 16 to 18 bar. Very low NOx emissions (1.1 g/kWh) are
reported from the engine, which is available with ratings up to 3600 kW.
A gas engine version of the 320 mm bore Bergen B32:40 medium
speed diesel, exploiting the proven features of the KV-G4 series, was
planned to offer outputs up to around 6000 kW.

Medium and low speed gas-burning engine designs are offered by
the MAN B&W Diesel group, citing successful experience with a
Holeby 16V28/32-GI (gas injection) four-stroke model (Figure 2.5),
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and a 6L35MC two-stroke model. A high pressure gas-injection system
for MC low speed engines was jointly developed by the group and its
key Japanese licensee Mitsui, which delivered a 41 000 kW 12-cylinder
K80MC-GI engine for power generation in an environmentally sensitive
region (Figures 2.6 and 2.7).
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Figure 2.6 MAN B&W Diesel’s MC-GI low speed dual fuel engine, indicating new or
modified components compared with the standard diesel version

The prime marine target for large gas-fuelled engines is LNG
carrier propulsion, which allows the cargo boil-off gas to be tapped,
but a modified high pressure gas-injection version of the MC low
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Figure 2.7 Gas injection is stopped immediately on the first failure to inject the pilot 0il by
the patented safety valve incorporated in the control oil pump of the MAN B&W MC-GI

engine

speed engine is at the heart of MAN B&W Diesel’s system for burning
volatile organic compound (VOC) discharges from offshore shuttle
tankers. Oil vapours or VOCs are light components of crude oil
evaporated mainly during tanker loading and unloading but also

during a voyage when cargo splashes around the tanks.

VOC discharge represents a significant loss of energy as well as an
environmental problem (the non-methane part of the VOC released
to the atmosphere reacts in sunlight with nitrogen oxide and may
create a toxic ground-level ozone and smog layer). The VOC-burning
system was first applied at sea to the twin 6L55GUCA main engines
of the 125 000 dwt shuttle tanker Navion Viking in 2000, an onboard
recovery system collecting the discharges and liquetying the product
by compressing and cooling. The resulting condensate is stored and
burned as fuel for propulsion, yielding substantial savings in heavy

fuel oil consumption (Figure 2.8).
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Figure 2.8 Schematic representation of system for burning volatile organic compound (VOC)
discharges in the main engines of a shulttle tanker (MAN B&W Diesel)

Engines for such applications must be able to operate on ordinary
heavy fuel oil if VOC fuel is unavailable, and they must also accept
any possible composition of VOC condensate since it is not possible
to apply any fuel specification: whatever is collected must be burned.
Shoreside tests by MAN B&W Diesel confirmed that its dual-fuel MC
engines could use any VOC/HFO ratio between 92/8 per cent and
0/100 per cent, as well as any relevant VOC quality.

REVIEWING THE DESIGN FEATURES OF GAS-BURNING
ENGINES, MAN B&W DIESEL NOTES:

The fuel type will depend on the demands of the plant and on fuel
availability. For large engines, the dual fuel system with a liquid pilot
fuel is necessarily applied, providing the plant with redundancy to
operate on liquid fuel alone in the event of shortage or failure of the
gas supply. In smaller plants, the engine may exploit the same principles
or be optimized for using a single gaseous fuel or even a number of
different gases.

The combustion chamber design may be the single chamber
configuration used on all large engines or it may be a divided chamber
design featuring a pre-chamber. In the latter case the pre-chamber
normally operates with an over-rich fuel/air mixture, provided either
by a separate gas supply to the chamber or by pilot fuel injection.
The aim in both cases is to secure stable ignition in the pre-chamber
and to minimize nitrogen oxides (NOx) formation (due to the lack
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of oxygen). Combustion in the main chamber may then use a lean
mixture effectively ignited by the hot combustion products emerging
from the pre-chamber. The lean mixture burns at a lower temperature
which, in turn, minimizes the formation of NOx in the main chamber.

Charge exchange may be with or without supercharging and the
medium may be pure air or a gas/air mixture. Small, simple plants
are normally naturally aspirated with a gas/air mixture while larger
plants, for cost reasons, are turbocharged. Four-stroke engines may
use air or a gas/air mixture for the charge exchange but two-stroke
engines are restricted to air.

The air/fuel ratio may be selected according to engine type and
application. A rich mixture can be exploited to secure a high output
and stable running from small engines without emission restraints.
Such applications will become scarce in the future: a stoichiometric
air/fuel ratio controlled by a sensor and combined with a three-way
catalyst to comply with emission regulations is considered a more
suitable choice.

Except for such small engines, lean burn or stratified charge is
the principle being applied in most new developments, and this may
be used without a pre-chamber. The reasons are the favourable emission
characteristics and high engine efficiency. Mixture formation, defined
as the mixing process of air and gas, may take place in the cylinder
by direct gas injection at low pressure (after valve closure but before
compression start) or by high pressure gas injection near TDC. Two-
stroke engines need to apply one of these alternatives to avoid excessive
gas losses which would promote high HC-emissions and reduced
efficiency.

With low pressure direct injection, the gas/air mixture is exposed
to the compression process and hence increasing pressure and
temperature. This may lead to selfsignition and severe knocking,
excluding its use in new engine developments.

In the case of late-cycle high pressure gas injection the gas is only
admitted to the combustion chamber at the desired time for
combustion. This is initiated either by a pilot fuel injection or by
directing the gas jets to a glow plug.

The high pressure gas injection system is relatively costly but it
renders the engine practically insensitive to fuel gas self-ignition
properties. For this reason, MAN B&W Diesel suggests, the system
can be considered as underwriting true multi-fuel engines, provided
that the auxiliary systems for fuel supply have been designed
accordingly.

For most four-stroke gas-burning engines the mixture formation
occurs outside the cylinder (an exception is the high pressure
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gas-injection engine). The gas may be mixed with air before the
turbocharger, yielding a very uniform mixture but also a rather large
volume of ignitable gas in the intake system of the engine. Alternatively,
it may be added to the intake air in the cylinder head or the intake
air manifold, close to the intake valve, by a combined intake valve/
gas valve or by a separate gas valve.

Ignition sources take various forms but are all, basically, just high
temperature sources. The highest ignition energy, MAN B&W Diesel
explains, is provided by pilot injection which also makes it possible
to locate multiple ignition points deep inside the gas/air mixture:
beneficial for the fast and efficient combustion of lean mixtures.
This solution is reliable and yields extended times-between-overhaul
but it is more costly than a spark plug or glow plug arrangement.
Pilot injection, by its nature, dictates the presence of a liquid fuel
which, in some cases, is considered a disadvantage. In other cases,
this is viewed positively as a means of fuel redundancy.

GAS ENGINE TYPES AND CHARACTERISTICS

Small engines are often derived from automotive gasoline and diesel
engines, covering an output range from a few kW up to 500 kW.
They are generally spark-ignited without a pre-chamber, operating
with stoichiometric mixture and with mixture formation in the intake
system. Naturally aspirated as well as turbocharged engines are found
in this category, some equipped with a three-way catalyst and a sensor
for emission control.

Spark-ignited lean burn engines may either be developed solely
for co-generation purposes or derived from small bore marine diesel
engines. Such engines cover an output range from 500-1000 kW up
to around 7000 kW. They are often turbocharged lean burn engines
with a pre-chamber and with external mixture formation. Engine
efficiency can be high and NOx emissions so low that rather stringent
regulations can be met without the use of a selective catalytic reduction
(SCR) system. CO emissions, if regulated, may require the use of an
oxidation catalyst.

Dual-fuel engines are normally derived from marine diesel engines;
most are turbocharged, without pre-chamber and with external mixture
formation for the gas/air mixture. The pilot oil amount is typically
some 5 per cent if the engine must also be able to operate as a diesel
engine. If this facility is not required a special small injection system
allows for pilot oil injection amounts of 1-2 per cent, which has a
beneficial effect on NOx emissions. These are generally lower than
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for the corresponding diesel engine but the engine output is often
some 10-20 per cent lower, depending on the methane number of
the actual gas.

High pressure gas-injection engines are derived from marine diesel
engines and have the same performance and output. An output
range of 2000 kW to 80 000 kW can be covered by these turbocharged
engines. NOx emissions are somewhat lower than those from
corresponding diesel engines (around 20 per cent); an SCR system
is required if stringent limits are to be satisfied. The pilot fuel amount
is 5-8 per cent and, if necessary, full output can be achieved in the
oil-only mode, giving fuel redundancy.

Gas-injection engines are relatively complicated and need a high
pressure gas compressor. In the lower output range, therefore, the
costs are hardly justified except where special gases are to be used.
But for large engines, and for special gases, the high pressure gas-
injection engine is considered the only option. Long term service
experience has confirmed that such engines can provide reliable
and safe operation.



Exhaust emissions
and control

Marine engine designers in recent years have had to address the
challenge of tightening controls on noxious exhaust gas emissions
imposed by regional, national and international authorities responding
to concern over atmospheric pollution.

Exhaust gas emissions from marine diesel engines largely comprise
nitrogen, oxygen, carbon dioxide and water vapour, with smaller
quantities of carbon monoxide, oxides of sulphur and nitrogen,
partially reacted and non-combusted hydrocarbons and particulate
material (Figures 3.1 and 3.2).
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Figure 3.1 Typical exhaust emissions from a modern low speed diesel engine

Nitrogen oxides (NOx)—generated thermally from nitrogen and
oxygen at high combustion temperatures in the cylinder—are of
special concern since they are believed to be carcinogenic and
contribute to photochemical smog formation over cities and acid
rain (and hence excess acidification of the soil). Internal combustion
engines primarily generate nitrogen oxide but less than 10 per cent
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Figure 3.2 Typical composition of the exhaust gas products of a medium speed diesel engine
burning fuel with an average 3 per cent sulphur content. Some 6 per cent of the total
emission is carbon dioxide, with the ‘real’ pollutants representing only a 0.3 per cent share
(MAN B&W Diesel)

of that oxidizes to nitrogen dioxide the moment it escapes as exhaust
gas.

Sulphur oxides (SOx)—produced by oxidation of the sulphur in
the fuel—have an unpleasant odour, irritate the mucus membrane
and are a major source of acid rain (reacting with water to form
sulphurous acid). Acid deposition is a trans-boundary pollution
problem: once emitted, SOx can be carried over hundreds of miles
in the atmosphere before being deposited in lakes and streams,
reducing their alkalinity.

Sulphur deposition can also lead to increased sulphate levels in
soils, fostering the formation of insoluble aluminium phosphates
which can cause a phosphorous deficiency. Groundwater acidification
has been observed in many areas of Europe; this can lead to corrosion
of drinking water supply systems and health hazards due to dissolved
metals in those systems. Forest soils can also become contaminated
with higher than normal levels of toxic metals, and historic buildings
and monuments damaged.

Hydrocarbons (HC)—created by the incomplete combustion of
fuel and lube oil, and the evaporation of fuel—have an unpleasant
odour, are partially carcinogenic, smog forming and irritate the mucus
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membrane (emissions, however, are typically low for modern diesel
engines.)

Carbon monoxide (CO)—resulting from incomplete combustion
due to a local shortage of air and the dissociation of carbon dioxide—
is highly toxic but only in high concentrations.

Particulate matter (PM) is a complex mixture of inorganic and
organic compounds resulting from incomplete combustion, partly
unburned lube oil, thermal splitting of HC from the fuel and lube
oil, ash in the fuel and lube oil, sulphates and water. More than half
of the total particulate mass is soot (inorganic carbonaceous particles),
whose visible evidence is smoke. Soot particles (unburned elemental
carbon) are not themselves toxic but they can cause the build-up of
aqueous hydrocarbons, and some of them are believed to be
carcinogens. Particulates constitute no more than around 0.003 per
cent of the engine exhaust gases.

Noxious emissions amount to 0.25-0.4 per cent by volume of the
exhaust gas, depending on the amount of sulphur in the fuel and its
lower heat value, and the engine type, speed and efficiency. Some
idea of the actual pollutants generated is provided by MAN B&W
Diesel, which cites an 18 V 48/60 medium speed engine in NOx-
optimized form running at full load on a typical heavy fuel oil with
4 per cent sulphur content. A total of approximately 460 kg of harmful
compounds are emitted per hour out of around 136 tonnes of exhaust
gas mass per hour. Of the 0.35 per cent of the exhaust gas formed
by pollutants, NOx contributes 0.17 per cent, sulphur dioxide 0.15
per cent, hydrocarbons 0.02 per cent, carbon monoxide 0.007 per
cent and soot/ash 0.003 per cent.

Carbon dioxide: some 6 per cent of the exhaust gas emissions
from this engine is carbon dioxide. Although not itself toxic, carbon
dioxide contributes to the greenhouse effect (global warming) and
hence to changes in the Earth’s atmosphere. The gas is an inevitable
product of combustion of all fossil fuels, but emissions from diesel
engines—thanks to their thermal efficiency—are the lowest of all
heat engines. A lower fuel consumption translates to reduced carbon
dioxide emissions since the amount produced is directly proportional
to the volume of fuel used, and therefore to the engine or plant
efficiency. As a rough guide, burning one tonne of diesel fuel produces
approximately three tonnes of carbon dioxide.

International concern over the atmospheric effect of carbon dioxide
has stimulated measures and plans to curb the growth of such
emissions, and the marine industry must be prepared for future
legislation. (A switch from other transport modes—air, road and
rail—to shipping would nevertheless yield a substantial overall
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reduction in emissions of the greenhouse gas because of the higher
efficiency of diesel engines.)

The scope for improvement by raising the already high efficiency
level of modern diesel engines is limited and other routes have to be
pursued: operating the engines at a fuel-saving service point; using
marine diesel oil or gas oil instead of low sulphur heavy fuel oil;
adopting diesel-electric propulsion (the engines can be run
continuously at the highest efficiency); or exploiting a diesel combined
cycle incorporating a steam turbine. The steam-injected diesel engine
is also promising.

Compared with land-based power installations, fuel burned by much
of shipping has a very high sulphur content (up to 4.5 per cent and
more) and contributes significantly to the overall amount of global
sulphur oxide emissions at sea and in port areas. Studies on sulphur
pollution showed that in 1990 SOx emissions from ships contributed
around 4 per cent to the total in Europe. In 2001 such emissions
represented around 12 per cent of the total and could rise to as high
as 18 per cent by 2010.

SOx emissions in diesel engine exhaust gas—which mostly comprise
sulphur dioxide with a small amount of sulphur trioxide—are a
function of the amount of sulphur in the fuel and cannot be controlled
by the combustion process. If the fuel contains 3 per cent sulphur,
for example, the volume of SOx generated is around 64 kg per
tonne of fuel burned; if fuel with a 1 per cent sulphur content is
used SOx emissions amount to around 21 kg per tonne of fuel burned.

Chemical and washing/scrubbing desulphurization processes can
remove SOx from the exhaust gases but are complex, bulky and
expensive for shipboard applications, and increase overall maintenance
costs. The most economical and simplest approach is thus to burn
bunkers with a low sulphur content. (If a selective catalytic reduction
system is installed to achieve the lowest NOx emission levels—see
section below—then low sulphur fuels are dictated anyway to avoid
premature fouling of the system’s catalyst package.)

A global heavy fuel oil sulphur content cap of 4.5 per cent and a
1.5 per cent fuel sulphur limit in certain designated Sulphur Emissions
Control Areas (SECAs)—such as the Baltic Sea, North Sea and English
Channel—is sought by the International Maritime Organisation (IMO)
to reduce SOx pollution at sea and in port. The European Union
strategy for controlling air pollution calls for all ships in EU ports to
burn fuel with a maximum sulphur content of 0.2 per cent, which
would force uni-fuel ships to carry low sulphur fuel specifically for
this purpose. (See also the Fuels and Lubes chapter.)
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CONTROLLING NOx EMISSIONS

The global approach to NOx emission controls was taken by the
IMO whose Annex VI (Regulations for the Prevention of Air Pollution
from Ships) to Marpol 73/78 was adopted at a diplomatic conference
in 1997. Ships burning marine diesel oil and heavy fuel oil at that
time were reportedly responsible for around 7 per cent of global
NOx emissions, around 4 per cent of global sulphur dioxide emissions
and 2 per cent of global carbon dioxide emissions.

Annex VI will enter into force 12 months after the date on which
not less than 15 states, together constituting not less than 50 per
cent of the gross tonnage of the world’s merchant fleet, have ratified
it. Ships constructed after 1 January 2000 (date of keel laying) were
nevertheless required to comply. The annex addresses engines with
a power output of more than 130 kW installed in new ships constructed
from that date and engines in existing ships that undergo a major
modification.

Engines have to fulfil the NOx emission limits set by the IMO
curve, which is related to engine speed. To show compliance, an
engine has to be certified according to the NOx Technical Code and
delivered with an EIAPP (Engine International Air Pollution
Prevention) letter of compliance. The certification process includes
NOx measurement for the engine type concerned, stamping of
components that affect NOx formation and a Technical File that is
delivered with the engine.

IMO’s current maximum allowable NOx emission levels depend
on the speed category of the engine and range from 17 g/kWh for
engines of speed <130 rev/min to 9.84 g/kWh for engines of speed
>2000 rev/min (Figure 3.3). Much tougher curbs on NOx and other
emissions are set by regional authorities such as California’s Air
Resources Board; and Sweden has introduced a system of differentiated
port and fairway dues making ships with higher NOx emissions pay
higher fees than more environmentfriendly tonnage of a similar
size.

With stricter controls planned by the IMO, the reduction of NOx
emissions remains a priority for engine designers whose concern is
to secure environmental acceptability without compromising the
impressive gains in engine fuel economy and reliability achieved in
recent years. (Advances in thermal efficiency have, ironically, directly
contributed to a rise in NOx emissions.) Considerable progress has
been made and is projected (Figure 3.4).

Dominating influences in the formation of NOx are temperature
and oxygen concentration: the higher the temperature and the higher
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Figure 3.3 Maximum allowable NOx emissions for marine diesel engines (IMO)
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Figure 3.4 NOx emission trends for typical two-stroke and four-stroke diesel engines
compared with IMO requirements (Wiirtsild)

the residence time at high temperature in the cylinder, the greater
the amount of thermal NOx that will be created. A longer combustion
timespan means that low speed two-stroke engines therefore generate
higher NOx emissions than medium and high speed four-stroke
engines of equivalent output. Apart from the use of alternative fuels,
such as methanol, two main approaches can be pursued in reducing
NOx emission levels:

Primary (in-engine) measures aimed at reducing the amount of
NOx formed during combustion by optimizing engine parameters
with respect to emissions (valve timing, fuel injection and
turbocharging). Emission levels can be reduced by 30-60 per cent.

Secondary measures designed to remove NOx from the exhaust
gas by downstream cleaning techniques. Emission reductions of over
95 per cent can be achieved.

De-NOx technology options are summarized in Figure 3.5.

The primary NOx reduction measures can be categorised as follows:

e Water addition: either by direct injection into the cylinder or by
emulsified fuel.

e Altered fuel injection: retarded injection; rate-modulated
injection; and a NOx-optimized fuel spray pattern.

e Combustion air treatment: Miller supercharging; turbocooling;
intake air humidification; exhaust gas recirculation; and selective
non-catalytic reduction. (Miller supercharging and turbocooling
are covered in the Pressure Charging chapter.)

e Change of engine process: compression ratio; and boost pressure.

The basic aim of most of these measures is to lower the maximum
temperature in the cylinder since this result is inherently combined
with a lower NOx emission.
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Technology
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Figure 3.5 Methods of reducing NOx emissions from marine diesel engines (Mitsubishi
Heavy Industries)

New generations of medium speed engines with longer strokes,
higher compression ratios and increased firing pressures addressed
the NOx emission challenge (Figure 3.6). The low NOx combustion
system exploited by Wartsilda throughout its medium speed engine
programme, for example, is based on an optimized combination of
compression ratio, injection timing and injection rate. The engine
parameters affecting the combustion process are manipulated to secure
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Figure 3.6 Emission control measures and their potentials in reducing NOx outpul.
EGR = exhaust gas recirculation; SCR = selective catalytic reduction (Wirtsild Diesel)

a higher cylinder pressure by increasing the compression ratio. The

fuel injection equipment is optimized for late injection with a short

and distinct injection period. NOx reductions of up to 50 per cent

are reported without compromising thermal efficiency, achieving an

NOx rate of 5-8 g/kWh compared with the 15 g/kWh of a typical

conventional engine with virtually no effect on fuel consumption.
Low NOx combustion is based on:

e A higher combustion air temperature at the start of injection,
which significantly reduces the ignition delay.

e A late start of injection and shorter injection duration to place
combustion at the optimum point of the cycle with respect to
efficiency.

e Improved fuel atomization and matching of combustion space
with fuel sprays to facilitate air and fuel mixing.

Some Wirtsild Vasa 32 engines were equipped with a ‘California
button’ to meet the US regional authority’s strict NOx control. A
planetary gear device allows the necessary small injection timing
retard to be effected temporarily while the engine is running when
the ship enters the Californian waters.
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WATER-BASED TECHNIQUES

Water—fuel emulsions injected via the fuel valve achieve a significant
reduction in NOx production. The influence varies with the engine
type but generally 1 per cent of water reduces NOx emissions by 1
per cent. Water can also be added to the combustion space through
separate nozzles or by the stratified segregated injection of water
and fuel from the same nozzle.

Direct Water Injection (DWI) is effective in reducing NOx by
adding mass and stealing heat from the combustion process when
the water is evaporated. Wartsila developed DWI for its medium speed
engines after initially investigating the merits of injecting ammonia
into the cylinder during the expansion stroke. It was found that
injecting water into the combustion chamber during the compression
stroke could achieve the same degree of NOx reduction as ammonia.

Wirtsila medium speed engines with DWI systems feature a
combined injection valve and nozzle for injecting water and fuel oil
into the cylinder (Figure 3.7). The nozzle has two separate needles
that are also controlled separately, such that neither mode (water
on/water off) will affect operation of the engine. The engine can be
transferred to non-water operational mode at any load, the transfer
in alarm situations being automatic and instantaneous. Water injection
takes place before fuel injection, resulting in a cooler combustion
space and hence lower NOx generation; water injection stops before
fuel oil is injected into the cylinder so that the ignition and combustion
process is not disturbed.

Solenoid
valve

Control
unit

Pressure
transformer

Flow fuse
Fuel

Water needle Fuel needle

Figure 3.7 Wartsild’s Direct Water Injection system features a combined injection valve and
nozzle for water and fuel oil
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Clean water is fed to the cylinder at a pressure of 210-400 bar
(depending on the engine type) by a common rail system, the pressure
generated in a high pressure pump module; a low pressure pump is
also necessary to ensure a sufficiently stable water flow to the high
pressure pump. The water is filtered before the low pressure pump
to remove all solid particles; the pumps and filters are built into
modules to ease installation.

A flow fuse installed on the cylinder head side acts as a safety
device, shutting off the water flow into the cylinder if the water
needle gets stuck; immediate water shut-off is initiated in the event
of excessive water flow or leakage. Water injection timing and duration
are electronically controlled by the control unit, which receives its
input from the engine output; timing and duration can be optimized
conveniently via a keyboard for different applications. Space
requirements for the equipment are minimal, facilitating retrofit
applications.

Water and fuel are injected in a typical water-to-fuel ratio of 0.4—
0.7:1, reducing NOx emissions by 50-60 per cent without adversely
affecting power output or engine components. NOx emissions are
typically 4-6 g/kWh when the engine is running on marine diesel
oil, and 5-7 g/kWh when heavy fuel oil is being burned. NOx reduction
is most efficient from 40 per cent load and higher of nominal engine
output.

Numerous applications of the above DWI system have benefited
Wartsila 32 and 46 engines powering diverse ship types. Some W46
‘EnviroEngines’ (see section below) combine electronically-controlled
common rail fuel injection with DWI, the water then injected into
the combustion chamber separately from the side of the cylinder
head through a dedicated valve.

Mitsubishi Heavy Industries developed a stratified fuel-water injection
(SFWI) system using a common valve to inject ‘slugs’ of fuel/water/
fuel sequentially into the combustion chamber. The system reportedly
worked in a stable condition throughout extensive trials on a ship
powered by a Mitsubishi UEC 52/105D low speed engine, NOx
emission reduction being proportional to the amount of water injected.

Charge air humidification

Another way of introducing water into the combustion zone is by
humidifying the scavenge air: warm water is injected and evaporated
in the air intake, whose absolute humidity is thereby increased. An
early drawback was that too much water in the air can be harmful to
the cylinder condition but the introduction of the anti-polishing
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ring in the liner (see the chapter Medium Speed Engines—
Introduction) has allowed a much higher humidity to be accepted.

In the Combustion Air Saturation System (CASS), which resulted
from co-operation between Wartsild and the Finnish company Marioff
Oy, special Hi-Fog nozzles introduce water directly into the charge
air stream after the turbocharger in the form of very small droplets.
Only a few microns in size, the droplets evaporate very quickly in an
environment of more than 200°C and 75 m/s air velocity. Further
heat for evaporation is provided by the air cooler (but acting now as
a heater), resulting in combustion air with a humidity of around
60 g per kg of air. With such an amount of water, Wartsila reports,
experiments demonstrated it was possible to secure NOx levels of
less than 3 g/kWh (assuming the starting value is 10-15 g/kWh).

MAN B&W Diesel has also pursued NOx reduction by increasing
the humidity of the charge air with water vapour. The process is
based on the Humid Air Motor (HAM) system developed by the
German company Munters Euroform (Figure 3.8). Compressed and
heated air from the turbocharger is passed through a cell that
humidifies and cools the air with evaporated water, the distillation
process making it possible to use sea water rather than fresh water.
The relative humidity of the inlet air can be kept constant at 99 per
cent, yielding a reported maximum NOx reduction potential of around
70 per cent, exploiting all the waste heat of the engine.

Test results from an SEMT-Pielstick 3PC2.6 medium speed engine
equipped with a prototype HAM system showed a NOx reduction
from 13.5 g/kWh to 3.5 g/kWh. There was no significant influence

Compressor

Hot compressed air

Humidified and
cooled air

Humidification
tower

Water filling

Catch tank Heat exchanger

[ater it 7§ greecon

Figure 3.8 Schematic diagram of Humid Air Motor (HAM) system for NOx emission
reduction

www.EngineeringEBooksPdf.com



76 POUNDER’S MARINE DIESEL ENGINES AND GAS TURBINES

on specific fuel consumption, no significant increase in carbon
monoxide and hydrocarbon emissions, and no smoke deterioration.
These results—along with no trace of water in the lube oil, no corrosion
and cleaner engine internals—were repeated in subsequent seagoing
installations. In retrofit projects, the HAM system replaced the original
intercoolers.

Exhaust gas recirculation

Exhaust gas recirculation (EGR) is a method of modifying the inlet
air to reduce NOx emissions, an approach widely used in automotive
applications. Some of the exhaust gas is cooled and cleaned before
recirculation to the scavenge air side. Its effect on NOx formation is
partly due to a reduction of the oxygen concentration in the
combustion zone, and partly due to the content of water and carbon
dioxide in the exhaust gas. The higher molar heat capacities of water
and carbon dioxide lower the peak combustion temperature which,
in turn, curbs the formation of NOx.

EGR is a very efficient method of reducing NOx emissions (by 50—
60 per cent) without affecting the power output of the engine but
is considered more practical for engines burning cleaner bunkers
such as low sulphur and low ash fuels, alcohol and gas. Engines
operating on high sulphur fuel might invite corrosion of turbochargers,
intercoolers and scavenging pipes.

Wartsila acknowledges that EGR leads to reductions in NOx
emissions but suggests its practical application is limited by the fact
that it quite soon starts to adversely affect combustion, leading to
increased fuel consumption, particulates, unburned hydrocarbons
and carbon monoxide. A worse drawback is that, even with an
insignificant sulphur content in the fuel, cooling down of the exhaust
gas results in a sticky liquid of sulphur acid products, water and soot
matter. This makes it difficult to maintain the functionality of the
cooling device and, above all, results in a difficult residual product,
says Wartsila, which abandoned EGR for diesel engine applications.

For low speed engines, especially those with electronically-controlled
exhaust valve timing, Wartsild suggests that the Water Cooled Rest
Gas (WaCoReG) technique offers an opportunity for NOx reduction.
In this concept some of the exhaust gas is left in the cylinder, which
in normal circumstances leads to increased thermal loading and
inferior combustion. These drawbacks are largely avoided, however,
if the rest gas is cooled by an internal spray of water. As the surrounding
combustion space components are rather hot, there will be no
condensation of acid products on the metal surfaces.
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Fuel nozzles

Different fuel nozzle types and designs have a significant impact on
NOx formation, and the intensity of the fuel injection also has an
influence.

The increased mean effective pressure ratings of modern engines
require increased flow areas throughout the fuel valve which, in
turn, leads to increased sac volumes in the fuel nozzle itself and a
higher risk of after-dripping. Consequently, more fuel from the sac
volume may enter the combustion chamber and contribute to the
emission of smoke and unburned hydrocarbons as well as to increased
deposits in the combustion chamber. The relatively large sac volume
in a standard design fuel nozzle thus has a negative influence on the
formation of soot particles and hydrocarbons.

The so-called ‘mini-sac’ fuel valve introduced by MAN B&W Diesel
incorporates a conventional conical spindle seat as well as a slide
inside the fuel nozzle. The mini-sac leaves the flow conditions in the
vicinity of the nozzle holes similar to the flow conditions in the
conventional fuel nozzle. But its much reduced sac volume—only
about 15 per cent that of the conventional fuel valve—has
demonstrated a positive influence on the cleanliness of the combustion
chamber and exhaust gas outlet ducts. Such valves also reduce the
formation of NOx during combustion.

A new type of fuel valve—essentially eliminating the sac volume—
was subsequently developed and introduced by MAN B&W Diesel as
standard