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Chapter 1: Introduction
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Aircraft engines are an amazing piece of engineering that help aircraft leap into the air. The engines powering aircraft come in many shapes and sizes, but all will usually be one of two types: a piston or gas turbine engine (jet engine). The basic principles behind these two types of engines have not changed much since the early days of flight, but we will see there have been important developments that have improved safety and performance, allowing pilots to fly higher, faster and more efficiently. 
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We will begin our aircraft engine journey by exploring the piston engine, which is also known as the reciprocating engine. The piston engine has been powering aircraft since the Wright brothers took to the air over one hundred years ago, and is still found in most small aircraft flying today. We will see the piston engine works on the basic principle of igniting fuel to turn a propeller. We will explore a few variations and improvements of the piston engine, including a clever component that allows aircraft to climb like a rocket well into the atmosphere. We will also see piston engines do not operate in isolation, relying heavily on various systems to help deliver the correct fuel, produce a spark, and take away an enormous amount of heat. 
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Piston engines provide a simple and reliable means to power an aircraft, but can only produce a limited amount of thrust. Large and heavy aircraft require a huge amount of thrust to haul them into the sky, which is why they are primarily powered by gas turbine engines (commonly known as the jet engine). We will see most gas turbine engines operate on the basic principle of pushing air out the back of the engine as quickly as possible. The general principles behind the gas turbine engine were well known before aircraft took to the air, but they only became reliable enough to be used in aircraft from the 1940s. We will also explore how this type of engine has evolved to allow very large aircraft to fly, and has also become compact enough to replace piston engines in some small aircraft. 
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Piston and gas turbine engines will be our primary focus in this book, but we will also look at what type of engines may power aircraft in the future. Developing a more sustainable engine in aviation is a major goal, which means aircraft may soon be powered by electricity or hydrogen. Electric and hydrogen engines have been used in cars for some time, but we will see there are a range of challenges that need to be overcome to make them suitable for aviation.

Understanding how your engine works is not just about avoiding undesirable situations, but also about extracting the maximum performance from your engine, allowing your aircraft to climb higher or fly more efficiently. Modern engines are very reliable, but if a problem occurs during a flight, it is important you have a comprehensive understanding of the engine powering your aircraft, which is why this is a fundamental topic all pilots must master. 


Chapter 2: Piston Engine Overview
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Despite having many moving parts and producing an enormous amount of heat, the modern piston engine is a dependable power source for a huge number of aircraft. The piston engine will be explored in detail over a number of chapters, starting with the basic operating principles. We will then look at a few variations designed to improve performance or efficiency, before exploring a range of support systems, such as ignition, cooling, and lubricating. We will also discuss some important engine management techniques, which will help pilots identify and manage any issues that may occur. 



Before taking a detailed journey through the piston engine, let’s have a quick look at how it works. The piston engine works by taking chemical energy (fuel) and converting it into mechanical energy. This conversion occurs within several cylinders in the engine, where a mixture of fuel and air is ignited and rapidly expands, driving down a piston, as shown in Figure 2.1. The piston is connected to a crankshaft, which directly connects to the propeller in most small aircraft. The back-and-forth motion of the piston is converted into radial motion, turning the propeller, which generates thrust. The piston engine may also be known as the reciprocating engine. 
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Figure 2.1: Basic operation of a piston (reciprocating) engine. 



A piston engine requires multiple cylinders to produce enough thrust for flight, with small aircraft engines usually having four or six cylinders. These cylinders are arranged around a crankshaft, with several different cylinder arrangements used in aircraft engines, as shown in Figure 2.2. 
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Figure 2.2: Examples of cylinder layouts (looking face-on). 



Older piston engines often used a radial arrangement, whereby one or more rows of cylinders were arranged in a circular pattern around the crankshaft. These engines have a reasonable power-to-weight ratio and good cooling ability (as each cylinder has good access to the cooler outside air – known as air-cooling). However, one of the downsides of the radial arrangement is it has a large frontal area (area hitting the incoming airflow). This is great for cooling but makes streamlining the aircraft difficult (which results in a large amount of drag). Some engines have been developed with an in-line cylinder arrangement (one cylinder behind the other), which has a smaller frontal area, making streamlining easier. The cylinders can be arranged either above the crankshaft like the example in Figure 2.2, known as in-line upright, or below, known as in-line inverted. The in-line cylinder arrangement tends to have a low power-to-weight ratio, and the rearmost cylinders have poor cooling (due to limited access to cooler outside air). The horizontally-opposed engine is the most common cylinder arrangement found in small aircraft. These engines have an even number of cylinders (usually four or six), and each cylinder will have an opposed or opposite cylinder. This arrangement still has a relatively small frontal area allowing good streamlining, but it also has sufficient air cooling. 


The piston engine has powered aircraft for a long time, and is still used on many aircraft flying today. Each engine has a huge number of moving parts, each carefully timed to perform an important function, which we will explore next.  



Chapter 3: Principles of the Piston Engine
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A piston engine’s inner workings are incredible. To make the fuel turn the aircraft’s propeller, various components must complete critical tasks at precise moments, such as delivering fuel, providing a spark, or removing toxic exhaust gases. In this chapter we will look inside the piston engine and focus on its basic operating principles. There are two main types of piston engines: spark ignition and compression ignition engines (also known as the diesel engine). This chapter will focus on the spark ignition engine, which is more likely to be found in small aircraft. The compression ignition engine is becoming more popular, which we will explore in more detail in the next chapter. 




Basic Components 



We will begin by exploring the key components of a typical piston engine, as shown in Figure 3.1. 
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Figure 3.1: Basic components of a spark ignition piston engine. 



The cylinder provides an enclosed place where a mixture of fuel and air is ignited and rapidly expands. As we saw in the previous chapter, most engines have multiple cylinders. 




A piston is found inside each cylinder and moves back and forth. 




A connecting rod connects the piston to the crankshaft. In most small aircraft the crankshaft directly connects to the propeller. 




A spark ignition engine usually has two spark plugs near the top (head) of each cylinder. 



Inlet and exhaust valves are located at the top of the cylinder, allowing the fuel-air mixture to enter the cylinder and the exhaust gases to exit. 


Basic Principles 



The piston moves back and forth inside each cylinder (or up and down), which is known as a stroke (moving up is one stroke, and moving down is another). Most piston engines operate on a four-stroke cycle. Nikolaus Otto developed the four-stroke engine, which is why this cycle is also known as the Otto cycle. The four strokes in the cycle are known as the intake, compression, power, and exhaust strokes, as shown in Figure 3.2: 


[image: Diagram of a mechanism with a couple of gears  Description automatically generated with medium confidence]



Figure 3.2: The four-stroke piston engine cycle.  




Intake Stroke: The piston moves downwards, and the inlet valve at the top of the cylinder opens, allowing the fuel-air mixture to enter the cylinder. This stage may also be called the suction stroke, as when the piston moves downwards, it creates low pressure inside the cylinder, causing the fuel-air mixture to be sucked in. 



Compression Stroke: The inlet valve is closed, and the piston moves upwards. The fuel-air mixture is compressed, helping to produce a greater amount of power once it is ignited. Compression also causes the temperature of the fuel-air mixture to rise. 




Power Stroke: The fuel-air mixture is ignited by the spark plugs, causing a huge increase in pressure as the gases expand, forcing the piston downwards. This is the power that turns the crankshaft. This stage may also be called the expansion stroke. 



Exhaust Stroke: The burnt fuel-air mixture turns into exhaust gases that need to be removed from the cylinder. In this stroke, the exhaust valve opens, and the piston moves upwards, pushing the exhaust gases out of the cylinder. 


Only one of the strokes develops power during the four-stroke cycle, but the crankshaft rotates twice. To ensure the engine runs smoothly, engines with multiple cylinders are designed to ensure the power stroke occurs at different times. For example, when one cylinder is on an intake stroke (sucking in the fuel-air mixture), another cylinder may be on a power stroke. This works particularly well with a four-cylinder engine, with all four cylinders on a different stroke at any time.  


Valve Timing 



The typical speed of the piston engine in the cruise is about 2,400 revolutions per minute (rpm). The inlet and exhaust valves will open and close once every two revolutions of the crankshaft, meaning each valve opens and closes a staggering 1,200 times per minute or 20 times a second. To obtain the maximum power from the engine, the inlet and exhaust valve timing is usually adjusted slightly. The main goal is to squeeze in as much fuel-air mixture as possible, which can be converted into useful power: 




Valve Overlap: Let’s start at the end of the exhaust stroke, whereby the piston moves upwards, pushing out the exhaust gases through the open exhaust valve. To help get the maximum amount of fuel-air mixture into the cylinder, the inlet valve opens a little before the piston reaches the top of the stroke, known as the top-dead-center (TDC), as shown on the top left of Figure 3.3. This means both valves are open at the same time – the fuel-air mixture is entering the cylinder, and exhaust gases are exiting. The exhaust valve will close slightly after the piston starts heading back down during the intake stroke. 




Valve Lag: The inlet valve remains open during the intake stroke. As the piston passes the bottom of the stroke (known as the bottom-dead-center – BDC), it will begin to head up during the compression stroke. The inlet valve remains open for a short time as the piston heads upwards, known as valve lag, as shown on the bottom left of Figure 3.3. This allows a little extra fuel-air mixture to enter the cylinder. 




Valve Lead: Both valves remain closed during the power stroke, however, before the piston reaches the BDC, the exhaust valve opens, known as valve lead, allowing the exhaust gases to start exiting before the piston begins the exhaust stroke. 
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Figure 3.3: Typical timing of the valves in a four-stroke cycle. 


Engine Compression 



To produce the maximum amount of power from the piston engine, the fuel-air mixture is compressed as much as possible inside each cylinder. Higher compression means when the mixture is ignited, it will force the piston downward with greater force. However, the temperature of the mixture also increases when it is compressed. If the temperature of the mixture increases too much, it can lead to detonation in the cylinders, which is one of the main limiting factors regarding how much compression can occur in each cylinder. Detonation means the fuel-air mixture burns in an uncontrolled manner (like an explosion), resulting in a loss of power or complete engine failure (we will explore detonation in more detail in Chapter Six). Each engine will have a compression ratio, which indicates how much the mixture is compressed in the cylinders. The compression ratio of an engine is the ratio of: 



The total cylinder volume when the piston is at BDC, as shown in Figure 3.4. 




The volume above the piston at TDC, which is known as the clearance volume. 



A typical AVGAS (aviation gasoline) piston engine has a compression ratio between 8:1 and 12:1. 
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Figure 3.4: Compression ratio of 6:1. 


The piston engine has a reasonable number of parts, some of which are constantly moving, but provided the engine is properly handled and maintained, it does not normally cause too many problems. A few variations or important components have been developed to squeeze the maximum performance from the piston engine, which we will explore next. 



Chapter 4: Piston Engine Variations
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One of the main disadvantages of a basic piston engine is it produces a limited amount of thrust, which affects the size of the aircraft it can haul into the sky. Early aircraft got around this issue by simply adding more piston engines, with large four-piston engine airliners common in the 1940s. Another option was to add more cylinders, like the 12-cylinder engines used on many fighter aircraft during WWII. The gas turbine engine (jet engine) that we will explore later in this book is now used on most large aircraft. But we will see in this chapter that a number of important improvements have been made to extract the maximum performance from the piston engine.

Compression Ignition (Diesel) Engine


The piston engine we explored in the previous chapter will usually run on AVGAS (aviation gasoline), and the fuel-air mixture is ignited by spark plugs (which is why it is called a spark ignition piston engine). This engine design has served aircraft well, resulting in reliable operations with good power output. However, compression ignition piston engines are starting to be used in increasing numbers in small aircraft. They may be better known as diesel engines, as they run on diesel or jet fuel (jet fuel is the same fuel used in gas turbine engines).


The main components are the same as a spark ignition piston engine: cylinders, pistons, valves, connecting rods, and a crankshaft, and they usually operate with a four-stroke cycle. The key differences are highlighted in the stages of the four-stroke cycle below:


Intake Stroke: As the piston moves downwards, only air enters the cylinder. This differs from the spark ignition engine, which has a fuel-air mixture entering the cylinder at this stage.
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