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Introduction
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Aircraft can weigh millions of pounds, yet can leap into the sky with seemingly little effort. The basic principles that allow today’s aircraft to fly are the same principles of aerodynamics used by the Wright brothers in 1903. Principles of flight is one of the fundamental topics pilots must master to operate an aircraft safely. Principles of flight tell us why an aircraft will plummet to the ground if it flies too slow or why an aircraft can break-up if a pilot tries to turn too sharp. But this topic is more than avoiding undesirable flight conditions – it is also about flying efficiently. How to climb higher or fly further requires knowledge of operating the aircraft with the greatest gains for the smallest penalty.
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You will start your principles of flight journey by exploring how air flows around the aircraft wing to generate an aerodynamic reaction, known as lift, which is used to overcome the weight of the aircraft. But no matter how efficient the aircraft is at generating lift, there is always a penalty to pay, which is drag. You will see drag is the resistance force of moving through the air and comes from a range of sources. Next, you will explore the various flight controls of the aircraft. The same aerodynamic principles that allow an aircraft to fly are used to move the aircraft around, from pitching the nose up in a climb to rolling the wings in a turn. You will then take the aircraft for a flight and see how the aircraft climbs, descends, turns, and flies straight and level. In each case, a delicate balance of the main forces is required to ensure the aircraft is flown as desired. One of the most important chapters is stalling and spinning. You will see these dangerous conditions are not limited to slow flight and are closely linked to how the aircraft generates lift. The final few chapters will look at how to get the most performance out of the aircraft; from flying further or longer, to taking-off and landing in the shortest distance.

Some of the concepts that you will explore may seem overwhelming at first, however, as you progress through each chapter you will see many aspects of principles of flight are closely linked. You will see how the airflow over the wing helps generate lift, but when this flow is disrupted, the aircraft can stall (insufficient lift). You will also see how the atmosphere can have a considerable impact on your ability to fly, and how the higher you stray, the more challenging it becomes. Principles of flight also helps explain why aircraft need to be flown in specific configurations and speeds to achieve a desired outcome. For example, why lowering the flaps are a great tool during take-off and landing, but not so beneficial in the cruise.

Although we are primarily concerned with how aircraft fly, just as important is to understand what can degrade performance – and in some cases, very quickly. For example, you will see the disastrous consequences of trying to fly with contaminate on the wing, such as a thin layer of frost or ice. The main focus of this book is on how general aviation aircraft fly – primarily single-engine, propeller-driven aircraft. However, many of the aerodynamic principles used in small aircraft can be applied to aircraft of all sizes. No matter what aircraft you fly, it is essential you have a solid understanding of the principles of flight.


Chapter 1: The Atmosphere
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Why explore the atmosphere when you are here to learn about aerodynamics? It’s simple – the characteristics of the atmosphere are a fundamental part of helping (or hindering) an aircraft’s ability to fly. The atmosphere that you fly in is not constant, with temperature, pressure, and density changing. Unfavorable atmospheric conditions may result in an aircraft struggling to get airborne in the first place, with take-off distance impacted considerably by high temperatures and low pressure. Once airborne, how quickly (or slowly) your aircraft soars into the sky will be influenced by 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. Fortunately, this is pretty high for even small aircraft but could be an issue if you are trying to cross a high mountain pass.

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. You will see that as pilots stray higher in the atmosphere, various properties begin to change, with variations in air density the most important for principles of flight.

Air Density

Air density is defined as the number of air molecules in a given volume, as shown in Figure 1.1.  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.
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Figure 1.1: Air density is defined as the number of air molecules in a given volume.


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). Most small aircraft operate below 10,000 feet. If you popped outside at 10,000 feet you would find the air temperature had reduced to around -5ºC (23ºF). A typical cruising level for a commercial airliner is about 35,000 feet, where the outside air temperature would be around -55ºC (-67ºF), as shown in Figure 1.2. Air temperature has an inverse 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 and as a result, the air density is reduced.

[image: ]


Figure 1.2: 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. Climbing higher in the atmosphere will result in less overlying air, reducing the atmospheric pressure. Atmospheric pressure changes quickly near sea level, reducing to 700hPa by 10,000 feet. However, higher in the atmosphere, the rate of pressure change slows. Half sea level pressure (500hPa) is found around 18,000 feet and quarter sea level pressure (250hPa) is found around 34,000 feet. Pressure has a direct relationship with air density; higher pressure results in more molecules packed together, therefore higher air density; whereas lower pressure results in fewer molecules together and therefore lower air density.

If we consider an aircraft preparing for take-off, the ideal conditions would be a cold day with high pressure, as shown in Figure 1.3. This means the aircraft engine(s) will produce more power and the wings will 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. In chapter 13 you will see these unfavorable conditions can result in disastrous consequences, with some aircraft struggling to take-off, even from very long runways.
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Figure 1.3: Temperature and pressure will influence an aircraft’s performance.


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

International Standard Atmosphere (ISA)

To help pilots easily assess if the conditions on the day are going to result in better or worse aircraft performance than normal, 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 (which is 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 (one inch of mercury per 1,000 feet).



Density: 1225 g/mᶟ at sea level


A pilot can compare their actual weather conditions on the day to determine if their aircraft will perform better or worse than ISA. For example, if a pilot checks the weather report and observes a temperature of 5ºC (41ºF) and pressure 1025hPa (30.27inHg), they can expect the aircraft to perform better than ISA (assuming the aerodrome’s elevation is close to sea level).

You can see that air density can change considerably during a flight. Throughout this book you will explore how the atmospheric conditions play a key role in principles of flight, from lift generation, climbing, take-off performance, and flying for maximum range. For now, it is time to get moving and see how the wing is designed to generate an aerodynamic force, which helps overcome the weight of the aircraft.


Chapter 2: Basic Aerodynamic Theory


[image: ]


The basic aerodynamic principles that allow an aircraft to fly have not changed much since the early days of flight. As you will see in this chapter, the key component that allows an aircraft to fly is the aerofoil (also called airfoil). An aerofoil is the cross-section shape you would find if you sliced open the aircraft wing, and it is designed to create an aerodynamic force. Aerofoils are also used to help an aircraft roll into a turn or pitch the nose up. These same principles can be exploited to allow the aircraft to fly safely at slow speeds when coming into land.

Aerofoil

An aerofoil is the main component required to help an aircraft fly, and it is a structure designed to obtain a reaction when it moves through the air. Aerofoils come in a range of shapes and sizes, but all involve a curved surface, like the one in Figure 2.1. The aircraft wing is the main aerofoil that we consider, but it is certainly not the only one. The aircraft rudder, tailplane, and even the propeller are examples of aerofoils, which you will explore in various chapters.
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Figure 2.1: Aerofoil terminology.






Let’s take a closer look at a typical aerofoil and highlight some of the key characteristics, as shown in Figure 2.1. The first thing you will notice is the upper surface is curved – which is also known as camber – whereas the lower surface is relatively flat. You will see shortly that not all aerofoils have the same shape, but the example in Figure 2.1 is known as a general-purpose aerofoil, which is more likely to be found on smaller aircraft. The edge that meets the airflow first is known as the leading edge, with the trailing edge on the opposite side. The leading edge is rounded, whereas the trailing edge is quite narrow and tapered. If you drew a straight line between the leading and trailing edge you would have the chord line – which effectively represents the width of an aerofoil. Another line can also be drawn equal distance between the upper and lower surfaces, which is known as the mean (average) camber line. The thickness can also be measured by the distance from the upper and lower surface, with the maximum thickness normally found about 30% from the leading edge.
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Figure 2.2: Examples of different aerofoils.





The aerofoil shape of the wing varies depending on the specific purpose of the aircraft, as shown in Figure 2.2. For example, a thin aerofoil (small curvature on the upper surface) is generally better for high-speed flight (e.g. fighter jets) but is not very efficient when flying slowly. A high lift aerofoil is better for aircraft that need to fly slowly but is not well suited for flying fast. The wing is known as an asymmetric aerofoil, as the top and bottom surfaces are not the same (the bottom surface is relatively flat, whereas the top surface is curved). An aerofoil could also be symmetrical, which means the upper and lower surfaces are curved the same – that is, the chord line and mean camber line would be in the same place. The tailplane is sometimes a symmetrical aerofoil.
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Figure 2.3: Relative airflow (RAF) and angle of attack. 



As soon as the aerofoil moves, air will begin to flow around it. What direction this airflow is coming from is very important and is known as the relative airflow (RAF). The RAF is the airflow that is remote from the aircraft and acts parallel with and directly opposite to the aircraft flight path, as shown in Figure 2.3. Note the flight path is not necessarily in the same direction the nose of the aircraft is pointing, which is known as attitude. Attitude of the aircraft is the position in flight relative to the horizon. For example, as you will see later on when the aircraft is flying slowly, often the nose attitude is high, even though the aircraft is flying level. The angle between the chord line and the RAF is known as the angle of attack (AoA). Angle of attack is extremely important and has a considerable impact on an aerofoil’s ability to generate lift, and at very high angles of attack, this lift can suddenly collapse (resulting in a stall). 
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