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1. Introduction - Why Aerospace Engineering?  

1.1. What is Engineering? 

Nothing compares to engineering, as the most practical, creative, and useful profession. But what is 

engineering? The name comes from the word “engine”, and originally it was a man responsible for 

running a technical installation. The word “engine” draws from Latin, and it means an invention, a 

technical creation, based on ingenuity. I will try to explain engineering by using the following six 

concepts: 

 science: engineering is based on mathematic and algorithmic representations and models of 

the world, like a science; actually it relies on many disciplines of pure science; 

 

 creativity: engineering is sheer creativity, aiming at creating all useful artificial objects 

known; not all sciences are creative, some are descriptive, as geology, anatomy, biology, 

astronomy, and history; from this perspective, engineering is not far from art sometimes; 

 

 practicality: as opposed to fundamental or pure sciences, engineering is an applied science, 

relying on both theory and experiments to solve practical problems; engineering solves real 

life problems, and nothing is more complex than reality; 

 

 utility: as opposed to art, engineering is directly useful, creating the artificial world we live 

in; a work of engineering always serves a practical purpose, it is useful in some way, 

whereas a work of art is created to be admired, to generate certain emotions; 

 

 wide scope: engineering is a rich mix of disciplines, covering a broad scope of knowledge, as 

opposed to specialized sciences; when an engineer designs an artificial object, he needs to 

integrate many disciplines and to think in multidisciplinary terms; for instance, when an 

engineer builds a house, he needs to integrate the knowledge of materials (stone, concrete, 

steel), with various other disciplines, like mechanics, geometry, chemistry, geology, even 

with some remote disciplines, like meteorology (to calculate the need of insulation), 

aerodynamics (to assess the effects of the wind), geophysics (to evaluate the effects of a 

probable earthquake on the house), and many others; engineering is a multidisciplinary 

activity, searching for the best solution to all aspects of a given problem; 

 

 realism: sometimes engineering is considered the “art of compromise”; as it is a 

multidisciplinary science, the optimal solution does not exist, and many trade-offs have to 

be carefully chosen; for instance, when designing a boat, there is an optimal shape for the 

best forward speed through water, and another optimal shape for the stability on the 

waves; a good engineer would chose the best trade-off between the two; in this, 

engineering opposes idealism, and pure abstract thinking. 
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1.2. What is Aerospace Engineering? 

Aerospace engineering is a juxtaposition of aeronautical engineering (engineering of aircraft) with 

astronautical engineering (engineering of spacecraft). The two fields of engineering differ 

considerably when it comes to the environment and the conditions of flight, but there is something 

which brings them together: the complexity of the task, the adversity of the environment, the 

substantiality of the challenge. Both branches of engineering have been developed together in the 

last century. 

 

The astronautical engineers have been converted from aeronautical engineers, and the astronauts 

have always been aircraft pilots first. Now, most institutions keep this tradition, and address both 

fields together, in what is known as “aerospace engineering”. For instance, the most prestigious 

American institution engaged in the development of this science is the American Institute of 

Aeronautics and Astronautics (AIAA). In Romania, there is a small scale equivalent, the Aeronautical 

and Astronautical Association of Romania (AAAR). 

Studying aerospace engineering makes sense for a number of reasons: 

 it is easy to be addicted to; it is entertaining and lovable like no other field of activity; 

passion for aviation is widespread and deep; in life, it is very important to choose a 

profession that you are capable to love for many years to come, and to avoid the boredom 

and the apathy from an activity you get fed up with; one needs to perform in his or her 
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profession; the passion and the enthusiasm aviation is capable of inspiring are paramount 

ingredients of performance; 

 it is most demanding and challenging, for the aforementioned reasons: the complexity of 

the flight and the adversity of the flight environment push the limits of the sophistication 

needed to fly safely; people with challenging activities make a better and more interesting 

living; 

 aerospace engineers are different from all other engineers, and from all other intellectuals; 

in life, we need our own strategy, and differentiation is a good one; most people avoid 

matters of extreme complexity like aerospace engineering, so this is a niche left open to the 

few with the ambition and the courage to take this different and rather challenging road; 

 

 in aerospace engineering, there are better jobs, with better pay; most people in this field 

earn more money, but what makes them happy is not that (strangely enough, you get used 

to a better pay very quickly, and drop it from your mind); the true desirability of these jobs 

comes from the frequent and consistent professional satisfactions these jobs can provide; 

 for the Romanian readers, it is worth noticing that Romanians make excellent aerospace 

engineers; nobody knows if this is genetic, empowering us with a native talent, or it is just 

the competitive and traditional school in aerospace engineering, making us one of the 

nations with the most efficient education system in this field; 
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 there is an increasing shortage of aerospace engineers worldwide in the years to come; a 

profession on short supply becomes more valuable, and the choice of a profession needs a 

long term perspective. 

 

1.3. Remarkable Romanian Aerospace Engineers 

In the past century, a number of Romanian aerospace engineers made important contributions to 

the world of aviation. Henri Coanda and Elie Carafoli had the greatest impact on the aerospace 

research community, as their biographies demonstrate. 
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This gallery of remarkable Romanian aerospace engineers is far from complete. Other great figures 

will be mentioned or presented throughout this book, like Hermann Oberth and Dumitru-Dorin 

Prunariu. Others did not make it here, but have already enjoyed public attention: Traian Vuia, Aurel 

Vlaicu, Radu Manicatide, and Iosif Silimon. 

Important personalities contributed to the success of the Romanian aerospace engineering school: 

Nicolae Tipei, Virgiliu Nicolae Constantinescu, Radu Voinea, Victor Pimsner, Augustin Petre, Nicolae 

Racoveanu, Ioan Aron, and Mihai M. Nita, to name just a few. Given the tough political and 

economical conditions, important professors abandoned the school and emigrated, but their 
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contribution is nevertheless important: Ilie Stiharu, Catalin Bungetzianu, Dinu Bondar, Paul Cizmas, 

Sorin Mitran, and others. 

At present, remarkable professors like Virgil Stanciu, Corneliu Berbente, Sterian Danaila, and Vasile 

Nicolae Constantinescu are keeping the spirit alive, with hard work and impeccable professional 

attitude. 

Making a transition to the present day, we may notice an interesting fact. Without much attention 

from their own homeland, too busy with the perennial internal disputes, other Romanian aerospace 

engineers are making aviation history right now. Their contribution will undoubtedly come to the 

public attention later on.  

 

 

 



11 
 

 

 

The gallery is indeed incomplete, and a few more names come to mind (in random order): Pavel 

Liszka, former head of prototype design for many years at ICA Ghimbav Brasov, Sergiu Sidon, former 

professor and champion glider pilot, died in a glider accident, Dan Andrei, civil aviation visionary and 

mentor, Bogdan Donciu, head of Romatsa, Dan Pantazopol, researcher in flight simulators, leader of 

Simultec Institute, Gabriel Marinescu, turbine engine expert with Rolls-Royce, Valentin Silivestru, 

president – general manager of the National Research and Development Institute for Gas Turbines 

COMOTI, Daniel Timofei, Director Operations and Country Manager Lear Corporation Philippines, 

Roman Tudorel, head of navigability, Romanian CAA, Catalin Nae, leader of National Institute for 

Aerospace Research "Elie Carafoli”, Marius Piso, president of the Romanian Space Agency, Claudia 

Virlan, head of Romanian CAA, Radu Berceanu, Minister of Transportation, Mihai Neamtu, head of 

Aerodynamics compartment at INCAS. 

I had the privilege to teach many excellent students at the Faculty of Aerospace Engineering of the 

University Politehnica of Bucharest. Some of them are already important personalities, which is 

rewarding, and it makes me feel rather old: Razvan Margauan, project manager at Maastricht Upper 

Area  Control,  Mihai Huzmezan,  PhD  in automatic control of the University of Cambridge,  research 
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group leader with General Electric, Radu Cioponea, EUROCONTROL performance review expert, 

Florin Cioran, EUROCONTROL safety expert, Endre Korody, avionics engineer, PhD in aerospace 

engineering of the Budapest University of Technology and Economics, Dragos Munteanu, safety and 

quality manager at Tarom, and Irina Beatrice Stefanescu, researcher at the Romanian Space Agency. 

For now, the gallery is open to those young readers, who will choose to continue this national 

tradition. 
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2. Flight Principles. Classification of Aircraft and Spacecraft 

2.1. The Laws of Newton 

As paradoxical as it might seem, there is no magic in lifting a 500 tons aircraft in the sky. All aircraft 

and spacecraft rely on the three laws of Newton: 

 

There are two kinds of flight: atmospheric and non-atmospheric (Figure 1).  
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In the non-atmospheric flight, the atmosphere is not required to lift the body; it may be present, and 

if it is, it just slows down the vehicle, acting like an aerodynamic brake. Also, the atmosphere may be 

used for steering and as a source of oxygen in non-atmospheric flight, but not for lift. A missile is a 

good example of non-atmospheric flight. Its flight is non-atmospheric, and it steers using control 

surfaces moved in the stream of air. Some scientists object to the term “flight” used in connection 

with the non-atmospheric flight, because the flight is not sustainable. Imagine throwing a stone. It 

“flies” on a parabolic path, until the gravity brings it down to the ground. The missile does the same 

thing, except for its own propulsion, which extends the trajectory. 

The atmospheric flight relies on atmosphere to produce the lift required. The aircraft in Figure 1 is an 

example. The wings create lift in the stream of air, and this lift keeps the aircraft afloat. For this 

reason, it is also known as aerodynamic lift flight, and this is the true, sustainable flight. 

Now, we may differentiate further, we could split each of the two categories in two, as in Figure 2: 

non-atmospheric flight into ballistic and reaction flight, and the atmospheric flight, into heavier-

than-air and lighter-than-air flight.  

 

 

The four categories are illustrated by four respective types of vehicles: spacecraft, rocket, aircraft, 

and balloon. All four types of flight will be discussed further, but we need to clarify an important 

issue first. A vehicle in any of the four categories could fly in an alternate way at times. For instance, 

an aerobatic airplane usually performs a heavier-than-air atmospheric flight, but at times, especially 

during aerobatic maneuvers, it “flies” or moves in a ballistic way. Some missiles usually perform a 

reaction flight, but they might use wings to sustain a longer horizontal flight through aerodynamic 
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lift, and after the fuel is exhausted, the rest of the flight could be purely ballistic. The conclusion here 

is that categories are useful in our reasoning process, but they are just abstract and simplified 

versions of a complex reality. Do not let these simplifications mislead you, our objective is to 

understand reality, as complex as it gets.  

2.2. The Ballistic “Flight” 

The ballistic “flight” could be illustrated by a spacecraft, or a stone thrown through the air, or an 

arrow ejected from a bow, or a bullet shot from a gun. All these objects have no flying capabilities in 

themselves, they are simply launched with a certain initial speed, and using the inertia (Newton’s 1st 

Law), they keep their motion on a trajectory tangent to the initial speed. Gravitation, as a 

consequence of Newton’s 2nd Law, will eventually bring the object down to the ground. Also as a 

consequence of Newton’s 2nd Law, except for the case of the spacecraft, the friction with the air 

decelerates the object. The combination of the two laws (inertia horizontally, and the influence of 

acceleration of gravity vertically) make the trajectory parabolic (Figure 3).  

 

 

 

The kinematics of the bullet shot from a height H above the ground may be decomposed on a 

horizontal axis and on a vertical one. Vertically, there is a uniformly accelerated motion without 

initial velocity, with the acceleration of gravity g = 9.81 m/s2. Applying the formula, we may calculate 

the time needed by the bullet to fall from the height H (see Figure 3): 

 
2H

t
g

  

Ignoring the friction with the air, we may consider the horizontal motion as a uniform one. Thus, the 

distance L is covered by the bullet with a constant speed V0 (Newton’s 1st): 
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 0 0

2H
L V t V

g
     

Take a numerical example: the bullet is shot horizontally at a height H = 1.6 m, with an initial velocity 

V0 = 300 m/s. The result is L = 171 m. If we consider the friction with the air, this length will be 

shorter. The aerodynamic drag force will be: 

 2

2
dD V S C


     

 Where:  

  is the air density,  = 1.204 kg/m3 at sea level; 

 S is the section area, calculated from the caliber of the bullet : 

 
2

4
S 


   

 Cd is the aerodynamic coefficient of drag, depending on the shape of the bullet and the 

speed; for a normal bullet with subsonic velocity, we may assume Cd = 0.33 

For our numerical case, D = 0.815 N. Now we may determine the deceleration d in the motion of the 

bullet (Newton’s 2nd): 

 
D

d
m

  

 Where: 

  m is the mass of the bullet; say 9.75 g or 0.00975 kg for a 7.62 mm caliber bullet 

Hence, d = 83.59 m/s2. This problem is not so easy though, because the acceleration d is decreasing 

slightly with the speed, but if we assume the deceleration constant, we get the total length of the 

“flight” about 14 m shorter, i.e. 157 m: 

 2

0 0

1 2

2

H d H
L V t d t V

g g


        

A professional approach to this problem would require to write the equations in a given instant, and 

to integrate them over the duration of the “flight”.  

 

Now let us move to the study of a spacecraft in Earth’s orbit. In an extra-atmospheric flight, the 

friction with the air is avoided, and the gravity force may be defeated by the centrifugal force 

resulted from the spacecraft circling the Earth. Suppose we return to the previous example, shooting 
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the bullet with such a speed, that the bullet falls down to the Earth at such a distance, that the 

curvature of the Earth is followed, and the gravity is equaled by the centrifugal force (Figure 4). 

 

Equating the weight to the centrifugal force, we get: 

 
2

0V
m m g

R
    

R is the radius of the circular trajectory of the bullet. In our case, we consider the Earth radius R = 

6,731 km. What is the initial velocity of the bullet required to place the bullet on this very low Earth 

orbit? 

 0V g R   

Applying the above formula, we get V0 = 7,906 m/s. This speed, also known as the first cosmic speed, 

or V1, is of course too high for the current rifles or guns, which top 1,500 m/s. But on the Moon the 
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situation would be different, the radius is just 1,737 km, and the Moon’s acceleration of gravity is 

only 1.62 m/s2. With this new data, we get very close to shoot ourselves in the back, as illustrated in 

Figure 4: V0 = 1,677 m/s.  

This principle is used by spacecraft put into Earth’s orbit. Such vehicles become satellites, and the 

good news is that no energy is needed to keep them in the orbit. It is just the balance of the two 

forces (gravity and centrifugal force), which makes them stay there, for as long as we wish. In fact 

this becomes annoying, because there is no easy way to get rid of the old satellites or of the broken 

parts. The pieces of debris are continuing to circle the Earth forever, and since the 2009 collision (see 

case study), there is an increased concern about the destructive potential of the 500 pieces of debris 

on orbit.  

 

For effective orbit “ballistic” flight, the air brake the satellite, like in our earlier example with the 

bullet. Thus, orbits have to be high enough to get into the extra-atmospheric space, i.e. higher than 

120 km above the sea level. 

 

The launch mechanics of the spacecraft into Earth’s orbit is illustrated in Figure 5: 

• violent burn of rocket fuel 
• exhaust gas is pushed down  
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• rocket is pushed up (Newton’s 3rd) 
• go vertically to avoid thick atmosphere on the shortest route 
• then go tangentially to V1 to defeat gravity 

 

Since the orbit is over 120 km high, the acceleration of gravity is no longer 9.81 m/s2. We need to 

resort to the Newton’s universal law of gravity.  

 

As we did in the bullet case, we equate the mass attraction to the centrifugal force: 

 
 

2

2

V m M
m G

R H R H


  

 
 

Where: 

 m is the mass of the satellite; 

 V is the speed of the satellite; 



22 
 

 R is the Earth radius (6,371 km); 

 H is the height of the orbit above the sea level; 

 G is the universal constant of gravitation (6.6726·10−11 m3/kg/s2); 

 M is the mass of the Earth (5.98·1024 kg); 

Regardless of the mass of the satellite, we may calculate the speed V required for an equilibrium 

flight: 

 
G M

V
R H





 

Conversely, we could find the height of the orbit at a given speed: 

 
2

G M
H R

V


   

Let us check these formulas on some nice examples. 

 

What is the speed of the International Space Station (see photo on page 7), knowing that its orbit 

around the globe is 400 km above the sea level? 

Applying the formula for speed, we get V = 7.676 km/s = 27,600 km/h. 

 

The Global Positioning System (GPS) is a global navigation system based on 24 satellites (see photo), 

covering the sky in any part of the world, at any given moment. Their orbit is at a height of 20,200 

km above the ground. What is the speed of a GPS satellite? 

The formula for speed yields V = 3,875.2 m/s = 13,951 km/h.  
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2.3. The Reaction Flight 

The reaction flight is entirely based on the Newton’s 3rd Law, and it is best illustrated by the rocket 

launch of a satellite or of any other spacecraft: 

• violent burn of rocket fuel 
• exhaust gas is pushed down  
• rocket is pushed up (Newton’s 3rd) 

 
In the photo below, an American space shuttle is launched using two solid-fuel rockets, together 

producing 29.5 million N of thrust. They end up their fuel at a height of 47 km, and tiny explosive 

devices purge the empty rockets, to relieve the shuttle from the weight of the shells. The shells are 

recovered and recycled after a parachute jump in the ocean. From that point on, the shuttle 

switches to its own rocket engine with three nozzles, fueled from the huge central tank. 

 

Spacecraft use reaction flight principles for two main purposes: a) to launch i.e. to achieve the 

operating speed: V1 in case of an Earth orbit, V2 for a Solar orbit, or greater for an escape route 

from the Solar system, and b) for control, or adjustments of the trajectory (Figure 6). Defeating Earth 

gravity (achieving V1) requires a huge power, as a multi-stage liquid fuel rocket like Saturn V is 

supplying. This rocket, designed by the legendary Dr. Wernher Von Braun, was used in the most 

sophisticated astronautic program in history, the Apollo missions to the Moon (1968-1972). Of 

course, there are planets bigger that Earth, and defeating their gravity would require much larger 

propulsion rockets than Saturn V. For the moment, we should consider ourselves lucky that our 

planet is not the size of Jupiter. On the same note, we could add that a spacecraft landing on Jupiter 
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could not return home due to the huge rocket engines which should be carried first to Jupiter. The 

Moon, with its low gravity field (6 times lower than that of the Earth), is a more tangible destination. 

 

Once escaped from a gravity field, a spacecraft travels fast by itself, based on inertia (Newton’s 1st 

law). Thrusters, as the one presented in Figure 6, allow minor adjustments of the trajectory, or 

changes of course. In the interplanetary space, the gravity of the Sun and the planets could be wisely 

used for accelerations, and this is probably the least expensive spacecraft propulsion, known as 

gravity assisted speed boosts.  

One of the major issues with spacecraft is the distance from Earth, which prevents the real time 

remote control of the spacecraft. For instance, Moon is 1.267 light-seconds away, Saturn is 1.3 light-

hours, and the nearest star, Proxima Centauri, is 4.3 light-years away. The center of our galaxy is 

26,000 light-years away, whereas other galaxies are millions of light-years away. 

This means that, for instance, the radio waves or the light take 1.267 seconds to travel between 

Earth and even the closest celestial body, the Moon. If a control signal is to be transmitted from base 

to a spacecraft in Moon orbit, in the best scenario, it would take 1.267 seconds. In the worst 

scenario though, when the spacecraft is on the opposite side of the Moon, the transmission would 

need to wait until the spacecraft rises and becomes visible again. This could mean hours, depending 

on the spacecraft orbiting speed. There are two variants to overcome this problem: 
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 manned spacecraft, like the Apollo, Soyuz (see photo in the Dumitru Prunariu biography), 

the International Space Station (see photo on page 7), or the Space Shuttle (Figure 7 and 

photo on page 23); these ships are controlled by human astronauts and on board 

computers to assist them 

 unmanned spacecraft, like the Cassini (Figure 6), or the Voyager (Figure 8); these ships are 

controlled by on board computers; the computers may be reprogrammed remotely, but 

this has to be done well in advance of the maneuver 

A special kind of manned spacecraft is the Space Shuttle, a reusable spacecraft. After reentry in the 

atmosphere, it glides down and lands on an airfield, very much like a glider (Figure 7 and photo on 

page 23). 

 

Manned missions are by far the most complex, and the most capable of real-time intelligent 

response to any difficulty which might occur. They are also the most expensive, and currently many 

American and European space programs face financial troubles. Currently, China carries the most 

manned missions under their ambitious space program. India might join the club in 2018.  

Probably the most successful manned spacecraft program ever was Apollo, which culminated with 

the first human step on the Moon, in July 1969. During the missions of Apollo, there were many 

occasions when astronauts took over the spacecraft controls. One legendary intervention was that 

of Neil Armstrong, when the computer got overloaded due to a failed sensor. As a consequence, the 

computer was not able to carry the attitude control any more, and the capsule started to spin 
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dangerously. Neil took over and managed to complete the maneuver manually. If the spacecraft 

were unmanned, or if the astronaut at controls were less skilled or less courageous, the mission 

would have ended disastrously. 

 

The photo in Figure 8 represents Voyager 1 spacecraft, the artificial object at the greatest distance 

from Earth. This distance increases at an impressive rate of 17 km/s. This speed is beyond the 

second cosmic speed (or V2), and allowed the ship to escape the Sun gravity. Voyager is now leaving 

the solar system, and going to the interstellar space inside our galaxy, the Milky Way. Engaging into 

an intergalactic flight would require a speed of 525 km/s, which is far off our technology limits. Even 

limited to our own galaxy, this travel to approach the nearest star will take 40,000 years. Voyager 

transmissions are still received on Earth. At the distance Voyager is now, the Sun is appearing as a 
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bright star, so the solar panels are not able to capture any energy. The spacecraft depends on the 

nuclear power sources, which are expected to supply energy until 2025. 

 

 

2.4. Atmospheric Flight 

The atmospheric flight relies on the aerodynamic or the aerostatic lift in order to keep the aircraft up 

in the sky. There are two distinct types of atmospheric flight: heavier-than-air and lighter-than-air 

flight (review Figure 2). The former is based on aerodynamic lift, and the later on aerostatic lift. 

2.5. Lighter-than-air Atmospheric Flight 

Remember that the atmosphere is made of air, a mixture of gases (mainly Nitrogen and Oxygen), 

and the density of air is variable, around the value of 1.204 km/m3 at sea level. The density 

fluctuates from day to night, from summer to winter, and it depends on the weather (temperature, 

air pressure), but we need an average value and a standard deviation to characterize such a variable.  
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The real atmosphere also contains water, in concentrations that vary to a large extent, and this 

water is to be found in all states: solid (ice, snow), liquid (drops), and vapor. Atmosphere is a fluid, 

flowing very much like the water, only 800 times less dense. Since human civilization has a long 

history of staying afloat in water, in all kinds of boats, it is surprising that as late as 1783, the first 

people managed the lighter-than-air atmospheric flight in a hot air balloon (photo). The engineers 

were brothers Montgolfier, and the first aeronauts were de Rozier and Marquis D’Arlandes. 

 

The principle of the lighter-than-air flight is the Archimedes’ principle, exactly the same that governs 

the flotation of a boat in water (see next memo). The buoyancy acts as lift force (L) and has to 

neutralize the weight of the balloon, including its load and passengers (W, Figure 9). The Hydrogen is 

the lightest gas, with a density of just 9% of that of air (see table in Figure 9). Also, Helium is lighter 

than air. Both gases could be used to inflate a balloon, and the balloon has to be tightly sealed, to 

prevent the gas to escape. The lift and the weight are given by the following formulae: 

 air balL V g       gas balW m V g     

For an equilibrium flight, we need to equate the two forces, and we get the required volume of a 

balloon Vbal to lift a certain load m:  

 air bal gas balV m V       bal

air gas

m
V

 



 



29 
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“Rescuers find helium balloons belonging to missing Brazilian priest floating in the sea” (Last 

updated at 16:03 23 April 2008) 

“A Roman Catholic priest who went missing in seas off Brazil after trying to break a record for flying 

with helium balloons was today feared dead. Adelir Antonio de Carli is thought to have been blown 

30 miles offshore after lifting off on Sunday afternoon. Today rescuers reached a cluster of brightly 

colored party balloons floating in the ocean off Brazil's coast but did not find the priest.” (Reuters) 

Presuming that the weight of the priest is 80 kg, and the weight of the equipment is 20 kg (100 kg in 

total), how many Helium party balloons are needed to lift the priest? A balloon is 0.4 m in radius. 

To calculate the number of the balloons, we need to assess the lift produced by one balloon first. A 

balloon is a sphere of 0.4 m radius, and its volume is given by: 

 34

3
balV R      Vbal = 0.268 m3 

On the other hand, the total volume of Helium needed to lift 100 kg is given by the formula on page 

28: 

 
100

97.52
1.204 0.1786

bal

air gas

m
V

 
  

 
m3 

Now the problem is simple: how many 0.268 m3 balloons add up to the required 97.52 m3? 

 97.52 / 0.268 = 364 balloons 

This result stands for the sea level, but what about getting the required lift at 6,000 m of altitude, 

where the density of air is just 0.649 kg/m3? 
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To reach an altitude of 6,000 m, a number of 793 balloons would be required. Actually, de Carli 

reached 5,300 m and used 1,000 balloons, to boost his lift. 

 

If we would use Hydrogen instead of Helium, the efficiency would increase four times. For instance, 

in our problem above, we could replace 364 Helium balloons with only 90 Hydrogen balloons of the 

same size, but it would be dangerous. Hydrogen is highly flammable, whereas Helium is chemically 

neutral.  

Besides Hydrogen and Helium, there is a third possibility: hot air. The pressure of a gas depends on 

the gas temperature, so lift is produced by heating the air in an open balloon, like Montgolfier 

brothers did in the 1783. Although the density of hot air is no match for that of Hydrogen or Helium, 
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this solution is very attractive. Air is neither flammable, nor expensive, and the balloon does not 

have to be tightly sealed. Moreover, the balloon is controllable on the vertical axis by turning the 

heater on and off. When the heater is turned on, the balloon climbs, and if it is turned off, the 

balloon starts down.  

Lighter-than-air aircraft are called “aerostats”, because they rely on aerostatic lift. There are two 

kinds of aerostats: the balloons, and the airships, also known as dirigibles or blimps (Figure 10). 

 

Most of the balloons flying today are hot air balloons, used for entertainment flights. They have no 

means of flying in a certain direction, and the wind carries them around. The pilot controls the 

altitude by adjusting the flame of the heater, and the good news is that wind blows in distinct 

directions at various altitudes, so a rudimentary navigation may be possible, depending of the 

weather. Anyway, a balloon in flight needs a mobile team on ground, capable to recover the aircraft 

at the landing site, which is hardly known at the moment of lift-off. 

Free unmanned balloons are used in meteorology to measure the wind, temperature and humidity 

at various altitudes. 

 

Some users prefer the balloon to remain in a certain perimeter, and they tie the balloon to an 

anchor on ground: these are the captive balloons.  

Dirigibles were very popular in the first half of the 20th Century. Around 1900, Count Ferdinand Graf 

von Zeppelin founded the Zeppelin Luftshiffbau Company, considered to be the most significant 

manufacturer in this field. 

In World War I, Germans and French used dirigibles to make observations on the front line. 

Romanian Air Forces used French dirigibles for this purpose, and were able to report the situation on 

the Marasesti-Oituz front. A participant in these missions was veteran Commodore Constantin 

Nicolau. 
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After the war, there was an intensive use of the dirigibles in air transport. Passenger services were 

usual over the Atlantic, taking 4-5 days, compared to the 14 days in a passenger cruise liner. The 

cruise speed of a dirigible is around 100 km/h. 

The era of the dirigibles ended in 1937, when the Hindenburg caught fire during landing maneuvers 

at New Jersey, after a transatlantic flight. In the accident, 36 persons lost their lives, and the public 

opinion turned against the use of Hydrogen for transport. The Helium was expensive and had half 

the efficiency of Hydrogen, so the transport dirigible business went bust. 

Currently, Helium dirigibles are employed in advertizing, surveillance and cargo lifting operations. As 

compared to the airplanes, their speed is too low, and they need crew on ground for the difficult 

landing maneuvers. Due to these operational shortcomings, there appear to be no real future for 

dirigibles in air transport. 

2.6. Heavier-than-air Atmospheric Flight 

The oldest heavier-than-air atmospheric flight is the flight of birds, formerly also known as 

dinosaurs, of insects, and that of a few species of mammals. A question that teased many 

generations of our ancestors undoubtedly was “how does a bird fly?” The simple answer resorts to 

the Newton’s 3rd Law. The birds push the air down with their wings, and as a reaction, their body is 

pushed up. This simple answer is indeed obvious, but our ancestors had a difficult time trying to 

build an artificial bird. Even now, the aircraft technology is still taught some lessons by the birds, 

insects and other born fliers. As far as the knowledge of our historians goes, our civilization is the 

first to take it to the sky. 

 

Heavier-than-air aircraft are called “aerodynes”, because they rely on aerodynamic lift. There are 

many kinds of aerodynes. The oldest and the simplest is a captive unmanned aerodyne, the kite 

(Figure 11). Although very rudimentary, it bears the “genetic marks” of any aerodyne i.e. the 
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equilibrium flight conditions require the balance of four main forces: lift, weight, thrust, and drag. 

Another distinctive feature of aerodynes is that lift is produced by the horizontal flow of air over a 

wing (aerodynamic lift). In the case of the kite, the horizontal flow of air is supplied by the wind, and 

the wing is the body of the kite. There is more on this subject in Chapter 5. 

 

There are many types of aerodynes. In the next photo we have the paraglider, a foot-launched non-

powered aircraft, used for fun and sports. It glides down, but may climb in ascending currents of air. 
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A rigid body non-powered aircraft is the glider (Figure 12). The glider is launched either using a 

towing aircraft, or using a winch. Then, the pilot looks for ascending streams of air to gain altitude. 

 

Both paragliders and gliders may have small engines to power them. These powered low weight 

aircraft are known as ultralight or ULM aircraft (photo). Usually they weigh less than 300 kg.  
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The most frequent category of aerodynes is the fixed-wing land aircraft (see photo on page 6, and 

most examples in Chapter 4). With a weight higher than 300 kg, they benefit from engine power, 

and they use land airfields. An interesting subcategory of fixed-wing land aircraft is the vertical take-

off and landing (VTOL - figure 13). Using engines capable of vector thrust (with adjustable 

orientation), VTOL aircraft may take-off and land vertically, which is a major operational capability in 

combat. Also, they may hover (stay in the air). These phases are non-atmospheric flight modes, 

falling into the reaction flight category. VTOLs are considered aerodynes for their cruise flight. 

 

 

Other interesting subcategories of fixed-wing land aircraft are the UAVs and the UCAVs (Figure 14). 

These are unmanned aircraft, with increasing utility in war operations. UAVs are unmanned air 

vehicles. UAVs are usually small, to hide effectively. They carry surveillance equipment, like video 

cameras, infrared sensors, as well as communication and radiolocation equipment. UCAVs are 

unmanned combat air vehicles are derived from UAVs, with the distinctive feature of carrying air-to-

ground weapons. 
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The hydroplanes, also known as seaplanes, are fixed-wing powered aircraft using water for take-off 

and landing (see next photo). They are not capable to use land airfields, because they are not 

equipped with a landing gear. Distinctive to hydroplanes is the fact that their body is designed as a 

boat, using both hydrodynamic and aerodynamic criteria. The major advantage of hydroplanes is 

that no investments are needed in runways. Also, they make marvelous firefighters, as they may 

load with water without stopping, during a touch and go run in any lake, river or gulf. 

 

Amphibians are fixed-wing aircraft capable of using both land airfields and water for take-off and 

landing (see next photo). The undercarriage is made of floating devices, with retractable wheels. 
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As opposed to the fixed-wing aircraft presented above, there are aircraft with rotating wings called 

rotorcraft. The best-known rotorcraft is the helicopter (Figure 15). The wing is made of two, three, or 

more blades in a central vertical rotor, and the aerodynamic lift is generated by the rotation of the 

wing, and not by the forward movement of the aircraft. 

 

A special and unusual type of rotorcraft is the gyrodyne (see next photo). It has rotating wings like a 

helicopter, but unlike a helicopter, the rotor is not powered. It rotates freely due to the horizontal 

stream of air, a phenomenon called autorotation, and also applicable to the helicopters with engine 

power down. The engine pushes the aircraft forward, like in a fixed-wing aircraft. 
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A hybrid fixed and rotating wing aircraft is the tiltrotor (see the Bell-Boeing V-22 Osprey photo 

below). It has VTOL capabilities, taking-off and landing like a helicopter. In air, it translates to fixed-

wing flight by gradually tilting the wing from the vertical to the horizontal position. The fixed wing 

tilts together with the engines and the propellers. 
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3. Airplane Structure and Geometry 

Airplanes are powered  fixed-wing aerodynes.  Judging on numbers, they are the most popular types 

of aircraft by far, and this chapter is dedicated to understanding their structure and shape. Figure 16 

illustrates the major parts of a classic trasport airplane. The most important part is the wing, 

because it creates the required lift to sustain the airplane in flight. The wing parts are illustrated in 

Figure 17, and the terminology of the wing geometry is explained in Figure 18.  

 

 

 

The winglets are not mandatory. Some airplane types include them as standard (like the Airbus 

A330), some have them as an option (like the Boeing 737-700), and others do not have winglets at 

all (like the Boeing 737-300). Winglets improve slightly the fuel consumption for long flights, but they 

could have a detrimental effect on short flights. The slats and the flaps are so called 

hypersustentation devices, they help to curve the wing airfoil when low speed flight is desired, 

especially during take-off and landing maneuvers. Ailerons are control devices (more on that in 

Chapter 6). The sweep angle improves behaviour at high speeds, close to the speed of sound, as 

Figure 19 demonstrates empirically, by correlating sweep angle and maximum speed for several 

types of airplanes.  
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How is the wing capable of creating lift? The magic is in the wing cross section, the so called “airfoil”. 

If you look closely in the next photo, you will notice its special shape at the wing tip, and Figure 20 

explains its rather rich terminology. Chapter 5 will explain in greter detail airfoils and lift making.  
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Figures 21-32 illustrate the diversity of engineering decisions on the geometry of the wing, and their 

direct consequences, with brief notes on the terminology involved. 
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The wing is the essential lift generator, and for this reason, it is the most important part of an 

airplane. Next in line we have the empennage, which plays an essential role in stabilizing and 

controlling the airplane in flight. Figure 33 illustrates the structure of a typical empennage, which 

consists of a vertical stabilizer and a horizontal stabilizer, with movable control surfaces. The classic 

empennage is the tail section with fin and horizontal stabilizer (take for instance the Saab 2000 in 

Figure 28). Other options include the T-tail (the Embraer 145 in Figure 33), the V-tail (the Predator in 

Figure 14 left), and the canard (the Saab Grippen in Figure 32), with the horizontal stabilizer moved 

in front of the wings. The T-tail allows the engines to be attached to the fuselage in the rear section. 

This solves two problems: reduces noise in the cabin and reduces momentum in case of one engine 

down or asymmetric thrust, making the airplane easier to fly in such a condition. However, as the 

BAC One-Eleven prototype crash demonstrated, the T-tail is very dangerous, due to a possibility for 

the main wing to mask the horizontal stabilizer from the flow of air, bringing the airplane in an 

uncontrollable situation known as “deep stall”, if the nose of the airplane is raised too much. To 

prevent entering the “deep stall”, all T-tail aircraft are fitted with equipment to limit the pitch angle 

of the airplane. The V-tail replaces the three sets of control surfaces with just two, reducing airframe 

costs, but there is a price to it, the controls become tricky. Consequently, the airplanes with V-tail 

have more complex control logic. As always in engineering, achieving something comes with a price, 

and a delicate trade-off needs to be adjusted by the engineers who design the machine. The canard 

adds to the maneuvrability, much appreciated for a fighter aircraft, but as you might expect, there 

are strings attached: the airplane becomes more balance-sensitive. The center of gravity has to fall 

in a narrower range than in a normal airplane, restricting the operational flexibility. Unusual 

empennage solutions include the double fin (the An-225 in Figure 22), and no stabilizer (the 

Concorde in Figure 31). 



49 
 

 

 

The source of power is the propulsion system, made of one or more engines, and the propellers, if 

applicable (Figure 34). Piston and turboprop engines use propellers, whereas turbojet and turbofan 

engines do not. Many airplanes are equipped with a back-up engine, usually a small one, called the 

APU or the auxiliary power unit. Chapter 9 presents propulsion systems in detail, so for now we will 

just show the diversity of engineering solutions for the type, number and placement of the engines 

in an airplane (Figures 35-40). The figure legends comment on the trade-offs for each solution. 

Figures 41 and 42 illustrate the two major configurations of landing gears for airplanes: front wheel 

tricycle, and the classic aft wheel tricycle. The aft wheel helps with a big angle of attack of the wing 

during the take-off run, and allows an effective steering by differentially braking the two main 

wheels. The drawbacks are the poor visibility while taxiing, and the poor cabin comfort when on 

ground. Cargo airplanes also face problems with the load, due to the steep pitch angle for the 

parked airframe. For all these reasons, the front wheel tricycle is now the popular solution. The front 

wheel allows a precise steering, perfect visibility and comfort on ground. However, this type of 

undercarriage requires an additional special maneuver before take-off, known as the rotation.   
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4. Aircraft Classes and Categories 

4.1. International Law in Aviation 

By its nature, aviation is one of the most internationalized activities. In matter of hours, an airplane 

could switch tens of state jurisdictions. In aviation, all states must speak the same language, and 

must apply the same rules, which is a sensible matter, because international laws supersede national 

laws, and international ruling restricts the sovereignity of the states. The chosen language was 

English, and in the aftermath of World War II, all major states of the world signed a contract to apply 

the same rules. This contract is known as the Chicago Convention, and 190 states are currently 

adhering to it. The institution which leads and manages this process is the International Civil Aviation 

Organization (ICAO), based in Montreal, Canada, with seven regional offices (http://www.icao.int). 

Romania is currently one of the 36 council member states of ICAO. 

 

There are three sets of criteria generating aircraft categories, and all are managed by ICAO: 

 class / category / type for airworthiness certification of aircraft 

 category (speed) for designing flight procedures 

 category (wake turbulence) for separation requirements between aircraft 

This could seem complicated, but an aircraft registered in any of the 190 contracting states needs to 

be recognized as airworthy in all other states, needs to apply flight procedures in any other state, 

and must be separated from other aircraft following the same rules in all other states. 

 

 

4.2. Class / Category / Type for Airworthiness Certification 

Figure 43 illustrates the four classes of aircraft: airplanes, rotorcraft, gliders (sailplanes), and lighter-

than-air. Depending on the design specifications, there are more aircraft categories, as follows: 

 normal (aircraft capable of normal flight operation, with load factors in the range of +3.8g .. 

−1.52g) 

 utility (more resilient aircraft, capable of load factors of +4.4g .. −1.76g) 

 acrobatic (aircraft withstanding acrobatic maneuvers, in the range of +6g .. −5g) 

http://www.icao.int/
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  limited (accepted for use in military service) 

 restricted (fire fighting, aerian photography) 

 experimental (home built, kit, research) 

 transport (passenger or cargo) 

 

Each type of airworthy aircraft has to be assigned an international designator, of up to four letters 

and digits. This database is maintained by ICAO and may be accessed at 

http://www.icao.int/publications/DOC8643/Pages/Search.aspx (see next snapshot). 

 

http://www.icao.int/publications/DOC8643/Pages/Search.aspx
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4.3. Category for Speed 

The range of speeds an aircraft is capable of is known as the flight envelope. Below the stall speed, 

the aerodynamic lift generated by the wing is no longer enough to keep the aircraft flying, whereas 

above the maximum speed, the aircraft is threatened by instability, vibrations (overspeed buffets), 

and finally structural failure. Although much has been done in aircraft design for convergence in 

flight envelope (for instance, almost all airliners share the same figures), there are still aircraft with 

flight envelopes that are so different they barely overlap. As illustrated in Figure 44, these airplanes 

need to follow a certain route using different paths for turns. A fast airplane will need to enter much 

earler in a turn than a slow airplane. For this reason, ICAO published a document (Doc 8168) to set 

aircraft categories for speed, aimed at instrument procedure designers. 

 

 

 

There are five ICAO categories for speed, from A (the slowest), to E (the fastest), and the typical 

speeds for various maneuvers are indicated in Table 1. Vat is the speed at the runway threshold, 

based on 1.3 × stall speed in landing configuration, at maximum certified landing mass. The next 

columns specify the initial and the final approach speed range, then the missed approach 

intermediary speed. The speed at the end of the missed approach procedure is given in the last 

column. The final approach in the descent before landing, keeping the aircraft on the runway 

centerline. If for some reason, the landing is not possible, a missed approach procedure is followed, 

with a transition from low-speed landing configuration to high-speed climbing configuration. The 

speeds are measured in knots, as in the maritime navigation: 1 kt = 1 NM/h, 1 NM = 1852 m.      
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4.4. Wake Turbulence Category for Separation 

An airplane in flight generates a pair of vortices behind (see Figure 45 and photo). If another aircraft 

crosses these vortices, it experiences a bumpy ride, or even a sudden uncommanded roll, which 

requires corrective action. The 1972 Forth Worth accident (see case study) demonstrated though 

that the wake vortices of heavy aircraft may cause even accidents. To prevent these accidents in the 

future, wake turbulence categories were introduced (Figure 46), and air traffic controllers must 

separate their traffic accordingly. For instance, for aircraft in trail for the final approach, at least 6 

NM1 are needed between a heavy aircraft and a small one. If controllers fail to apply these rules (see 

Santa Ana case study), or if pilots fail to comply (see Mexico City case study), wake turbulence 

related accidents may still occur. Currently, the study of wake turbulence is considered a priority in 

world aviation. If we would know where the vortices are, or if we would have the instruments to 

“see” the vortices, the wake-based separation could decrease, and consequently, the ruway capacity 

would increase (see next exercise). Another debate is focused on the Airbus A-380, which is a 560 t 

aircraft. Although Airbus tried to demonstrate that the SuperJumbo generates wake vortices as any 

other heavy airliner (e. g. the Jumbo, Boeing 747), ICAO placed the 380 in a separate category 

(Figure 46).  

 

                                                           
1
 NM stands for nautical mile, and it is used in maritime and air navigation as a measure of distance. 1 NM = 

1,852 m. This unit is convenient due to the fact that it corresponds to 1 minute of arc of latitude, so the 

conversion between geographical coordinates and distances is easier. 
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The ICAO document for wake category separations is the PANS-ATM Doc 4444, and an introductory 

summary of this document is represented graphically in Figure 46. PANS-ATM stand for Procedures 

for Air Navigation Services — Air Traffic Management. However, the document leaves the final 

decision on what separations to apply to the national civil aviation authorities, which may select 

larger separations. Until the introduction of the Airbus A-380 Super Jumbo in 2005, three categories 

were in place: L (light), M (medium), and H (heavy). As we have already mentioned, the Super Jumbo 

set its own category: J (Super). ICAO was criticized for this decision, as it is based on prudence, and 

not on in-flight experiments, which seem to justify the claim of Airbus, that in spite of its weight, A-

380 is not such a big wake turbulence offender. 

 

Final approach and departure are the sensible phases of flight to wake turbulence occurrences. With 

the introduction of A-380 in 2005, and the reduced vertical separation minima (from 2,000 ft to 

1,000 ft) in 2001-2009, the number of incidents of wake occurrences in cruise flight have increased, 

creating the need for separation norms. 

In the future, an accurate model of the wake vortices generated by each aircraft will be used to 

predict the exact location of each vortex. These data could be used to compute aircraft trajectories 

which avoid the wake vortex encounter, and an aircraft following its approved, pre-calculated 

trajectory will stay on the safe side at all times.    
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The runway is the critical resource of transport aviation, and its use should be carefully optimized for 

the best capacity use. In our numerical case, we consider a runway used for the two kinds of 

operations: take-offs and landings. The traffic is assumed as below (no light aircraft): 

 

Category Typical 

separation 

(minutes) 

Average 

number of 

passengers 

J 3 500 

H 2 350 

M 2 130 

  

How many passengers use the runway per hour? The answer depends on the category of aircraft: 

  

Category Number of 

operations 

per hour 

Number of 

passengers 

per hour 

J 20 10,000 

H 30 10,500 

M 30 3,900 

 

The conclusion is stunning: the widebodies more than doubled the runway capacity, from 3,900 to 

10,500 passengers per hour, when they hit the air transport market in the 1970s, whereas the Airbus 

A-380 Super Jumbo, expected as a breakthrough to hub operations, did nothing in improving the 

runway capacity. The very large number of passengers is compensated by the extra minute required 

on average in the aircraft separation. 
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5. Airplane Flight 

5.1. Aerodynamic Forces 

Archytas of Tarentum was a prolific engineer (see biography). He is credited with the invention of 

the first aerodynes: the kite, and a “wooden pigeon”. We have nothing left on the pigeon, but the 

kite has made a long career. Figure 47 illustrates the four forces that apply in any aerodyne: two 

aerodynamic forces: lift (L) and drag (D), together with weight (W) and thrust (F). The key to the 

equilibrium flight is the balance of the four forces. The lift results from the exposure of the wing with 

the surface S and the angle of attack  to the frontal flow of air (wind), with the speed V. The price 

of the lift is the drag. Both aerodynamic forces have may be calculated using the following formulae: 
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 Where: 
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 0 is the air density (kg/m3); 

 V is the true airspeed (m/s); 

 S is the wing surface (m2); 

 CL() is the lift coefficient (-); 

 CD() is the drag coefficient (-). 

Both coefficients are measured experimentally, in a wind tunnel. The kite is placed in the wind 

tunnel, and for each setting of the angle of attack, the aerodynamic forces are read on the 

dynamometer. The results are placed in a diagram named polar (Figure 48). If we analyze the lift 

coefficient, we may draw some conclusions. Firstly, the lift is zero if the angle of incidence in zero. 

This is normal for the plane wing of the kite. The air stream passes by the wing, but does not push it 

upwards. In its passage, there is just a friction between the air and the surface of the kite, friction 

which creates a small amount of drag. Secondly, the lift grows as the angle of attack increases. The 

wind is deflected downwards, and as a consequence of Newton’s Third Law, the kite is pushed 

upwards. The drag is also increasing with the angle of attack, which is logical, since the kite as an 

obstacle in the wind path is more obtrusive as the  increases. Thirdly, there is a maximum of the lift 

coefficient, at  = 12°, then the lift declines. This  is called critical alpha. Above it, the vortices 

created by the wing errode the lift. At  = 90° (not represented in the diagram), the lift is again zero, 

and the drag is at maximum. 
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The kite is a particular aerodyne, in that the thrust is virtually unlimited. The thrust results from 

holding the chord firmly, against the wind, which has infinite energy. In such a case, we are 

interested in the maximum lift, and the drag is not a concern. In a normal aerodyne, where the 

thrust is limited, we would rather have the best lift to drag ratio. 

 

 

 

 

 

If you want to design your own kite, you need to choose the geometrical shape of the kite, the 

material, and a place where you want to fly. The place is only relevant for the elevation, which gives 

the air density. Also, a certain speed of wind needs to be considered for the flight. Romboidal or 

triangular shapes are more popular these days, but we will consider the classic rectangular shape 

(Figure 47), with the length l and the width WS. You need to calculate the following: the mass m, the 

weight W, the best incidence (angle of attack) , and the forces: L, D, and F. Considering a kite 

made of CO5 cardboard (see structure below), with a density of 820 g/m2, launched in Bucharest 

(almost the sea level), at a wind speed of V = 8 m/s.  
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Cardboard is not an aircraft material, so it is not optimized for minimum specific weight. We could 

do much better with balsa wood (for the structure), covered with tissue, but for the purpose of this 

example, cardboard is just as good. 

 S = l · WS = 1.2 · 0.8 = 0.96 m2 

  m = 0.82 kg · 0.96 m2 = 0.787 kg  

 W = m·g = 0.787 kg · 9.81 m/s2 = 7.72 N + 6.28 N (assumed for rope + tail) = 14 N 

  best  = 12° (see the polar in Figure 48) 

 L = 1.225 kg/m3 / 2 · 82 · 0.96 m2 · 0.68 = 25.59 N 

 D = 1.225 kg/m3 / 2 · 82 · 0.96 m2 · 0.44 = 16.56 N 

The lift and drag coefficients were taken from the same polar, at the selected incidence. Now we 

need to calculate the length of the strings in order to maintain the desired angle of attack (Figure 

49). 

Next, we need to solve the right triangle of the forces, with the sides (L−W), D, and T, finding the 

angle   and the thrust T. 

 L−W = 25.59 − 14 = 11.59 N 

 D = 16.56 N 

  = arctan ((L−W)/ D) = 35° 

  
2 2T L W D    = 20.21 N 

The length of the two strings a result from applying Pythagora’s theorem on a succession of 

triangles, marked in yellow in Figure 49. Similarly, the length of the two strings b results from the 

blue triangles. 

  
2

2 2 cos
4 2

Va c c          

  
2 2

2 2 cos
4 2 4

WS
a c c           

  
2 2

2 2 cos 180
4 2 4

WS
b c c            

If we choose c = 1 m, the length required for the short strings will be a = 0.838 m, and for the long 

ones b = 1.529 m. Now we have all the elements to build out kite. Will it fly? 
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The kite study make some good points for aerospace engineer students, but there are two peculiar 

things about the kite: a) it is all-wing, no-body aerodyne, because it has no load to carry; b) the 

thrust is virtually unlimited. To make a step further in our study of the airplane, we need to return to 

the aerodynamic tunnel, to understand what an aerodynamic shape is. Suppose we place a circular 

plane at an incidence of 90°, or perpedicularly on the air flow (Figure 50). If we mark the flow of air 

with smoke generators, in the aerodynamic tunnel we notice the vortices created both ahead and 

behind the disc. An essential idea to keep in mind about aerodynamics is that vortices are like 

parachutes, dragging the mobile behind. More vortices mean more drag. How could one improve 

the coefficient of drag? Observing nature is always a good idea, for any kind of problem. In the 

absence of the atmosphere, a drop of water is spherical, due to the superficial cohesion forces, 

which minimize the area of the water drop. The sphere is the body with the least area in a given 

volume. What happens if the drop is falling down in atmosphere, under gravity? Its shape turns, as in 

Figure 50. The front stays spheroidal, but the end gets sharp, like the tip of a pencil. With this new 

shape, the drop face 8.3 times less drag than the sphere (compare the drag coefficients in Figure 51). 

In the aerodynamic tunnel we are able to reproduce this conclusion. Instead of the disc, we build a 

volume with the same cross section, but with no more room for the vortices. The volume where the 

vortices used to build up is now replaced with solid body. Measuring the drag coefficient, a miracle 

happened: the new body is 20 times less air resistant than the disc. This is due to the laminar flow, 

all the braking parachutes being eliminated. 
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The first aerodynamic automobile in the world was invented in 1922 by the Romanian aerospace 

engineer Aurel Persu (see biography). Figure 51 illustrates the drag coefficients measured in the 

aerodynamic tunnel for various bodies: disc, sphere, hemisphere oriented forwards and backwards, 

and three fuselage forms with different elongations. 
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Notably, the greatest drag coefficient is the backwards oriented hemisphere (1.33). This is exactly 

the shape of a braking parachute, like that of the Space Shuttle (next photo). The best shape for 

parachutes is the hemispheric shape too, but modern paratroopers abandoned this for a more 

maneuvrable rectangular shape (see Figure 52). 

It is obvious that the best airplane body is the one of the elongated water drop shapes in Figure 51. 

Even the longest one has a drag coefficient of just 0.194, which is very nice. This spindle shape is 

called fuselage, a word coined from French. From the aerodynamic point of view, the cross section 

may be circular, square or rectangular, but the circular cross section is the most economical: the 

smallest surface of a given volume. Apart from hydroplanes, due to water flotability and stability 

requirements, all airplanes have a circular or ellipsoidal body cross section. 

Figure 53 is an illustration of the complexity of the airplane drag phenomenon, considering all parts 

of the airplane: fuselage, wings, empenage, engines. Superior engineering means drag minimization, 

considering all its causes. Besides drag minimization, we need to achieve the required lift to make 

the fully loaded airplane to take-off and to climb. In an airplane, the lift is generated by a fixed wing. 

The first idea is to use the aerodynamic profile of a water drop, with an elongated rectangular cross 

section, to create a rectangular wing. This is the symmetrical airfoil (Figure 54). Like the kite plane 

wing, it generates lift only in a positive incidence attitude, by pushing the air down.  
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Unlike the kite plane wing, its drag is substantially lower. The kite plane wing induces enormous 

drag, due to the vortices which occur at a higher angle of attack (Figure 55). As we did with the 

fuselage, we fill the space occupied by the vortices with solid material, and the drag coefficient 

plunges. Thus, we get a cambered airfoil, which is capable of lift even in zero incidence. The 

cambered airfoil (Figure 20) is the most common in airplanes. The flow of air splits in two at the 

leading edge. The upper half has a longer route until it rejoins the lower half, at the trailing edge. A 

longer route in the same time interval means a greater speed. This difference in speed between the 

upper surface and the lower surface, creates a differential pressure (Bernoulli’s Law). Integrating the 

difference of pressure over the surface of the wing, we get a lift force in zero incidence. 
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5.2. Airplane Flight Dynamics 

The aerodynamics of the fuselage and the wing allow us to understand the two aerodynamic forces:  

the lift and the drag. Figure 56 represents the equilibrium flight, with four forces in balance. Actually, 

these forces are distributed and occur in slightly different frames (Figure 57). Their representations 

as forces concentrated in the center of gravity are just our abstract simplifications of the reality. 

Actually, these forces are distributed. The lift is distributed over the wing area, the drag is 

distributed over the aircraft cross section, the weight is distributed in the whole volume of the 

aircraft, and the thrust is distributed over the circumference of the propeller or engine. As a 

consequence, besides the equilibrium of forces, we need to address the equilibrium of momentums 

due to the various origins of these forces. If the momentums are not balances, the aircraft could 

rotate around one of the three axes (Figure 58). 

By the word attitude we understand the angular position of the aircraft around the three axes of the 

airframe co-ordinate system, as represented in Figure 58. These three angles (pitch, bank or roll and 

yaw) are controlled by the control surfaces represented in Figure 59. Corresponding colors were 

used for the three angles, for the aerodynamic surfaces which allow the change of these angles, by 

deflecting the flow of air (Figure 59), and for the corresponding controls in the cockpit (Figure 60): 

green for pitch, yellow for yaw, and blue for bank (roll). 
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5.3. Airplane Controls 

In order to fly as desired, an airplane is either flown manually (by a human pilot, assisted or not by 

an autopilot), or automatically (entirely by an autopilot, without human intervention). The flight is 

governed by the controls, which are levers, pedals or knobs accessible from the pilot’s seat (Figure 

60), or electrical commands generated by a computer. These input controls are transmitted 

mechanically, hydraulically, or electrically to actuators, which move control surfaces or other parts 

of the wing, empennage, the fuselage or the propulsion system (Figure 59). For large airplanes, it 

makes sense to amplify the transmitted signal, since the control surfaces may be too heavy, and the 

aerodynamic resistance against the movement of a surface in the stream of air may be too high for 

human muscular effort. This amplification of effort is known as servo (see the Long Island case study 

for an accident related to the servo-control).  

The stick is the main control in an airplane cockpit (Figure 61).  
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It is a vertical stick, articulated on the cockpit floor, which moves forwards, backwards, as well as 

sideways. The stick may be replaced by a column. This moves forwards and backwards only, lateral 

movements being replaced with rotations of a steering wheel (Figure 62) or of bike style handlebars 

(Figure 63). The column makes sense, since it is usually held between the pilot’s legs, and lateral 

movement could be impeded by the legs. When the room is limited, the stick may be replaced by a 

yoke (Figure 64). This is a steering wheel placed on the vertical front panel, allowing a push-pull 

movement. Consequently, the pilot’s seat occupies less room. The most recent idea for a stick 

replacement is the sidestick (Figure 65). Its point is leaving the room in front of the pilot for 

alternative use: spreading a map, making notes, or working with a keyboard. Current aircraft are 

rarely flown manually, so this alternative use is more frequent. The problem with this solution is that 

the two pilots have the sidesticks on opposite sides of the cockpit. The pilot in the left seat holds the 

sidestick with his left hand, and the pilot in the right seat, with his right. Ideally, the pilot in the left 
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seat should be left handed. The advocates of this solution argue that even right handed pilots find 

the left sidestick easy to move around, so there is nothing to worry about. Figures 68 and 69 

illustrate how does the stick (column, yoke or sidestick) work. Elevators, Ailerons and Rudders were 

invented by brothers Orville and Wilbur Wright, two bicycle manufacturers from Dayton, Ohio, in 

1903 (Figure 71). Their invention was patented internationally in 1904. The stick as a device to 

control the elevator and ailerons was invented by Robert Esnault-Pelterie, in 1907 (Figure 72). 

Apart from the stick, the pilot of an airplane has two pedals in contact with his or her two feet. 

These are the rudder pedals (Figure 66 and the Long Island case study). Figure 70 illustrates how 

does the rudder work. 

The next control in an airplane is the throttle, which controls the engine(s) thrust force (Figure 67 

and the Balotesti case study). When the aircraft is a multi-engine, the throttle is a block of more 

levers, facillitating their block movement (for instance, the throttle quadrant in Figure 67). However, 

individual levers may be moved separately if needed, but such a need is less frequent.  
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5.4. Maneuvers and Load Factor 

The Wright brothers’ invention of the elevator, ailerons and rudder made the airplane controllable. 

The longitudinal control is straightforward. The elevator adjusts the pitch angle, and consequently 

the lift force, allowing the airplane to climb or to descend, with a side effect on the horizontal speed 

(if we want to adjust the horizontal speed itself, we apply more or less thrust). Turns are made using 

the lateral control, which is a combination of both ailerons and rudder (Figure 73). For a turn, the 

pilot pushes the stick laterally, and in the same time the rudder pedal is applied on the same side. 

When the desired bank angle is reached, the stick is brought back in the neutral point, and the 

aircraft is turning. The pilot uses the turn coordinator to keep the resultant of the weight and the 

centrifugal force at the vertical of the airplane (Figure 73). This is the coordinated or the balanced 

turn. During the turn, the pilot monitors the yaw angle on the gyrodirectional. He has a target angle, 

also called azimuth, where he wants to end the turn, continuing straight. This end-of-turn maneuver 

is symmetric. The pilot moves the stick laterally, in the opposite side, bringing the bank angle back to 

zero, while gradually reducing the pressure on the rudder pedal, to keep the turn coordinated. 

The slip and turn indicator and its more advanced variant, the turn coordinator (Figure 73) consists 

of two simple indicators: a ball in a curved tube filled with a liquid, which aligns itself along the 

resultant of forces, and a needle showing the yaw angle rate, measured with a speed gyroscope in 

the horizontal plane. In a coordinated turn, the pilot adjusts the yaw rate as needed, while keeping 

the ball in the center of the instrument. If the bank angle is too high for the yaw rate, the aircraft 

“slips” inside the turn, whereas if the bank angle is too low, the aircraft “skids” outside the turn 

(Figure 74). Both anomalies are obvious from the position of the ball. It is not centered, staying on 

the inside or the outside of the turn. 
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From the text so far, flying looks simple. I remember when I took my first lesson in 1982 at Sibiu, and 

I asked my flying instructor to teach me how to climb, descend, and turn, and he replied: “no, let me 

see if you can do the level flight first”. “Nothing more simple than that”, I thought, looking at him, 

gently keeping the stick between his knees. Even a statue could keep the controls still. Or better 

than that, do not touch the controls at all.  

 

My misconception came from my poor understanding of the atmosphere as a fluid in continuous 

movement. The real atmosphere is like the water when you boil eggs. As you fly, your left wing 

enters a downside stream of air, and then your right wing is pushed up, your nose is pushed down, 

and then, suddenly, the whole aircraft is pushed from the tail by a gust of wind, which makes the 

whole airplane fall down due to the lift starvation (this phenomenon is known as an “air pocket”). 

Now imagine the control surfaces in these turmoil. They are pushed and pulled all the time, and the 

pilot has to keep a firm hand on the stick, and his feet on the pedals, to prevent the control surfaces 

to move by themselves. His next priority is to sense where the aircraft is moving, and to apply slight 

pressure of the controls to timely correct the attitude. An experienced pilot is able to sense the 

tiniest acceleration, and he moves the controls to compensate, even without realizing it. This is 

known as the “pilot’s instinct”, but in fact it is a reflex movement. The interesting thing is that the 

first part of the body to sense the accelerations is the back, which is in rigid contact with the 

airframe, so the pilot profession owes a lot to this less respectable part of the human body. Actually, 

a young pilot is “baptized” after his first solo flight by cutting the tail of his or her shirt in the US, 
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whereas is Romania, he is dragged with his back on a bush of thistle (see the “baptizing” of a 

debutant Mig-21 Lancer pilot at the Bacau Airbase, photo courtesy of Razvan Bibire). These 

traditions aknowledge how important is the back for a pilot. 

 

 

  

The level flight (Figure 75) is to be considered a maneuver in itself, and a difficult one, especially in 

turbulent atmosphere. Modern large airplanes perform this maneuver using automated 

compensation systems (as the wing leveler, the yaw damper, the flight augmentation system), or the 

automatic flight control system (AFCS). These computers are programed to keep a constant attitude, 

reacting to the chaotic movement of the atmosphere, by moving the control surfaces independently 

from the human pilot’s input. They help a lot in heavy turbulence, and if they cease to operate, 

severe consequences may occur (see the Air France 447 case study). 

  

In Figures 76 and 77, basic flight maneuvers are correlated to the corresponding attitude angles.  The 

lift and drag equations in level flight were presented on Page 64. During turns however, the bank 

angle   reduces both lift and drag. In a 90° bank attitude, the wing is in a vertical position, and the 

vertical component of the lift is zero. The induced drag is a direct consequence of the lift generation, 
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so it would be equally zero. The equations of lift and drag in a coordinated turn with a bank angle 

are as follows: 
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A coordinated turn (Figures 73 and 77) is the most effective way for a plane to change course (flight 

direction). In the same time, the resultant of forces falls vertically with respect to the aircraft, which 

is awesome for the occupants (see next problem). The bank angle depends on the turn radius, and 

on the airspeed. For a sharp turn (Figure 78), an unusually high bank angle has to be used, which will 

increase the load factor (see next problem). To make things more predictible for both pilots and air 

traffic controllers, the turns were standardized. Thus, the Standard Rate-1 Turn is the most common 

for usual IFR operations. Also known as a 2 minutes turn, this turn has a constant yaw rate of 3°/s, or 

a complete turn of 360° in 2 minutes (Figure 79). Its widespread use serves both pilots, and air traffic 

controllers. Pilots get used to a certain bank angle during the turn, facilitating their awareness of a 

possible unusual attitude (for instance, this was supposed to alert the copilot in the Balotesti case). 

On the other hand, air traffic controllers find these turns predictible. They are able to develop the 

image of the future traffic in their minds more easily, as compared to a situation, where each pilot 

would be deciding his or her own yaw rate.    

Returning to the coordinated turn in Figure 73, we notice that the lift force L equals the resultant R 

of the weight W and the centrifugal force C: 

 
2
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L R W C m g m
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 Where: 

 r is the radius of the turn (m); 
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 V is the true airspeed (m/s), equal to:  V r   
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From the right triangle made of R, W, and C (Figure 73), we may calculate the bank angle :  
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During a coordinated turn, the occupants of the aircraft will experience a vertical load factor of: 
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What is the load factor? We are used to live in the gravitational field of the Earth, which attracts all 

bodies on its surface with an acceleration of gravity g = 9.81 m/s2. Our body is accustomed to this 

sensation of weight. Also, the equilibrium sensors in our inner ear find the vertical for us based on 

this normal accelaration of gravity. This is known as a load factor of 1. In a moving vehicle, our body 

is exposed to various accelerations. For instance, in a coordinated turn of 60°, the load factor will be 

nZ = 2, because cos(60°)=0.5. This means that someone in that airplane weighing 100 kg will feel like 

a 200 kg person. The simplest way to experience load factors is the roller coaster. Some units could 

take you to load factors from −2 to +4.  

When the load factor is negative, the force that the body is exposed to is upwards instead of 

downwards. The negative load factor occurs when the roller coaster is uphill and starts downhill, and 

the positive load factor appears at the bottom of a valley.  

In normal flying, load factors are not impressive. High load factors are experienced during aerobatic 

maneuvers (−5 to +7), and during sharp turns in jet fighter planes (+9 to +12). These very sharp turns 

were used in dogfights2, and as evasive action from hostile missiles. In outer space, the load factors 

are usually 0, a state also known as zero gravity, but the launch and the reentry phases in a 

spacecraft could lead to load factors up to +3. 

The human body is not able to sustain very high load factors for a simple reason: in a positive load 

maneuver, our blood drains down in the feet, leaving the brain without oxygen supply. Pilots and 

astronauts are selected and trained to resist to larger than normal load factors. Fighter pilots are 

dressed in special g-suits, which improve resistance by squeezing the feet and the body during a high 

load maneuver, and thus obstructing the movement of blood downwards. 

 

 

 

                                                           
2
 Dogfight is an old style of air combat, involving classic weapons: guns and direct hit missiles, where you need 

to catch your enemy from behind; it requires excellent pilot skills, resistance to high load factors, and very 

sharp maneuvers 
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You are flying and the flight attendant has just served coffee. The mass of the full coffee pot is 200 

grams. As you lift the pot off the table, the airplane just enters a standard Rate 1 Coordinated Turn. 

What is the roll angle (bank angle)? How heavy do you feel the pot? How much heavier do you feel 

yourself when trying to stand up? Your airplane is in the Terminal Maneuvering Area (TMA), where 

the speed is restricted to 250 kts. 

 

This problem involves the previous equations. The angular speed of a Rate 1 Turn is: 
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The roll angle will be exactly 34.47° (see the drawing below), but in coordinated turn, the coffee pot 

would stand upright perfectly (not a single drop will spill over).  
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The load factor will be 1.213 i.e. all bodies will weigh 21.3% more. The coffee would appear to weigh 

242.6 grams. If I normally weigh 70 kg, if I stand up, I would appear to weigh 85 kg! 

 

 

5.5. Airspeed, Speed Envelope, Stall 

Airspeed is the relative speed of the aircraft, compared to the surrounding air. The air itself is 

continuoulsy moving with respect to the ground, and this movement bears the name of “wind”. 

Airspeed is measured by Pitot tubes (see Chapter 8), by comparing the total air pressure to the static 

pressure. As the aircraft climbs to higher layers of the atmosphere, the aircraft needs to move faster 

to maintain the same airspeed. Why? The air with a lower density generates lower lift, lower drag, 

and lower differential pressure in the Pitot tube. The direct causal relationship between airspeed 

and aerodynamic lift, makes the airspeed the most important parameter to airplane flying. Problems 

with airspeed measurement are latent conditions for disasters or incidents (see Tasil point case 

study). 

 

 

Airspeed measurement is like keeping your hand out of the window in a moving train. If you keep 

your palm perpendicular to the air flow, your hand will be pushed back, and you need to apply 

muscle force to resist. The higher the speed of the train, the greater the force required. This force is 

actually the thrust needed to compensate the drag of your palm. Considering your palm more like a 

disc, its coefficient of drag will be around 1.1 (see Figure 51). Applying the drag equation, we will 

have: 
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Considering a normal palm of 150 cm2, and a normal train with a speed of 120 km/h, wind calm, the 

drag will be: 
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This force compares to the weight of one kilogram, which is not a great deal of effort for our biceps. 

Suppose that we feel an increase in this force, from 11 to 22 N. What is the new train airspeed? 
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If we would use a dynamometer to measure the force exercised upon our palm, we could build a 

airspeed indicator. Obviously, the train does not need that, because the speed is easier to 

comensurate from the number of turns of the wheels per second, like in a car, which is indicated by 

a tachometer. 

Now imagine that you keep your hand out of the window, and the train climbs the mountains, to an 

altitude of 1,000 m. Applying International Standard Atmosphere equations (see Chapter 8), the 

density of air decreases to 1.106 kg/m3. What impact has this on the drag at 120 km/h? 
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This means a decrease of 8.1% in drag, but as we climb higher, this reduction becomes substantial. 

We conclude that, even though the train travels at the same speed, the airspeed goes down as we 

climb, due to the air density.   

 

 

In both the classic and the modern cockpits (Figures 80 and 81), the airspeed information is in the 

foreground, occupying a premium display room. 

The airspeed is influenced by the pitch angle, decreasing as the  pitch increases (Figure 68), but this 

method alters the altitude as well. In normal flying we want a constant altitude, so the better way to 

control the airspeed is to increase or decrease thrust (Figure 82), adjusting the pitch angle slightly 

through the elevator tabs, to prevent changes in altitude. 

Airplane wing is effective within an airspeed range, called flight envelope. When the airspeed 

decreases, by reviewing the lift equation below, we notice that the only way to minimize the loss of 

lift is to resort to the best coefficient of lift possible. This is done at the critical alpha incidence (see 

the polar diagram, Figures 48 and 83). The airspeed at this point is called stall speed, and it is the 

lowest speed that enables the aircraft to maintain the required lift. 
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An angle of attack larger that the critical alpha would destroy lift altogether, due to the sudden 

change in the airflow on the upper surface of the wing, from laminar to turbulent (Figure 83). The 

stall speed is thus the minimum airspeed the airplane is allowed to fly, and it is particularly useful for 

landing. In turbulent weather, the airspeed is unsteady, jumping around as the currents of air near 

the aircraft have a tailwind or a headwind dominance. In such airspeed uncertainty, the minimum 

speed must keep a margin above the stall speed. 

To summarize our current findings, the minimum airspeed an airplane is allowed to fly is the stall 

speed plus some margin. The pitch angle of the aircraft would be the highest, and the angle of attack 

will be close to the critical alpha. For a wing with a given airfoil, there is no way getting around this 

limitation. And yet, we would like to see a technical method to further decrease the minimum speed 

during take-off and landing. What about changing the airfoil in flight? For instance, the camber could 

be increased if the leading and the trailing edges of the wing are lowered as in Figures 84, 85, 86, 

and 87. These devices are known as flaps and slats, or hypersustentation devices. A wing with slats 

and flaps fully extended (Figure 86) has a different airfoil, more adapted to high lift at lower speeds. 

Such a wing would be very annoying in cruise flight though, because it would generate a lot of extra 

drag. For this reason,  after take-off, flaps are gradually retracted, as the speed increases. During 

landing, the extra drag of a wing with slats and flaps extended is useful to prevent acceleration of 

the airplane on the glide slope. 
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The flaps and slats are large and heavy parts, and are moved using either hydraulic or electric force. 

Their movement is rather slow, nothing like the quick reaction of the control surfaces (ailerons, 

elevators, rudder).  

 

 

 

For reasons mentioned at the beginning of this section, the flight envelope depends on the altitude. 

Luckily, most airports are around the sea level, where the density of air is highest, but there are 

certain airports in the mountains, at very high altitudes (e.g. Quito, Ecuador, at 9,223 ft or 2,811 m 

above mean sea level). At these airports, take-offs and landings require longer runways, and the stall 

speed is higher than normal. 

Figures 90-92 illustrate how is the stall speed influenced by the flaps and slats extension at a 

common type of passenger aircraft (Boeing 737-700). The red dotted line is the symbol for the 

outside of the envelope.      

Spoilers are other devices used to control airspeed (Figures 88 and 89). When deployed, they have 

two types of effects: 

 increase drag substantially, by creating a turbulent airflow on the upper wing surface 

 decrease lift, by opening the circulation of air between the lower and the upper surface 
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The spoilers main use is after touchdown, as in Figures 84 and 88, but sometimes they are used in 

flight, for situations when an aircraft needs to loose both airspeed and altitude in the same time. 

Also, most aircraft use asymmetrical deployment of spoilers to improve effectiveness of turns. 

Unlike flaps and slats, which move slowly, the spoilers are designed to respond immediately, both 

ways. After touchdown, they could be armed to be deployed automatically when the weight presses 

the main landin gear, thus reducing the pilot workload. 
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In Figure 92, the maximum airspeed appears in the upper left corner of the speed tape, at about 200 

kts. The flight envelope narrows, due to the new shape of the wing airfoil. This also happens with the 

clean wing, at the maximum altitude. In normal flight, at a low altitude, the flight envelope is much 

wider. Compare Figure 93, which represents the maximum airspeed with a clean wing, to Figure 90. 

The normal flight envelope is from 160 kts to 330 kts. Within this envelope, the pitch angle, and 

consequently the angle of attack, go from 10° to zero. 
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What happens if an aircraft attempts to fly faster than the maximum airspeed? As we can imagine, 

the lift increases further, and it might be necessary to make the angle of attack negative, as to 

maintain the aircraft in level flight. The drag increases as well with the airspeed squared, threatening 

the junction between the aircraft and the fuselage. Another phenomenon at abnormal high 

airspeeds is the flutter of the wing, a vibration associated with a high speed of air flow near a blade. 

This is how the saxophone, the trumpet, and other blowing instruments create sounds. When the 

player blows, a blade in the instrument mouth starts to vibrate, and the horn amplifies the sound. 

Whereas in a jazz band, flutter generates pleasure, in aviation, flutter is dangerous. An aircraft wing 

could break and tear off due to the repeated stress of the flutter vibrations. If the aircraft wing were 

more rigid, to resist or to avoid flutter, the airplane would have been too heavy to lift off the ground. 

Flying in the upper zone of the flight envelope is called overspeed, and the vibrations associated with 

it are known as overspeed buffet.  

 

Overspeed affects empenage, engines and other attachments as well. They could develop flutter, or 

they could separate. Thus, a steep dive of a transport airplane could tear the engines and the 

stabilizers off. The pilot’s manual of any type of aircraft is an essential document, specifying the 

flight envelope at various altitudes and conditions, as well as the limitations. One crucial 

specification is the VNE, the airspeed never exceed. Flying faster than that is suicidal in most cases. 

Another aggravating factor for turbojet and turbofan aircraft flying too fast is the compresibility drag 

(Figure 53). Close to the speed of sound, a significant additional component of drag occurs, making 

the junctions between the wing and the fuselage even more stressed. 

 

5.6. Airplane Stability and Oscillation Modes 

A fixed wing aircraft is a rigid body sustained by the wing, which may be considered a horizontal 

articulation (Figure 94). Compared to all other vehicles (automobiles, trains, ships, submarines, even 

rotorcraft), the airplane is not very stable by nature. It may oscillate around the articulation during 

flight. There are two kinds of so called longitudinal or pitch modes: the phugoid, and the short period 

(Figure 95). The phugoid is slow, with a period between 20 seconds and 1 minute. If not corrected by 

pilot action, the pugoid could increase in amplitude with time. The short period has a period of just 1 

second, and is damped naturally (the amplitude fades after a few oscillations). Both types of 

oscillations may be started by sudden bursts of wind, sudden movements of load or passengers in 

the cabin, structural modifications, or even induced by uninspired, aggressive commands by the 

pilot. The longitudinal modes occur in the longitudinal plane, and affect only the pitch angle. 

 

Another category of oscillations modify conversely roll and yaw, and are called lateral modes. They 

are also of two kinds: the divergent spiral (Figure 97),  and the dutch roll (Figure 98). Usually they 

start with a wing asymmetry, for instance there is a sudden lift increase on one side of the wing due 

to a horizontal headwind burst. They could also be induced by the pilot.  
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Oscillations are undesirable. Besides the divergent behavior of the phugoid and the lateral modes, 

which means their amplitude increases over time, they cause motion sickness for passengers and 

even for crew. Motion sicknes is a result of exposure of the human sensor of equilibrium in the inner 

ear to second order accelerations. These are third order derivatives of distance with respect to time: 
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 0a v x    

Motion sickness could develop in any type of vehicle: car, ship, airplane, and the sensitivity to it is 

variable from person to person. The symptoms are nausea, vomiting, dizziness, ans malaise. In the 

early days of air transport, motion sickness was frequent. All passenger seats were supplied with 

bags, and when the airplane flew in turbulent atmosphere, many of these bags were used by the 

sensitive passengers to throw up.  

Nowadays, aerospace engineers eradicated this problem. Modern automated flight control systems 

use the control surfaces intensively and damp all types of oscillations, keeping the second order 

accelerations on all axes equal to zero at all times. A simple such device is the yaw damper (Figure 

98). Car engineers eradicated their motion sickness problem too, by designing car suspension such 

as: 

 0a v x    
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The only type of vehicle where engineers were not able to implement the design criterium 

mentioned above is the boat (or the ship). A vessel is sustained by water, and the shape of the 

waves is sinusoidal. As we remember from the differential calculus: 

  sin cosx x   

  cos sinx x    

  sin cosx x    

The second order acceleration has an amplitude of the same order of magnitude as the size of the 

waves, and the vessel follows the waves. A boat will follow even regular waves, whereas a large 

cruise ship will be affected only if the size of the waves gets comparable to its size. 
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6. Helicopter Controls and Dynamics 

Unlike airplanes, which are fixed wing aerodynes, helicopters are rotorcraft, or rotating wing 

aerodynes. Instead of pushing a fixed wing forward, against the air, rotorcraft rotate the wings to 

generate lift. Lift is generated even when the vehicle is hovering (maintaining a fixed position in 

flight), and for this reason, rotorcraft have vertical take-off and landing (VTOL) capability. The 

equilibrium flight requires the balance of the same four forces, as for an airplane (compare Figure 99 

to 57).   

 

 

   

The attitude of a helicopter is defined by similar axes and angles as those of an airplane (compare 

Figure 100 to 58). However, the controls of a helicopter are quite different by the functioning 

principle. The controls are the instruments by which the pilot is able to maintain or to change these 

angles, according to the intended maneuver. Helicopter controls are presented in Figure 101, using 

the same color codes as for the airplane (Figure 60). Although they bear distinct names, to remind 

the pilot of the distinct ways they work, the stick and the rudder pedals resemble the airplane 

cockpit, and their effect is similar. The stick is called cyclic control, and the rudder pedals are 

referred as anti-torque pedals. The thrust control is a rotating handle on a lever, known as the 

collective control. The collective control is specific to helicopters, and it is used to adjust the lift force 

directly, something not achievable in an airplane. This is done by rotating each rotor blade around a 

central longitudinal blade axis (Figure 103). Figure 102 illustrates helicopter controls as viewed from 

the cockpit.      
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The helicopter rotor is a complex piece of engineering, as suggested by Figure 103. The rotor blades 

are wings, and their cross section is an aerodynamic airfoil. The collective lever adjusts the pitch of 

all blades simultaneously (Figures 104 and 105).  The cyclic control adjusts the pitch of each blade as 

a function of the instantaneous angular position of the blade during the rotor movement (Figures 

106 to 109).  
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For instance, if we want the helicopter to bank to the left, we move the cyclic to the left. 

Consequently, the pitch of each blade will vary around the average pitch set by the collective, as 

follows: when the blade is oriented forward and backward, the pitch will be average; the pitch will 

be highest when the blade will be oriented to the right, and it will be lowest on the opposite side 

(Figure 108). In between these positions, the blade pitch will be have an intermediate value. This 

way, the differential lift force applied to the rotor and transmitted to the body of the helicopter 

through the main rotor shaft will change the helicopter angle of attitude accordingly. 
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One of the problems with the rotation of the main helicopter rotor is the reaction momentum or the 

torque, counter-rotating the body of the helicopter, according to Newton’s 3rd Law. This torque must 

be neutralized, to maintain yaw attitude. Usually, this is done by the tail rotor (Figure 110). Other 

helicopter designs use an even number of main rotors, which rotate in opposite directions, and the 

resultant reaction momentum is zero (Figures 112 to 114).  

 

By modifications of the collective blade pitch of the tail rotor, we could make the helicopter rotate in 

the horizontal plane. These controls play the same role as the rudder, and they are assigned to the 

anti-torque pedals (Figure 111). In a helicopter design with more main rotors, he anti-torque pedals 

introduce a differential rotation between the rotors, with a similar result. 

 

 

 

The throttle controls the rotation speed (RPM or rotations per minute) of the main rotor. The pilot 

rotates the handle of the collective lever to achive an increase or a reduction of the RPM (Figure 

115). The tail rotor is mechanically coupled to the main rotor. Unlike the airplane throttle, the 

helicopter throttle is rarely changed. It is more like a setting for given circumstances of flight. If the 

rotation speed is too low, the weaker lift will limit the climb performance. If the rotation speed is too 

high, the tip of the rotor blade could enter an overspeed condition, resulting in flutter, 

compressibility drag, or even sonic boom. The maximum blade tip airspeed is the sum of the 

peripheral speed of the main rotor, and the helicopter airspeed.  
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 maxblade xV R V V    

 Where: 

 Vblade is the airspeed at the blade tip (m/s); 

  is the rotor speed (rad/s); 

 R is the rotor radius (m); 

 Vx is the helicopter forward airspeed, along the x axis (m/s); 

 Vmax is the maximum airspeed accepted for the blade (m/s); 

From the above inequation, we understand the upper limit on the throttle, and that it is a function 

of the helicopter forward speed. The higher the forward speed, the lower the upper limit of . There 

are more consequences of this line of reasoning. One is that the lift is greater on that side of the 

main rotor, where the blades move forwards. Assumming a clockwise rotation of the rotor seen 

from above, the left side will have a surplus of lift, and the right side, a deficit. This asymmetric lift 

will induce a momentum around the x axis, a tendency of a bank to the right. It may be corrected 

with a cyclic pattern of pitch change, added to the cyclic control effect. Another conclusion is that 

rotor speed depends on the air density. Helicopters flying in high mountains require a higher rotor 

speed, for the same amount of lift. 

Using the lift formula, ignoring the helicopter forward movement, for a rotor with n blades, we may 

write: 

  2

2
LL n V S C


      

 Where: 

  LC   is the coefficient of lift, depending on the angle of attack, and  consequently on the 

pitch angle of the blade      

 V R  

 S R w   

 Where w is the blade width (m). Thus: 

  2 3

2
LL n R w C


        

The coefficient of lift has to be maintained in a suboptimal range. The rotor blade has a limited pitch 

range, to prevent the stall in a horizontal position of the main rotor. However, a stall condition may 

occur in non-horizontal attitudes, but just for a limited sector of the blade rotation. The problem 

with the suboptimal blade pitch range is a control one. Form the neutral blade pitch, changes in both 
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directions (decrease, increase) are required to provide effective cyclic control, so in normal flight,  

has to be substantially lower than CR.    

The lift depends on the cube of the main rotor radius. It also depends on the square of the rotation 

speed, but this is limited by the inequation above. Due to this limitation, many helicopters require a 

gearbox to downsize the engine rotation speed. The blade width w is not really an actionable factor 

to increase lift, because increasing w would impose restrictions on R, the prime factor in helicopter 

design. A rotor blade with both a large R and a large w would be too heavy, and when not in motion, 

the blade tip could fall too close to the ground. Also, a large width would complicate the blade pitch 

control. 

Another distinctive feature of helicopters from airplanes is the role of the throttle. In airplanes, the 

throttle controls the thrust force directly. In helicopters, the throttle controls the speed of the main 

rotor and the tail rotor, which means it controls the lift force directly. How is the thrust provided 

then? How does a helicopter come to fly forwards? 

As Figure 116 illustrates, most helicopters fly forwards in a negative pitch attitude, where a 

component of the lift force point forwards. Throttle has therefore an indirect control on the thrust, 

depending also on the pitch angle. Obviously, in a positive pitch attitude, the helicopter decelerates, 

stops, and could even fly backwards. In a bank attitude, the helicopter slides laterally due to the 

sideways thrust. The maneuvrability of a helicopter is total, as compared to an airplane. 

 

 

 

Many modern helicopters are powered by turboprop engines. Apart from being more powerful, and 

more adapted to higher altitudes, turboprop engines have two ways of generating mechanical work: 

a) the turbines rotate the compressors, and also the rotors, through the gearbox, like piston engines; 

b) the exhaust gas from the turbines is evacuated through the nozzle, generating reaction thrust 

(based on Newton’s 3rd Law). These helicopters benefit from a direct horizontal thrust (Figure 117), 
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making them fly much faster, being capable of dealing with a much larger drag. Their forward flight 

is in a less negative pitch attitude. The photo in Figure 117 reveals a slight bent upwards of the 

nozzle, so when the thrust generated by the nozzle increases, the helicopter will tend to recover 

from its negative pitch attitude. 

 

 

 

The helicopters are complex and interesting pieces of engineering, quite different from airplanes, 

and less understood. Ignorant airplane fans claim that helicopters fly because they are ugly, and the 

ground repels them. Nothing further from truth, when looking at the great shape of the Agusta A109 

(next photo). Except for the inverted flight, helicopters are more maneuvrable than airplanes. The 

inverted flight would require an inverted blade pitch control, which is doable, but at the price of 

doubling the complexity of an already complex system. The hovering capability is essential to rescue 

missions, for instance picking people from sea, or injured skiiers in the mountains. Also, helicopters 

may function as sky cranes. For instance, the pillars for the Busteni-Babele cabin were transported 

by Romanian made IAR-330 Puma helicopters, and planted on their positions. These places in the 

mountains could have been reached in no other way. Sikorsky S-64 Skycrane is a helicopter specially 

designed to carry containers and other stuctures (Figure 118). 
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The VTOL capability is also paramount to many types of both civil and military operations. 

Helicopters may land on a road, pick up people injured in a car accident, and rush them to the 

nearest hospital with adequate medical capabilities. A platform for helicopters is easy to set up, 

sometimes even on the roof of the buidings. In Romania, Dr. Raed Arafat pioneered the use of 

modern helicopters in medical emergency services, his SMURD units saving many lives (Figure 119).    

A less known fact about helicopters is that, although they are able to land vertically, whenever it is 

practical, this maneuvre is replaced by an airplane-style approach, with a given horzional speed, 

down a slope to the landing strip, in a positive pitch attitude.  To understand this preference, we 

need to answer a simple question: what happens to a helicopter when the engine breaks down? The 

rotor is left without power, the wings loose the airspeed, and the lift force falls down to zero, like an 

airplane in a complete stall. There is no difference between an aircraft without lift and a brick. They 

fall down to the ground with the same acceleration of gravity g = 9.81 m/s2.  An airplane uses the 

falling speed to regain lift, because during the fall, it orientates naturally with the head down. The 

center of gravity is in front of the center of pressure, and the stabilizers help in the head-down 

positioning by their drag (we need to mention that a canard is less fortunate from this persepctive). 

But what does a helicopter do? The main rotor will be engaged in a windmill effect by the upwash air 

stream in its way down. To maintain the direction of rotation, the pitch of the blades needs to be 

inverted in this maneuver, called autorotation. Interestingly enough, autorotation creates lift, and 

the falling speed may be reduced enough for a forced landing without damage. The proof is the 

gyrodyne (page 37). This is an aircraft with no other lift than the autorotation. It may look like a 

helicopter, but the fact is the main rotor is not geared to an engine, rotating freely. Coming back to 

helicopters, they could land without problems even with the engine(s) cut off, provided there is 

enough room to fall down freely, as to engage in autorotation. 
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If the helicopter flies horizontally in a positive pitch attitude, the horizontal component of the speed 

help with autorotation. From this, we may draw a clear conclusion: for a helicopter, it is safer to fly 

at a height of more than 100 meters above the ground level. From a lower height, in case of engine 

breakdown, there is not enough room for the free fall, as to engage the main rotor in autorotation, 

and the forced landing will be more dangerous, to say the least. The airplane style approach with an 

airspeed of 30 kts could bring the autorotation immediately in case of engine breakdown, as 

compared to a few knots down airspeed, in a vertical landing (Figure 120).   

 

 

 

The helicopter stability is different than that of an airplane. An airplane basically is a long body 

sustained by a transversal articulation, making it vulnerable to oscillations, differentiated from the 

longitudinal to the lateral planes. The helicopter however is rigidly anchored and sustained by the 

main rotor shaft, and should be uniformly stable in all directions. The question is how rigid is the 

coupling between the rotor blades and the surrounding air. Fluids are not even close to a stable 

platform, so the helicopter may oscillate as a pendulum in a spherical articulation. These stability 

problems may be triggered by a pale of wind, wake turbulence, or the ground effect with uneven 

surface conditions. The tandem double rotor helicopters are solid bodies suspended in two spherical 

articulations instead of one. This compensate the pendulum effect, but introduce the effect of the 

differential lift between the two rotors, which may lead to  longitudinal oscillations. 

Helicopter flight is less affected by load factors. Co-ordinated turns are performed as in airplanes, by 

combining a certain bank angle with a certain yaw rotation speed. The turn load factor is the same as 

that presented in pages 91-95 for airplanes. However, helicopters may also do flat turns at very low 

speed, without skidding, using the anti-torque control. 

The helicopter is more vulnerable than an airplane, because its wings are long and thin, and may 

break easier. Their continuous movement around the rotor vertical axis make them easier to hit by a 

potential saboteur. The vulnerability is aggravated by the slower speed in flight. Also, if the rotor 

shaft is hit, the blade pitch control may be made ineffective, which is also the recipe for a disaster. 
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The combat helicopter makes an important weapon though, adding war to the wide range of uses 

already mentioned. 
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7. Aerostat Controls and Dynamics 

Aerostats generate lift by buoyancy, as explained in Section 2.5. The most basic aerostat is the hot 

air balloon. Its only control is the burner which heats the air inside the ballon (Figures 122 and 122). 

Taking off means to turn the burner to the maximum. This increases the temperature of the air 

inside the balloon, and the difference in density between the inside and the outside air, generating 

lift. Maintaining altitude in a balloon is not straightforward, requiring alternative burner turn-on 

turn-off cycles, or keeping a low flame, just to compensate the loss of heat. 
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The main problem with the lift control provided by the burner is its latency. It could take minutes for 

the air inside the balloon to cool down after the burner is turned off, and the other way round, when 

we need to climb, it could take minutes for the air to heat up. Imagine that you are in a helicopter, 

and you raise the collective lever, but it takes a long while until your command becomes effective. 

Although with a single control, a balloon pilot has to be very vigilent and intuitive, preparing any 

maneuver well in advance, and imagining where the balloon will be in the near future. Balloon 

control needs to be highly predictive. Balloon landing is a real challenge, due to the same reason. 

The landing field has to be a large surface of flat land, approached from the direction of the wind. 

The touchdown point is hard to estimate in advance. 

 

 

 

For the aforementioned reasons, the balloon is not practical as a flying vehicle, being used for fun, 

and for advertizing. A much more useful aerostat is the dirigible, or the airship (Figures 124 and 125). 

To achieve payload lift, the balloon of a dirigible is best filled with Hydrogen. In the golden era of 

dirigibles, Hydrogen Zeppelins were common, with regular passenger service flights. Unfortunately, 

Hydrogen happens to be very flammable. Helium is safe (not flammable), but it is rather expensive, 

and for the same payload, the Helium dirigible has to be greater in size than the Hydrogen dirigible, 

according to the density table in Figure 9. Hot air is out of the question, making the dirigible huge.  

The dirigible is a steerable machine, with horizontal thrust provided by a number of piston engines 

and propellers. The resulted drag needs to be minimized, so designer engineers looked for the most 

aerodynamic shape with maximum volume inside, and with the lightest rigid structure.  
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Differential thrust between the engines on the two sides provides the steering method (Figure 125). 

Modern dirigibles have vector thrust, helping with climbs and descents by orientating the propellers 

accordingly. 

Another problem of dirigibles is the low horizontal airspeed. A strong headwind could seriously delay 

the time of arrival at destination. Landing requires a ground crew, to catch the ropes and to anchor 

the dirigible to a mast, in order to resist the wind. All in all, dirigibles are better than balloons, but 

still short of resources and performances as practical aircraft. 
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8. Flight Instruments 

Flight instruments are the information gathering tools the pilot uses to perform his two concurrent 

tasks: fly the airplane, and navigate. A generic flight instrument is represented in Figure  126. Its 

purpose is to measure or to calculate a useful piece of information within an expected range of 

accuracy, and to display it in the cockpit. 

 

  

 

In aviation, correct information available when needed is a sine qua non condition. Flight 

instruments are required to provide accurate information, reliably, on a continuos basis (without 

interruptions), with integrity. Integrity is the probability to detect a functional anomaly or a 

perverting signal and to produce timely warnings to the pilot. If your life depends on an instrument, 

ask for its compliance to integrity and functional redundancy requirements. The later feature 

ensures the aforementioned reliability and continuity. The idea of the functional redundancy is that 

if something fails or breaks down in an instrument, this is doubled or tripled, so at least one 

functional instrument is left available for use. In fact we have two or three instruments on board, 

with the same function. If possible, they are built on different principles, by different manufacturers, 

and the software is written by different teams. All these precautions will reduce the probability of a 

design issue (see the Tasil point case study). 

 

For instance, a car speedometer has neither integrity, nor functional redundancy. It displays the 

speed of the car by calculating the number of rotations per minute, but if the car has its wheels 

changed, or the wheels are skidding, or if the tachometer cable breaks, the speed is displayed in 

error, and there is no warning to the driver. The speed information is offered without integrity, i. e. 

without checking for the potential sources of malfunctioning, to alert the user. Even when the user is 

aware of the fact that the speedometer broke down, he has no alternate speed indications. If 

aviation instruments were designed as the car instruments, aviation would not have been the safest 

transportation system in the world. In spite of the opinion shared by many people, that flying is 

dangerous, the probablity to die in a transport airplane is as close to zero as you can get. Take 
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Romania for instance. In the past 20 years, 54 passengers died in one accident involving a Romanian 

airliner (see Balotesti case study). Compare this number with the death toll on the roads, of around 

60,000 people killed in car accident in the same time interval. The probability to die in a car accident 

is 1000 times greater than the probability to die in an airplane accident. All other means of 

transportation (trains, boats) are more dangerous than civil aviation. The myth that flying is 

dangerous is just a media induced ignorance. An airplane with a broken windscreen, returning to the 

airport of departure, or an airplane with a landing gear problem, make breaking news headlines. 

Nobody would buy the story that a bus with a broken windscreen or a defective wheel has to return 

to the garage. Aviation is so mysterious, always challenging the common sense. The media finds 

better ratings with minor aviation news, than with major other things.  

Ignorance has always been a major enemy of aviation. For instance, in 1928, the first Romanian air 

transport company (Compania Franco-Romana de Navigatie Aeriana, or CFRNA, one of the mergers 

that later became Air France) began their Paris-Bucharest-Constantinople regular passenger service 

(see photo). The people in Novi Sad, Serbia, were frightened by the new machines invading their 

skies, and complained that since the flights started, there was no more rain in the area. They 

demanded an immediate stop to all flights, on the grounds that agriculture is affected.  

 

Now everybody knows for a fact that rain is not influenced by aviation, and yet the ignorance strikes 

back, in new, different and improved forms, as you read these lines. For instance, people invented 

that contrails are doing something wrong to the environment. Contrails are made of ice crystals, and 

the volume of all contrails in the world is a fraction of the ice crystals contents of one bigger cloud. 

Another recent case is that the Carbon Dioxide emmissions from aircraft contribute to the 

greenhouse effect. Many people are concerned about this, and blame aviation for the global 

warming. The truth is that the contribution of aviation to all artificial greenhouse emmissions is just 

a small percentage. Moreover, the artificial greenhouse emmissions are just a small fraction of the 

natual gas emmission from people and animals (especially cows), and even those do not match the 

greenhouse gas emmissions from vulcanos. If beef would be banned on board of passenger aircraft, 

there would be a greater impact on greenhouse emmissions than bringing the whole aviation to a 

standstill. Golbal warming concerns me less than global ignorance. 

 

Returning to the flight instruments, their engineering concepts provide a level of safety and 

reliability hardly seen in any other field of activity. In the next sections, we will present the classic 

and the glass cockpits, with their most important flight instruments, as the navigation instruments 

will be presented more extensively in Chapter 10. An example of a classic cockpit is illustrated in 

Figure 127. On the front panel, there is a set of six basic flight instruments (Figure 128).  
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Figure 128 shows the basic six instruments as current in the 1930s, not too far off the basic six in the 

cockpit of a large classic transport aircraft in the 1980s (Figure 129). They are almost the same, 

placed in almost the same order on the front instrument panel: 

 airspeed indicator (IAS) displays the indicated airspeed, the most important flying parameter 

for an airplane, since it is a measure of aerodynamic lift force (displays in knots) 

 gyro-horizon, or the artificial horizon, pictures the horizontal line separating the sky in blue, 

and the ground in black or brown; it displays the pitch angle and the bank angle; later it 

evolved into the attitude director indicator (ADI), including the flight director indicator, 

which displays the maneuver recommended by the autopilot (qualitative instrument, 

displays attitude angles in degrees) 

 variometer displays the vertical airspeed, or the rate of climb or descent; a more accurate 

derivative is the vertical speed indicator (VSI), and nowadays it is combined with the traffic 

collision avoidance system indicator, or TCAS (displays in feet per minute) 
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 altimeter displays the barometric altitude, flight level, or barometric height above the 

runway threshold, depending on the pilot’s selection from the nearby knob; servoaltimeter 

is a more accurate version (displays in feet) 

 gyro-directional (GD) displays the direction of flight, the main navigation parameter; it 

evolved into the gyro-compass (GC), taking reference of magnetic north from a magnetic 

field sensor; later, it evolved into the horizontal situation indicator (HSI), and into the 

navigation display (ND) of today (displays in degrees) 

 slip and turn indicator (STI), displays the yaw speed (needle) and the direction of the weight-

centrifugal resultant force (ball) with respect to the airframe vertical; it evolved into the turn 

coordinator indicator (TCI), (qualitative display, discussed at large earlier, see Pages 86-87)  

Three types of sensors supply the information to these basic six instruments: 

 baro sensors (Pitot tubes and static pressure transducers) for the airspeed indicator, the 

altimeter and the variometer; these are colectivelly known as baro-instruments 

 gyroscopes for the artificial horizon, gyro-directional and the turn indicator; these are 

collecively known as gyro-instruments 

 magnetic field inductors, to measure the Earth Magnetic North reference for the gyro-

compass 

A fourth type of sensor is a simple ball in a curve shaped glass pipe: 

 acceleration of gravity sensor, or an equivalent of the plumb bob, for the slip indicator 

Along with these basic six instruments, a number of other secondary instruments started to invade 

the cockpit. By the 1970s, the number of clock dials was huge, requiring distributed attention from 

the three to five members of the crew. Aerospatiale BAE Concorde (Figure 63), launched in 1974, 

was the champion with 200 clock dials in the cockpit. Since 1970s, a new trend emerged in cockpit 

design. Distinct dials were integrated into more complex displays, for instance the gyro-compass, the 

radio magnetic indicator, the course deviation indicator, the distance measuring equipment displays, 

and the glide slope indicator were combined into a single display called the horizontal situation 

indicator (HSI), which is probably the most complex electro-mechanical indicator (Figure 219).  

This trend of integration continued to this day. Now, the basic six turned into the basic two 

information integrators: primary flight display (PFD), and navigation display (ND) as in Figure 130: 

 PFD (Figure 134) integrates the IAS, the ADI (including the FDI), the ALT, the VSI, together 

with RALT, MKR, CDI (course deviation indicator, used at landings), GSI (glide slope indicator, 

used at landings), AOA (angle of attack indicator) 

 ND (Figures 130 and 255) integrates the HSI, the navigation database represented as a map, 

the WXR (weather radar display), the wind velocity vector, the TAS (true air speed) and the 

GS (ground speed), used in navigation, the TCAS information, the terrain information of the 

EGPWS (enhanced ground proximity warning system)  
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The crew in a glass cockpit was reduced to two pilots: the captain, in the left seat, and the first 

officer, in the right seat. The other members of the classic crew (radio operator, flight engineer, and 

navigator, see Figure 131) were replaced by computers. 
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Figures 132 and 133 illustrate the most up-dated intrument panel designs from Airbus and Boeing. 
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This history of the evolution of the cockpit information display is the result of a large scale effort for 

improvement, by thorough studies of ergonomics (human factors), and by applying the lessons 

learned from all display related incidents and accidents.  

 

Aviation is the safest transportation system, and this is partially due to the careful analysis of every 

accident, and the subsequent action to avoid the history repeating itself. There is no paradox here, 

by studying all accidents, many other future occurrences of the same type are prevented. The whole 

philosophy behind this concept was defined by ICAO, in the Annex 13 to the Chicago Convention.  

 

 

8.1. Verticals, Gravity, and Latitudes 

The Earth’s shape, gravity and dimensions are the object for the science named geodesy. Aerospace 

engineering depends heavily on accurate representations of the Earth and its atmosphere. An 

introduction to this subject is attempted in this subsection. 
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At some stage in its past, the Earth was liquid, a huge drop of melted substance. In the absence of 

other forces, a drop of liquid becomes spherical, because the sphere is the body with the minimum 

surface of a given volume, and the only applicable forces are the superficial tensions, which contract 

the surface of the drop. If you need to check on this sphere theory, watch carefully images of free 

water inside the International Space Station or other zero gravity environments.  

If other external forces appear, then the drop of liquid changes from the spherical shape. For 

instance, a raindrop falling takes an aerodynamic shape, due to the aerodynamic drag, as mentioned 

in Chapter 5. 

The Earth was in fact a spinning drop of liquid, so it was the subject of a centrifugal force. 

If  is the angular velocity of the Earth around its rotation axis, and r is the distance of a particle of 

mass m from the rotation axis, the centrifugal force pushing the particle away from the axis is: 

 2C m r    

 Obviously, the most remote and the most affected particles are those on the equator, whereas the 

particles at the two poles are left unaffected by the centrifugal force. This differential application of 

the centrifugal force caused the Earth to flatten a bit on its rotation axis, and solidify in a shape of a 

rotation ellipsoid instead of a sphere, as in Figure 135. 
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As a result, a meridian circle is in fact an ellipse with the minor axis along the rotation axis. Compare 

this figure with the photo of the Earth below: the flattening factor is clearly exaggerated in Figure 

135. The real Earth is more like a sphere, and its flattening escapes the naked eye: 1/298.257 or less 

than 0.3%. 

 

 

The ellipse is a magical shape. It can be found everywhere in the Universe. Let us look closer to an 

ellipse in Figure 136. It has a centre (O), and two focal points (F1 and F2) equally spaced from it. There 

are two orthogonal axes: a major axis along the line of the focal points (WE), and a minor axis (NS). 

The length of the major semi-axis is often designated as a, and that of the minor semi-axis as b. 

 

The ellipse is the locus of the points (Q) for which the sum of the distances to two focal points 

(QF1+QF2) is constant. An ellipse can be fully described by the following elements: its centre (O), the 

major semi-axis (a), and the minor semi-axis (b), or the flattening: f = (a–b)/a. The circle is a 



143 
 

particular ellipse with the focal points in the centre O, for which a = b, and f = 0. The flattening is a 

measure of how far is the ellipse of the circle. The normal to the ellipse does not pass always 

through the centre, and the curvature is not constant. The angles designated LATC and LAT are 

known as latitudes, and they will be discussed later. 

The equation of the ellipse centered in O, in the rectangular system Ox–Oy is the following: 

 
2 2
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Considering the ellipse a meridian section through the Earth, the tangent represents the local 

horizontal (horizon), and the normal represents the local vertical. The equation of the normal is: 
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LAT is called the geodetic latitude, and it is the angle of the normal to the ellipse, with the major 

axis (equatorial plane). 

 

The shape generated by an ellipse rotating around its minor axis is the rotation ellipsoid (Figure 135), 

the shape of a spinning drop of water. But is our analogy of the Earth with a spinning drop of water 

accurate? If it were, the Earth would have been a perfect rotation ellipsoid, but the real world is 

unexpectedly complicated. Since that time when the Earth was hot and liquid, it has been non-

homogenous, and it solidified unevenly. Some areas solidified and contracted earlier than others, 

causing irregularities of the surface of the Earth. When the temperature of the surface dropped 

below 100°C, the vapours turned into water, flooding all the lower parts of the Earth and forming 

the oceans and seas. Some higher parts were not covered by water, forming the continents. The 

solid crust of the Earth is not at all homogenous. It consists of more tectonic plates “floating” on the 

liquid core of the Earth. These plates crush into each other, causing the formation of mountains, the 

secular movements of the continents, and the earthquakes. Sometimes, the liquid core of the Earth 

gets to the surface as volcanic lava. We may conclude that the continental part of the Earth is 

irregular and continuously changing. What about the two thirds of the Earth covered with oceans? 

The water is liquid and it should take the shape of a rotation ellipsoid, as we have already 

mentioned. Is it so? The oceanic water is not homogenous itself. The concentration of salt and the 

temperature are different in various places, and the property of a liquid to change shape very easily 

makes the oceanic water subject to waves and tides. The waves result mainly from the surface winds 

blowing, in very rare cases being also produced by earthquakes and volcanic activity. The tides result 

mainly from the attraction of the Moon and the Sun. Another factor of distorting the surface of the 

oceans from the rotation ellipsoid is the lower density of the water compared to the rocks on the 

bottom or the continental plates. As a consequence, a deep and large ocean such as the Pacific is 

flattened in certain areas and its surface comes slightly below the surface of the rotation ellipsoid. 
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We may conclude that the Earth is an irregular volume, very close to a rotation ellipsoid. This exact 

shape is called geoid, and the surface of the geoid is called Mean Sea Level (MSL). MSL is defined as 

the shape of the undisturbed water of the oceans (in absence of waves and tides). The definition of 

the MSL on the continents is tricky. The first thing which comes to mind, is to define MSL as the 

surface of the Earth as it would be all covered with water, but it is not so, because the density of the 

water would make a difference. The density of seawater is only about 1.030 kg/m3, as compared to 

5.521 kg/m3 – the average density of the Earth, and the mass of the continental rocks and mountains 

exerts higher gravity influence over the water of the oceans. These density variances make the geoid 

fluctuate around the rotation ellipsoid, taken as reference, by maximum ± 90 m in height, and by 

maximum 30” of arch in direction (Figure 137). This is not much, and in most aerospace engineering 

applications, we will use the rotation ellipsoid model. Few applications justify the price of using an 

irregular model, like the geoid. There is a problem with the ellipsoid though. More ellipsoids may be 

defined. Each one fits better the geoid for a given area. For instance, Clarke 1866 ellipsoid fits better 

the geoid for North America, Everest 1830 ellipsoid suits India, Clarke 1860 is best fitted for Africa, 

Bessel 1841 for Germany, and Krasovsky 1940 ellipsoid was best for USSR, and it was extended to 

the former dependant states, including Romania. Each dominant country was interested in 

cartographing using its own best fitted ellipsoid, in order to get the most accurate maps for its 

territories. These maps put together did not match, but maritime and terrestrial navigation did not 

care too much, because the speeds were low, and the switch from a region of the world to another 

occurred rarely, and only in known places, like the Cape Horn, or Cape of Good Hope. In these 

places, there was a switch between one set of maps and another, resulting in a virtual “jump”, 

known to the navigators.  
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In the 20th Century, the aerospace sector changed the game rules. Not only that speeds increased to 

the extent that a modern aircraft could cover almost half the globe in one flight of 16 hours, but 

switching from a region to the other occurs in various places. Also, an aircraft has no equivalent for 

the large room of maps on board of every ship. Spacecraft could spin around the globe in a couple of 

hours. As a consequence, aviation enforced the introduction of an international ellipsoid, the World 

Geodetic System 1984, WGS84 for short. For each region, WGS84 is worse than other known 

ellipsoids, but it represents a workable compromise model for all regions of the world. Its geometric 

parameters are: the small (minor) semiaxis b = 6,356,752 m, the large (major) semiaxis a = 6,378,137 

m, and the flattness f = 1/298. Now, WGS84 generalized to maritime and terrestrial navigation. 

In spite of its complicated and hypothetic definition, the geoid has something very practical about it. 

Bodies fall freely on directions perpendicular on it. This property makes its surface a gravity 

equipotential. The plumb bob will always point perpendicularly on the surface of the geoid, as in 

Figure 138. The apparent gravity, or the plumb bob, is deflected from the normal to ellipsoid as 

mentioned above. The normal to ellipsoid is different from the direction to the centre of the Earth 

(the normal to sphere) because of the influence of the centrifugal force C on gravity. 

 

 

 

According to Newton’s universal law of gravity (1687), any particle of matter in the universe attracts 

any other with a force varying directly as the product of the masses and inversely as the square of 

the distances between them. If the Earth were standing still, the plumb bob driven by the Newtonian 

gravity would be pointing to the mass centre of the Earth with only a minor deflection caused by the 

uneven distribution of density and mass of the Earth (Figure 137).  

Figure 138 illustrates the three concepts of verticals used in aerospace engineering: geocentric 

vertical, which points to the center of the Earth, the geodetic vertical, which is normal to the 

rotation ellipsoid (used in calculations), and the astronomic vertical, or the practical vertical, which 

may be measured with instruments, like the plumb bob. In Figure 138, the deflection of the vertical 

is the 3D angle between the red and the blue thin lines coming down from the airplane.  
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Now let us consider that the Earth is rotating around the polar axis with an angular speed  of 360° 

(2·π) in a sidereal day: 

 
 

52
7.292115816 10

23 3600 56 60 4

 
   

   
 

The angular speed is expressed as usual in Standard Units (radians per second). To use our intuition, 

we need to convert this to degrees per hour:  = 15.04°/h. In its rotation, the Earth carries all the 

objects on it, its atmosphere and all objects in the atmosphere (including all types of aircraft). This 

movement generates a centrifugal force, so the plumb bob will take the direction of the resultant of 

this force and the Newtonian gravity. In Figure 139, we are considering an airplane of mass m, in 

flight, in a point A, at a height HAMSL over a point P. Its weight is the resultant of the addition of two 

vectors: the mass attraction of the Earth and the centrifugal force acting upon the aircraft due to the 

rotation of the Earth. Firstly, we need to calculate the local Earth radius R, which is the segment OP. 

We know that point P belongs to the WGS84 ellipse, so it fits the equation of the ellipse, mentioned 

above. 

 

 

 

 

The local radius of the ellipsoid R (the segment OP) results from Pithagora theorem (check notations 

in Figure 136): 

 2 2

P PR x y    

From the equation of the normal to the ellipse we get: 
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Substituting into the equation of the ellipse, we get: 
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Multiplying the equation by a4: 

  2 2 2 2 2 4tanP Pa x b LAT x a      

Finally we get xP out: 
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We could replace both xP and yP into the equation of R: 
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This formula has a singularity for LAT = 90°, where obviously R = b.  

The geocentric latitude LATC is the angle between R and the major axis (the equatorial plane):  

 arccos P
C

x
LAT

R

 
  

 
 

Now we are in the position to calculate the turn radius for the point A around the North Pole – South 

Pole axis, and the centrifugal force C: 
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On the other hand, the mass attraction force will be: 
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Applying the generalized Pithagora theorem in the OPA triangle (Figure 136), we get r as follows: 
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  2 2 2 cosAMSL AMSL Cr R H R H LAT LAT         

Given the usual values, this approximation also works: 

 AMSLr R H   

Adding the two vectors calculated above, C (yellow in Figure 139) and WG (green), we get the 

apparent weight W (blue), and consequently the acceleration of gravity: 

  2 2 2 cosG G CW W C W C LAT       

The whole equation may be divided by m, so the mass of the aircraft is irrelevant to the acceleration 

of gravity: 
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Everybody knows that the acceleration of gravity g is 9.81 m/s2. Or is it? Aerospace engineering 

needs a higher level of understanding physical phenomena. In fact, acceleration of gravity depends 

on the geographic latitude LAT, and the height above mean sea level HAMSL, as shown by the 

equations above. This is just an example of the importance of mathematical modelling in aerospace 

engineering, and the complexity of calculations involved. If you try the next example, either switch 

your scientific calculator to radians, and replace LAT and LATC with their values in radians, or work 

in hexagesimal degrees, replacing  by 180°. Be warned to use as many decimals as practical in the 

intermediary results, since rounding errors accumulate in the final result, mutilating it beyond 

recognition. Writing your own piece of software is always a good idea when faced with this kind of 

calculation volume and complexity. One more piece of advice: using software written by others, or 

Internet folklore may be hazardous to the health of people on board. Unlike terrestrial 

programmers, aerospace engineers may not hide behind the usual disclaimers of the software 

licences. Aerospace engineering software needs to be guaranteed, thoroughly tested, and backed up 

by the author’s direct responsibility. 
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Before taking off from Bucharest Henri Coanda International Airport, my weight is 100 kg. Wrong. 

My mass is 100 kg, my weight is a force, according to Newton’s Second Law: 

 W m g   

Bucharest Henri Coanda is at a height AMSL of HAMSL = 96 meters, and at a latitude of LAT = N 44° 

34’. Applying the algorithm above, we get the acceleration of gravity for Bucharest g = 9.823384 

m/s2. My weight is 982.34 N. (Intermediary results: R = 6367651.093 m, xP = 4551510.22 m, LATC = 

44.3743°, w = 9.840670 m/s2, c = 0.024202998 m/s2). 

As we climb to our cruise altitude of FL400, I start to loose weight! At the height of H = 40,000 ft · 

0.3048 m/ft = 12,192 m, the acceleration of gravity is g = 9.786072166 m/s2, so my new weight is 

just 978.61 N. I lost just 3.73 N, roughly 380 g, but this is a good start. Suppose our flight is heading 

South, to Johannesburg. A few hours later we cross the Equator. It is time to see my weight again. 

Now, we enter LAT = 0° in our formula, and g = 9.737263 m/s2. My weight now fell to an astonishing 

973.73 N, around 8.61 N or 0.9 kg less than my weight before departure. This airplane is not going to 

make me lose any more weight. As we enter the Southern hemisphere and descend into 

Johannesburg, my weight recovers. What if I would like my weight to decrease by a significant 10%? 

According to the above algorithm, I would need to fly to a height of H = 350,000 m, but this is 

outside the range of aviation. Thus, if I want to lose 10% of my weight, I need to fly on the 

International Space Station. Strange, because people there look that they have no weight at all, a 

phenomenon called zero gravity. In zero gravity, we would expect g = 0. The gravity appears to be 

zero on ISS due to the fact that the spacecraft is on orbit, and the weight is balanced by the much 

higher centrifugal force. In reality, g = 8.82 m/s2 over there, for any object which would be standing 

still instead of orbiting. This is good news for the ISS occupants. The gravity keeps the station captive 

around the Earth, preventing its catastrophic escape in outer space. 

 

As mentioned, the angle between the vertical and the equatorial plane is called latitude. This is a 

most important coordinate for navigation of all times. Latitude is usually expressed in degrees, 

minutes and seconds [° ' "]. Latitude can be Northern or Southern of the Equator. The latitude of any 

point in the equatorial plane is obviously zero. The points with the highest and lowest latitudes are 

the North Pole with 90°0'0"N, and the South Pole with 90°0'0"S. In principle, a degree of latitude is 

the equivalent to 60 Nautical Miles. In air navigation, sometimes the smallest unit is the tenth of 

minute of latitude, instead of the second. The second of latitude is of the order of the size of the 

aircraft (31 m). The international sign convention for latitude is the following: + for Northern, – for 

Southern. The equator (0°) is conventionally considered Northern, or positive. 

Corresponding to the three types of verticals, there are three types of latitude: the geocentric 

latitude (LATC), the geodetic latitude or the geographic latitude (LATT or simply LAT), and the 

astronomic latitude (LATA). 
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The locus of the points on the Earth’s surface with the same latitude is called parallel. In the 

spherical and the ellipsoidal representations, parallels are circles. The largest parallel is the Equator, 

and the smallest are the poles, which are circles with a radius of zero, actually points. In the geoidal 

representation, parallels are complex 3D curves with little relevance to navigation. 

In the representation in Figure 140, the flattening of the ellipsoid is more exaggerated than ever. For 

navigation purposes, the geocentric latitude (the yellow angle) is the least useful of the three. As 

Figure 140 suggests, the geocentric latitude of an airplane in flight depends on the height above MSL 

(HAMSL) the airplane is flying. 

 

 

 

The astronomic latitude (the blue angle) is the easiest measurable of the three. It is very popular 

among navigators of the last five centuries, because it can be measured directly with an inexpensive 

instrument named sextant, based on the visible horizon or the plumb bob vertical. 

However, the astronomic latitude depends on the chaotic fluctuations of the surface of the geoid 

around the surface of the ellipsoid, by using the visible astronomic horizon or the astronomic vertical 

(the plumb bob) as a reference. These fluctuations produce an interesting effect of replicating 

themselves in the navigation track along a parallel. If we look again at Figure 140, there is that small 

angular difference between the geodetic vertical and the astronomic vertical (the deflection of the 

vertical). Try this fictitious experiment in mind: keep the airplane fixed and start rotating the Earth 

underneath. What will happen? The deflection of the vertical will fluctuate. Whereas the geodetic 

vertical (the red thin line) will not change, the astronomic vertical (the blue thin line) will start to 

jump around, where it will be thrown by the gravity field of the geoid.  
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For navigation, the astronomic latitude and the geodetic latitude are close enough to ignore the 

difference (the deflection of the vertical). The geodetic latitude (also known as the geographic 

latitude – the red angle) is the most useful latitude for navigation, marked on maps and used in 

calculations. It is almost equal to the astronomic latitude, but its true virtue is that it is consistent 

with the East-West movement. In other words, a body moving Eastwards or Westwards is not 

changing the parallel. The geodetic latitude is also consistent with the height AMSL of the body (does 

not change with altitude). 

 

 

The longitude is an artificial coordinate, complimentary to the latitude. The latitude alone indicates 

the local parallel, but it is not enough to describe the position of the place. We would have to know 

the local meridian too. Meridians and parallels intersect under right angles (90°), so they form an 

orthogonal reference system. Whereas the equator is a natural origin for parallels, a natural origin 

for meridians does not exist, so it had to be invented. In 1423, Humphrey, Duke of Gloucester built a 

watchtower on a hill on the right bank of the river Thames, south of London. Soon afterwards, it 

became the Royal Observatory of Greenwich (England). As the greatest naval power of the world 

then, the English invented the Prime Meridian (0°0'0") defined as the local meridian of the Royal 

Observatory, Greenwich. The angle between the local meridian plane and the Prime Meridian plane 

is called longitude. Longitude is usually expressed in degrees, minutes and seconds [° ' "]. Longitude 
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can be Eastern or Western of the Prime Meridian. The longitude of any point in the Prime Meridian 

plane is obviously zero. The most Eastward longitude is on the meridian diametrically opposed to the 

Prime Meridian (180°0'0"E). The most Westward longitude is 179°59'59"W. In principle, a degree of 

longitude corresponds to 60 NM at the Equator, 42.5 NM at the 45°N/S parallel, 30 NM at the 

60°N/S parallel and 0 NM at the Poles. The European sign convention for longitude is the following: + 

for Eastern, – for Western. The American sign convention for longitude is unsurprisingly the 

opposite. The Prime Meridian (0°) and the 180° meridian are conventionally considered Eastern. Any 

convention is good as long as it is consistently used. 

A reciprocal definition for meridians is the locus of the points on the Earth’s surface with the same 

longitude. In the spherical representation, meridians are identical semicircles. In the ellipsoidal 

representation, meridians are identical semi-ellipses. In the geoidal representation, meridians are 

complex, non-identical 2D curves in the meridian plane. 

Figure 141 presents the Geodetic Spherical Coordinates (GSC) system, where latitude and longitude 

indicate the horizontal position. In air navigation, the “horizontal” position of an aircraft is described 

as a set of two angular coordinates: the geodetic latitude, and the longitude. The “vertical” position 

is usually given as the height above mean sea level (HAMSL). The height above the rotation ellipsoid 

would be consistent with the geodetic vertical, but the height above mean sea level is closer to the 

barometric principle of measuring heights, presented further. 

 

 

Our Boeing 737-700 airplane is parked on the Henri Coanda International Airport - Bucharest (LROP), 

prepared to take off in a maximum load configuration: 

Boeing 737-700  (lbs) (kg) 

Empty  83,000 37,676 

Payload   23,000 10,440 

Zero Fuel Weight ZFW 106,000 48,116 

    

Fuel Weight   46,000 20,881 

Gross Weight GW 152,000 68,996 

What is the lift force L required to balance the weight of this airplane? We will use the local 

acceleration of gravity from the previous example, g = 9.823384 m/s2: 

 L W m g      L = 677774.2 N 

At FL400, the same airplane is required a lift of just 675199.8 N. This is 2574.4N less, or 

approximatively the equivalent of two passengers. 
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Next, we are curious about the influence of the latitude, and we move our airplane on the 

Northermost airport in the world, Alert (CYLT) in Northern Canada, at a latitude of 82° 31.4'N, and an 

elevation of 100 ft (30.5 m). Here, g = 9.872934 m/s2. (Intermediary results: R = 6357117.089 m, xP = 

832683.52 m, LATC = 82.4735°, w = 9.873513 m/s2, c = 0.0044278118 m/s2). Due to this high 

acceleration of gravity, the required lift for the same airplane is 681192.9 N. This means that, in 

order to take off from Alert, Canada, the same airplane needs to leave 3 passengers on ground, as 

compared to Bucharest. 

Now, let us check what happens at an airport near the equator: Mariscal Sucre International (SEQU), 

Quito – Ecuador, 0° 7.6'S of latitude and 9,228 ft (2813 m) of altitude. Calculating again, g = 9.76606 

m/s2. (Intermediary results: R = 6378136.896 m, xP = 6378121.518 m, LATC = 0.1258°, w = 9.799989 

m/s2, c = 0.03393 m/s2). Due to this low acceleration of gravity, the required lift for the same 

airplane is just 673819.0 N, or 3955.2 N better than in Bucharest. Almost four extra passengers with 

luggage may be allowed on board. This example illustrates why the best launching pads for 

spacecraft are situated along the equator. 

Quito may be better from the acceleration of gravity perspective, but it is clearly worse when it 

comes to air density. It is true that the required lift is lower, but the ground speed in the take-off roll 

needed to generate that amount of lift will be considerably higher. This is getting us to the next 

section on baro instruments.  

 

8.2. Baro Instruments 

The importance of the air pressure in the airplane flight dynamics cannot be overestimated. Looking 

again at the balance of the four forces in equilibrium flight (Figure 56), three of them depend on the 

air pressure: lift, drag, and thrust (since all types of engines use oxygen). Any small change in air 

pressure with alter the balance of forces. The Tasil point accident (see case study on Page 90) was a 

chain of events starting with the simultaneous breakdown of three separate barometric sensors due 

to icing (there is an ongoing inquiry, and the final report was not available at the time of writing this, 

but this fact is almost certain). On the occasion, many people raised the question, why is there no 

alternative to airspeed measuring, like GPS for example? The answer is simple: GPS delivers the 

ground speed, used in navigation. The airspeed is something else, explained in the subsection 5.5 of 

this book. However, the debate was not in vain. Airbus has just patented a method to derive 

airspeed from GPS ground speed, the last known wind speed, and the last known altitude or flight 

level. Future aircraft will be equipped with the new back-up system. 

The atmosphere is a mixture of Nitrogen (78%), Oxygen (almost 21%), and Argon (almost 1%). Many 

other gases are to be found in lower concentrations: CO2 0.0387%, Neon 0.002% etc. These 

percentages correspond to the dry atmosphere. Near the surface of the Earth, the atmosphere is not 

dry. The concentration of water vapours ranges here between 1% and 4%.  

In the previous section, we discussed gravity, and the geoid, as an gravity equipotential  surface of 

the Earth. This discussion is particularly relevant for the atmosphere, because the gravity is 

responsible for sticking the air molecules together, so the air pressure and density depend on 

gravity.  
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Figure 142 illustrates how temperature, pressure, and density change with height, in normal 

(average) conditions, known as the ICAO International Standard Atmosphere (ISA). 

 

 

 

ISA is a set of expected atmospheric parameters depending as functions of the height H above mean 

sea level (MSL). At MSL, considered the zero isobaric surface (H = 0 m), the standard atmosphere 

has the following average parameters (temperature, pressure, and density): 

  0 288.16T K  
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  0 101325p Pa  

  3

0 1.2250 /kg m   

In everyday aviation, like in everyday life, we may use those units of measure that we are more 

familiar with, as for instance Degrees Celsius, or Degrees Farenheit. However, in aerospace 

engineering, the differential and integral calculus is an important tool. In order for the equations to 

hold true when derived or integrated, the only units of measure that do the trick are the Standard 

Units (SU). Whenever aerospace engineers need to calculate, they convert all units into SU, perform 

the calculations, and convert the results back to more familiar units.  

 

The mean sea level standard parameters of the atmosphere in more familiar units are: 

  0 15T C  

      0 1013.25 760 29.921p mbar mmHg inHg    

Looking at Figure 142, the temperature (in magenta) has a linear dependence on height, changing by 

a temperature gradient  = −6.5°C = −6.5K at every 1,000 m. This happens up to 11,000 m. From that 

height on, in the stratosphere, the temperature maintains constant, at −56.5°C = 216.66 K for a 

while, and then raises again in a peculiar manner represented in the table below. Hence, the 

temperature variation in troposphere, in ISA conditions, is given by one of the following temperature 

gradient equations, depending on altitude H: 

ISA Temperature Equation ISA Temperature Numerical Value (K) Altitude Range (m) 

   0 1 0T H T H H       288.16 0.0065T H H    11000H   

  1T H T    216.66T H   11000 25000H   

   1 3 2T H T H H        216.66 0.003 25000T H H     25000 47000H 
 

  3T H T    282.66T H   47000 53000H 
 

   1 5 4T H T H H        282.66 0.0045 53000T H H     53000 79000H   

  5T H T    165.66T H   79000 90000H   

   1 7 6T H T H H        165.66 0.004 90000T H H     90000 105000H 
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For instance, Bucharest is at an elevation of 80 m above the sea level. In ISA conditions, the 

temperature in Bucharest should be 287.64K = 14.48°C. Who lives in Bucharest knows, of course, 

that this is very rarely the case. Temperatures here may reach −20°C in a winter morning, and +40°C 

in a summer afternoon. The gradient equation is however useful in all these cases. If we embark a 

hot air balloon, and climb to a height of 1000 m above Bucharest, the outside temperature will drop 

by 6.5°C, and will be −26.5°C in that extreme winter morning, and +33.5°C in that extreme summer 

afternoon. Real atmosphere is different from ISA, but the differences occur mostly on ground. The 

source of these differences is the Sun heating the ground differentially. The vertical behavior of the 

atmosphere is reflected well by the ISA variations though. 

Coming back to our example, when Bucharest is hit by extreme heat of +40°C, Busteni is only 125 km 

away, and the elevation is 900 m higher, so we may expect +34°C there. From Busteni, we could take 

a hiking route to Varful Omul, 2508 m above sea level. There, we expect a temperature of 313.16 K – 

(2508m – 80m)·0.0065 K/m = 297.38 K = 24°C. In reality, we may find another temperature there, 

probably lower, and meteorology might help us to understand why. 

  

The pressure has an exponential variation with height (the blue curve in Figure 142), calculated by 

integrating the hydrostatic equation. The pressure depends on temperature, so it calculated 

differently in various temperature gradient ranges. For the usual height ranges, up to 25,000 m, the 

ISA pressure is given by: 

ISA Pressure Equation ISA Pressure Numerical Value (Pa) Altitude Range (m) 
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Likewise, the air density function on height is the following: 

ISA Density Equation ISA Density Numerical Value (kg/m3) Altitude Range (m) 
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Above, R is the gas constant. For air, R = 287 J/kg/K. The temperature gradient k is given in the 

table on page 155. Finally, g0 is the acceleration of gravity. For historical reasons, aerospace 

engineers work with g0 = 9.8 m/s2, the acceleration of gravity at the mean sea level at 30° of latitude, 

and not with the one applicable at the given altitude and latitude. Another remark is that the 

equations are valid for dry air. Humid air has a larger density, and a different gas constant. The 

numeric coefficients above (including those in Figure 142) apply to standard units.  

In many examples in this book, we needed the air density. Now, we are able to calculate it ourselves. 

 

 

Returning to our example, let us calculate the ISA air pressure and the ISA air density in Busteni (980 

m AMSL) and at Varful Omu (Omu Peak, 2508 m AMSL). AMSL stands for “above mean sea level”. 

Applying the equations above, we get: 

 

 Busteni Varful Omu 

H (m) 980 2,508 

p (Pa) 90,098 74,622 

kg/m
3
) 1.1139 0.956 

 

We will better take care at Omu, because the air density is 25% less than in Bucharest, and the 

natural protection of the atmosphere to the Sun radiations is 25% weaker. 

In such a hot summer day, the real atmosphere will be significantly different from ISA, due to two 

factors: the air pressure could be larger or lower, depending on the local weather, and the 

temperature at the sea leavel will be higher. 

 

 

Looking carefully at any airplane or helicopter, we will discover one or more thin tubes directed 

forward (Figures 143, 144). They are Pitot-Static sensors, or just Pitot sensors, in this case the static 

pressure is taken from separate Static sensors (these are simple tiny holes in the fuselage). Pitot-

Static sensors (Figure 145) were named after a French engineer, Henri Pitot (1695-1771, see photo), 

who was responsible of the French water system. He invented a probe to measure the speed of 

water through pipes and river beds. He never expected his invention to play such a key role in 

aeronautical engineering. 
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The Pitot-Static tube measures the dynamic pressure, which is the difference between the total 

pressure sensed along the direction of movement though atmosphere, and the static pressure, or 

the pressure of air in absence of movement. 
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The total pressure and the static pressure circulate through pipes to the baro instruments in the 

cockpit: the airspeed indicator, the altimeter, the variometer, the Machmeter. In classic aircraft, the 

pressure is applied to membrane devices, which inflate or deflate according to the differential 

pressure, and a gearing mechanism transmits this movement to the indicator needle. The membrane 

and the mechanism are designed as mechanical calculators, yielding for instance the indicated 

airspeed, using the Bernoulli’s principle: 
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Using the notations in Figure 145, here is the equation to get the indicated airspeed: 

 2 2t s dp p p
V

 

 
    

 
 

The air density is calculated from the static pressure, assumming ISA (Figure 142). An outside 

temperature sensor helps here. Its reading is compared to the ISA expected temperature, and the 

offset is used for a more accurate estimate of air density. 

More modern aircraft use air data computers (ADC) or air data reference (ADR) to perform all these 

calculations, but classic altimeters and airspeed indicator survived as stand-by flight instruments. 

Their advantage is no need for electric power supply, and no computer technology vulnerability.  

Indicated airspeed V is used for flying. As the aircraft climbs to lower density layers of atmosphere, it 

has to fly faster to maintain the indicated airspeed within the flight envelope. Pushing this to a 

virtual limit, if the aircraft could exit the atmosphere, the indicated airspeed would be zero, no 

matter how fast would the plane fly. 

Other notations for the indicated airspeed are IAS and CAS. Why both? CAS comes from calibrated 

airspeed, and its significance is that the errors with temperature are corrected using an outside 

temperature probe. In fact, whenever we see IAS on board, in this book or elsewhere, we have to 

assume CAS. Temperature errors may be large, and gross IAS is not practical. It exists just inside the 

ADC. It is delivered as error free CAS. However, many people (including myself) still refer to CAS as 

IAS. The meaning is “IAS without predictible errors”. 

For navigation purposes, we are interested to know the True Airspeed (TAS), or how fast does the 

airplane really fly. Also, for the aircraft which fly supersonic or near the speed of sound, we monitor 

the Mach number (M). This is the ratio between the true airspeed of the aircraft, and the speed of 

sound (a): 

 
TAS

M
a

  

The speed of sound depends on the actual temperature T: 

 a R T    

For instance, at the sea level, in ISA conditions, the speed of sound is 340 m/s, or 1224 km/h: 

 0 0 1.4 287 288.16 340.268a R T        

The ratio of the specific heats for air in normal conditions is 1.4: 
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When the Mach is low (under M0.3), the air behaves like an incompressible fluid, and the 

calculations of the IAS and TAS from the Pitot total pressure pt are given by: 

 *

0 0

2 2t s dp p p
IAS EAS

 

 
     

 
 

In the incompressible flow case, IAS is given by the equivalent airspeed, or EAS, calculated with the  

ISA density at MSL (0 = 1.2250 kg/m3). This speed is useful for the pilot to fly the aircraft. For 

navigation, we need the true airspeed: 

 2 2t s dp p p
TAS

 

 
    

 
 

The air density is a function of pressure and temperature, as given by the equation of state: 

 
p

R T
 


 

For speeds below M0.3, the above equations hold, and the baro flight instruments built on the 

principle expressed by the equations function correctly. The baro speed indicators are the IAS 

indicator (Figure 147-d), and the double needle airspeed indicator (IAS and TAS, Figure 147-a). 

What happens at larger Mach numbers? We need to consider the air a compressible fluid, and the 

equations change. The baro flight instruments for aircraft flying above M0.3 are built accordingly, 

and now the baro flight instruments will indicate three horizontal speed parameters instead of two: 

M, IAS, and TAS. Some compressibility factors affect the airspeed indicator, and they change from 

an aircraft to another, depending on the size and the shape of the Pitot tube. For flying the aircraft, 

these compressibility errors are not disturbing, because the flight envelope published in the pilot’s 

manual is plotted with these errors included. However, the air traffic management requires that the 

aircraft on the same route fly the same speed, to maintain their longitudinal separation (see 

Chapters 10 and 11). For this purpose, an accurate common reference for speed must be used, and 

this is the Mach number. 

The indicated airspeed considering air as a compressible fluid is given by the following equation: 

 

1
2

* 0
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The Mach number and the true airspeed TAS in the compressible fluid hypothesis are: 
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Navigation considers movement of aircraft due to the horizontal component of TAS. In equilibrium 

flight, the angle of attack  is in the 0° to 13° range, depending on the pitch angle , maintained by 

the elevator trim as to provide enough lift at the speed V. If V is at the maximum of the flight 

envelope, the lift is so high that the angle of attack  is zero (review Figures 90 to 93). If V is at the 

minimum of the flight envelope, close to the stall speed,  will be close to CR (around 10° without 

flaps, or around 13° with flaps for a typical Boeing 737-700). It is important to understand that, when 

the aircraft flies in a pitch up attitude, the Pitot tubes are also oriented upwards, and the speed they 

measure in the airframe reference is lower than the real airspeed. 

To check this, compare Figure 93 to Figure 92. In Figure 93, V is 330 kts, and TAS is also 330 kts (it 

appears on the Navigation Display, top left). This is because the altitude is very low, and  is just 

0.9°. In Figure 92, V is 139 kts, and TAS is 142 kts. Now,  is 12.6°. Indeed, 139/cos(12.6°) = 142.  The 

following example will illustrate all the equations. 

 

 

Look closely at the next snapshot, taken from a Boeing 737-700 in flight. Do the speeds look right? 

Suppose you only have your Pitot-Static information: V = 255.5 kts, and H = 37,000 ft, could you 

confirm the TAS = 453 kts, and the M = 0.788 the Air Data Computer are displaying on the Primary 

Flight Display and Navigation Display? 

The angle of attack is not on display, but from the fact that our indicated airspeed is almost at its 

maximum, we may assume that  is negligible. 

H = 11,278 m is in the 11000 – 25000 m range. From the table on page 155, we find that the ISA 

temperature should be T = −56.5°C = 216.66 K. Knowing that IAS* = CAS = V = 255.5 kts = 131.44 

m/s, we may reverse the formula on page 161 to find pd: 

  
2 1

02

0

1 1 1
2

d

IAS
p p

a








 
          
  

 

Doing the arithmetics, we get pd = 10984 Pa. What ps do we expect at H = 37,000 ft = 11278 m? 

Using the table on page 156, we get: 

 
 0.000157603 11278 11000

22650 21679sp e
  

    

Now we may calculate the Mach number: 
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This is exactly the indication we can see in the lower left corner of the Primary Flight Display (PFD). 

TAS results from: 

 0.788 1.4 287 216.66 232.5
cos

M R T
TAS





  
       

Converting now the speed from m/s to knots, we get TAS = 451.9 kts. What happened? On the 

navigation display (upper left corner), TAS should have been 453 kts (rounded). The explanation is 

the temperature T, also known as OAT or outside air temperature. We assumed the ISA value of 

216.66 K (−56.5°C), since we have no visibility on the EICAS display, where the actual measured 

temperature is displayed. From the discrepancy between what we calculated and what we see in the 

picture, we may deduct the actual outside air temperature: 

 
2

2

TAS
OAT T

M R
 

 
   T = 217.68 K = −55.5°C 

 

The temperature is 1 degree more than ISA, i.e. +16° C instead of +15°C at MSL. This is consistent 

with the weather in France in June (the picture date is June 2003, and the airports represented as 

blue circles in the navigation display have ICAO codes beginning with LF, meaning French airports). 
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Figure 146 represents the diagram of an Air Data Computer (ADC), or Air Data Reference (ADR), with 

the corresponding indicators for Mach, IAS, and TAS.  

 

 

 

Figure  147-d represents a simple IAS indicator for aircraft flying at speeds below M0.3. Other baro 

flight instruments are the altimeter (Figure 148) and the variometer (Figure 147-b). The altimeter 

estimates the height of flight H based on ISA pressure ps, which is sensed by the static pressure 
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transducers. The altimeter displays in feet, but Chinese and old Russian aircraft use meters instead. 

The classic altimeter has two needles, for hundreds and thousends of feet, and a cursor for tens of 

thousends of feet (Figure 148-a). The servoaltimeter is more accurate, but it needs electric supply to 

operate, whereas the classic altimeter is powered just by the air pressure. The typical display of a 

servoaltimeter is with one needle for hundreds of feet, and a numeric display (Figure 148-b). 
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The variometer estimates the vertical airspeed by the static pressure rate of change, transformed 

into height rate of change. In compares the current ps with the ps valid a short while ago, and 

determines how fast is the aircraft climbing or descending: 

 
( )dH p

VS H
dt

   

The variometer displays in thousends of feet per minute (×1000 fpm). Contrary to the general rule, 

that the needle points normally upwards in clock display indicators, the variometer needle normally 

points horizontally, suggesting the level flight. The classic variometer is inaccurate, due to its inertia. 

The indications are lagging behind, and pilots are aware of this and avoid using variometer in 

maneuvers. The indications are correct just when the vertical speed was maintained constant for a 

while. To addres this problem, modern aircraft replaced the classic variometer with a vertical speed 

indicator (VSI), or instant vertical velocity indicator. Instead of a barometric capsule with a tiny hole 

which balances the outside and the inside capsule pressure, these new indicators use dedicated 

microcomputers to calculate and display the vertical velocity without delay. Another development in 

the past decade was to share the variometer display with the Traffic Collision Avoidance System 

(TCAS). The variometer in Figure 146 illustrates the idea. The area inside the instrument scale 

represents the aircraft (like a small cross), and the area around it, as seen from above. All other 

potentially conflicting traffic is represented in this area. In case of a conflict, the TCAS also computes 

and displays on the variometer scale how fast an aircraft should climb or descend to avoid the 

threat. 
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Returning to the altimeter, in a first approximation we said that it displays the height H (or the 

altitude), based on the static pressure ps, using the ISA model. It is high time to clarify the notions. In 

fact, the altimeter has a setting knob, also represented in Figures 146 and 148. This knob is adjusted 

by the pilot in terms of a reference pressure pref, which appears in a small numerical window. As a 

function of this setting, the altimeter measures one of three distinct vertical navigation parameters: 

the height above the runway threshold (HART), the altitude (ALT), or the flight level (FL). The former 

two are used for take-off and initial climb, and for approach and landing, being defined with respect 
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to a certain runway. The later is general, and it is used for the late climb, cruise, and early descent. 

All three are pressure altitudes, i.e. vertical distances measured by a difference between static 

pressures, based on ISA pressure variations, but for the sake of the accuracy of our vocabulary, we 

need to understand and apply these notions as represented in Figure 149. 

Why are we measuring three altitude parameters? The flight level is excelent for the most of the 

flight, the setting is standard, and all aircraft take the same reference (the vertical separation works 

well). The problem with the flight level when landing is that, depending on the weather, the pilot will 

read at touch-down another value every time when he lands on the same runway, instead of reading 

the runway elevation above mean sea level. Ideally, in the process of landing, the pilot would expect 

to read “zero” at touch-down. This is possible by setting the altimeter reference at the isobaric 

surface that passes through the runwar threshold. This is measured by the airport meteo station as 

QFE pressure, and is transmitted via radio telephony to the crew by the air traffic control.  The 

acronym QFE is inherited from the old Q Code, used in the days when the radio communications 

were limited to Morse transmissions. All the parameteres or pieces of information were identified by 

a three letter codes beginning with a “Q”. 

The pilot uses the standard setting for the flight level into descent. At a given flight level, known as 

the transition flight level, he switches the altimeter setting to QFE pressure, just measured and 

transmitted by ATC. From this transition level down, all aircraft use the QFE pressure of the runway 

in use to display the height above runway threshold, and the vertical separation is again functional. 

Where does the altitude fit in then? The altitude is actually widely used now instead of height ART, 

because the operations extended to high elevation airports, such as Teheran Mehrabad 

International Airport (OIII) at 3 963ft (1 208 m), or Quito Mariscal Sucre International (SEQU), 9,228 

ft (2813 m). The QFE pressure in these cases is very low, very far off the STD pressure. On the other 

hand, the classic altimeter is designed to measure with the highest accuracy when it is set on the 

STD pressure. The conclusion is that the height is measured usually with poorer accuracy than the 

altitude, especially for airports with significant elevation. For this reason, altitude replaced height in 

IFR operations. The QNH pressure is calculated by ATC from the QFE pressure measured, applying 

the known elevation of the runway threshold. The QNH pressure is then transmitted to the pilot via 

radio telephony. When touching down, the pilot will read the runway elevation instead of zero, but 

he is still happy, because at every landing on the same runway he expects to read the same value.   

One interesting conclusion when looking at Figure 149 is that the level flight is not horizontal flight, 

as many would have expected. The level flight maintains a certain isobaric surface (the blue curve), 

but the isobaric surface may climb or descend on its own, depending on weather, and carrying all 

the aircraft with it. This process is natural, being similar with what happens to a submarine when 

passing from salted water to fresh water. Its depth changes naturally, without any command from 

the crew. The crew is hardly aware of the change in depth. Likewise, the aircraft crew is hardly 

aware of the changes in height when the isobaric surface descends or climbs. In low altitude flying, 

pilots should take care, because at transitions from hot to cold weather, or when entering a low 

pressure area (thunderstorm), the isobaric surface in use could descend into the ground. In such 

cases, pilots and air traffic controllers need to raise the minimum altitude level in use. 
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8.3. Gyro Instruments 

Gyro instruments sense the attitude angles and the angular speed, using the property of a gyroscope 

to maintain its axis of spin. This property explains why cyclists and motorcyclists maintain easily their 

balance while the wheels are spinning, whereas when they stop, their balance becomes unstable.  

Gyroscopes are electrical or pneumatic engines, with a rotor with a high moment of inertia (usually a 

rotor external to the stator, with a significant mass), rotating very fast (20,000 to 60,000 rpm), and 

suspended in a set of nested articulated frames (gimbal rings), which allow the gyroscope to move 

freely in two or three axes (Figure 150). When the aircraft changes pitch and roll, the gyroscope will 

remain in the same position, and the angles may be measured and displayed.  

 

 

 



170 
 

In a vehicle moving in the three dimensional space, without visibility, the gyroscope feature to 

maintain a stable axis of rotation is an invaluable asset, providing a reference for “horizontal” when 

the horizon is not visible (night or clouds), a reference for “vertical” (the plumb bob or the pendulum 

is not useful on board, since it points the resultant of all forces instead of apparent gravity), and a 

reference of “North” (direction, or azimuth), since the magnetic compass lags behind during turns, 

and may be affected by magnetic disturbances, for instance magnetic thuderstorms. 

Gyroscopes deliver these references to both human pilots and automated guidance and control 

systems. Lack of gyroscopic indications is dangerous, especially in clouds, or over the sea at night, or 

over areas covered with snow. These are latent conditions for spatial disorientation at human pilots. 

The autopilot has no alternative to the gyroscopic references. If the gyros stop working, the 

autopilot is out.  

The artificial horizon (Figure 151) delivers two attitude angles: pitch  and bank  (review Figure 58). 

These are essential to flying. The artificial horizon consists of a three degrees of freedom gyroscope 

(Figure 150), aligned to the horizontal plane with the aircraft in the parking position. The support is 

solidary to the airframe, moving with it, whereas the rotor will maintain its spin axis constant, no 

matter what maneuvers is the aircraft taking. An angular position transducer mounted at the inner 

gimbal articulation (on the primary axis) will deliver the pitch angle, whereas an angular position 

transducer on the secondary axis will measure the bank angle. These movements are represented by 

the green arrows (Figure 150). 

The artificial horizon indicator on the front panel is one of the basic six flight instruments (review 

Figure 128). It tries to recreate the outside world, with a sphere divided in two hemispheres: a blue 

one, representing the sky, and a brown one, representing the ground. The horizon is the line which 

divides the two hemispheres. Graded scales on the sphere allow numeric reading of the pitch and 

bank angles. Figure 129 illustrates a classic electromechanical artificial horizon, including the above 

mentioned moving sphere. Electronic flight instruments had to switch to a plane representation 

(Figure 134), but pilots adapted very well to the new primary flight displays. 

The introduction of autopilots in the fifties complicated the life of pilots. At the time, human pilots 

did not trust the machines, and wanted an intermediary mode of operation, with the autopilot 

engaged, but without actual authority on the aircraft controls. This mode is called flight director. The 

human pilot has the controls, and checks on a cross-haired cursor what the autopilot would do, what 

would be its intention. For instance, if the cursor moves up, the autopilot would pull the stick to 

pitch up the plane. If the cursor moves down and to the left, the autopilot would push the stick 

forward and to the left. The human pilot may choose to follow these indications, and see the effects, 

or ignore them and fly as he wants. A defective autopilot wil generate obvious patterns of incorrect 

controls on the flight director indicator, without injuring anyone in the FD mode, whereas in the 

CMD (command) mode, the autopilot is doing what it is intending, with the risk of high load factor 

maneuvers in case of fault. Of course, autopilots are much more reliable these days. The FDI 

represents the autopilot intentions as a cross and as a double horizontal “L”, or as a double triangle 

(Figure 152). In Electronic Flight Instrument System (EFIS), the two modes of display may be easily 

switched. 
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There is a problem though with our explanation so far. Imagine that the airplane stands still in its 

parking position facing East (Figure 153), with the avionics on (the artificial horizon gyroscope is part 

of avionics). To ease this Gedankenexperiment3, we select the Quito airport for its priviledged 

equatorial latitude. The pitch angle indication is zero. The gyroscope will maintain its spin axis stable. 

Wait for one hour and see what happens: the Earth rotates around the polar axis by approximately 

15° in one hour. The gyroscope will sense this rotation, and the AHI will display a false pitch down by 

15°. This experiment illustrates how does the gyroscope function as a clock, known as a sidereal 

clock, because it senses the sidereal rotation of 23 h 56 m 4 s in a 24 h solar day.  

 

 

 

To avoid measuring the sidereal time by sensing Earth rotation, artificial horizons and 

gyrodirectionals stand corrected by gravitational pendulums. Their sense of astronomic vertical 

(apparent gravity) is used to apply corrections to the gyroscopes, keeping them updated with the 

vertical. Of course, the pendulum is influenced by all forces exercised on the airplane, and its 

indications jump around, in a very sensitive manner. However, there is no hurry for a correction of 1° 

in 4 minutes, so the measurements of the pendulum may be averaged by integration, in order to 

filter out all these volatile indications due to the maneuvers of the airplane. Mind you, an aircraft in 

a long and steady maneuver might fool the gyroscopes, altering their vertical. For instance, 

maintaining a 5° bank angle for one hour will incur a false vertical reference. To avoid this effect, the 

holding procedures of aircraft are shaped as racetracks instead of continuous turns (see Chapter 11). 

                                                           
3
 Mental experiment, a notion introduced by Albert Einstein (1879-1955) 
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Our experiment has proven a phenomenon also known as the gyroscope apparent wander. To avoid 

the undesired wander, we tied the gyroscope to the apparent vertical, by using corrections from a 

pendulum. The artificial horizon is an example of a tied gyroscope. 

Another useful tied gyroscope on board is the gyrodirectional. Whereas the artificial horizon 

measures pitch and bank angles, the gyrodirectional measures the yaw angle (). When the aircraft 

is leveled, the yaw is equal to the heading ( or HDG), an important state parameter used in 

navigation4. Flying is not affected by the yaw angle itself, but reaching a desired destination surely 

does depend on a correct heading. The gyrodirectional is a tied gyroscope with two degrees of 

freedom, installed to sense the heading of the aircraft, and corrected to keep up with the local 

astronomic vertical, as the artificial horizon. 

 

 

 

                                                           
4
 Yaw angle is measured in the airframe reference, and heading in the Earth reference system (Figures 57-58) 
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A more useful gyrodirectional is the heading indicator. This is a three degrees of freedom gyroscope, 

like the one in Figure 150, tied both to the local astronomic vertical through a pendulum (as the 

artifical horizon), and to a magnetic compass sensor, to keep the magnetic North reference at all 

times. Corrections are applied through precession, by a force perpendicular to the desired direction 

of movement. 

Precession is an impressive feature of a gyroscope. If you press the inner gimbal down, it will move in 

a direction perpendicular to both the spin axis and the direction of force (Figure 155). 
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Another important application of the gyro instruments is the turn indicator, already presented at 

5.4. Its vertical needle is in neutral position in normal flight (no yaw). The needle banks to the left or 

right, proportionally to the yaw angular speed during turns. Beginners tend to associate the bank 

angle of the aircraft to the bank angle of the turn indicator, but this is wrong, the later reflects the 

speed the aircraft is changing its azimuth (Figure 156).  

The turn indicator is a gyroscope with only one gimbal (a speed gyroscope). This type of gyroscope 

does not maintain its spin axis constant, because there is no outer gimbal to offer the extra degree 

of freedom required. The objective here is not a positional reference, as for the artificial horizon and 

the gyrodirectional, but the measurement of angular speed. This is based on a property of the 

gyroscope called precession. Precession is that strange reaction of a gyroscope to a force applied, 

already mentioned (Figure 155). Instead of moving along the direction of the force applied, the 

gyroscope will move on a direction perpendicular on both the spin axis and the direction of force. If 

you need to correct the angular position of a gyroscope, one has to think carefully where to apply 

the force. A variety of turn indicator is the turn coordinator, which has a horizontal plane silhouette 

instead of a vertical needle (Figure 80). A turn coordinator operates on precession, the same as the 

turn indicator, but its gimbal frame is angled upward about 30°from the longitudinal axis of the 

aircraft. This allows it to sense both roll and yaw. Some turn coordinator gyros are dual-powered and 

can be driven by either air or electricity. 

Gyro instruments are of major importance for both control and navigation. Gyroscopes raise some 

technical challenges due to their high rotation of spin. They need efficient bearings for the rotor, and 

very low friction bearings for the gimbals (friction induces positional errors). Since the 1980s, a new 

generation of gyro instruments were built, based on a optoelectronic principle instead of mechanics. 

They are the gyrolasers. Without moving parts, they are much more reliable, and less demanding for 

maintenance. However, their accuracy is poorer than that of the mechanical gyroscopes. 

 

 

8.4. Magnetic Instruments 

Air navigation guides a controlled aircraft to the destination. A major parameter for horizontal 

navigation is the heading, measured by the heading indicator gyroscope mentioned above, or 

otherwise. The most natural reference for the measurement of heading is the Magnetic North. True 

North would be better, but sensing True North is a real challenge on board of an aircraft. One 

method is by capturing the North Star (Figure 157), but this only works in the Northern hemisphere, 

and is subject to visibility conditions. The method may not be applied during the day, and when the 

sky is overcast with clouds. The North Star is placed within 55’ of arch of the point where the Earth 

spin axis intersects the sky sphere. The astrocompass is the flight instrument, which takes advantage 

of this method, but it is expensive and of limited use. 

Another method is based on the apparent wander of a three degrees of freedom untied gyroscope, 

which needs to be left approximately 20 minutes to sense the Earth spin, before departure, with the 

aircraft in parking position. Instruments which sense True North are the gyrocompass, the inertial 
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reference unit (IRU), the inertial reference system (IRS), or the inertial navigation system (INS).  

Expensive aircraft have such complex instruments on board, but what about general aviation? They 

have to rely on Magnetic North, which needs but a trivial sensor: a magnetic needle suspended as to 

rotate in a horizontal plane. It will align along the magnetic field of the Earth. This is the magnetic 

compass, known to sea navigators since immemorial times. Even birds and other animals navigate 

using the Earth magnetic field. As opposed to True North, which is accessible only to expensive 

aircraft, Magnetic North is accessible for everybody, so it gained the status of azimuth reference 

standard. 

 

 

The magnetic field of the Earth is generated by the dynamo principle. The Earth consists of a crust of 

5-30 km in depth, a 2,900 km deep mantle made of solid rock, and then a layer of 2,200 km 

ellectrically conducting fluid, rich in iron, which form the outer core of the Earth, and is flowing 

turbulently, driven by convection. The inner core of the Earth is again solid, made of pure iron. The 

liquid in the outer core is exposed to a temperature of 5,000°C, and a pressure of 2·1011 Pa. The 
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convection movement is fueled by these enormous pressures and temperatures. The hot magma 

from deep outer core is pushed upwards, where is cools down, transfering some of its heat to the 

mantle. Due to the higher density, it sinks to the bottom, where the circuit is rerun. The third factor 

of this movement is the Coriolis effect of the Earth’s spin. Figure 158 suggests the geodynamo 

principle, which creates the magnetic field. 

 

 

 

As Figure 158 shows, the Earth magnetic field is not totally aligned to the Earth’s spin. The magnetic 

axis is some 11° away from the spin axis. For this reason, the magnetic instruments sensing the 

direction to the Magnetic North pole are in fact pointing in a direction deflected from the True North 

by an average of ±10° (the sign in the European convention is taken as + for East, and – for West). 

The first navigator who noticed and measured this deflection is Cristopher Columbus (1451-1506, 

see photo). He named it magnetic compass variance (VAR). There are places on Earth, where VAR is 

no less than 180°. Imagine that you fly exactly between the North Pole and the Mangnetic North 

Pole, which is located in Northern Canada. The magnetic compass will indicate North in the opposite 

direction than the True North. The isogonal chart (Figure 159) represents the lines of zero VAR, 

called agonals, and the lines of same VAR, called isogonals. Navigation databases include an 

isogonal chart of the world, with the VAR values for every latitude and longitude: 
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  ,VAR VAR LAT LONG  

 

 

Due to the irregular composition of the Earth’s crust and mantle, there are local variations in the 

magnetic field. The greatest magnetic anomaly is the Kursk Magnetic Anomaly (KMA), which also 

affects Romania, reversing the magnetic compass variation. Geometrically, this should be Western, 

because the Magnetic North Pole is in Northern Canada, and it is seen to the West from Romania. 

However, VAR is around 4° East (Figure 160). There is no significant VAR variation with height, 

however the Earth magnetic field decreases by 0.5% per 10 km height. 

 

The magnetic field is variable not only in space, but also in time. The flow of magma is turbulent and 

highly irregular, and this is reflected in the following types of time variations: 

 millenar variation, which consists of magnetic poles reversals (North becomes South and 

South becomes North); this reversal occurs on average at 250,000 years, but in the past, 

quick reversals have also been recorded (at 10,000 years); the current geologic status is 

unusual, with 780,000 years on the record without any magnetic poles reversal; the Earth 
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magnetic field lessened by 10% in the past 180 years, which might be an indication that a 

new reversal is imminent5; 

 secular variation, which consists of the migration of the magnetic poles; they wander 

independently from each other, by approximately 15 km/year; 

 annual variation, which is also a consequence of the secular variation; it is measured for 

each location on Earth, by the ARC (annual rate of change), in minutes of arch of magnetic 

compass variance (VAR), East or West; air navigation charts indicate VAR, ARC, and the year 

of issue (Figure 160); the user has to calculate the current VAR , knowing the number of 

years passed since the map was issued (the sign is + for VAR and ARC in the same direction, 

and – for opposite directions, e.g. East-West):   

 map year yearsVAR VAR ARC N    

 episodic variation, which is subject to Solar activity, with a visible outcome in the form of 

aurora borealis (see photo); variations occur within days or weeks, with no regular pattern; 

these variations are too small to affect air navigation; typical variations are of 25 nT, i.e. 

0.05% of the field intensity; 

 magnetic thuderstorms, major disturbances of the magnetic field, also caused by Solar 

explosions, where VAR becomes volatile, with a wide range of variation, up to 50°; magnetic 

flight instruments are not operational for short whiles, during magnetic thunderstorms 

 

                                                           
5
 “Imminent” at a geological time scale, no worries for the readers of this book hopefully  
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Magnetic flight instruments measure the horizontal component of the local magnetic field vector. 

Their sensitivity should be high enough, because the Earth magnetic field is weak (30 to 60 T). As 

we fly nearer the magnetic poles, the field vector is closer to the vertical, and the horizontal 

component is evanescent (Figure 158). 

ICAO decided that all azimuths in aviation are measured from North (Magnetic or True), clockwise, 

from 000° = 360° to 359°, as in Figure 160. To avoid misunderstandings in radiotelephony, all three 

digits must be used, for instance 005° and not 5°. The runway designators also depend on the 

azimuth of the runway, but only the first two digits are used. For instance, Aurel Vlaicu International 

Airport Bucharest has one runway oriented 070-250. The two directions are designated 07 from 

West to East, and 25 from East to West. 

Every aircraft, large or small, is equipped with at least one magnetic compass (see Figure 161). Its 

location is easy to spot in any type of aircraft, since it hangs in the windscreen area, as far as possible 

from perturbant masses of metal. The magnetic compass indicates the magnetic heading of the 

aircraft MH or HDGM. Usually it is a magnet pendulum floating in a liquid, to keep horizontal at all 

times. The problem with the magnetic compass is its latency during maneuvers. As the magnet 

needs time to align with the Earth magnetic lines of field, it lags behind in a turn, by typically 90°. So, 

if you need to take a turn left to 120°, you will expect to read 210° on the magnetic compass when 

you actually have 120°, so you take 210° as a reference for the command to get out of the turn. 

Eventually, the compass will continue its rotation, until it reaches 120°, catching up with the actual 

heading. The solution to this problem is a gyro instrument already mentioned, the heading indicator. 

It yields the magnetic heading in real time, even in fast maneuvers. Thus, magnetic compass is left 

with just a back-up function. The gyroscope is corrected with a flux valve (Figure 162).  
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The flux valve uses Earth magnetic field induction to generate differential voltages in the three 

secondary coils, sensing the direction of Magnetic North. 
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9. Aerospace Engines and Systems 

The engine (or the power plant) is the source of energy for an aircraft. The engine is a machine that 

burns an octane-based fuel (Avgas, Jet-A 1, Jet B) using atmospheric Oxygen. The octane molecule is 

a complex one (Figure 164), and burning is an exotherme chemical reaction of oxydation.  

 

The links between the Carbon and the Hydrogen atoms are broken, and this frees a lot of energy as 

heat. The Oxygen combines with both the Carbon and the Hydrogen, and the process results in 

water and Carbon Dioxyde: 

CH3(CH2)6CH3 + O2 → H2O + CO2 

In the process, the heat is what matters. Combustion engines are machines that transform this heat 

into mechanical work. The byproducts (water and Carbon Dioxyde) are exhausted in the 

atmosphere. The water deposits immediately at temperatures of −57°C (like those at the cruise 

levels of current aircraft), generating the contrails, which are visible white traces of the airliners in 

the sky (Figure 165). 

9.1. Piston Engines 

There are more type of combustion engines in use. The oldest type is the piston engine, known also 

as reciprocating engine (Figure 166). The piston engines used in aeronautical technology are not very 

different from those used in the automotive industry. However, they have some distinctive features. 

Romania was a major manufacturer of aeronautical piston engines until 1944. In the Jane’s Aircraft 

of 1938, Romania was presented with four types of engines of original design, on two pages, as 

compared for instance with Russia, with only half a page of British and French engines built under 

licence (compare Figure 166 to Figure 167). Jane’s is an old and prestigious catalogue of aeronautical 

technology, with all types of aircraft, engines, avionics, weapons manufactured worldwide. The 

Russian aviation industry grew more powerful after World War II, especially with their captures in 

blue prints and technology from Germany, Romania, and other occupied countries. For instance, in 

1944, the Russian forces took away everything that was technologically relevant from I.A.R. Brasov 

plant, and put it to the use of their own aviation industry. This is a fact of history, and it is not meant 
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as a discreditation of Russia. Our focus is the future, not the past, and my point is exactly this one: 

since Romanians were capable of making such a difference to the world aviation industry, they have 

now this opportunity to come back. Every nation is good at some things, and bad at others, and in 

aerospace engineering, we are not bad at all. 

 

 

 

I.A.R.-80 fighters (photo on page 10) were powered by Romanian made, Romanian designed piston 

engines. There are three types of piston engines configurations. The In-line engine (Figure 168) is a 

car style design, with two or four cylinders placed along a longitudinal axis. It has a narrow and high 

front section, which is a good thing for the drag, but it has a cooling issue. The front cylinder is 

overcooled, and the rear cylinder is undercooled. Aircraft engines are usually air cooled, not water 

cooled, as car engines. There are two reasons for this design choice: a) aircraft speeds are higher, 

and an aircraft never stops in flight; when on ground, the propeller in front of the engine acts like a 

cooling fan, even when the aircraft does not move; b) the liquid cooling technology adds to the 

weight of the engine, and weight is a capital factor in aerospace engineering. In-line engines are 

popular with cars, and their technology is widespread and simple. Gravitation helps with the 

lubrication of the vertically positioned cylinders, in cars. Aviation technology however demand that 

engines operate in a wide range of attitudes and positions, so gravitation is no longer a constant. 
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The horizontally-opposed (or the Boxer) engine improves the cooling of the engines (Figure 169). 

The frontal cross section is wide and low, which adds to the drag, but a two seat plane would require 

a wide cross section anyway, to accommodate the occupants. 

The best configuration is by far the radial or the star engine (Figure 170). Air cooling is perfect, since 

all cylinders have their share of frontal exposure. Even in double star configurations, the star in the 

back is twisted half an angular interval, so cooling is almost as good there, in the back. The only 

problem is the large circular cross section, with a lot of drag. In the WWII fighters, such as I.A.R.-80, 

this acted like a frontal shield, and defended the pilot from enemy fire. Also, for larger transport 

airplanes, such as the Douglas DC-3, the large circular cross section was useful for payload anyway. 

 

 

 

Figure 171 illustrates the functioning of a 4 cylinder 4-stroke in-line engine. Out of the 4 strokes, only 

the third delivers power, and the piston pushes the shaft. Strokes 1, 2, and 4 are passive and 

preparative for stroke 3. In these phases, pistons are moved by the inertia of a volant coupled to the 

main shaft.  If the 4 cylinders are phased sequentially, at each rotation of the main shaft, one piston 

delivers power, in turn. This is good for the uniformity of all processes in the engine: fuel flow, spark 

energy, and all other process resources get evenly distributed. 
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Figure 172 represents a 7 cylinder 4-stroke star engine frontal cross section. The pistons are all 

coupled to the main rotor shaft, and they are synchronized as to deliver power in turn. Figure 173 is 

an outside frontal view of a double-star 14 cylinder configuration. 

 

  

 

The first stroke of each cycle consists of feeding the cylinder with a mixture of fuel drops and air. 

This mixture is created in the carburetor (Figure 174), or in the fuel injection system (Figure 175). 

The throttle controls the mixture flow by rotating a valve in the intake duct (Figures 174 and 175). 

The piston engine is not suitable for high altitudes, due to the low density of air. To improve its 

performance altitudes higher than 6,000 ft, and to increase power at all altitudes, a turbocharger or 

a supercharger is needed (Figure 176). They pump the air in the engine intake, in order to increase 

air pressure and density. The tubocharger (Figure 176 - left) is driven by the exhaust gas, which 

rotates a turbine, in gear with the compressor. The supercharger (Figure 176 - right) is driven directly 

by the engine shaft, and it is a little faster in delivering the extra power, at the expense of a share of 
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the total power consumed, even when the extra power is not needed. Even charged, piston engines 

usually operate to altitudes up to 15,000 ft. 

 

Another undesired phenomenon in high altitude flying (or in the winter) is the carburetor icing 

(Figure 177). The hot air coming from the engine cooling is used when needed to heat the 

carburator, melting the lumpy ice, which threatens to block the circulation of air. The injection 

solution (Figure 175) eliminates the carburetor icing risk, and also offers uniform distribution of fuel 

in all cylinders, better cooling, fuel savings, and a slight increase of power, by eliminating the power 

consumption of the carburetor.  
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The engine requires cooling, because otherwise the heat accumulates in the cylinders, and leads to 

engine destruction, starting with ceased lubrication, excessive wear, and ending with melting valves. 

As mentioned before, liquid cooling is too heavy for an airplane, and since there is always an 

airspeed, let alone the stream of air pushed backwards by the propeller, air cooling is the natural 

choice. In Figure 173, one may notice the fins, which disipate heat. The fins surround every cylinder, 

and they improve the heat transfer, which is a function of the contact surface between the hot 

metal and the cooling air stream. Whereas the lateral surface of a cylinder is 2·π·R·h, the surface of a 

cylinder with fins could be 20 times as much. Both sides of the fin contribute to the total surface. 

Fins are used for cooling any type of equipment, including integrated circuits and other electronic 

parts, electrical machines, circuit breakers.  

The ignition system produces sparks at the right moment, to provoke the explosion of the mixture. 
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The sparks are generated as high voltage electrical discharges between two electrodes of the electric 

sparks mounted in the cylinder. The high voltage results from a upscaling transformer. For safety 

reasons, there are two ignition systems (also known as magneto circuits), and two electric sparks on 

each cylinder. The magneto is a permanent magnet rotor which excites the stator (Figure 178). The 

magneto circuit is designed to deliver the sparks to the cylinders at the right moment, and in the 

right firing order. For instance, the 14 cylinder double star engine in Figure 173 will have the 

following firing order: 1-10-5-14-9-4-13-8-3-12-7-2-11-6-1. The logic of firing order is from 5 to 5 

clockwise. For a 18 cylinder double star, the logic will be from 7 to 7. 
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The lubrication system (Figure 179) pumps oil into the cylinders. The oil has four functions: 1. It 

contributes to the cooling by taking some heat out, and disipating it in the oil cooler; 2. Being a 

viscous fluid, it seals the cylinder, preventing pressured mixture to escape through the openings in 

the segments, and in the space between the segments and the cylinder; 3. The most important 

function is lubrication: a film of oil between two solids turns the sliding friction into a rolling friction, 

decreasing the energy waste considerably, and preventing the overheating of the junction between 

the two solids;  
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4. Flushing the small fragments of metal, which may separate from the engine parts; these are 

carried by the oil down to the filters, otherwise they might interfere in the piston movement, and 

scratch the cylinder. To do these four functions, the oil needs to maintain some properties: the same 

degree of viscosity over the range of temperatures the engine is exposed to, a long molecule, 

capable of transforming the sliding friction into rolling friction, and to keep clean, free of foreign 

particles. The viscosity of oil decreases with temperature, and when the outside temperature is very 

hot, the heat transfer from the engine to the environment is difficult, raising inside temperature 

until the oil flows like water (looses viscosity), or even boils and evaporates. When the outside 

temperature is very cold, the oil increases viscosity to the point where it freezes, turning into a jelly. 

When this happens, lubrication is very poor, at least until the engines warmes up. In both cases, with 

viscosity too high or too low, the integrity of the engine is under threat. It is therefore important to 

observe the temperature range of the oil used. After a number of cycles in the lubrication system 

(Figure 179), the molecules of oil break down, deterriorating the oil lubrication properties. For this 

reason, the oil needs to be changed at a number of hours of engine operation. The role in keeping 

the oil clean belongs to the oil filters, which also need replacement after a number of hours, as they 

get stuck with dirt. 

 

The invasion of microprocessor based computers in the 1980s made a great difference to systems 

design, and engines did not get away. The dedicated computer associated to the engine is called full 

authority digital engine control (FADEC). As its name implies, this computer is the only engine 

decision maker, selecting the most suitable functioning parameters of the engine. It implements 

many control functions, which previously were performed by mechanical, hydraulic, or pneumatic 

devices.  

Piston engines transfer their energy into mechanical work by rotating a propeller. A propeller (Figure 

173, 179, and photo) is a set of two to six blades (Figure 180), evenly distributed around a hub, 

which is put in motion by the engine.  
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The blades in cross section are aerodynamic airfoils. The angle of the blade with respect to the butt 

is called the propeller pitch (Figure 180), and it may be fixed, or variable. The propeller is like a 

corkscrew, or a screw, advancing based on its rotation movement. However, the propeller does not 

screw a solid environment, like the corkscrew, and its advance step with every rotation (the effective 

pitch) is not equal to the geometric pitch, based on the pitch angle of the blades. The difference is 

called slip (Figure 180). Therefore, a drilling machine is probably more similar to the propeller than 

the corkscrew. The drilling machine tries to advance at the pitch angle of the drill, but usually it 

advances slower, slipping backwards. The propeller functions based on Newton’s Third Law: it 

pushes a mass of air backwards, and gets reactively accelerated forwards. 

Very simple airplanes and airplane models have usually a fixed pitch propeller (Figure 181). This is 

the equivalent of a car or a bicycle without gearbox: it arrives slowly to a modest maximum speed. 

Normal airplanes have variable pitch propellers, falling in one of the following types: 
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 adjustable (the pitch angle may be adjusted mechanically when on ground and with engine 

off); 

 controllable by the pilot from the cockpit; 

 constant speed (a mechanism controls the pitch automatically, as a function of the rotation 

speed in rotations per minute, or RPM). 

A high pitch angle is called a coarse pitch (Figure 180), and is similar to the high gear of a car, being 

used at descent, or at high altitudes. A small pitch angle is known as fine pitch, increase RPM, or high 

RPM, and is similar to the low gear of a car. It is preferable in take-off and climb. The extremes are 

also worth mentioning. In zero pitch, the propeller blade creates no lift at all, and the induced drag is 

also zero. Translating this into propulsion system terminology, we might say that there is no thrust, 

and the engine rotates freely (almost without resistant momentum). Negative pitch could help with 

the braking of the aircraft during the landing roll. The maximum pitch is 90°. A blade in this case is 

totally stalled, the induced drag is as its maximum, whereas the lift is zero, because the angle of 

attack so much greater than the critical alpha. This type of setting is used when the engine is not 

running, in order to minimize the airplane drag caused by the propeller blades. For instance, when 

the engine breakes down in flight, by feathering the propeller (Figure 180, and photo), the gliding 

performance of a single engine is greatly improved. For a multiple engine airplane, feathering the 

propeller of a defective engine lowers the flight asymmetry, and improves the effectiveness of the 

remaining engines. In the photo below, a Fokker 50 was photographed on a short final with the left 

engine shut down. The four baldes of the left propeller are in feathered position, while the thrust is 

generated by the right propeller only. 
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9.2. Jet Engines 

Piston engines are better suited for low altitudes, where the air is dense, but this comes with a high 

drag, and the economy of flight suffers. For air transport, the piston engine required replacement 

with an engine based on a different principle, capable of delivering power at high altitude. This is the 

turbo-engine (Figure 182). Paradoxically, turbo-engines or turbine engines are less complex than the 

classic piston engines. They consist of a tubular body with open front and end. The air penetrates at 

the front, is compressed by a “propeller”, then it is mixed with fuel and burned in a burn chamber, 

and the hot gas, with its sudden high pressure, is exhausted through the back nozzle, pushing the 

engine forward, as a consequence of Newton’s Third Law. In its way to the end opening, the exhaust 

gas drives a turbine, which is also a “propeller”, linked mechanically to the compressor. The term 

“propeller” is misplaced here, because compressors and turbines are thrust generating devices in 

their own right. They differ from propellers by the number of blades (there are many fixed-pitch 

blades), by the specially designed shape, and by the much higher rotation speed. At such a rotation 

speed, a normal propeller would go supersonic at the blade tip, sheering off the blades. For this 

reason, the turboprop engine (the only turbo-engine with an exterior propeller, Figure 182 c) uses a 

reduction gear mechanism between the engine shaft and the propeller shaft.  
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The turbojet engine (Figure 183) is the basic type of the turbine engines family. It is adapted to high 

altitudes and speeds. 

Since the introduction of turbine engines in the 1950s, there were two distinct lines of development: 

the first seemed the natural one, in the logic of technology progress, towards higher speeds, and 

higher altitudes. As represented in Figure 35, the turbojet engines are capable to fly at transonic 

speeds and even at supersonic speeds. The turbojet engines with afterburners are even more 

adapted, using the afterburners at take-off, and during the transonic phase. However, overtaking the 

sound barrier cames with a price of fuel consmuption, noise polution, and the problem with body 

overheating. The BAE Aérospatiale Concorde was the last attempt to use supersonic aircraft in 

commercial service, and it was removed from active service in 2003, due to very high costs of 

mantenance, and the narrowing market. It could fly at M2.2 and FL600, and its four Rolls Royce / 

Snecma Olympus 593 engines were turbojet with afterburners.  

The second line of development was to improve noise and fuel consumption. It was noticed that 

aircraft which fly too fast (over M0.85), develop a significant compressibility drag, which makes the 

fuel consumption soar. Although marketeers at Boeing would have wished a “Sonic Cruiser”6, the 

engineers put things right, and the final version of the Boeing 787 was back at M0.85. The name of 

“Sonic Cruiser” was no longer justified, and this is how “Dreamliner” came up. 

 
                                                           
6
 “Sonic Cruiser” was the first codename of Boeing 7E7/787, and its specs indicated a cruise speed of M0.95; 

based on the market research studies, reducing the flight time with one hour per flight was desirable from the 

passenger’s viewpoint, but the price for this reduction was considerable in fuel consumption, body heating 

insulation, and noise 
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In this second line of development, speed was no longer a priority. For instance, turbofan engines 

(Figure 184) have lower speed limits, due to their large diameter, but enough for M0.85. Turboprop 

engines (Figure 185) have even lower speeds (under M0.70), but they offer attractive compensations 

in fuel consumption. Turbofan engines (Figure 184) are currently the most popular and frequent 

among the air transport manufacturers. They offer a good range of speeds, and an optimized flow of 

air inside the engine, in two streams of air. This requires at least two concentric shafts: the inner 

shaft delivers power from the low pressure turbine to the low pressure compressor and to the fan, 

and the outer shaft links the high pressure turbine group to the high pressure compressor group. 

The fan is a larger compressor rotor, creating a secondary flow of air, outside the inner engine. This 

is not mixed with fuel and burned, like the primary flow of air. Its role is however important, 

improving the efficiency of the engine, and protecting the environment from the noise generated by 

the exhaust gas from the primary flow. It is amazing how effective is that fluid “wall”, which 

surrounds the noise source. Who is complaining nowadays about the aircraft engine noise, deserves 

to listen to the old single-flow turbojet engines. They would understand how much comfort the 

turbofan technology brought in terms of noise. 
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Turboprop engines (Figure 185) rely on a propeller, like piston engines (see the previous section for 

the propeller theory). However, they are turbine engines, and develop greater power, at higher 

speeds and altitudes. The turbines are designed to capture most of the engine power, transmitting it 

to the propeller via the gearbox. Little thrust is left to be developed by reaction in the nozzle, and 

therefore the nozzle is subsized. As mentioned above, their speed is limited to M0.7 by the propeller 

itself, which could reach the sound barrier at the tip of the blade. The gearbox delivers a constant 

rotation speed of the propeller, in order to prevent the occurrence of supersonic speed. Whereas 

turbojet and turbofan engines are adapted to flight levels over 30,000 ft, turboprop engines are 

effective under 25,000 ft. Low density atmosphere at very high altitudes prevent the propellers to 

effectively grip on the air to pull the engine forward. 

Otherwise, turboprop engines are perhaps the most economical engines for air transport, making 

turboprop aircraft very popular on short haul routes, where climb and descent take a significant 

share of the time of flight. Long haul routes belong to turbofan aircraft though, due to the significant 

reduction in time of flight they provide, and the lengthy cruise flight, which is better off in lower 

density air. 

 

 

 

The afterburners (Figure 186) may be fitted in a turbojet engine, or even in a turbofan engine, 

boosting thrust for the short while they are on, by injecting and burning fuel directly in the rear 

room of the engine. Their use is limited in time due to the high fuel consumption, additional noise, 

and thermodetection exposure during combat mission. Afterburners develop flames behind the 
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engine nozzles, and these flames are highly visible for an enemy missile guided by an infrared 

detector. Afterburners provide rapid accelerations over the sound barrier, timely climb at the 

required flight level, short distance take-offs, and the speed gain for some types of evasive 

maneuvres. 

 

9.3. Fuel System 

Part of the propulsion system, the fuel system stores the fuel in tanks, and transports the fuel from 

the tanks to the engines, and between the tanks. Other objectives are maintaining fuel in liquid state 

(preventing freezing), and preventing accidental ignition of fuel, by design and by keeping oxygen 

out of the tanks. As mentioned earlier, the wing airfoil occupy the volume required by the vortices 

(Figure 55), and thus maintains a laminar flow, substantially reducing the coefficient of drag. This 

volume inside the wing becomes available, and one of its best uses is to store fuel. Fuel density is 

close to that of water (800 kg/m3 for Jet-A1), and the weight of fuel is important, especially for long 

range aircraft. For instance, the Airbus A380 could take 248 tonnes of fuel on board. Figures 187 and 

188, and the next numerical example explain the true benefit of placing the fuel tanks inside the 

wings. The most critical part of an airplane is the junction between the wings and the body, and by 

placing a large quantity of fuel inside the wings, this junction is released of an important amount of 

stress (compare Figures 187 and 188). 

 

 

Considering a typical transport airplane (MD-82), with 17,700 kg of fuel on board, let us take two 

scenarios: the first is the real one with two 7,450 kg fuel tanks inside the wings plus a 2,800 kg 

central tank (Figure 187), and the second with an equivalent 17,700 kg fuel tank inside the body. 

Writing the statics balance equations in both cases, we find the following: for the aircraft on ground, 

the weight of fuel W is supported by the normal reactions N at the contact points between the main 

gear wheels and the ground: 

 

on ground wing tanks (Figure 187) central tank only (Figure 188) 

statics equation 
1 2 1 2CW W W N N     1 2CW N N   

momentum at the wing-body 

junction due to fuel weight 
1 2 1 1M M W l     1 2 0M M   

 

In flight, the weight of the fuel is balanced by the wing-generated lift L. The stress in the critical 

section is proportional to the momentul of forces in that section. All other weights being equal, we 

compared the two fuel taks layouts, and only the fuel weight was considered. The momentum is the 

force multiplied by the distance between the point the force is applied, and the section considered.  
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The greatest stress is in the most critical section, and the calculation must start from there, of 

course. 

 

airborne wing tanks (Figure 187) central tank only (Figure 188) 

statics equation 
1 2 1 2CW W W L L     1 2CW L L   

momentum at the wing-body 

junction due to fuel weight 
1 2 1 1 1 1M M L ll M l       1 2 1 1M M L ll     

 

Considering g = 9.8 m/s2, l1 = l2 = 5 m, and ll1 = ll2 = 6 m the numerical case looks as follows: 

 

momentum at the wing-

body junction due to 

fuel weight (N·m) 

- wing tanks 

(Figure 187) 

- central tank only 

(Figure 188) 

on ground 
1 73010 5 365050M       1 0M   

airborne 
1 86730 6 73010 5 155330M        

 

The conclusion is that if we place the fuel tanks inside the wings, the critical junction needs to 

withstand a static momentum within ± 370,000 N·m, whereas without wing tanks, this junction 

needs strenghtening in order to take up to ± 525,000 N·m, i.e. 42% more. If we take this judgement 

further, the difference grows, because the dynamic momentum must be considered. For instance, in 

a 2g load factor maneuver, the momentum could be double. This would increase the airframe 

weight, to the expense of the payload. 

 

 

 

From the example above, we understand why airplane wings host fuel tanks and other loads (for 

instance, weapons), as much as possible, and why the fuel is consumed in a certain order, from the 

central tank to the wing tanks. There is no doubt about the fact that fuel tanks inside the wings 

complicate both the wing technology, and the tank technology. Moreover, due to the sweep angle of 

most of modern aircraft (review Figure 19), consumption from the wing tanks changes the aircraft 

center of gravity, and requires pumping fuel from different sections to others, just to stay within the 
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balance limits. Modern aircraft benefit from computers in control of many valves and pumps of the 

fuel system. If one of the tank sections is leaking, the fuel may be relocated.  

If an emergency landing is needed shortly after take-off, a voluntary dumping of fuel might be 

required for large, long haul aircraft, because most airplanes have a maximum take-off mass 

(MTOM) much higher than the maximum landing mass (MLM). For this, the wings of these aircraft 

are fitted with spraying nozzles, to jettison the fuel as far as possible from the fuselage, avoiding 

contamination (Figure 189). To protect the environment, dumping fuel is permitted at sea, more 

than 12 miles off the coast, or in specially designated places. Although unfrequent, these maneuvres 

polute the environment with tonnes of hydrocarbures. Short and medium range aircraft are not 

usually fitted with the feature to dump (jettison) fuel, so they need to circle in order to burn the 

quantity of fuel exceeding their landing limits. 

 

 

 

Another requirement of the fuel system is  a possibility of quick loading, evacuating the air which 

replaces the fuel in an empty tank (for safety reasons, air is sometimes replaced with Nytrogen). 

Conversely, as the fuel is consumed, the air or the Nytrogen has to be let inside the tanks, to avoid 

squeezing. Consequently, tank vents need to be fitted. The fuel system with tanks, ducts, valves, and 

pumps is represented on a synoptic chart on the EICAS display (Figure 190). The overhead panel in 

the cockpit is the usual location for the switches and the controls of the fuel system. 
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9.4. Engine Instruments 

The engine instruments show the status of the propulstion system, and they depend on the type and 

number of engines. The main parameters of the piston engines are the rotation speed (RPM), the oil 

temperature, and the oil pressure (see Figure 179). The gauge indicating the rotation speed is 

generally known as tachometer. The multi-engine airplanes have a set of engine instruments for 

each unit. Multi-shaft turbine engines have tachometers for each shaft, and differential pressure 

indicators. Usually, the tachometers for turbine engines indicate a percentage of rotation speed, 

relative to the maximum rotation speed for the current engine mode, and not the actual RPM 

(rotations per minute). Other important gauges are the fuel flow for each engine (to detect 

abnormal functioning or a fuel leak), the exhaust gas temperature (to detect a possible overheat of 

the engine), and the amplitude of vibrations (to detect a possible damaged compressor or turbine 
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blade). Before the 1980s, the engines and the systems of large planes were operated by a special 

member of the crew, the flight engineer (Figure 191). He or she had the gauges and the controls on a 

lateral panel in the cockpit.  
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The invention of the full authority digital engine control (FADEC) made the flight engineer 

redundant, by automating all tasks regarding the engine start-up, shut-down, and operation in 

various modes. Thus, the engine became an automated system in itself, independent of the airplane 

automation. Classic engine gauges on the front panel are presented in Figure 192. In modern 

aircarft, all the parameters of the engine are delivered to the data buses, and presented 

synthetically on the engine indicating and crew alert system (EICAS), or the engine centralized 

aircraft monitor (ECAM, see Figure 193).  These are two screens in the middle of the front panel, 

displaying all the engine parameters, systems parameters, alert messages, and other information. 

 

 

 

The display if engine parameters relative to a maximum (in percentage rather than in absolute units) 

makes sense, because different types of engines have different ranges of normal parameters, and 

the pilots must not be aware of the particular range for the particular type of engine, which is on the 

individual aircraft they fly. In relative terms, all types of engines become comparable, and pilots 

easily adapt to a new  type of engine or aircraft. The only problem with this approach is the 

definition of “maximum” in an engine. There are different maximums, in various operation modes. 

For instance, the greatest maximum is achieved in the take-off go around mode (TGA). The engines 

are used in this mode for take-off, and when landing is aborted, to execute a go around. Also, it may 
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be engaged to get the airplane out of a stall condition. This mode is so demanding, that the engines 

would melt if it would last longer than 10 minutes. An operational limit of 5 minutes is usually 

imposed.  The next maximum is the so called continuous maximum, achievable in the climb mode 

(CLB). This is the greatest maximum thrust, without time limitations, and it is used for climb, but also 

for the approach maneuvers, when a need for a sudden climb could occur, for instance to avoid a 

terrain alert, or a traffic alert. The most relaxed mode is the cruise mode (CRZ). This has a much 

lower maximum, just to balance the low drag at the cruise flight level. The engines are used 

conservatively, for fuel savings. In all these three modes, the maximum represented by the 100% 

end of scale absolute RPM is different. Figure 194 illustrates the engine parameters on the EICAS 

display in a modern airliner. 
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9.5. Rocket Engines 

Rocket engines have no moving parts. They generate thrust by burning the fuel inside, and ejecting 

the exhaust gas through a nozzle. The fuel is also known as propellant, and it may be hydrogen, or 

kerosene. The engine is pushed forward, as a reaction of the rapid evacuation of exhaust gas, 

according to Newton’s 3rd Law. In order to operate in extra-atmospheric environment, rocket 

engines usually have their own supply of bottled oxygen. The liquid fuel rocket engines have two 

tanks, one filled with liquid fuel, and the other filled with liquid oxygen. Both are injected into the 

combustion chamber, where they mix and burn, developing huge pressure and temperature. The 

only way out from the combustion chamber is backwards, through the nozzle. Liquid rockets are 

effective, but have an attitude control problem. When the attitude of the rocket changes, the liquid 

redistributes in the tanks, and this causes the center of gravity to change. The alternative is the solid 

fuel rocket. This uses a solidified fuel, with inlays of oxygen. The center of gravity is more stable, but 

there are safety concerns, over the fact that oxygen and propellant are already mixed, and always 

ready to ignite. The main rocket engine parameters are the thrust (in kN), and the thrust to weight 

ratio. Usually, a rocket engine once ignited, it burns until the fuel ends. The empty case of the engine 

may be ejected, as a measure to reduce weight of the spacecraft. Thus, rocket engines may be 

employed sequentially, in more stages, to increase range. Typical rocket engines are the Space 

Shuttle Engine (photo on page 23), and the Saturn V engine (Figure 6 left). One of the rocket 

pioneers was Herman Oberth, a German from Sibiu, Romania (see biography). He inspired Wernher 

von Braun, the greatest rocket designer of all times (1912-1977, see photo). Von Braun built rockets 

for Germany during WWII, and then for the United States. His most magnificent and unequalled 

achievement is the Saturn V rocket, the propeller of the Apollo missions to the Moon, between 1969 

and 1972. 
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10. Air Navigation 

The word “navigation” derives from the Latin words “navis” (ship) and “agere” (to drive). For 

centuries, navigation was associated with sailing, and it represented the applied science to drive a 

ship to a given destination. At open sea, this science is important, since there are no visual clues to 

point to your destination. On ground, anybody could “navigate” using roads and road signs, without 

much need for a science. In the first decades of the 20th Century, airplanes were flown visually above 

the land, and navigation was also done visually, observing roads, railways, rivers, towns, and other 

landmarks. This method still exists today, and it is known as the visual navigation, within the Visual 

Flight Rules (VFR) air code. This code applies to private airplanes, helicopters, and other aircraft 

included in the general aviation concept. VFR requires daylight and good visibility of the ground 

(absence of clouds and fog), what is collectivelly known as visual meteorological conditions, or VMC. 

VFR flights should be cancelled if VMC minima are not met, or if the weather forecasts indicate 

expected deterrioration of VMC conditions. The flight for pleasure, or the flight as a sport, may wait 

for VMC conditions. However, during WWI, aviation started its military role, and in the aftermath of 

WWI, air transport business took shape (Figure 195). These new uses of airplanes required 

independence from weather, and a new way of flying, without visibility.  
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The longest living air transport company in the world is KLM (“Koninklijke Luchtvaart Maatschappij 

voor Nederland an Kolonien”, or “Royal Dutch Airlines”). It was founded in 1919 by a group of 

investors and bankers, led by 30-year old Albert Plesman (Figure 196). On 17th of May 1920, KLM's 

first scheduled flight arrived from London at Amsterdam Schiphol Airport. The aircraft was British 

(De Havilland DH-16), with a British pilot, Jerry Shaw. 

 

 

 

The first Romanian air transport company, established in 1920, was the French-Romanian Company 

of Air Navigation, or “Compagnie Franco-Roumaine de Navigation Aérienne”, founded by Aristide 

Blank, a controversial Romanian banker, using French ex-military pilots, made redundand after the 

war. The company was located in rue de Rivoli, central Paris. Blank and his French partner, Pierre de 

Fleurieu, aimed at establishing CFRNA as market leader in the airplane connections between East 

and West European capitals. Whereas in 1921 KLM started service with Fokker F-II Dutch airplanes (4 

seats), CFRNA flew POTEZ IX French airplanes and hired famous ex-military pilots, such as Louis 

Guidon (Figure 197). The first air line Paris-Strasbourg was opened on 20th of September 1920. Other 

route destinations followed progressively, up to Bucharest and finally Constantinople (Istanbul). In 

1922, KLM started the second route to Brussels. In 1923, CFRNA introduced the first night service for 

passenger transport between Belgrade and Bucharest, pushing the limits of VFR. Back then, two 

challenges confronted the air transport pioneers: route length, and regularity of service, both 

pushing further the limits of VFR.  
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Visual navigation at night on regular routes was aided by fires placed in key navigation waypoints 

(Figure 198). Later, in the late 1920s the fires were replaced by radio beacons, detected with on-

board radio direction finders. 
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In 1924, both companies made their bets: KLM opened a 15,000 km long intercontinental route, and 

CFRNA tested regularity in tough weather, challenging the mythical Russian winter (Figure 199).  
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In 1925, CFRNA had an extended network of passenger services, covering the following airports on a 

daily basis: Strassbourg, Basel, Zurich, Nürnberg, Prague, Breslau, Warsaw, Vienna, Budapest, 

Belgrade, Sofia, Bucharest, Istanbul, Salonic, Athens. To mark its international expansion, the 

company was rebranded as Compagnie Internationale de Navigation Aérienne (CIDNA). A trade 

name was invented for this flight: “Orient Arrow” (see posters below). In 1926, CIDNA opened the 

first domestic passenger service in Romania, between Bucharest and Galati. 

 

KLM was the first company in the world to introduce the heated passenger cabin, setting new 

standards for air travel comfort. This happened in 1926, for the KLM winter service to Malmo, 

Sweden (see photo below). 
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What happens to visual navigation if visibility is lost for a while, for instance by entering a cloud? 

Keeping the direction of flight and hoping of getting out of the cloud after a while could be a 

solution. However, in this way, for a while we would not know where we are. Positioning is one of 

the principial tasks of air navigation, requiring the crew to have an estimate of their position at all 

times. The answer is an old method, used in maritime navigation: the dead reckoning. Using the 

speed indication, the course (the direction of flight), and a chronograph, we may calculate an 

estimated position from the last known position and the elapsed time. Dead reckoning could help 

even in visual conditions, when the crew loses awareness of where they are, especially for those 

routes they have never flown before. 

In 1933, CIDNA merged with other four French companies: Air Orient, Compagnie Générale 

Aéropostale, Société Générale de Transport Aérien (SGTA, the first French carrier, founded as Lignes 

Aériennes Farman in 1919), and Air Union. The company resulted from this merger was named  “Air 

France”.  

In 1935, KLM intercontinental flights to the colonies were carried on a regular basis. Unlike the 

familiar airspace of Europe, with many meteorological stations, and rather friendly weather, the 

intercontinental flights were demanding in terms of navigation. As the pilots needed to concentrate 

on flying the aircraft, especially in tough weather, the navigation was left to an additional member of 

the crew: the navigator, or the navigation officer. This occupied a large space on the deck with his 

desk, instruments, and calculators. He did the dead reckoning calculations when needed, followed 

the route on the map, and took course corrective actions if neccessary. The photo below shows a 

KLM navigation officer on board of a Fokker.XII aircraft. 

 

 

 

The navigator as a member of the crew survived in the Soviet-built planes (Figure 200). He enjoyed 

an enviable working position, the so called navigator’s nest, with excellent visibility underneath the 

aircraft and in all directions. The claim that this is the Soviet version of the glass cockpit is a joke, of 

course. The navigator as a member of the five-men-crew is a rarity nowadays. In the three-men-crew 

configuration, there is the flight engineer who takes some of the responsibilities of the navigator, 

but modern transport aircraft replaced both the navigator and the flight engineer with computers. 

The two-men-crew is the norm today, whereas in the cargo transport, the one-man-crew is a 
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possible future trend, whereas the unmanned aerial vehicles are now common in the military 

applications for reconaissance and even combat. 

 

 

 

To conclude our brief air navigation history lesson, it is worth noticing that KLM set the record for 

the longest lasting airline, enjoying its 94th anniversary in 2013. Compare this with the longevity of 

Tarom, of “just” 59 years. In 2004, Air France and KLM merged into what is today one of the greatest 

airlines in the world: Air France – KLM. With a fleet of over 600 airliners, Air France – KLM 

transported 100 million passengers in 2005, ranking the 3rd company in the world in terms of 

passenger-kilometers, and the 1st company in the world in terms of revenues. In 2005, the profits 

were €441 million, at €19 billion revenues. The 90 years long history of Air France – KLM is the 

history of air navigation itself. 
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In the past 90 years, air navigation evolved substantially, from visual navigation and dead reckoning, 

to satellite navigation and flying optimal 4D trajectories in zero visibility conditions. This evolution is 

in full swing today, as major changes are expected in the next 25 years. Up to now, the navigation 

developments have concentrated on the individual aircraft, wheres the future seems to belong to a 

centralized air transport system. Actually, this is a controversial issue at the moment. Readers must 

be cautioned that the vision for the future of air navigation presented in this chapter and in the next 

is based on the author’s own ideas and research. This is just one of the possible methods to advance 

from the current status. Although there is no worldwide agreement on the way forward in air 

navigation and air traffic management, one thing is certain: this will be the most dynamic field of 

aerospace engineering in the next 25 years. 

 

Air navigation changed so much, that even its definition needed adjustments. At first, air navigation 

was defined as the science to move an aircraft from an aerodrome of departure, to an aerodrome of 

arrival. In the 1970s, air navigation was considered as the determination of the position and velocity 

of an aircraft in flight7, with respect to the ground. Kayton and Fried distinguish navigation from 

guidance, where guidance means steering the aircraft towards a destination. Steering requires a 

method of flight control (see Section 5.3). Today, air navigation could be better defined as a 

management process to move an aircraft from an aerodrome of departure to an aerodrome of 

arrival, according to a flight plan or a mission plan, with the lowest costs and risks. As any 

management process, it requires two things: effectiveness (accomplish your task) and efficiency (do 

it with the lowest efforts and risks), and performs five functions: 1. forecasting and planning, 2. 

organizing, 3. commanding, 4. coordinating, and 5. controlling. Henri Fayol (1841-1925, see photo) 

was the first to formalize the theory of scientific management in his book “Administration 

industrielle et générale; prévoyance, organisation, commandement, coordination, controle”, 

published in 1916. In spite of its age, this book is still valuable in the understanding of management. 

 

 

 

                                                           
7
 position and velocity are collectively known as the state vector 
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Using this new definition, air navigation may be broken down to four elements: 

 planned 

 movement of an aircraft 

 with the lowest costs 

 and the lowest risks 

The former two express the effectiveness, and the later two represent the efficiency requirements 

of the management process. Those who adhere to the traditional definition of air navigation would 

object to the last two elements: economy and safety. They would argue that these are separate 

issues from the navigation itself, as the flight control (flying of the aircraft) is a separate issue from 

the problem of aircraft movement. It is true that economy and safety were separate issues, but we 

are facing now a different kind of future. The solution to the navigation problem is nowadays 

incomplete without considering the economic and the safety factors. Not all the economy aspects 

and not all the safety aspects matter to air navigation. For instance, the costs with salaries, or the 

risk of terrorist attack from inside the plane are not influenced by the solution to the navigation 

problem (the 4D flight trajectory).  However, a trajectory saving 500 kg of fuel per flight, or a 

trajectory avoiding a dangerous proximity to a mountain peak make sense as better solutions to the 

navigation problem. Leaving economy and safety out would leave us too much freedom on our 

choice of an airspace trajectory. This freedom complicates our lives, and leads to the kind of waste 

of resources we are facing today. 

Since childhood, my fascination with aviation came from this feeling of complete freedom. A train 

could navigate with only one degree of freedom, along its railtrack. This did not fascinate me too 

much. A car or a boat were something else: they could navigate with two degrees of freedom. An 

aircraft was special though: the maximum number of degrees of freedom to navigate, three, the 

most we can get from a vehicle. Later, I needed to come to terms with the reality that aviation is no 

place for freedom. To win the bet against the adversity of the flight conditions demands sacrifices, 

and the freedom is probably the first colateral. Except for aviation for sports or leisure, and for the 

glorious days of the dogfights in military aviation, the movement of an aircraft must closely follow a 

planned trajectory, filed prior to take-off. There could be more freedom with trains after all. Luckily, 

there are plenty of alternate sources of fascination in this field. 

Economics of flight is a concept usable in civil aviation. For military combat missions, it could be 

replaced with the maximum chances of survival, or the survivability. 

Plan and carry on the flight in the safest way is a new frontier of air navigation. There is an increasing 

pressure to include safety criteria in solving the navigation problem, due to the fact that speed and 

traffic have increased in civil aviation. In the old days of CFRNA, see and avoid was the principle for 

pilots to deal with other traffic. This is still valid for VFR traffic, but its effectiveness is subject to a 

debate, after several midair collisions, as the speed of helicopters and small airplanes increased. 

However, for IFR traffic, avoiding collisions is possible through coordinated evasive maneuvers 

planned well in advance. There are studies that show that avoidance at the navigation planning 
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stange is less expensive and less risky than the last minute avoidance based on TCAS, or the medium 

term avoidance the ATC is enforcing.  

The flight plan (FPL) is the basic navigation document for any given flight (Figure 201), and according 

to the IFR code, it should be filed before departure by the officer in command. This does not imply 

that VFR flights have no flight plan, just that for VFR, there is no obligation to file and to follow the 

flight plan. IFR concerns passenger transport, cargo transport, business aviation, and military, in 

other words that part of aviation which matters the most. In IFR, the FPL is a contract between the 

officer in command of an aircraft and the rest of the world: other pilots, air traffic controllers, the 

airline company, and other stakeholders. This contract includes a proposed 4D trajectory (Figure 

202) consisting of a route (the track on the ground, or a projection on a horizontal plane), a flight 

profile (the height along the route, Figure 203), and a time frame (an estimated time for every 

waypoint of the flight, starting from departure, and finishing at arrival). 
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There are two distinct stages of the air navigation process: pre-flight and in-flight navigation: 

a) Pre-flight navigation – preparing a flight plan at the mission planning centre or the dispatcher 

service before the flight, this flight plan (FPL) being filed by the commander with the departure ATC 

service. The flight plan includes a navigation log (Figure 203) with waypoints and estimated time of 

overflying these waypoints (a draft 4D trajectory, Figure 202). The “best” flight plan is both the most 

economic and the safest (minimizing the total risks and costs of the flight), according to the 

meteorological and operational information available at the time (several hours before departure). 
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b) In-flight navigation – which means that the crew and/or the automatic navigation systems (i.e. 

the flight management systems) run concurrently the following tasks: 

 Updating the remaining part of the flight plan, considering the actual flight conditions (there 

may be necessary to make corrections or even major changes to the filed flight plan). The 

actualisation is initiated whenever it is considered to be necessary. 

 Positioning, i.e. observing, calculating or measuring the position and the ground speed of the 

aircraft as frequently as possible, with the best accuracy and the lowest costs and risks of 

measurement. 

 Monitoring the current situation, regarding the costs and risks (this meaning: maintaining 

the flight plan parameters, fuel flow and fuel left, separation from other airplanes in vicinity, 

and also from the terrain, current meteorological conditions etc.). This operation also 

consists of observing, calculating or measuring the deviations from the updated flight plan 

(Figure 205). Monitoring should be done as frequently as possible, with maximum accuracy 

and with minimum costs and risks. 
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 Correcting the position, trajectory and other state parameters of the aircraft according to 

the current flight plan or in order to respect certain requirements related to the costs and 

risks of the flight (Figure 206). A correction is necessary when there are deviations from the 

planned conditions or it may result from the actualisation of the flight plan. Corrections are 

initiated whenever it may be necessary and they must lead the aircraft back to the desired 

situation as soon as possible, at the lowest costs and risks. 

 Coordinating the above actions with every other factor interested with the movement of the 

airplane: air traffic control centres (ATCCs) on the ground, other aircraft etc. Coordination 

requires active communication between the pilots or the automatic on-board systems and 

the personnel of the interested factors, or their automation systems. The coordination must 

be completed in real time. 

It makes sense to move complexity as much as possible from the in-flight stage to the pre-flight 

stage, because during the flight, crew time and attention are resources on high demand. Through a 

careful preparation of a flight, we decrease the probability of error. 

 

 

 

The answer to the modern air navigation problem is to minimize the total costs and risks of the flight 

with respect to the movement of the aircraft from the departure parking position to the arrival 

parking position (“gate to gate”). The costs and risks incurred by the solving of the navigation 

problem itself have also to be included in the valuation; otherwise we will end up with an ideal, 



227 
 

theoretical solution, with an exaggerated implementation cost. The best practical solution is a trade-

off between minimum navigation costs and risks and the costs and risks of the navigation problem 

solving process (Figure 207). We refer to this model as the Total Costs and Risks Model (TCR Model). 

 

 

 

In the future, air navigation could merge with air traffic management. Considering an aircraft as an 

individual system and not in relationship with the surrounding traffic is less and less applicable. In a 

crowded airspace, the solution to the air navigation problem is useless if not calculated with respect 

to the surrounding traffic. Currently, at least 10% of the duration of an IFR flight (on average) is 

subject to contextual changes in the planned trajectory due to traffic, but this percentage could be 

much higher as the traffic grows. By integrating the flight management with the air traffic 

management, the efficiency of the system could skyrocket, eliminating all the delays and the cross 

inefficiencies the current system generates.  
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10.1. Horizontal navigation 

Air navigation could be broken down into horizontal navigation, regarding the 2D position of the 

aircraft along the route, in terms of latitude and longitude (see Figure 141), and vertical navigation, 

regarding the height (altitude, flight level) above the mean sea level (see Figure 149). Horizontal 

navigation derives from its ancient sister, the maritime navigation.  

The difficulty in understanding horizontal navigation comes from the effect of the wind upon an 

aifcraft. Our perceptions of the wind are wrong when it comes to aircraft. When the wind blows, 

pedestrians and cars are affected a little bit. It is harder to walk against a strong wind, and a car 

would burn more fuel. A strong crosswind affects stability of a car on the road, to a limit when small 

steering corrections could be necessary to bring the car back on track. However, all the cars keep on 

the road, unless there is a huricane. What does a light wind do to cars? A light wind does nothing. 

An airplane while on ground reacts to the wind like a car (Figure 208 – lower left): a stong crosswind 

demands steering corrections, except that for an airplane, the steering corrections are to the 

opposite side. When the wind blows from left, the vertical stabilizer has the largest drag and 

momentum, and the aircraft yaws to the left. A light wind does nothing to an aircraft on ground. 

Once airborne, the behaviour of the airplane changes totally and suddenly. It goes down with the 

wind, like a ship which goes down with the current of the river. Even the lightest wind will carry the 

heaviest aircraft with it. The aircraft ground speed is a vectorial sum of the true airspeed vector, and 

the wind vector (Figure 208 – upper right). 

The first consequence of this fact is that airplanes usually fly obliquely, in a slant attitude with 

respect to ground. This is evident in the pictures in Figure 209, where all aircraft have trajectories 

aligned with their runways, but their longitudinal axes are visibly oblique, due to the crosswind. The 

drift angle is usually a few degrees, but there are circumstances when it could be quite large. This 

slant attitude could cause some trouble at touchdown, when the wheels touch the runway surface 

laterally. Apart from the premature wear of the tyres and the risk to blow up, the sudden change in 

trajectory could cause drift, especially on a runway contaminated with snow, ice, or water. As many 

accidents and incidents demonstrated, a drifted landing roll is very dangerous, because the aircraft 

loses directional control and may exit the runway laterally. To avoid this risk, a decrab maneuver is 

carried immediatley before touchdown. The decrab is a flat turn (a turn with the wings leveled, 

made of rudder only), which brings the longitudinal axis of the airplane aligned to the runway. This 

maneuver is done automatically by the flight control system, when the approach mode is selected, 

and the flare mode is engaged. 

 

The wind effect is even more significant if we consider the wind velocity variation with height. 

Surface winds rarely blow faster than 50 kts (93 km/h), and in such conditions landings do not occur 

(the largest wind in the pictures in Figure 209 is 35 kts). Usually, they blow at 5 to 15 kts, some ares 

being more exposed than others, and there are many occasions when the wind is calm (zero 

velocity). However, at the kind of heights the airplanes are cruising, wind is blowing almost all the 

time, and with a speed rarely under 50 kts, but possibly up to 200 kts (370 km/h). This is an 
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astounding 40% of the true airspeed (TAS). Actually, the wind velocity increases with altitude. For 

instance, in the Romanian airspace, the wind is blowing usually from the West with a speed around 

50 kts. For this reason, a flight to the West lasts longer than the return flight. This has nothing to do 

with the surface wind, which usually blows from the East in the Romanian plain. 

Another interesting fact about wind is that usually it bolws in large rotor patterns (Figure 210). This 

is logical, since the mass of air has to keep balanced on a global scale. These wind rotors play a 

special role in formulating the solutions to the best route and the best 4D trajectory problems. 
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Given a point of departure and a point of arrival, the horizontal navigation aims at planning and 

flying the best practical route. The best route is that route with the lowest costs and risks. The main 

cost arising from navigation is the cost of fuel. By “practical” we mean that particular route, which 

may be actually planned and flown, given the operational and meterological circumstances, and 

given the aircraft performances and equipment. In the course of the one century long history of air 

navigation, the idea of the best practical route evolved as follows: 

 

Types of Horizontal Navigation Routes in Chronological Sequence 

Type of route Flight 

Rules 

What is it? Based on 

Visual navigation VFR visual orientation a sequence of visible landmarks 

Radiodrome IFR homing on a radio beacon, and 

then turning to the next 

a sequence of non-directional 

beacons (NDB) 

Loxodrome IFR the constant track route (or a 

polygonal route consisting of 

more constant track segments) 

a direct route based on area 

navigation capability (RNAV), using 

very high frequency omnidirectional 

range (VOR) beacons 

Orthodrome IFR the shortest distance route 

between two points on Earth 

considered spherical; the 

orthodrome is implemented as 

approximated by a series of 

successive loxodromes 

spherical trigonometry calculations 

done by the flight management 

system (FMS) 

Brachistochrone IFR the shortest time of flight route, 

considering the wind field 

vector 

complex optimization calculations, 

yet to be implemented in future 

versions of FMS, with access to on-

line forecast of the wind vector field 

 

 

Air navigation is approximately one hundered years old, and visual navigation (Figure 198) has been 

part of it all these years. It was presented at the beginning of this chapter. As an aircraft flies from 

one landmark to the next, the crosswind component causes a drift angle (Figures 209 and 210). A 

skilled pilot will measure this drift angle visually, and will change heading as to compensate the drift. 

The visual measurement of the drift is easiest in an aircraft with a window facing down (Figure 200). 

If the drift is ignored, and the pilot just steers the aircraft directly to the next landmark, a curved 

track results, similar to the radiodrome (see next paragraph). This is poor navigation, a waste of time 

and fuel.  
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The radiodrome8 was invented in the late 1920s, by emplying radio technology. Its crucial advantage 

over the visual navigation comes from the fact that visibility is no longer required. IFR flights may use 

radiodrome-based navigation, as well as VFR. The radio waves are not obstructed by darkness, 

clouds, or fog. Non-directional beacons (NDB) were built in the important route intersections (Figure 

211). They transmit on low or medium frequencies (LF, MF), allowing a radiogoniometer9 on board 

to measure the gisment or the direction towards the NDB (Figure 212). This radiogoniometer is 

known as the automatic direction finder (ADF). This technology is rarely used nowadays, being on 

the verge of phasing down. Its main problem is that it offers no easy method to determine the drift 

angle, so the resulted track could be a waste of time and fuel (Figure 213). Skilled pilots estimate the 

drift angle from the speed of drift of the gisment indicator needle, and instead of homing exactly on 

the next radio aid, they try to compensate drift with different headings, until the needle drift holds 

in a constant position. 

 

 

 

In the late 1930s, directional radio-aids (ranges) were introduced, which allowed IFR flights on direct 

routes (loxodromes). The pilot was able to maintain a straight-line course by monitoring the course 

deviation. Later, the directional ranges were replaced by the VOR (VHF Omnidirectional Range). This 

was a versatile range, allowing the pilot to select the course he desired (Figure 217).  

                                                           
8
 radiodrome comes from Latin: radius = ray, and Greek dromos = course  

9
 radiogoniometer is a radiolocation device, which measures angles or azimuths; it comes from Latin: radius = 

ray, Greek gonios = angle, and metron = measure 
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The VOR technology is in use worldwide. Busy continental areas, such as Europe and North America 

are fully covered with these aids. The BRV (Brasov) VOR placed on top of Mount Postavarul is one of 

the 14 VOR stations serving the Romanian airspace (next photo). The VOR antenna sends a directive 

radio wave which rotates 30 times per second (30 Hz). When the radio wave is aligned to the 

Magnetic North, another radio signal is sent in all directions. By comparing the phase of the two 

signals, on-board VOR locators measure the relevment, or the angle between Magnetic North and 

the radial from the station to the aircraft (Figures 214). The relevements are indicated in the classic 

cockpit in two distinct ways: quantitatively and qualitatively. 

The quantitative Relevment Indicator is the RMI (Radio Magnetic Indicator (Figures 215 and 216), 

which evolved from the merger between the Magnetic Compass and the Gisment Indicator). The 

RMI is still in use today, mainly as a back-up navigation gauge. In the inbound flight, the pilot could 

also read the drift angle (DA, Figure 216). Although very useful, it is still hard to tell from the first 

glance if the navigation is right or wrong just by looking at the RMI.   
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The qualitative Relevment Indicator is capturing just this essential piece of information: is the 

navigation right or wrong, and if it is wrong, by how much? The course deviation indicator (CDI, 

Figure 217, top) displays the angular difference between the radial the pilot chose and the the radial 

the aircraft is currently on. If the needle is centered, the two radials coincide. Thus, the pilot has 

more than a radio reference of a point (as the NDB/ADF technology does), he has a radio reference 

of a straight line direction (loxodrome). VOR technology is also more accurate, and more energy-

efficient, since Very High Frequency (VHF) radio waves are used instead of Low Frequency (LF) and 

Medium Frequency (MF).  

Usually, the VOR is co-located with another radio aid, the DME (Distance Measuring Equipment). 

This is a secondary radar telemetry device, which measures the distance between the aircraft and 

the station by the time delay between the radio transmission and the arrival of an automated reply 

from the ground station (Figure 218). The speed the radio waves are propagating is known, and it is 

equal to the speed of light (c0 = 299,792,458 m/s ≈ 3·108 m/s). In normal inbound flight, the DME 

offers the distance to go until the next waypoint. 
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DME relies on the Ultra-High Frequency (UHF) radio waves, around 1 GHz. The technology originates 

in the Rebecca-Eureka system, introduced in England in 1941 to serve the Royal Air Force (RAF). The 

use of higher frequencies improves on accuracy and energy-efficiency, as compared to the VOR. For 

this reason, the DME technology will probably resist longer than the VOR, which is expected to be 

phased out in the next two decades. 

In the 1980s, one further step was made in the direction of integrating as many relevant pieces of 

information as possible, including the CDI and the DME indicators. The result was Horizontal 

Situation Indicator (HSI, Figure 219, bottom).  
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The VOR/DME technology is the first simple radio positioning system, because it delivers the position 

of the aircraft in polar coordinates (both angle and distance). The next problem illustrates this.   

 

 

In an aircraft in flight at FL400, the NAV1 frequency selector is set on the Brasov VOR-DME (BRV 

176.60 MHz, LAT: N 45° 34’ 03” LONG: E025° 33’ 52” ELEV: 5,866 ft). The CRS selector is set on 314.  

The VOR locator detects a phase offset of 29.074074 milliseconds between the reference signal and 

the variable phase signal. The DME locator senses a delay of 945.974 microseconds between the 

interrogation signal and the reception of the reply from the DME ground transponder. What is the 

position of the aircraft? 

Firstly, we need to calculate the radial the aircraft is on, and the DME distance to the ground station. 

The VOR variable phase signal makes 30 full rotations per second (30 Hz), which means that a full 

rotation (360°) lasts for 1/30 = 0.03333333 s. In just 0.029074074 s, we will have a QDR Relevment of 

360·0.029074074/0.03333333 = 314°. In the DME signal, there is always a standard artificial delay 

introduced by the ground transponder of 50 microseconds. Thus, the round trip of the interrogation 

signal lasts 945.974 – 50 = 895.974 μs = 895.974·10−6 s. The one way trip duration results by dividing 

the round trip in half: 447.987 μs. The distance in metres covered in this time interval by the radio 

waves is c0·t = 299,792,458·447.987·10−6 = 134,303 m. As 1 NM = 1852 m (by definition of the 

Monaco International Hydrographic Conference), the distance is 134,396/1,852 = 72.518 nautical 

miles (NM).  

To calculate the aircraft position in polar coordinates (ρ − θ), we need the distance ρ and the angle θ. 

The DME distance is measured in straight line (Figure 214), so ρ will be the horizontal projection of 

it. The vertical offset between the DME station and the aircraft is 40,000 ft – 5,866 ft = 34,134 ft = 

5.618 NM. Applying Pithagora’s Theorem in the right triangle, we get: 

  
22 2 272.518 5.618 72.300DME FL ELEV          

The angle θ is also in hexagesimal degrees, but measured as in trigonometry, counter-clockwise from 

East, and not clockwise from North, as in aviation. Thus: 

  360 90 314 360 90 318 132VAR          

Applying rho-theta navigation equations, we get the geographic coordinates offset (in radians): 
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The longitude offset is negative, which means that the position of the aircraft is to the West of the 

VOR-DME. Transforming the results to degrees, minutes, and seconds, we may calculate the position 

of the aircraft: LAT = N46° 27’ 39” LONG = E024° 24’ 57”. This is right over the Targu Mures Airport. 
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The positioning technology just mentioned (also known as rho-theta navigation) led to a major 

breakthrough in the early 1990s in designing and planning the airways system (pre-defined routes). 

As evident from Figure 211, an IFR route is easy to fly if all the waypoints (Figure 202) are marked by 

radio aids (NDBs as an inferior solution, or VOR/DMEs as a superior one). Moreover, it would help if 

the whole distance between two waypoints in succession is covered with the radio aid signal (the 

blue disks in Figure 220 overlap). By the 1970s, a rich network of classic airways was in place, 

facillitating IFR radio navigation over continents, but the traffic used to double every 12 years, 

putting pressure on the airways. To establish new classic airways, major investments in radio aids 

were required (Figure 220, bottom). The revolution in the airways system was the RNAV (Area 

Navigation, Figure 221). If an area is fully covered with VOR/DME signal, an on-board computer may 

calculate the position of the aircraft and simulate the existence of a radio aid wherever the pilot 

wants, managing the RMI, CDI, or HSI displays as if that radio aid would exist. Thus, a new RNAV 

airway does not need new investments in radio beacons. It requires just new waypoints in an 

international navigation database. The difference in costs is tremendous. 

RNAV is a microprocessor based air navigation system capable of operating in any area covered by 

VOR/DME beacons, using one or more of the three basic methods:  

 Rho-Theta Navigation, where the position is calculated at the intersection of a VOR 

measured radial and the colocated DME distance; 

 Theta-Theta Navigation,  where the position is calculated at the intersection of two VOR 

measured radials; 

 Rho-Rho Navigation, where the position is calculated at the intersection of two circles with 

the radii given by the DME distance from two DME transponders. 

Hence, the VOR philosophy to allow the pilot to select any radial is extended in RNAV, and the pilot 

is able to simulate a radio aid wherever he wants it. The RNAV calculates the Course Deviation, 

Relevments, Gisment, Distance to Go (DTG, an equivalent of the DME distance), the Relative 

Navigation Velocity (RNV, the relative ground velocity of the aircraft with respect to the simulated 

radio aid), and the monitoring parameters XTK, TKE (Figure 205). 

The Basic RNAV has an accuracy to within 5 NM on 95% of time, but now there is a much better 

version, the Precision RNAV (P-RNAV) with an accuracy to within 1 NM on 95% of time.  

The VOR minimum accuracy is ±0.4° 95% of the time, and ±1.4° 99.99999% of the time10. The DME 

accuracy depends on the range: ±0.1 NM below 5 NM, and ±0.2 NM between 5 and 190 NM, the 

maximum range of any VHF/UHF ground based radio navigation aid. The accuracy of the RNAV 

system depends on the geometry of the intersection by which the position is calculated. If the lines 

or the archs intersect perpendicularly, the best accurcay is obtained. With more physical radio aids 

to choose from, and with a combination of more methods, a good algorithm could always find a 

favourable geometry of the intersection. This is called the Geometric Dilution of Precision (GDOP). 

                                                           
10

 ARINC 711-10 
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RNAV systems are not only working in 2D (route / horizontal / lateral guidance capability). Now they 

evolved to 3D (2D + profile / vertical guidance capability) and even to 4D (3D + timing / speed 

function).  

 

All the route segments mentioned above were loxodromes, i.e. they kept a constant course (TC) or 

track angle (TK, review Figure 208). Flying a loxodrome is straightforward, the pilot is required to 

keep the course using the CDI, or by dead reckoning, just maintaining the heading and adjusting for 

the changes in the Drift Angle (DA) due to wind (Figure 208). If the Earth were flat, the loxodromes 

would have been good enough. However, our Earth is geoid shaped, as explained in §8.1. The 

loxodromes are simply too expensive to fly on medium or long range flights. On short routes, such as 

those of the Romanian domestic flights, this cost penalty is insignificant, but on the long haul flights, 

the cost penalty raises steeply. Figure 222 illustrates the difference between the loxodrome and the 

orthodrome on a long range navigation route. In the inset we have an infinetly small element of the 

loxodrome trajectory dDISlox, with the constant track TKlox, expressed as the side in the right triangle 

formed by the progress of latitude dLAT and the longitude offset dLONG. R is the radius of the Earth 

considered a sphere. For accuracy, the level of flight above the mean sea level will be added to R. 
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The equation of the tangent of the TKlox, angle in the right triangle is the following: 
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Integrating the equation from the latitude of departure LATD to the latitude of arrival LATA we get: 
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In order for the above equation to work, it is very important that all the angular variables are 

expressed in radians. As a major rule in engineering, in the differential and integral calculus, the 

International System (SI) is exclusively used. After we get final results, we may reconvert them into 

the aviation system of units, based on Nautical Miles and Degrees, to achieve relevance for pilots 

and flight planners. 

To calculate the loxodrome distance DISlox, we need to integrate the elementary length of arch along 

the latitude: 
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The orthodrome may be calculated based on the spherical trigonometry theorems. Applying the 

spherical law of cosines in the spherical triangle NDA (Figure 223) we get: 

        cos cos 90 cos 90 sin 90 sin 90 cosD A D An LAT LAT LAT LAT           

  arccos sin sin cos cos cosD A D A A Dn LAT LAT LAT LAT LONG LONG       

 ortDIS n R   

The true course on departure and the true course on arrival result from the spherical law of sines: 
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Plan a charter flight from Bucharest “Aurel Vlaicu” International (LRBS) N44°30.2' E26°6.4' to 

Honolulu International – Hawaii (PHNL) N21°19.1' W157°55.4' at FL370. The aircraft is a Boeing 777-

200LR (B77L), capable of cruising at M0.84, and burning FFCRZ = 8519 kg/h of fuel. The maximum 

capacity of the fuel tanks is 164 t of fuel, and the maximum take-off mass is MTOM = 348 t. The 

runway RWY 07 LRBS satisfies the requirements of this aircraft as to take-off at this MTOM.  The 

operating empty mass is OEM = 146 t. 

We start by applying the above methods to calculate the orthodrome, and also the loxodrome for 

comparisson. Then we check wether a refueling layover is needed or a non-stop flight is possible, 

considering a fuel reserve of 45 minutes of cruise flight beyond the quantity burned along the 

orthodrome. 
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The Earth radius is 3440 NM, but at 37,000 ft above sea level (6.09 NM), the radius becomes R = 

3440 + 6.09 = 3446.09 NM. Suppose the calculator is set to radians. The coordinates have to be 

transformed to radians as follows: 

LRBS: LATD = (44+30.2/60)*/180 = 0.77673  LONGD = 0.45565  

PHNL: LATA = 0.37208     LONGA = −2.75628 

The European sign convention is used here (N+ S− E+ W−). The spherical cosine law yields n: 

 n = 1,99099 rad     DISort = 6,861 NM 

The spherical sine law gives the track angles: 

 TKD = 0.07176935 rad = 004°   TKA = 3.08667 rad = 177° 

Let us consider the loxodrome now: 

 TKlox = −1.4200 rad = −081° = 099°  DISlox = 9,280 NM 

Considering ISA conditions (§8.2), at 37,000 ft the expected air temperature is T = 216.66 K. The 

speed of sound a (m/s) is: 

 1.4 287 216.66 295.05a R T         

Confusion should be avoided, as the same letter R is used here as the gas constant. Under the 

circumstances, the Mach number 0.84 translates into a True Airspeed TAS = 0.84·295.05 = 247.84 

m/s = 481.8 kts. In this first attempt, we could ignore the winds along the route, and assume that 

TAS = GS. Obviously, in a real case, we would include the wind forecast. For such a long flight, it 

makes sense to ignore the climb and the descent phases, as the former is fuel thirsty, but the later 

saves much of the fuel burned in the former. In a more accurate iteration of this calculation, we 

could use FFCLB until T/C and FFDES from T/D. 

How many hours would the flight last?  

 ETECRZ = DISort / GS = 6861 / 481.8 = 14.2403 h = 14 h 14 m 25 s 

The fuel burned in this time interval is: 

 FUELBURN = ETECRZ · FFCRZ = 14.2403·8519 = 121,313.12 kg ≈ 122 t 

The navigation reserve consists of additional fuel for 45 minutes of flight: 

 FUELRES = 0.75 h · FFCRZ = 0.75·8519 = 6,389.3 kg ≈ 7 t   

Adding the two quantities, we get the total load of fuel required for a non-stop flight: 

 FUELLOAD = FUELBURN + FUELRES = 129 t 

As this is below the 164 t tank capacity limit, there is no need for a layover. However, we need to 

check further, if the MTOM is not exceeded: 348 – 129 = 219 t should be the maximum mass of the 
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empty aircraft plus payload. Subtracting the OEM, we get the maximum payload for the flight: 73 t. 

This should suffice for the 300 passengers. 

After take-off, the flight is bound to 004 T (or 008 M), overflies Ukraine, Belarus, the Baltic countries, 

Finland, the Barents Sea, Svalbard Island, close to the North Pole, then to the South, over Alaska, the 

Pacific Ocean, arriving at Honolulu on a track of 177 T. The whole journey is a giant turn of 173° in 14 

hours. The average of 12°/h is not at all relevant, because the turn is far from uniform. In practice, 

such a slow turn is actually done as a succession of loxodromes, with slight heading modifications at 

certain waypoints. Thus, the curve is approximated by a polygonal line, easier to fly. 

Suppose we attempt the same flight on the loxodrome. The only good point is that there is no turn. 

Maintaining the track of 099 T after take-off should get us directly to Honolulu, but in 19.26 h. This 

means that the loxodrome adds 5 full hours to the cruise, or 43 t of extra fuel. The total of 172 t of 

fuel exceeds the capacity of the fuel tanks by 8 t, so the layover is unavoidable. Our best choice 

would be probably Shanghai. Even if it fitted in the tanks, the extra fuel on board would have 

severely limited our payload. The loxodrome route is completely different, overflying the Black Sea, 

Georgia, Azerbaijan, the Caspian Sea, Turkmenistan, Afghanistan, Northern Pakistan, China, and the 

Pacific Ocean.   

 

In absence of wind, the orthodrome is the best flight trajectory. However, the strong winds at the 

usual cruise flight levels add to the complexity of the navigation problem (Figures 208, 209, and 

210). The bachistochrone (the minimum time route) ensures the minimum fuel consumption, making 

the brachistochrone more efficient than the orthodrome. To understand the brachistochrone, we 

could take a simple example: boat river crossing (Figure 224). The analogy is striking, because the 

river supports and transports the boat down the stream exactly in the same way the thin air 

supports and transports the aircraft down the wind. The speed triangle is similar (compare Figure 

224 with Figure 208 top). Aircraft engines, like boat engines, burn a quantity of fuel per hour rather 

than per unit of distance. Figure 224 illustrates the difference between the orthodrome and the 

brachistochrone. We took the Danube, which is around half a Nautical Mile in width, making 

calculations easy. For the river crossing itself, the brachistochrone has little practical value, since the 

point of arrival is displaced and may be variable, depending on the speed of the boat. However, in 

aviation, winds are blowing in large rotors (Figure 210). In very simplistic terms, this is like having to 

cross two rivers in immediate succession, one flowing to the right, and the next to the left (Figure 

225). Such a scenario is a perfect case to demonstrate the superiority of the brachistochrone. 

 

Although the brachistochrone is the most economic route to fly, the current technology does not 

fully support it. As opposed to the orthodrome, it is volatile, changing from one day to the other. On 

top of that, computing the brachistochrone is far from straightforward. We need to have access to a 

12 to 24 hours forecast of the wind vector worldwide, and simulate the flight on various routes, until 

the most efficient is found, in a computing-intensive process. The optimization process involves an 

accurate flight simulator, integrating the system of flight dynamics differential equations with a 
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small time step, and an optimization engine based on genetic algorithms or similar techniques. In the 

future, the wind vector field will be accessible on-line on board through the future SWIM (System 

Wide Information Management) technology. 

 

In the future, both the European SESAR and the American NextGen strategic plans for Air Traffic 

Management will encourage the optimization of 4D trajectories, which could provide tremendous 

fuel savings. At the moment, the major airlines have already invested in trajectory optimization 

technologies, and in oceanic airspace are flying the brachistochrone, with impressive results. 

Unfortunately, in the continental airspace, the routing of flights is not free enough to allow the 

implementation of brachistochrone flying, under the existent, 50 years old Air Traffic Management 

(ATM) System.  
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How profitable is a scheduled passenger flight with a Boeing 777-200LR from Bucharest to Honolulu 

(Hawaii)? The orthodrome calculated at pages 246-248 is our basic trajectory. Currently, the practical 

route is not even close to the brachistochrone. In fact, it could be even worse than the orthodrome, 

due to the fixed airways network in place over Europe, and also due to ETOPS11 concerns, given the 

fact that the 777 is a twin engine, and it should be capable of reaching an airport with only one 

engine running. For simplicity, we assume the orthodrome. 

We assume the aircraft in a 301 passengers configuration: 16 first-class, 58 business-class, and 227 

premium-economy seats. In order to calculate profits of a weekly flight LRBS-PHNL and return, we 

need to estimate an average load factor: 30% first-class, 60% business-class, 80% premium-

economy. Hopefully, this will improve in the following years, as the flight gets public awareness and 

favourability. Honolulu is hardly a destination for the Romanian travellers, so the new route should 

offer very attractive prices in order to boost demand: €800 premium-economy, €1,800 business-

class, and €5,000 first-class per seat per return flight. For comparisson, Air France currently offers 

the following fares for a return flight: around €1,000 (premium-economy), €2,200 (business), and 

around €8,400 (first-class). This is a three segment flight, via Paris and Los Angeles, taking 38 hours 

including intermediate stops. Ours is a 14 hours direct flight, so it should benefit from this 

competitive advantage. 

As for the costs, we need to consider the following: fuel costs, Air Traffic Services (ATS) costs, 

catering costs, maintenance costs, personnel costs, and the aircraft depreciation. 

Jet A-1 fuel has variable prices, but for this example, we will consider €0.6 per kilogram (the real life 

price is quoted per litre or per gallon, and not kilogram). A return flight demands 122 t · 2 = 244 t of 

fuel, priced at €146,400. 

The ATS costs consist of airport fares and route charges, estimated at a total of €9,000 per return 

flight. 

Catering costs are €100 per first-class passenger per segment, €40 per business-class passenger, and 

€10 per premium-economy passenger. Given our load factors estimates, the weekly catering costs 

are 30%·16·€100 + 60%·58·€40 + 80%·227·€10 = €3,688 · 2 segments/flight = €7,376. 

In principle, maintenance costs are proportional to the time of flight. We estimate them at 5% of the 

fuel costs, i.e. €7,320 weekly. 

The personnel consists of three crews in the cockpit, and other three waiting in Honolulu to fly back. 

This make a total of 12 pilots, each costing €1,000 per week (salaries, accommodation while in 

Honolulu). Also we need 24 flight attendences, each costing €500 per week. Total personnel costs 

ammount to €24,000 weekly. 

The price of a new Boeing 777-200LR is $220 million, which converts to €176,000,000. Its useful life 

could be 30 years. Using a straight line depreciation, the weekly depreciation could be €176,000,000 

divided by 30 years · 52.18 weeks/year = 1,565 weeks. This equals €112,434.  

                                                           
11

 ETOPS stands for Extended-range Twin-engine Operational Performance Standards (ICAO) 
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The next table puts all the sales and the costs projections together: 

LRBS-PHNL 
B77L 

Type Amount (€) 

Sales PE 145,280 
 B 62,640 
 F 24,000 
 Total 231,920 
Costs Fuel 146,400 
 ATS 9,000 
 Catering 7,376 
 Maintenance 7,320 
 Personnel 24,000 
 Depreciation 112,434 
 Total 306,530 
Profit/Loss  (74,610) 

 

It appears that the flight would make a weekly loss of €74,610, which is huge. What is wrong?  

The weekly depreciation of the aircraft cannot be supported by just one return flight per week. The 

basic rule for aviation business is that an aircraft which flies makes money, and an aircraft on ground 

wastes money. Above we forgot to mention what happens during the 139 hours with the aircraft 

parked, out of the total of 168 hours of a week. Parking is a cost in itself, depending on the airport. 

To fully use this fine aircraft, we need to look into at least other 3 weekly routes in order to make 

the business profitable. For instance, we could fly Bucharest – Shanghai, and Bucharest – Los 

Angeles with the same aircraft. In this case, the weekly deprectiation rate would be shared between 

the three flights, and the result would be a profit of €346 per week. 

This example confirms an old saying: aviation is the business where you invest a huge fortune to 

make just a little money. 
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10.2. Vertical navigation 

The vertical navigation is specific to aviation, and it deals with the flight profile, or the projection of 

the trajectory on a vertical plane. To understand this subchapter, it is important that you read and 

understand §5.1, §5.2, and §8.2 first. Vertical navigation owes its peculiarity to two factors: 

 vertical separation minima between aircraft is by far the lowest (1,000 ft = 0.165 NM), 30 

times less than the longitudinal and the lateral separation minima of 5 NM; this fact 

provides the most effective method for the aircraft to avoid each other in traffic; 

 with the exception of take-off and landing, there is no reference to the ground in vertical 

navigation; all the parameters in vertical navigation (FL, ALT, H) are barometric. 

The second factor is due to the fact that three out of four forces, which keep in balance in flight are 

functions of atmospheric pressure (Figures 56, 57, and 99): the lift, the drag, and the thrust. For this 

reason, the level flight is not the same as the horizontal flight. The word “horizontal” is confusing, 

because it should define a plane tangent to the rotation ellipsoid (which one?), or the geoid, but this 

plane is valid in a single point on Earth. When the aircraft moves to another point, there is another 

horizontal plane there. A better definition of the horizontal is the surface of the WGS84 rotation 

ellipsoid itself, or the MSL (Mean Sea Level). Fortunately, aircraft do not fly this way, and bear no 

reference to the ground when airborne. An aircraft in level flight maintains a specific isobaric 

surface, and does this with no effort. In trim, if the pilot does not touch the controls, the aircraft 

maintains its level, i.e. the isobaric surface. In ISA, isobaric surfaces are presumed parallel to the 

ellipsoid, but in reality, they climb and descend with respect to the geoid, depending on weather. In 

very bad weather (thunderstorms, hurricanes), the isobaric surfaces descend together with all the 

aircraft they sustain, whereas in fine, stable weather, the isobaric surfaces climb, taking all the 

aircraft with them. Such vertical variations are rather important: ±800 m and more due to weather, 

and ±100 m as the variation of the geoid from the ellipsoid. Figure 149 illustrates this phenomenon 

in an exaggerated manner.      

In very rare cases we need an aircraft to keep horizontal and not level. For instance, we have 

aerophotographic missions, and other special assignments. In these cases, the autopilot is guided by 

a WGS84 surface reference, and the occupants witness sudden “climbs” and “descents” under 

automatic control. These are not real “climbs” and “descents”, they just appear so due to the engine 

power interventions. 

Another special case is the precision final approach, when the autopilot is guided by a radio signal, 

which provides the best slope down to the touch-down zone. This signal is a descending plane 

(usually 3°) with respect to the ground horizontal plane. Again, here the isobaric reference is 

suspended, and the engines may be heard to fluctuate more, reacting to possible isobaric variations. 

With these two exceptions, in all other phases of flight, the horizontal is disregarded, and the flight is 

levelled onto an isobaric surface instead. Climb and descent are defined as changes of the isobaric 

surface. Maybe there is too much emphasis on these details for the perceptive readers, but this is 

one of the frequently misunderstood issues. 

In vertical navigation, three key parameters are used: flight level (FL), height ART (HART), and altitude 

(ALT). The last two are used for take-off and landing, and the first in all other phases. All three are 
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measured with the same instrument, the altimeter (Figures 148 and 149), with different offsets. The 

difference between them is a constant, a pressure offset. They share the same derivative, the 

vertical speed (VS), measured with the variometer (Figure 147 b). For the rationale behind keeping 

all three parameters, review pages 167-168.  

Before the RNAV era, the classic airways were overwhelmed with traffic, and this traffic flew in both 

directions. To minimize the probability of a midair collision, it was important to assign certain flight 

levels to the flights in one direction, and other flight levels in the opposite direction. The first rule 

was quadrantal. All directions of flight (courses or tracks) were divided in four quadrants (NE, SE, 

SW, and NW). Based on the accuracy of all altimeters in use, it was found that a vertical separation 

minimum of 1,000 ft was safe enough, except for the upper levels (over FL290 or 29,000 ft), where a 

2,000 ft was required. In the quadrantal rule, each flight level was assigned to a quadrant. Thus, four 

aircraft arriving in the same time at the same intersection on distinct flight levels could safely pass 

each other. The quadrantal rule was great for safety, but inefficient, wasting traffic capacity. For 

turbo-engine powered aircraft, the optimal flight levels were FL290, FL310, FL330, FL350, FL370, 

FL390, and FL410 (29,000 to 41,000 ft). Dividing the 7 flight levels to the 4 quadrants, we get just 2 

levels in three quadrants, and one level in the fourth. Traffic capacity doubled in the 1970s, when 

the semicircular scheme was adopted worldwide (Romania adopted it in 1973). Thus, the circle was 

divided in just two sectors, E and W. Dividing 7 to 2 is much better, we end up with 3 FLs in one 

direction and 4 FLs in the opposite one. In theory, 4 FLs take twice the traffic of 2. In the 2000s, an 

extensive measurement program of the accuracy in altimeters revealed that the vertical separation 

minima of 2,000 ft could be replaced with 1,000 ft until FL410. Thus, 6 new flight levels were 

invented in the turbo-engines area: FL300, FL320, FL340, FL360, FL380, and FL400. This was called 

RVSM or Reduced Vertical Separation Minima, and was implemented for the first time in the North 

Atlantic region in 1997. The major challenge was the introduction of RVSM in Europe in 2002, due to 

the number of aircraft in use and the levels of traffic. During the preparations of the historic 

introduction of RVSM in Europe, we need to mention a Romanian contribution: EUROCONTROL used 

a Romanian ATC simulator, developed by Razvan Margauan, Radu Cioponea, and Eduard Acujboaie, 

all graduates of The Faculty of Aerospace Engineering of the Politehnica University of Bucharest. If 

you look closely to the two schemes in Figure 226, flight levels FL310, FL350, and FL390 needed to 

change to the opposite direction of flight, making the frontier of the RVSM airspace a risky area, 

where two aircraft could move head on without vertical separation. Another risk was inside the 

RVSM airspace, that air traffic controllers could assign by mistake the old directions. Extensive 

studies were carried on by EUROCONTROL on simulated scenarios, to prevent such conflicts. 

Vertical navigation is not independent from the horizontal navigation. Depending on the type of 

aircraft and the mass of the aircraft (quantity of fuel and payload on board), the horizontal speed is 

limited during climb. A steep climb is possible sacrificing horizontal speed (IAS or TAS). Conversely, in 

a steep descent, the horizontal speed increases. This is particularly annoying in the approach 

maneuvres with fast aircraft, because the pilots want both altitude and the horizontal speed to 

decrease. Deploying the spoilers (Figures 88 and 89) is often used to tackle this problem. 

This phenomenon is easy to understand in energy terms. An aircraft at a given height H0 has a 

potential energy m·g·H0. When it climbs to H1, the potential energy m·g·(H1−H0) has to be 

accumulated, and there are two sources for it: the mechanical work of the propulsion system (extra 

fuel burned during climb), and the kinetical energy sacrificed: m·(V1
2−V0

2)/2, where V1 is the new 
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horizontal speed, lower than the speed before the maneuver (V0). In descent, the potential energy is 

converted into kinetic energy, and there is no contribution needed from the engines. On the 

contrary, high drag may be required (spoilers, aerodynamic brakes).  
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The engines should be kept running in idle thrust though, for at least two reasons: restarting an 

engine in flight is a delicate and resource intensive maneuvre, and climb capability must be available 

at all times, on a very short notice (for instance to react to a terrain proximity alarm or to a traffic 

colision avoidance alarm). 

 

 

 

 

Similar to the horizontal speed triangle (Figure 208), there is a vertical speed triangle governing the 

vertical navigation (Figure 228). The vertical wind is very different from the horizontal wind though. 

The horizontal wind rotors are huge, with diameters covering thousands of miles, whereas vertical 

wind rotors are limited to thousands of feet. Thus, an aircraft will probably pass through the upward 

and then through the downward sides of the rotor within minutes of flight. The two encounters 

usually compensate each other, leaving no lasting effect on the aircraft navigation. For this reason, 

vertical winds are not considered, except for some special applications. Vertical winds 

measurements are not normally considered as relevant for navigation. However, very strong 

downward vertical winds in the vicinity of a landing runway are major threats for safety. This 

phenomenon is known as wind shear. If the phenomenon is on a small scale, comparable to the size 

of the aircraft, it is also known as microburst. If we look at Figure 228, if the vertical downward wind 

increases suddenly, the descent speed will also increases, and the recovery maneuvre is time critical.  
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Remember that turbine engines are inertial in their response to a thrust increase command. 

Accidents due to wind shear (see the Dallas – Forth Worth case study) are now less frequent due to 
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efforts put into wind shear measurements at exposed airports, and wind shear detection and alert 

systems on board. Aviation community treats wind shear as a very dangerous phenomenon, to be 

avoided. No approach, landing, or take-off should be attempted when wind shear risk is detected. 

Wind shear is not as dangerous in other phases of flight, when the vertical margin over ground is 

large enough to allow compensation maneuvres. 

 

 

 

Vertical navigation inherits the goals of air navigation: efficiency and safety. The greatest safety risk 

in vertical navigation is again in the low phases of the flight (take-off, initial climb, approach, 

landing), and concerns the vertical separation of the aircraft from the terrain underneath: ground, 

water, hills, mountains, buildings, trees, antennas. Controlled Flight Into Terrain (CFIT) is the type of 

accident which occurs when this vertical separation is lost by vertical navigation error. Either the 

aircraft is unintentionally descended to the ground (see Saint Odile case study), or it is 

unintentionally steered into a mountain or high building (see Cali case study), usually in conditions 

with no visibility (IMC). If the aircraft hits the ground as a result of loss of controlability (for instance 

the Belle Harbor case), that is not CFIT. The MSA (Minimum Sector Altitude) is the lowest altitude 

which may be used in the Terminal Area (TMA) or in the Control Region (CTR), to maintain safety, 

with 1,000 ft over the highest ground obstacle inside a circle with 25 NM radius (in mountain areas, 

the margin increases to 2,000 ft due to turbulence and uncertainty). Only military aircraft equipped 

with terrain following navigation systems may execute flight missions under MSA, in IMC. Obviously, 

during cruise flight, the CFIT risk is low, and it is reduced by computing a Minimum Flight Level 

(FLmin, Figure 229). This FLmin has to enable the flight to pass safely over the highest obstacle in the 

airway area, by a margin of 2,000 ft, under the worst meteorological conditions (lowest pressure). 

Besides MSA and FLmin, other vertical terrain vertical separation variables are used, such as SCA 

(Safe Clearance Altitude), introduced in the route air navigation charts AERAD. In between the MSA 
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and FLmin, there is the transition altitude or the transition flight level. This is a transition isobaric 

layer (Figure 229), where the pilots take the time to manually adjust their altimeters to display the 

appropriate vertical navigation parameter. The transition altitude applies to the transition from flight 

level to altitude (descent), and the transition flight level applies to the transition from altitude to 

flight level (climb). In the US, transition altitude is 18,000 ft and transition flight level is FL180 

everywhere. In Europe, there are no general values. This transition layer is a risk to the vertical 

separation between aircraft, because each crew does these adjustments with certain latency. 

Technically, this adjustment could be done automatically, but crew awareness prevails in keeping it 

manual.  

 

 

 

 

Horizontal navigation positioning plays a determinant role in keeping the terrain vertical separation, 

because the choice of the applicable MSA or SCA depends on the accuracy of the position. This is yet 

another way in which horizontal and vertical navigation are coupled. For instance, in the Bucharest-
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Ploiesti area, the highest obstacle does not exceed 200 m AGL (above ground level), or 390 m AMSL 

(above mean sea level). Consequently, SCA is at 390 m AMSL / 0.3048 m/ft = 1,279 ft + 1,000 ft 

margin = 2,279 ft ≈ 2,300 ft or 23 in AERAD notation.  

 

 

 



261 
 

On the other hand, in Bucegi – Fagaras Mountains area, the highest obstacle is the Moldoveanu Peak 

ar 2,544 m AMSL / 0.3048 m/ft = 8,346ft + 2,000 ft margin = 10,346 ft ≈ 10,300 ft or 103. From the 

navigation log in Figure 204, it is obvious that there are no more than 9 minutes of flight between 

Bucharest and Bucegi-Fagaras areas with an airliner, or under 3 minutes with a supersonic jet. The 

applicable SCA jumps from 23 to 103 within minutes (as seen in the profile in Figure 203), and with 

inaccurate positioning, the CFIT risk is evident. 
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10.3. Flight Management System 

Aviation history in the past 50 years put forward one of the best models of development known to 

man. This is a model of solving problems of great complexity in real time, under the most adverse 

conditions. The quantity of information is a major issue in complex problems, and aviation adopted a 

trend of information fusion, already illustrated in Figures 215 and 219, and pushed to new heights 

with the introduction of the Electronic Flight Information Systems (EFIS) in the 1990s. Figures 130 

and 132 show the Navigation Display (ND), which evolved from the HSI. ND is a graphic sythesis of all 

pieces of information relevant to air navigation. 

Another issue is the task complexity, and aviation was a very early adopter of the computer 

technology to assist or even to replace human members of the crew. Fusion has always been the 

trend in this area too. In the 1980s, the Flight Performance Computer merged with the Navigation 

Computer, and the result was the Flight Management System (FMS). This was a synergetic merger, 

since air navigation (calculating a trajectory) depends heavily on the performance the aircraft is 

capable of at a given moment.  

In the future, another synergetic fusion is expected: that between the Flight Management and the 

Traffic Management Systems. Now, the trajectories are calculated by the on-board FMS of each 

plane, and they are executed under the supervision of the Air Traffic Control Centres (ATCC). With 

the increase of traffic levels, ATCCs are forced to intervene and alter some of these trajectories, to 

make sure the separations are maintained at all times. If all these trajectories were calculated by a 

centralized structure, they would have been already separated in an optimal way. 

The modern FMS is a flight performance computer combined with a 4D RNAV navigation computer 

(Figure 230). It includes a comprehensive database of airports, maps, waypoints, airways, navigation 

aids. In the future, FMS is expected to include more ATM functions, and to be able to calculate 

optimal 4D trajectories, like the brachistochrone.  

 

The FMS is the top layer of automation in the cockpit. It provides guidance information to the 

Automatic Flight Computer System (AFCS) or the Auto-Pilot, steering the aircraft in flight, along the 

selected 4D trajectory (see the Cali case study for an example). Also, it provides guidance for the 

Auto-Throttle Computer (ATHR), to maintain a selected horizontal CAS. It gathers positioning 

information from all available sources: 

 VHF Omnidirectional Range (VOR) 

 Distance Measuring Equipment (DME) 

 Tactical Air Navigation (TACAN) 

 Global Navigation Satellite System (GNSS), which includes the Global Positioning System 

(GPS) 

 Area Navigation System (RNAV), which integrates one or more of the above 

 Instrument Landing System (ILS), or Microwave Landing System (MLS) 

 Inertial Navigation System (INS) / Inertial Reference Unit (IRU) 

 Long Range Navigation (LORAN) 
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The vertical navigation and the airspeed and Mach number are received from the Air Data Computer 

(ADC). 
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All these systems introduce measurement errors, and one fascinating task is to calculate an average 

as to maximize the accuracy of the result. Modern FMSs use Kalman filtering to achieve this, 

calculating the best estimate out of a number of input sources. Different sources have different 

patterns of errors, and this offers an opportunity to use them differentially to get the best estimate 

at all times (Figure 231). The planned route is introduced in the FMS using the CDU keyboard or if 

repetitive, as a retrieved file (Figure 232). Depending on the weight of the aircraft, introduced in the 

Performance page, and depending on the regime of the engines, a certain flight profile is calculated 

by the FMS software and displayed as airspeeds  and flight levels (Figure 232, on the right side of the 

CDU display). Modern aircraft like Airbus A380 benefit from an additional vertical section of the 

navigation display (Figure 233). Certain optimization objectives may be set for the vertical navigation 

trajectory: economic climb and descent, steepest climb and descent, highest rate of climb and 

descent, economic cruise. The whole navigation log is calculated (Figure 204), including Estimated 

Times Over various waypoints (ETOs), Estimated Time of Arrival (ETA), and the quantity of burned 

fuel and the quantity remaining in the tanks (see the Vienna, Schwechat case study). 
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11. Air Traffic Management 

Transport aviation is a global system consisting on aircraft and aircraft operators, airports, air 

navigation services providers,  regulators, maintenance and repair operators, manufacturers, and 

many other types of providers. In fact, transport aviation accounts for 4% of the world’s economy. In 

some contries, like the Netherlands for instance, transport aviation has a 10% share of the national 

income. Very small countries like Singapore and United Arab Emirates have impressive air transport 

fleets, turning them into modern world navigation leaders. Transport aviation is a major component 

of our civilization, and maybe the most distinctive of its features. 

Aerospace engineering is not limited to aircraft and flight. It is the science of the air transport 

system, with all its components. In this chapter, we will take a look at some of these components, 

starting with the airports. 

 

11.1. Aerodromes and Airports 

The simplest aerodrome consists of a runway (Figure 234), which can be used from both ends, 

depending on how the wind is blowing. All take-offs and landings will be performed with headwind if 

possible, because the airspeed is at minimum, and the headwind component reduces the ground 

speed even further. For this reason, pilots need to be informed on the wind direction, and the 

simplest instrument for the job is the wind sock (Figure 234 – inset). 
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An airport is an aerodrome with at least one terminal with check-in facilities for passengers, road 

and railway connections with the neighbouring cities, car parking, gates (parking or docking facilities 

for aircraft), control tower, meteorological station, emergency intervention capacities and other 

auxiliary functions (Figure 235). Figure 236 and the map underneath represent one of the most 

complex airports, Chicago O’Hare International, IL (KORD). Aerodrome Charts like the one on page 

269 are supplied by Jeppesen-Sanderson, a Boeing company, one of the oldest and most prestigious 

companies in  aeronautical information. Compare the photo taken from an aircraft in flight with the 

map. You will notice three pairs of parallel runways, which offer an adequate headwind for take-off 

and landing in 6 main directions: 040, 090, 140, 220, 270, and 320. Lake Michigan area is windy, and 

the wind blows in any direction, unlike Bucharest area for instance, where the surface wind is 

blowing mainly from the East, and in rare occasions from the West, due to the shape of the Danube 

valley through the Carpathian Mountains. There is no need for a North-South runway in Bucharest 

area. Building a runway takes a thorough statistical analysis of the surface wind directions recorded 

in the area over a large time span. 

 

 

 

 

Figure 237 illustrates the Air Traffic Management (ATM) functions of the airport: the Control Tower 

(TWR), with large windows, offering the best visibility all-around, and a surveillance radar to detect 

and position aircraft beyond the visual range, and to compensate the lack of visibility in fog. Air 

traffic controllers in the tower are responsible for the separation of the aircraft on the surface of the 

airport and in air, in its vicinity. They are also responsible with the efficient use of the runways, and 

the expeditious flow of aircraft on- and off- the ground. 
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Modern airports are huge and complex structures, capable of handling tens of millions of passengers 

per year. For instance, Chicago O’Hare International handles 75 million passengers per year, and 

Bucharest Henri Coanda International only 5 million. In terms of aircraft movements, in 2008 Henri 
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Coanda averaged 200 movements12 daily, whereas O’Hare averaged 2,400. Runways are the most 

critical resource of airports, and of the air tranport system in general. Due to the wake vortices, 

aircraft must be separated (see §4.4), and therefore one runway has a limitation of about 40 

movements per hour. In low visibility or adverse meteorological conditions, this could get even 

lower. Research efforts managed to increase runway efficiency, by building high speed taxiways to 

minimize the time spent taxiing on the runway. A new type of auto-brake computer has entered 

service, offering the brake-to-vacate function. This computer has a database with all the runways in 

the world and the taxiways which service them, and if the pilots enter a given taxiway to vacate the 

rtunway after landing, it applies that precise ammount of brake force to decelerate just-in-time to 

leave the runway via the specified exit. This minimizes the time the runway is kept busy by one 

landing, opening it for the next movement. 

 

 

 

The Runway surface must be capable to support the weight of the aircraft distributed on the number 

of wheels of the landing gear (static forces), but at touchdown, the aircraft hits the runway, and at 

this impact, a certain load factor applies. These dynamic forces prevail over the static ones. The 

Runway surface can take the dynamic loads of a touchdown, and there may be extensions which do 

not. In Figure 238, the Stopway is an extension which can only take the static forces, and it is used 

only in the rare case of a rejected take-off, for deceleration. The Clearway is that extension, flat and 

free of obstacles, which does not support the aircraft at all, but allows it to fly at a very low height, in 

order to take up some horizontal speed. This is useful when the aircraft is loaded to its MTOM limit, 
                                                           
12

 Each landing and take-off counts as one movement 
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or one engine fails during take-off, after the decision speed V1 (Figure 239 and the Roissy – Charles 

de Gaulle case study). Thus we have different lengths of the same runway, depending on the type of 

use: 

 LDA is the Landing Distance Available, applicable for landings 

 TORA is the Take-Off Run Distance Available, applicable with that part of the take-off before 

lift-off 

 ASDA is the Accelerated-Stop Distance Available, applicable for rejected take-offs (before 

V1), in case something is wrong with the propulsion system, fire is detected, or the runway 

is obstructed ahead;  

 TODA is the Take-Off Distance Available, applicable for the whole take-off, including the 

airborne segment, until V2 

Runways suffer from a real estate syndrome: due to noise, the land in their vicinity is unexpensive. 

People who buy it, push to build structures high enough to threaten the aircraft on their final 

approach slope. In these cases, a Displaced Threshold is declared (Figure 238). The aircraft will 

approach higher, because the touchdown zone is pushed further along the Runway, by DISPTHR. This 

decreases the Landing Distance Available, but does not interfere with take-offs. 
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In airports with many movements daily, the TWR air traffic service is split into more distinct services, 

on distinct communication radio frequencies, as follows: 

 CLD – Clearance Delivery, where the departure IFR flight plans are verified and activated; 

 GND – Ground, which deals with the departures taxiing to the take-off runway, the arrivals 

taxiing to the gate or to the parking position, and with the other ground traffic; 

 TWR – Tower, which deals with the airborne traffic in and out the airport; 

 ATIS – Air Traffic Information Services, which is an information service, a robot repeating the 

latest weather information and other operational messages of interest. 

Complex airports may divide tasks even further, as for instance Chicago O’Hare International (see 

map on Page 269, upper left inset). Ground service is split in three: mettering services, outbound, 

and inbound, the Tower itself is split further in two: North traffic, and South Traffic.  

 

 

11.2. Phases of Flight and Air Traffic Control 

Airports and Control Towers are just the beginning and the end of the Air Traffic Management story. 

The traffic is watched and guided by the Air Traffic Control Centres in all the flight phases (Figure 

240), including the cruise flight. Visual observations in these phases is not applicable, and it is 

replaced by a radar image.  

The controlled airspace is organized as represented in Figure 241. Distinct Air Traffic Control (ATC) 

services apply to different regions. The main responsibility of the ATC services is maintaining the 

separation between aircraft at all times. The concept of separation and the air traffic management 

procedures are covered by the ICAO Doc 4444. The ATC services outside the airport are as follows: 

 APP – Approach, for the aircraft inside the Terminal Manoeuvring Area (TMA); 

 DEP – Departure, (optional), for the departing aircraft inside the TMA;  

 ACC – Area Control Center, for the traffic en-route, climbs and descents outside the TMA, 

and all other traffic in the controlled airspace; 

 UACC – Upper Area Control Center (optional), when the airways are split into upper and 

lower traffic.  

The concept of separation is illustrated in Figure 242. If the separation is lost, i.e. both the vertical 

separation gets below minima and in the same time the horizontal separation gets below minima, 

the risk of a midair collision is unacceptable. The accident may be still avoided, using advisories or 

automated action from an Air Collision Avoidance System, such as the TCAS (Traffic Collision 

Avoidance System). Sometimes, a collision may be avoided by pilot’s maneuvres, but these are 

fortunate exceptions, in low speeds, good visibility, and if both aircraft move in the same direction.  
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Such an occurrence is known as a near miss. The loss of separation is also called airprox. If two jet 

aircraft meet head-to-head, their relative speed is around 1,800 km/h, more than the speed of a 

bullet. Visual awareness of such a situation is not possible, even in VMC, not to mention IMC, or the 

time needed to take evasive action, and the time needed for those actions to become effective. 

There is also a problem with the visibility underneath the aircraft, over it, and to the back. Usually, 

the pilots see the front and the laterals. In some cases, the trajectories of conflicting aircraft 

converge in such a way, that the other aircraft is not in the viewing range. It is up to the air traffic 

controllers to notice and to take action against any potential loss of separation, by vectoring left or 

right, by climbing or descending, or by speeding up or slowing down one or both aircraft. In 

controlled airspace, the pilots are required to comply to the instructions received from the ATC. 

ATC services introduction and later improvements were decided after mid-air collisions, such as the 

one presented in the Zagreb case study. In spite of the introduction in the 1990s of the ACAS 

equipment, which acts like a back-up system in case of ATC failure, accidents do happen. The traffic 

capacity demand is increasing, and the distance minima between the aircraft gets lower and lower.  
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Figures 243-268 below illustrate different phases of flight, specifying the Air Traffic Service that 

would most probably apply under IFR code, in controlled airspace. Terminology corresponds to the 

synthetic view in Figure 240. Air Traffic Management (ATM) is the most dynamic area of transport 

aviation. We look forward to NextGen and SESAR, the strategic plans for these major changes that 

are expected in the next two decades. These are breakthrough technologies, which will allow aircraft 

to fly automated optimized 4D trajectories (brachistochrones), safely separated from each other. 
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4D trajectory 220, 221-227, 229-230, 

244, 249, 262, 265 

AAAR Aeronautical and Astronautical 

Association of Romania 6 

ACAS Air Collision Avoidance System 

274-275 

ACC Area Control Center 274, 276, 

284-285 

acceleration of gravity 93, 137, 148-

149, 152-153, 157 

accuracy 133, 254, 259 

acrobatic aircraft 54, 72, 169 

Acujboaie, Eduard 254 

ADC Air Data Computer 160-165, 263 

ADF Automatic Direction Finder 232 

ADI Attitude Director Indicator 135-

136, 170-171 

adjustable pitch propeller 197-198 

ADR Air Data Reference 160-165 

AERAD 258 

aerobatic maneuvers 93 

aerodrome 267-272 

aerodynamic flight 16 

aerodynamic forces 64-66, 74-75 

aerodynamic shape 68-70 

aerodynamic tunnel 68-70 

aerodyne 32 

aeronautical engineering 6 

aerophotography 253 

aeroplane, see airplane 

aerospace engineering 6 

Aerospatiale SA-342M Gazelle 124 

aerostat 31, 129-132 

AFCS Automatic Flight Control System 

88, 107, 228, 262-263, 266, also see 

autopilot 

aft fuselage unsweep drag 72 

aft wheel tricycle 49, 53 

afterburner 199, 202 

agonal 177-179 

Agusta A-109 125 

Agusta AW-139 114 

Agusta HH-3F 117 

AHI Artificial Horizon Indicator, see 

ADI 

AIAA American Institute of 

Aeronautics and Astronautics 6 

aileron 39-40, 77-78, 82 

aileron trim 78 

air conditioning system drag 72 

air density 29, 66, 101, 122, 128-129, 

154, 188 

Air France 90, 134, 213-219 

air navigation services 59 

air pocket 87 

air pressure 154 

air reference system 75 

air temperature 154-156 

air traffic controller 91 

air traffic management, see ATM 

air transport business 213-219, 251-

252, 267 

Airbus 153 

Airbus A300 85, 286 

Airbus A310 84, 265 

Airbus A320 80, 171, 260 

Airbus A321 44, 289 

Airbus A330-200 90, 284, 290 

Airbus A330-300 280, 282-283 

Airbus A340-600 81, 206 

Airbus A380 52, 58-59, 63, 139, 203, 

265-266 

airfoil 41-42, 99, 203 

airframe reference system 75 

airframe weight 205 

airplane 39, 55 

airplane controls 75-84 

airplane flight dynamics 74-75 

airplane geometry 39-48 

airplane structure 39 

airport 139, 267-272 

airport capacity 270-271 

airprox 275 

airship 31, 130-132 

airspeed 75, 90, 95-105, 132, 159-165, 

275 

airspeed control 98 

airspeed indicator 135-136, 164-165 

airspeed never exceed 105 

airway capacity 254-255, 275 

airway network 241-242, 254, 276 

airworthiness 54 

Albeanu, Calin 121 

Alert Airport, Canada (CYLT) 153 

Allouette, F+W Emmen SE-3160 III 116 

ALT altimeter 135-137, 164, 166-168, 

254 

ALT, see altitude 

altimeter accuracy 254 

altimeter setting 140, 164-166, 259 

altitude 50, 101, 137, 167, 188-189, 

224, 228, 253 

altitude control 129-130 

altitude deviation 225 

amphibian 36, 51 

angle of attack 33, 42, 64-66, 99, 103-

104, 112, 137, 162, 258 

annual rate of change 179 

annual variation (magnetic) 179 

anti-torque pedals 110-112, 118-119 

Antonov An-124 Ruslan 52, 138 

Antonov An-2 10, 46, 187 

Antonov An-225 Mirya 43, 52 

AOA Angle of Attack Indicator 103-

104, 137-140 

Apollo 24-25, 211-212 

APP Approach 274, 276, 279-280, 284-

287, 289 

apparent gravity 145-146 

approach 127, 272, 275, 285-290 

approach (ATC), see APP 

apron 269 

APU Auxiliary Power Unit 49 

Arafat, Raed 125-126 

Archimedes of Syracuse 29 

Archimedes’ principle 28-29 

Archytas of Tarentum 64-65 

area navigation, see RNAV 

D’Arlandes 28 

Armstrong, Neil 25-26 

artificial horizon, see ADI 

ASDA Accelerated Stop Distance 

Available 271-272 

astrocompass 175 

astronautical engineering 6 

astronomic latitude 149-150 

astronomic vertical 145-146, 173 

asymmetric lift, helicopters 122 

asymmetrical deployment of spoilers 

103 

asymmetry, engine out ~ 51-52 

asymmetry, thrust ~ 84, 197 

ATC air traffic control 168, 221-222, 

223, 254, 261, 268, 270, 274-278 

ATCC ATC Center 226, 262, see also 

ACC 

ATHR Auro-Throttle Computer 262-

263 

ATIS Air Traffic Information Service 

274 

ATM Air Traffic Management 59, 161, 

249, 254, 262, 267-278 

atmosphere composition 153 

atmospheric flight 15-16, 27 

ATR-42 91 

ATR-72 89, 201 

ATS Air Traffic Services 251, 277 

attitude 74, 75, 110-118, 127 

Avgas 183 

Aurel Vlaicu International, Bucharest, 

Romania (LRBS) 180, 246 

auto-brake 271, 281 

autopilot 75, 84, 90, 136, 140, 170, 

253, 266 

autopilot modes 140, 170 

autothrottle, see ATHR 

automatic direction finder, see ADF 

autorotation 37, 125 

aviation law 54 

avionics 133-140 

avionics, principles of ~ 90, 133 

BAC One-Eleven 48 

BAC One-Eleven prototype accident 48 

balance 48, 205-206 

balanced turn 87 

ballistic flight 16-17 

balloon flight dynamics 29, 129-130 

Balotesti accident 84 
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bank 74, 75, 82, 84, 86, 91, 111, 116-

117, 175 

baptizing, pilot’s ~ 87-88 

baro sensors 137 

baro-instruments 137 

basic RNAV 243 

basic six (flight instruments) 97, 134-

137 

Beech Super King Air 200 51 

Belle Harbor accident 85 

Bernoulli’s Law 73, 159-160 

biplane 46 

bird 32, 176 

blade (propeller) 196 

blade articulation 112 

blade pitch 112-119 

Blank, Aristide 214 

blimp 31 

boat 28-29, 109, 221, 248-250 

Boeing 200, 268 

Boeing 727 52, 208 

Boeing 737-200 99 

Boeing 737-300 39, 43, 287 

Boeing 737-400 89 

Boeing 737-600 138 

Boeing 737-700 91, 92, 97, 102, 109, 

162-163, 279, 285, 286 

Boeing 737-800 210 

Boeing 747 58 

Boeing 747-200 79, 138, 165 

Boeing 747-300 208 

Boeing 747-400 81, 159, 207, 209, 281 

Boeing 757 61, 261, 279, 289 

Boeing 767 61 

Boeing 777 171, 283, 284, 286 

Boeing 777-200LR 251 

Boeing 787 139, 200 

Boeing B-52 Stratofortress 52 

Boeing Ch-47D Chinook 120 

bouncy landing 291 

boxer engine 186-187 

brachistochrone 231, 248-250, 262 

brake-to-vacate 271 

braking 49, 197, 271, 281, 291 

bullet 16 

buoyancy 28-29, 129 

burn chamber (engine) 198-202 

burner 128-129 

Cali accident 261 

calibrated airspeed, see CAS 

camber 42, 99-102 

cambered airfoil 73 

Canadair Regional Jet CRJ-900 200 

canard 48 

cantilevered monoplane 43 

captive balloon 31 

car 70, 107-109, 133-134, 184, 197, 

228 

Carbon Dioxide emmisions 134, 183 

de Carli, Adelir Antonio 30 

Carafoli, Elie 9, 43 

carburetor 188, 191-192 

CAS Calibrated Airspeed 160, 262, 275 

Cassini 24-25 

category for airworthiness 54-55 

category (speed) 54-57 

category (wake turbulence) 54, 58-63 

catering 251-252 

Caudron C.81 216 

CD Course Deviation 225 

CDI Course Deviation Indicator 137-

140, 171, 237-238, 239, 244 

CDU Control Display Unit (FMS) 261, 

263-264 

center of gravity 51, 203-207, 211 

center tank 203-207 

Cessna 172 Skylane 51, 97, 165 

Cessna 182P 80 

Cessna Citation 560XL 45, 158 

CFIT Controlled Flight Into Terrain 258-

261 

CFRNA Compania Franco-Romana de 

Navigatie Aeriana 134, 213-218 

Chicago Convention 54, 140 

Chicago O’Hare International (KORD) 

268-269 

chord 40, 42 

CIDNA Compagnie Internationale de 

Navigation Aérienne 217 

Cioponea, Radu 254 

class for airworthiness 54 

classic airway 241-242, 254 

CLB Climb mode (engines) 209-210, 

284 

CLD Clearance Delivery 274 

clean wing 100 

clearance delivery, see CLD 

clearway 271 

climb 89, 113, 130-131, 209-210, 223, 

253, 275, 283-284 

Cluj accident 53 

Coanda, Henri 8 

Coanda effect 8 

coarse pitch (propeller) 196-197 

cockpit 78-81, 111, 134-140, 163-165, 

171, 181, 207-210 

cockpit design 137, 236 

collective 110-113  

colors, significance of ~ 140 

Columbus, Cristopher 177-178 

column 76, 78-79 

compressibility errors 161 

compressible fluid 161 

compression (stroke) 188 

compressor (turbine engine) 198-202 

computer 138, 195, 243, 248, 262-266, 

271 

Concorde, BAE Aerospatiale 47, 79, 

137, 165, 200, 273 

constant speed propeller 197-198 

continuous maximum 210 

contrails 134, 183-184 

control 48, 58, 60-61, 75-84, 86-87, 

129-132, 273 

control region, see CTR 

control tower, see TWR 

cooling (engine) 184-186, 189-190, 

194 

coordinated turn 86-87, 91-94, 128 

coordinating 226 

correcting (position) 226 

correction trajectory 226 

course 91, 225, 254 

course devaition, see CD 

critical alpha 64-66, 96-99 

cross-track, see XTK 

crosswind 229-230, 234, 290 

CRS Course Selector 238 

cruise flight 100, 223, 275, 284 

CRZ Cruise mode (engine) 210 

CTR Control Region 276 

CWY, see clearway 

Cyclic control 110-117 

DA Drift Angle 228-230, 232, 244 

Dallas – Forth Worth accident 257 

Dassault Falcon 2000 92 

De Havilland DH-16 214 

De Havilland Canada DHC Dash-8-100 

89 

De Havilland Canada DHC Dash-8 Q400 

44, 106 

De Havilland Canada DHC-3 Turbine 

Otter 42 

dead reckoning 218 

debris ingestion 45 

deceleration 98, 281, 291 

decision height 171, 275, 287-288 

decision speed, see V1 

declivity 167 

decrab 228-230, 275, 290 

deep stall 48 

deflection of the vertical 144 

delta wing 48 

DEP Departure 274, 276, 280 

departure (ATC), see DEP 

depreciation 251-252 

descent 89, 113, 130-131, 223, 253-

256, 275, 285 

desired trajectory 223 

DH, see decision height 

Diamond DA-42 186 

differential braking 49 

differential thrust 131 

dihedral angle 40 

dirigible 31, 130-132 

disorientation 170 

displaced threshold 271-272 

divergent spiral 105-109 

DME Distance Measuring Equipment 

237-239, 240-243, 262 

DME accuracy 243 

dogfight 93 

double fin 48 

double rotor 120 

double star engine 187-189 

double-engine, see twin 
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Douglas DC-3 52, 187 

drag 33, 64-73, 74-75, 99-102, 110, 

184-186, 197, 265 

drag coefficient 64-72 

drag equation 89 

drift angle, see DA 

dry air 157 

DTG Distance To Go 243 

Dutch roll 105-109 

dynamic pressure 159-160 

Earth reference system 75 

Earth’s density 144 

Earth’s formation 141, 143 

Earth’s magnetic field 176-181 

Earth’s orbit 19-21 

Earth’s rotation 141 

Earth’s shape 140-152 

Earth’s inner structure 176-177 

EAS Equivalent Airspeed 161 

ECAM Engine Centralized Aircraft 

Monitor, see EICAS 

EFB Electronic Flight Bag 266 

effective pitch (propeller) 196 

effectiveness 220 

efficiency 220 

EFIS Electronic Flight Instrument 

System 138-139, 170, 262-263 

EGPWS Enhanced Ground Proximity 

Warning System 137-139, 261 

EGT Exhaust Gas Temperature 209  

EICAS Engine Indicating and Crew 

Alerting System 163, 206-207, 266 

electrical generator 208 

elevation 144, 167 

elevator 49, 77-78, 82 

elevator trim 49, 78 

ellipse 142-143 

ellipsoid 141-148 

ellipsoids 144-145 

elliptical monoplane 45 

Embraer ERJ-145 49, 200 

emergency landing 206 

empennage 39, 48-49 

enroute flight, see cruise flight 

enemy fire 52, 203 

energy 26-27 

engine breakdown 125, 127, 265, 272 

engines 44-45, 49-52, 183-202 

English language 54, 278 

environment, aviation impact on ~ 

134, 206 

equator 141, 150-151 

equilibrium, sense of ~ 93 

equilibrium flight 33, 74-75, 130-131 

equivalent airspeed, see EAS 

episodic variation (magnetic) 179 

EPR Engine Pressure Ratio 209 

ergonomics, see human factors 

ES Earth Speed 258 

Esnault-Pelterie, Robert 84 

ETA Estimated Time of Arrival 223, 265 

ETD Estimated Time of Departure 223 

ETO Estimated Time Over 223, 265 

ETOPS Extended Twin Operations 52 

EUROCONTROL 12, 251, 254, 256 

Eurocopter TH05 112 

exhaust (stroke) 188 

experimental aircraft 55 

Extra 300 198 

Faculty of Aerospace Engineering, 

University Politehnica of Bucharest 9, 

11, 12, 13, 14, 254 

FADEC Full Authority Digital Engine 

Control 195, 209 

Fayol, Henri 220 

FBW Fly-By-Wire 260 

FDI Flight Director Indicator 171, also 

see ADI 

feathered propeller 196-197 

fin 48-49 

final approach 253, 275, 286-290 

fine pitch (propeller) 196-197 

finger 269 

firefighting 36 

Firican, George 11 

firing order (ignition) 193 

first cosmic speed 19 

fixed pitch propeller 196, 198 

FL, see flight level 

flaps 39-40, 77, 99-105 

flaps lever 78 

flare 228-230, 275, 290 

flat turn 128, 290 

flattening (Earth’s) 142 

de Fleurieu, Pierre 214 

flight augmentation system 88 

flight control 220 

flight director indicator, see ADI 

flight engineer 138, 208 

flight envelope 56, 96-105, 140 

flight instruments 133-140 

flight level 137, 140, 167, 224, 228, 

253, 265 

flight level deviation 225 

flight management, see FMS 

flight performance computer 262-263 

fligh plan, see FPL 

flight profile 139, 223, 253-261 

flight slope 258 

flutter 105 

flux valve 181 

fly vs. navigation 266 

fly-by-wire 260 

flying 136-140 

FMC Flight Management Computer 

263 

FMS Flight Management System 225, 

231, 261, 262-266, 285, 286 

fog 288 

Fokker Dr. I 47 

Fokker F-II 214 

Fokker F.VII 216 

Fokker F.XII 218 

Forth Worth accident 60 

forward flight, helicopters 123-124 

FPL Flight Plan 222-224, 264 

friction drag 72 

front wheel tricycle 49, 53 

fuel 183, 246-248 

fuel burn (chemical reaction) 183 

fuel consumption / efficiency 39, 50, 

52, 200-201, 210, 220-221, 248-250 

fuel consumption order 205-207 

fuel dump 206 

fuel density 203 

fuel flow 207-210, 246-248 

fuel injection system 188, 191 

fuel load 203 

fuel reserve 246-248 

fuel starvation 265 

fuel system 203-207 

fuel tanks 203-207, 246-248 

functional redundancy, see 

redundancy 

fuselage 39, 69-70 

G Gisment 233 

g-forces 93 

g-suite 93 

gate 269 

gate-to-gate trajectory 226 

GC, see gyro-compass 

GD, see gyro-directional 

GDOP Geometric Dilution Of Precision 

243 

gearbox 123, 201-202 

General Electric CF34-8C5 200 

geocentric latitude 149-150 

geocentric vertical 145-146 

geodesy 140-152 

geodetic latitude, see latitude 

geodetic vertical 145-146 

geographic latitude, see latitude 

geoid 144-145 

geometric dilution of precision, see 

GDOP 

geometric pitch (propeller) 196 

GI Gisment Indicator 233, 236 

gisment, see G 

gisment indicator, see GI 

glass cockpit 137-140 

glide slope 127, 253 

glider 34, 55 

GM Gross Mass 152-153 

GND Ground 274, 279-280, 291 

GNSS Global Navigation Satellite 

System 262 

go around 209, 275, 289 

gothic delta wing 47 

GPS Global Positioning System 22, 153, 

262 

GPWS Ground Proximity Warning 

System 261 

gravity 17-24, 68, 93, 140-153 

gravity assisted speed boosts 24 

gravity equipotential 145, 153 

Greenwich 151 
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Grossu-Viziru, Mircea 10 

ground (ATC), see GND 

ground effect 45, 127 

ground speed, see GS 

GS Ground Speed, 97, 137-139, 153, 

224, 228 

GSC Geodetic Spherical Coordinates 

151-152 

GSI Glide Slope Indicator 137-140, 171 

guidance 220 

Guidon, Louis 214 

gyro-directional 135, 173 

gyro-horizon 135 

gyro-instruments 137, 169-175 

gyrocompass 135-137, 180-182, 236 

gyrodyne 37, 125 

gyrolasers 175 

gyroscope errors / corrections 172 

gyroscopes 137, 169-175 

GW Gross Weight, see GM 

H heavy 59, 62 

Harrier, British Aerospace 35 

Hawker Hurricane 45 

Hawker-Siddeley HS-125-2 Dominie 91 

Hawker-Siddeley Trident 3B 278 

HDG, see heading 

heading 173, 229, 232 

heading indicator 174, 180-182 

headwind 132, 229, 267-272 

heavier-than-air flight 16, 32 

height, barometric ~ 137, 150, 167, 

228, 253 

helicopter 37, 110-128 

helicopter control 110-128 

helicopter dynamics 110-128 

helicopter vulnerability 128 

Helium balloon 30, 130-132 

Helium density 29 

hemispheric vertical separations 255 

Henri Coanda International Airport, 

Bucharest, Romania (LROP) 149, 152, 

179, 222-224, 264 

high altitude airports 101, 153 

high RPM propeller, see fine pitch 

high wing monoplane 42, 44 

Hindenburg accident 32 

holding pattern 172, 275, 286 

Honolulu International, Hawaii (PHNL) 

246 

horizontal flight 168, 253 

horizontal navigation 228-252 

horizontal position error 225 

horizontal reference 170 

horizontal stabilizer 48-49, 207 

horizontal separation 277 

horizontally-opposed engine, see 

boxer engine 

hot air balloon 28, 129-130 

HSI Horizontal Situation Indicator 135-

137, 239 

HUD Head Up Display 139 

human factors 140, 257, 260, 261, 278 

human performance and limitations 

93, 106-107, 170 

humid air 157 

Humphrey, Duke of Gloucester 151 

hush kit 199 

hydraulic pressure 210 

Hydrogen (propellant) 211 

Hydrogen balloon 30, 130 

Hydrogen density 29 

hydroplane 36 

hydrostatic equation 156 

hypersustentation devices 39, 99-105 

IAI Westwind 61 

IAR Brasov 9, 10, 70, 183-185 

IAR-39 10 

IAR-330 Puma 37, 124 

IAR-80 10, 184, 187 

IAR-11CV 9 

IAS Indicated Airspeed 136, 140, 160-

165, 275 

IAS Airspeed Indicator 136 

ICA Ghimbav Brasov 34, 37 

ICAO International Civil Aviation 

Organization 11, 54-57, 140, 256 

ICAO Annex 13 140 

ICAO Doc-8168 56-57 

ICAO Doc-8643 55 

ICAO Flight Plan 222 

ICAO PANS-ATM Doc-4444 59, 274 

icing 153, 189, 192 

idle engine 98, 256 

idle thrust 98, 256 

IFR Instrument Flight Rules 221-224, 

231 

ignition system 190, 193 

ILS instrument Landing System 262 

Ilyushin Il-96M 91 

IMC Instrument Meteorological 

Conditions 258, 275 

in-flight navigation 223, 225-226 

in-line engine 184, 186-187, 188 

incidence 64-66, 72-73, 75 

incompressible fluid 161 

increase RPM propeller, see fine pitch 

INCREST Romanian Research Insitute 8 

indicated airspeed, see IAS 

induced drag 72 

initial approach 275 

initial climb 275, 283 

inlet (turbine engine) 199-202 

INS Inertial Navigation System 176, 

262 

instant vertical velocity indicator, see 

VSI 

instrument procedures 56-57 

integrity 133 

intermediate approach 275, 285 

international law 54 

International Space Station 22, 149 

intersection, see junction 

IRS Inertial Reference System 176 

IRU Inertial Reference Unit 176, 262 

IS International System 245, see SU 

IS-28B2 (glider) 34 

ISA International Standard 

Atmosphere 96, 154-157 

ISA density equation 156 

ISA pressure equation 156 

ISA temperature equation 155 

isobaric surface 154, 168, 253 

isogonal 177-179 

isogonal chart 177-179 

ISS, see International Space Station 

IVVI, see VSI 

J super 59, 62 

Jane’s Aircraft 183, 185 

Jeppesen-Sanderson 13, 222-224, 230, 

268-269 

jet engines 198-203 

Jet-A 1 183, 203, 251 

Jet B 183 

jettison (fuel) 206 

junction 276 

Junkers J-9 198 

Kalman filtering 264-265  

Kamov Ka-52 120 

kerosene 211, also see Jet-A 1 

kite 32-33, 64-68 

KLM 213-219 

KMA, see Kursk Magnetic Anomaly 

knot, kts 56 

Kursk Magnetic Anomaly 178 

L light 59, 62 

laminar flow 68-69 

landing 99, 127, 132, 139, 168, 253, 

267-272, 275, 287-291 

landing gear 36, 39, 44, 49, 53, 271, 

282, 287, 291 

landing roll 275, 290-291 

LARES 53 

latency, control ~ 130 

lateral modes 105-109 

lateral separation 253, 277 

latitude 143-150, 228 

latitudes 143-148 

latitude, convention 152 

launch 20-21, 23 

Laws of Newton 15 

layover 246-248 

LDA Landing Distance Available 271-

272 

leading edge 42 

Learjet-45 61 

leg 223, 264 

lessons learned 140 

level flight 87-88, 168, 253 

level off 275 

Licu, Antonio 12 

lift 29, 33, 42, 48, 58, 64-66, 73, 74-75, 

99-102, 110-128, 290 

lift coefficient 64-66, 122 

lift equation 89 

lift-off 229, 272, 275, 282 

lighter-than-air flight 16, 27, 55 
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limited aircraft 55 

line of position, see LP 

lining up 275, 280 

Lintes, Ioan 135 

liquid fuel rocket 211 

load factor 54, 86, 91-94, 170 

Lockheed L-1011 Tri Star 257 

longitude 151-152, 228 

longitude, convention 152 

longitudinal modes 105-106 

longitudinal separation 161, 253, 277 

LOP, see LP 

LORAN Long Range Navigation 262 

loss of separation, see separation 

conflict 

low visibility 271 

low wing monoplane 9, 43-46 

lower surface 42 

loxodrome 231-232, 237, 245-245, 

246-248 

lubrication 184, 194 

M medium 59, 62 

Mach number 140, 160-165, 247, 275 

machmeter 164-165 

magnetic compass 180-182, 233, 236 

magnetic compass variance 177-181 

magnetic field 137, 177-181 

magnetic field inductors 137 

magnetic instruments 175-182 

magnetic north, see MN 

magnetic poles 178 

magnetic relevment of aircraft, see 

QDR 

magnetic relevment of station, see 

QDM 

magnetic thunderstorms 179 

magneto circuit 193 

maintenance costs 251-252 

Margauan, Razvan 254 

Marsical Sucre International, Quito, 

Ecuador (SEQU) 153, 168, 172 

mass attraction 146 

maximum speed 41, 56, 105 

maximum thrust 98, 289 

MC Magnetic Course 224, 229 

McDonnell Douglas DC-9 60, 278, 282 

McDonnell Douglas DC-10 60, 136 

McDonnell Douglas MD-11F 52, 100 

McDonnell Douglas MD-80 51, 203-

204 

mean line 42 

mean sea level, see MSL 

Mehrabad International, Teheran, Iran 

(QIII) 168 

meridian 141, 151 

meridian circle 142 

meteorology 31 

Mexico City accident 61 

microburst 256 

mid-air collision 278 

Mig-21 Lancer 78, 202 

millenar variation (magnetic) 178 

MH Magnetic Heading 140, 179, 224, 

229, 233, 235 

minimum altitude 168, see MAS 

minimum flight level 258-261 

missed approach 56-57, 287-289, 275 

missile 15-16 

MKR Radio-Marker Lamps 136 

MLM Maximum Landing Mass 206 

MLS Microwave landing System 262 

MLW Maximum Landing Weight, see 

MLM 

MN Magnetic North 176-182, 229 

momentum, engine ~ 51 

monitoring 225 

Montgolfier brothers 28, 30 

Moon 20, 23-24 

motion sickness 106-107 

motorcycle 121 

movement (ATC) 271 

MSA Minimum Safe Altitude 258-261 

MSL Mean Sea Level 144, 150-151, 

154 

MTOM Maximum Take-Off Mass 206, 

246-248, 271 

MTOW Maximum Take-Off Weight, 

see MTOM 

N1 First Shaft RPM Ratio 208-210 

N2 Second Shaft RPM Ratio 208-210 

nautical mile, see NM 

navigation 136-139, 145, 162-163, 

175-182, 213-266 

navigation computer 262-263 

navigation log 224, 265 

navigation reserve 246-248 

navigator 138, 218-219 

ND Navigation Display 92, 97, 137-139, 

162-163, 262, 264, 265-266, 285 

NDB Non-Directional Beacon 231-237, 

261 

NDB homing 234 

near-miss 275 

Newton, Isaac 15 

Newton’s Laws 15 

Newton’s universal law of gravity 145 

NextGen 249, 277 

Nicolau, Constantin 31 

NM nautical mile 58, 149, 240 

no stabilizer 48 

noise 50-52, 199, 200-201 

non-atmospheric flight 15-16 

non-stop flight 246-248 

North (direction) 170, 175-180 

nozzle (turbine engine) 198-202 

OAT Outside Air Temperature 163 

Oberth, Hermann 211, 212 

OBS Omni-Bearing Selector 238 

obstacle 271 

Octane 183 

OEM Operating Empty Mass 246-248 

OEW Operating Empty Weight, see 

OEM 

oil change 195 

oil functions 194-195 

oil pressure 194-195, 207-208, 210 

oil temperature 194-195, 207-208, 210 

oil viscosity 195 

on-line navigation computer 262-263 

Onitiu, Sorin 13 

orthodrome 231, 244, 245-246, 247-

248 

oscillation modes 105-109 

Osprey, Bell-Boeing V-22 37 

overspeed buffets 56, 105 

P-RNAV, Precision RNAV 243 

parachute 68-71 

paraglider 33 

parallel 150-151 

parallel track 225-226 

parasite drag 72 

parking 275 

passenger configuration 251-252 

passenger transport (history) 214-218 

payload 203-205 

Pegassus, Northrop Grumman X-47A 

35 

personnel costs 251-252 

Persu, Aurel 69-70 

PFD Primary Flight Display 92, 97, 137-

140, 162-163, 171, 266 

phugoid 105-106 

Piaggio P-180 Avanti 51 

pilot induced oscillations 105-109 

pilot workload 103 

pilot’s manual 105 

Piper PA-28R-200 Cherokee Arrow II 

181 

Piper PA-30 Twin Comanche 135 

Piper PA-34 Seneca 50 

piston engine 50, 183-194 

pitch 48, 74-75, 82, 111, 114-115, 140, 

162, 171, 258 

pitch modes 105-106 

Pitot, Henri 157-158 

Pitot-Static tube 90, 95, 137, 157-160 

Plesman, Albert 214 

plumb bob 145-146 

polar 64-66, 98 

poles 141 

Porosnicu, Eduard 14 

positioning 218, 225, 240, 259 

Potez IX 214 

power plant, see engines 

power (stroke) 188 

Pratt & Whitney Canada PW127F 201 

pre-flight navigation 223-224 

precession 173-174 

precision final approach 253 

precision RNAV, see P-RNAV 

Predator, General Atomics 35, 48 

pressure altitude 168 

pressure drag 72 

predictive control 130 

Prime Meridian 151 

propellant 211 
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propeller 49-52, 131-132, 190, 195-

198 

propulsion system 39, 49-52, 183-212 

Prunariu, Dumitru 25-26 

pull engine 51 

push engine 51 

pushback 275, 279 

pushback tractor / tug 279 

QDM Magnetic Relevment of Station 

235, 237 

QDR Magnetic Relevment of Aircraft 

235, 237 

QFE reference 167 

QNH reference 167 

QTE True Relevment of Aircraft 235, 

237 

QUJ True Relevment of Station 235, 

237 

quad engine 52 

quad rotor 121 

quadrantal rule 254 

queuing 280, 286 

racetrack 172, 286 

radar 158-159, 237-239, 274 

radial 238 

radial engine, see star engine 

radiations, radar ~ 158 

radio aid 232-242 

radio communications / 

radiotelephony 168, 180, 226, 274 

radio operator 138 

radio waves 24 

radiodrome 231-234 

radiogoniometer 232 

RALT Radar-Altimeter Indicator 136 

rate 1 turn 91-94 

reaction flight 16, 23-27 

real atmosphere 156 

Rebecca-Eureka 239 

reciprocating engine, see piston ~ 

rectangular wing 42 

redundancy 133, 193 

reference system 75 

rejected take-off, see RTO 

relevment 235-237 

reliability 52, 133 

restricted aircraft 55 

reverse thrust 98, 99 

rho-rho navigation 243 

rho-theta navigation 240, 243 

RMI Radio-Magnetic Indicator 136, 

182, 233-237 

RNAV Area Navigation 231, 241-244, 

262 

RNAV airway 242 

RNV Relative Navigation Velocity 243 

rocket 23, 211-212 

Roissy accident 273 

roll 74, 140 

Rolls-Royce AE3007 200 

Rolls-Royce SNECMA Olympus 593 200 

Rolls-Royce Spey 199 

Romanian Air Forces 31, 37, 202 

ROMATSA 11, 12 

ROMBAC 1-11 One Eleven, Avioane 

Bucuresti 53, 78, 199 

rotation 49, 272, 275, 282 

rotation ellipsoid, see ellipsoid 

rotor blades 111-112, 122 

rotor design 122-123 

rotorcraft 37, 55, 110-128 

rounding errors 148 

route 223, 264 

de Rozier 28 

RPM Rotations Per Minute 118-119, 

197, 207-208 

RTO Rejected Take-Off 272, 273, 275, 

281 

rudder 49, 77-78, 83, 85, 230 

rudder pedals 81, 266 

rudder trim 39, 78 

runway 101, 167, 180, 228-230, 267-

272, 287-288 

runway capacity 63, 268-269, 271 

runway designators 180 

runway length 271 

RVR Runway Visibility Range 288 

RVSM Reduced Vertical Separation 

Minima 59, 254-256 

SAAB-2000 46 

SAAB Grippen 48 

safety 133-134, 140, 206, 221, 254, 

278 

sailplane 55 

Saint Odile accident 260 

Santa Ana accident 61 

satellite 20 

satellite navigation 262 

Saturn V 23-24, 211 

SCA Safe Clearance Altitude 258 

Schiphol, Amsterdam 214 

Seagull, LN-3 51 

seaplane 36 

secular variation (magnetic) 179 

semicircular scheme 254-255 

separation 54, 58-63, 274, 277 

separation conflict 275 

servo 75, 85 

servoaltimeter, see ALT 

SESAR 249, 277 

sextant 150 

shaft (turbine engine) 198-202 

Shaw, Jerry 214 

short final 230, 289 

short period 105-106 

sidereal 141, 172 

sidestick 76, 80, 266 

Sikorsky S-64 Skycrane 124, 126 

Sikorsky S-92A Helibus 115 

skidding 87, 133, 290 

slats 39-40, 99-105 

slip (propeller) 196 

slip and turn indicator 86-87, 135-137, 

174-175 

slipping turn 87 

software 148 

Solar orbit 23 

solid fuel rocket 211 

Sonic Cruiser 200 

Soyuz 25 

Space Shuttle 23, 70-71, 211 

spacecraft 23 

spark plug 193 

speed 50, 56-57, 160-165, 289-290 

speed of sound 160 

speed envelope 95-105 

speed restriction 94 

speed taxiway 271 

sphere (Earth’s shape) 141-142, 245-

246 

spolier 77, 99, 102, 254 

spoilers switch 78 

stability 51, 56, 105-109, 127-128 

stabilized approach 287 

stall (speed) 56, 95-105, 210 

standard rate 1 turn 91-94 

star engine 187, 189-190 

start descent 275 

static pressure 95, 137 

STD reference 167 

STI, see slip and turn indicator 

stick 75, 78, 82, 84 

stopway 271 

stratosphere 155 

stress 203-205 

structural failure 56 

SU Standard Units 155 

subsonic flight 50 

suction (stroke) 188 

Sun radiations 157 

supercharger 188, 192 

supersonic flight 47, 50, 200 

surveillance radar 268, 270 

survivability 221 

sweep angle 39-41, 205 

SWIM System Wide Information 

Management 249 

SWY, see stopway 

symmetrical airfoil 70, 72 

T/C Top of Climb 223, 275 

T/D Top of Descent 223, 275, 285 

T-tail 48-49 

tab 77 

TACAN Tactical Air Navigation 262 

tachometer 207-208 

tail rotor 118-119 

tail section 48-49 

take-off 101, 209, 253, 267-272, 275, 

281-283 

take-off roll 275, 281 

tank capacity 246-248 

Tarom 11, 39, 84 

TAS True Airspeed 92, 97, 137-139, 

160-165, 224, 229, 247, 258, 275 

Tasil point accident 90 

TAT Total Air Temperature 210 
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TAWS Terrain Awareness Warning 

System 261 

taxi 275, 279 

taxiway 269, 279 

TC True Course 229, 244 

TCAS Traffic Collision Avoidance 

System 136, 137-139, 221-222, 256, 

274 

TCI, see turn coordinator 

TCR Total Costs and Risks 223, 225-

227, 231 

temperature gradient 154-155 

terminal 268, 269 

terrain 137-139 

terrain following navigation 258 

TGA Take-off Go Around mode 

(engine) 209 

TH True Heading 179, 229, 233, 235 

theta-theta navigation 243 

thickness 42 

throttle 77-78, 81, 111-112, 121, 188 

thrust 33, 35, 50, 64, 74-75, 77, 98, 

110, 124, 183-197, 211, 257 

thrust levers 98, 191 

thrust vector angle 75 

thurderstorm 90, 168 

tied gyroscope 173 

tiltrotor 38 

time 264 

TK, see track 

TKE Track Angle Error 225, 243 

TMA Terminal Maneuvering Area 94, 

258, 274, 276, 284 

TN True North 175-181, 229 

TODA Take-Off Distance Available 271-

272 

TORA Take-Off Run Available 271-272 

torque 118-119 

total pressure 95 

touchdown 98, 103, 130, 168, 253, 

271, 275, 290, 291 

tower, see TWR 

track 229, 234, 244, 254 

track angle error, see TKE 

trackball 266 

trailing edge 42 

train 95, 221 

transducers 137, 164-165 

transition altitude 259 

transition flight level 259 

transonic compressibility drag 72 

transonic flight 50, 105, 200 

transport aircraft 55 

trapezoidal wing 43-44 

trim drag 72 

triplane 47 

triple engine 52 

TRK, see track 

true airspeed, see TAS 

true relevment of aircraft, see QTE 

true relevment of station, see QUJ 

Tumanskiy 202 

turbine (turbine engine) 198-202 

turbocharger 188, 192 

turbofan 50, 198, 200-201 

turbojet 50, 198-203 

turboprop 50, 123-124, 198-203 

turbulence 90, 99 

turn 86-87, 91-94, 119, 128 

turn coordinator 135-137, 174-175 

turn radius 86, 91-94 

twin 51 

TWR Tower 268, 270, 274, 279-280, 

287, 289, 291 

TXY, see taxiway 

type designator (ICAO) 55 

type for airworthiness 54-55 

Typhoon, Eurofighter 51 

UACC Upper area ACC 274, 276, 284 

UAV Unmanned Air Vehicle 35, 121 

UCAV Unmanned Combat Air Vehicle 

35  

ULM 34 

ultralight 34, 51 

undercarriage, see landing gear 

University Politehnica of Bucharest 9, 

11, 12, 13, 14, 70, 254 

unmanned balloon 31 

unusual attitude 91 

updating 225 

upper airway 276 

upper surface 42 

utility aircraft 54 

V-tail 48-49 

V1 decision speed 272, 275, 281 

V2 take-off speed 272, 275, 283 

vacating runway 275 

VAR Magnetic Compass Variance 177-

181, 233, 235 

variable pitch propeller 196-198 

variometer 135-137, 164-166, 254 

vector (ATC) 285 

vector thrust 35, 131 

vertical (direction) 140-152, 170 

vertical navigation 253-261 

vertical separation 253-256, 277 

vertical speed 140, 256-258, 290 

vertical speed triangle 256-258 

vertical stabilizer 48-49, 85 

vertical stack 286 

vertical wind 258 

vertical wind triangle 256-258 

VFR Visual Flight Rules 213, 221-224, 

231 

vibrations (engine) 210 

video surveillance 139 

Vienna accident 265 

viscous induced drag 72 

visibility 44, 49, 51, 275, 287-288 

visual navigation 213-216, 231 

Vlo lift-off speed 272, 282 

VMC Visual Meteorological Conditions 

213, 275 

Von Braun, Wernher 23, 211-212 

VOR VHF Omnidirectional Range 231, 

233-240, 241-243, 262 

VOR accuracy 243 

vortex drag 68, 72 

Voyager 25-27 

VR rotation speed 272, 275, 282 

VS Vertical Speed 167-168, 254, 258 

VSI Vertical Speed Indicator 136, 164-

166 

VTOL Vertical Take-Off and Landing 35, 

38, 125 

wake turbulence 58-62, 85, 280 

wander, gyroscope ~ 173 

wave drag 72 

waypoint, see WPT 

WD Wind Direction 229, 267-269 

weight 29, 33, 58, 64. 74-75, 93-94, 

110, 146-149, 152-153, 203-205, 211, 

265 

Westland Sea King Mk48 118 

WGS84 World Geodetic System 1984 

145, 253 

wind 31, 129, 228-230, 248-250 

wind direction, see WD 

wind triangle 228-230, 256-258 

wind tunnel 64-66 

wind shear 256-258 

wind sock 267 

wind speed, see WV 

wind vector field 230, 249 

wing 39-40, 203-207 

wing area, see wing surface 

wing leveler 88 

wing root chord 40 

wing span 40 

wing structure 40 

wing struts 42, 46-47 

wing surface 40, 46, 75 

wing tanks 203-207 

wing tip chord 40 

wing-body junction 203-204 

winglet 39-40 

WPT Waypoint 223, 264 

Wright, Orville and Wilbur 83 

WV Wind Velocity 97, 137-139, 229 

WXR Weather Radar Display 137-139 

XTK Cross Track 225, 243 

yaw 74, 75, 83, 91, 111, 173 

yaw damper 88, 107, 109 

yoke 76, 80 

Zagreb accident 278 

von Zeppelin, Ferdinand Graf 31 

Zeppelin Luftshiffbau Company 31, 

130 

zero gravity 93, 149 

zero visibility 220 

ZFM Zero Fuel Mass 152-153 

ZFW Zero Fuel Weight, see ZFM 

Zlin-142, Aero Vochody 186 
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