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NOMENCLATURE 
 

Acronym Definition 

WVE Wake Vortex Encounter 

RVSM Reduced Vertical Separation Minimal 

FAA Federal Aviation Authorities 

ICAO 
International Civil Aviation 

Organization 

FL Flight Level 

Rad Radians 

deg Degrees 

ft feet 

m meters 

mi miles 

NM Nautical Miles 

ATC Air Traffic Control 

ATCO Air Traffic Controllers 

VFR Visual Flight Rules 

IFR Instrument Flight Rules 

ATM Air Traffic Management 

ATFM Air Traffic Flow Management 

FL Flight Level 

UAV Unmanned Aerial Vehicle 

UAS Unmanned Aircraft System 

UA Unmanned Aircraft 

RPAS Remotely – Piloted Aircraft Systems 

AOW Opening Angle 

RW Rate of Wake 

AZ Altitude Differential 

ROD Rate of Descent 

EDR Eddy Dissipation Rate 

BVF Brunt - Vaïsala Frequency 

CS Circulation Strength 
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ABSTRACT 
 

Nowadays, the aviation industry is one of the most important sectors in our society 

with a great variety of aircraft. Its development and evolution has brought the 

appearance of new aircraft and, consequently, an increase in the number of aircraft 

operations in both air and on the ground. 

 

Increasing the number of activities in both Air Traffic Management (ATM) and Air 

Traffic Flow Management (ATFM) has also led to a greater use of the airspace 

capacity. What it means is that the capacity has been optimized in order to perform 

more aircraft operations per minute without taking into account the aerial rules and 

regulations already established. 

 

One of the consequences of the optimization of the airspace capacity was the closer 

approximation between aircraft, that is to say, a reduction of the distance between 

the leading and the following aircraft.  

 

The approximation, which was carried out without taking into account any law, led to 

some really dangerous situations between aircraft due to the appearance of an effect 

on the following aircraft, called turbulences or shaking effects, which had never 

experienced before and which led them to be crashed. 

 

Thus, scientists established an uncertainty area, called Wake Turbulence, which 

should be avoided by all aircraft flying behind another aircraft in order to prevent such 

dangerous situations. Consequently, the aim of this thesis is to understand what a 

wake turbulence is and to establish safety distances requirements between aircraft. 

 

On the one side, what it is going to be studied is what a wake turbulence is, including 

its properties and characteristics, for a better understanding of what it is. 

 

On the other side, a type of modeling of the wake turbulence done previously is going 

to be studied in order to know how much the wake turbulence descends and moves 



and, once it is done, a new modeling of the wake turbulence is going to be performed 

basing on previous studies.  

 

In addition to it, another simulation is going to be performed in order to see some 

collision scenarios between aircraft where the wake turbulence is involved.  

 

And, finally, once it is done, the minimal safety distance that UAS will have to 

maintain respect to other aircraft may be estimated. 

 

.  
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Introduction  1 

INTRODUCTION 
 

The development of new technology in the aviation sector has led to the generation 

of new vehicles, such as UAS, the A380-800 and so on. Consequently, new rules 

and regulations must be implemented and be taken into account. 

 

Both ATM and ATFW are limited by the capacity of the airport. One of this goal is to 

increase this capacity in order to raise the number of aircraft operations per minute. 

However, increasing it without changing the regulations will cause a great number of 

accidents, since the minimal safety distance between aircraft is not respected. 

Therefore, it is needed to study a possibility of optimization of this capacity in order to 

reach the goal. 

 

It is the reason why the wake turbulence is being studied. Scientist wants to optimize 

the wake turbulence separation distances in order to optimize the capacity of the 

airport and, consequently, the airspace. 

 

The aim of this thesis is to study the wake turbulence by modeling it in order to be 

able to establish the minimal safety distance requirements between different aircraft 

categories when they are flying in the upper airspace, that is to say, during the en-

route phase of flight. The idea is to get a volume for each aircraft weight category 

(Super - Heavy, Heavy, Medium and Light) and to simulate different collision 

scenarios with this uncertainty area for getting such distances. 

 

To sum up, the main goal is to establish the minimal safety distances between 

aircraft and UAS by modeling and simulating a volume of the wake turbulence. 

 

Motivation 

 

This Master Thesis has been carried out along all this year along with the ICARUS 

group team at Universitat Politècnica de Catalunya in order to study the safety 
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distances between aircraft when they are flying in the upper airspace and to be able 

to apply such distances to UAS. 

 

The fact that ICARUS is carrying out a project with Air Traffic Controllers (ATCO) and 

EUROCONTROL made me be interested in it. ICARUS would like to see what it 

would happen if an UAS, considered as a Medium or Light aircraft, is flying in the 

same flight path than another commercial aircraft and how ATCO would behave in 

front of this situation. 

 

Hence, as they are using a flight simulator for the project, what it would be proper is 

that the wake turbulence of all aircraft could be shown. This would make us know 

when there is a possibility of collision or a dangerous situation between different 

aircraft pairing during the test simulation. 

 

It is the reason why I wanted to study the wake turbulence and to try to perform a 

modeling of it in order that, for future projects, ICARUS is able to reach its goal. 

 

Thesis Planning 

 

The thesis work is presented in three parts as it follows: 
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The first period of this thesis extends from October to January. The work done during 

this period consisted of getting information about wake turbulences by reading and 

searching any kind of information about it on articles, papers, other previous works 

and so on. As It is a complicated topic, so much time was needed to get ideas about 

what and how it was going to be done. 

 

The second period of this thesis extends from January to April. The work done was to 

study one of the Master Thesis found on the internet about Wake Turbulences. The 

Master Thesis done by Douglas Christopher Swol, "Simulation - Based Analysis of 

Wake Turbulence Encounters in Current Flight Operations" [38], was based on a 

simulation of the wake turbulence envelope in order to study different collision 

scenarios when aircraft were taking off or landing. Studying it took so much time due 

to the lack of information provided by the thesis itself and no aid came from the ones 

who wrote it due to the copyright rights. 

 

Hence, what it was carried out was to try to obtain some realistic solutions, in 2D, in 

order to be able to perform the own modeling of the wake turbulence for this project. 

 

The third period of this thesis extends from April to July. After obtaining such realistic 

solutions from the previous works, a new wake turbulence modeling was done, taking 

into account these results. The new model is based on the computation of a set of 

points behind a point given in a flight radar track obtained from the simulator and, 

then, a volume or an uncertainty area has been obtained. The computation takes into 

account Local and Cartesian Coordinates. 

 

In addition to this, some collision scenarios has been also performed and studied, 

taking into account this new model.  

 

Once everything has been done, some conclusions have been obtained from both 

methods and, finally, some recommendations for future studies are given. 

 

Therefore, the project has been performed as it follows: 
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• Chapter 1 

What It is going to be explained in this chapter is the main definition of what a wake 

turbulence is, including its features, characteristics and effects. Such information was 

obtained from all papers, articles, thesis and so on which were read during the first 

period of work. 

 

• Chapter 2 

In this chapter, a proper aircraft selection criteria will be carried out for choosing 

which UAS can be compared and considered as commercial aircraft, according to 

their wingspan and Maximum Take Off Weight (MTOW) and, after, classifying them 

into the aircraft weight category. 

 

• Chapter 3 

Chapter 3 will be divided in two sections: 

1. The first part consists in the study of a previous project which modeled 

the wake turbulence in order to obtain a wake turbulence envelope in 

2D which would give the altitudinal and longitudinal distance of the 

wake turbulence for each aircraft weight category. 

2. The second part consists in an own wake turbulence model in order to 

obtain an area in 3D for each aircraft weight category, taking into 

account the results obtained from the previous project studied. 

 

• Chapter 4 

And, finally, once all volumes for each aircraft weight category has been obtained, 

some collision scenarios will be studied in order to see if there is any dangerous 

situation while aircraft are flying in the same or different flight levels (FL). 

 

• Chapter 5 

This chapter will summarize and show the conclusions obtained after having done 

this project. And, finally, some future works which will allow to enhance it. 
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Chapter 1 
 

BASICS OF WAKE TURBULENCE 
 
 
In order to start this thesis, it is needed to know what a wake turbulence is and which 

properties or features it has, since it is an important effect that all aircraft generate. 

 

1.1. Wake Vortex Turbulence 

 

Wake Vortex turbulence or, more correctly called wingtip vortices or wake vortices, 

can be defined as a turbulence which is generated by the passage of an aircraft in 

flight, since the airplane takes off until it lands, along all the flight. It can also be 

defined as an air mass which rotates over itself, around a rotating core called vortex 

line. This definition is shown in Figure 1. 

 

 

Figure 1. Wingtip vortices [1][2] 

 

The turbulence is the consequence of the generation of wake vortices due to the 

production of lift, which is generated as a result of the creation of a pressure 

differential that occurs over the wing surface of the aircraft, shown in Figure 2. 
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Figure 2. Producing lift [3] 

 

The pressure differential is generated due to the movement1 of the air from 

underneath to above the wing, that is to say, the higher pressure air always tends to 

flow towards the area of lower pressure and, therefore, it results in a spiraling 

movement of the air around the wingtip. 

 

Figure 3. Air movement around the wing [4] 

 

The spiraling effect creates a tornado-like structure, called wake vortices, that is 

horizontal and left trailing in the flight path of an aircraft.  

 

To sum up, the wake vortices consists of two counter-rotating cylindrical vortices: the 

left vortex rotates clockwise and the right one rotates counter-clockwise. And, 

consequently, it creates an uncertainty area where they have their influence that is 

called Wake Vortex Turbulence, shown in Figure 4. 

                                            
1 The movement makes the air move outwards under the wing towards the wingtip and curl up and over the upper 
surface of the wing. 
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Figure 4. Wake vortices generation [5] 

 

1.1.1. Characteristics 

 

As I have mentioned before, it is needed to do a reference of all the wake vortex 

turbulence features in order to reach a proper knowledge of it for the posterior work. 

 

Wake vortex strength 

 

As these two vortices are a creation of the producing lift, their strength is governed by 

the weight, speed and wing shape of the generating aircraft, although it can be 

changed by the wing configuration, that is to say, by the extension of flaps, slats, 

rudder, etc. However, the most important factor is the weight.  

 

The greatest vortices occur under conditions of heavy weight airplanes in two cases: 

• At low level in clean configuration, that is to say, in calm or very light wind 

conditions.  

• At higher altitudes in thinner air. 

 

Other conditions where wake vortices are greater occur at high angles of attack and 

slow speed [6]. According to the theory of Physics and Fluid Dynamics, wake vortices 

are generated when the air is separated from the boundary layer at higher angles of 
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attack and, consequently, the air passes from being laminar to turbulent. Therefore, 

against higher angles of attack, greater turbulences will take place as shown in 

Figure 5. 

 

Figure 5. Relation between the Angle of Attack and the generated turbulence [7] 

 

During the first two minutes of its initial formation, the strength of the vortex shows a 

little dissipation at altitudes. After these two minutes, the dissipation is greater along 

the vortex path until both vortices break-up. All this process is affected by 

atmospheric turbulences so as it will depend on the atmospheric conditions which 

have already mentioned. 

 

This is the result of the decay process of the wake vortices as aircraft move forward 

and the wake vortex turbulence loses strength. 

 

Decay process 

 

Since wake vortices are generated until they lose strength and dissipate is called the 

decay process and it can give an idea of a possible shape or dimension of the wake 

vortex turbulence. 

 

This is usually fast, complex and so influenced by the atmospheric conditions. This is 

driven by the following factors [8]: 
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• Atmospheric turbulence which imparts viscous forces on the wake that extract 

energy from the vortex, reducing its strength. The heavier the turbulence, the 

quicker the wake decays. 

• Viscous interactions which slowly extracts energy from the vortex, also 

reducing its strength. 

• Buoyancy is an upward force that acts on the vortex as a result of the density 

inside the vortex system being lower than the density outside the vortex. It 

also extracts energy from the vortex, reducing its strength. 

• Vortex Instability is generated in the vortex pair due to a small amount of 

turbulence in the atmosphere that causes the vortices to link. When they link, 

the strength of the pair decays rapidly. 

 

The time that all the decay process takes will determine the wake turbulence life 

span which is going to be explained later. 

 

Dimensions 

 

The two vortices generated by the production of the lift force at the wingtips are 

swirling air masses which develop a circular motion. They are composed of the 

following regions [8]: 

• A core region of the vortex whose size can vary from only a few inches in 

diameter to several feet, depending on the type of aircraft. The outer edge of 

the core has the maximum velocity of the vortex which may exceed of 

300ft/sec (92m/s).  

• The outer region is characterized by a decreasing velocity profile, shown in 

Figure 6. It surrounds the core as large as 100ft (30.5m) in diameter, with air 

moving at speeds that decrease as the distance from the core increases.  
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Figure 6. Velocity profile [8] 

 

In cross-section, the vortex field flow covers an area about two wing spans in width 

and one wing span in height. The vortices tend to maintain this spacing, drifting with 

the wind, at altitudes greater than about a wing span from the ground.  

 

In Figure 7, the cross – section profile is shown. As an example, a Boeing 747, with a 

span of 65 meters, trails a vortex from both wingtips each with a diameter of around 

65 meters. 

 

  

Figure 7. Wake Vortex dimensions [9] 
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The vortex circulation can be outward, upward and around the wingtips when viewed 

from either ahead or behind the aircraft. If the wake vortex encounter persists, a 

slight change of altitude and lateral position (preferable upwind) will provide a flight 

path clear of the turbulence. [9]  

 

The wake vortex strength, the decay process and dimensions are the same for all 

phases of flight, since they explain how a wake turbulence is generated and what 

shape it may have. Even if there is wind or ground effect, the formation of wake 

vortices will be the same but, they will make the wake vortex turbulence behave in 

another way than usual.  

 

Thus, a region behind an aircraft where this turbulence acts is generated and it may 

have consequences over other aircraft, which will be studied later. Figure 8 shows 

the uncertainty area where wake vortices persist. 

 

 

Figure 8. Region of influence of the Wake Vortex Tu rbulence [11] 

 

The area of influence of the wake turbulence is composed by two areas or factors 

which correct the number of potential encounters [12]. Such areas, shown in Figure 

9, are: 

• The wake vortex habitation area is the one where the wake vortex turbulence has its 

influence. 

• The wake vortex hazard area which is typically the size of the aircraft. 
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Figure 9. Comparison of the potential wake vortex h abitation area with respect to 

actual vortex hazard area [12] 

 

Vertical and horizontal movement 

 

Once the vortices are formed, their flow tends to move laterally and to descend 

vertically due to the ambient wind as the aircraft moves forward generating a 

perturbation called wake vortex turbulence [8].  

• Vertically, wake vortices descend at the initial rate of 300 to 500ft/min (1.52m/s 

to 2.54m/s) about the first 30 seconds. Then, the descent rate decreases and 

eventually approaches zero at between 500 and 900ft (152.4 and 274.32m) 

below the flight path. Between 900 and 1000ft (274.32 and 305m) of height 

and at a distance of up to 5 miles (8.05km), both vortices are leveled off and 

they begin to dissipate. This descent rate is determined by the weight, flight 

speed and wingspan of the generating aircraft.  

 

Figure 10. Vertical motion [10] 
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• Laterally, they spread away from the aircraft. This movement is dictated by the 

ambient wind and the proximity of the vortices to the ground. However, at a 

certain altitude above Sea Level, this is determined by the velocity of the wind.  

 

Figure 11. Horizontal motion [10] 

 

 Different scenarios for this last movement are going to be explained: 

a) With no crosswind, the two vortices move apart to clear the flight path 

 

Figure 12. Horizontal movement with no crosswind [8 ] 

 

b) With crosswinds of 1 to 5kt (0.514 to 2.6m/s), they can cause one 

vortex to remain near the flight path.  
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Figure 13. Horizontal movement with a 3-knot crossw ind [8] 

 

c) With crosswinds greater than 5kt (2.6m/s), they can cause the vortices 

to move quickly across the flight path and to break up. 

 

Figure 14. Horizontal movement with a 6-knot crossw ind [8] 

 

Wake Vortex Turbulence life span 

 

The weight, configuration, wingspan, speed and angle of attack of the aircraft 

determines the initial intensity of the wake. The main parameters for determining it 

are the atmospheric stability, wind strength and direction, ground effect and 

mechanical turbulence. These features will give us how much time vortices can 

persist in the air. [13] 

 

Wake Vortex turbulence are most persistent near the ground in light wind conditions 

(3 to 10kt or 1.54 to 5.14m/s). [14] Therefore: 
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• Approximately 30 seconds, with a wind speed between 5 and 10kt (2.6 and 

5.14m/s) 

• Up to 85 seconds, when the wind speed is less than 5kt (2.6m/s)  

• Up to 100 seconds in still air 

 

At a certain altitudes above Sea Level, wake vortices may persist for between one 

and three minutes or longer during en-route flight, as it has been mentioned before. 

Nevertheless, the persistence will be determined by the atmospheric conditions. 

 

1.1.2. Wake Vortex Encounter 

 

There are some times when you are inside of an aircraft when it is flying and, 

suddenly, you sense a shaking or vibrating movement on the aircraft, this is when a 

WVE occurs. It means that the aircraft in which you are flying has crossed a wake 

vortex turbulence from another airplane. However, not all encounters are dangerous, 

it will depend on the position and the time of the following aircraft at this moment.  

 

Some of the studies from pilots reported encountering wake turbulence as much as 

20mi (32.2km) behind and 1000ft (305m) below a preceding aircraft. 

 

The risk for this encounter can occur due to environmental factors as weather 

conditions and operational factors as the spacing separation between aircraft. 

 

During en - route flight, WVEs are more likely to happen in situations of Reduce 

Vertical Separation Minimal (RVSM).  

 

RVSM is an aviation term that is used to describe the reduction of the standard 

vertical separation required between aircraft flying at levels between FL290 (29,000ft) 

and FL410 (41,000ft) from 2,000ft to 1,000ft. This increases the number of aircraft 

flying safely through airspace. RVSM airspace encompasses Europe, North America, 

parts of Asia and Africa and Pacific and Atlantic Oceans. [15] 
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Furthermore, during cruise flight, WVEs are more likely to happen with climbing or 

descending aircraft. Therefore, it means that the introduction of RVSM airspace 

keeps authorities worried due to the idea of reduction from 2,000ft to 1,000ft between 

FL290 and FL410, since wake vortex turbulence may still have effects until 1,000ft 

below of its initial origin. 

 

Effects of the WVE 

 

The greatest hazard from wake turbulence is the induced roll and yaw, more 

dangerous during the take-off and landing procedures since there is a little altitude to 

recover. [13] 

 

The induced rolling moment, shown in Figure 15, can exceed the roll control of the 

encountering aircraft. For evaluating it, the overall profile of the vortex must be 

combined with the aerodynamics characteristics of the encountering aircraft.  

 

By carrying out some experiments, which consisted of making aircraft fly directly into 

the core of a vortex of another aircraft, was shown that the capability of the 

encountering an aircraft to counteract the roll imposed by the wake vortex primarily 

depends on the wingspan and the counter - control responsiveness of the 

encountering aircraft.  

 

Counter-control is usually effective and induced roll minimal outside the rotational 

flow field of the vortex, that is to say, where the wingspan and ailerons of the 

encountering aircraft extend beyond the rotational field. For this reason, aircraft with 

short wingspans are most affected by wake turbulence, even if these are of the high-

performance type. [16] 
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Figure 15. Induced roll [8] 

 

The effect of the wake turbulence depends on the properties of the following aircraft: 

its weight, wingspan, relative positions and wake vortices. Some of them can be: 

• In its mildest form, it might only experience a slight rocking of the wings. 

• In its more severe form, a complete loss of control of the aircraft may occur. 

For recovering from this effect, it will depend on altitude, maneuverability and 

power of the aircraft. 

• A loss of communication between Air Traffic Controllers and pilots.  

 

As it has mentioned, small aircraft are more sensitive to wake turbulence than larger 

aircraft. For this reason, they may be often displaced more than 30 degrees in roll. 

The most dangerous situation for them is when they fly directly into the wake of a 

larger aircraft which can result in a very high sink rates in excess of 1000 feet per 

minute.  

 

Therefore, the main goal is to avoid WVEs which can be really dangerous for the 

preceding aircraft. 

 

In order to reach this goal, ATCOs and pilots are very important and play an 

important role on it, since they are those who control all aircraft either they are on the 

ground or en-route phase of flight (see section 6.1. Annex1). 
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En - route Wake Turbulence Avoidance 

 

As it has mentioned before, WVE frequently occur in RVSM airspace, even with very 

distant aircraft (20NM - 37.04km). For this reason, ICAO lays down strict rules about 

the permitted space between aircraft, based on the size, which are going to be 

explained in the chapter 1.1.3. And, moreover, in these cases, the flight crew should 

consider keeping the seat belt signs ON, when the aircraft proximity is known. 

 

Some avoidance strategies must be taken into account when WVE occur in order to 

guarantee security and safety [8][13][14]: 

• Do not get too close to the leading aircraft  

• Be particularly wary when light wind conditions exist.  

• Avoid the area below and behind other aircraft, especially at low altitude, 

where even a momentary wake turbulence encounter could be disastrous.  

• Avoid flight below and behind a large aircraft. If a larger aircraft is observed 

along the same track (meeting or overtaking), adjust position laterally 

preferably upwind.  

• When passing 1,000ft below another aircraft, the greatest hazard of wake 

turbulence encounter is 10 – 15 miles (16.1km - 24.14km) after the aircraft 

passes overhead. To avoid wake turbulence in this scenario, shown in Figure 

16, the options are: 

o Request a lateral offset 

o Request a deviation for wake turbulence avoidance 

o Request direct to a fix in your flight plan that slightly changes the course 

o Request an altitude change 
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Figure 16. En route avoidance collision maneuver [8 ] 

 

• For alleviating the effects of the wake turbulence, the flight crew may offset 

from the cleared track, by up to a maximum of 2NM (3.7km). The ATC should 

be advised of this contingency action, but will not issue clearance2 for this type 

of lateral offset. The aircraft should be returned to the cleared track as soon as 

possible.  

• Wake turbulence can cause variation in pitch which is sometimes 

accompanied by a loud thumping noise when crossing a vortex 

perpendicularly.  

 

1.1.3. Wake Turbulence Classification 

 

As it has been mentioned along all this chapter, the most important factors for the 

generating wake vortex turbulence are the lift and the wingspan of an aircraft. These 

are the reasons why each aircraft is assigned to a category based on the wingspan 

and the Maximum Take-off Weight (MTOW). 

 

                                            
2 Clearance means authorization 
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The following table shows the FAA criteria, which are the same as ICAO’s: 

 

Category  A B C D E F 

MTOW 

(m) 

m ≥ 

300,000lb3 

m ≥ 

300,000lb 

m ≥ 

300,000lb 

m < 

300,000lb 

m > 

41,000lb 

m < 41,000lb 

or                  

m < 15,500lb 

Wingspan 

(b) 
b > 245ft4 

175ft < b ≤ 

245ft 

125ft < b 

≤ 175ft 

125ft < b 

≤175ft 

Or 

90ft < b 

≤125ft 

65ft < b ≤ 

90ft 

 

b ≤ 125ft 

or 

regardless the 

wingspan 

Table 1. Aircraft category according to their MTOW and Wingspan [17] 

 

So, in other words, depending on the weight, wake vortex turbulence will be 

classified as: 

- Light (L): Aircraft types of less than 15,500lb (7,000kg) or less than 41,000lb 

(19,000kg), which correspond to category F. 

- Medium (M): Aircraft types of more than 41,000lb (19,000kg) and less than 136,000kg 

(300,000lb), which correspond to category D and E. 

- Heavy (H): All aircraft types of more or equal than 300,000lb (136,000kg), which 

correspond to category B and C. 

- Super-heavy (J): A380 aircraft wake vortices turbulence are the biggest ones. So, a 

new classification is being studied in order to be introduced. This classification 

corresponds to category A. [17] 

 

As an example of this classification, a list of aircraft for each category is presented in 

the next table. 

 

Category A  Category B  Category C  Category D  Category E  Category F  

A380 B747 series MD11 B757 series AT72 E120 

AN-225 A340 series B763 B737 series RJ100 B190 

 B777 series A306 A320 series RJ85 C650 

 A330 series C-17 B727 series B463 H25B 

 C-5  MD80 series B462 C525 

                                            
3lb = pounds. 1lb = 0,45359237 kg 
4ft = feet. 1ft = 0.3048m 
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   F50 E170  

   E190 CRJ1/2  

   B717 CRJ7/9  

   GLF5 AT45  

   DC95 AT43  

   DC93 GLF4  

   DH8D SF34  

   F100 DHSA/B/C  

   F70 E135/145  

Table 2. Example Aircraft Assignment to proposed Si x Category System [17] 

 

1.1.4. Wake Turbulence Separation 

 

For avoiding a WVE, wake turbulence separation must be considered when aircraft 

of different weights categories are operating so close in the same flight path. This 

close approximation between them could lead to some dangerous situations for 

those of lower weight categories, since they are unstable to the effects that WVE can 

cause. 

 

It is the reason why ATC is required to apply wake turbulence separation standards, 

shown in Table 3 and 4, except for the case of an IFR aircraft on a visual approach 

where the pilot has reported sighting the preceding aircraft and has been instructed 

to follow or maintain visual separation from it [13]. 
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Table 3.Wake Turbulence separation matrix, accordin g to the previous classification 

[19]  

 

Therefore, summarizing the previous table, the separation to be applied to all aircraft 

in all phases of flight, under radar separation control, is shown in the next table: 

 

Leading Aircraft 
Aircraft Following or Crossing 

Behind 

Minimum Separation 

Distance 

Super-Heavy 

Super-Heavy 

Heavy 

Medium 

Light 

2.5NM 

6NM 

7NM 

8NM 

Heavy 

Super-Heavy 

Heavy 

Medium 

Light 

2.5NM 

4NM 

5NM 

6NM 

Medium5  

Super-Heavy 

Heavy 

Medium 

Light 

2.5NM 

2.5NM  

2.5NM  

5 NM 

Light 

Super - Heavy 

Heavy 

Medium 

Light 

2.5NM  

2.5NM  

2.5NM  

2.5NM  

Table 4. Minimum Separation Distance 

                                            
5 A B757 maintains a separation of 4NM with regard to a heavy, another B757 and a medium aircraft and a 
separation of 5NM regarding a small aircraft. 
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On en - route or intermediate approach phases, no special longitudinal spacing 

based on time are required. Light or Small aircraft will keep a minimum distance of 5 

miles when they cross behind or follow the same track as a Heavy aircraft. [12] 

 

These distances are applied when one aircraft is operating directly behind (within ½ 

NM laterally), at the same level and up to 1,000ft below. However, such distances 

can be increased or decreased depending on the aircraft pairs, as table 3 and 4 

show. In this same situation, when the separation is less than 2 minutes, radar 

controllers should issue a caution of possible wake turbulence, since wake 

turbulence may remain in the air up to 3 minutes.  

 

However, the airspace is classified into different classes and rules and, 

consequently, into different FL with a vertical separation minima, according to RVSM, 

[21]: 

• 1,000ft up to FL290 between all aircraft. 

• 1,000ft between FL290 and FL410 between RVSM6 approved Aircraft only. 

• 2,000ft between FL290 and FL410 between non-RVSM approved aircraft and 

any other aircraft. 

• 2,000ft between all aircraft above FL410. 

 

In Figure 17, it is shown the application of RVSM between FL290 and FL410 

inclusive. For obtaining more knowledge about the definition of the different FL for 

VFR and IFR flight (see section 6.2. Annex 2). 

 

                                            
6 In South African, RVSM are not allowed. Therefore, a separation of 2000ft will be maintained between the 
leader and the follower aircraft. 



26                             UAS sensitivity to wake turbulence for establishing safety distance requirements 

 

Figure 17. RVSM between FL290 and FL410 inclusive.[ 22] 

 

Theoretically, the vertical separation applied between aircraft with different categories 

is the same, even for the A380, considered as a heavy aircraft, because it is fully 

RVSM capable. However, this theory may not be considered for A380-800 aircraft 

because they are classified as Super - Heavy airplanes and the separation might be 

bigger. [23] 

 

 

Figure 18. Vertical separation for any aircraft fol lowing a heavy’s [23] 
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Such cases take place unless ATCOs consider that a bigger distance is needed 

when safety issues are implied, since they are the ones to assess the vertical 

distance by: 

• Observing the secondary ATS Surveillance System Mode C response in 

accordance with the conditions for the use of Mode C or by obtaining level 

reports from pilots.  

• Being aware of aircraft performance characteristics and limitations in relation 

to simultaneous application of horizontal and vertical speed limitations.  

 

Nevertheless, in some special cases such as an intense wake turbulence or in places 

where there are big mountains, that is to say, when aircraft are exposed to 

instantaneous and unpredictable vertical movements, it would be advisable to 

increase the vertical separation. [12] 

 

In all phases of flight, there are some flight rules, depending on the configuration in 

which the aircraft flies, which must be obeyed, taking into account the visibility and 

distance to clouds, established by the Air Traffic Regulations [23]. However, as this 

project will be based on IFR flights, the rules which must be taken into accounts are 

those related to this rule. 

 

Therefore, it is needed to study the different ATM flight scenarios which can occur 

during an IFR cruise flight. Such scenarios imply safety issues by reducing the 

vertical, lateral and longitudinal separation during these operations. The typical 

encounter geometries on en - route flight are shown in the next figure and they are 

going to be plotted a posteriori.  

 

 

Figure 19. Encounter geometries [12] 
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For example, two scenario to be taken into account are the climbing and descending 

flights corresponding to the Encounter Geometries 1 and 2, since they are reported 

to play an important part in the risk of encountering a wake vortex because these 

ones can occur regardless of the weather. It can be divided in two: 

• In Figure 20 and 21, it can be seen a generator aircraft climbing or descending 

and the following aircraft remains at the same level 

 

Figure 20. Generator climbing in front of encounter ing aircraft [12] 

 

 

Figure 21. Generator crossing 1000ft above the enco untering aircraft [12] 

 

• In Figure 22, it can be seen a generator and a following aircraft climbing or 

descending 

 



Basics of wake turbulence  29 

 

Figure 22. Geometry of climbing/descent aircraft [2 2] 

 

Other scenario, which has been already mentioned, is to maintain a vertical 

separation of 1,000ft, corresponding to the Encounter Geometries 3 and 4 , 

depending on both the weather conditions and the characteristics of the generating 

aircraft, since a WVE can also occur in this one.  
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Figure 23. Aircraft are always flying at minimum la teral/vertical separation distance L. 

[22] 

 

Another one can be when two aircraft cross at a separation distance L as shown in 

Figure 24. 

 

 

Figure 24. Geometry of crossing aircraft [22] 

 

And, finally, when two aircraft are flying at the same level, they should maintain a 

longitudinal separation distance as shown in Figure 25. 
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Figure 25. Aircraft are always flying at minimum lo ngitudinal separation distance L. 

[22] 

 
For this thesis, the geometries which have been borne in mind are the Encounter 

Geometries 3 and 4, which correspond to Figure 23 and 24, since the project is 

based on all aircraft flying on en - route phase of flight, besides of the longitudinal 

separation which corresponds to Figure 25. 

 

The reason why these two geometries are going to be studied is because most of the 

time that an aircraft flies on en - route flight, it keeps a constant altitude and velocity, 

unless ATCOs make them vary by climbing or descending its altitude or reducing its 

velocity. 

 

1.3. Preliminary work 

 

After explaining what a wake vortex turbulence is, what it is need to be explained is 

why it was started to study, according to past investigations made by scientists. 

 

The fact that the wake vortex turbulence is of an increasing interest along all these 

years is due to its relation with the amount of accidents which have occurred since 

the appearance of the aircraft industry and most of these ones were reported as a 

consequence of a WVE, instead of pilots. 

 

All research based on the wake turbulence of aircraft were determined especially by 

a series of economic, ecological, flight safety and security demands. This is due to its 

influence in the air at any phase of flight: departure, approach, cruise, arrival and 

land which other aircraft have to take into account. 
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Firstly, wake vortex turbulence research were focused mainly on the departure and 

arrival phases of flight where most of accidents and incidents took place. There are 

different reasons why most of these accidents occurred such as: 

• ATCOs did not take into account the dimensions of the leading aircraft and did 

not give proper separations to pilots in order to avoid a WVE. 

• The radar was not equipped by the most developed technology, reason why it 

did not notice the wake turbulence and not warn the ATCOs about it. 

 

The cause that generated such consequences were to try to reduce the separation 

distances between aircraft while taking off or landing, which meant to increase the 

use of the capacity in both the vicinity of the airport (ATM) and the air (ATFM), since 

it was a limiting factor. It was carried out without taking into account the spacing 

required to avoid the wake turbulence of the preceding aircraft.  

 

Another cause was the development of aircraft with larger wingspan and higher 

weight which implied an improvement of the aircraft performances and, therefore, 

airport installations such as new technologies, tracks, taxiways, etc. Consequently, a 

set of new rules must have been set up. 

 

Optimizing the airport capacity implied an increase in the number of airport activities: 

more passengers, more airplanes landing and taking off per hours, flight 

cancellations and delays. Thus, the need of raising the number of aircraft movements 

on the ground has become one of the most important goals for the aeronautical 

sector, since the augment of air traffic and the introduction of large aircraft.  

 

As a consequence, authorities7 started to look for methods in order to optimize and 

improve the capacity of all airports as reducing the spacing required between aircraft, 

for instance. It leads to establish a set of separation rules which were imposed by 

airport safety and security conditions, related to the action of the wake vortex 

turbulence generated between aircraft. 

 

The principle of spacing is based on the consideration of all relevant influences: 

                                            
7 Authorities: FAA, NASA, airport operators and all the airline industries. 
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• Weather forecast improved and updated by sensing the ambient weather 

conditions used along with data of aircraft pairing to predict the vortex 

behavior to provide a non - hazardous vortex or vortex free space along the 

approach path. 

• Adequate margins of security around the wake vortex decay to overcome the 

uncertainties. 

• The required time to guarantee a safe approach for a following aircraft which 

defined the minimum separation distance. 

 

Therefore, the goal is to minimize the spacing required between aircraft. Some 

actions can be performed by taking distance from their safe limits, that is to say, the 

maximum critical distance behind an aircraft. In such actions, aerodynamics, fluid 

dynamics, meteorology aiming for low vortex design, accelerated decay, weather and 

vortex behavior prediction and aircraft control are counted [25]: 

• Measured to reduce vortex strength 

• Passive or active devices to speed up the vortex decay 

• More precise prediction of vortex behavior 

• Minimization of the non - hazardous vortex or vortex free space 

• Active aircraft encounter control 

 

Speaking about the cruise or en-route flight, 36 wake turbulence incidents were 

reported to occur in the Upper European Airspace, that is to say, above FL285 

(28,500ft) from 2009 and 2012. 

 

Due to the evolution of the air traffic mix with the appearance of "Very Light" or 

"Light" jets and "Super Heavy" aircraft as it has been mentioned above, there is a 

need for a better understanding of en - route wake vortex issues. Moreover, the fact 

the airports' capacity need to be increased also makes airspace capacity raise. It 

means that against more aircraft take off from the airport per hour, more airplanes 

will be flying in cruise flight and, thus, the necessity of enhancing new rules for 

avoiding WVEs. 
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A study performed in 1999 which was conducted to evaluate the possible impact of 

RVSM on the risk of encountering a wake vortex en - route [26]. Once RVSM was 

introduced, 73 wake turbulence incidents took place and were reported to have 

occurred above 5000ft, 26 of which occurred above FL285. It allowed to determine 

the probability of an en-route WVE occurring above FL285, to indentify the main risk 

factors for assessing their evolution on time and to estimate which safety measures 

might mitigated regarding the risk in the ATFM [41].  

 

Therefore, the solution proposed in such study for increasing the capacity of the 

airport was to reduce the safety distances between airplanes by establishing a 

separation margins between a leading and a following aircraft in order to avoid any 

WVE. 

 

To sum up, wake vortex turbulence started to be studied because of the number of 

accidents took place due to its influence. Besides of the little knowledge that ATCOs 

and Pilots had regarding its behavior and the fact that the wake turbulence is invisible 

makes it be more difficult in order to estimate the safety separation distances. 

 

1.4. Conclusions 

 

The conclusions of this chapter can be set as it follows: 

• The wake vortex turbulence of an aircraft is an area created as a consequence 

of two spiraling vortices created at the wingtips of an aircraft. It is also a critical 

area of risk which should be avoided by other airplanes because it may cause 

damages and really dangerous situations to other aircraft flying directly into 

this area.  

• The behavior of the wake vortices and life span are determined by the 

atmospheric conditions on that moment. It happens from the moment they are 

generated, on its origin, located on the wing at b0
8 of its wingspan, until they 

                                            
8 b0 is called the initial spacing and it will depend on the wing geometry, that is to say, if the wing is 
elliptic or rectangular. For this project, an elliptical geometry is considered so, the initial spacing will be 
located at π/4 of the wingspan. 
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dissipate after a certain time behind of it. The dissipation rate will also depend 

on the weather conditions. 

• Wake vortices may persist for between one and three minutes or longer, 

depending on the atmospheric conditions, on en - route phase of flight. 

• The shape that the wake turbulence reaches when wake vortices are leveled 

off is: 

� In cross - section: An area of about two wing spans in width and one 

wing span in height. However, a set of security margins must be taken 

into account around both vortices. 

� Longitudinally: It reaches a distance up to 5mi or more. Between 900 

and 1000ft of height and at a distance up to 5mi, they tend to level off 

and start to dissipate. However, they can persist for 20NM.  

� Vertically: It descends up to 1,000ft  below its origin with a descent rate 

of 300 - 500ft/min during the first thirty second and, after, with a smaller 

descent rate. 

� Laterally: It moves depending on the velocity of the wind and the 

aircraft. 

• WVEs occur when a following aircraft flies into the wake turbulence of a 

generating aircraft. The goal is to avoid such situations by establishing safety 

separation distances between aircraft of different weight categories, according 

to FAA and ICAO. The critical area corresponds to the one contained into 

these safety distance separations where aircraft cannot penetrate. 

• The effects of a WVE are the induced roll and yaw which can cause 

displacements of the following aircraft of 30, 45 or more degrees in roll.  
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Chapter 2 
 

AIRCRAFT CRITERIA 
 
 
In the next chapter, what it is going to be carried out is a proper selection of different 

UAS that, according to its features, can be considered as manned or commercial 

aircraft. Once it is done, these chosen UAS could be classified into the aircraft weight 

category shown in Table 2.  

 

2.1. UAS 

 

Along all these years, a new class of aircraft has been introduced into civil and 

military sectors in order to perform some activities which commercial aircraft cannot 

perform. These are called UAS or Unmanned Aircraft System, according to ICAO. 

For a better understanding of this concept, the FAA established the following 

meaning and shown in Figure 1: 

 “ A UAS is the unmanned aircraft (UA) and all of the associated support 

equipment, control station, data links, telemetry, communications and navigation 

equipment, etc., necessary to operate the unmanned aircraft.”  

 “The UA is the flying portion of the system, flown by a pilot via a ground control 

system, or autonomously through use of an on-board computer, communication links 

and any additional equipment that is necessary for the UA to operate safely.” [27] 
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Figure 26. UAS elements [28] 

 

Nowadays, in Europe, this term has been substituted by Remotely Piloted Aircraft 

System (RPAS), which is defined as a particular type of UAS, in which the aircraft is 

not autonomous and is piloted remotely. 

 

The main difference is that UAS is referred to the complete system, involving 

communications, ground stations, pilots, etc., and RPAS are referred to the vehicle 

which is part of the UAS. 

 

In the beginning, RPAS were only used for military services but, nowadays, their 

continuous development has led to an increase of their use in many aeronautical 

applications, thus giving a major criterion for their civil use. Moreover, it implies that a 

set of rules and regulations must be adopted in order that UAS can operate 

alongside with other commercial aircraft, ensuring its safety. 

 

Hence, one of the main goals for RPAS is to introduce them into the airspace. 

However, the lack of regulations and rules for its flight into it, as well as the lack of 

required technology for it, has become a limiting factor, since the development of 

RPAS leads to new technologies such as equipments and loads, and 
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competitiveness among all sectors due to the development of business, work, 

research, etc. [29] 

 

Thus, it is need to establish a hypothesis in order to make it possible which is: “If they 

were considered as manned aircraft, they would be able to be integrated into the 

airspace”. What this statement says is that UAS must be considered as manned 

aircraft in order to reach the previous goal. However, some aspects must be 

considered in order to carry it out [30]: 

• Accomplishing the flight regulations, ensuring all the time the safety of their 

integration. 

• Fulfilling with the requirements of Communications, Navigations and 

Surveillance accounting the class of airspace where they are flying. 

• To satisfy with the SESAR system (management of the intended track) and 

with the ATC procedures/rules. 

• Need of essential prerequisites in order to safeguard the security of the 

system: 

o RPAS must be approved by the competent authorities. 

o The RPAS operator must hold a valid RPAS operator certificate 

o The Remote pilot must hold a valid license. 

• RPAS must be considered as light aircraft and should avoid carrying 

unnecessary loads.  

• The social impact of their applications must be studied in matter of 

responsibility, privacy, assurance, etc. 

• Need of a common regulatory framework in order to cover RPAS of all sizes 

and all types of operations, since their main objective is to maintain safety all 

the time. 

 

Regarding to RPAS must be light, a conclusion can be set up: a RPAS can be 

categorized as a “Light” or “Very light” aircraft and it could be introduced in the 

Weight classification table, shown in Table 2, for a set of different RPAS. Thus, once 

they are able to fly into the airspace, all the other aircraft, Pilots and Controllers must 

be warned and notified about these drones. 
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As all aircraft, RPAS are also exposed to many hazards such as turbulences, 

lightning, air, etc., when they are flying en-route flight. However, they differ from 

commercial airplanes due to their limited size which involves a major sensitivity to 

wake turbulence, that is to say, they will be affected more than commercial aircraft. It 

may induce need for particular separation requirements as well as a complete study 

of different types of wake turbulence that an airplane, with different wingspans, can 

generate [31][32].  

 

2.2. UAS selection 

 

As I have mentioned before, UAS can be considered as a “Light” or “Very Light” 

aircraft depending on their weight and wingspan. 

 

For this study, two kind of UAS are going to be considered since their performance 

are quite similar to an airplane which can be considered as a “Light” aircraft, shown 

in Table 2. These UAS are: 

• Ikhana, NASA’s Predator – B 

• Northrop Grumman RQ – 4 Global Hawk 

 

But, before explaining them, a “Light” aircraft from Table 3 is going to be taken firstly 

it in order to study its characteristics and properties and, then, to compare them with 

those of the previous UAS. It will allow to classify them into the proper Weight 

category. The aircraft used is the Cessna CitationJet, CJ series Model 525 (C525), 

shown in Figure 2.   

 

The C525 is a turbofan – powered light corporate jet built by Cessna and developed 

as an improved version of the Citation CJ1 which gained its certification around 2005. 

It is mainly used for business trips. [33]  
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Figure 27. Cessna Citation CJ+1 Model 525 [33] 

 

Its characteristics and performances are shown in the next tables: 

 

General Characteristics C525 

Category Jet < 15,500lbs 

Crew One 

Capacity 3 – 9 passengers 

Length 42ft 7in (12.98m) 

Wingspan 46ft 11in (14.3m) 

Height 13.75ft (4.19m) 

Empty Weight 6,765lb (3,069kg) 

Loaded Weight 43,250.3lb (19,618kg) 

Useful Load 3,835lb (1,740kg) 

Maximum Take Off Weight 10,700lb (4,853kg) 

Power Plant 
2 x Williams FJ44 - 1AP 

turbofan, 1,965lbf (8.74kN) each 

Table 5. BC-600's General Characteristics [33] 
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Performance C525 

Maximum Speed 389kt (720km/h) 

Cruise Speed 389kt (720km/h) 

Range 1,300nmi (2,048km) 

Service Ceiling 41,000ft (12,497m) 

Rate of climb 3,290ft/min (1,003m/min) 

Table 6. BC-600's performances [33] 

 

 

2.2.1. IKHANA, NASA's PREDATOR - B  

 

 

NASA’s Predator – B or MQ - 9 Reaper, shown in Figure 3, is an RPAS capable of 

remote controlled or autonomous flight operations, developed by General Atomics 

Aeronautical Systems (GA-ASI) and used by the United States Air Force. It was 

designed and built for long – endurance and high – altitude surveillance for military 

services. [34] 

 

 

Figure 28. NASA's Predator - B, Ikhana [34] 

 

NASA started to use an unarmed version of the Reaper which was named as Ikhana 

and, moreover, acquired a ground control station in a mobile trailer.   
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Ikhana means intelligent, conscious or aware and its main goal is the Suborbital 

Science Program within the Science Mission Directorate. Originally, it was used 

extensively to survey the Southern California wildfires in 2007. [35] 

 

Some of its characteristics and performances are shown in the next table: 

 

General Characteristics NASA’s Predator - B 

Category Jet < 15,500lbs 

Crew 0 onboard, 2 in ground station 

Length 36ft 1 in  (11m) 

Wingspan 65ft 7 in  (20m) 

Height 11ft 10in (3.6m) 

Empty Weight 4,901lb (2,223kg) 

Maximum Take Off 

Weight 
10,494lb (4,760kg) 

Fuel Capacity 4,000lb (1,800kg) 

Payload 

• Internal 

• External 

3,800lb (1,700kg) 

• 800lb  (360kg) 

• 3,000lb (1,400kg) 

Power Plant 

1 x Honeywell TPE331-10 turboprop, 

900hp (671kW) with Digital Electronic 

Engine Control (DEEC) 

Table 7. Ikhana's characteristics [35] 

 

Performance NASA’s Predator - B 

Maximum Speed 482km/h  (260kt) 

Cruise Speed 313km/h  (169kt) 

Range 1,852km (1,000 nmi) 

Service Ceiling 15,240m (50,000ft) 

Endurance 14 hours fully loaded 

Table 8. Ikhana's performances [35] 
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2.2.2. NORTHROP GRUMMAN RQ - 4 GLOBAL HAWK 

 

RQ – 4 Global Hawk, shown in Figure 4, is an RPAS surveillance aircraft built and 

designed by Ryan Aeronautical or, most commonly, Northrop Grumman. In its 

beginnings, it was used for surveillance operations because it was provided by a 

broad overview and systematic surveillance using high resolution synthetic aperture 

radar (SAR) and long – rage electro – optical/infrared (EO/IR) sensors with long 

cruising time over target areas.  

 

Nowadays, it is used by the USA Air Force and U.S. Navy in a high – altitude 

platform for surveillance and security. Its missions are to cover the spectrum of 

intelligence collection capability to support forces in worldwide operations in order to 

provide more precise weapons targeting and better protection of friendly forces.  

 

In addition to this, NASA also uses it for demonstrating new technologies and 

developing new markets for the aircraft, including possible civilian uses. For example, 

it was used for science applications such as measurements of the ozone layer, cross 

– Pacific transport of air pollutants, aerosols and missions to monitor the 

development of Atlantic basin Hurricanes. [36] 

  

 

Figure 29. Northrop Grumman RQ-4 Global Hawk [37] 

 

Some of its characteristics and performances are shown in the next two tables: 
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General Characteristics RQ – 4 Global Hawk 

Category Jet < 41,000lbs 

Crew 
0 onboard (3 remote: LRE9 pilot; 

MCE10 pilot and sense operator) 

Length 47.6ft (14.5m) 

Wingspan 130.9ft (39.9m) 

Height 15.4ft (4.7m) 

Empty Weight 14,950lb (6,781kg) 

Maximum Take Off 

Weight 
32,250lb (14,628kg) 

Fuel Capacity 4,000lb (1,800kg) 

Payload 3,000lb (1,360 kg) 

Power Plant 

1 x Rolls – Royce F137 – RR – 

100 turbofan engine, 7,600lbf 

(24kN) thrust 

Table 9. Global Hawk's general characteristics [37]  

 

Performance RQ – 4 Global Hawk 

Maximum Speed 432kt (800km/h) 

Cruise Speed 310kt (575km/h) 

Range 7,560nmi (14,001km) 

Service Ceiling 60,000ft (18,288m) 

Endurance 28 - 32 hours 

Table 10. Global Hawk's performances [37] 

 

2.2.3. Comparisons 

 

For classifying the previous RPAS into the wake turbulence classification, the most 

important parameters to be taken into account are the weight and the wingspan, 

more the first one since it is the factor that balances the lift force which is the cause 

                                            
9 LRE: Launch and Recovery Element 
10 MCE: Mission Control Element 
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that the wake vortices are produced. Therefore, the MTOW and the Wingspan from 

the previous tables are going to be compared. 

 

 C525 
NASA’s Predator – B  

Ikhana 
RQ – 4 Global Hawk  

MTOW 
10,700lb 

(4,853kg) 

10,494lb 

(4,760kg) 

32,250lb 

(14,628kg) 

Wingspan  
46ft 11in 

(14.3m) 

65ft 7in 

(20m) 

130.9ft 

(39.9m) 

Table 11. Comparison of the main parameters 

 

According to the theory: 

• A "Medium" aircraft is when: 

o Class D: 

� MTOW < 300,000lb (136,000kg) and a wingspan of: 

� 125ft < b ≤ 175ft  (38,1m < b ≤ 53,34m)  

� 90ft < b ≤ 125ft (27,4m < b ≤ 38,1m)  

o Class E: 

� MTOW > 41,000lb (19,000kg) and a wingspan of: 

� 65ft < b ≤ 90ft (20m < b ≤ 27,4m) 

• A "Light" aircraft is when: 

o Class F 

� MTOW < 41,000lb (19,000kg) and a wingspan of: 

� b ≤ 125ft (b ≤ 38,1m) 

� MTOW < 15,500lb (7,000kg) regardless of wingspan or a 

powered sailplane 

 

Therefore, comparing the values from Table 12 to the theoretical data, some 

conclusions can be established: 
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o NASA's Predator - B Ikhana can be considered as a "Light" aircraft 

because its MTOW is less than the theoretical one. 

o RQ - 4 Global Hawk can be considered as a "Medium" aircraft of the 

Class D because it fulfill the requirements of this classification. 

 

2.3. Conclusions 

 

After this study, it can be conclude that some RPAS, such as NASA's Predator - B, 

RQ - 4 Global Hawk and so on, can be classified into the aircraft weight category, 

shown in Table 2, according to their configuration and properties, though all RPAS 

are considered as "Light" or "Very Light" aircraft, according to the European RPAS 

Roadmap from June 2013 [29][30] that says: "RPAS must be considered as manned 

aircraft accounting some aspects. One of them says that RPAS must be considered 

as "Light" aircraft and should avoid carrying unnecessary loads in order to be 

integrated into the airspace." 

 

However, the NASA's Predator - B Ikhana and RQ - 4 Global Hawk can be 

considered as a "Light" and "Medium" aircraft, respectively, according to their MTOW 

and wingspan performances.  
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Chapter 3 
 

WAKE VORTEX MODEL 
 

This chapter will be focused on the wake vortex turbulence modeling. On the one 

side, a previous wake vortex model is going to be studied in order to get some 

solutions related with the shape of the wake turbulence. Then, on the other side, 

such solutions will be used for a new wake vortex model, independently of the first 

one. Thus, a 3D volume of the wake turbulence is going to be obtained. 

 

3.1. Literature in wake vortex model 

 

The first part of the project is to simulate the wake turbulence area of influence for 

each weight category (Super - Heavy, Heavy, Medium and Light). For doing that, a 

programming code in MATLAB has been used. Such code was uploaded on the 

internet inside of a Master Thesis. This Thesis was written by Christopher Douglas 

Swol and the topic was "Simulation - Based Analysis of Wake Turbulence 

Encounters in Current Flight Operations" [38]. 

 

The code is called TDAWP model (TASS Driven Algorithm for Wake Prediction) and 

it was developed and used by NASA/FAA. This model is based on the fluid - 

dynamics Terminal Area Simulation System (TASS) model which numerically solves 

the Navier - Stokes equations to determine wake vortices.  

 

It computes a set of differential equations in order to obtain an area behind of the 

leading aircraft and it provides very accurate predictions for wake descent (altitude 

change) but it does not for longitudinal distance, since there is an error. It means 

that, despite having been validated by demonstrating TDAWP's capabilities as the 

model was able to match the actual wake measurements from LIDAR, a small error 

was maintained which directly depended on the input values of atmospheric 

turbulence (Eddy Dissipation Rate (EDR), Brunt - Vaïsala Frequency (BVF) and 

Circulation Threshold (CS)).  
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The consequence of using such model was to generate a table where a set of 

normalized values which corresponded to its three primary parameters. Such 

parameters drive the size/shape of the wake envelope: EDR, BVF and CS. It 

consisted of running this model over a wide range of these values and, then, 

normalized them. This table was generated by J. Shortle at George Mason University 

(GMU). [38] 

 

 

Figure 30. Wake Envelope Look - Up Table [38] 

 

On the one side, for determining the longitudinal (y-axis or t-axis) and the altitudinal 

(z-axis) of the wake vortex envelope, normalized data values must be calculated and, 

once it is done, it must find these parameters in the look - up table. Then, with the 

chosen row, the wake envelope will take the t* and z* values as the y and z 

coordinates. 

 

On the other side, for computing the lateral (x-axis), it is calculated as the difference 

between the lower and upper boundaries of the wake vortex (z+ - z-), which is added 

to the initial lateral distance.  

 

It must be taken into account that the wake turbulence spreads laterally and vertically 

at the same rate because of the circular rotating motion of wake vortices. However, 

on the en-route flight, it spreads less laterally since no ground effect is produced and, 

consequently, the lateral movement is determined by the velocity of the wind and the 

aircraft. 

 

Therefore, once the model is run, a wake vortex turbulence envelope will be 

obtained, as shown in Figure 31. 
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Figure 31. Wake turbulence envelope [38] 

 

The model is based on real flight track data, written in different text files, from where 

the aircraft information is taken. The goal is to simulate the wake area of influence 

behind the leading aircraft by running 20 points in the simulation. 

 

Such points will be creating by feeding inputs from the operational model, that is to 

say, from the aircraft information (e.g. aircraft mass, velocity, wingspan, air density) 

and a set of coordinates of the envelope will be obtained, shown in Figure 32. 

 

 

Figure 32. Wake turbulence coordinates [38] 
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However, despite having used this model for obtaining realistic solutions of the wake 

vortex envelope in 2D, the lack of information from the files, the Wake Envelope Look 

- Up Table, shown in Figure 30, and the little help coming from the authors who wrote 

this thesis, since it is a NASA's project and there are copyright rights, has made it be 

too difficult to get a better understanding of what they did on the thesis. 

 

Nevertheless, as it has been used, the program has been forced to get some 

solutions by plotting the wake envelope in 2D and obtaining, at least, the altitudinal 

and longitudinal distances in order to use them in the new wake vortex model.  

 

Thus, with these two distances, a shape in 3D of the wake turbulence will be 

obtained by using a new wake turbulence modeling (see section 7.3. Annex 3: Wake 

Vortex Model in literature). 

 

3.1.1. Results and Validation 

 

Before running the program, certain considerations and hypothesis are done. 

• Although it is a model for arriving and departing aircraft, results will be 

considered the same for en-route flights, since all aircraft generate the same 

wake turbulence and the study is focused on this phase of flight. 

• On en-route flight, wake turbulence can remain up to 3min in the air, 

depending on the velocity of the wind, and may have consequences up to 

20NM or more, depending on how strong the wake turbulence is. 

• It is also a model for larger aircraft (Heavy) and small aircraft (light). Therefore, 

Super - Heavy results can be very different from the ones expected.  

• The vertical distance will provide very appropriate values. However, the 

longitudinal distance is not very accurate due to an error of 10% between the 

real and the predicted circulation [24]. 

• The input constant values will be EDR, BVF and CS. These ones are set to be 

0.02, 0.01 and 175 m2/s, respectively. The first two values are chosen 

because they are the normal values on en-route flights and the latter because 

of the introduction of Super - Heavy aircraft. 
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The BVF's value was obtained from Figure 33, according to the cruising FL. 

The EDR's value was obtained from Figure 73 (see section 7.3. Annex 3: 

Wake Vortex Model in literature) and this value is strongly related to the 

BVF's.  

 

Figure 33. Brunt - Vaïsala frequency at cruise alti tudes [41] 

 

• The GMU look - up table is incomplete since the column of maximum 

normalized circulation strength lacks. However, with the EDR and BVF values 

are enough. 

Considering all these hypothesis, the program is run. The model has two parts: 

• The first part identifies which aircraft is the leader and which one is the 

follower. The program will create a wake envelope from the closest point of 

both aircraft, that is to say, in the point where a wake encounter is likely to 

occur. The conditions are: 

� The time between the leader and the follower has to be less or 

equal than 0.1h, since the time is given in hours. 

� The distance between the leader and the follower has to be less 

or equal than 5 miles.  

� The altitude between both of them has to be less or equal than 

1000ft (305m). 
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• The second part takes the leader aircraft and computes its wake envelope 

formed by 20 points as it is shown in Figure 32. It means that, for generating 

these points, it will just take into account the leader aircraft, regardless the 

follower. 

 

Therefore, the results which are going to be obtained are: the wake vortex envelope 

of each aircraft of different weight category in 2D, the longitudinal distance (y - axis, 

Δy) and the height total (z - axis, Δz). 

 

a) Super - Heavy aircraft 

 

The plot in 2D of the wake vortex turbulence of a Super - Heavy aircraft is shown in 

Figure 34.  

 

Figure 34. Super - Heavy aircraft wake vortex envel ope 

 

From the figure, the wake turbulence descends until 1,1794ft below its initial 

formation and reaches a distance of 16.7279NM behind the aircraft. 

 

b) Heavy aircraft 

 

The plot in 2D of the wake turbulence of a Heavy aircraft is shown in Figure 35. 

 
 Distance 

(NM)  

Altitude 

(ft) 

SH 16.7279 

(30.98km) 

1,179.4 

(359.5m) 

Table 12. Super - Heavy aircraft 
results 

 Δy 
(Distance) 

Δz 
(Altitude) 
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Figure 35. Heavy aircraft wake vortex envelope 

 

Looking at the figure, the wake vortex turbulence descends until 943.4058ft below its 

initial formation and reaches a distance of 12.8183NM. 

 

c) Medium aircraft 

 

The plot in 2D of the wake turbulence of a Heavy aircraft is shown in Figure 36. 

 

 
 Distance 

(NM) 

Altitude (ft) 

H 12.5213 

(23.2km) 

943.4058 

(287.5501m) 

Table 13. Heavy aircraft results 

 

Δy 
(Distance) 

Δz 
(Altitude) 
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Figure 36. Medium aircraft wake vortex envelope 

 

Observing the figure, the wake vortex turbulence descends until 560.3524ft below its 

initial formation and reaches a distance of 8.7488NM. 

 

d) Light aircraft 

 

The plot in 2D of the wake turbulence of a Light aircraft is shown in Figure 37. 

 
 Distance 

(NM) 

Altitude (ft) 

M 8.7488 

(16.2028km) 

560.3524 

(170.7954m) 

Table 14. Medium aircraft results 

 

Δy 
(Distance) 

Δz 
(Altitude) 
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Figure 37. Light aircraft wake vortex envelope  

 

From the figure, the wake vortex turbulence descends until 79.8940ft below its initial 

formation and reaches a distance of 1.9831NM. 

 

Remaining in the air does not mean that the end of the wake turbulence affects to the 

following aircraft, it will depend on the circulation strength. As it has been mentioned 

before, wake turbulence can late up to 3min to get completely dissipated and might 

affect to other aircraft up to 20NM in cruise flight. Furthermore, according to the 

theory, the vertical separation between aircraft is up to 1,000ft unless stronger wake 

turbulence may require it to be bigger.  

 

Therefore, such distances and heights obtained are understandable due to the 

properties of each weight category, shown in Table 1. It is also shown that Super - 

Heavy aircraft have the biggest wake vortex envelope and Light aircraft have the 

smallest ones. It means that Light aircraft have the smallest circulation strength, that 

is to say, the smallest weight and, thus, they are going to be the most affected ones 

when they fly behind an aircraft of other weight category. 

 

 
 Distance 

(NM) 

Altitude 

(ft) 

L 1.9831 

(1.0708km) 

79.8940 

(24.352m) 

Table 15. Light aircraft results 

 

 

Δz 
(Altitude) 

Δy 
(Distance) 
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The fact that the GMU look - up table was created was for the purpose of getting an 

example of a possible wake turbulence area. In order to find the proper row for 

drawing the area, EDR, BVF and CS normalized values must be calculated 

depending on the aircraft chosen. Once they are calculated, the program look for a 

row which matches with the values obtained. Then, each coordinate takes the proper 

column of such row, according to Figure 30. 

 

However, if a row from the table is chosen, an area in 2D of the wake envelope can 

be obtained, as it is shown in Figure 32. Thus, comparing the previous results with 

Figure 38, it can be said that the previous wake vortex envelope plots obtained can 

be validated. The picture represents an example of wake area according to the GMU 

look - up table [38], given by J. Shortle [11].  

 

Figure 38. Example of Wake area [11] 

3.1.2. Conclusions 
 

After having worked on the TDAWP model, it has allowed to obtain a 2D profile view 

of the wake vortex envelope and give proper solutions for wake descent but not for 

the longitudinal distance of the wake as a consequence of an error, which has been 

already mentioned previously, and the lack of information from the project itself. 
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What it has taught is that, vertically, wake turbulence can reach up to 1,000ft below 

its origin for Super - Heavy, Heavy, Medium and Light aircraft. This is the reason why 

this vertical altitude is going to be used for a new wake modeling. 

 

3.2. My own wake vortex model 

 

Basing on the previous results for the altitude and longitude coordinates and 

everything that has been mentioned previously, my own simulating program to model 

the wake turbulence has been done. 

 

The simulation consists of modeling a volume for each point from a given flight radar 

track. The program will compute the volume in x, y and z in Cartesian Coordinates 

and, then, getting them in Local Coordinates in order to draw a volume in 3D. The 

result has to give something similar to the dark area shown in Figure 39. This is the 

wake turbulence area from the flight path of the aircraft to 1,000ft below it, 

approximately. 

 

 

Figure 39. Avoidance area [43] 

 

The volume, drawn in Local Coordinates, will be lead to the centre of the Earth. This 

is the reason why it will let us draw it on Google Earth or over another map. 

Moreover, it will let the wake turbulence move on Google Earth, following the bearing 

of the aircraft. 
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3.2.1. Selection of data 

 

First of all, some information data has to be obtained from different files which the 

program will read and open. This data will be the flight radar track of different aircraft, 

their performances and the minimal safety distances established by ICAO or FAA. 

 

The flight plan data sheet gives the information of the route that the aircraft will 

follow, shown in Table 19. It will provide the register number of each aircraft, its 

identification number, time, latitude, longitude, heading and ground speed. 

 

Register 

Number 

Aircraft 

Identification 

Zulu Time 

(h) 

Altitude 

(m) 

Heading 

(Deg) 

Latitude 

(Deg) 

Longitude 

(Deg) 

Ground 

Speed 

(m/s) 

1 IBE760 8.34063435 11277.6 92.114 39.4592643 1.76564455 262.344 

1 IBE760 8.34233189 11277.6 92.114 39.4589424 1.77903414 262.344 

1 IBE760 8.34438038 11277.6 92.114 39.4584918 1.79778814 262.344 

1 IBE760 8.34609222 11277.6 92.114 39.4580412 1.81654215 262.344 

1 IBE760 8.34779263 11277.6 92.114 39.4575906 1.83529615 262.344 

1 IBE760 8.34984684 11277.6 92.114 39.4572687 1.84868574 262.344 

Table 16. Sample Flight Track Data 

 

The aircraft information sheet will summarize all aircraft contained into the previous 

sheet by their register number in order to know how many aircraft are flying. It will 

indicate its weight category classification, wingspan, the maximum distance that 

reaches the wake turbulence and the vertical distances until it decays. This is shown 

in the next table. 

 

Flight 

Record 

Aircraft 

ID 

Wake 

Category 

Wingspan 

(m) 

Maximum 

Distance 

(NM) 

Vertical 

Distance (m) 

1 IBE760 Super-Heavy 80 
17 

(31.484km) 
359.5 

2 IBE946 Heavy 64 
13 

(24.076km) 
287.55 

3 GHAWK4 Medium 40 
9 

(16.668km) 
170.8 

4 IKHAB Light 20 
2 

(3.704km) 
24.352 

Table 17. Aircraft information 
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The minimal safety distances sheet shows the distances established by ICAO and 

FAA between different aircraft configurations. 

 

Separation Distances (NM) Super-Heavy Heavy Medium Light 

Super-Heavy 2.5 6 7 8 

Heavy 2.5 4 5 6 

Medium
11

 2.5 4 4 5 

Light 2.5 2.5 2.5 2.5 

Table 18. Minimal Separation Distance by ICAO/FAA 

 
For this project, four aircraft of different weight categories have been chosen, 

although more aircraft could have been used. The flight plan of each one, obtained 

from the flight plan data sheet by generating a KML on Matlab which has allowed it to 

be drawn on Google Earth, is shown in the next figure. 

 

 

Figure 40. Four flight plans 

 

                                            
11 In this case, the Medium aircraft is a B757, since Global Hawk was classified as a Medium Weight 
Category of Class D. 
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It will let us see which is the real flight path of each aircraft when more aircraft are 

wanted to be run into the program. 

 

3.2.2. Wake Turbulence Envelope 

 

As It has been mentioned before, the program is based on modeling a wake 

turbulence, that is to say, an uncertainty area behind the aircraft where no other 

aircraft should be. Therefore, it has to be a volume in 3D. 

 

This volume is going to be recalculated for each point of the given flight radar track, 

taking into account the latitude, longitude, altitude, speed, heading, wingspan, the 

rate of descent of the wake turbulence, the maximum distance that the wake 

turbulence may remain in the air, the vertical distance which it may descent and the 

angle that makes the wake turbulence spread laterally. 

 

Each computation will be done in Cartesian Coordinates and, after, the results 

obtained will allow to get Local Coordinates in order to generate a KML file, that is to 

say, to represent the wake turbulence in Google Earth, in a static or moving way. 

Furthermore, as all points must have a wake turbulence, they have to be referred to 

another point which is located on the Earth Surface. In this case, all of them will be 

referred to the center of the Earth. It will allow to obtain the wake turbulence in the 

exact point where it is wanted the wake turbulence to be. Moreover, referring all 

points to the center of the Earth will allow our wake turbulence model to move in 

Google Earth, since the recalculated points will take into account the new values of 

latitude, longitude and altitude (see section 7.4. Annex 4: Coordinate reference 

frame). 

 

Therefore, regarding it, the wake turbulence is going to be drawn in planes. The total 

number of planes must be set up, that is to say, a set of imaginary points will be 

calculated behind of each point given in the flight plan and, for each of them, a plane 

will be drawn. This number of points will be constants for each plot. They will be also 

contained into the maximum distance obtained in the section 3.1.1 for each aircraft 
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weight category. The definition of how the wake turbulence shape is going to be is 

shown in Figure 41. 

 

 

Figure 41. Definition of the wake turbulence in the  XY and YZ plane 

 
The computation consists in the next steps: 

1. "α" is the opening angle (AOW) in degrees. For obtaining this value, the 

vertical distance obtained from the results of the chapter 3.1.1 has been used. 

Firstly, the Pythagoras Theorem, shown in Figure 42,  has been used for 

computing the longitudinal distance that must correspond to the vertical 

distance and the Rate of Descent (ROD). 

And, secondly, with this longitudinal distance (l), the AOA can be calculated, 

shown in Figure 43. 

 

Figure 42. YZ Plane Computational Methods 
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Figure 43. XY Plane Computational Methods 

 

2. ROD is the Rate of Descent established to 500ft/min (152m/min). However, as 

the program just works with higher distances, its units are going to be taken as 

m/km. 

 

Figure 44. ROD equation on Matlab (m/km) 

 
3. max_dist is the longitudinal distance obtained from the previous wake model in 

section 3.1.1. 

4. "AZ" is the altitude differential, in meters, which directly depends on the ROD. 

5. "δv" is the velocity differential, in meters, per second which corresponds to the 

aircraft velocity. 

6. "δw" is the half of the aircraft wingspan, in kilometers. 

7. "d'" is the sum of δw plus a distance, in kilometers, which depends on the AOA 

and δv and will make the wake turbulence spread laterally. 

8. "d" is the distance between each plane, in kilometers. 

9. "N" corresponds to the number of points and it is set up to be 10 points. 

 

Therefore, on the program, the computational method is shown in Figure 43: 
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Figure 45. Definition of each plane 

 

Consequently, each plane will be defined by 5 points as it is shown in next figure. 

 

Figure 46. Definition of each vortex of each plane 

 

As the model is going to be in 3D, three coordinates are needed. This is why px (x - 

axis points), py (y - axis points) an pz (z- axis points) have been used which define 

each rectangular plane that will be contained into the wake turbulence plot. Thus, as 

they are going to be referenced to the Earth Center, it will be easier later to make 

them rotate according to the Earth Sphere (see section 7.4. Annex 4: Coordinate 

reference frame). Therefore, the planes will be drawn as it follows in the next figure: 
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Figure 47. Set of planes that will form the wake tu rbulence volume 

   

 

Thus, once the simulation program is run, the result obtained will be similar for each 

aircraft of different weight category. However, it is going to be easy to differentiate 

them according to their wingspan and the values obtained. It is needed to mention 

that against more points behind the aircraft location, more accurate and easier to 

differentiate the different plots will be.  

 

It has to be taken into account that the fact that all points are referred to the center of 

the Earth, the program has to use large distances. This is the reason why, on the 

computational model, the longitudinal axis will be set in kilometers and the altitudinal 

axis will be set in meters, shown in Figure 45. One of the consequences of using 

large distances is that the longitudinal axis may not give proper values of it.  

 

Hence, the results obtained are plotted in the next figures. 
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Figure 48. Super - Heavy Wake Turbulence Plot 

 

 

Figure 49. Heavy Wake Turbulence Plot 
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Figure 50. Medium Wake Turbulence Plot 

 

 

Figure 51. Light Wake Turbulence Plot 

 

Seeing from XY and YZ plane the previous plots, the longitudinal, latitudinal and 

altitudinal axis are represented by Δx, Δy and Δz, respectively. 
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Figure 52. XY Plane  

 

 

Figure 53. YZ Plane 

 

So, summarizing each plot for each aircraft weight category, what it has been 

obtained is shown in the next table: 
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 Parameter s 

Weight 

Category 

Maximum 

Distance 

(km) 

Distance 

between 

points 

(km) 

α  

(deg) 

Lateral 

Distance  

(m) 

Altitude 

Differential  

(m) 

Longitude 

Distance 

(NM) 

Super - 

Heavy 
31.5 3.15 0.03 80 

517 

(1700ft) 
17 

(31.484km) 

Heavy 24.08 2.4 0.024 64 
312 

(1026ft) 
13 

(24.076km) 

Medium 16.67 1.67 0.015 40 
238 

(782ft) 
9 

(16.668km) 

Light 3.7 0.37 0.0075 20 
14 

(46ft) 
2 

(3.704km) 

Table 19. Results 

 

As it has been repeated along all this project, one thing is the duration of the wake 

turbulence in the air and another thing is the minimum safety separation distance, 

since a wake turbulence may last for 3 minutes or longer, depending on the air 

configuration. However, even if it lasts for this time, it does not mean that there is a 

WVE because the vortex strength may be so low that its effect may results negligible. 

This is why it is needed to see how much this strength is in order to specify and 

establish the safety distance requirements for all of UAS. 

 

3.2.3. Comparisons 

 

Before starting the different collision scenarios, it is needed to compare the first 

results with these new ones. 
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Previous 

Model 

Own 

Model 

Previous 

Model 

Own 

Model 

 
Altitude Differential  

(m) 

Longitude Differential  

(NM) 

Super - Heavy (A380 -

800) 

359.5 

(1180ft) 

517 

(1700ft) 
17 

(31.484km) 

17 

(31.484km) 

Heavy 

(B747) 

287.55 

(943.41ft) 

312 

(1026ft) 
13 

(24.076km) 

13 

(24.076km) 

Medium  

(Global Hawk) 

170.8 

(560.38ft) 

238 

(782ft) 
9 

(16.668km) 

9 

(16.668km) 

Light  

(Ikhana) 

24.352 

(79.9ft) 

14 

(46ft) 
2 

(3.704km) 

2 

(3.704km) 

Table 20. Comparisons between both programs 

 

Comparing both results from both programs run in this project, it can be said that the 

values for wake descent can be considered corrects, since they are quite similar and 

give accurate results.  

 

For the longitudinal distance, such results cannot be considered properly corrects, 

since there was an error on the previous project. Nonetheless, this distance has been 

used for drawing the planes contained into the wake turbulence plot and, 

consequently, they have remained constants. 

 

It has to be mentioned that these values are obtained for the most critical case, that 

is to say, when the rate of descent is the highest slope value which is 500ft/min 

(152m/min). In addition to this, in the new wake vortex model, such values will 

depend on the number of points N which will make them change. This is why this 

number of points is established to be the same for all cases. 

 

On the one hand, the previous model method only worked out with small wake 

turbulences, from Heavy's to Light's, without testing the Super - Heavy configuration 

and can only be drawn in 2D. However, it takes into account the CS, the EDR and 

the BVF in order to model the Wake Turbulence Envelope which came from different 



70                             UAS sensitivity to wake turbulence for establishing safety distance requirements 

values contained into a Wake Envelope Look - Up table (see Figure 30) , which is not 

completed. 

 

On the other hand, the final method worked for all weight configurations and for large 

distances, taking into account the X, Y and Z coordinates, which will let it be 

implemented in any map or in Google Earth, as an example of it is shown in Figure 

54. 

 

 

Figure 54. Google Earth Capture 

 

Moreover, all results can be plotted in 3D, instead of 2D, taking a bigger uncertainty 

area. Despite the fact that the CS or vortex strength, the EDR and the BVF have not 

been used along this second part, wake descent results are properly corrects for the 

type of aircraft that has been used in this part. 

 

Using large distances, it may not give proper longitudinal distances like the previous 

model. Nevertheless, the program has been built up following the results obtained 

from the previous wake vortex model. 

 

Furthermore, for this part, what it has been used are the properties of each aircraft 

obtained from the information file, such as velocity, position, time and so on. 
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3.2.4. Conclusion 
 

After running and comparing the results of both methods, it can be said that solutions 

can be considered correct in height (Z-axis), since wake turbulence can descend 

beyond 1000ft, but not for longitudinal (Y-axis), since the existence of an error in the 

previous model. Nevertheless, it is known that the wake turbulence can last in the air 

for 3 minutes or longer, or up to 20NM, depending on the wind conditions and the 

aircraft weight category. 

 

For the method chosen for this project, the results obtained are: 

 

 Own Wake Turbulence Model  

 

Altitudinal 

Distance 

(m) 

Lateral 

Distance 

(m) 

Longitudinal 

Distance 

(NM) 

Super - Heavy 

(A380-800) 

517 

(1700ft) 
80 

17 

(31.484km) 

Heavy 

(B747) 

312 

(1026ft) 
64 

13 

(24.076km) 

Medium 

(Global Hawk) 

238 

(782ft) 
40 

9 

(16.668km) 

Light  

(Ikhana) 

14 

(46ft) 
20 

2 

(3.704km) 

Table 21. Final method results 

 

These results are obtained independently from the RVSM rule, which says that 

vertical distance can be shorten from 2,000ft to 1,000ft in order to optimize the ATFM 

between FL290 and FL410 and ATM around the airport. Such results can be 

explained as it follows: 

1. Vertically, wake turbulences can descend up to 1000ft or more, depending on 

the aircraft weight category.  

2. Laterally, wake turbulences can be spread depending on the velocity of the 

wind and the aircraft, since on en - route flight they usually spread less due to 

the lack of the ground effect.  
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3. Longitudinally, the values are kept constants as the previous model. Wake 

turbulences may be up to 5NM, but could persist during 20NM depending on 

the wind configuration, since some effects could still be notices at such 

distance. 

 

Therefore, vertical and lateral distances can be considered corrects for all the aircraft 

chosen for this project whose solutions are nearly similar to the ones obtained from 

the previous method. The longitudinal distance cannot be considered accurate due to 

the existence of an error. 
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Chapter 4 
 

COLLISION SCENARIOS 
 

Once all the wake turbulence volumes are obtained, different collision scenarios can 

be performed. For doing it, some limitations must be set up with regard to the 

minimum safety distances already mentioned. 

 

The limitations established are: 

• A difference of height of 1000ft (305m) between the generating and the 

following aircraft 

• A safety distance, shown in Figure 55, around the generating aircraft. 

Depending on the weight category of the leading and following aircraft, it will 

take one security distance from the Table 18. 

 

Figure 55. Safety distance around the generating ai rcraft 

 

Moreover, in order to know if the following aircraft is contained into the array of points 

of the generating aircraft, a function called "inhull" is used. It consists in testing if a 

set of points are inside a convex hull. In this case, the position of the following aircraft  

is the test point and the convex hull is the wake turbulence volume that is the array of 

vertices or points of the leading aircraft in 2D (see section 7.5. Annex 5: Inhull 

function). 

 

Consequently, this part must be divided in three parts: 
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1. If the aircraft is contained inside the area of minimum safety distance but 

without being contained into the convex hull, that is to say, into the wake 

turbulence volume, shown in Figure 56. 

However, it is needed to be sure if there is a possibility of WVE in a future, that 

is to say, it is needed to check if there is going to be a dangerous situation in 

any given moment in the pass of the following aircraft behind the leading's, by 

evaluating each point. 

 

 

Figure 56. Aircraft inside the area of minimum safe ty distance without wake 
turbulence influence 

 
 

2. If the aircraft is contained inside the area of minimum safety distance and is 

also contained into the convex hull, shown in Figure 57. 
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Figure 57. Aircraft inside the area and the wake tu rbulence volume 

 

3. In case there is no crashing moment is because the aircraft is not inside of this 

area of minimum safety distance and it is not going to be influenced by the 

wake turbulence in any moment in the future. The message plotted for this 

case will be: "No existence of crashing moment". 

 

 

Figure 58. Aircraft outside of this area of minimum  safety distance 

 

 

Then, evaluating the first two scenarios, some results are obtained: 
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a) In the first case, as the aircraft is not contained into the wake turbulence 

volume, it is needed to check if there is a possibility that, in any given moment, 

there is a possibility of collision between both aircraft. The system will return 

"There is no crash moment due to the wake turbulence. It is needed to check if 

there is any dangerous situation around the aircraft" and, evaluating it, two 

messages will be obtained depending on the aircraft follower's position with 

regard to the leader's: 

I. "There is a possibility of a crashing moment at any moment" when both 

aircraft are really closer to each other. 

II. "There is no going to be any crashing moment" when no crash is 

presented due to the distance between both aircraft.  

 

b) In the second case, the aircraft is contained in both, the wake turbulence 

volume and the area of minimum safety distance. When this situation occurs, 

the system will return the next message: "Wake Turbulence Caution. Keep 

safety distances." and, evaluating it, two other messages will be obtained 

depending on the position of the follower's inside the wake turbulence: 

I. "BE CAREFUL. DANGEROUS SITUATION: WAKE TURBULENCE 

AREA. IMMINENT COLLISION" 

II. "Situation dangerous. A wake turbulence area is located. Some 

turbulence will be noticed". 

 

In the case there is a possible collision, the program will return which the generating 

and the following aircraft are, shown in Figure 59, the minimal wake turbulence 

separation between them, shown in Figure 60, and the position of the following 

aircraft inside the generating's wake turbulence, besides of a message. 
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Figure 59. Scenario Collision 

 

Where the safety distance between a Heavy and a Super - Heavy aircraft is 2.5NM.  

 

Figure 60. Safety distance between a Heavy and Supe r - Heavy aircraft 

 

However, although there is a possibility of collision, it does not mean that there is 

going to be a crash at any moment because it means that the following aircraft 

position is contained into the convex hull.  

 

Hence, this case of collision is shown in Figure 61 and the message obtained is 

shown in Figure 62. 
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Figure 61. Collision scenario 

 
 

 
Figure 62. Message obtained 

 

Thus, it is going to be possible to know if a crash may or may not happen. The 

program will evaluate all those points which are inside this safety distance and those 

which are inside of the wake vortex turbulence. And, therefore, every time the 

program is run, a different message will be obtained. 

 

However, it is needed to be sure if, when the distance between the leader and the 

follower is less than the minimum safety distance, there is or not a crash. It means 

that it is needed to check how much the vortex strength is in order to know how 

strong it is in each calculated point. When this strength is known, it is going to be 
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possible to establish safety distances between aircraft and UAS along the cruise 

flight.  

 

4.1.1. Vortex strength 
 

As I have already mentioned, it is needed to know if there is going to be a crash or 

not, that is to say, if the wake vortex turbulence influences or not in the following 

aircraft. This might be performed if the vortex strength was known and, consequently, 

which effect could be caused if a WVE occurs. 

 

However, it is quite complicated to know exactly the behavior of the wake vortex 

turbulence by this procedure because it is not known which parts of the wake 

turbulence volume are the most critical and the least one, since it is not simulated 

properly by a CFD program which will let the effects be known. 

 

Consequently, what it can be foreseen is that the wake vortex will be stronger from 

the wake vortex origin until the minimum safety distance which corresponds to the 

critical area and the effects that can be caused are shown in the next figure. 
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Figure 63. Vortex penetration scenarios [44] 
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Chapter 5 

CONCLUSIONS 

 

As the goal of this project is to establish safety distance requirements between 

commercial aircraft and UAS, once these ones are able to fly in the upper airspace, 

some conclusions have been obtained. 

 

It has to be counted that all the aerial rules already established for en-route phase of 

flight which are related to the separation from the wake turbulence must be respected 

by everyone, even if they can fly closer than the ones already set up by ICAO and 

FAA. However, if an aircraft or an UAS wants to get closer to another aircraft for 

security manners, pilots will have to wait for the ATCO's clearance until they get the 

authorization, but always keeping a certain security distance. 

 

Both UAS, Global Hawk and Ikhana Predator - B, have been classified as Heavy and 

Light aircraft, respectively, since they are the only ones that are already allowed to fly 

in the Upper airspace. 

 

As wake turbulence can descend from its origin to 1000ft or below it, last 3 minutes 

or longer longitudinally and spread laterally some certain degrees, a wake turbulence 

volume is obtained. Therefore, the solutions obtained are: 

4. For a Super - Heavy: It descends 1700ft vertically, lasts 17NM longitudinally 

and spreads laterally with a wingspan of 80m with an angle of 0.03 degrees. 

5. For a Heavy: It descends 1026ft vertically, lasts 13NM longitudinally and 

spreads laterally with a wingspan of 64m with an angle of 0.024 degrees. 

6. For a Medium: It descends 782ft vertically, lasts 9NM longitudinally and 

spreads laterally with a wingspan of 40m with an angle of 0.015 degrees. 

7. For a Light: It descends 14ft vertically, lasts 2NM longitudinally and spreads 

laterally with a wingspan of 20m with an angle of 0.0075 degrees. 

 

As I have already mentioned previously, the values obtained for wake descent 

(vertical distance) and lateral distance can be considered properly corrects but not for 
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lateral distance. However, all these results have been used in order to obtain the 

Wake Turbulence plot. Moreover, this is the first time that the A380-800 has been 

used for this study, this is why the results might not be equal as the ones provided 

before, since no studies have been carried out about its wake turbulence. 

 

Therefore, it could be considered that UAS, classified as a Medium and Light aircraft 

must be separated: 

• From Super - Heavy and Heavy aircraft by the minimum safety distance 

provided in Table 18 when they are flying at the same flight level. 

• From Medium aircraft, if the UAS is considered as Medium, by a separation 

from 4NM to 9NM and, if the UAS is considered as Light, by a separation from 

5NM to 9NM. 

• From Light aircraft, by a separation of 2NM is enough. 

� A Light aircraft must be held to the safety distance rules for all aircraft 

which fly before it. Nevertheless, when a Light aircraft is flying before 

other Lights', they could be also separated by a distance of 2NM, since 

aircraft of similar weight categories have similar vortex strength and, 

consequently, they can get closer due to the similarity of their 

properties and features. 

 

To sum up, UAS and commercial aircraft will be held to the minimum safety 

distances already established by ICAO and FAA, except for those aircraft which have 

similar weight categories. Nevertheless, in case anything happens and it means that 

an aircraft have to come closer to another aircraft, it is compulsory to obtain an 

authorization from ATCOs. An example of it can be the aircraft refueling while it is 

flying on en - route phase of flight. 

 

5.1. Future work 

 

As it is an initial study for those enterprise who works with UAS, there are some 

improvements to be done for the future and which could be really helpful in the next 

years. 
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First of all, once all UAS are allowed to fly in the Upper Airspace, one thing that 

should be done is to simulate the UAS's wake turbulence on their simulators as 

ATCO's radar display. As the points of the wake turbulence have been displayed as 

rectangular planes, it is going to be easy to draw the wake turbulence symbol of the 

ATCO's radar display (see section 7.1, Figure 67) by doing that each plane is a 

symbol in a shape of a rhombus.  

 

Secondly, such project could have been done by taking into account the three main 

properties of the wake turbulence which are the EDR, BVF and CS. However, it has 

been decided to perform it by Local Position (longitude, latitude, altitude) and aircraft 

properties (speed, wingspan, weight and so on) to make it simple in order to program 

it for the airplanes simulator.  

 

Thirdly, a new constant, which is the wind, should be included in order to move the 

wake turbulence according to the wind velocity and, moreover, it has to be plotted 

what happens if the wake turbulence ascends or descends in order to see how the 

wake turbulences moves. 

 

Fourthly, the two remaining geometries which correspond to Encounter Geometry 1 

(Climb/Descent - Level) and 2 (Climb/Descent - Climb/Descent) should be also 

studied once the program is enhanced. 

 

And, finally, for better understanding and having more knowledge about the behavior 

of the wake turbulence, a CFD simulation in Ansys/Fluent or GID should be done in 

order to know which areas of the wake turbulence volume are the most and the least 

critical in case any aircraft is inside of the convex hull, which is the wake vortex 

turbulence. 

 



84                             UAS sensitivity to wake turbulence for establishing safety distance requirements 

Chapter 6 
 

BIBLIOGRAPHY AND REFERENCES 
 

 [1]  http://en.wikipedia.org/wiki/Lift_(force) (Accessed on 1st/12/2013) 

[2]  

http://www.eurocontrol.int/eec/public/standard_page/WP_MTV_APT_WakeVor

tex.html (Accessed on 1st/12/2013)  

[3] http://theengineerspulse.blogspot.com.es/2011/03/why-dont-airplanes-flap-

their-wings.html (Accessed on 1st/12/2013) 

[4]  http://people.eku.edu/ritchisong/554notes3.html (Accessed on 5th/12/2013) 

[5]  http://www.faa.gov/air_traffic/publications/atpubs/aim/aim0703.html (Accessed 

on 5st/12/2013) 

[6]  http://www.skybrary.aero/index.php/Wake_Vortex_Turbulence (Accessed on 

5th/12/2013) 

[7]  http://adamone.rchomepage.com/index6.htm (Accessed on 04th/04/2014) 

[8]  http://www.faa.gov/training_testing/training/media/wake/04SEC2.PDF 

(Accessed on 10th/10/2013) 

[9]  http://www.airservicesaustralia.com/wp-content/uploads/wake.pdf (Accessed 

on 21st/10/2013) 

[10]  http://www.pilotfriend.com/safe/safety/wake_turb.htm (Accessed on 

9th/12/2013) 

[11]  SHORTLE, J., SHERRY, L., WANG, J., ZHANG, Y., Wake Turbulence 

Research Modeling. C. Doug Swol and Antoni Trani. George Mason 

University. Virginia Tech. 

[12]  HOOGSTRATEN, Mike, VISSER, Hendrikus, HART, Dennis, TREVÉ, 

Vincent and ROOSELEER, Frederic. An Improved Understanding of En-route 

Wake Vortex Encounters. Delft University of Technology. Delft, The 

Netherlands. EUROCONTROL HQ. Brussels (Belgium). 

[13]  http://www.skybrary.aero/bookshelf/books/660.pdf (Accessed on 1st/12/2013) 

[14]  http://www.skybrary.aero/bookshelf/books/184.pdf (Accessed on 1st/12/2013) 

[15]  http://en.wikipedia.org/wiki/Reduced_vertical_separation_minima (Accessed 

on 1st/12/2013) 



Bibliography and references   85 

[16]  http://www.skybrary.aero/bookshelf/books/1959.pdf (Accessed on 

1st/12/2013) 

[17]  Wake Turbulence. Course Reference Card. Advanced Aircrew Academy 

[18]  Aeropuertos Españoles y Navegación Aérea. División de Información 

Aeronáutica. Airbus A380 - 800 Wake Turbulence. Cancel AIC 3/08. España. 

25th September 2008. 

[19]  

http://www.faa.gov/other_visit/aviation_industry/airline_operators/airline_safety

/safo  

[20]  http://www.skybrary.aero/bookshelf/books/1166.pdf (Accessed on 

1st/12/2013) 

[21]  http://aspch.org/wp-content/uploads/2013/10/Clase-4-ASPCH.pdf (Accessed 

on 1st/12/2013) 

[22]  CAMPOS, L., MARQUES, J., Collision Probabilities, Aircraft Separation and 

Airways Safety. Lisbon. Portugal.  

[23]  http://www.skybrary.aero/bookshelf/books/522.pdf (Accessed on 1st/12/2013) 

[24] http://www.manualvuelo.com/NAV/NAV71.html (Accessed on 1st/11/2013) 

[25]  HAHN, Klaus – Uwe. Coping with wake vortex. Institute of Flight Research, 

German Aerospace Center (DLR), Germany 

[26]  Woodfield, A. A. En-route encounters with wake vortices, and the 

implications of reduced vertical separation minimum RVSM. 1999. Woodfield 

Aviation Research Report No. 9901. 

[27]  http://www.faa.gov/about/initiatives/uas/uas_faq/index.cfm?print=go 

(4th/04/2014) 

[28]  BILLINGSLEY, Thomas B., Safety Analysis of TCAS on Global Hawk using 

Airspace Encounter Models. Massachusetts Institute of Technology, June 

2006. 

[29]  European RPAS Roadmap. Roadmap for the integration of civil Remotely-

Piloted Aircraft Systems into the European Aviation System. June 2013.  

[30]  European RPAS Roadmap. Annex 1. 

[31]  European RPAS Roadmap. Annex 2. 

[32]  European RPAS Roadmap. Annex 3. 

[33]  http://www.topspeed.com/aviation/aviation-reviews/cessna/2004-2010-

cessna-citation-cj1-ar84044.html (Accessed on 4th/04/2014) 



86                             UAS sensitivity to wake turbulence for establishing safety distance requirements 

[34]  AMBROSIA, V., BUONI, G., COBLEIGH, B., HOWELL, K., RIVAS, M., The 

NASA IKHANA UAS Platform. Introduction to UAV. 

[35]  http://en.wikipedia.org/wiki/General_Atomics_MQ-9_Reaper (Accessed on 

4th/04/2014) 

[36]  http://en.wikipedia.org/wiki/Northrop_Grumman_RQ-4_Global_Hawk#NASA  

(Accessed on 4th/04/2014) 

[37[ 

http://www.northropgrumman.com/Capabilities/GlobalHawk/Pages/default.asp

x (Accessed on 4th/04/2014) 

[38]  SWOL, Douglas Christopher. Simulation - Based Analysis of Wake 

Turbulence Encounters in Current Flight Operations. Final Master's Thesis. 

Virginia Polytechnic Institute and State University. Antonio Trani, Pamela 

Murray - Tuite, Shinya Kikuchi. August 24, 2008. 

[39]  FAN, Z., TRANI, A. Potential Wake Encounter Analysis in Current and 

NextGen Flight Operation. Virginia Polytechnic Institute and State University. 

April 25, 2013. ICNS Conference. 

[40]  GERZ, T., HOLZÄPFEL, F., DARRACQ, D., Commercial Aircraft Wake 

Vortices. Pogress in Aerospace Science 38 (2002) 181 - 208. Elsevier 

Science Ltd. Institut for Atmospheric Physics, German Aerospace Center 

(DLR) Oberpfaffenhofen. Centre Européen de Recherche et Formation 

Avancée en Calcul Scientifique (CERFACS) Toulouse. 

[41]  HOOGSTRATEN, Mike, VISSER, Hendrikus, HART, Dennis, TREVÉ, 

Vincent and ROOSELEER, Frederic. An Improved Understanding of En-route 

Wake Vortex Encounters. Delft University of Technology. Delft, The 

Netherlands. EUROCONTROL HQ. Brussels (Belgium).  

[42]  http://www.ohio.edu/mechanical/programming/balloon/balloon.html 

(4th/04/2014) 

[43]  http://ourairspace.org/Safety.html (Accessed on 12/07/2014) 

[44]  

http://www.lr.tudelft.nl/fileadmin/Faculteit/LR/Organisatie/Afdelingen_en

_Leerstoelen/Afdeling_AEWE/Aerodynamics/Contributor_Area/Secretar

y/M._Sc._theses/doc/2007_1_6.pdf (Accessed on 22/07/2014) 

 



Annexes   87 

Chapter 7 
 

ANNEXES 
 

7.1. ANNEX1: AIR TRAFFIC CONTROL 
 

Air Traffic Control (ATC) is a service provided by controllers at Control Tower (TWR) 

or Area Control Centre (ACC) of an airport to lead aircrafts when they are on the 

ground (TWR) or in the air (ACC). Its maximum priority is the avoidance of possible 

collisions between aircrafts that operate under the system, to organize the amount of 

traffic and to make it agile. The main objectives are: 

- To prevent collisions between aircraft; 

- To avoid collision between aircraft and obstructions of the area (terrains, etc.); 

- To keep air traffic organized, arranged and managed; 

- To give advices and the information necessary to a safe flight; 

- To notify Search and Rescue to controllers of the respective area. 

 

Air Traffic Control is used in the countries that comprise the Chicago Convention12 

that created the International Civil Aviation Organization (ICAO). ATC usually 

controls most of the airspace, either controlled or uncontrolled airspaces. 

Furthermore, ATC requires certain rules for pilots and controllers. One of them is to 

keep communications all the time along the duration of the flight, since aircraft must 

be in control in case of a possible emergency could occur. [1] 

 

7.1.1. Airspace 

 

Airspace is the portion of the atmosphere controlled by a country above its territory, 

either marines or terrestrials, or more generally, any specific three dimensional 

portion of the atmosphere. By international law, the notion of a country’s sovereign 

                                            
12Chicago Convention or Convention on International C ivil Aviation  established the International Civil 
Aviation Organization (ICAO) in which a set of rules of airspace, aircraft registration and safety, and details the 
rights of the signatories in relation to air travel. The Convention also exempts air fuels from tax. The document 
was signed on December 7, 1994. Nowadays, this Convention has 191 states parties. 
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airspace corresponds with the maritime definition of territorial waters as being 12 

miles out from a nation’s coastline. The Federation Aéronautique International has 

established the Karman line at an altitude of 100km (62.1 mile) that represents the 

boundary between the Earth’s atmosphere and the outer space.  

 

 

Figure 64. 

Atmosphere’s layers 

 

Since 2004, ICAO has been studying a proposal in order to reduce the number of 

airspace classes in three, which would be to the current classes C, E and G.  

 

Airspace is divided into two basic types, known as FIR (Flight 

Information Region), which is also subdivided into a variety of 

areas and zones including those ones where certain flying 

activities are restricted or completely prohibited, which are 

defined by ICAO (International Civil Aviation Organization).  

 

With the development of aircraft, an Upper Information Region 

(UIR) was added upon FIR. 

 

- Controlled airspace is an aviation term to describe airspace 

in which traffic levels are such that it has been determined that 

ATC must give some form of separation between aircraft. It 

exists in the vicinity of busier airports where aircraft used in 

commercial air transport flights are climbing out from or making 

an approach to the airport, or at higher levels where will tend to 

cruise. 

 

- Uncontrolled airspace is an aviation term that describes 

airspace when an ATC service is not deemed or cannot be 

provided by practical reasons. Usually, ATC does not exercise 

any authority but will provide information to aircraft in radio 

contact. It is permitted to fly under IFR and VFR. 
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Figure 65. Airspace classes 

 

7.1.2. Air Traffic Controllers 
 

Controllers are the people who work either Control Towers (TWR) or Area Centre 

Controls (ACC) or Terminal Area Control Centers (TACC). Their objectives are to 
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control aircrafts, through their Radar Display where all aircraft information (heading, 

velocity, height, wake turbulence, orientation and direction of the air) is showed, 

when they are flying, they are approaching to the runway or they are going to take off 

in order to keep security, safety and confidence among aircrafts. So, a kind of 

relation between pilots and controller must exist [2][3]. 

 

 

Figure 66. Radar Display from Madrid’s ACC 

 

 

Figure 67. Demonstration of the aircraft 

on the Radar Display 

 

Positioning symbol : It indicates where 

the aircraft is located. Information 

comes from the Primary Radar 

Historical Points : It indicates the path 

that the aircraft has done. The 

separation between them shows how 

the speed of the aircraft is, that is to 

say, fast or slow 

• If these ones are more separated, it 

means that the aircraft speed is 

fast. 

• If these ones are closer, it means 

that its speed is slow. 
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This symbol is usually accompanied with a label which indicates all the aircraft 

information. 

 

 

Figure 68. Information 

label joint to the previous 

symbol 

 

 

 

 

 

As this project is going to take into account just the en-route flight, the controllers that 

work in this area are the following ones [2]: 

- Executive Controller has the principal decisions about separation between 

aircraft and the communications with them and carries out the tactical 

coordination with other executive controllers. 

- Planner Controller keeps updated and organized the flight progress strip, 

detects conflicts and gives the necessaries coordination to avoid them, 

coordinates with Tower Controls the route clearance for their takes off and 

passes the considered ones to the collateral dependencies. 

- Assistant of the Flight Data attend to the Planner Controller and, if it is 

necessary, carries out coordination. In Spain, this kind of controller does not 

exist yet but, continues working in some towers and his mission is to maintain 

updated the relative information to the flight plans.  

 

In addition, here is counted on other two controllers of more level [2]: 

- Supervisor Controller controls and inspects that as personnel as systems 

realize their missions in an appropriate form, in order to maintain the work 

from the sectors. Also, coordinates with the other supervisor controllers from 

IBE: Iberia (Type of Airline) 

035: It is the real altitude (feet) above the airport’s 

altitude and the arrow, which follows it, means if the 

aircraft climbs or descends. 

130: Level of flight authorized 

24: Ground speed (knots) 

H: Type of wake vortex turbulence 

1121: CSSR Code. It is the code that is put on the 

transponder of the SSR in order to know the 

aircraft’s identification. It is an indicator.  
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other dependency, provides aids in the case of overloads of the work and 

coordinates the rotation of the equipment of controller of the sectors under his 

responsibility. 

- Head of chamber is, usually, the position to the oldest controllers which have 

more experience. He coordinates all the elements that participate in the 

operations, included the management of the affluence of traffic. 

 

Moreover, each ACC or TACC has an Approach Controller which is in charge of 

approaching the aircraft to the airport when it is going to land or moving it away after 

taking off. Depending on the routes that aircraft must follow, the weather, the traffic 

and anything that could affect to pilots, some aeronautical charts are published which 

contain the instructions of the flight to follow and the established routes which are 

standards. These are published by the airports for aims to attenuate the effects of the 

noise in some airports. Other important functions of these are [2]: 

- Protection of the environment (principally noises) 

- To be able to follow the flight, although a possible loss of communications 

between controllers and pilots may occur 

- To follow the shortest route of departure or arrival  

- To allow climbs and descents interrupted by a minimum of restrictions 

- To reduce the number of communication ground/air, as well the service load of 

pilots and air controllers. 

 

In addition, there is other action that is realized in the approach control which is 

called radar vector service. Through it, controllers can indicate to pilots the altitude 

that they must keep and the path that they must fly. It finishes when pilots can carry 

out the navigation by themselves.  

 

7.1.3. Pilots 
 

A pilot is the person who controls or leads the aircraft since it takes off until it lands, 

according to Air Traffic Controllers’ rules. He/she is responsible for all passengers’ 

safety of the aircraft and assumes when the seat belt button has to be switched on or 

off. [3] During en-route flight, they must obey: 
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- The Air Traffic Controller from the sector in which they are flying in order to 

avoid collision, accidents and to ensure a safe flight. 

- The Flight Plan that they wrote before the flight where the flight path 

(waypoints) to follow is indicated. Unless, along the flight, pilots decide to 

change it and, immediately, they have to communicate this change to 

controllers in order that these ones authorize it provided that safety is always 

assured. 

 

All pilots and controllers must be related and coordinated in order to arrange, 

manage and control aircraft flight. This relation is very important, since the pilot who 

controls the aircraft and the controller who controls both know that it is very 

dangerous not to understand each other since it can generate certain tension and 

stress between them [2][3]. 

 

7.1.4. Air Traffic Controllers and Pilots responsib ilities 
 

Since wake vortex turbulence is considered invisible and pilots are not able to see it 

in order to apply proper avoidance procedures during Instrumental Meteorological 

Conditions (IMC), Air Traffic Controllers (ATCO) are the ones responsible for 

maintaining longitudinal separation distances between IFR aircraft and wake-

turbulence advisories to VFR aircraft, while providing radar vector service. It means 

that they have the responsibility of preventing the wake turbulence encounter [2][3]. 

 

So, ATCO responsibilities are: 

- Providing cautionary wake-turbulence information to assist pilots prior to their 

assuming visual responsibility for avoidance.  

- Issuing cautionary information to any aircraft if wake turbulence can have an 

adverse effect on it. 

- Providing separation during departure, arrival and cruise procedures.  

 

Aircraft can be separated by visual means, that is to say, when visual separation is 

assured because another previous separation is approved. For ensuring the latter, 
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controllers should consider aircraft performance, wake turbulence, closure rate, 

routes of flight and known weather condition.  

 

On en-route flight, controllers may use visual separation in lieu of radar separation in 

conjunction with visual approach procedures. When a pilot sees the other aircraft and 

is instructed to maintain visual separation from the aircraft: 

- The pilot receives the information of the other aircraft (position, direction, 

speed) by ATC. 

- Acknowledge is obtained from the pilot that the other aircraft is in sight. 

- The pilot is instructed to maintain visual separation from the other aircraft. 

- The pilot is advised if the radar targets appear likely to converge. 

- If the aircraft are converging, the other aircraft is informed of the traffic and 

that visual separation is applied. 

 

In addition to that, Pilots are also responsible for avoiding wake turbulence 

encounter. So, they are responsible for: 

- Acceptance of instructions from air traffic control (ATC) such as traffic 

information, instructions to follow and aircraft and the acceptance of a visual 

approach clearance in order to ensure safe take-off, land and cruise 

procedures. 

- Accepting the responsibility for providing wake turbulence separation. 

- Avoiding wake turbulence when: 

o Flying in VFR and not being vectored by ATC. 

o Maintaining visual separation. 

o Cleared for a visual approach. 

- Depending on the aircraft category, pilots have to use it in radio 

communications. 

- Pilots can request a waiver to the interval, if they consider possible wake 

turbulence effects. ATC may acknowledge this request as acceptance of 

responsibility for wake-turbulence separation. 

 

As the most dangerous wake turbulence encounters occur during take-off and land 

procedures, pilots will have more responsibilities during these stages of the flight.  

 



Annexes   95 

So, for helping pilots, when a wave turbulence encounter is likely to occur, ATC is 

required to provide a “CAUTION WAKE TURBULENCE” advisory when VFR aircraft 

are not being radar vectored and are behind heavy jets and to IFR aircraft that accept 

visual separation or a visual approach. 

 

As wake turbulence is variable, controllers may also use a wake-turbulence caution 

if, in their opinion, this perturbation can have an adverse effect on the aircraft. 

However, they are not responsible for anticipating its existence or effect. 

 

7.1.5. Rules and Regulations 

 

Flight conditions 

 

Nowadays, there are some rules and regulations which are applied according to the 

visibility, the distance to clouds and the kind of airspace in order to let aircraft fly 

which are Visual Flight Rules (VFR), Instrumental Flight Rules (IFR) and 

Meteorological Conditions (MC).  

Visual Flight Rules (VFR) 

 

VFR is a set of aviation rules in order that a pilot to be able to operate an aircraft in 

weather conditions depending on visual references of the environment outside of the 

cockpit, so that he can control the aircraft’s altitude, speed and heading and to be 

able to navigate and maintain a safe distance from obstacles such as terrain, 

structures and other aircraft. Pilots flying under VFR conditions have the 

responsibility for maintaining a distance from other aircraft, since routes or altitudes 

are not assigned by air traffic control. The essential collision safety principle by 

guiding the VFR pilot is “see and avoid”.  

 

Furthermore, VFR must take into account the meteorological conditions that have 

some requirements for VFR flight, accepted by Visual Meteorological Conditions 

(VMC). If this requirements are not met, they are considered instrument 

meteorological conditions and, in addition, a flight may only operate under IFR. The 
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IFR’s operations need a specific training, experience, equipment and inspection 

requirements for the pilot and the aircraft.  

 

Instrumental Flight Rules (IFR) 

 

Like the rules previously explained, Instrument Flight Rules (IFR) are a set of 

regulations and procedures whereby navigation and obstacle clearance of an aircraft 

is maintained with reference to aircraft instruments. Otherwise, separation from other 

airplanes is provided by Air Traffic Control (ATC). This kind of rule can be used when 

pilots have low visibility due to the cockpit’s instruments which provide to the pilot the 

information necessary to be able to fly between clouds. Pilots can fly between clouds 

in IFR Flight but not in VFR Flight because it is not allowed, therefore, IFR is an 

alternative to Visual Flight Rules.  

 

Weather Conditions (WC) 

 

One of the main purpose of IFR is the safe process of aircraft in Instrument 

Meteorological Conditions (IMC) although, normally, the weather is considered to be 

IMC when it does not meet the minimum requirements for Visual Meteorological 

Conditions (VMC). The boundary criteria between VMC and IMC are known as VMC 

minima. 

 

IFR flight is not concerned by the weather so it is allowed to fly in conditions of low 

visibility as, for example, when there are clouds. Despite that, an aircraft flying under 

IFR flight must always take into account the geographic conditions of the surrounding 

areas near to the airport to proceed to the takeoff and the landing.  

 

In aviation, Visual Meteorological Conditions (VMC) are those that allow an aircraft 

to fly under VFR flight, so that pilots have sufficient visibility to fly an aircraft 

maintaining visual separation from terrain and other aircraft. VMC is defined by 

certain visibility minimums, cloud ceilings and cloud clearances, (depending whether 

it is day or night as in some countries that night VFR is allowed). They usually require 
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greater visibility and cloud clearance in controlled airspace than in uncontrolled 

airspace, in which there is less risk of a VFR aircraft colliding with an IFR emerging 

between clouds. Therefore, aircrafts can be flown closer to clouds. However, in Class 

B airspace class, a lower cloud clearance is required.  

 

Instrument Meteorological Conditions (IMC) is an aviation term that describes 

weather conditions that are required by pilots to fly by reference to instruments, 

therefore, under IFR is more preferable that under VFR. It is defined as less than the 

minima specified for VMC. When pilots have good visibility, they can determine the 

attitude of the aircraft by using visual cues from outside the aircraft (the horizon) but if 

they do not have such clues at their disposal they must use the internal clue of 

attitude that is provided by an Attitude Indicator ( or “Artificial Horizon”). The 

availability of a good horizon is, of course, controlled by meteorological conditions 

that are very important in order to avoid the terrain.  

 

Summarizing both definitions, the next table shown when they can be applied: 

 

 Visibility Ceiling 

VMC > 3 miles > 5,000ft 

MMC13 3 miles 
1,000ft < ceiling < 

5,000ft 

IMC < 3 miles < 1,000ft 

Table 22. Meteorological Conditions Categories 

 

Separation 

 

In air traffic control, separation is the concept of keeping an aircraft in a minimum 

distance from another aircraft or obstacle to reduce risk of collisions, depending of 

meteorological visibility conditions and known VFR aircraft by applying a flight 

                                            
13 MMC: Marginal Meteorological Conditions 
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clearance based on route, time, distance, speed, and altitude differences between 

aircraft. Separation is usually used in the two kind of airspace existing. In controlled 

airspace, ATC separates IFR aircraft from obstacles and other IFR. In uncontrolled 

airspace, IFR aircraft do not requires clearance and they separate themselves from 

each other by using charted minimum altitudes to avoid terrain and obstacles. For 

that, there are different separations between aircraft, altitudes, etc. 

- Vertical separation : Between the surface and an altitude of 29,000ft 

(8,800m), no aircraft should be closer vertically than 1,000ft (305m). Above 

that altitude, no aircraft shall come closer than 2,000ft (600m) except in the 

airspace where RVSM can be applied. 

- Horizontal separation : A horizontal separation must exist if two aircraft are 

separated by less than the vertical separation minimum. It is based on a 

procedural separation which uses upon reports made by the pilots over radio. 

It requires the use of the radar. 

- Lateral separation : A lateral separation minimum is based on the position of 

the aircraft when it is derived visually through radio navigation aids. Other 

lateral separation may be defined by the geography of pre-determined routes. 

When it is based in beacons, the aircraft must be a certain distance from the 

beacons and their tracks. 

- Longitudinal separation : It is known that an aircraft is flying with a 

longitudinal separation, and not flying with lateral separation. This is due to 

that the aircraft followed by tracks within 45 degrees of each tower so it follows 

the same route and requires a longitudinal separation. It is based upon time or 

distance as measure by DME. 

- Radar separation : This separation is applied by a controller through radar 

display, from where controllers can see two aircraft at a certain minimum 

horizontal distance away from each other. Since radar they can control those 

two aircraft and ensure a certain minimum safety distance or go modifying the 

altitude, speed, depending on where and how the aircraft is. The actual 

distance used is 5NM (9km) in the airspace, 3NM (5.56km) in terminal 

airspace at lower levels or 10 NM (18.52km) if there is less reliable radar 

cover. 

- Reduced separation : Controllers may reduce separation below the required 

minima. 
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1. In the vicinity of an aerodrome : From the Control Tower, a controller 

can see aircraft in the vicinity of the aerodrome or airport. The large 

windows of the tower allow a high visibility. If two aircraft arrive at the 

aerodrome and they are unable to see each other, they must 

immediately inform it to the controller who will reduce the standard 

separation necessary to avoid a possible collision. 

2. RVSM (Reduced Vertical Separation Minima) : is an aviation term that 

is used to describe the reduction of the standard vertical separation 

required between aircraft flying at levels between FL290 (29,000ft) and 

FL410 (41,000ft) from 2,000ft to 1,000ft. This increases the number of 

aircraft flying safely through airspace. These aircraft have a more 

modern altimeter and autopilot system. RVSM airspace encompasses 

Europe, North America, parts of Asia and Africa and Pacific and Atlantic 

Oceans. 

 

Wake vortex encounters, during cruise flight, are more likely to happen with climbing 

or descending aircraft. Therefore, it means that the introduction of RVSM airspace 

keeps authorities worried due to the idea of reduction from 2,000ft to 1,000ft between 

FL290 and FL410, since wake vortex turbulence may still have effects until 1,000ft 

below of its initial origin, as I mentioned above. 

 

For this reason, ICAO lays down strict rules about the permitted space between 

aircraft, based on the size, which are going to be explained in the following chapter. 
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7.2. ANNEX 2: FLIGHT LEVEL CHART 
 

 

Figure 69. Flight Level Chart [4]  
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7.3. ANNEX 3: WAKE VORTEX MODEL IN LITERATURE 
 
To make it simple, two departing aircraft from the airport of Barcelona have been 

used in order to generate the wake turbulence area. The plots obtained and plotted 

on this paper are coming from the flight with ID VLG8744. 

 

 

Figure 70. Trajectory of the first plane with ID AA F235 
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Figure 71. Trajectory of the second plane with ID V LG8744 

 

The idea of modeling the wake turbulence envelope follows the next scheme. 

 

 

Figure 72. Procedure for performing the simulation [5] 

 

7.3.1. Selection of data 

 

As I have mentioned previously, the airport selected is Barcelona's. Two aircraft, 

departing or landing, have been chosen in order to run the program. However, results 

are not going to be as accurate as it is wished due to the lack of information from 

some files and an incomplete GMU table. But, it is going to be a closer approach to 
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the real results and it can give an idea of how wake turbulence envelope might be in 

2D. 

 

From both aircraft, their flight track data from Radar have been used and it provides 

the flight identification (the airline and flight number), the aircraft type, the position 

(latitude and longitude), altitude, ground speed and heading. 

 

Flight 

Number 

Flight 

ID 
Time (h) 

Latitude 

(Rad)  

Longitude 

(Rad) 

Altitude 

(ft) 

(100*ft)  

Ground 

Speed 

(kt) 

Heading 

1 AAF235 13.084959 41.305258 2.10234 8 180 245 

1 AAF235 13.0867 41.303606 2.097643 10 193 245 

1 AAF235 13.088937 41.301858 2.092672 12 193 245 

1 AAF235 13.090766 41.300362 2.088418 14 196 245 

1 AAF235 13.092574 41.299324 2.085464 15 204 245 

Table 23. Sample Flight track data  

 

Moreover, other aircraft properties must be taken into account because they play an 

important role in the generation of wake vortices. These ones are the aircraft's weight 

and wingspan. 

 

Aircraft Information 

Flight 

Record  

Departure 

Airport 

Aircraft 

Types 

Wake 

Class 

MALW 

(kg) 

MTOW 

(kg) 

Wingspan  

(m) 

OEW 

(kg) 

1 LEBL A380 
Super 

Heavy 
427000 575000 80 276800 

2 LEBL B747 Heavy 260362 396890 64 178800 

3 LEBL B757 Medium 101610 123600 38 64110 

4 LEBL C525 Light 4491 4853 14 3069 

Table 24. Sample Aircraft Information 
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7.3.2. Aircraft mass 

 

As it is known, from the moment that an aircraft takes off until it lands, it loses fuel 

and, therefore, weight. This is the reason for which the exact mass of an aircraft 

cannot be acquired and, hence, an approximation of the mass has to be performed. 

 

Recognizing that the mass of any given aircraft type can vary based on the distance 

the aircraft will be travelling (for departing aircraft) or the distance that has been 

traversed (for arriving aircraft), the aircraft will be distributed across a range of 

possible mass values.  

 

For arriving aircraft, the calculation comes from three equations [5]: 

1. The first's establishes the Mean Landing Weight (MLW) 

(1)       (1.1) 

OEW is the Operating Empty Weight of the aircraft, mwf is the mean weight 

factor and MALW is the maximum allowable landing weight. 

2. The second's computes the mass variation (MV) based on normal random 

distribution and with some standard deviation. 

 (2)        (1.2) 

randN(1,1) is a pseudrorandom number generated from a normal distribution 

with mean of 0 and standard deviation 1. The “std” is the standard deviation of 

aircraft mass. 

3. The third's computes the actual aircraft mass (AAM) 

(3)         (1.3) 

 

For departing aircraft, the calculation is similar to the previous one. 

 (1)    (1.4) 

 (2)       (1.5) 

 (3)         (1.6) 

 

The standard deviation and the mean weight factor are shown in the next table. 
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7.3.3. Wake Turbulence envelope 

 

For generating the Wake envelope, the three main parameters that determine its 

size/shape have to be taken into account. It is also important to account with the 

shape of the wing, that is to say, if this is rectangular or elliptical. For this case, an 

elliptical wing is going to be considered and s, which is a rotational constant, will be 

taken as π/4 [6][7]. 

 

1. Circulation strength (CS) is the strength produced due to the circular motion of 

the wake vortices. The initial circulation strength ( ) is the one produced at 

the initial moment in time where the wake leaver the aircraft wing and it 

depends on the aircraft's mass, air density, wingspan and the aircraft velocity.  

 

 

 

From this equation, the normalized circulation is calculated by the division 

between the Circulation Threshold and the Initial Circulation Strength. The 

Circulation threshold represents the minimum of wake circulation needed to 

pose some type of risk to encountering aircraft.  

 

Aircraft Mass Distribution 

Departures Arrivals 

Wake Class Mean SD Mean SD 

Super-heavy 0.85 0.03 0.4 0.05 

Heavy 0.85 0.03 0.4 0.05 

B757 0.85 0.03 0.5 0.05 

Medium 0.8 0.03 0.6 0.05 

Light 0.8 0.05 0.8 0.1 

Table 25. Mean and Standard Deviation of Aircraft M ass [5] 

(1.7) 

(1.8) 
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2. Eddy Dissipation Rate (EDR) measures the atmospheric turbulence that can 

affect how rapidly the wake dissipates. Higher values of EDR indicate stronger 

atmospheric turbulence and thus tend to undermine the circulation of the wake 

vortices and cause them to dissipate faster. Its normalized value is calculated 

in the next equation. 

 

 

 

(1.9) 
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Figure 73. EDR table definition  

 

Where b0 is the spacing initial, where the wake is generated on the wing, and 

it is calculated by the rotational constant (s) per the wingspan (B). 

 

 

 

3. Brunt - Vaïsala Frequency (BVF) measures the vertical gradient of the 

temperature in the atmosphere. It also measures the buoyancy of the aircraft 

whereby the wake can swing. Against higher values of the buoyancy, more 

rapidly the wake dissipates, but also cause the wake to rise instead of sinking. 

(1.10) 
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A rising wake could influence the chance that another aircraft may encounter 

the wake.  

 

 

 

This equation describes the computation of the normalized BVF where t0 is the 

initial time in seconds. 

 

 

 

These two last parameters are really important since the atmosphere plays an 

important role in the dissipation of the wake. The atmospheric condition which has 

the greatest effect on the evolution of the wake vortex is the stratification [8], 

frequently described by the Brunt - Vaïsala Frequency. 

 

7.3.4. Air density 

 

The density of the air, ρ, has to be taken into account because it varies with the 

altitude in which the aircraft is flying. To higher altitudes, lower altitudes. For this 

case, it is assumed that the aircraft will fly in the first layer of the atmosphere, that is 

to say, in the troposphere which goes from 0 to 11km, according to ISA (International 

Standard Atmosphere). 

(1.12) 

(1.11) 
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Figure 74. ISA temperature distribution [9] 

 

For this reason, the density of the air will be calculated as follows [9]: 

 

 

 

Where ρ0 is the density of the air at 0m, a is the thermal gradient which corresponds 

to -0.0065K/m in the troposphere, R is the ideal gas constant and T0 is the 

temperature at sea level. 

 

(1.13) 
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7.4. ANNEX 4: COORDINATE REFERENCES FRAME 
 

 

ECEF means Earth - Centered, Earth - Fixed or also called Conventional Terrestrial 

System (CTS). It is the Cartesian coordinate frame of references used in GPS. It 

uses three - dimensional XYZ coordinates (in meters) to describe the location of a 

GPS user or satellite. In this case, it will be the position of the aircraft which is wanted 

to be studied. 

 

The term "Earth - Centered" means that the origin of the axis is located at the mass 

center of gravity and the term "Earth - Fixed" means that the axis are fixed with 

respect to the earth and it rotates, over the Z axis, with the earth. 

 

 

Figure 75. ECEF coordinate references frame 

 

LLA means Latitude, Longitude and Altitude. It is the one called geodetic - mapping 

coordinates which consists of drawing an imaginary grid composed by parallels and 

meridians. As the geoid surface is two - dimensional, two parameters are needed in 

order to specify the position which are the latitude and longitude. 

 

As all points are going to be referenced to the center of the Earth, it is needed to take 

into account that the Earth is an ellipsoid. This is why a series of parameters that 

define the ellipsoid are necessary. Such parameters, shown in Figure 47, are: 

• Semi -  major axis (a) 

• Semi - minor axis (b) 

• First eccentricity (e) 
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• Second centricity (e') 

• Flattering (f) 

 

 

Figure 76. Ellipsoid parameters 

 

It will allow to convert from ECEF to LLA or from LLA to ECEF, depending on what it 

is wanted to show or to do.  

 

And, for rotating it over the Earth Surface in 3D regarding to its center, a rotation 

matrix has to be used. 

 

 

Figure 77. 3D Rotation Matrix 

 

Where X, Y and Z are matrices of points which are wanted to be evaluated. In this 

program, the wake turbulence will be drawn as a set of planes.  
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a) From LLA to ECEF 

 

Regarding what it has been said, LLA coordinates can be converted to ECEF as it 

follows. 

 

Figure 78. LLA to ECEF 

 

b) From ECEF to LLA 

 

In the same way as before, ECEF coordinated can be converted as it follows. 

 

 

Figure 79. ECEF to LLA 
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Figure 80. Geocentric and Geodetic Latitudes 

 

c) From NED to ECEF 

 

As all points are referred to the Earth center, it is needed a system which is able to 

compute it. This is the NED (North - East - Down) system or also known as Local 

Tangent Plane (LTP). It is a geographical system for representing state vectors. 

 

 

 

Figure 81. NED reference frame 
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It consists of three numbers: one represents the position along the northern axis, one 

along the eastern axis and the last one represents vertical positions. 

 

 

Figure 82. Matrix Rotation 

 

This system will allow the wake turbulence to move along the flight plan in Google 

Earth, since all points are well - referred. 
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7.5. ANNEX 5: INHULL FUNCTION 
 

function  in = inhull(testpts,xyz,tess)  
% inhull: tests if a set of points are inside a con vex hull  
% usage: in = inhull(testpts,xyz)  
% usage: in = inhull(testpts,xyz,tess)  
% usage: in = inhull(testpts,xyz,tess,tol)  
% 
% arguments: (input)  
%  testpts - nxp array to test, n data points, in p  dimensions  
%       If you have many points to test, it is most  efficient to  
%       call this function once with the entire set .  
% 
%  xyz - mxp array of vertices of the convex hull, as used by  
%       convhulln.  
% 
%  tess - tessellation (or triangulation) generated  by convhulln  
%       If tess is left empty or not supplied, then  it will be  
%       generated.  
% 
%  tol - (OPTIONAL) tolerance on the tests for incl usion in the  
%       convex hull. You can think of tol as the di stance a point  
%       may possibly lie outside the hull, and stil l be perceived  
%       as on the surface of the hull. Because of n umerical slop  
%       nothing can ever be done exactly here. I mi ght guess a  
%       semi-intelligent value of tol to be  
% 
       tol = 1.e-13*mean(abs(xyz(:)));  
%       In higher dimensions, the numerical issues of floating  
%       point arithmetic will probably suggest a la rger value  
%       of tol.  
% 
%       DEFAULT: tol = 0  
% 
% arguments: (output)  
%  in  - nx1 logical vector  
%        in(i) == 1 --> the i'th point was inside t he convex hull.  
%   
% Example usage: The first point should be inside, the second out  
% 
%  xy = randn(20,2);  
   tess = convhulln(xyz);  
%  testpoints = [ 0 0; 10 10];  
%  in = inhull(testpoints,xy,tess)  
% 
% in =  
%      1  
%      0  
% 
% A non-zero count of the number of degenerate simp lexes in the hull  
% will generate a warning (in 4 or more dimensions. ) This warning  
% may be disabled off with the command:  
% 
%   warning('off','inhull:degeneracy')  
% 
% See also: convhull, convhulln, delaunay, delaunay n, tsearch, tsearchn  
% 
% Author: John D'Errico  
% e-mail: woodchips@rochester.rr.com  
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% Release: 3.0  
% Release date: 10/26/06  
  
% get array sizes  
% m points, p dimensions  
p = size(xyz,2);  
[n,c] = size(testpts);  
if  p ~= c  
  error 'testpts and xyz must have the same number of colum ns'  
end  
if  p < 2  
  error 'Points must lie in at least a 2-d space.'  
end  
  
% was the convex hull supplied?  
if  (nargin<3) || isempty(tess)  
  tess = convhulln(xyz);  
end  
[nt,c] = size(tess);  
if  c ~= p  
  error 'tess array is incompatible with a dimension p spac e'  
end  
  
% was tol supplied?  
if  (nargin<4) || isempty(tol)  
  tol = 0;  
end  
  
% build normal vectors  
switch  p  
  case  2  
    % really simple for 2-d  
    nrmls = (xyz(tess(:,1),:) - xyz(tess(:,2),:)) *  [0 1;-1 0];  
     
    % Any degenerate edges?  
    del = sqrt(sum(nrmls.^2,2));  
    degenflag = (del<(max(del)*10*eps));  
    if  sum(degenflag)>0  
      warning( 'inhull:degeneracy' ,[num2str(sum(degenflag)), ...  
        ' degenerate edges identified in the convex hull' ])  
       
      % we need to delete those degenerate normal vectors  
      nrmls(degenflag,:) = [];  
      nt = size(nrmls,1);  
    end  
  case  3  
    % use vectorized cross product for 3-d  
    ab = xyz(tess(:,1),:) - xyz(tess(:,2),:);  
    ac = xyz(tess(:,1),:) - xyz(tess(:,3),:);  
    nrmls = cross(ab,ac,2);  
    degenflag = false(nt,1);  
  otherwise  
    % slightly more work in higher dimensions,  
    nrmls = zeros(nt,p);  
    degenflag = false(nt,1);  
    for  i = 1:nt  
      % just in case of a degeneracy  
      % Note that bsxfun COULD be used in this line, but I have chosen to  
      % not do so to maintain compatibility. This code is  still used by  
      % users of older releases.  
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      %  nullsp = 
null(bsxfun(@minus,xyz(tess(i,2:end),:),xyz(tess(i, 1),:)))';  
      nullsp = null(xyz(tess(i,2:end),:) - repmat(x yz(tess(i,1),:),p-
1,1))';  
      if  size(nullsp,1)>1  
        degenflag(i) = true;  
        nrmls(i,:) = NaN;  
      else  
        nrmls(i,:) = nullsp;  
      end  
    end  
    if  sum(degenflag)>0  
      warning( 'inhull:degeneracy' ,[num2str(sum(degenflag)), ...  
        ' degenerate simplexes identified in the convex hul l' ])  
       
      % we need to delete those degenerate normal vectors  
      nrmls(degenflag,:) = [];  
      nt = size(nrmls,1);  
    end  
end  
  
% scale normal vectors to unit length  
nrmllen = sqrt(sum(nrmls.^2,2));  
% again, bsxfun COULD be employed here...  
%  nrmls = bsxfun(@times,nrmls,1./nrmllen);  
nrmls = nrmls.*repmat(1./nrmllen,1,p);  
  
% center point in the hull  
center = mean(xyz,1);  
  
% any point in the plane of each simplex in the con vex hull  
a = xyz(tess(~degenflag,1),:);  
  
% ensure the normals are pointing inwards  
% this line too could employ bsxfun...  
%  dp = sum(bsxfun(@minus,center,a).*nrmls,2);  
dp = sum((repmat(center,nt,1) - a).*nrmls,2);  
k = dp<0;  
nrmls(k,:) = -nrmls(k,:);  
  
% We want to test if:  dot((x - a),N) >= 0  
% If so for all faces of the hull, then x is inside  
% the hull. Change this to dot(x,N) >= dot(a,N)  
aN = sum(nrmls.*a,2);  
  
% test, be careful in case there are many points  
in = false(n,1);  
  
% if n is too large, we need to worry about the  
% dot product grabbing huge chunks of memory.  
memblock = 1e6;  
blocks = max(1,floor(n/(memblock/nt)));  
aNr = repmat(aN,1,length(1:blocks:n));  
for  i = 1:blocks  
   j = i:blocks:n;  
   if  size(aNr,2) ~= length(j),  
      aNr = repmat(aN,1,length(j));  
   end  
   in(j) = all((nrmls*testpts(j,:)' - aNr) >= -tol, 1)';  
end 
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In order to make this function works, a 2D matrix of N columns per M rows is needed. 

From the program, a 3D matrix is obtained which saves the aircraft location and the 

vortices of each calculated plane of the wake turbulence, computed behind of it in the 

computational method. This 3D matrix is defined as "data1" and its size is formed by 

N planes, 5 points and 3 coordinates (Longitude, Latitude and Altitude) and it is 

shown in next figure: 

 

 

Figure 83. Data1 - 3D matrix 

 

However, what it is needed is a 2D matrix. Consequently, the previous matrix must 

be concatenated to 2D and a new matrix in 2D will be obtained which will be called 

"data8".  
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Concatenating means passing from a 3D matrix to a 2D matrix as it is shown in the 

following pictures: 

 

 

Figure 84. 3D matrix which corresponds to "data1" 

 

 

 

 

Figure 85. 2D Matrix which corresponds to "data8" 

 

Therefore, the new matrix will take the vortices values of data1 and will introduce 

them in a row and its corresponding columns. This is why the size of "data8" will be N 

planes per 5 vortices and 3 coordinates (Longitude, Latitude and Altitude) and it is 

shown in next figure: 
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Figure 86. data8 matrix. Size of N*5 rows and 3 col umns 

 

Once it is done, in each vertex of the wake turbulence it is going to be drawn a circle 

as it is shown in the next figure. 
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Figure 87. Concatenating values
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