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Introduction
The diesel engine gets its name from its inventor, Rudolf Diesel, who was born in Paris in 1858 of Bavarian immigrant parents. He studied at Munich Polytechnic and, after graduating, worked as a refrigeration engineer. But his real interest lay in engines. In August 1893, his prototype pressure-ignited model ran for the first time. It later exploded, nearly killing him. It was not until 1897 that he built a really successful engine. This was the first sure step on a process of development that continues to this day.
Although the principles remain the same, the modern diesel engine has become much more refined. It’s lighter, quieter, and more powerful for its weight than anyone could have imagined, even a few years ago. So far as inboard marine engines are concerned, it has become almost the only choice for sailing yachts and workboats, and the preferred option for many power vessels – particularly the larger ones.
The inherent simplicity of diesel engines makes them very reliable but, like all machinery, they are certainly not infallible. Since many aspects of seamanship are to do with reducing risk, and then knowing how to act when the unexpected happens, it should come as no surprise to learn that the same applies to diesel engines. A wise skipper will maintain their engine properly – thereby ensuring it will give the best possible service – and will make sure they know exactly where to turn if it develops problems.
The object of this book is to provide a sound understanding of how diesel engines and their various ancillaries work, and basic guidance on maintenance and trouble-shooting. Used in conjunction with your own engine manufacturer’s manual, there is little else you should need to know.
 

How Diesel Engines Work
Unlike petrol engines, which employ an electrical spark to initiate combustion, diesel engines rely on ‘pressure-ignition’, a phrase which describes the principle well. When air is compressed rapidly it becomes extremely hot. Once it reaches about 400°C it’s hot enough to ignite a suitable fuel injected into it. This temperature is reached when the air is compressed to about a fourteenth of its original volume – and an engine capable of achieving this would be said to have a ‘compression ratio’ of 14:1. In practice, higher compression ratios are used to provide a comfortable margin – the range 18:1 to 20:1 being common. This compares to about 10:1 for petrol engines and explains why diesels must be more solidly constructed to cope with the higher loads.
[image: A watercolour of a side view of a three cylinder yacht auxiliary. The engine is primarily blue. ]
A three cylinder yacht auxiliary
And those two commodities, air and fuel, are all a diesel engine needs to run. Yes, battery power is almost invariably employed to crank and start them, but – with certain exceptions – once started they will operate without electricity. The exceptions include electrically governed engines, and those with solenoid fuel shut-offs or common rail injection – all subjects we will deal with later.
So, in order to function, a diesel engine must gather together a quantity of air, compress it quickly so that it heats, then introduce some fuel which will combust and expand. This cycle is sometimes expressed as ‘suck, squeeze, bang and blow’ – inelegant but to the point. 
[image: A watercolour of a side view of a larger six cylinder engine. The engine is primarily green. ]
A larger six cylinder engine – the type you might find in a power boat
1.1: The four-stroke cycle 
The inventor of the four-stroke cycle was Nicholas August Otto who died in Cologne, Germany, at about the time Rudolf Diesel was presenting his first engines. Occasionally, you may still hear the sequence described as the ‘Otto cycle’, though most of us are much more familiar with the term ‘four-stroke cycle’. They are, of course, the same thing. Each of the strokes relates to the actions of a piston within a cylinder, and of a pair of valves controlling the inlet and outlet paths for air and exhaust gases. The timing of the various actions must be very precisely coordinated. 
a)The induction stroke: This is the ‘suck’ part of the sequence. The piston withdraws down the cylinder and draws in air from outside through the open inlet valve. The exhaust valve is closed.
b)The compression stroke: Now the piston is moving back up into the cylinder. Both the inlet and exhaust valves are closed. Having no escape, the air is being compressed and gets hotter and hotter. Just a little before it reaches the top of the stroke, atomised diesel fuel is sprayed into the cylinder at high pressure and …
c)The expansion or power stroke: … bang! The fuel and air mixture in the cylinder ignites and burns – essentially a contained explosion. The expanding gases drive the piston down the cylinder with great force which, once converted to rotary energy by the crankshaft, serves to turn the propeller.
d)The exhaust stroke: The exhaust valve opens and the piston pushes back up the cylinder to expel all the spent gases. Once it reaches the top, the exhaust valve closes and the inlet opens. The cycle is ready to start again.
[image: A watercolour of four cross-sections which illustrate the four stages of a four-stroke cycle. ]
1.1 Four stroke cycle. a) Suck, b) Squeeze, c) Bang, d) Blow
The four-stroke cycle. This video has no sound. 
1.2: Turbocharging 
Engines that suck air into their cylinders solely by the action of their induction strokes are described as ‘normally aspirated’. In a perfect world, the air sucked in by each cylinder would be equal to its volume. By this we mean the volume of the cylinder above the piston at the bottom of its stroke – aptly called the ‘swept volume’. In reality, friction and other influences make it rather less. But let’s ignore this for now and assume that when we refer to an engine of one litre capacity, we’re talking about an engine that should theoretically draw in one litre of air during the course of one complete cycle of all its cylinders – for example, 500cc each for a two-cylinder engine.
[image: A watercolour schematic of a turbocharged multi-cylinder engine. Blue and red arrows indicate the direction of travel. ]
1.2 Only multi cylinder engines can be turbocharged because the exhaust flow must be continuous
1.2 Schematic – how a turbocharger works
Now, since there’s an optimum mix ratio between air and fuel, it follows that the more air you can draw in, the more fuel can be mixed with it and the greater will be the release of energy when that mixture combusts. Given this simple relationship, it’s easy to understand why the outputs of normally aspirated engines are directly related to their capacity. In other words, the larger they are, the more powerful they will be. Fortunately, there’s a device that can fool an engine into believing that it’s bigger than it actually is. It’s called a turbocharger.
A turbocharger forces air into the cylinder, compressing it and making it denser. Now holding a greater quantity of air than a normally aspirated cylinder, extra fuel can be added without upsetting that ideal mix ratio. Once combusted, the result will be a much more powerful expansion stroke.
Of course, nothing is gained without cost. Since the turbocharger is driven by a turbine in the exhaust flow, some energy is lost in the greater resistance experienced on the exhaust stroke. However, this is more than compensated for by saving the energy lost in normal aspiration, where the induction stroke must laboriously drag the air in from outside, unassisted. 
A supercharger does the same job, but is powered differently – usually by a belt or shaft. Some large engines have both turbochargers and superchargers. The supercharger boosts the power at low revs, with the turbocharger taking over when it’s turning fast enough to be effective.
[image: A green supercharger with black hoses and black belts. ]
1.2 Superchargers are more effective at low revs
1.3: How a turbocharger works
a)Hot exhaust gases spin a turbine positioned in their flow. Having done their work, the gases are then turned by 90° towards the exhaust elbow where they’re cooled in the usual way by injected seawater. Incidentally, since the exhaust flow must be continuous, only multi-cylindered engines can be turbocharged.
b)The turbine is connected directly by shaft to the compressor and, of course, spins at the same speed – as much as 120,000rpm! It draws in the air through the air filter and…
c)… sends it on under pressure to the inlet manifold, from where it passes into the cylinders.
[image: A watercolour cross-section of how a turbo works. Arrows indicate the direction of travel. ]
1.3 How a turbo works
1.4: Aftercooling or intercooling 
There’s a further trick that will wring even more power out of the engine. Cold air is denser than warm air so anything you can do to cool it down will reduce its volume and allow more of it to be admitted to the cylinders. The words ‘aftercooling’ and ‘intercooling’ mean exactly the same thing and – as if that wasn’t confusing enough – so does the phrase ‘charge-air cooling’. They all describe a very straightforward process where the air from the turbocharger, unhelpfully warmed by being compressed, is passed through a seawater-cooled ‘heat exchanger’ to cool it down again. The way heat exchangers work is explored more fully in section 4.2.
The combination of turbocharging and intercooling can greatly boost an engine’s output. For example a well known two litre yacht auxiliary puts out 55hp in its normally aspirated form, rising to 75hp when turbocharged and a lusty 100hp with an intercooler added. Of course, the internal stresses on bearings and other components mount with every horsepower gained so, in the interests of reliability, manufacturers have learned to make compromises between what’s possible and what’s practicable.
[image: A watercolour of a cross-section of an intercooler. The intercooler is primarily blue, with blue and green arrows showing the direction of travel. ]
1.4 Intercooling
1.5: The two-stroke cycle
Two-stroke diesels are relatively rare beasts – never seen as small yacht auxiliaries and only rarely in recreational power craft. Their more usual reserve lies in the largest sizes of engines, particularly the slow revving ones like those propelling merchant ships. In smaller sizes the Detroit Diesel is about the only remaining example – and there are certainly enough of them still in service to deserve inclusion in this book.
Unlike four-stroke engines, whose cylinders only produce power on every fourth stroke, the two-stroke fires on every upward stroke. Because they fire twice as frequently, two-strokes are more powerful than four-strokes for any given size. And, since they have no inlet valves, they are also mechanically less complex. This might seem to be an irresistible combination until we learn that their emissions are higher and they’re less fuel efficient.
So, let’s look at the two-stroke cycle.
a)Piston at Bottom Dead Centre (BDC): The sequence is best described beginning when the piston is at the bottom of its stroke. A mechanical blower forces air into the cylinder through the inlet ports. This both compresses the air and drives the spent gases out through the open exhaust valve at the top. Although it isn’t absolutely essential that two-stroke diesels be supercharged, this is almost always the case.
b)The up stroke: Almost as soon as it moves upwards, the piston covers and seals the inlet ports. The exhaust valve closes and there’s no way for the air to escape. The heat of the compressed air rises as its volume is reduced. 
c)Combustion: Just before the piston reaches the top of its stroke, atomised fuel is sprayed into the cylinder and ignites, driving the piston down again.
d)The down stroke: Once the piston drops below the level of the inlet ports, the exhaust valve also opens and allows the new inrush of air to purge the spent gases as before. This sequence is repeated for every turn of the crankshaft.
[image: A watercolour of four cross-sections showing how a two-stroke cycle works, labelled a-d. ]
1.5 Two stroke cycle
The two-stroke cycle. This video has no sound. 
1.6: Indirect injection
So far we’ve looked at diesels where the fuel is injected into the top of the cylinder – ‘direct injection’ in the vernacular. There’s another method which makes use of a small recess in the cylinder head, known as a ‘combustion chamber’. The fuel is injected into the chamber where it combusts – the rapidly burning gases then propagating downwards into the cylinder itself.
Indirectly injected engines are a bit quieter than direct injection, and for this reason gained ground in the automotive world. Unfortunately, they’re less easy to start so often need a helping hand before they fire. This help takes the form of ‘glow plugs’ – electric heater elements that pre-warm each combustion chamber for a few seconds before cranking. If your engine has glow plugs, you can be sure that it’s indirectly injected.
Improvements in direct injection have made the indirect approach less attractive. The decline in their popularity is likely to continue.
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