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Chapter 1: Introduction
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Aerodynamics is one of the fundamental topics a pilot must master to operate an aircraft safely. Despite aircraft coming in many shapes and sizes, they all utilize the same basic aerodynamic principles that have not changed much since the early days of flight. Pilots can control various forces acting on the aircraft, but flying an aircraft also comes with responsibility. To avoid flying an aircraft beyond its limits, pilots must respect the aerodynamics of flight.

Flight in its most basic form requires an aircraft to overcome its weight. Even small aircraft weigh a considerable amount, with large aircraft weighing millions of pounds. Our initial focus in this book will be exploring lift, which is the key force opposing the aircraft’s weight and is primarily generated by the wings. But lift can be volatile, and if pilots push the limits too far, this useful lift that is keeping the aircraft in the air can suddenly disappear. Aircraft designers have found ways to enhance the lift generated by the wings, which can be used when pilots need it the most, such as during take-off and landing. As we will see, the larger the aircraft, the more complex these lift enhancing devices become.
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No matter how efficient an aircraft is at generating lift, there is always a penalty to pay – drag. We will see that drag is the force that resists the movement of the aircraft through the air. Aircraft designers have gone to great lengths to minimize drag. Aircraft produce a huge amount of drag at low speed, but also a huge amount at high speed. We will explore the middle speed area in detail, as this is where an aircraft is most efficient, producing plenty of lift for the minimum amount of drag penalty. This is the point that allows the aircraft to fly further (maximum range) or glide longer (such as during an engine failure).
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During a flight pilots will need to maneuver the aircraft, from pitching up in a climb to banking the wings in a turn. We will see the same basic aerodynamic principles of lift and drag are used to precisely control the aircraft in flight. We will also see aircraft have very clever design features to ensure pilots do not require excessive force to move the flight controls. 

One of the key areas that we will focus on in this book are factors that can degrade aircraft performance – and in some cases, very quickly. We will see the disastrous consequences of trying to fly with contaminants on the wing, such as a thin layer of ice. We will also explore the stall, spin, and spiral dive, which can take a pilot by surprise. If a pilot does not act swiftly in these situations, there can be grave consequences. In the final few chapters, we will explore the propeller – the key component that helps produce thrust to overcome the drag of the aircraft. The principles of the propeller can sometimes seem overwhelming, but we will see the propeller operates using similar principles to the wing. We will also explore what happens when an engine fails on a twin-engine aircraft. Most twin-engine aircraft can fly perfectly fine on one engine, but only if they are flown correctly.

No matter how well an aircraft is designed, the pilot flying them still needs to utilize their knowledge of aerodynamics to tackle any unexpected challenges. To avoid flying an aircraft beyond its limits, pilots must respect the aerodynamics of flight. Turning too sharply, flying too slowly, or overloading an aircraft can all have dire consequences.



Chapter 2: Aeroscience
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When an aircraft leaps into the air, how well it flies (or not) is governed by a number of fundamental physical laws. These laws help explain why an aircraft can fly straight and level, how pilots can make the aircraft turn sharply, and even why the aircraft remains airborne in the first place. We will explore all these areas in greater detail in various chapters, however, first we need to take a closer look at aeroscience. Aeroscience explores the building blocks of aerodynamics. In this chapter we will take a look at a range of key concepts that are very important to understand how an aircraft flies, from Newton’s laws to the forces acting on an aircraft on a curved path.

Newton’s Laws of Motion

Sir Isaac Newton worked in many areas of mathematics and physics, well before aircraft took to the sky. The most important area that he worked on for aerodynamics were his three laws of motion. As we explore these laws, we will see they are closely linked with several fundamental aerodynamic concepts.


Newton’s first law of motion: Every object continues in its state of rest or uniform motion in a straight line unless acted upon by an external force.


This first law explains why an aircraft sitting on the runway remains stationary unless another force is applied, such as increasing the power setting. Likewise, when an aircraft is flying straight and level – not going up or down, not changing direction or speed – it will remain flying straight and level until acted on by another force (e.g. power setting reduced to slow down).


Newton’s first law is sometimes called the law of inertia. Inertia is an object’s tendency to resist change in motion, like an aircraft’s tendency not to move on the runway until another force is applied. Or the tendency to remain flying in a straight path, at a constant speed. Inertia solely depends on the mass of an object (we will explore the difference between mass and weight shortly). For example, consider a commercial airliner, which has a considerable mass, and a small single-engine aircraft, which has a smaller mass, as shown in Figure 2.1. To start moving the airliner, a large force would need to be applied to overcome its inertia, whereas only a small force would be required to start moving the smaller aircraft. It is important not to confuse inertia with momentum. Momentum is how difficult it is to stop an object or change its direction. Momentum is linked with velocity, which can be expressed with the formula:


Momentum = Velocity x Mass.

For example, an object with a small mass traveling quickly will have the same momentum as an object with a large mass traveling slowly. Unlike inertia, velocity is a key component of momentum. A large stationary object will have no momentum (as it has no velocity), but will still have inertia (as inertia only depends on mass). 

[image: ]


Figure 2.1: The larger the mass, the larger the force required to overcome inertia.



Newton’s first law also helps explain what a force is. A force is an external influence on an object, which is trying to move the object out of its state of rest or motion. Whether a force is successful in changing the state of the object will depend on other opposing forces. In this book we will explore a range of forces acting on an aircraft, from the aerodynamic force generated by the wings to the force resisting the aircraft’s movement through the air (drag). 



Newton’s second law of motion: The acceleration of an object depends on the mass of the object and the amount of force applied.


This law tells us that the speed an aircraft accelerates will depend on the size of the force (e.g. how much thrust the engine produces) and the mass of the object (i.e. how heavy the aircraft is). For example, if we had two aircraft on the runway and a force of the same size was applied to each, the lighter aircraft would accelerate quicker than the heavier aircraft, as shown in Figure 2.2.  This law can be summarized with the formula: Force = Mass x Acceleration.
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Figure 2.2: Acceleration depends on the size of the force and the mass of the object.



We need to be a little careful when talking about weight and mass, as they are different but closely linked. Both are very important when considering how an aircraft flies, as in its most basic form, flight is overcoming the weight of the aircraft.



	Mass is how much matter an object contains (or the amount of substance in an object). 

	Weight is the force produced when an object is acted upon by a gravitational attraction. In our case, objects are attracted towards the center of the earth. 




It was Newton who also described gravity (theory of gravitation), which is the pulling or tugging force that is exerted on all objects by nearby objects. Gravity is measured by how quickly an object moves towards another object, with the average gravitational pull of the earth being 32 feet per second (9.8 meters per second). Gravitational force depends on the mass of the object, which is why the gravitational force on the moon is smaller than on the earth. Gravitational force is also inversely proportional to the distance between objects (i.e. the further away the two objects are, the weaker the gravitational force). Interestingly, this means the higher an aircraft flies, the less it will weigh (assuming mass remains the same) as it is further away from the earth. However, for all practical purposes, we can assume gravity is constant on or near the earth’s surface.  


Weight is a force that can also be described as a vector quantity. A vector quantity means the force has a magnitude (size of the force) and a direction (towards the earth). Velocity is another example of a vector quantity, as it has a size (e.g. 100 knots) and direction (e.g. to the north). If something does not have a direction, it is known as a scalar quantity, with temperature being a classic example.



Before leaving weight, we also need to touch on center of gravity (CG). Aircraft can be fairly heavy, with not only the aircraft, but also fuel, the pilot, and passengers all contributing to the aircraft’s weight. The CG can be considered the point at which all weight of the aircraft is concentrated, as shown in Figure 2.3. If the aircraft could balance on the CG, it would remain in any position. CG can move during a flight, for example when fuel is burned, or passengers move through the cabin. The CG location is very important as it affects the controllability of the aircraft, which we will explore in more detail later in this book.
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Figure 2.3: The center of gravity (CG) can be considered the point at which all weight of the aircraft is concentrated.



Newton’s third law of motion: For every action (force), there is an equal and opposite reaction.


A classic example of this law in action is pushing against a wall. When you push against a wall, the wall pushes back, in the opposite direction. In this basic form, this equal and opposite reaction is not very obvious. But now imagine yourself with roller skates on when you push against the wall. This time you will roll away from the wall and the harder you push, the greater the reaction. This law helps explain a number of key aspects of flight. For example, a jet engine propels an aircraft forward by pushing hot air out the back of the engine, as shown in Figure 2.4. Thrust is the equal and opposite reaction, helping the aircraft move forward in flight.
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Figure 2.4: Newton’s third law of motion helps explain how a jet engine moves an aircraft forward.


Motion on a Curved Path


Pilots will regularly turn the aircraft during a flight, which means the aircraft will move around a curved path. When traveling around a curved path, a force is required that acts inwards towards the center of the curve. This is known as centripetal force, and this is the force that is making the aircraft turn. However, as we saw in Newton’s third law, there must also be an equal and opposite reaction, which is known as centrifugal force, which acts in the opposite direction – away from the center of the curve, as shown in Figure 2.5.  
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Figure 2.5: Forces acting on an aircraft when moving around a curved path.


The required size of the centripetal force is proportional to the mass of the object. In other words, the larger the object, the larger the force required to move it around a curved path. In the turning chapter we will see that the size of the centripetal force will also affect how quickly an aircraft turns; the larger the centripetal force, the quicker an aircraft can turn (known as the rate of turn).

Moment


The final concept to explore is a moment. A moment is a turning force around a pivot or turning point, as shown in Figure 2.6. This turning force may also be called torque or leverage. The strength of the moment (turning force) will depend on the size of the force and the distance the force is from the turning point – known as a moment arm. The longer the moment arm, or larger the force, the larger the moment. The moment can be described as clockwise or anti-clockwise depending on which way it is turning.
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Figure 2.6: A moment is a turning force around a pivot or turning point.


We will explore moments in a range of topics. During straight and level flight an aircraft will have a number of competing moments acting on it, such as a moment trying to pitch the nose of the aircraft up or down. We will also see moments can be very powerful, especially when a force is applied with a long moment arm.

In isolation, many of the concepts explored in this chapter can be a little daunting. However, we will build on many of these areas as we explore different parts of aerodynamics. But before looking at how an aircraft flies, we first need to explore the atmosphere, which influences the aerodynamic forces acting on an aircraft.



Chapter 3: The Atmosphere
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The characteristics of the atmosphere can help (or hinder) an aircraft’s ability to fly. The atmosphere that you fly in is not constant, with temperature, pressure and density regularly changing. Unfavorable atmospheric conditions may result in an aircraft struggling to get airborne, with temperature and pressure having a considerable impact on take-off distance. Once airborne, how quickly (or slowly) the aircraft soars into the sky will be influenced by the characteristics of the atmosphere. At some point, the aircraft will not be able to climb any further due to the thin air found in the upper atmosphere. In this chapter we will also explore the stickiness of air – known as viscosity – which results in air constantly resisting the aircraft’s movement through it.

Air Density

The atmosphere is the layer of gases that surround the earth. Although the atmosphere stretches up to the boundary of space, almost all flights operate in the tiny portion of the atmosphere near the surface. As pilots stray higher in the atmosphere, various properties begin to change, with variations in air density the most important for aerodynamics.
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Figure 3.1: Air density is defined as the number of air molecules in a given volume.


Air density is defined as the number of air molecules in a given volume, as shown in Figure 3.1.  The more air molecules per unit of air the higher the air density and vice versa. Air density is normally measured in grams (g) per cubic meter (mᶟ) or kilograms (kg) per cubic meter, with an average air density at sea level of 1225g/mᶟ (1.225kg/mᶟ). Aircraft will generally perform better in denser air due to improved engine performance and the wing’s ability to generate more lift. The two key factors that influence air density are temperature and pressure.

Temperature and Pressure


On average, the surface temperature at sea level is 15ᵒC (59ᵒF), and as we leave the earth’s surface, the air temperature normally reduces at a rate of about 2ᵒC per 1,000 feet (3.6ᵒF per 1,000 feet). If we popped outside at 8,000 feet, we would find the air temperature would be around -1ᵒC (30ᵒF). A typical cruising level for a commercial airliner is about 34,000 feet, where the air temperature would be around -53ᵒC (-63ᵒF), as shown in Figure 3.2. Air temperature has an indirect relationship with air density:



	
In cold temperatures, the air molecules are more compact, therefore the air density in a given volume of air is higher. 


	
In warm temperatures, the air molecules are spaced further apart, therefore the air density in a given volume of air is lower.  
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Figure 3.2: Temperature and pressure trends in the lower atmosphere.


Atmospheric pressure is the weight of the air above a certain point. In aviation, atmospheric pressure is usually measured in hectopascals (hPa), with the average atmospheric pressure at sea level around 1013hPa. Pressure can also be expressed in inches of mercury (inHg) and millibars (mb), which are respectively 29.92inHg and 1013mb at sea level. Climbing higher in the atmosphere will result in less overlying air, reducing the atmospheric pressure. Atmospheric pressure changes quickly near sea level, reducing to three-quarters of sea level pressure (750hPa) by 8,000 feet. However, higher in the atmosphere, the rate of pressure change slows. Half sea level pressure (500hPa) is found around 18,000 feet and a quarter sea level pressure (250hPa) is found around 34,000 feet. Pressure has a direct relationship with air density:

	
In high pressure, the air molecules are more compact, therefore the air density in a given volume of air is higher.  




	
In low pressure, the air molecules are spaced further apart, therefore the air density in a given volume of air is lower. 




If we consider an aircraft preparing for take-off, the ideal conditions would be a cold day with high pressure, as shown in Figure 3.3. This means the aircraft’s engine(s) would produce more power and the wings would generate more lift, allowing the aircraft to take-off quicker, and climb faster. The less ideal conditions would be a warm day with low pressure. The aircraft would take longer to take-off and climb slower.
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Figure 3.3: Temperature and pressure will influence air density and therefore an aircraft’s performance. 


Water vapor in the atmosphere can also influence air density. Water vapor molecules are lighter than dry air molecules, which means air becomes less dense when water vapor is present. The change in air density is usually insignificant, but in very humid environments, such as in some areas of the tropics, aircraft performance can be degraded.

Air density is not just an issue during take-off. As a pilot strays higher in the atmosphere, they can expect air density to reduce. Although the cooler temperatures at altitude should increase air density, the considerable reduction in atmospheric pressure has a greater effect, resulting in air density reducing with increasing altitude. As we will see in chapter 11, this means an altitude will eventually be reached where an aircraft is unable to climb, or may even struggle to remain in level flight.

International Standard Atmosphere (ISA)

To help pilots easily assess the conditions on the day, the International Standard Atmosphere (ISA) has been created. ISA provides a benchmark ‘standard day’ that pilots can reference and is based on the approximate average values throughout the year for the entire world. ISA values are:








	Temperature


	
15ᵒC (59ᵒF) at sea level, reducing by 1.98ᵒC (3.6ᵒF) per 1,000 feet (normally rounded to 2ᵒC per 1,000 feet).






	Pressure


	
1013hPa (29.92inHg, 1013mb) at sea level, reducing by 1hPa per 30 feet near sea level (1inHg per 1,000 feet).
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