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Chapter 1: Introduction
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Flying is a very safe mode of travel, especially flying in a commercial aircraft. But it has not always been this way. In the early days of aviation, aircraft accidents occurred more often. In these early days, there was a lot of trial and error on what worked and what did not. A classic example is the shape of the windows in an airliner. Have you ever wondered why airliner windows have rounded edges, usually oval-shaped? Unlike the windows at home which usually have right angles at the corners. The unique shape of airliner windows dates to the 1950s, with the introduction of one of the first commercial jet airliners, the Comet. The Comet was a huge step forward in air travel as it took passengers far higher and quicker than previous aircraft. The Comet was able to offer this new flying experience thanks to a pressurized cabin. The pressurized cabin had already been around for a few years, but the Comet was the first jet airliner to utilize it, allowing the Comet to cruise above 30,000 feet.

A pressurized cabin means the air in the aircraft is kept at a similar air pressure to sea level. You will see in chapter two that the air pressure higher in the atmosphere is a lot lower than it is at sea level. As a result, the airframe needs to be very strong to withstand the huge strain of holding in the oxygen-rich cabin air, which desperately wants to escape out. Within a few years of operating, several Comets started to mysteriously break up mid-flight. The reason for these crashes? One of the leading contributing factors was the Comets square windows. The windows four corners were weak points, which over time developed tiny cracks, leading to the breakups. Now windows in airliners have rounded corners which help the airframe withstand the huge strain of flying at high altitude.

From the 1950s, aviation safety steadily improved. Advances in aircraft design have resulted in mechanical failures becoming less common, and when a failure does occur, back-up systems can bring the stricken aircraft safely home. Hazardous weather has also been a major challenge for pilots since the early days of flight. Weather remains a significant threat to pilots today, but improvements in weather forecasting and other cockpit tools like the weather radar allow pilots to avoid many hazardous weather conditions. In comparison, safety improvements in pilot performance have been somewhat slower. As a result, pilot-related factors are now the primary cause of over 80% of aircraft accidents.

Pilot performance and limitations is a broad subject that covers a wide range of factors that can influence a pilot’s ability to operate an aircraft safely. An aircraft accident is seldom caused by a single factor and is often a result of an accumulation of minor factors. Such as a pilot under time pressure to complete a flight, with a minor malfunction in an aircraft system thrown into the mix, leading to higher workload and distractions. In this environment, a pilot’s thinking becomes strained, and errors begin to occur, such as forgetting to follow set procedures or flying into unsuitable weather conditions. The first error does not necessarily lead to an accident. However, it leads to more errors occurring, each error resulting in reduced safety margins, which if left unchecked, can lead to disaster.
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Figure 1.1: There are a wide range of components that can influence a pilot’s ability to operate an aircraft safely.



To stop the first error leading to disaster, each flight has a series of safety layers, such as training, procedures and technologies. These safety layers are designed to help pilots detect and capture the range of hazards that can compromise the safety of a flight. However, all safety layers have their weaknesses, such as fatigue leading to poor execution of a lookout or the TCAS failing to detect all surrounding aircraft. This concept is captured in James Reason’s swiss cheese model, as shown in Figure 1.2. Each layer of swiss cheese represents a safety layer, and the holes in the swiss cheese represent the weakness in each layer, which can vary in size and are ever-changing. The model shows weakness or failure in one layer is unlikely to lead to an accident, due to the next layer capturing any hazards that slip through. But if the weaknesses in all the layers line up, then a poor outcome (loss) may occur. Aviation has taken a proactive approach in adding safety layers (e.g. new technologies, CRM training) and minimizing the holes (weaknesses).
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Figure 1.2: James Reason’s swiss cheese model of accident causation.



Early programs aimed at reducing pilot-related accidents largely focused on the pilot, and how they can avoid making errors. However, as we will see throughout this book pilots interact with a range of external and internal components that can have a considerable impact on a pilot’s ability to complete a flight safely. These interacting factors can be captured using the SHELL model, as shown in Figure 1.3.
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Figure 1.3: The SHELL model shows pilots interact with a range of external and internal components.


The key components of the model include:








	Software


	The broad range of information pilots interact with, such as rules, standard operating procedures (SOPs) and checklists.





	Hardware


	The physical features that pilots interact with, such as the controls and displays.





	Environment


	The external environment (e.g. temperature, weather) and internal environment (e.g. stress, fatigue) that influence a pilot.





	Liveware


	The human component of the model. The center of the model represents the pilot. The outer liveware component represents all the other people a pilot may interact with, such as other pilots and air traffic controllers.







The SHELL and James Reason models provide an overview of the different components that will be explored in this book. The first part of this book will focus on the environmental component. Many environmental factors can influence a pilot’s performance, such as pressure and oxygen levels. But potentially more problematic for pilots are internal factors, such as stress and fatigue.  We will then move into the brain in the study of psychology and explore the software component. Like all humans, pilots have limited information processing capacity, which can influence memory and decision-making ability. We will then explore some of the liveware components, with a focus on how pilots interact with others. The aviation industry has implemented a number of training programs to improve teamwork, such as Crew Resource Management (CRM). We will also look at how the culture of an organization can have a considerable impact on pilot behavior. In the final chapter, we will explore the hardware component, whereby you will see that poorly designed hardware can contribute to accidents and incidents. 

The study of pilot performance and limitations is now one of the major areas a pilot must master to fly an aircraft safely. Considering the severe consequences that can arise when things go wrong in aviation, it is essential to understand the wide range of factors that can influence pilot performance.  



Chapter 2: Oxygen Requirements
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It may seem a little odd that we begin this book by exploring the atmosphere, however, there is good reason for this, as pilots spend much of their time well above ground level. We are well adapted to life at ground level, where the air temperature is generally pleasant and there is plenty of oxygen in the air that we breathe. Sadly, as we go higher in the atmosphere the conditions are less than ideal. If a pilot strays too high in the atmosphere in an unpressurized aircraft, the consequences can be serious, as shown in the following case study:


On August the 14th 2005, a Helios Airways Boeing 737 took off on a flight from Cyprus to Athens, climbing towards its cruising altitude of 34,000 feet. Unfortunately, the aircraft’s pressurization system was set incorrectly. Basically, this was like a small window being left open in the aircraft. As the aircraft climbed, the air inside the aircraft cabin was the same thin air found outside, rather than the oxygen-rich air normally found in an aircraft cabin. Various warning bells sounded, but the pilots misinterpreted these warnings. The pilots called a ground engineer for assistance, who asked them to check the pressurization system. However, despite being conscious, the pilots were unable to conduct such a simple task due to the effects of trying to operate in the oxygen deprived high altitude air. Shortly afterward, radio contact with the aircraft ceased. A couple of fighter jets were scrambled and found the aircraft flying on autopilot towards Athens. The fighter jet pilots could see most of the crew and passengers were unconscious, although a flight attendant, with a portable oxygen bottle, was observed trying to control the aircraft. A short time later, the aircraft ran out of fuel and crashed into a hill near Athens. The events that led to this accident are rare but highlight the dangers of trying to operate in high altitude, thin air.


The Atmosphere

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 fly higher in the atmosphere, various properties begin to change, with changes in atmospheric pressure the most important aspect for us to consider. In aviation, atmospheric pressure is usually measured in hectopascals (hPa) or inches of mercury (inHg), with the average atmospheric pressure at sea level 1013hPa or 29.92inHg. Pressure can also be expressed in millimeters of mercury (mmHg), which is 760mmHg at sea level. Climbing higher in the atmosphere will result in less overlying air, reducing the atmospheric pressure, as shown in Figure 2.1. 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 quarter sea level pressure (250hPa) around 34,000 feet. 
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Figure 2.1: Atmospheric pressure change in the atmosphere.



Atmospheric pressure has a direct impact on the amount of oxygen available. At sea level, a volume of air contains a mixture of gases. Nitrogen contributes the largest proportion at 78%. Oxygen contributes 21%, with the final 1% a mixture of gases, from argon to carbon dioxide. Each gas also contributes to the total pressure of a unit of air (1013hPa, 29.92inHg or 760mmHg at sea level). The oxygen component alone contributes 160mmHg towards the total pressure, which is referred to as the partial pressure of oxygen (at sea level).



Although atmospheric pressure reduces with height, the proportions of each gas remain the same. For example, at 18,000 feet, a unit of air will still contain 78% nitrogen, 21% oxygen and 1% other. However, as the atmospheric pressure has reduced, the mass of each gas has reduced. Therefore, the partial pressure of oxygen reduces with height, which can have a dire impact on a pilot’s ability to stay alive – let alone fly an aircraft.


Respiratory and Circulatory Systems

Not surprisingly, the amount of oxygen available to a pilot is extremely important. When oxygen levels are even a little below optimum, a pilot’s performance can be seriously degraded. Oxygen is needed for every function of the body, from digesting food, to moving muscles to control the aircraft, and even thinking. This oxygen needs to be delivered to cells throughout the body. Cells are the basic building blocks of the body, which create tissue, and form organs (e.g. the heart and lungs), all of which require a constant supply of oxygen to function properly. To understand how oxygen levels affect a pilot, we first need to explore the respiratory and circulatory systems.


The oxygen in the atmosphere enters the body via the respiratory system, which then delivers it to cells throughout the body via the circulatory system. Each breath inhaled sends about 500ml (half a quart) of air towards the lungs. This air enters through the nose and mouth and travels down the trachea before entering each lung, as shown in Figure 2.2. The air eventually reaches the end of this passage where tiny air sacs are found called alveoli. Millions of these tiny alveoli are found in each lung, which transfers oxygen into the bloodstream.
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Figure 2.2: Basic components of the respiratory system.


The amount of oxygen transferred (diffused) into the bloodstream is directly proportional to the partial pressure of oxygen that has been inhaled. At sea level, the pressure is relatively high, therefore oxygen easily diffuses into the bloodstream. The previous section highlighted that the partial pressure of oxygen is about 160mmHg at sea level. When this sea level air is inhaled, the mixture of gases in the lungs changes slightly. Inside the lungs, there is a higher concentration of carbon dioxide and water vapor (compared to outside the lungs). As a result, inside the lungs, the partial pressure of oxygen is about 104mmHg. The body is well adapted to operate with this level of oxygen. Climbing higher in the atmosphere will reduce the partial pressure of oxygen. At 10,000 feet, the partial pressure of oxygen inside the lungs reduces to about 55mmHg. You will see in the next chapter, that above 10,000 feet, the body starts to struggle due to insufficient oxygen being available.


Oxygen is diffused into a specific part of the blood. Blood in the circulatory system is made up of four main components; red blood cells, white blood cells, plasma and platelets, each of which has a different function. Red blood cells make up about 40% of your blood, and their primary function is to transport oxygen. Red blood cells contain hemoglobin molecules to which oxygen can attach. Oxygen remains attached to the hemoglobin molecules until they reach a very low oxygen area at the capillaries. Capillaries are found in areas of the body that require oxygen. They have very thin walls (about a cell thick), that allow oxygen to diffuse out and into tissues.



Red blood cells also play an essential role in transporting carbon dioxide back to the lungs. When oxygen is used in the body, one of the by-products it creates is carbon dioxide. Carbon dioxide exits the body using red blood cells (and hemoglobin molecules) which transport it to the lungs to be exhaled, as shown in Figure 2.3.
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Figure 2.3: Carbon dioxide and oxygen diffusion in and out of the red blood cells at the alveoli. 



The heart plays a critical role in the circulatory system by pumping blood throughout the body. In an average human at rest, the heart beats 60-100 times a minute, resulting in 1.3 gallons (5 liters) of blood passing through the heart every minute. Blood travels in veins and arteries, as shown in Figure 2.4. Veins transport blood towards the heart, with most (but not all) veins transporting deoxygenated blood (carbon dioxide-rich). In contrast, arteries transport blood away from the heart, with most (but not all) carrying oxygenated blood.
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Figure 2.4: Basic components of the circulatory system.



The heart contains four chambers: the left and right atrium, and the left and right ventricle, as shown in Figure 2.5. Oxygen-rich blood will first travel from the lungs to the heart via the pulmonary vein where it will enter the left atrium. Next, it will enter the left ventricle where it is pumped to various parts of the body via the aorta and the arterial branches. Deoxygenated blood returns to the heart via veins, first entering the right atrium, before passing into the right ventricle where it is pumped to the lungs via the pulmonary artery.
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Figure 2.5: The heart contains four chambers.


How quickly blood needs to race around your body is largely determined by carbon dioxide levels in the blood. If the brain detects high levels of carbon dioxide in the blood, it will trigger a response to increase breathing and heart rate. Higher levels of carbon dioxide usually mean the body is using plenty of oxygen, such as during exercise or a stressful situation, therefore more oxygen is required. The increase in breathing will result in more oxygen entering the bloodstream, which can be pumped around the body quicker with the increased heart rate. Likewise, low levels of carbon dioxide mean the body’s demand for oxygen is low (e.g. during sleeping), therefore breathing and heart rate can be reduced.

The human body does an amazing job of constantly delivering oxygen throughout the body – provided there is plenty of oxygen in the air to breathe. Unfortunately, pilots sometimes stray high in the atmosphere, where the environment is less than ideal. You will see in the next chapter that the pressurized cabin has allowed us to take the ideal sea level conditions with us each time we go flying. But if a pilot is suddenly exposed to the thin air at high altitude, they may only have a few seconds to take corrective action.  



Chapter 3: Hypoxia
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Imagine flying along on a nice sunny day in a pressurized aircraft, well above 10,000 feet, enjoying the fantastic view. However, suddenly the reassuring hum of the engines is interrupted by a pressurization warning. The air in the aircraft cabin is quickly being replaced by the oxygen deprived, outside air. How you react next in this scenario is critical to avoid hypoxia. In this chapter we will see that this potentially fatal condition can trick the body into thinking nothing is wrong. This means you are less likely to notice you are suffering from hypoxia, let alone do something about it.

Hypoxia is a condition in which the body has insufficient oxygen. Hypoxia can occur in a range of situations – including at sea level:


Hypoxic hypoxia occurs in a low oxygen environment. This means there is insufficient oxygen that can enter the bloodstream and be transported around the body.



Hypemic hypoxia means the blood has a reduced ability to carry oxygen. In other words, there is plenty of oxygen in the air that you breathe, but it is unable to jump into the blood. This may be due to certain blood diseases, such as anemia (lack of healthy red blood cells). For pilots, the most common cause of hypemic hypoxia is carbon monoxide poisoning, which you will explore in more detail in chapter 11.



Stagnant hypoxia means blood in the body is not flowing (or flowing too slowly). This could be in a local area in the body (e.g. your arm going to sleep) or on a larger scale due to heart problems. For pilots, high g-forces can cause this type of hypoxia, leading to G-LOC (G-force induced loss of consciousness). Cold temperatures can also cause this type of hypoxia, leading to reduced blood flow to the extremities (toes and fingers).



Histotoxic hypoxia is the inability of the cells in the body to effectively use oxygen. In other words, the oxygen jumps into the blood fine and is transported to the cells, but the cells are unable to use it. Drugs, alcohol, and other types of poisons may cause this type of hypoxia.


No matter the cause of hypoxia, the effects on a pilot’s performance are similar. One of the most dangerous aspects of hypoxia is that the symptoms gradually develop and are very difficult to detect.

Hypoxic hypoxia is the main type of hypoxia that we will focus on, as it can occur when flying too high in an unpressurized aircraft. As we saw in the previous chapter, inside the lungs at sea level, the partial pressure of oxygen is about 104mmHg. This is the optimum amount of oxygen, allowing the body to function properly. At 10,000 feet, the partial pressure of oxygen inside the lungs reduces to 55mmHg, as shown in Figure 3.1. The body can compensate for the reducing oxygen levels by increasing the rate of breathing, which works reasonably well up to around 10,000 feet. This is why smaller aircraft, that are generally unpressurized, are safe to fly up to 10,000 feet. However, above 10,000 feet the body can no longer compensate. In this environment, the body will start to struggle due to insufficient oxygen being available.
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Figure 3.1: Partial pressure of oxygen inside the lungs reduces at higher altitudes.



The brain is most susceptible to reducing oxygen levels; therefore, cognitive performance and vision are some of the early functions to develop symptoms. One of the earliest symptoms is euphoria and impaired judgment, which makes it difficult for pilots to detect that they are suffering from hypoxia. Euphoria is a happy carefree feeling. Another early symptom is night vision can be compromised, sometimes as low as 5,000 feet. Other symptoms include:


Changes in behavior, such as a person becoming more talkative than normal (or less).

Difficulty making simple decisions.

Difficulty coordinating movement, such as moving the controls or pushing a specific switch in the cockpit.

Loss of short-term memory, such as memorizing a radio call from air traffic control.


If exposed to a low oxygen environment for a prolonged period, blue lips and fingertips (cyanosis) may appear, which is caused by reduced oxygen levels in these areas.


Heart rate will increase (to try and compensate for reduced oxygen levels).

One of the final symptoms of hypoxia is unconsciousness and then eventually death.

There can be a considerable variation in a pilot’s tolerance and symptoms of hypoxia. Several underlining conditions can increase a pilot’s risk of hypoxia. These are generally conditions or factors that reduce the body’s ability to transport oxygen or use some of it up. A classic example is smoking. Smoking produces carbon monoxide which attaches itself to the hemoglobin molecules in the red blood cells, severely limiting oxygen’s ability to be transported around the body. This means a regular smoker will start to experience hypoxia symptoms much lower than a non-smoker. Other factors include illness, stress, fatigue, extreme temperatures (either hot or cold) and alcohol. All these factors increase the body’s demand for oxygen and therefore lowers a pilot’s tolerance to hypoxia.
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