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				Introduction

			

		

		
			
				Aviation Manuals is a professional educational collection designed to support the training and continuous

				development of aviation personnel, as well as aviation enthusiasts who wish to deepen their understanding of how

				flying really works. This series is created with a clear objective: to provide structured, accurate, and practical

				knowledge for students, professionals, and passionate followers of aviation who seek a solid foundation and a

				reliable reference throughout their learning journey.

				Each volume in the Aviation Manuals collection focuses on a specific stage or area of training, combining

				technical rigor with clear language and a progressive learning approach. The content is aligned with international

				aviation standards and aims to bridge the gap between theory and real operational practice, making complex

				concepts accessible without losing professional accuracy.

				This book is designed to meet all the academic needs of maintenance personnel working on civil and

				commercial aircraft. From piston-engine aircraft maintenance to jet aircraft maintenance. Everything mechanical

				maintenance personnel need to know, all in one book.
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				Introduction

				Universal history has transmitted through generations the legacy of Sir Francis Bacon regarding

				knowledge... "knowledge is power" states the famous phrase. In aviation, we adapt it and can assert that knowledge

				is safety. The more a pilot knows, the better prepared they will be to take appropriate actions, be informed for

				assertive decision-making, etc. In other words: learning strengthens operational safety.

				Main

				1.1	Propulsion

				1.2	Engine ignition system

				1.3 Engine electricity

				1.4 Fuel and lubrication

				1.5 Propellers

				1.6 Engine instruments

				1.1 Propulsion

				Physics defines propulsion as the action or movement generated by a specific force that pushes or impels

				something forward. More precisely, in aviation, it is the force that pushes the aircraft, providing it with speed to

				generate lift. Aircraft are powered by two different types of engines, which correspond to two principles of

				thermodynamics. Although there are variations, as shown in the following diagram, the operating principles are

				fundamentally two.

			

		

		
			
				Reciprocating engines used in aviation have over a century of development. From the first flight of the

				Wright brothers to the present day, they have evolved and advanced in reliability alongside their development. Jet

				engines utilize the principles of Newton's laws of physics and the Brayton thermodynamic cycle to generate thrust.

				Among the most commonly used jet engines in aviation, we find the following:
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				• Turbojet: This was the first type of jet engine developed, equipping various types of aircraft (both civil

				and military). It originated in 1930 in Germany. The engine consists of an air intake system, a compressor stage, a

				combustion stage, and a turbine stage driven by exhaust gases. This operation generates the thrust that propels the

				aircraft. A typical example of this type of engine is the Pratt & Whitney JT3D, which powered aircraft like the

				Boeing 707, Douglas DC-8, and Boeing B-52, among others.

				• Turbofan: This is an evolution of the turbojet. While it operates on the same basic principle, these engines

				have dual stages of compression and gas expansion. It is also noteworthy that combustion in the chambers occurs

				with only a portion of the air entering the engine; the remaining air bypasses the core and mixes with the exhaust

				gases to form the total thrust. This type of engine is the most commonly used in large aircraft today. A typical

				example is the Rolls-Royce Trent series, which in its various versions, powers aircraft from the Boeing 757 and

				MD-11 to the modern Boeing 787 Dreamliner (Trent 1000 version).

				•	Turboprop: This type of engine revolutionized aviation. It is a jet engine that, instead of producing thrust through

				exhaust gases, generates mechanical work that drives a shaft. This shaft turns a reduction gearbox that drives the

				propeller. This type of propulsion is most commonly used in medium-sized aircraft for transport and training. The

				most prominent example of this engine is the Pratt & Whitney PT6, a turboprop that powers aircraft ranging from

				the Air Tractor AT-600 crop duster to the multipurpose transport aircraft like the Cessna 208 Grand Caravan.

				• Turboshaft: This is essentially a turboprop engine adapted to drive the transmission systems of

				helicopters. A clear example is the Turbomeca Arriel engine, which in its various variants powers helicopters such

				as the Eurocopter AS 350 B2 and AS 350 B3.

				In this book, we will focus on the operating principles, components, characteristics, and protection of

				reciprocating (or piston) engines, the propulsion used in the majority of light general aviation aircraft. Therefore, we

				will begin by explaining the fundamental principle of the reciprocating engine... the Otto Cycle.

			

		

		
			
				What is the Otto Cycle?

				Before answering this question, we must understand a key concept: thermodynamics. It is the branch of

				physics that studies the interaction between temperature and the various manifestations of energy, encompassing all

			

		

		
			
				processes involving these variables. With that in mind, let's delve into the Otto Cycle.

				The Otto Cycle is a thermodynamic cycle that describes the fundamental physical principle of operation for

				internal combustion engines (reciprocating engines in aviation). This cycle was discovered in 1876 by the German

				engineer Nicolaus Otto (1832-1891), who later applied it in the invention of the first internal combustion engine.

				This thermodynamic principle governs both two-stroke and four-stroke internal combustion engines, with diesel

				engines falling under the category of four-stroke engines. For the purposes of this book, we will focus on the four-

				stroke cycle, which is used in reciprocating engines in aviation.
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				The Otto Cycle for four-stroke engines consists of four stages or strokes: intake, compression, combustion, and

				exhaust. The following diagram illustrates how these four strokes occur within the cylinder, piston, and crankshaft

				assembly.

			

		

		
			
				The four strokes observed in the previous figure encompass the sequential process that occurs within each

				cylinder of the engine. The work generated by each piston drives the crankshaft, which subsequently rotates the

				propeller, thereby creating the aerodynamic effect that provides the final propulsion for the aircraft. Let's delve into

				how this phenomenon occurs in detail. The principle of the engine's four strokes occurs in a single revolution or

				RPM. In other words, during one complete rotation of the crankshaft, the following four steps take place:

				Intake

				When the intake valve of the cylinder opens, while the exhaust valve remains closed, a mass

				of air enters the cylinder chamber. This phenomenon is due to the suction effect created by the

				piston during its downward stroke towards bottom dead center. The piston acts like a plunger that

				draws in air during this stroke.

				By the time the connecting rod and piston reach bottom dead center, the necessary amount

				of air for combustion has entered the cylinder. The downward movement of the piston is driven by

				the connecting rod, which is integral with the crankshaft. The crankshaft is precisely responsible for

				coordinating the movement of all connecting rods and pistons within each cylinder in a sequential

				and harmonized manner.
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				Compression

				After reaching bottom dead center, the connecting rod and piston begin their upward stroke

				towards top dead center. When the piston reaches bottom dead center, the intake valve closes,

			

		

		
			
				creating a sealed chamber within the cylinder.

				As the piston travels upwards along the cylinder walls, the contained air is compressed.

				When the piston reaches top dead center, the air mass is at its maximum compression. The

				connecting rod and piston maintain this position for a fraction of a second until the next phase

				begins.

			

		

		
			
				Combustion

				With the cylinder chamber filled with compressed air and both valves closed, fuel enters

				and then the spark plug ignites. The spark from the spark plug causes the vaporized fuel, along with

				the air mass inside the cylinder, to ignite suddenly, resulting in a controlled explosion. The

				combustion of the fuel, like any explosion, releases a significant amount of energy in the form of

				heat and pressure. The sudden increase in pressure in the chamber drives the piston (piston and

				connecting rod assembly) towards bottom dead center, marking the beginning of the fourth stage of

				the cycle. Once combustion occurs, the exhaust valve opens to allow the combustion by-products to

			

		

		
			
				exit through the exhaust.

			

		

		
			
				Expansion

				The pressure contained in the chamber after combustion causes an expansion effect that

				literally pushes the piston (piston and connecting rod assembly) towards top dead center. The

				energy from the expansion of combustion is converted into mechanical work that is transmitted

				through the connecting rod to the crankshaft. With the exhaust valve closed during the final phase of

			

		

		
			
				expansion, the intake valve opens again to initiate the intake stroke of the next cycle.

				The four strokes described in the preceding paragraphs occur sequentially in each cylinder

				of the engine. The mechanical work transmitted to the crankshaft by each cylinder assembly

				determines the force and speed at which the crankshaft rotates. In other words, the energy produced

				by each cylinder assembly and the sequence of the process translate into revolutions per minute

				(RPM) and horsepower (hp) or kilowatts (kW).

				The Otto Cycle, in theory, is an ideal adiabatic thermodynamic cycle. However, in practice, the

				transformations occurring in the cylinder chamber do not occur at constant volume. Therefore, the Otto Cycle

				remains a theoretical expression serving as the foundation for the physical principle governing internal combustion

			

		

		
			
				engines.
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				The efficiency of the engine depends on the compression ratio. This ratio represents the maximum volume

				available in the sealed cylinder chamber, delimited between top dead center and bottom dead center. The

				compression ratio dictates the type of gasoline (octane rating) required to optimize the energy from combustion

				expansion. In aviation engines, fuel use is limited to AVGAS 100 LL; later, we will discuss the specifics of this low-

				lead aviation fuel.

				Additionally, the ratio between air mass and fuel that generates the explosion must be considered. This ratio

				is known as the "mixture ratio." We will delve into this concept later. For now, it's important to note that the mixture

				is a specific ratio of air and fuel that results in a controlled energy release explosion. In chemistry, this air-fuel ratio

				is referred to as the stoichiometric ratio, which defines the conditions where each constituent element is present in a

				specific amount to achieve the desired reaction—in this case, a controlled exothermic reaction of temperature and

				pressure.

			

		

		
			
				Brayton Cycle

				In contrast to the principles discussed in the preceding paragraphs, we will outline the generalities of the

			

		

		
			
				thermodynamic principle used by the jet engines mentioned earlier in this work.

				The Brayton Cycle, also known as the Joule Cycle or Froude Cycle, is the thermodynamic principle of a

				compressible fluid (air), consisting of a compression stage, a heating stage, and an adiabatic expansion stage. This

				simple principle forms the basis for the operation of a multitude of processes in the industry, and above all, it is the

				fundamental theoretical basis of the jet engine.

			

		

		
			
				The application of the gas turbine based on the Brayton Cycle to aerial propulsion is credited to the English

				engineer Frank Whittle, who patented the idea in 1927 and proposed it to the British Air Force. A series of experts

				led by Alan Arnold Griffith had studied in previous years the technical possibilities of the gas turbine as a means of

				aerial propulsion, although their idea was to use the mechanical work obtained to drive a propeller. Whittle, on the

				other hand, proposed a Brayton Cycle in which no net mechanical work was produced, so that the turbine would

				generate only enough energy to drive the compressor. According to him, propulsion would occur due to the high

				velocity of the gases exiting the turbine, creating a jet thrust force that would propel the engine.
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				In this image, you can see the schematic of a turbojet engine (such as the Pratt Whitney JT3) without bypass

				flow. The arrows indicate the mass of air entering and undergoing compression in different stages. When the

				compressed mass reaches the combustion chambers, it mixes with fuel and undergoes combustion, characterized not

				by explosion but by a high release of pressure and temperature. The energy released drives the turbine stages and

				expands through the engine's exhaust nozzle, generating thrust force. The non-explosive combustion is due to the

				use of high-performance fuels with high octane (or detonation) ratings. In the current aviation industry, the use of

				JET A-1 is standardized for such engines. JET A-1 is a refined kerosene byproduct with high energy-generating

				capacity and anti-detonation additives.

				In this type of engine, the aircraft's propulsion capability is expressed in terms of thrust in kilograms-force

				(kgf), rather than horsepower (hp).

			

		

		
			
				Atmospheric Variables

				As previously mentioned, one crucial aspect in power generation is air. Air is essentially a portion of the

				entire atmospheric mass surrounding us. Therefore, it's important to recall some specifics that can modify or affect

			

		

		
			
				engine operation.

				The atmosphere is composed of a combination of gases, primarily nitrogen with nearly one-third being

				oxygen. It's important to note that oxygen is the component of air mass involved in combustion. Below is a

				reminder of how atmospheric mass is composed at sea level.

				The values depicted in the following graph are indicative and depend on numerous variables. Among the

				most important factors to consider are altitude and the time of year (such as wet, cold, or warm seasons).

			

		

		
			
				For instance, air in winter doesn't always contain more water vapor than in summer, yet it often feels more

				humid. This is because the vapor doesn't remain invisible gas but condenses into tiny droplets noticeable as wetness

				on the ground and exposed objects. Air can only hold a limited amount of water vapor relative to its temperature.

				When air holds all the water vapor it can at a given temperature, it's saturated, or at 100% humidity.
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				When the air's water vapor content is below saturation, it's

				described as having relative humidity (less than 100%). This is the

				ratio between the maximum grams of water vapor the air can hold

				and what it actually contains. The following table shows the

				relationship between temperature and the amount of water vapor

				air can hold, a critical factor for understanding subsequent content

				in the book. Therefore, dew or frost isn't caused by water

				descending from heights like rain or snow but by the air's water

				vapor freezing.

				When the atmosphere reaches its maximum humidity, it can no longer hold more water vapor. Any

				additional vapor will condense into droplets or ice crystals. Saturation of air in the atmosphere is the precursor to

				cloud formation and can occur through various mechanisms such as local cooling in lower layers or the ascent of a

				humid air mass (which can be triggered by fronts, orographic relief, convection, etc.). Flying in clouds means being

				in a saturated air mass, prone to condensation into droplets and potentially freezing under certain conditions.

			

		

		
			
				Reciprocating Engines

				The Otto Cycle described in the previous paragraphs was and is the fundamental basis of all internal

				combustion engines. Particularly in aviation, there has been an evolutionary development that has taken us from a

				small inline engine powering the Wright Flyer I with 12 HP at 1025 RPM, to the turbocharged opposed-cylinder

			

		

		
			
				engines used today. This figure schematically diagrams the evolutionary path.

			

		

		
			
				Knowledge for modern crew

			

		

		
			
				15

			

		

		
			[image: ]
		

		
			[image: ]
		

	
		

		
			
				Inline and Radial Engines: On one hand, the development of inline and radial engines, now almost

				obsolete, is depicted. On the other hand, opposed-cylinder engines, which equip the majority of the general aviation

				fleet, are shown. As an introduction to the development of engine mechanics, the most notable characteristics of

				each type of engine mentioned in this figure	are summarized below.

				Inline Engine: In these engines, the cylinder assemblies are arranged in a single line. The number of

				cylinders can be even or odd; however, even numbers (ranging from 4 to 8 cylinders) were predominantly used. The

				number of cylinders and their position allowed for balanced power production and energy transfer to a single

				crankshaft.

				If the engine's crankshaft is located above the cylinders, it is called an inverted inline engine.  This

				configuration allows the propeller to be mounted higher, further from the ground, enabling a shorter landing gear.

				One disadvantage of an inline engine is its lower power-to-weight ratio due to the longer and thus heavier

				crankcase and crankshaft. These engines were either air-cooled or liquid-cooled, but most commonly liquid-cooled

				because it was challenging to obtain sufficient airflow to directly cool the rear cylinders.

				A classic example of this engine type is the De Havilland Gipsy Queen with 240 HP, which equipped

				single-engine combat aircraft such as the Fiat G64, Percivale Prentice, and Percival Proctor, among others.

				Rotary or Radial Engines: This technology was a significant advancement in aviation for several decades

				and is still used in specific aircraft today. The radial engine consists of a cylinder assembly forming a unique star-

				shaped structure. They began development in the mid-World War I as a more efficient (higher power), economical,

				and easily mass-produced propulsion source. The engine's uniqueness lies in its internal component structure,

				comprising a master connecting rod, a drive assembly similar to a crankshaft, and a propeller assembly, all rotating

				around the star-shaped cylinder assembly.

				Although these engines could generate higher power, they had a very high

				failure rate in service, high oil and fuel consumption, and thus required maintenance at

				short intervals. A notable example of this engine type is the Pratt Whitney R-2800

				Double Wasp. This engine was one of the largest of its kind ever built, composed of a

				double star arrangement of 16 cylinders, generating 2000 HP.

				One remarkable feature of this colossal engine was its impact air cooling

				system, which resulted in lower oil consumption. Despite the passage of time, a

				considerable number of R-2800 engines continue to serve, powering vintage or

				restored aircraft. It is not uncommon to see beautiful Douglas DC-3s flying at air

				shows around the world.

				The R-2800 engine was the powerplant for the Douglas DC-6 transport aircraft, the legendary World War II

				fighters Vought F4 Corsair and Republic P-47 Thunderbolt, among others.
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				Currently, aircraft powered by this type of engine are still in service; the most well-known example might

				be the PZL-Mielec M-18 Dromader, an aerial applicator aircraft equipped with a Kalisz ASZ-621 radial engine.

			

		

		
			
				Opposed-Cylinder Engines: These engines are used in most light general aviation aircraft today. In this

				engine type, the cylinders are positioned on either side of a horizontally mounted crankcase, opposing each other.

				Due to the opposing cylinder arrangement, the forces produced during combustion tend to balance out, resulting in

				stable and reliable operation. Unlike radial engines, opposed-cylinder engines significantly reduce the likelihood of

				failure due to hydrostatic lock.

				Opposed-cylinder engines are configured in 4 or 6-cylinder

				variants, with a few cases of 8-cylinder engines. They can be adapted

				to either carburetor or fuel injection systems and may be equipped

				with turbochargers to enhance performance. Opposed-cylinder

				engines used in aviation are designed to deliver a power range from

				60 to 400 HP, depending on the model and capabilities.

			

		

		
			
				Fundamental Theoretical Concepts

				Before diving into the detailed operation, mechanics, and specifics of opposed-cylinder engines, it is

				necessary to review some fundamental theoretical concepts to better understand the subsequent content. Below, we

				summarize the essential knowledge needed for a thorough grasp of each concept.

			

		

		
			
				What is Mechanical Work?

				The fundamentals of engineering and continuous mechanics state that work is the force that alters the state

				of motion of a body. Formally, work is defined as the force exerted on a body that equals the amount of energy

				required to move it in an accelerated manner. Work is expressed as a scalar physical quantity with the unit of

				reference being the Joule. In colloquial terms, work can be described as the force that changes or provides the

			

		

		
			
				necessary movement to a mechanical system or assembly.

			

		

		
			
				What is power?

				Power is the rate at which mechanical work is performed over time. The concept can also be associated with

				the speed of energy change within the same system needed to accomplish a certain amount of mechanical work.

			

		

		
			
				Analytically, it can be expressed as the total energy of a system divided by time or time unit.
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				What is horsepower?

				As explained earlier, horsepower represents the amount of mechanical work the engine develops to produce

				power. While this definition is accurate, it is theoretical. There are factors that reduce power output, with friction

				being the most significant. Even though components are lubricated and well-coordinated, friction between

				components reduces the final power output. The actual power output of an engine is commonly referred to as

			

		

		
			
				“horsepower."

			

		

		
			
				What is Compression in the Engine?

				The compression ratio of an opposed-cylinder engine quantifies the volume where the air-fuel mixture is

				compressed before combustion within the cylinder chamber. In other words, it is the maximum volume the

				compressed mixture can occupy within the sealed cylinder chamber.

				The compression ratio defines the thermal performance of the entire engine assembly. This variable

				indicates the level of efficiency in utilizing the fuel's energy, transformed into thermal energy and subsequently into

				mechanical energy. The compression ratio of an opposed-cylinder engine varies depending on the required RPM.

			

		

		
			
				What is Fuel Octane Rating?

				The octane number or octane rating is a dimensionless scale that quantifies the anti-detonant capability of

				refined hydrocarbons in gasoline when compressed within the cylinder chamber. This quality allows the fuel to

				ignite when the spark plug fires, generating combustion. Generally, engine efficiency increases with the octane

				rating, as this condition is controlled mainly by the anti-detonant capacity of the fuel used.

				In essence, the octane number provides qualitative information about the fuel's response in combustion and

				the energy it will release at that instance. The text will later delve into fuel characteristics, octane ratings, and other

			

		

		
			
				important details.

			

		

		
			
				What are RPM?

				RPM stands for "revolutions per minute," which is a bit obvious, right? But what do engine RPMs

				represent? RPMs are an expression of angular velocity, quantifying the number of rotations of a body per minute.

			

		

		
			
				Typically, this "body" in question is a shaft linked to some mechanical system.

				In the case of the opposed-cylinder engine, the key shaft is the crankshaft, as it is the primary component

				linking the movement of each connecting rod-piston assembly within the cylinders, and it transmits angular

				movement and force to the propeller. Thus, the reference for rotation measurement is the crankshaft.
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				What is Displacement?

				Displacement is the sum of the total useful volume of the cylinder chambers. It is usually expressed in cubic

				centimeters (cc) or cubic inches, representing the area where the connecting rod-piston assembly operates within the

				Otto Cycle. The volume of each cylinder is defined between the top dead center (TDC) and bottom dead center

				(BDC) of each cylinder. While this expression is predominantly applied to inline engines, some aviation engines

			

		

		
			
				also use this characterization in their specifications.

			

		

		
			
				What is Engine Efﬁciency?

				The aviation opposed-cylinder engine's efficiency is expressed in three ways: mechanical efficiency,

				thermal efficiency, and overall engine efficiency. Mechanical efficiency is the measure of the actual power an

				engine can generate and thus be utilized by the propeller assembly. In aviation engines, mechanical efficiency

				typically ranges from 85% to 90%. Thermal efficiency represents the amount of heat converted into mechanical

				work based on the combustion and expansion process. The total engine efficiency is the ratio between the actual

			

		

		
			
				power obtained and the energy produced to generate that power.

			

		

		
			
				Engine Components

				To better understand the operation and primary components of the

				opposed-cylinder engine, we will use a real-world example. Thus, the

				description will refer to the Avco Lycoming O-360, which is one of the

				most commonly used engines in light aircraft such as the Cessna 172,

				Cessna 177, Piper PA-28, Piper PA-24, Mooney M-20, Aero Boero 180,

			

		

		
			
				among others.

			

		

		
			
				Main Mechanical Components

				The engine we are referencing is a four-cylinder opposed, normally aspirated engine with a carburetor. With

				the help of the Lycoming Illustrated Parts Catalog, we will proceed with the description and operation of each

				primary component. It is crucial to note that an engine is a complex assembly where all parts must function in

			

		

		
			
				coordination to generate the necessary power and RPM.

				We will then focus on the auxiliary systems and components that contribute to the overall engine function.

				In the following diagram, you can observe the overhead view of the assembled Lycoming O-360 engine, without

				accessories. Let’s examine the main parts.
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				In the previous figure, you can see the engine block assembly, with installed cylinders, the outer valve

				guides, spark plug connections and ignition harness, magneto coils, and the mechanical transmission assembly. The

				structure containing all components and where all physical and chemical processes occur is the pair of half-blocks

				and the cylinders; in the case of the described engine, there are four cylinders.

			

		

		
			
				Knowledge for modern crew

			

		

		
			
				20

			

		

		
			[image: ]
		

		
			[image: ]
		

	
		

		
			
				Both half-blocks, when joined, encase the crankshaft and camshaft inside. These two fundamental shafts of

				the engine are mechanically isolated by bearings. Bearings are hardened steel seats that support the crankshaft and

				camshaft bearings; each is lubricated to prevent "metal-to-metal" contact. Bearings are located in the block bearing

				areas.

				The half-blocks are cast (either alpha iron or ductile steel), and each component is pre-formed with its

				respective housing, inserts, and mounting systems. The joining of both half-blocks is achieved through internal bolts

				(commonly known as "studs") and external anchor bolts. Contact surfaces are protected and sealed with gaskets,

				spacers, and silicone seals. The joined half-blocks are referred to as the engine block.

				The engine block functions as a sealed and continuously lubricated mechanical unit. A failure in the

				lubrication system can lead to a sudden collapse of any of the main components; we will discuss common issues

				later. The ends of the block are also closed, with connections at the rear to the gear train and accessories and at the

				front with the main seal for the crankshaft flange (facing the propeller installation). As a horizontally opposed

				engine, these assemblies are installed on the sides of each half-block and become part of the closed and lubricated

				system.

			

		

		
			
				In this figure, the crankshaft configuration is depicted. It is the main shaft of the engine, directly linking the

				motion of each connecting rod within the cylinders and transmitting angular velocity to the propeller, which is

				mounted on its end or flange. At the opposite end, a gear is installed that transmits work and angular velocity to the

				engine accessories, camshaft, and other components (oil pump, fuel pump, vacuum pump, among others).

				Crankshafts are manufactured from a highly resistant steel alloy (a uniform medium-grain tempered

				martensite solid solution), and surface hardening treatments are applied to enhance resistance to surface and

				subsurface cracking as well as corrosive processes. For several years, it has been mandatory for all crankshafts to

				undergo a vacuum arc reheat treatment (VAR). Airworthiness directives exist regarding this requirement, which
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				both owners and maintenance personnel must verify to maintain the engine's airworthy condition. The construction

				materials and treatments applied ensure that the crankshaft maintains safe operating characteristics while retaining

				the necessary flexibility during each engine cycle, as well as the capacity to transmit and absorb the high workload

				stresses produced. Although not the case here, it is worth mentioning that larger engine models may feature internal

				counterweights on their crankshafts to balance their operation.

				In the following figure, the camshaft is shown at the top of the diagram. This component is the second main

				shaft of the engine. Like the crankshaft, its supports in the block are controlled by hardened metals which, along

				with the lubricant, prevent wear. The camshaft rotates due to the angular motion transmitted by the gears connecting

				it to the crankshaft; its function is to sequentially generate the impulse for opening and closing the intake and

				exhaust valves in each of the cylinders.

			

		

		
			
				The sequence of opening and closing the intake and exhaust valves is crucial for the Otto Cycle to proceed

				with the expected performance, thus achieving the necessary power output from the engine. The four cylinder

				assemblies are located on the sides of the block, as explained in the previous paragraphs. Likewise, the connecting

				rod-piston assemblies are also fixed and positioned to the sides within each cylinder. This forms a sealed chamber

				where the thermodynamic processes we have discussed occur.

				An important feature to highlight is that the contact surfaces of both the crankshaft and camshaft are mirror-

				polished. The aim of this is to enhance synergy with the lubricant to prevent metal-to-metal contact. In the

				following image, we can see a crankshaft undergoing its inspection process, dimensional control, and polishing of

				the contact surfaces.
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				In the previous image, we can observe a four-cylinder crankshaft undergoing a major inspection. These

				tasks include material grinding, dimensional control, non-destructive testing (verification of surface and internal

				damage using magnetizable particles and other tests), and polishing of the aforementioned surfaces. In the following

				diagram, we can see how the piston assembly of the cylinder is configured.

			

		

		
			
				As seen in the previous figure, the connecting rod is a reinforced steel arm, with one end featuring the

				housing and bushing for the pin that links to the piston; while the opposite end has the connecting rod head where

				the bearings are located. This end is the attachment point with the crankshaft. The piston is attached to the

				connecting rod by the internal pin, allowing necessary freedom of movement during the piston’s up-and-down

				stroke within the cylinder. The piston is manufactured from an extremely durable aluminum alloy and is forged.
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				The piston body is equipped with a set of rings around its circumference, serving a dual purpose: on one

				hand, they seal the space between the internal cylinder wall and the piston body, and on the other hand, they

				facilitate piston movement by acting as lubricated guides. Additionally, behind the set of rings is a final ring whose

				sole function is to retain the lubricant.

			

		

		
			
				The piston rings are manufactured from particularly hard steel alloys to prevent wear effects under high

				temperatures. The piston crown, in turn, undergoes specific treatments to enhance its resistance to high temperatures

				and the substantial loads produced during combustion. The cylinder head, along with the rings and the internal

				cylinder body, forms the sealed chamber where combustion occurs.

				In the cylinder shown, we can observe the main components. The exterior wall is covered with cooling fins

				designed to dissipate heat from the inside of the component to the outside; the impact air action provides the

				necessary cooling to keep the engine operation within safe ranges. The base of the cylinder features a lip that fits

				into the block connection, and the block's anchored bolts are seated in the base’s holes.

				Regardless of the specific engine being analyzed, it's crucial to recognize the critical nature of the cylinder

				assembly in engine operation. The block, crankshaft, and camshaft are highly reliable and robust due to their

				materials and function; however, with respect to the cylinders, we must always understand that:

				1. The assembly structure must be sufficiently strong to withstand the combustion loads.

				2. The construction material must have heat dissipation capability and be lightweight.

				3. All moving parts must be perfectly calibrated, adjusted, lubricated, and installed. Any adjustment or

				securing discrepancies can lead to critical mechanical failure.

			

		

		
			
				Knowledge for modern crew

			

		

		
			
				24

			

		

		
			[image: ]
		

	
		

		
			
				At the top of the cylinder, valves are installed over the intake and exhaust ports. Above them and their

				springs, the rocker arms are positioned, which pivot on an axis mounted to the

				cylinder body. The upper structure features threaded holes where the fuel feeder is

				attached, allowing fuel to enter the chamber. In the following figure, the cylinder

				valve assembly is depicted. Each valve is installed within the cylinder and

				compressed by two springs (some engines may use three). These springs are

				supported by tappets. The forced opening and closing of the valves, controlled by

				the rocker arms and springs, allow for the sealing of the cylinder chamber and

				alternate the intake and exhaust processes.

			

		

		
			
				The rocker arms transmit the lifting force from the camshaft to the valves. The rocker arm supports are

				mounted on plain, roller, or ball bearings, or a combination thereof, which serve as pivots. Typically, one end of the

				rocker arm presses against the pushrod, while the other end interfaces with the valve stem. The rocker arm end

				generally includes an adjustment screw to set the clearance between the rocker arm and the valve stem tip.

			

		

		
			
				In the previous image, the installation of the valve and spring assembly in the intake and exhaust positions

				of the cylinder can be observed. In this case, the lateral separated arrangement corresponds to a larger capacity

				cylinder, such as the one in the Teledyne Continental TSIO-540 engine.
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				On the side of the cylinder, there is a threaded hole for the spark plug. The graphic also shows an adapter

				insert, used in cases of re-machining and to allow the use of standard-size spark plugs. The electrical connection to

				the spark plugs is routed through the ignition harness or wiring. In subsequent chapters, we will delve deeper into

				the ignition system; for now, we are merely referencing the installation. The following image illustrates the

				installation of the magneto coils, the ignition harness, and one of the spark plugs as an example.

			

		

		
			
				All aircraft engines are equipped with a dual ignition system to ensure reliability. The certification standards

				are FAR 33 (U.S. Federal Aviation Regulations for Aircraft Engines) and JAR 33 (for the European Union). Other

				countries have aligned their certification standards with these regulations. In the next figure, both magnetos are

				installed and mounted at the rear of the engine accessories. From both devices, the wiring harness leads to the spark

				plugs. The operation of the magnetos and spark plugs will be detailed later when we focus on engine ignition. The

				rear accessory section is part of the engine block, made of cast iron, and houses the various gear trains that drive the

				magnetos and system pumps. The gear trains consist of straight and bevel gears, and the entire assembly is

				contained in a sealed and lubricated chamber, similar to the other mechanical components of the block and

				cylinders.
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				In the previous figure, we can see the engine referred to in the descriptions of the preceding paragraphs,

				now installed in the aircraft. It should be noted that the image shows an IO-360 engine; in this case, it features a fuel

				injection system instead of a carburetor. We will discuss engine type differentiation further on.

				Behind the engine, we also observe the engine mounting assembly to the aircraft structure, known as the

				engine mount or "bancada." The mount is a structural support made of steel tubes (typically AISI 4130 steel).

				Between the mount and the engine itself is the fire shield, a steel sheet covering that isolates the engine and fuel

				system from the rest of the aircraft. The structural assembly will be described in detail in subsequent paragraphs.

			

		

		
			
				Direct reading with indicator: The same operating principle explained in the

				previous paragraph can be linked to a direct reading instrument. In these cases, the graduated

				scale is displayed as a quadrant of a traditional analog cockpit instrument.

			

		

		
			
				Combined Indication Systems: These are electrical and/or electronic systems that integrate internal tank

				reading devices with analog or digital indicators in the flight deck. This is indirect indication processed by an

				electronic system. These systems use the principles of capacitance or electrical reactance to transmit a signal to the

				cockpit instruments. Such principles are commonly used in general aviation aircraft.

			

		

		
			
				Fuel Selector Valve: The fuel selector valve is the device used by the pilot in

				the flight deck to select which tank(s) are supplying the engine(s). In medium and large

				aircraft, this selection is made automatically to balance consumption.
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				Fuel Feed Lines and Hoses: These are easily identifiable on the aircraft, as they are specially marked and

				protected.

			

		

		
			
				Exhaust System: This consists of a series of pipes that link each cylinder’s exhaust valve with a single

				collector. The collector’s function is to reduce the noise from combustion and subsequent exhaust. The exhaust is

				then unified into one or two exit ducts for the expulsion of combustion gases.

			

		

		
			
				The exhaust silencer shown in the previous figure acts as a “collector” for the exhaust gases. Each cylinder

				is equipped with a pipe at the exhaust valve outlet, which directs the gases to the silencer and then to the outside.

			

		

		
			
				Carburetor: The carburetor regulates the amount of air entering the cylinders' combustion chambers. We

				will focus on the carburetor's operation in the following chapters of this book.

			

		

		
			
				Mechanical Accessories: The engine is equipped with mechanical pumps that generate the necessary fluid

				pressure for its operation, namely oil and fuel. Each pump is connected to the engine via a gear train. For instance,

				in most engines, the mechanical fuel pump is driven by the main gear at the camshaft's output. An example of a

				mechanical fuel pump is shown in the next figure.

			

		

		
			
				In this image, we can see views of the mentioned mechanical pump. On the left, a bolt at the end allows for

				the correction and adjustment of the fuel flow driven by the pump through an internal rubber diaphragm. On the

				right side of the image, we see the toothed wheel connection to the gear train that drives the component from the

				camshaft. Some fuel pumps are equipped with an aneroid capsule, functioning as an “altimeter”; that is, they adjust

				the flow rate according to altitude and specific engine requirements based on the pressure sensed by the device.
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				Installation on the Aircraft: Regardless of its weight and power, the engine requires a high-strength

				structural mounting. The structure must support the engine's own weight and also absorb and transmit all loads

				related to torque, vibration, and other normal operating forces encountered during operation. For this purpose, there

				is a structural assembly known as the engine mount. The engine mount is the support structure for the engine in the

				aircraft. The following image shows an example in a single-engine aircraft.

			

		

		
			
				The principle of installation and anchoring is similar across all aircraft, depending on size and dimensions,

				but maintains the same criteria. The structure is usually made from seamless steel tubes (AISI 4130, chrome-

				molybdenum steel), connected with MIG or TIG welds and mechanically anchored with high-strength AN bolts.

				The installation and condition of elastomeric mounts are crucial, as they are the primary absorbers of vibration; the

				rubber they are made of serves as a vibration isolator between the engine and the rest of the aircraft.

				The engine mount attachment, in the case shown, is made to the end of the aircraft's cabin structure.

				Between the mount and the flight cabin is a structural separation plate called a “firewall”; in addition to separating

				the engine area from the cabin, it serves to isolate the aircraft in the event of an engine fire. For twin-engine aircraft,

				the mounting and attachment principles are the same. The following image (next figure) shows the case of the Ted

				Smith 601 Aerostar and its Lycoming TSIO-540 engine.

			

		

		
			
				For aircraft powered by turboprop engines, while the mount's shape varies according to the engine's

				characteristics, the installation principle is similar to that of the piston engine. Conversely, jet engines have a

				different structural mounting assembly known as a pylon. This book does not focus on jet engines, so this topic will

				be covered in future volumes of this series.
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				1.2 Engine ignition system

				The ignition system of a reciprocating engine comprises a combination of electrical and mechanical devices

				whose primary function is to provide a constant spark while the engine is operating. To understand its operation, it's

				crucial to first differentiate between the two types of ignition systems: those using magneto coils and those equipped

				with Full Authority Digital Engine Control (FADEC) systems.

			

		

		
			
				Magneto Ignition System

				In a separate chapter, we will cover concepts related to onboard electrical power generation. For now, we’ll

				focus on the fundamentals and main components of engines equipped with magnetos:

			

		

		
			
				•	Magneto Coils

				•	Starter Motor

				•	Ignition Harness

				•	Spark Plugs

				Magneto ignition systems can be further classified into high-tension or low-tension systems. The low-

				tension magneto system generates a lower voltage which is distributed to a transformer coil located near each spark

				plug. This system mitigates some issues inherent in the high-tension system, which transmitted high voltage directly

				through the spark plug. Previously, ignition cables could not withstand the high voltage and were prone to leaking to

				ground before the spark reached the cylinder. Advances in materials and shielding have resolved these issues,

				making the high-tension magneto system the most commonly used ignition system in aircraft.

				Magneto Coils: These consist of a basic alternating current generator that receives mechanical impulse

				from the engine's gear train. Like any generator, its function is to convert mechanical energy into electrical energy,

				utilizing principles of electromagnetism through a permanent magnet and a traditional wound coil.

			

		

		
			
				Magneto System Components:

				•	Magneto Coils: Generate electrical current from mechanical input.

				•	Starter Motor: Initiates engine operation.
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				•	Ignition Harness: Transfers electrical power to the spark plugs.

				•	Spark Plugs: Ignite the air-fuel mixture in the engine's cylinders.

			

		

		
			
				Magnetos play a crucial role in ensuring reliable ignition by providing a consistent and dependable spark

				regardless of engine speed or load.

			

		

		
			
				As electrical energy is generated, it is transmitted via the ignition harness or wiring to each spark plug

				installed in the engine cylinders. Inside the magneto, at the correct moment, the current flow is interrupted and the

				magnetic field collapses through a secondary set of windings in the coil, generating high voltage. This high voltage

				is used to bridge the gap in the spark plug. In both cases, the three essential components required to generate

				electrical energy are present to produce the high voltage that causes a spark to jump across the spark plug gap in

				each cylinder. The magneto operates in sync with the engine to ensure that the spark is produced only when the

				piston is in the proper stroke position at a specific number of degrees of crankshaft before the piston reaches top

				dead center (TDC).

				There are both single and dual magnetos, which can be used interchangeably in aircraft engines. The single

				magneto design incorporates the distributor within the casing along with the magneto switch assembly, a rotating

				magnet, and the coil; these three components are responsible for generating the electromagnetic effect needed for

				electricity production. The dual magneto incorporates two magnetos contained within a single casing or structure.

				The dual magnet coil consists of a rotating magnet and a cam shared between two sets of breaker points and coils.

			

		

		
			
				Ignition System Operation

				The starting procedure for an aircraft reciprocating engine is straightforward and involves a few key steps.

				The primary control for engine start is the "magneto switch" located in the cockpit. The magneto switch features

			

		

		
			
				five operational positions:

				•	OFF: Engine shut down, with fuel and electrical power cut off.

				• R - Right: Engages only the right magneto, energizing only the spark plugs

				connected to this coil, so the engine operates on a single ignition system.

				•	L - Left: Engages only the left magneto, energizing only the spark plugs connected

				to this coil, so the engine operates on a single ignition system.

				• BOTH: Both magnetos are engaged; both magneto coils are operational, providing

				dual ignition for the engine.

				•	START: Activates the engine starting system.
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				As previously stated, the ignition system is critical for engine operation; therefore, a check must be

				conducted before each flight. Each aircraft has its own procedures that must be followed without exceptions.

				Beyond that, we can mention a general procedure applicable to the majority of reciprocating engines:

				•	Verify the manifold pressure, oil temperature, and oil pressure values.

				•	Set the power between 1700 to 2000 RPM.

				•	Switch the magneto key from the BOTH position to the L position. With the key in L, ensure that the RPM does

				not drop by more than 100 RPM (depending on the engine).

				•	Return the key to the BOTH position and then move it to the R position, repeating the previous check.

				•	Recheck the manifold pressure, oil temperature, and oil pressure values.

			

		

		
			
				Ignition Sequence

				The synchronization of the magnetos is vital for the overall proper functioning of the system. While there is

				a tolerance margin (regarding time and position), it is necessary to maintain its tuning within the established

				tolerance values. The relationship between ignition timing synchronization and the energy transmitted depends on

				the number of engine cylinders and the internal volume of the chamber. This synchronization process is known as

			

		

		
			
				the firing order.

			

		

		
			
				In the previous figure, we observe the firing order of a Lycoming IO-540 engine. Like all aircraft engines, it

				is equipped with two magneto coils. From each coil, a wire connects it to each of the cylinders, thus, each cylinder

				receives two wires that independently energize each spark plug. This is commonly known as a dual ignition system.

				In the previous figure, we can see the connection details and the ignition method of the engine, known as

				the firing order. This defines the chronological order in which combustion occurs in each of the cylinders. As

				mentioned at the outset, the four strokes of the Otto Cycle develop in the cylinders in a specific working order.

				Knowledge for modern crew

			

		

		
			
				32

			

		

		
			[image: ]
		

	
		

		
			
				It should be noted that different reciprocating engine manufacturers number the cylinders differently;

				therefore, the firing sequence will vary, for example, between Avco Lycoming engines and Teledyne Continental

				engines.

				The electrical impulse from the magnetos must be perfectly synchronized so that both coils energize the

				spark plug simultaneously. This ensures complete combustion of the air-fuel mixture introduced into the cylinder

				chamber. To ensure this description is clear not only in theory but also as a flight operation safety element, it is

				important to always consider the following variables:

				•	Condition of the ignition wiring harness and insulation

				•	Condition of the connections

				•	Synchronization of the magnetos

			

		

		
			
				Electronic Ignition and Control Systems

				Electronic ignition control and fuel management systems are represented by FADEC (Full Authority Digital

				Engine Control) units; these units can control functions in both reciprocating engines and jet engines. FADEC units

				are solid-state assemblies composed of a central computer system called the EEC (Electronic Engine Control),

				devices that control the electrical impulse to the ignition harness, regulate the engine mixture, and manage fuel

				intake. FADEC continuously monitors and controls ignition, timing, and fuel mixture injection.

				These systems also have the capability to control engine operating conditions (crankshaft speed - RPM, top

				dead center position, manifold pressure, and intake air temperature) and then automatically adjust the fuel-air

				mixture and ignition timing accordingly, ensuring that any given power setting achieves optimal engine

				performance. Due to their functionalities, engines equipped with FADEC do not require magnetos or manual

				mixture adjustment. The FADEC system is based on the operation of an ECEC microprocessor, which controls

				ignition timing for engine start and varies the timing concerning engine speed and manifold pressure. In other

				words, the system constantly adjusts all variables involved in power generation to optimize fuel use, ensure

			

		

		
			
				complete combustion, and convert it into mechanical energy.
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				The microprocessor mentioned earlier assigns an ECU (Electronic Control Unit) to a pair of engine

				cylinders. The ECUs control the fuel mixture and spark timing for their respective engine cylinders. In the

				hypothetical case of a six-cylinder engine like the Lycoming IO-540 mentioned earlier, ECU 1 controls opposing

				cylinders 1 and 2, ECU 2 controls cylinders 3 and 4, and ECU 3 controls cylinders 5 and 6.

				Each ECU is divided into upper and lower sections. The lower section contains an electronic circuit board,

				while the upper section houses the ignition coils. Each electronic control board contains two independent

				microprocessor controllers serving as control channels. During engine operation, a control channel is assigned to

				operate a single engine cylinder. Therefore, one ECU can control two engine cylinders, one control channel per

				cylinder.

				The control channels are independent, and no electronic components are shared within an ECU. They also

				operate with independent and separate power sources. However, if one control channel fails, the other control

				channel in the same ECU pair can operate both its assigned cylinder and the opposite engine cylinder as a backup

				for fuel injection and ignition timing control. Each control channel in the ECU monitors current operating

				conditions and operates its cylinder to achieve engine performance.

				The ignition system utilizing FADEC is known as PLIS (Power Link Ignition System). This assembly

				consists of high-voltage coils located above the ECU, the high-voltage harness, and the spark plugs.
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				Since there are two spark plugs per cylinder in all engines, a six-cylinder engine has 12 leads and 12 spark

				plugs. One end of each wire in the high-voltage harness connects to a spark plug, and the other end connects to the

				spark towers in each ECU. The pair of spark towers are connected to the opposite ends of one of the ECU's coil

				packs. Two coil packs are located on top of the ECU. Each coil pack generates a high-voltage pulse for two spark

				towers. One tower emits a positive polarity impulse, and the other from the same coil emits a negative polarity

				impulse.

				Each ECU controls the ignition spark for two engine cylinders. The control channel within each ECU

				commands one of the two coil packs to control the ignition spark for the engine cylinders. The high-voltage harness

				carries energy from the ECU's spark towers to the engine's spark plugs.

				While we have highlighted the advantages of the fuel injection system, it is also crucial to consider three

				aspects of the system directly related to flight safety:

				•	Engines with a fuel injection system present greater difficulty in hot re-ignition (usually in-flight).

				•	The system is more prone to vapor lock formation during ground operations, especially in warm climates.

				•	In a low-fuel condition in-flight, failures will occur sooner compared to an engine equipped with a carburetor.
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