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Praise for this boating classic:“The most up-to-date and readable book we've seen on the

subject.”—Sailing World“Deserves a place on any diesel-powered boat.”—Motor Boat &

Yachting“Clear, logical, and even interesting to read.”—Cruising WorldKeep your diesel engine

going with help from a master mechanicMarine Diesel Engines has been the bible for do-it-

yourself boatowners for more than 15 years. Now updated with information on fuel injection

systems, electronic engine controls, and other new diesel technologies, Nigel Calder's

bestseller has everything you need to keep your diesel engine running cleanly and efficiently.

Marine Diesel Engines explains how to:Diagnose and repair engine problemsPerform routine

and annual maintenanceExtend the life and improve the efficiency of your engine
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untrained observer will see only physical labor, and often gets the idea that physical labor is

what the mechanic does. Actually, the physical labor is the smallest and easiest part of what

the mechanic does. By far the greatest part of his [or her] work is careful observation and

precise thinking.Robert M. PirsigZen & the Art of Motorcycle MaintenancePREFACE TO THE

THIRD EDITIONMore than ten years have gone by since I wrote the second edition of this

book. In this time, there have been significant changes in the diesel engine world. Whereas in

the past such changes have occurred largely as a result of economic and competitive

pressures, in recent years the motivation for change has come from what is known as

“technology forcing” legislation, primarily in the form of ever-tightening emissions standards

(see the Technology Forcing Legislation sidebar next page). When such legislation is first

introduced, many in the industry argue that the new standards will be impossible to meet, but

in fact, as each successive deadline has approached, manufacturers have invariably

succeeded in exceeding the new requirements. Some will admit off the record that the

legislative pressure has been good for the industry.When first proposed, most of the tightened

standards were not applicable to marine engines. But because of the relatively small size of the

marine marketplace (approximately 50,000 diesel engines up to 800 horsepower worldwide

each year, as opposed to millions of engines in the automotive and trucking industries), many

marine diesel engines have always been adapted from other applications, and to the degree

that the new standards applied to these applications, the technology found its way onto boats.

From about 2004 onward, marine engines have been specifically included in both international

and U.S. EPA regulations, with increasingly stringent emissions requirements being phased in

over the five-year period from 2004 to 2009. This has resulted in numerous technological

changes, most of which are invisible to boatowners, consisting of refinements in materials and

design elements that have little impact on operating and maintenance practices. As such the

changes have had, and continue to have, little practical impact on most boatowners. The two

notable exceptions are electronic engine controls and common rail fuel injection.Electronic

engine controls and common rail fuel injection are different, with considerable practical

implications, so I have worked them both into this new edition. Even so, it is worth noting that

these technologies have typically not yet filtered down to marine diesel engines below 100 hp

(76 kW), and in terms of the major players in this marketplace—Volvo Penta and Yanmar—are

not likely to make their way into this horsepower range anytime soon. Thus, they can be

ignored by the owners of most small auxiliary diesel engines.The net result of this picture is

that despite numerous modifications to diesel engines, as far as most boatowners with an

inboard diesel engine are concerned, there has been little change over the past ten years at

the propulsion end of things. On the transmission side, things are a little different. We have

seen major inroads into the sailboat market by saildrives, an innovation that replaces the

conventional propeller shaft and shaft seal, and which consists of an inboard diesel engine

connected to a drive leg that passes through the bottom of the boat. I look at saildrives in

Chapter 8, Marine Transmissions.Readers of earlier editions of this book will notice that many

of the illustrations have been updated, and I have added a considerable number of new ones. I

would particularly like to thank Jan Dahlsten at Volvo Penta and Greg Eck at Yanmar for



helping me assemble this art. Scattered throughout the text are also numerous small pearls of

wisdom and practical tips supplied by my readers over the years—my thanks to all of

them.Once again, it has been a pleasure to work with the crew at International Marine,

especially Molly Mulhern, Janet Robbins, and Margaret Cook.Nigel CalderCruising on Nada in

Northern Europe, Summer 2006TECHNOLOGY FORCING LEGISLATIONThe U.S.

Environmental Protection Agency (EPA) began working on emissions standards for cars and

trucks soon after the passage of the 1970 Clean Air Act, but those did not apply to marine

engines. The first major standards regulating marine diesel engines were adopted in 1973 as

Annex VI to the International Convention on Prevention of Pollution from Ships. This was

subsequently modified by the Protocol of 1978, known as MARPOL 73/78.The Annex VI

standards themselves only apply to engines over 130 kW (170 hp) installed on vessels

constructed after January 2000 and were not enforceable until May 2005. In the meantime, as

a consequence of the passage of amendments to the Clean Air Act in 1990, the EPA adopted

these standards as Tier 1 standards, first as voluntary and then as mandatory starting in

January 2004 for all commercial marine engines with cylinder sizes from 2.5 liters (that’s a

fairly large engine) to 30 liters (that’s a huge engine). Next, the EPA developed much tougher

standards, known as Tier 2 standards, for all commercial marine diesel engines over 37 kW

(48 hp) and up to 30 liters per cylinder, with phased implementation (depending on engine

size) between 2004 and 2007 (the smaller engines have to comply first). Marine diesel engines

below 37 kW are included in tough emissions standards that govern off-road diesel

engines.There is a separate category in the regulations for recreational marine diesel engines.

These must be installed on vessels used for recreational purposes with a power output above

37 kW (48 hp) and a cylinder size less than 5 liters. They are subject to the Tier 2 standards

also; the only difference is that the implementation phase extends to 2009, once again based

on engine size. However, since the compliance deadline for all but the largest recreational

marine diesel engines is January 2007, to all intents and purposes there is no difference

between commercial and recreational marine diesels in the engine sizes covered by this

book.The Tier 2 standards progressively enforce radical reductions in certain exhaust

emissions. Given the current state of diesel engine technology, large engines (above 2.5 liters

per cylinder) can only meet the Tier 2 standards through the medium of electronic engine

controls (see pages 28-33), hence the rapid spread of this technology on high-powered

engines. Smaller marine diesel engines can meet the Tier 2 standards with more traditional

technology, hence the survival — for the time being — of these engines in the marine world,

although their days are almost certainly numbered.The Tier 2 standards presuppose, and can

only be met through, the use of ultra-low-sulfur diesel (ULSD) fuel (see the EPA Sulfur Rules

sidebar on page 51). Although the sulfur limits became mandatory in the United States in 2006,

diesel fuel with a much higher sulfur content is still common in many parts of the world. It is not

at all clear to me what impact, if any, higher-sulfur fuel will have on the operation of a diesel

engine designed to run on ULSD fuel.PREFACE TO THE SECOND EDITIONIt is five years

now since I went to work on the first edition of this book. Since then it has been a bestseller,

which is very gratifying. In the intervening years, there have been no startling or revolutionary

technological breakthroughs in the world of marine diesel engines, but as always there has

been a steady and continuing process of improvement and change. This second edition has

enabled me to catch up with some of these developments.Of more significance than changes

in the diesel world is the expansion and refinement of my own ideas on a number of the topics

covered in this book. The new edition reflects this. In particular, I pay more attention to the

electrical side of marine diesel engines—a subject that was given pretty short shrift in the first



edition—and I have expanded the section on engine overhauls to include many new

illustrations, for most of which I am greatly indebted to William Gardner Ph.D., author and

lecturer in the diesel engine field, and the Caterpillar Tractor Co. The coverage of Detroit Diesel

two-cycle engines, marine transmissions, and engine installations is also more thorough.I have

extensively rewritten and reorganized the introductory chapters, utilizing material from a series

of articles I wrote for National Fisherman in 1987; my thanks to them, too. In spite of all these

changes, the purpose of the book is unchanged: to provide the basic information necessary to

select, install, maintain, and carry out repairs on a marine diesel engine. As such, the book

remains neither a simple how-to book nor a technical manual on the thermodynamics of

internalcombustion engines. Rather, it falls somewhere between the two.As I stated in the first

edition, this reflects my own experience as a self-taught mechanic with some twentyfive years

of experience on a variety of engines from 10 to 2,000 hp. With specific enough instructions it

is possible to dismantle an engine and put it back together again without having any

understanding of how it works, but troubleshooting that engine is not possible without a basic

grasp of its operating principles.In order to grasp these operating principles, you need to know

a little of the most basic theory behind internal-combustion engines. This I try to present, but

only insofar as it is necessary to provide a good understanding of the practical side of diesel

engine maintenance. My objective is to help turn out competent amateur mechanics, not

automotive engineers.This particular blend of theory and practical mechanics represents a mix

that has worked well for me over the years. It should help a boatowner to see trouble coming

and to nip it in the bud before an engine breaks down.Although this book has been written with

engines from 10 to 100 hp in mind, the principles are virtually the same as those associated

with engines of hundreds or even thousands of horsepower. The information in this book

applies to just about all diesels.Sources of data and drawings are indicated throughout the

book, but nevertheless my thanks to all those who have helped me, in particular Paul Landry,

Bill Osterholt, and Dennis Caprio, my editor, who made a mass of detailed suggestions that

improved the book greatly. The following companies provided drawings and other help: the AC

Spark Plug Division of General Motors, Allcraft Corporation, Aquadrive, BorgWarner

Automotive, Caterpillar Tractor Co., Deep Sea Seals, Detroit Diesel, Garrett Automotive

Products Co., Halyard Marine, Hurth, Hart Systems Inc., Holset Engineering Co. Ltd., ITT/

Jabsco, Kohler Generators, Lucas/CAV Ltd., Morse Controls, Paragon Gears, PCM, Perkins

Engines Ltd., PYI, Racor, Sabb Motor A.S., Shaft Lok, United Technologies Diesel Systems,

VDO, Volvo Penta, Wilcox Crittenden, and Yanmar Diesel Engines. Many of the line drawings

were done by Jim Sollers, a wonderful illustrator.For this second edition, Caterpillar Tractor Co.

once again dug deep into its incomparable educational material. Don Allen of Allen Yacht

Services (St. Thomas, USVI), Russell Dickinson, Joseph Joyce of Westerbeke, and Steve

Cantrell of Volvo Penta all critiqued the text and made many valuable comments.I extend my

thanks to Dodd, Mead for permission to use the material from Francis S. Kinney’s Skene’s

Elements of Yacht Design, and to Reston Publishing for information contained in Robert N.

Brady’s Diesel Fuel Systems. My publisher, International Marine, gave me permission to

incorporate one or two relevant sections from my Boatowner’s Mechanical and Electrical

Manual in this book, and information from Dave Gerr’s Propeller Handbook (quite the best

book available on this subject). Sections of the revised chapter on engine installations first

appeared in an article I wrote for WoodenBoat magazine.Jonathan Eaton, Tom McCarthy,

Janet Robbins, and the crew at International Marine have been as helpful and encouraging as

ever. Any errors remaining are solely mine.Nigel Calder Montana, November

1990INTRODUCTIONFor very good reasons, the diesel engine is now the overwhelming



choice for sailboat auxiliaries, and it is becoming more popular in sportfishing boats,

highperformance cruisers, and large sportboats. Diesels have an unrivaled record of reliability

in the marine environment; they have better fuel economy than gasoline engines; they are

more efficient at light and full loads; they emit fewer harmful exhaust pollutants; they last

longer; and they are inherently safer because diesel fuel is less volatile than gasoline.Despite

its popularity, the diesel engine is still something of a mystery, in large part because of the

differences that distinguish it from the more familiar gasoline engine. Boatowners are frequently

nervous about carrying out maintenance and repairs on a diesel. This is surprising because in

many respects diesels are easier to understand and maintain than gasoline engines.The first

objective of this book, then, is to explain how a diesel engine works, to define new terms, and

to lift this veil of mystery.If the owner of a diesel engine has a thorough understanding of how it

works, the necessity for certain crucial aspects of routine maintenance and the expensive

consequences of habitual neglect will be fully appreciated. Properly maintained, most diesel

engines will run for years without trouble, which leads me to my second objective—to drive

home the key areas of routine maintenance.If and when a problem arises, it normally falls into

one or two easily identifiable categories. The ability to visualize what is going on inside an

engine frequently enables you to go straight to the heart of a problem and to rapidly find a

solution, without making blind stabs at it. My third objective is to outline troubleshooting

techniques that promote a logical, clearheaded approach to problem solving.The fourth

objective of the book is to outline various maintenance, overhaul, and repair procedures that

can be reasonably undertaken by an amateur mechanic. It also describes one or two that

should not be attempted but which might become necessary in a dire emergency. (Cruising

sailors, in particular, sometimes must tackle repairs that they would never even consider when

they are ashore. As a fellow sailor, I have at all times tried to keep the rather special needs of

cruisers in the forefront of my mind when writing and revising this book.) Major mechanical

breakdowns and overhauls are not included. This kind of work can only be carried out by a

trained mechanic.The book ends with a consideration of some criteria to assist you in the

selection of a new engine for any given boat and of correct installation procedures. Much of the

last chapter may throw some light on problems with an engine already installed.There is no

reason for you as a boatowner not to have a long and trouble-free relationship with a diesel

engine. All you need is to set up the engine correctly in the first place, pay attention to routine

maintenance, learn to spot the early warning signs of impending trouble, and know how to

correct small problems before they become large ones.CHAPTER 1PRINCIPLES OF

OPERATIONIn the technical literature, diesel power plants are known as compression ignition

(CI) engines. Their gasoline counterparts are of the spark ignition (SI) variety. This idea of

compression ignition is central to understanding a diesel engine.When a given amount of any

gas is compressed into a smaller volume, its pressure and temperature rise. The increase in

temperature is in direct relation to the rise in pressure, which is directly related to the degree of

compression. That is, the rise in temperature is the result of compressing the existing gas into

a smaller space, rather than by the addition of extra heat.For a better understanding, imagine

two heaters with exactly the same output. Each has been placed in a separate room. To begin

with, both rooms are the exact same temperature, but one is twice the size of the other. Both

heaters are turned on. The small room will heat up faster than the large one, even though the

output of the heaters is the same. In other words, although the same quantity of heat is being

added to both rooms, the temperature of the smaller one rises faster because the heat is

concentrated into a smaller space.This is crudely analogous to what happens when a gas is

compressed. At the outset, it has a given volume and contains a certain amount of heat. As the



gas is compressed, this quantity of heat is concentrated into a smaller space and the

temperature rises, even though no more heat is being added to the gas.COMPRESSION

IGNITIONAll internal-combustion engines consist of one or more cylinders that are closed off

at one end and have a piston driving up the other. In a diesel engine, air enters the cylinder,

then the piston is forced up into it, compressing the air.As the air is compressed, the heat

contained in it is concentrated into a smaller and smaller space. The pressure and temperature

rise steadily. In a compression ignition engine, this process continues until the air is extremely

hot, say around 1,000°F (538°C). This temperature has been attained purely and simply by

compression (see Figure 1-1).Diesel fuel ignites at around 750°F (399°C); therefore, any fuel

sprayed into a cylinder filled with air superheated to 1,000°F is going to catch fire. This is

exactly what happens: at a precisely controlled moment, fuel is injected into the cylinder and

immediately starts to burn. No other form of ignition is needed.To attain high enough

temperatures to ignite diesel fuel, air generally has to be compressed into a space no larger

than 1/14 the original size of the cylinder. This is known as a compression ratio of 14:1. The

compression ratio is the volume of the cylinder when the piston is at the bottom of its stroke

relative to the volume of the cylinder when the piston is at the top of its stroke (see Figure

1-2).Most diesel engines have compression ratios ranging from 16:1 to 23:1. This is much

higher than the average gasoline engine’s compression ratio of 7:1 to 9:1. The lower

compression ratios of gasoline engines produce lower cylinder pressures and temperatures. As

a consequence, the ignition temperature of gasoline is not reached through compression, and

the gas-air mixture has to be ignited by an independent source—a spark (hence the

designation spark ignition for gasoline engines).FIGURE 1-1. Approximate temperatures and

pressures at different compression ratios. At “typical” cranking speeds, most healthy diesel

engines develop cylinder pressures of 400 psi or higher. (Note: To convert MPa to psi, multiply

by 145.)CONVERTING HEAT TO POWERI’ve established that when a gas is compressed its

temperature rises. It is also true that when a gas is heated in a sealed chamber its pressure

rises. In the first instance, no heat is added—the existing gas is merely concentrated into a

smaller space, thereby raising its temperature. In the second instance, heat is added to a gas

that is trapped in a closed vessel, and this causes the pressure to rise.This is what happens

during ignition in an internalcombustion engine: A body of air is trapped in a cylinder by a

piston and compressed. The temperature rises. Fuel is introduced by some means and ignited.

The burning fuel raises the temperature in the cylinder even higher, and this raises the

pressure of the trapped gases. The increased pressure is used to drive the piston back down

the cylinder, resulting in what is termed the piston’s power stroke. The engine has converted

the heat produced by the burning fuel into usable mechanical power. For this reason, internal-

combustion power plants are sometimes known as heat engines.It is possible to calculate the

heat content of the fuel by measuring how many Btu (or joules, in the metric system) are

produced by burning a given amount (e.g., 1 gallon or 1 liter). An engine’s horsepower (hp)

rating (or kilowatt, in the metric system) can also be converted into Btu or joules; e.g., 1 hp =

2,544 Btu. In this way, the heat energy going into an engine (the number of gallons or liters

burned per hour × the Btu or joule content of the fuel) can be compared with the power being

produced by it. This enables the thermal efficiency of the engine to be determined; i.e., how

much of the fuel’s heat energy is being converted to usable power.FIGURE 1-2. Compression

ratios. (Valves, etc., omitted for simplicity.) (Fritz Seegers)The average diesel engine has a

thermal efficiency of 30% to 40%. In other words, only about one-third of the heat energy

contained in the fuel is being converted to usable power. Roughly half of the remaining two-

thirds is lost through the exhaust system in the form of hot gases. The rest is dissipated into



the atmosphere through the cooling system and by contact with hot engine surfaces (see

Figure 1-3). As wasteful as this sounds, diesels are still considerably more efficient than

gasoline engines, which have a thermal efficiency of 25% to 35%.FIGURE 1-3. Heat utilization

in a diesel engine.EXPANSION AND COOLINGJust as compressing a gas raises its

temperature, so too can reducing the pressure lower the temperature. This is due purely to the

expansion of the gas into a larger space, or volume, not to any loss of heat. The greater the

reduction in pressure, the lower the resulting temperature of the gas.As a piston moves down

on its power stroke, the volume inside its cylinder increases, causing a fall in pressure and

consequently a fall in the temperature of the gases in the cylinder. These declining

temperatures reflect the heat of combustion being converted into mechanical power, i.e., the

movement of the piston (see Figure 1-4).The higher the compression ratio of an engine, the

greater the expansion of gases on the power stroke. In an engine with a compression ratio of

22:1, for example, the gases will expand into a volume twenty-two times the size of the

compression chamber. In an engine with a compression ratio of 7:1, the degree of expansion

will only be seven times greater. Since the temperature drops as a gas expands, diesel

engines, because of their higher compression ratios, are able to convert more of the heat of

combustion into mechanical power than their gasoline counterparts. Hence diesels are more

thermally efficient than gasoline engines.FIGURE 1-4. Pressure-volume curve for a diesel

engine. From position 1 (P1) to position 2 (P2), the pressure steadily rises to around 600 psi as

cylinder volume decreases. At around P2, injection occurs and ignition commences. The

rapidly rising temperature sharply boosts pressure to about 850 psi (P3). The piston is now on

its way back down the cylinder in its power stroke, increasing the volume and decreasing

pressure. However, fuel is still burning, and the increasing temperature temporarily counteracts

the effect of increasing cylinder volume, which causes a relatively constant pressure from P3 to

P4. Ignition is now tailing off, and the cylinder volume continues to increase. This results in a

steady decline in pressure and temperature while the piston is still on its power stroke from P4

to P5. From P5 to P1 the engine expels the remaining gases of combustion as exhaust and

draws in a fresh charge of air. The cycle starts over.GASOLINE ENGINESYou might well ask,

why not increase the compression ratio on the gasoline engine and thereby improve its

efficiency?A gasoline engine draws in fuel with its air supply before compression, either

through a carburetor or through fuel injection into the inlet manifold (not the cylinder). A diesel,

on the other hand, has the fuel injected after the air has been compressed. Increasing the

compression ratio for a gasoline engine would raise its compression temperature beyond the

ignition point of gasoline, which would lead to premature combustion of the fuel-air mixture.

This would rapidly wreck the engine. To avoid this, the compression ratio on a gasoline engine

must be kept low, and the fuel-air mixture must then be set off by a spark at the appropriate

moment. This accounts for the need for an electrical ignition system on these engines.On

occasion, gasoline engines can become sufficiently overheated to cause the fuel-air mixture to

ignite before it should. This is known as autoignition, or pre-ignition, and most often occurs

when the overheated engine is turned off but refuses to quit, even though the ignition has been

turned off.You might next ask, why not jack up the compression ratios on gasoline engines and

use fuel injection directly into the cylinders to prevent premature ignition, just as is done on a

diesel? Apart from the obvious fact that you now have a diesel engine to all intents and

purposes and might as well use the often cheaper diesel fuel, you run up against the nature of

gasoline itself, which is far more volatile than diesel.Even though a diesel engine may be

turning over at 3,000 rpm (revolutions per minute), with the power stroke of any one piston

lasting no more than 1/100 of a second, the injected diesel fuel burns at a controlled rate,



rather than exploding. Indeed, if it fails to burn at the correct rate, ignition problems result and

engine damage is likely.Because of its greater volatility, the same degree of control cannot be

maintained over gasoline. Explosive combustion would occur, destroying the high-compression

power plant. The gasoline engine, at the current level of technology, is therefore locked into

lower compression ratios and decreased thermal efficiency.COST AND POWER-TO-

WEIGHTBecause diesels feature higher compression ratios than gasoline engines, they are

subjected to greater stresses and must be built more ruggedly. To sustain these higher

compression ratios and loads, diesels generally have to be machined to closer tolerances. The

heavier construction and closer machining tolerances account for the increase in weight and

price of diesel engines over gasoline engines of the same power output. In recent years,

however, tremendous advances in metallurgy and engine design have achieved drastic weight

reductions on many diesels, considerably narrowing this power-to-weight gap.TYPES OF

DIESELSDiesel engines can be four-cycle or two-cycle. The differences will become clear in a

moment. Let us first look at a four-cycle engine.FIGURE 1-5. The four cycles of a four-stroke

diesel engine. 1. Inlet stroke—the piston draws air into the cylinder via the inlet valve. 2.

Compression—the piston compresses the air, which also heats it. 3. Injection—fuel is sprayed

into the hot air, ignites, and burns in a controlled manner, resulting in the power stroke. 4.

Exhaust—the piston forces burned gases out the open exhaust valve. (Courtesy Lucas/CAV)A

FOUR-CYCLE DIESEL1. Imagine the piston is at the top of its cylinder. The inlet valve opens

as the piston descends to the bottom of its cylinder. The descending piston draws air into the

cylinder. When the piston reaches the bottom of its cylinder, the inlet valve closes, trapping the

air inside the cylinder (see Figure 1-5). This movement of the piston from the top to the bottom

of its cylinder is known as a stroke. It also constitutes one of the four cycles of a four-cycle

engine—in this case the suction (induction), or inlet, cycle.2. The piston now travels up the

cylinder, compressing the trapped air. The pressure rises to between 450 and 700 pounds per

square inch (psi; as compared to 80 to 150 psi in a gasoline engine) and the temperature to

1,000°F (538°C) or more. This is the compression cycle.3. Somewhere near the top of the

compression stroke, fuel enters the cylinder via the fuel injector and starts to burn. The

temperature climbs rapidly—from 2,000°F (1,093°C) to 5,000°F (2,760°C). This increase in

temperature causes a rise in pressure to around 850 to 1,000 psi, pushing the piston back

down its cylinder. As the piston descends, the cylinder volume increases rapidly, leading to a

sharp reduction in the pressure and temperature. This is the third cycle and is known as the

power stroke.4. When the piston nears the bottom of the power stroke, the exhaust valve

opens. The cylinder still contains a considerable amount of residual heat and pressure, and

most of the gases rush out. The piston then travels back up the cylinder, forcing the rest of the

burned gases out of the exhaust valve. This is the fourth, or exhaust, cycle. At the top of the

exhaust stroke, the exhaust valve closes and the inlet valve opens, ready to admit a fresh

charge of air when the piston descends the cylinder once again. This brings the engine back to

the starting point of the four cycles.A TWO-CYCLE DIESELNote: The following is a description

of the operation of a Detroit Diesel two-cycle engine, the most common and widely known type.

There are engines with other forms of two-cycle diesel operation, but such engines are unlikely

to be encountered in small-boat applications.A Detroit Diesel two-cycle engine operates in

essentially the same manner as a four-cycle engine, but condenses the four strokes of the

piston into two—once up the cylinder and once down. Here’s how:FIGURE 1-6. Operation of a

two-cycle Detroit Diesel. (Courtesy Detroit Diesel)1. We start with the piston at the top of its

cylinder on its compression stroke. The cylinder is filled with pressurized, superheated air.

Diesel is injected and ignites. The piston starts down the cylinder on its power stroke. As it



descends, the cylinder pressure and temperature fall. When the piston nears the bottom of its

power stroke, the exhaust valve opens and most of the burned gases rush out of the cylinder

(see Figure 1-6). So far all is the same as for a four-cycle diesel. Now as the piston continues

to descend the cylinder, it uncovers a series of holes, or ports, in the cylinder wall. A

supercharger or turbocharger blows pressurized air through these ports, pushing the rest of

the burned gases out of the cylinder and refilling it with a fresh air charge. The piston has only

now reached the bottom of its cylinder and is starting back up again. The exhaust valve

closes.2. As the piston moves back up, it blocks off the inlet ports, trapping the charge of fresh

air in the cylinder. Although the piston has only covered a little over one stroke, it has already

completed its power stroke, the exhaust process, and the inlet cycle. As the piston comes back

up the cylinder on its second stroke, it compresses the fresh air. When it reaches the top of the

cylinder, injection and combustion take place. The cycle starts over. The engine has done in

two strokes what a four-cycle diesel does in four.A two-cycle engine has two power strokes for

every one power stroke of a four-cycle engine. For a given engine size, a two-cycle engine

develops considerably more power than a four-cycle. This leads to lower costs per horsepower

and improved power-to-weight ratios.A two-cycle diesel, however, is less thermally efficient

than a four-cycle and has a higher fuel consumption, resulting in higher levels of exhaust

pollution. The life of a two-cycle diesel tends to be shorter than that of a four-cycle model

because of the higher loads placed on the engine. What’s more, for reasons that will become

clear later, two-cycle diesels tend to be far noisier in operation than fourcycles, which makes

them unsuitable for a wide range of pleasure boat applications.In recent years, tightening

emissions regulations have pretty much put an end to the manufacture of two-cycle

diesels.PRINCIPAL ENGINE COMPONENTSTHE CRANKSHAFTSo far I have talked in a

purely abstract fashion of a piston moving up and down its cylinder. To harness a piston to the

rest of the engine, and to utilize the mechanical energy developed by its power stroke, this

reciprocal motion must be converted to rotary motion. This is done by a crankshaft and

connecting rod.FIGURE 1-7. Converting reciprocal motion to rotary motion. (Fritz Seegers)A

crankshaft is a sturdy bar set in bearings in the base of an engine. Beneath each cylinder, it

has an offset pin forming a crank. The connecting rod ties the piston to this crank. A bearing at

each end of the connecting rod allows the crank to rotate within the connecting rod’s lower end,

while the piston, mounted on a piston pin or wrist pin, oscillates around its upper end. As the

piston moves up and down, the crankshaft turns (see Figure 1-7).VALVES AND TIMINGThe

effective operation of four-cycle and two-cycle engines requires the precise coordination of

piston movement with valve opening and closing times, as well as with the moment of fuel

injection. This is known as valve and fuel injection timing.Valves are set in cylinder heads and

held in a closed position by a valve spring. A lever known as a rocker arm opens the valve. The

rocker arm, moved up and down directly or indirectly by a camshaft, pivots in the top of the

cylinder head (see Figures 1-8 and 1-9).A camshaft has a series of elliptical protrusions, or

cams (one for each valve in the engine), along its length. As the camshaft turns, these

protrusions push the rocker arms up and down. Some camshafts are set in cylinder heads with

the cams in direct contact with the rocker arms—these are overhead camshafts. Others are

placed in the engine block and actuate the rocker arms indirectly via push rods.FIGURE 1-8.

Principal components in a traditional diesel engine using push rods. Many modern engines

have an overhead camshaft and no push rods (see Figure 1-9). (Fritz Seegers)A gear keyed

(locked) to the end of the crankshaft rotates with it. Another gear keyed to the end of the

camshaft rotates with it. The valve timing, or valve opening and closing times, is coordinated

with the movement of the pistons by linking the two gears with an intermediate gear, a belt, or



a chain so that they rotate together (see Figure 1-10).FIGURE 1-9. An engine with dual

overhead camshafts. (Fritz Seegers)On a four-cycle engine, the inlet and exhaust valves open

and close on every other stroke of the engine. As a consequence, the gear on the camshaft is

twice the size of that on the crankshaft, causing the former to rotate at half the speed of the

latter and the valves to open and close on every other engine revolution.FIGURE 1-10.. Engine

timing gears. (Courtesy Caterpillar)FIGURE 1-11. Engine parts. (Courtesy Caterpillar)Detroit

Diesel two-cycle engines have only exhaust valves. The exhaust valves open on every

downward stroke of the piston; therefore, the camshaft gear is the same size as that on the

crankshaft. The two shafts rotate at the same speed, and the valves open and close on every

engine revolution.By setting the camshaft and crankshaft gears in different relationships with

one another, the valves can be made to open and close at any point of piston travel. Timing

engine valves consists of placing the gears in the precise relationship needed for overall

maximum engine performance.Conventional mechanical fuel injection timing is set the same

way (electronic may be different). A gear fitted to the end of the fuel injection pump driveshaft is

driven by the crankshaft via an intermediate gear, belt, or chain. Altering the relationship of the

gears allows the moment of fuel injection to be set at any point of piston travel. Since injection

occurs on every other revolution on a four-cycle engine, the pump drive gear is twice the size

of the crankshaft gear, causing the pump to rotate at half the engine’s speed. On two-cycle

engines, the gears are the same size, producing injection at every engine revolution.FIGURE

1-12. A cutaway of a cylinder block. (Fritz Seegers)CYLINDERS AND OTHER PARTSThe

central frame to which the rest of an engine is assembled is known as the block, or crankcase

(see Figure 1-11). On all except air-cooled engines, which are rarely found on boats, this is a

casting containing numerous passages for air, cooling water, oil, and other engine parts, such

as the crankshaft and camshaft.FIGURE 1-13. A “wet” cylinder liner. (Fritz Seegers)There are

two types of cylinders, or liners, available for diesel engines—dry liners and wet liners. In a dry-

liner diesel, the cylinders and block are in continuous metal-to-metal contact. In a wet-liner

arrangement, the block comes into contact with the cylinders only at their tops and bottoms,

and engine cooling water circulates directly around the liners (see Figures 1-12 and 1-13).Wet

liners have the advantage of being relatively easy to replace in the field when a major engine

overhaul is necessary, whereas to change dry liners, the whole block must generally be taken

to a machine shop.Pistons are fitted with a number of piston rings set in grooves cut into the

outside circumference of the piston. The piston rings press out against the walls of the cylinder

to make a gas-tight seal. The top end of a cylinder is sealed with a casting known as a cylinder

head, which contains the injectors; valves; and frequently combustion chambers, water

passages, and so on. The valves are set in guides, which are replaceable sleeves pressed into

the cylinder head.FIGURE 1-14. Putting the pieces together: This cutaway view of a Caterpillar

3406B turbocharged in-line 6 represents typical modern diesels. (Courtesy Caterpillar)FIGURE

1-15. Putting the pieces together: Side views of four-cylinder, four-cycle diesel engines. (Jim

Sollers)When an engine begins to show appreciable wear, these valve guides can be pressed

out and replaced. Better-quality engines also have replaceable valve seats, the area that a

valve contacts to seal the combustion chamber. Remachining valve seats, replacing valve

guides, and installing new valves renew the cylinder head, giving this expensive part an almost

indefinite life (see Figures 1-14 and 1-15).CHAPTER 2DETAILS OF OPERATIONA diesel

engine creates power by burning fuel. The more fuel that an engine of any given size can burn,

the more heat it will generate and the greater will be its potential power output. Increasing the

power-toweight ratio reduces the cost per horsepower produced. Manufacturers are therefore

continually striving to increase the amount of fuel a given engine can burn.Getting more diesel



into a cylinder is no problem— all it takes is a bigger fuel injection pump and injector. Getting it

to burn is another matter. Incomplete combustion lowers fuel economy and causes excessive

exhaust pollutants. For effective combustion, three interdependent factors must be present:1.

An adequate supply of oxygen.2. Effective atomization of the injected diesel.3. Thorough

mixing of the atomized diesel with the oxygen in the cylinder.Let’s look first at the oxygen

supply. Atomization of the fuel and proper mixing with the oxygen are covered in the next

section, Combustion.SECTION ONE: THE AIR SUPPLYWhat actually takes place when diesel

fuel burns is a reaction between oxygen in the air and hydrogen and carbon in the diesel fuel.

Starting this reaction takes a temperature of around 750°F (399°C). Once it begins, the oxygen

combines with the hydrogen to form water and with the carbon to form carbon dioxide (and

occasionally carbon monoxide when combustion is incomplete). In the process of these

chemical reactions, considerable quantities of heat and light are released—the fuel burns.Air is

only about 23% oxygen by weight (21% by volume); the rest is principally nitrogen, plus one or

two trace gases, and plays no part in the combustion process. This idea of air having weight

may be a little confusing, so let’s take a moment to look at this.You are probably familiar with

the concept of atmospheric pressure, the notion that the weight of the atmosphere exerts

pressure on the surface of the earth. As you climb to higher elevations, the atmosphere

becomes thinner; i.e., it exerts less pressure. At the top of Mount Everest, for example, you

need an oxygen mask to breathe. Deep space has no atmosphere—it is a vacuum, with no

pressure whatsoever.At sea level, 1 cubic foot of air weighs approximately 0.076 pounds at

60°F (15.6°C). At higher altitudes it weighs less. It also weighs less at higher temperatures,

because as the temperature rises, air expands so that each cubic foot contains less of it.To

completely burn 1 pound of diesel fuel requires approximately 3 pounds of oxygen. Diesel

weighs around 7.2 pounds per gallon. Doing a little arithmetic, and keeping in mind that air is

only 23% oxygen, we find that burning 1 gallon of diesel fuel at sea level requires almost 1,500

cubic feet of 60°F air. This is as much air as is contained in a good-size room! At higher

elevations and temperatures, it can take quite a lot more. The ability to get sufficient air into an

engine for complete combustion of the fuel becomes the limiting factor on how much fuel the

engine can burn.VOLUMETRIC EFFICIENCYEngineers must do everything possible to avoid

restricting the flow of air to an engine and the flow of exhaust gases from it. Air filters are made

as large as possible, and manufacturers recommend changing them frequently. Inlet manifolds

are made as smooth and direct as possible to reduce friction from the incoming air. Valves are

made as large as can be accommodated in the cylinder head (on two-cycle diesels, the inlet

ports are given as large an area as possible). On many modern engines, there are four valves

per cylinder—two inlet and two exhaust— to improve the airflow (see Figure 2-1). The

unavoidable inefficiencies created by the remaining friction in the air passages (including the

exhaust— more on this later) are referred to as pumping losses.The degree to which an engine

succeeds in completely refilling its cylinders with fresh air is known as its volumetric efficiency.

From the bottom of its stroke to the top, a piston occupies, or displaces, a certain volume. This

is known as its swept volume. If an engine were able to draw in enough air on its inlet stroke to

completely fill this swept volume at atmospheric pressure, it would have a volumetric efficiency

of 100%. Volumetric efficiency, then, is the proportion of the volume of air drawn in, relative to

the swept volume, at atmospheric pressure.NATURALLY ASPIRATED ENGINESAn engine that

draws in its air charge through the action of its pistons is known as a naturally aspirated

engine. Here’s how it works.FIGURE 2-1. A modern, high-performance, four-cycle diesel

engine with dual overhead camshafts and four valves per cylinder (two inlet and two exhaust).

(Fritz Seegers)On a standard four-cycle engine, the downward movement of the piston on the



inlet cycle reduces the pressure in the cylinder and pulls air into the cylinder. (Strictly speaking,

reduced pressure in the cylinder causes the higher atmospheric pressure on the outside to

push air into the engine, but it is easier to visualize it as the piston sucking in air.)Friction

caused by the air filter and air-inlet piping (manifold) partially obstructs the flow of air into the

engine. As a consequence, when the piston reaches the bottom of its stroke, the pressure

inside the cylinder is still marginally below that of the atmosphere; i.e., there is a slight vacuum.

This means that the cylinder has not been completely refilled with air under atmospheric

pressure.As the air rushes into a cylinder, however, it gains momentum. When a piston of a

four-cycle engine reaches the bottom of its stroke on the inlet cycle and starts back up on the

compression stroke, air continues to enter the cylinder but only for a moment. To take

advantage of this, the inlet valve is set to close a little after the piston has started its

compression stroke.The same valve is set to open a short time before the piston has reached

the top of its stroke on the exhaust cycle and before the exhaust valve is fully closed. This is

known as valve overlap, and the two valves are said to be rocking at this point (see Figure 2-2).

This ensures that the inlet valve is wide open by the time the piston begins its induction stroke,

which enables the piston to start drawing in air immediately. These techniques can usually

bring up volumetric efficiency to 80% to 90%.FIGURE 2-2. Typical timing circle for a four-cycle

engine.SUPERCHARGERS AND TURBOCHARGERSThe volumetric efficiency, and therefore

the power output, of a naturally aspirated diesel can be increased dramatically by forcing more

air into it under pressure. This is the principle of supercharging and turbocharging.A

supercharger pumps air into the inlet manifold by means of a fan, or blower, that is

mechanically driven off the engine via a belt, chain, or gear. A turbocharger consists of a

turbine installed in the exhaust manifold of an engine and connected to a compressor wheel in

the inlet manifold. As the exhaust gases rush out, they spin the turbine. The turbine spins the

compressor wheel, which pumps air into the inlet manifold. A turbocharger has no mechanical

drive (see Figure 2-3).FIGURE 2-3. A cutaway view of a turbocharger. (Courtesy Garrett

Automotive Products Co.)When the load increases on an engine, more fuel is injected, leading

to a rise in the volume of the exhaust gases. This spins the turbocharger’s exhaust turbine and

compressor wheel faster, forcing more air into the engine. A turbocharger is extremely

responsive to changes in load, driving up the power output of an engine just when it is needed

most.A turbocharger won’t work on a two-cycle diesel, at least not unless it’s used in

conjunction with a supercharger, because when the inlet ports are uncovered by the

descending pistons, a two-cycle diesel depends on a supply of pressurized air to blow the

exhaust gases out of its cylinder’s and refill them with fresh air. This process is called

scavenging. Since during start-up the engine doesn’t have any exhaust gases to spin a

turbocharger, it needs a mechanically driven blower (a supercharger) to pump air into the

cylinders and get everything moving (see Figure 2-4).The efficiency with which fresh air is

introduced into the cylinders in a two-cycle diesel is known as scavenging efficiency, which is

much the same concept as volumetric efficiency on four-cycle engines. If the inlet air drives all

the exhaust gases out of a cylinder and completely refills it with fresh air at atmospheric

pressure, the engine has 100% scavenging efficiency.FIGURE 2-4. “Scavenging” on a two-

stroke diesel. (Courtesy Detroit Diesel)INTERCOOLERS AND AFTERCOOLERSAir

compressed by a turbocharger or supercharger heats up. Because hot air at a given pressure

weighs less than cold, it contains less oxygen per cubic foot. To counteract the turbocharger’s

and supercharger’s loss of efficiency caused by this rise in temperature, the air must be cooled.

Most supercharged or turbocharged engines accomplish this with a heat exchanger, known as

an intercooler or aftercooler, fitted in the inlet manifold between the supercharger or



turbocharger and the engine block. (An intercooler is fitted between a turbocharger and a

supercharger; an aftercooler is fitted between a supercharger or turbocharger and the engine

block. The two terms tend to get used interchangeably, so to avoid cumbersome dual

references, I will use aftercooler.) Cooling water is circulated through these units, much like the

radiator on your automobile, lowering the temperature of the air as it passes into the engine

(see Figure 2-5).FIGURE 2-5. A cutaway view of an aftercooler. Water is circulated through the

copper tubes while the inlet air passes between them. The water cools the air. (Fritz

Seegers)Some aftercoolers are plumbed into the engine cooling circuit, receiving water that

has already been warmed by circulation through the engine. Others are plumbed directly to a

separate raw-water supply (see Section Six: Keeping Things Cool). This latter arrangement

produces the maximum possible drop in the temperature of the inlet air, thereby enabling the

greatest possible amount of air to be pumped into the cylinders. Manufacturers will sometimes

list three separate horsepower ratings for the same engine to reflect these differing

arrangements: (1) naturally aspirated, (2) turbocharged and aftercooled using the engine water

circuit, and (3) turbocharged and aftercooled using a separate water circuit.Superchargers and

turbochargers frequently will raise volumetric efficiency to 150% or more, which is to say that

the air in the cylinder at the end of the induction stroke is well above atmospheric pressure.

Such an engine commonly develops 50% more power, and sometimes almost 100% more

power, than the same-sized naturally aspirated diesel.Of course, the price paid for this

improved efficiency is more complex and expensive engines (although cost per horsepower is

frequently less). Also, turbocharging and supercharging accelerate engine wear and increase

the costs of servicing. But the considerable improvement in power-to-weight ratios is a major

benefit to many weight-conscious boatowners.SECTION TWO: COMBUSTIONWhen diesel

fuel is injected into a cylinder containing high-pressure, superheated air, it does not explode—it

burns. The relatively slow burn rate of diesel fuel produces a more even rise in cylinder

temperatures and pressures than does gasoline, exerting a more gradual force on the piston

over the whole length of its power stroke. This is one of diesel’s advantages over gasoline, and

as a result, diesel engines have far more constant torque (the turning force exerted by the

crankshaft), especially at low speeds.THE IMPORTANCE OF TURBULENCEAt the moment of

injection, pressure in a cylinder can be as high as 700 psi. The temperature can be more than

1,000°F (538°C). Into this dense mass of superheated air, an injector sprays fuel in the form of

one or more streams of minute particles. Only a little more than 20% of the air is oxygen. When

a particle of diesel encounters an oxygen molecule, it begins to burn, consuming the oxygen in

the process. Complete combustion requires the fuel to come into contact with fresh oxygen, but

as the burning progresses, fewer and fewer oxygen molecules remain in the cylinder. Those

that do remain are not always in the right place.Failure to engage a molecule of oxygen causes

the half-burned diesel to be blown out of the exhaust pipe as black smoke, lowering fuel

economy, increasing exhaust pollutants, and robbing power from the engine.Injectors can spray

fuel only in straight lines. When the particles of diesel first emerge from the tip of an injector,

they are fairly densely packed and encounter most of the oxygen molecules. As they move

farther from the injector, they spread out, and fewer of the oxygen molecules lie directly in their

path (see Figure 2-6). Because of this, mixing the fuel and air is imperative.This business of

mixing fuel and air is highly scientific. It has been the subject of much investigation and

experimentation over the years, and in modern engines several approaches are taken. The

principal variations lie in the nature of the pattern in which the diesel fuel is injected into the

cylinders, and in the techniques used for creating turbulence inside the cylinders so that the air

and diesel become thoroughly mixed.FIGURE 2-6. Oxygen utilization. (Fritz



Seegers)INJECTOR SPRAY PATTERNSThe fuel injection spray pattern is determined by the

size and shape of the openings in the injector nozzle, of which there are two basic styles:•

Hole-type nozzles force the fuel through one or more tiny orifices. Varying the size of the

hole(s) atomizes (breaks up) the fuel to a greater or lesser extent. Changing the number and

angles of the holes projects the fuel to different parts of the combustion chamber (see Figure

2-7).• Pintle (pin) nozzles inject a conical pattern of fuel out of a central hole down the sides of

a pin (pintle). This type cannot atomize the fuel to the same degree as a hole-type nozzle.

Varying the angle of the side of the pintle makes the cone of fuel larger or smaller.FIGURE 2-7.

Types of injector nozzles. (Courtesy Lucas/CAV)There are also various hybrid injectors, such

as the Lucas/CAV Pintaux, which consists of a pintle nozzle with an auxiliary hole.Pintle

nozzles have a major advantage over hole nozzles—the action of the fuel scrubbing down the

sides of the pintle helps keep it clean, whereas the tiny orifices in hole-type nozzles can be

blocked by even the smallest piece of debris.TECHNIQUES FOR CREATING TURBULENCEIn

order to mix the injected fuel particles with the oxygen in the cylinders, manufacturers design

pistons and combustion chambers in ways that impart a high degree of turbulence to the air in

the cylinders. Almost all modern diesels use one of the following designs.DIRECT

COMBUSTION CHAMBERSA direct, or open, combustion chamber is really no more than a

space left at the top of a cylinder when the piston is at the top of its stroke. The space also may

be hollowed out of the piston crown or cylinder head (see Figure 2-8). This is the simplest kind

of combustion chamber and has a number of advantages.FIGURE 2-8. Types of combustion

chambers. (Fritz Seegers)Its surface area, relative to the volume of the combustion chamber, is

less than in any other type of chamber. This means that less heat is lost to engine surfaces. As

a result, the thermal efficiency is higher. It also makes starting easier, because less of the heat

of compression dissipates to the cold engine. This feature allows lower compression ratios than

those required with other types of chambers (often 16:1 as opposed to 20:1 or higher), leading

to less stress on the engine and longer life.In other types of combustion chambers, a portion of

the air charge is forced in and out through small openings. This is often referred to as “work

being done on the air.” The process generates a good deal of friction. It also consumes power

and contributes to pumping losses. Of all the different designs, direct chambers do the least

amount of work on the air, but they have drawbacks.A direct combustion chamber creates less

turbulence than any other type; therefore, it uses the least amount of oxygen in the cylinder.

For a given cylinder size, direct combustion chambers generate less power than the others. In

an attempt to offset this, inlet valves and seats are shaped and positioned in ways that impart a

swirling motion to the air charge as it enters the cylinder. Further, the piston crowns on these

engines are frequently given a convoluted shape (known as a toroidal crown—see Figure 2-9),

which has the same effect. In recent years, a great deal of research has been done on

improving the efficiency of direct combustion chambers, with many manufacturers making a

move back to this type of chamber.Engines with direct combustion chambers almost always

use hole-type injectors, which break fuel into smaller particles than pintle nozzles, thus aiding

combustion.PRECOMBUSTION CHAMBERSManufacturers often cast separate

precombustion chambers into a cylinder head. These chambers range in size from 25% to 40%

of the total compression volume of the cylinder. When fuel is injected into a precombustion

chamber, it starts to burn, causing the temperature and pressure to rise above those in the

main combustion chamber. This forces the unburned balance of the fuel and air mixture to rush

through the precombustion chamber’s relatively small opening into the main chamber, resulting

in a high degree of turbulence and a thorough mixing of the fuel and air.This type of engine

generally uses pintle injectors because their conical pattern distributes the diesel throughout



the precombustion chamber. The extreme turbulence set up in the main combustion chamber

offsets the pintle injector’s reduced degree of atomization, compared with a hole-type

nozzle.Precombustion chambers make better use of the oxygen than direct chambers,

resulting in more power from a given cylinder size. More work is done on the air, however, and

the increased surface area of the two combustion chambers reduces thermal efficiency. Engine

starting is harder due to the greater heat losses. For this reason, compression ratios are

generally higher (from 20:1 to 23:1), and glow plugs (see Chapter 4) are invariably installed in

the precombustion chambers to assist in cold starting (see Figure 2-10).SWIRL

CHAMBERSSwirl chambers are similar to precombustion chambers, but their volume is almost

equal to that of the main chamber. A very high degree of turbulence is imparted to the air

charge as it enters the swirl chamber. Pintle nozzles inject the fuel into this swirling mass. Air

use is high, but so too is the amount of work done on the air. Thermal efficiency suffers, so

compression ratios must be high. Glow plugs are needed for cold starting.FIGURE 2-9. Direct

injection with a toroidal crown piston. (Courtesy Volvo Penta)OTHER VARIATIONSThese three

chamber types account for most injector nozzle-combustion chamber combinations found in

marine diesels, but there are other variations. For example, air cells are sometimes used. In

this arrangement, an open chamber is set opposite the injector, the fuel is sprayed across the

piston top into the air cell, and combustion takes place throughout.FIGURE 2-10. This cutaway

view clearly shows a precombustion chamber. (Fritz Seegers)Despite the variety of combustion

chambers and injectors employed, fuel and air never mix or burn 100%. For this reason, diesel

engines are always designed to draw in more air than is strictly required to burn the fuel charge

so that full combustion of the diesel is assured. The more complete the combustion, the more

fuel efficient and the less polluting the engine. Mixing fuel and air as thoroughly as possible

reduces the amount of excess air needed for a clean burn, resulting in greater power from any

cylinder of a given size.WHY BOTHER?At this point you may ask, “Why do I need to know

these things?” For one thing, the next time you see a glossy engine brochure advertising the

merits of a “high-swirl combustion engine,” you will know just what is being described. More

important, the basis for effective troubleshooting is an understanding of what is going on inside

your engine. For example, say your engine has been increasingly difficult to start of late, has

been emitting black exhaust smoke, and is now beginning to overheat and seize up while in

use. You’ve determined that the cooling system is working fine, that the crankcase has plenty

of oil, and that the oil pressure is normal (or perhaps marginally on the low side due to the

overheating). You need to ask yourself a couple of questions: Does this engine have direct

chambers, precombustion chambers, or swirl chambers? Does it have hole or pintle injectors?If

the engine has direct combustion chambers with hole-type injectors, one or more injectors may

be malfunctioning, leading to poor atomization of the fuel and possibly injector dribble. This

could be the cause of the difficult starting and the black smoke from unburned fuel. The liquid

fuel in the cylinder is now washing away the film of lubricating oil on part of a cylinder wall,

creating excessive friction with the piston. The piston and cylinder are heating up, and a partial

seizure is underway. Engines with precombustion and swirl chambers are less likely to suffer

these symptoms.This is only one possibility (more troubleshooting follows later). But this

example does illustrate that you can never have too much information about an engine when

diagnosing problems, and even the facts that seem most obscure can come in

handy.SECTION THREE: FUEL INJECTIONThe first two sections of this chapter described

what must happen inside a cylinder if the injected fuel is to burn effectively. This section takes a

look at the injection system itself, which is surely one of the miracles of modern technology.

Today’s breed of small, high-speed, lightweight, and powerful diesels are possible in large part



because of dramatic improvements in fuel injection technology.Consider a four-cylinder, four-

cycle engine running at 3,000 rpm, and burning 2 gallons of diesel per hour. On every

compression stroke, the fuel system injects 0.0000055 gallon of fuel (5.5 millionths of a

gallon!). Depending on the type of injector, injection pressures vary from 1,500 psi to over

20,000 psi, so the fuel must be raised to this pressure as well.Each stroke of the piston of an

engine running at this speed takes only 1/100 of a second. In less than an instant, the injection

system must initiate injection, continue it at a steady rate, then cut it off cleanly. The rate of

injection must be precisely controlled. If it is too fast, combustion accelerates, leading to high

temperatures and pressures in the cylinder and to engine knocks (for more on this see the

Knocks section on pages 118-20). If it is too slow, combustion retards, leading to a loss of

power and a smoky exhaust. The fuel, as we have seen, must be properly atomized, and there

must be no dribble from the tip of the injector, either before or after the injection pulse.The

actual beginning point of injection must be timed to an accuracy of better than 0.00006 second!

Finally, every cylinder must receive exactly the same amount of fuel. It also must be constant

from revolution to revolution to avoid vibration and uneven cylinder loading, which could lead to

localized overheating and piston seizure. These facts and figures serve only to illustrate that a

diesel engine fuel injection system is an incredibly precise piece of engineering that needs to

be treated with a great deal of respect.The overwhelming majority of diesel engines use one of

the following approaches to fuel injection: a jerk pump (or in-line pump), a distributor pump (or

rotary pump), a unit injector, or a common rail system.FIGURE 2-11. Schematics of jerk pump

(top) and distributor pump (bottom) fuel injection systems. (Courtesy Lucas/CAV)JERK (IN-

LINE) PUMPSA schematic of this type of fuel injection system is shown in Figure 2-11. A lift, or

feed, pump draws the fuel from the tank through a primary fuel filter. It then pushes fuel at low

pressure through a secondary filter to the jerk injection pump.Jerk pumps consist of a plunger

driven up and down a barrel by a camshaft. At the bottom of the plunger stroke, fuel enters the

barrel. As the plunger moves upward, it forces this fuel out of the barrel through a check, or

delivery, valve to the injector via a delivery pipe (see Figure 2-12). The pressure generated by

the pump forces open another valve in the injector, allowing injection to take place.FIGURE

2-12. Arrangement of plungers and barrels of an in-line jerk pump. (Courtesy Lucas/CAV)The

speed of a diesel engine is regulated by controlling the amount of fuel injected into the

cylinders. To make this possible, the jerk pump’s plunger has a curved spill groove machined

down its edge. A hole drilled through the top of the plunger connects with this groove so that

the fuel in the barrel can flow to it (see Figure 2-13). Another hole, a bleedoff port, is also

drilled into the pump barrel.Anytime the spill groove lines up with the bleedoff port, the fuel in

the barrel runs out, pressure falls, and injection ceases. By rotating either the barrel or the

plunger, the groove and port can line up at a variety of points on the plunger’s stroke, thereby

varying the amount of fuel injected before the moment of bleed-off.A gear fitted to the plunger

or the barrel is turned via a geared rod, which is known as the fuel rack. The throttle is

connected to this rack. Varying the position of the throttle regulates the flow of diesel to the

injectors, which controls engine output.FIGURE 2-13. The pumping element of a jerk pump.

(Courtesy Lucas/CAV)Many turbocharged engines include a smoke limiter, which consists of a

diaphragm plumbed to the inlet manifold on one side and the fuel rack on the other. When the

inlet air pressure is low (the turbocharger is not up to speed), the maximum travel of the fuel

rack is limited. This eliminates the characteristic cloud of black smoke that older engines

released when they accelerated, and it also prevents smoking at higher throttle settings.On

some engines, an electronic device connected to the engine’s computer operates the rack, as

opposed to the traditional mechanical linkage. Typically, the computer monitors the inlet air



pressure and temperature, and from these readings, it calculates the quantity of air available

for combustion, adjusting the maximum fuel setting accordingly. Once again, this process

eliminates the cloud of black smoke when an engine accelerates and stops smoking at higher

throttle settings.FIGURE 2-14. A typical in-line jerk pump for a four-cylinder engine. (Courtesy

Lucas/CAV)Each cylinder requires its own jerk pump, but all of them are normally housed in a

common block and driven by a common camshaft (with a separate cam for each pump). These

are known as in-line pumps (see Figure 2-14).Smooth engine operation from an in-line system

demands that each pump put out exactly the same quantity of fuel to within millionths of a

gallon. A jerk pump plunger has no piston rings to seal it in its barrel—it relies solely on the

accuracy of the fit of the plunger and barrel. Nowadays, the two are machined to within 0.0004

inch of each other, and plungers and barrels must be as smooth as glass or they will seize up.

Because of this degree of precision, amateurs should never tamper with fuel injection pumps.

The only possible result is expensive damage!FIGURE 2-15. A typical fuel system with a

distributor pump. (Courtesy Lucas/CAV)DISTRIBUTOR (ROTARY) PUMPSFigures 2-11, 2-15,

and 2-16 show a distributor pump fuel injection system. Note that it is broadly similar to the jerk

pump system. The two systems operate in the same way, use the same injectors, etc. The only

difference between the two lies in the injection pumps themselves.Whereas a jerk pump has a

separate pump for each engine cylinder, a distributor pump uses one central pumping element

and a rotating head that sends fuel to each cylinder in turn. This is done in much the same way

that a gasoline engine’s distributor used to send a spark to each spark plug in turn (as in the

days before electronic ignition systems), hence the name distributor pump.FIGURE 2-16.

Distributor-type fuel injection. (Courtesy Volvo Penta)Because the same pump feeds all the

cylinders, every injector gets an equal amount of fuel, ensuring even engine loading and

smooth running at idle speeds. A metering valve on the inlet to the pump and connected to the

throttle regulates the output of the pump and, consequently, the engine as well (see Figure

2-17). There also may be a smoke limiter (see above). On some engines, an electronic device

connected to the engine’s computer operates the throttle with the same kind of functionality as

an electronically controlled jerk pump (see above once again).FIGURE 2-17. Distributor-type

fuel injection pump. (Courtesy Lucas/CAV)UNIT INJECTORSUnit injectors have a fuel pump

that draws fuel from a tank via a primary filter, passes the fuel through a secondary filter, then

discharges it continuously into a passage, or gallery, in the cylinder head at a relatively low

pressure. This gallery supplies the injectors (see Figure 2-18). A pressureregulating valve at

the end of the fuel gallery holds the pressure in the system at a set point and allows surplus

fuel to return to the fuel tank. Fuel flows continuously through the whole system, including the

injectors, keeping it lubricated and cool.FIGURE 2-18. Unit injection as applied on a Detroit

Diesel twocycle engine. (Courtesy Detroit Diesel)Each injector contains its own fuel pump,

similar in many ways to a jerk pump. An engine-driven camshaft operates each pump, and at

the appropriate moment, the pump strokes and injects fuel directly into the engine. Engine

speed is controlled by varying the amount of injected fuel. On modern engines, the control

mechanism is a solenoid linked to the engine’s computer to optimize fuel efficiency and

minimize exhaust emissions (electronic unit injector, EUI). At a minimum, the computer will be

monitoring inlet air pressure and temperature, as described for electronically controlled jerk

pumps, and often much more (see Section Five: Electronic Engine Controls). On some engines

(notably Caterpillars), the rocker and camshaft are eliminated, and instead, high-pressure

engine oil is used to generate injection pressures (hydraulic electronic unit injection, HEUI).Unit

injection is common on larger engines because it is possible to achieve extraordinarily high

injection pressures (up to 30,000 psi/2,000 bar), which is important in terms of fully distributing



the injected fuel inside large combustion chambers (the larger the combustion chamber, and

the farther the fuel has to be projected, the higher the injection pressure needs to be). Unit

injectors are rarely found on smaller engines (other than some Detroit Diesel two-cycle

diesels).COMMON RAIL SYSTEMSA common rail system is similar in some ways to unit

injection—a pump draws fuel from the tank and circulates it continuously through a gallery in

the cylinder head and back to the tank. However, in the common rail system, the fuel is

circulated at full injection pressure (often 20,000 psi/1,350 bar or higher), eliminating the need

for unit injectors. Instead, all that is required for injection is some kind of a valve to admit fuel to

the cylinders at the appropriate time and in the appropriate quantities. On modern engines, this

is typically a fast-acting electromagnetic needle valve, controlled by the engine’s computer (see

Figure 2-19).FIGURE 2-19. Common rail fuel injection. The process is controlled by (1) an

electronic control unit (ECU) that receives inputs from numerous sensing devices. A high-

pressure pump (2) feeds the common rail (3). Although the injectors (4) resemble traditional

injectors, they are, in fact, electronically operated needle valves. (Fritz Seegers)The common

rail system separates the two functions of generating fuel pressure and injection timing (which,

in other systems, are combined at the injection pump or unit injector). The fuel is stored

continuously at injection pressures in an accumulator rail. At the injector, an electronic valve

opens and closes to allow fuel into the cylinder.With a conventional injection pump, there is an

injection lag between the moment the pump generates injection pressures and the moment of

injection. This lag varies with such things as fuel temperature and viscosity, the elasticity of

injection lines, and wear in the injection pump. Common rail injection is in real time, enabling

extraordinarily precise control.With a conventional system, the volume of fuel in an injection

line is quite small. As soon as injection commences, there is some pressure drop in the line,

which reduces the effectiveness of the injection stroke. With common rail, the volume of

pressurized fuel in the accumulator relative to the volume of fuel being injected is such that it

eliminates this pressure drop.Electronically controlled common rail systems monitor numerous

engine and fuel variables (see Section Five: Electronic Engine Controls), with a computer

optimizing the injection process based on this information. The rate of injection is carefully

regulated to create a controlled power stroke (which eliminates the characteristic clatter of a

diesel engine at idle). There may be as many as five injection pulses per power stroke. The net

result is improved engine efficiency over a wide range of operating conditions, lower exhaust

pollution, less noise and vibration, and extended engine life. The downside is the dependence

on highly sophisticated electronics.Because of the high pressures found in a common rail

system, no amateur mechanic should ever attempt to service one of these systems. Just

slackening an injection nut (as is commonly done when troubleshooting other types of injection

systems) can result in a spray of diesel that has sufficient force to penetrate the skin and cause

blood poisoning. The incredibly finely atomized diesel is also a fire hazard. (To minimize fire

risks in the event of damage to system piping, all piping is double walled with an alarm system

that goes off if the inner wall gets ruptured.)Although common rail engines are finding their way

into some lower hp marine applications, neither Volvo Penta or Yanmar will be using this

technology in marine diesel engines below 100 hp anytime soon.INJECTORSWith

conventional fuel injection, every time an injection pump (jerk or distributor type) strokes, it

drives fuel through the delivery pipe at high pressure to an injector. A unit injector has the

injection pump built into it, operating directly off the engine’s camshaft, and thus eliminates the

delivery pipes. The common rail system does away with conventional injectors

altogether.FIGURE 2-20. Traditional fuel injectors. Fuel entering the injector passes through

galleries in the body and nozzle to a chamber surrounding the nozzle valve. The valve spring



tightly holds the valve closed until fuel pressure from the injection stroke overcomes the

spring’s tension and lifts the valve, letting fuel under high pressure pass through the holes and

tip of the spray nozzle. This happens instantaneously. At the end of the injection, fuel pressure

rapidly falls and the spring returns the valve to its seat, ending the flow of fuel into the

combustion chamber. (Courtesy Lucas/CAV)Inside an injector, a powerful spring (the thrust

spring) holds a needle valve against a seat in the injector nozzle. The needle valve is designed

to lift off its seat, allowing fuel to enter the engine, when the pressure in the injector reaches a

certain level (see Figure 2-20). Some injectors have two thrust springs (two spring injectors),

resulting in a two-stage injection process. The first spring lifts to allow a small preliminary

injection that creates turbulence and increases cylinder pressures ahead of the second (main)

injection pulse. This results in a smoother, quieter, cleaner, more efficient burn. (Note that

these injectors cannot be reconditioned in the field and must be exchanged for new ones.)With

jerk pumps and distributor pumps, a small amount of diesel is allowed to find its way past the

stem of the needle valve to lubricate the injector. The extra fuel then returns to the fuel tank via

a leak-off pipe. Fuel continuously circulates through the body of a unit injector.With

electronically controlled jerk and distributor pumps (see Section Five: Electronic Engine

Controls), the injector on the #1 cylinder may include a needle lift sensor—a solenoid coil

wound around a magnetic core—that senses the moment at which the needle valve lifts off its

seat and sends a signal to the control unit. This is the moment at which injection commences.

The control unit uses this signal, along with the engine speed signal, to adjust injection timing.

If either signal is lost, the control unit will limit engine output. (With Volvo Pentas, if the needle

lift signal is lost, the top engine speed is lowered; if the engine rpm signal is lost, the engine is

stopped. Note that these injectors cannot be reconditioned in the field and must be exchanged

for new ones.)In a common rail system, the fuel is always at injection pressures. A special type

of solenoidoperated valve is opened (electrically) to inject fuel into a cylinder.When thinking

about what kind of injection may be found on an engine of a given age, it’s worth bearing in

mind that the evolution of electronic controls over the past twenty years (1985 to 2005) has

been more or less in the order that follows:1. Electronically adjusted jerk and distributor pumps,

on which the fuel rack is moved by an electrical device and based on a relatively simple

computer program that monitors inlet air pressure and temperature.2. Injectors with needle lift

sensors that enable the injection timing to be adjusted according to engine speed.3.

Electronically controlled unit injectors based on increasingly sophisticated computer software

receiving data inputs from an ever-increasing number of sensing devices on engines.4.

Common rail systems with, once again, increasingly sophisticated computer controls.The

addition of any electronics to the injection process, especially complex electronics, more or

less precludes the owner/operator from doing any service work on the injection

system.FIGURE 2-21. A typical mechanical lift pump fitted to the side of an engine block.LIFT

PUMPSTraditional fuel systems use a lift pump to move diesel from the fuel tank to the

injection pump. Some engines use electric diaphragm pumps similar to the units found on

many automobiles, but the majority of jerk and distributor injection systems use a mechanically

driven diaphragm pump fitted to the engine block or the side of the injection pump (see Figure

2-21; for more on lift pumps, see pages 103-5). A unit injection system requires a custom-made

gear pump very specifically designed for this system, as does a common rail system.SECTION

FOUR: GOVERNORSThe output of a diesel engine is controlled by regulating the amount of

fuel injected into the cylinders. In marine use, you normally want the engine to run at a specific

speed, regardless of the load placed on it. This cannot be done by simply pegging the throttle

at a certain point because every time the load increases or decreases, the engine slows down



or speeds up. Constant-speed running with a conventional diesel engine is achieved by

connecting the fuel-control lever on the injection pump or unit injector to a governor. On

engines with electronic engine controls, the function of a traditional governor is taken over by

the engine’s computer (see below).SIMPLE GOVERNORSThe most basic governor consists of

two steel weights, known as flyweights, attached to the ends of two hinged, spring-loaded arms

(see Figure 2-22). The governor’s driveshaft is mechanically driven by the engine, and as it

spins, the flyweights spin with it, pushed outward by centrifugal force. A speeder spring

counterbalances this centrifugal force.Let’s assume that the engine is running, the governor is

spinning, and the flyweights are in equilibrium with the speeder spring at a certain position. If

the load decreases and the engine speeds up, the governor will spin faster, and the flyweights

will move out under the increase in centrifugal force. As the flyweights move out, their arms

push up against the control sleeve, which compresses the speeder spring until sufficient

counterbalancing pressure restores equilibrium.The control sleeve is connected by a series of

rods to the injection pump’s fuel-control lever, and when the sleeve moves up the governor’s

driveshaft, it cuts down the injection pump’s rate of delivery. The reduction in fuel slows the

engine to the speed at which it was originally set.If the load increases and the engine slows

down, the centrifugal force on the flyweights decreases, and they move inward under the

pressure of the speeder spring. In moving inward, the flyweight arms allow the speeder spring

to push the control sleeve down the driveshaft, operating the injection pump’s fuelcontrol lever.

This causes more fuel to be injected, which returns the engine to its preset speed.The engine

can be run at any set speed by adjusting the tension on the speeder spring via the speed

adjusting rod. The greater the pressure on the spring, the more the flyweights are held in, the

more fuel is injected, and the faster the engine runs. Reducing the pressure on the speeder

spring causes the flyweights to move out more easily, therefore sooner. When the fuel injection

rate is reduced, the engine runs at slower speeds.FIGURE 2-22. A basic governor. (Fritz

Seegers)On larger conventional engines, the simple mechanical governor just described is

likely to be replaced by a complex hydraulic one, though the principles are the same.In the

past, some small marine diesels have had the governor installed in the engine block, but

normally it is in the back of the fuel injection pump. It rarely malfunctions (troubleshooting is

covered on pages 152-53). Beyond the occasional need to adjust the tension of the speeder

spring to set up the engine’s idle speed, you should not need to know any more about a

mechanical governor than the information given here.VACCUUM GOVERNORSYou may

occasionally run across a vacuum governor, which operates as follows. A butterfly valve (a

pivoting metal flap) is installed in the entrance to the airinlet manifold. A vacuum line is

connected between the air-inlet manifold and a housing on the back of the injection pump.

Inside this housing is a diaphragm that is connected to the injection pump’s fuel-control lever,

or rack.The throttle operates the butterfly valve, and when the throttle is shut down, the

butterfly valve closes off the air inlet to the engine. The pumping effect of the pistons

attempting to pull in air then creates a partial vacuum in the air-inlet manifold. This vacuum is

transmitted to the housing on the fuel injection pump via the vacuum line, sucking in the

diaphragm against a spring. The diaphragm pulls the injection pump’s control lever to the

closed position.If the load increases, the engine slows, the vacuum declines, and the spring in

the fuel injection pump pushes the diaphragm, and with it the fuelcontrol lever, to a higher

setting. The engine speeds up. If the load decreases, the engine speeds up and the vacuum

increases, sucking the diaphragm to a lower fuel setting and slowing the engine.When the

throttle is opened, the butterfly valve opens, the manifold vacuum declines, the diaphragm

moves back under pressure from the spring, the fuelcontrol rack increases the fuel supply, and



the engine speeds up to the new setting.Aside from leaks in the vacuum line and around the

diaphragm housing or a ruptured diaphragm (both are covered on page 154), little can go

wrong with this system. The engine’s idle speed is set with a screw that adjusts the minimum

closed position of the butterfly valve.SECTION FIVE: ELECTRONIC ENGINE CONTROLSFirst-

generation electronic engine controls replaced the functions of the governor and speeder

spring with an engine speed sensor wired to an electronic control unit (ECU). The ECU outputs

a signal to a solenoid-operated actuator that moves the fuel rack in the injection pump to vary

the rate of fuel injection. The rate of injection is adjusted to maintain the desired engine

speed.Over time, ECUs have been designed to act upon information from various other

sensors (such as a turbocharger’s air pressure and temperature), resulting in improved engine

performance. The latest generation of electronic engine controls (with unit injectors and on

common rail systems) now operate at the individual injector level, rather than at the injection

pump level.ECUs have become extremely complex and sophisticated, incorporating data from

an everincreasing array of sensors (see the Engine Sensors sidebar on page 32). Their

functions have been extended from simple engine speed control to include transmission

shifting and steering, resulting in what is known as fly-by-wire operation: there is only a data

cable (no mechanical link) between the throttle, gearshift lever, and steering wheel and the

devices they control (see Figure 2-23).Electronic Engine Control AcronymsThere are literally

dozens of acronyms cropping up in the field of electronic engine controls (EEC). Here are a

few:MC = mechanical controlEVC = electronic vessel controlECU = engine (or electronic)

control unitEC = electronic controlPCU = power train control unitHCU = helm control unitIPS =

Inboard Performance System (this is unique to Volvo)FIGURE 2-23. A modern, electronically

controlled, networked engine, with fly-by-wire throttle, gear shifting, and steering. (Courtesy

Volvo Penta)NETWORKINGToday, almost all ECUs operate on some variant of a protocol

known as CAN (controller area network) that has come out of the automotive industry, and

which is found on most modern cars. (When you take your car in for servicing and the

technician plugs it into a computer to check its operating history and diagnose problems, the

computer is being plugged into the CAN system.) CAN-based systems on marine diesels have

increasingly powerful diagnostic and troubleshooting capabilities.Latest-generation navigational

electronics also share data via the CAN system. At the time of writing (2006), we are beginning

to see the integration of navigational electronics with engine electronics. At its simplest, this

may be no more than engine data being displayed on navigational screens and vice versa, but

in many instances, there is beginning to be functional interaction. For example, if the depth

sounder shows shallow water or the radar shows an approaching land mass, the engine may

be slowed. This process of integration is certain to continue.BENEFITSElectronic engine

control systems result in a considerable reduction in the wiring associated with an engine. In

essence, all the engine sensors have point-to-point wiring to the ECU unit, which is generally

mounted on or near the engine. From there all data travel on a single twisted-pair cable to the

remotely mounted engine controls and displays, as opposed to the wires from individual

sensors being routed to the gauges that display their information. The gauges are invariably

mounted in a serial fashion—with the single data cable looped from gauge to gauge.

Increasingly, the gauges themselves are giving way to on-screen displays (see Figure

2-24).The net result is more and more powerful electronic controls with tremendous diagnostic,

failure warning, and troubleshooting functions, along with a considerable amount of stored

history, but the controls are beyond the capability of any amateur shade-tree mechanic to

troubleshoot and repair (see Figures 2-25, 2-26, and 2-27).FIGURE 2-24. Integrated onboard

electronic display.FIGURES 2-25, 2-26, and 2-27. Screen shots illustrating the range of



information available to the operator of a modern, electronically controlled engine. (Courtesy

Volvo Penta)It is worth noting that electronic engine controls take a lot of resources to develop.

In general, the bigger the manufacturer, the more advanced, the more sophisticated, and the

better tested the electronics are likely to be.LIMPING HOMEThe year 2006 saw the

introduction of the first fully networked boats with more or less complete integration of

networked navigational electronics, engine monitoring and control systems, steering and gear

shifting, and the rest of a boat’s electrical distribution system (using remotely operated

electronic circuit breakers—what is known as a distributed power system).All the data, from

literally dozens of sensors, gauges, and control devices, that are necessary to make all these

systems functional run on a single data bus! This is powerful technology, with some

tremendous benefits for boatbuilders and boatowners alike … but what happens if the bus gets

put out of action?ENGINE SENSORSThe following is a list of the sensors that are likely to be

found on a modern, electronically controlled, diesel engine, and which will be integrated into

the operation of the engine’s ECU:Pressure in the raw-water systemSeawater

temperatureSeawater depthSeawater depth alarmPressure in the freshwater

systemFreshwater temperatureFuel pressureFuel rateFuel tank levelsHigh-pressure injection

line leakage (common rail systems)Engine oil pressureEngine oil filter differential

pressureEngine oil temperatureTransmission oil pressureTransmission oil

temperatureTurbocharger pressureInlet air temperatureExhaust temperatureEngine rpmEngine

operating hoursEngine power trimBattery voltageRudder angleThrottle positionBoat speedECU

functions may include such things as:Sensor failure warningsCalculated fuel burn rate, range

under power, etc.The most efficient operating speedCalculated loadOperating history, including

how many hours at what speed and load and the date and time of “events” such as a high

exhaust temperatureSynchronizing enginesProgrammable monitoring that can be customized

so that if, for example, the engine temperature rises or the air inlet temperature rises, the

engine slows downSetting of idling and trolling speeds according to different fish identified by a

fishfinderEnhancing low-speed maneuvering by allowing the clutch to slip on a hydraulic

transmissionSettings for a limp-home function in the event of serious failures in the electronics

of fly-by-wire steering, throttle, and transmission shiftingThere is an obvious need to identify

critical circuits and to make them as invulnerable to disruption as possible and, if necessary,

provide a manual override of some kind if the bus goes down altogether. This is known as a

limp-home capability, and it varies from manufacturer to manufacturer. It is one of those things

that anyone considering buying a fully electronic engine, or a distributed power system for the

rest of the boat, should research before choosing a system.Regardless of how well a system is

hardened against radio frequency interference/electromagnetic interference (RFI/EMI),

lightning strikes, and so on, all systems require a minimum power supply to remain operational.

If the voltage drops below a certain level (generally around 5.0 to 6.0 volts), there will be a

brownout, in which unpredictable responses may happen, followed by a complete shutdown of

the network as the voltage drops lower. It’s a good idea to have some kind of uninterrupted

power supply (UPS) for the critical circuits on the network (e.g., the engine, steering,

transmission shifting, and bilge pumps).SECTION SIX: KEEPING THINGS COOLDiesel

engines generate a great deal of heat, only one-third of which is converted to useful work. The

remaining two-thirds must somehow be released to the environment so that temperatures in

the engine do not become dangerously high. Excessively high temperatures can break down

lubricating oils, causing the engine to seize or the cylinder head to crack. A little less than one-

half of the wasted heat goes out with the exhaust gases; a similar amount is carried away by

the cooling system. The balance radiates from the engine’s hot surfaces.Three principal types



of cooling systems are used in boats: raw water, heat exchangers, and keel coolers.RAW-

WATER COOLINGRaw-water cooling systems draw directly from the body of water on which

the boat floats. This water enters through a seacock; passes through a strainer; circulates

through oil coolers, any aftercooler, and the engine; and finally discharges overboard. On most

four-cycle diesels, after the water circulates through the engine, it enters the exhaust pipe and

discharges with the exhaust gases. This is a wet exhaust (see Figure 2-28); a dry exhaust has

no water injection.A raw-water cooling system is simple and economical to install, but it has a

number of drawbacks. Over time a certain amount of silt inevitably finds its way into the engine

and coolers and begins to plug cooling passages. Regulating the engine’s temperature is

difficult. First, the temperature of the raw water may range from the freezing point in northern

climates in the winter to 90°F (32°C) in tropical climates in the summer. Second, the system

frequently has no thermostat because the inevitable bits of trash and silt can clog it and make it

malfunction.FIGURE 2-28. Raw-water cooling.In salt water, scale (salts) crystallizes out in the

hottest parts of the cooling system, notably around cylinder walls and in cylinder heads (see

Figure 2-29). This leads to a reduction in cooling efficiency and localized hot spots (General

Motors states that 1/16 inch of scale on 1 inch of cast iron has the insulating effect of 4½

inches of cast iron!). The rate of scale formation is related to the temperature of the water, and

it accelerates when coolant temperatures are above 160°F (71°C). As a result, raw-

watercooled engines must generally be operated cooler than other engines (around 140°F to

160°F/60°C to 71°C, compared with 185°F/85°C or higher). This lowers the overall thermal

efficiency of the engine and can also cause water and harmful acids to condense out in the

engine oil (see pages 51-52).The combination of heat, salt water, and dissimilar metals is a

potent one for galvanic corrosion. An engine using raw-water cooling should be made of

galvanically compatible materials (e.g., a cast-iron block should have a cast-iron cylinder head,

not an aluminum one). Sacrificial zinc anodes must be installed in the cooling circuit, and they

must be inspected and changed regularly (see pages 61-63).FIGURE 2-29. Corrosion in a raw-

water-cooled cylinder head. Note the scale partially plugging the water passage on the right-

hand side.The engine cannot be protected with antifreeze in cold weather; therefore, it will

have to be drained after every use. To facilitate draining, piping runs and pumps need to be

installed without low spots.Today’s powerful, high-speed, lightweight diesels demand a greater

degree of cooling efficiency than that provided by raw-water cooling. Almost all these power

plants use a heat exchanger or keel cooler.HEAT EXCHANGER COOLINGAn engine with a

heat exchanger has an enclosed cooling system. The engine cooling pump circulates the

coolant from a header (expansion) tank through oil coolers, maybe an aftercooler, and the

engine. The coolant then passes through a heat exchanger to lower its temperature and is

circulated once again (see Figure 2-30).
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Marine Diesel Basics 1: Maintenance, Lay-Up, Winter Protection, Tropical Storage, Spring

Recommission, Troubleshooting Marine Diesel Engines, 4th Ed. (IM Sailboat Library), Don

Casey's Complete Illustrated Sailboat Maintenance Manual: Including Inspecting the Aging

Sailboat, Sailboat Hull and Deck Repair, Sailboat Refinishing, Sailbo, The Complete Rigger's

Apprentice: Tools and Techniques for Modern and Traditional Rigging, Second Edition,

Boatowner's Illustrated Electrical Handbook, Boatowner's Mechanical and Electrical Manual:

How to Maintain, Repair, and Improve Your Boat's Essential Systems, How Boat Things Work:

An Illustrated Guide, The Annapolis Book of Seamanship: Fourth Edition, Sailboat Electrical

Systems: Improvement, Wiring, and Repair (IM Sailboat Library), Replacing Your Boat's

Electrical System (Adlard Coles Manuals), Inspecting the Aging Sailboat (The International

Marine Sailboat Library), The Voyager's Handbook: The Essential Guide to Blue Water

Cruising, World Cruising Routes: 1000 Sailing Routes in All Oceans of the World - 8th Edition,

This Old Boat, Second Edition: Completely Revised and Expanded, Illustrated Sail & Rig

Tuning: Genoa & mainsail trim, spinnaker & gennaker, rig tuning (Illustrated Nautical Manuals

Book 1), Modern Marine Weather: From Time-honored Traditional Knowledge to the Latest

Technology, Chapman Piloting & Seamanship 69th Edition, Marine Diesel Engines: Care and

Maintenance, The Essentials of Living Aboard a Boat: The Definitive Guide for Liveaboards,

Nigel Calder's Cruising Handbook: A Compendium for Coastal and Offshore Sailors, Advanced

Marine Electrics and Electronics Troubleshooting, The 12-Volt Bible for Boats, How to Read a

Nautical Chart, 2nd Edition (Includes ALL of Chart #1): A Complete Guide to Using and

Understanding Electronic and Paper Charts, Celestial Navigation: A Complete Home Study

Course, Second Edition

Bob, “Covers the basics very well.. Better than most self-help books on boat diesels, I always

reference it before troubleshooting. But there are some points it fails to make. One of the

biggest problems I see with boat diesels is lack of compression. When an engine has shown it

is getting fuel and cranks over sharply and doesn't even attempt to start, its almost always the

lack of compression. The book barely touches the subject. It should go more into trouble

shooting this type of issue. It should talk about taking a compression check. You can buy a

decent diesel compression tester with adapters for about $50. If the compression is less than

300 PSI, good luck starting your engine. Also you can combine the adapters from the diesel

compression checker with a leak down tester (also about $50) and see if the engine is losing

compression through one of the valves, past the rings (or cylinder scoring) or through the swirl

chamber. Can use a normal portable air compressor for testing. Problem can be normal carbon

build up around the valves, corrosion or just legitimate wear. The other thing the book misses is

what it takes to actually fix a boat diesel. Things like pulling the head(s) and getting the engine

into the air so you can pull pistons from underneath. Doesn't really cover repairs. and most

importantly, it says nothing about securing a shop or service manual for your engine. This is

perhaps the most important point to make for people attempting to work on their diesels. A

service manual is not an operations manual. It goes into the tools and techniques to actually

dig into your engine. I'm guessing the book is more focused on telling a user when they need to



find a diesel mechanic.”

Skeep, “Sailors need this one!. I've never read anything from Nigel Calder and have obviously

missed this timely author on a subject most all of us sailors need more assistance. Hardbound

by McGraw-Hill it is an enduring and sharp looking production. Replete with fine line drawings

and sharp photographs, it is attractive to thumb through and simple to find data with a well

stepped-out and rational Contents section and a helpful Index to balance the book's intent of

helping the Sailor do his or her maintenance correctly. His attention to marshaling detail in an

accessible manual simplifies the complexities and gives the reader confidence to attend to the

things needed for sustaining our old diesel engines aboard.”

J. Eaton, “Really helpful. I have an Alberg 35 sailboat with a Yanmar 3gm30F diesel. I've been

sailing since I was 12 (I'm 68) but this is my first experience with diesel engines. Like everyone,

I use Youtube but you never know if you are getting someone there who is doing things right.

Nigel Calder is the definition of Doing Things Right. Many of the diagrams in the book are from

Yanmar but I believe this is a must have manual for everyone with a small diesel engine.”

Veronica L, “Well written and illustrated. A great introduction to marine diesel engines. Unless

you are super mechanically inclined, you probably won't be able to do repairs yourself, but you

will understand what your mechanic is talking about, and be able to identify problems when

they happen and perform routine maintenance.”

Mr BigEars, “Good coverage of the subject. This is a good intro to small diesels, especially

outdated ones you find on old boats. The writing is readable and easy-to-follow. The pictures

could be much better. A mechanic friend who uses it to teach seminars said it contains several

pieces of inaccurate info in the troubleshooting tables. Overall, his other books (Boatowner's

Mechanical and Electrical Manual) is a better deal since it contains most of the same material

and then some.”

Whit T., “Clear and well-illustrated.. This was a gift for a friend who already knows a good deal

about diesels. He finds it immensely valuable and appreciates the lucid text and detailed

diagrams.”

Mr. R. F. Buxton, “The Marine Engine Bible for Sailors. Assumes that you have no knowledge at

all, so starts with the basics and tells you everything you need to know. Greta technical manual.

Better than even the Haynes Car Workshop Manuals used to be in the '80s. No boat owner

should be without this book.”

Steve Guy, “Clear troubleshooting guide. Very simple, clear guide to diesel engines - marine

diesels and trouble shooting - great value”

P.Corrigan, “5 +Pþ�+Pþ�+Pþ�+Pþ�+Pþ�. Perfect condition”

The book by Nigel Calder has a rating of  5 out of 4.7. 541 people have provided feedback.
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