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Abstract

:

The expected growth of air traffic in the coming decades demands an increase in airspace capacity, which is already close to saturation in many scenarios. One of the limiting factors of this capacity is the separation minima. At present, the separation standards that apply in a given volume of airspace are fixed, and their values were determined decades ago. Therefore, in order to increase airspace capacity, this is an area in which improvement is sought, namely through the implementation of new operational concepts, which include the redefinition of separation minima and the way they are applied. A key issue in this redefinition of separation minima is the question of the possibility of reducing the current standards. However, a reduction in the separation to a fixed value may not be a valid solution, as not all aircraft and ways of operation are the same. In this paper, the authors propose a new operational concept, the Ad Hoc or Variable separation minima. Ad Hoc separation refers to the application of different separation minima values in the same volume of airspace, depending on a set of factors, e.g., aircraft model and encounter geometry, among others. In this research, the factors that define these Ad Hoc separation minima and their relationships are discussed. A model for their determination is presented. Simulations are performed to analyze the operational feasibility of the Ad Hoc separation minima. The results show that the application of this concept is operationally feasible.
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1. Introduction


The SESAR program aims to develop the future European Air Traffic Management (ATM) system. One of its four Key Performance Area (KPAs) is capacity. In view of the expected growth in air traffic demand in the coming years [1], the current goal is to increase airspace capacity, which is close to saturation in many scenarios. Excessive separation standards are, in many cases, one of the determining factors that limit airspace capacity.



Separation standards or separation minima are the minimum distance required between aircraft in vertical or horizontal dimensions to ensure the safe navigation of aircraft in controlled airspace. Separation minima values are fixed for a singular airspace, and generally, for an en route scenario with implemented surveillance system, 1000 feet (ft) applies for the vertical dimension in the Reduced Vertical Separation Minima (RVSM) airspace (FL290–FL410), and 5 nautical miles (NM) in the horizontal dimension. Furthermore, these values were determined decades ago [2]. Eurocontrol in [3] states that the horizontal en route separation minima of 5 NM was first implemented in the 1990s in Europe. Therefore, it seems that with the current applied separation minima, we have not taken full advantage of the developments that have taken place in recent years in the aeronautical industry (new aircraft functionalities and better performance, new surveillance systems, performance-based navigation, and new ATCo support tools, among other factors).



Thus, separation management is an area wherein improvement is sought, namely through the implementation of new operational concepts, which include the redefinition of the separation minima and the way they are applied. On the one hand, according to [4] a reduction in the separation minima would provide several benefits in the areas of capacity, safety, and efficiency. On the other hand, a reduction in the separation to a fixed value may not be a valid solution, as not all aircraft and methods of operation are equal. Hence, in the same way that more aircraft categories are being defined to adapt the separation in the approach and departure phases (RECAT project [5]), the solution proposed by the authors herein consists of defining different separation minima for each aircraft pair, according to their capabilities and the characteristics of the encounter, while maintaining safety levels. Treating all aircraft equally is a consequence of human limitations. However, technology allows us to distinguish between different situations. This is the concept of the Ad Hoc or Variable separation minima.



Ad Hoc separation refers to the application of different separation minima values in the same volume of airspace, depending on a set of factors, e.g., aircraft model, encounter geometry, etc. It is a novel idea proposed by the authors that is close to the concept of Time-Based Separation (TBS) [6,7], which was implemented at Heathrow Airport by NATS, but with significant differences. However, this similarity is only in concept. TBS refers to the application of a variable time-based longitudinal separation on the final approach segment, depending on the different headwind conditions that dissipate the wake vortex sooner or later. Results show that the capacity values at Heathrow Airport have improved since its implementation [8].



Moreover, the Variable separation minima imply reductions in the separation minima wherever possible. Hence, to establish the values of the Ad Hoc separation minima, it is necessary to understand how the separation minima have been calculated over the years, and what are the main factors that define them. ICAO [9] defines the factors that the separation minima depend on as navigation capability, risk exposure (traffic density, route configuration and operational error), and intervention capability (surveillance, communication, and ATCo tools and procedures). Nevertheless, there is no formula or model that allows us to obtain the separation minima values of a specific volume of airspace from these determining factors. That is, the method by which the separation standards were developed seems to be poorly documented.



The models most closely related to the separation minima are Collision Risk Models (CRMs). CRMs are used as a mathematical tool designed to predict the risk of collision between aircraft operating in an airspace, under specified flight conditions and for a specific value of separation minima [10].



Reich [11,12,13] was one of the pioneers that developed CRMs in the 1960s to assess whether a reduction in the lateral separation minima between parallel tracks in the North Atlantic Region (NAT) was safe. Throughout the years, several authors have developed this initial CRM to extend its application to other scenarios, and to overcome certain limitations of the model. Machol [14] developed the model into a more general and manageable tool. In addition, together with the NAT System Planning Group, he defined the concept of the TLS (Target Level of Safety) threshold. In [15], Hsu extended Reich CRM to intersecting trajectories. Anderson et al. [16] improved the model and analyzed its sensitivity to crossing angles, required navigation performance, and variation in aircraft speed. ICAO, in [17,18], presented the Rice Formula from the Reich and Hsu models as its own CRM. Due to the fact that all of these previous CRMs only considered scenarios with procedural control, over the years, models that envisaged scenarios with radar surveillance [19,20] were developed, and even the Reich model was improved in order to become applicable to these radar environments [21,22]. Moreover, other researchers have developed some models for the risk assessment of future concepts such as Free Flight [23]. However, the purpose of all these models is to assess the safety of a specific airspace, with specific characteristics, and for a specific minimum separation.



Other researchers have studied separation minima from a different viewpoint; the concept of a protected zone or buffer has been defined, and is related to minimum separation standards between aircraft. In [2], the authors define the separation minima as a buffer consisting of different factors: surveillance, communications, human factor (ATCo and pilot) and aircraft dynamics. Ennis and Zhao, in [24], defined the protection zone as a mixture of the vortex or turbulent wake region, the safety region (equivalent to a cylinder of slightly larger dimensions than the aircraft), and the uncertainty region.



Some authors have reported that separation minima appear to be based on radar accuracy, display target size, and controller and pilot confidence [25]. Hence, other researchers [26,27,28,29,30] adopted a different approach and determined, for a given minimum separation value, the requirements of the surveillance factor, in order to ensure that a separation value is safe from a technical point of view. In fact, in these investigations, the minimum separation is not determined, but a set of technical requirements must be met to judge that the system is safe.



In the above studies, the determination of the separation minima from certain factors seems to be indirect. Furthermore, since none of these models have been developed to determine the Ad Hoc separation minima values for each situation, they do not consider some of the relevant factors of this concept. For the purpose of this research, it is more appropriate to use a model in which the separation minima are determined on the basis of the contributing factors (i.e., a bottom-up approach).



In this study, the concept of the Ad Hoc separation and the model developed are presented. The operational feasibility is studied in order to answer the following research questions. First, is it possible to reduce separation minima? Second, should this reduction in the separation minima be general, or should it be associated with specific situations? Thirdly, if the reduction in the separation minima must be associated with specific situations, what are these situations, and what are the factors that define these situations? Notably, the operational feasibility of the concept (in terms of encounter geometry and aircraft performance and speed) is studied, and some technical enablers that would need to be improved are identified; however, the technical validation is not included in this research, and will be performed in future work.



This study is organized as follows: the second section presents the operational concept (ConOps) of the Ad Hoc separation minima. The framework of the model on which the Variable separation minima are based is discussed in the third section. In the fourth section, the determination of the key parameters of the model is shown. The results are presented in the fifth section. Finally, the conclusions and further work are summarized in the sixth section.




2. Ad Hoc Separation Minima ConOps


ConOps is a statement of “what” is envisaged [31]. Concerning the future ATM system, which encompasses the new concepts that are emerging today, ConOps is a vision statement that asks and answers what results are expected. The Ad Hoc separation minima are one of these proposed novel concepts.



2.1. Goals and Limitations of the Concept


The concept of the Ad Hoc separation minima refers to the application of a variable separation value for each aircraft pair within the same volume of airspace, depending on a set of factors. Ad Hoc separation values shall be determined on the basis of the following elements:




	
Aircraft Model



	
Aircraft Weight



	
Aircraft Speed



	
Encounter Geometry



	
Avoidance Maneuver (AM)



	
Flight Level (FL)








The main feature of this new operating mode is that there is a set of possible separation minima values within the range of 3 NM–5 NM. Initially, the possible Ad Hoc separation values within the defined range will be specific (3 NM, 4 NM, or 5 NM); however, in future work, the separation could be specified with a resolution of one tenth (0.1) in NM.



These minima are shown to the ATCo in real time by a tool (the Separation Minima Tool, or SMT) integrated in the ground segment, due to the fact that the ATCo is unable to mentally calculate the variable separation value, as opposed to the current fixed value (5 NM). In other words, the ATCo remains the agent of separation, but the concept of operation in the control exercise will change somewhat.



The scope of this work is limited to the application of this concept in an en route airspace between aircraft that fly in the same FL (which are the majority in the cruise segment), but not between aircraft that are climbing or descending. Upper FLs are considered (FL 245–FL 660). First, a scenario of predefined routes is studied. Subsequently, the concept will be extended to a free route airspace.



One of the main issues of the operational concept is the definition of the technical requirements in terms of Communication, Navigation, and Surveillance (CNS requirements). Future work will detail the necessary requirements to be met by aircraft and ground systems in order to ensure that the implementation of the Ad Hoc separation concept is safe.




2.2. SMT Operational Mode


The Separation Minimum Tool (SMT) is the tool integrated in the ground segment that assists the ATCo when the Ad Hoc separation minima are implemented in a scenario, as mentioned before.



Ad Hoc separation minima values are not calculated in real time by the SMT, but are calculated strategically for a specific sector and specific aircraft pair situation (FL, intersection angle, aircraft models, etc.). This is because Ad Hoc separation values must be subjected to a collision risk assessment to determine, prior to implementation, whether they are safe or not.



Based on real-time information on the aircraft speed, aircraft weight, FL, wind conditions (this information is provided by the aircraft) and the flight plan (FPL), the SMT tool will predict the aircraft trajectory of aircraft that are close to entering the sector in a short time, and the trajectory of the aircraft that are already in the sector. Furthermore, it will calculate the distance between predicted aircraft trajectories (Figure 1). The trajectory prediction module is considered to be included in the SMT. However, a current trajectory predictor external to the SMT could be used, and the predicted trajectories could be an input to the SMT. The prediction shall comply with a minimum quality factor to achieve the required level of accuracy.



A situation of interest (SI) is defined as a predicted situation in which the distance between an aircraft pair is going to be less than 10 NM [32]. If the SMT detects that an SI is going to occur, it shall start a searching process (in a huge database that holds all the Ad Hoc separation minima values) to determine the Ad Hoc separation minima applicable between this specific aircraft pair.



Therefore, the concept of SI is used for two reasons. The first is as a filter for the search of the Ad Hoc separation minima between a pair of aircraft in a huge database. Aircraft crossing at more than 10 NM are discarded from the Ad Hoc separation minima search process; if two aircraft cross at more than 10 NM, there is enough margin for the Ad Hoc separation minima not to be violated (the Ad Hoc separation minima are always equal to or less than the current horizontal separation value of 5 NM). Whereas, if two aircraft cross each other with a distance of less than 10 NM, the Ad Hoc separation minima values to be applied between a particular pair of aircraft are crucial. The second reason is that those SI are conflict situations, i.e., situations wherein the separation minima could be compromised in a short time horizon, and LOS (Loss of Separation) could occur. A SI is an input into the SMT conflict detection module of the SMT, which is referred to below.



The first loop in the search process is to determine if both aircraft are flying in the same FL or not. If both aircraft are not flying in the same FL, the default value of separation minima is 5 NM and 1000 ft (i.e., the current values of separation minima). If both aircraft are flying in the same FL, the SMT searches in a huge database containing the Ad Hoc separation minima values for different situations and for this en route sector (Figure 2). The search process is as follows:




	
Characterization of the SI: the SMT will characterize the SI according to the aircraft models, the aircraft weights, the speeds of the aircraft, the FL, the crossing angles between the trajectories, and the wind conditions.



	
Once the SI has been characterized, the SMT shall search in the huge database for the Ad Hoc separation minima values according to the previous characterization. These separation minima values are predetermined and are associated with an AM in the vertical plane, i.e., climb or descent. An AM in the horizontal plane is discarded because it requires more time to avoid the collision. Therefore, the SMT would find the separation minima (for climb and descent) corresponding to the most similar situation to this real one in the sector (with a conservative judgement from a safety viewpoint).



	
In this step, the SMT decides whether to apply the separation minima corresponding to the climb AM or to the descent AM. Therefore, the SMT shall check, in the vertical plane, whether there are aircraft in the FL immediately above or below the one at which the aircraft is flying.








There are three possible situations:




	
If there are no nearby aircraft flying at the immediate upper or lower flight level, it shall choose the lower Ad Hoc separation minima, which will correspond to the descent AM.



	
If there are any nearby aircraft flying at the immediate upper flight level, the aircraft disregards applying the Ad Hoc separation minima value corresponding to the “climb” AM, and chooses the separation value corresponding to the descent maneuver. The same applies to the opposite case, that of nearby aircraft flying at the immediate lower flight level.



	
If there are nearby aircraft flying at the upper and lower flight levels, the default separation value of 5 NM shall apply.








The SMT is a dual-functional tool (Figure 2). On the one hand, it establishes the separation minima values for a given situation, based on the prediction module and the information it receives from the aircraft (wind vector, aircraft speed, aircraft weight, etc.). On the other hand, it has an Ad Hoc conflict detection and resolution module. That is, it detects, in the short term, if the distance between two aircraft is going to be less than the Ad Hoc separation value. In this case, it triggers an alert within a short time horizon (the default value is two minutes before the LOS, but it is a customizable value depending on the particularities of the scenario). After detecting that a LOS will occur, the SMT calculates the time instant at which the aircraft should be allowed to perform the resolution maneuver 10°, 20° and 30° vectors (track change) in the horizontal plane to avoid the LOS occurrence. That is, in order to avoid a LOS, a horizontal maneuver is allowed; however, as mentioned before, in order to avoid the collision, a vertical maneuver is performed.





3. Framework of the Ad Hoc Separation Minima Model


In this section, the framework within which the Ad Hoc separation minima are founded is presented. The model for the determination of the Ad Hoc separation is based on the approach of conceiving the separation minima as a barrier to collision. That is, they are a buffer to ensure that in case of a LOS, the situation does not develop into a collision. Therefore, the barrier to collision is the separation minima while the precursor to collision is the LOS.



This notation of precursors and barriers is adopted from the Eurocontrol Integrated Risk Picture (IRP) model. This model states that the MAC (Mid-Air Collision) occurs as a consequence of a combination of barrier failures and the occurrence of precursors due to these failures. In Figure 3, this relationship is illustrated; it is the equivalent of a ‘Swiss cheese’ diagram (or Reason’s layered model). Barriers are indicated in yellow, while precursors are indicated in grey.



ICAO, in [31], defines the separation minima as the minimum displacements between an aircraft and a hazard (which could be another aircraft) that ensure the risk of collision remains at an acceptable level of safety. A key concept associated with the separation minima is the separation mode [31], which is an approved set of rules, procedures and conditions of application associated with separation minima. The reason that the Eurocontrol IRP model analyzes the precursor–barrier relationship from the strategic time horizon is because the values of the separation minima are associated with a form of operation (from the strategic layer, barriers are working in order to avoid the collision), and with a risk of collision that must be lower than a safe threshold.



In this research, the work is focused on the immediate layer in order to demonstrate if it would be operationally feasible to reduce the separation minima, and in which situations. Once it has been demonstrated that this would be feasible, the definition of the separation mode (strategic and tactical layers) for new separation minima values will be studied in future work.



For this reason, the Ad Hoc separation model is based on the IRP/Reason models and the Encounter Timeline concept (which refers to the set of actions that must be taken to avoid a LOS becoming a collision, in the temporal dimension). Therefore, it is a layer-based model in which the maneuverability of the aircraft and the human factor (HF) are considered. In particular, it is focused on the set of activities that must be performed in order to prevent a LOS from turning into a collision. According to [33], in which the contributing factors of a LOS are analyzed, the probability that a LOS occurs as a result of technical systems is practically negligible compared to the probability that a LOS occurs as a result of HF. Two fundamental variables of this model, which will be described in depth in the following section, are the Necessary Time and the Available Time.



The required time (which is called Necessary Time,     t   n e c    ) is the time needed to perform the collision avoidance actions. The     t   n e c     is made up of the time allocated to different actions: the time required by the ATCo to detect the LOS, the time to communicate the AM to the pilot, the reaction time of the pilot, the response time of the aircraft and the time required by the aircraft to complete the AM. The     t   n e c     depends on the following factors: the aircraft model, the weight of the aircraft, the AM performed (climb or descent) and the FL at which the aircraft is flying. Therefore, it could be stated that it practically depends on the aircraft.



The Available Time to avoid the collision or the Time to the Closest Point of Approach (TCPA) is defined as the time since the separation minimum is lost until the closest point of approach (CPA). In the worst-case scenario, the CPA is the collision between aircraft. TCPA depends primarily on the geometry of the encounter, the aircraft velocities (closing speed rate) and the separation minima. Therefore, it may be stated that it depends on conditions outside of the aircraft itself (scenario, wind conditions, etc.).



Thus, in relation to what has been mentioned, it can be stated that     t   n e c     will be different for each aircraft and for different FL. That is, each aircraft has its own Maximum Take-off Weight (MTOW), and its own performance, which varies with FL. For example, climbing 500 feet to FL380 with an aircraft weight of 0.6 MTOW is not the same as climbing 500 feet to FL340 with 0.8 MTOW. The TCPA will be different for each encounter geometry, for the speeds of the aircraft and the applicable separation minima. It is noteworthy that equal TCPA values result from different situations (Figure 4). In other words, a TCPA of 40 s could be the result of an encounter geometry of 60° between tracks, aircraft speeds of 480 kt and separation minima of 5 NM, but it could also be the result of an encounter of 25°, aircraft speeds of 460 kt and 480 kt (aircraft 1 and aircraft 2’s speeds, respectively) and separation minima of 3 NM.



A collision is defined as a situation wherein the distance at the CPA (DCPA) between two aircraft, which have already lost the separation minima, is equal to or less than 500 ft (near MAC–NMAC distance, according to [34]), with the     t   n e c     to perform the AM being greater than the TCPA (Equation (1)). As mentioned before, separation minima are understood as a barrier to collision. It is important to note that safety nets (such as TCAS) are not considered. This last requirement is in line with the ICAO [18] when examining separation minima.


  C o l l i s i o n = ( D C P A < 500   f t ) ∩ (   t   n e c   > T C P A )  



(1)







The main assumption of this model is the following: those situations in which     t   n e c     is lower than TCPA are potential situations in which the separation minima corresponding to this TCPA could be applied. This would imply that for the minimum separation applied to a particular situation for which the values of     t   n e c     and TCPA have been calculated, the collision would not occur, as the AM could be executed. Therefore, the determination of the variables     t   n e c     and TCPA is paramount. The calculation of these variables is explained in the next section.




4. Key Parameters of the Ad Hoc Separation Model


In this section, an overview of the method for the determination of the     t   n e c     and TCPA variables is given. For this purpose, a scenario-based deterministic simulation model of geometric/intersection type was developed in MATLAB® (Figure 5). A worst-case scenario is designed, because the aim of these simulations is to provoke a collision and to obtain actual values of     t   n e c    , for comparison with TCPA, which is also calculated in these simulations.



The specific inputs in the simulations are the initial position of the maneuvering aircraft in the horizontal plane and the initial velocities (or specific cruise Mach number for each aircraft model) of both the maneuvering and non-maneuvering aircraft. The simulation model is based on the following assumptions:




	
Aircraft trajectories intersect at a specific angle;



	
Simulations are calculated for different intersection angles (from 15° to 175° in 10° steps) in order to simulate a wide range of cases;



	
The starting point of the non-maneuvering aircraft is calculated based on the angle between airways, given the initial position of the maneuvering aircraft, which is fixed. This is because the collision is being provoked (both aircraft reach the intersection point at the same time) in order to consider the worst-case scenario;



	
Aircraft velocities are constant during the simulation of encounters;



	
Aircraft fly at the same FL. This is because the model is applied to 2D. Simulations are performed separately for FL350, 360, 370, 380, 390, and 400;



	
The model is deterministic. With these simulations, the collision is searched for the worst-case scenario. Therefore, uncertainties are not considered to facilitate the collision calculation;



	
Four different aircraft models (AC1, AC2, AC3, AC4) are considered to simplify the study.








It should be noted that for confidentiality reasons, it is not possible to mention the specific aircraft models that have been used for the determination of the     t   n e c     and TCPA. Three of them are medium-type (wake turbulent classification), and one heavy. This criterion is followed because the Ad Hoc separation concept will be applied to an en route upper airspace, and the aircraft mix in these airspaces is generally 90% medium and 10% heavy.



Throughout this section, we explain in detail how to obtain the     t   n e c     and TCPA. These times are calculated using simulations based on the scenario and the assumptions defined above.



4.1. Necessary Time or Time Required (    t   n e c   )  


As mentioned before,     t   n e c     is defined as the time required to perform a set of actions in order to prevent that a LOS becomes a collision. The     t   n e c     is made up of the time allocated to three different actions: detection, transmission and resolution (Figure 6). This is in line with the Encounter Timeline concept [35,36,37]. An in-depth analysis of the parameters that constitute each layer is explained in the following sections. Once all the elements of each layer are defined, the     t   n e c     is determined.



4.1.1. Detection Layer


The first component of the Encounter Timeline refers to the state information acquisition cycle and the evaluation step. This is the time required for the LOS detection by the ATCo (    t   A T C o    ).



It is considered that the ATCo controls an en route sector. The ATCo receives information from surveillance sources (ADS-B and radar) each second. In addition, they perform their tasks proficiently. Therefore, the majority of losses of separation (LOSs) would be detected before they occur. Furthermore, the ATCo is assisted by the Short-Term Conflict Alert (STCA) system, or other functionalities that help him in the task of detecting conflict situations before they occur. The model is based on the worst-case scenario, which is that the ATCo realizes about the LOS when the separation minima between aircraft have already been lost. According to surveys conducted on ATCo, as well as the state of the art [38], the ATCo reaction time is modeled with a normal distribution, N(6.9;4.9) seconds (s), with 6.9 s of mean, and 4.9 s of standard deviation.



The ATC clearance of the AM that the ATCo has to communicate to the pilot is provided by the SMT, depending on the Ad Hoc separation minima determined for this specific encounter.




4.1.2. Transmission Layer


The transmission layer refers to the time required by the ATCo to communicate the ATC clearance for the resolution maneuver to the crew (    t   c o m    ). According to [39] the time required for the communication of ATC clearances in a critical situation in the en route phase can be modeled, using a normal distribution N(10.8;5.9) seconds, a mean value of 10.8 s, and a standard deviation of 5.9 s. This time is the addition of the time allocated to the following actions:




	
Duration of the first ATCo transmission;



	
Delay between the end of the ATCo’s initial transmission and the beginning of the pilot’s response;



	
Duration of the pilot’s initial response to the ATCo’s first transmission;



	
Duration of the ATCo’s second transmission to the same pilot;



	
Duration of the second pilot response.








The fourth and fifth actions are included to consider the possibility that the pilot misunderstands the ATC clearance, which is detected by the ATCo in the pilot read-back procedure.




4.1.3. Resolution Layer


In the resolution layer, the pilot performs the collision AM. Therefore, it is necessary to consider the pilot reaction time to the ATC clearance (    t   p i l o t    ), the aircraft response time (    t   r e s    ), and the time required by the aircraft to execute the maneuver (    t   r e q A M    ). According to surveys conducted on commercial pilots, and the state of the art [40], the pilot reaction time could be modeled with a normal distribution N(5.7;2.3) seconds, with a mean value of 5.7 s and a standard deviation of 2.3 s.



The     t   r e q A M     is calculated based on the Base of Aircraft DAta (BADA) 3 model [41]. BADA is an accurate aircraft performance model developed by Eurocontrol, which provides theoretical specifications to simulate the behavior of any aircraft. It is based on the ‘Total Energy Model (TEM)’, a three-degrees-of-freedom (3 DOF) model that relates the rate of work done by forces acting on the aircraft (Thrust and Drag) to the rate of the increase in potential and kinetic energy (Equation (2)). This initial 3DOF model becomes a 2DOF model when the lateral motion is ignored (i.e., the bank angle is equal to zero).


    T h r − D   ·   V   T A S   = m   g   0     d h   d t   + m   V   T A S       d   V   T A S     d h         d h   d t      



(2)




where




	
  T h r  —thrust acting parallel to the speed vector [Newtons]



	
  D  —aerodynamic drag [Newtons]



	
    V   T A S    —true velocity [m/s]



	
  m  —aircraft mass [kilograms]



	
h—geodetic altitude [m]



	
    g   0    —gravitational acceleration [9.80665 m/s2]



	
    d   d t    —time derivative [s−1]








As detailed above, the worst-case scenario is considered during BADA simulations. This means that both aircraft (non-maneuvering and maneuvering) arrive at the intersection point of their trajectories in the same instant of time. It is considered that only one aircraft (maneuvering) performs the AM, which is always performed in the vertical plane (Figure 7). The AM ends when the distance between aircraft is equal to or greater than 500 ft, which is the NMAC distance [34]. Therefore, the time considered as the     t   r e q A M     by the aircraft for the AM is the one needed by the maneuvering aircraft to climb or descent from the altitude at which both aircraft are flying, until a margin of 500 ft above or below the non-maneuvering aircraft is reached.



This     t   r e q A M     has been calculated for each aircraft model with different FL and different weights in the simulations (as explained at the beginning of this section). Regarding the weight, five different weights, calculated as a percentage of the MTOW, are considered. The most conservative situation is for 0.9 MTOW weight, which means that the AM needs to be performed when the maneuvering aircraft has almost begun the cruising stage. In summary, the following assumptions are considered in the simulation (Table 1).



Climb AM


For the determination of the     t   r e q A M     to execute the climb AM, the thrust and speed are set, and the Rate of Climb (ROC) is calculated. Therefore, the TEM equation is integrated in the following form (Equation (3)). The thrust considered in the simulation of the climb maneuver is the maximum. Regarding the speed, it is considered that in the en route phase, aircraft fly with their Mach cruise (provided by BADA), which is transformed into True Airspeed (TAS) from the speed of sound, using the ISA atmospheric model.


  R O C =   d h   d t   =   ( T h r − D )   V   T A S     m   g   0         1 +       V   T A S       g   0           d   V   T A S     d h         − 1    



(3)







Table 2 shows the parameters used to simulate the climb AM for different aircraft models, and the mean value of the ROC calculated in the simulations. It is observed that AC2 is the one with the best performance.



In Figure 8a, the ROC variation with FL for the four simulated aircraft is shown. The ROC decreases as the altitude increases. In Figure 8b, for a specific aircraft and FL, the change in ROC with MTOW is simulated. The effect is the same as with the altitude; the ROC decreases when the weight increases.



Figure 9 shows the climb AM performed by the maneuvering aircraft (blue line), while the non-maneuvering aircraft flies at a constant altitude (red line). These simulations have been performed for different aircraft pair models (that is, AC1–AC2, AC1–AC3, AC2–AC4), FL, and aircraft weights in MATLAB®. Here, only one pair is shown (AC1–AC2).




Descent AM


For the determination of the Rate of Descent (ROD), the procedure is similar to that followed for the climb AM. Nevertheless, the descent thrust is calculated as a ratio of the maximum thrust with different correction factors used for high and low altitudes. The results obtained from BADA for this maneuver showed an ROD in the order of 2000 to 2900 ft/min (Table 3).



ROD values of 2000–2900 ft/min are considered high. For this reason, the     t   r e q A M     for the descent maneuver is calculated in two ways. The first one is based on the BADA results, assuming the ROD values obtained in the simulations. Using the second way, the value of     t   r e q A M     is set at 1500 ft/min, based on the TCAS RA alert [42], which uses this value in a first filtering. Thus, when the ROD considered is 1500 ft/min, the     t   r e q A M     to perform the AM is 20 s, and all aircraft perform it in the same way. For the descent maneuver, it is observed that AC2 is the one with the best performance, followed by AC1.



Figure 10 shows the descent AM performed by the maneuvering aircraft (blue line), while the non-maneuvering aircraft flies with constant altitude (red line). These simulations have been performed for different aircraft pair models (that is, AC1–AC2, AC1–AC3, AC2–AC4), FL, and aircraft weights in MATLAB®. Here, just one pair is shown (AC1–AC2).



Regarding the response time of the aircraft (    t   r e s    ), it is defined as the temporal delay from the time the pilot triggers the maneuver until the aircraft begins to perform it. The time needed by the aircraft for a change from 60–70% thrust (cruise thrust) to maximum thrust (climb AM) is not zero; there is a response time on the part of the aircraft which is relevant for the determination of the     t   n e c     parameter.



Thus, an analogy is made using data published by Airbus [43]. In particular, data are taken for aircraft that in the final approach segment (idle thrust) must perform a Go Around (GA) maneuver, in which the thrust is 100%. According to FAR–Part 33 certification, it must be ensured that no more than 5 s are taken to accelerate from 15% thrust to 95% thrust. Moreover, FAR–Part 25 and CS 25 [44] set a maximum of 8 s from idle to GA power. Assuming that in the en route phase, the aircraft is flying with 60–70% thrust, according to Figure 11, the aircraft needs 3 s to reach 100% of thrust (AM) from 60% of thrust.





4.1.4. Determination of     t   n e c    


Once all factors have been explained in depth, the Necessary time (    t   n e c    ) is determined using Equation (4):


    t   n e c   =   t   A T C o   +   t   c o m   +   t   p i l o t   +   t   r e s   +   t   r e q A M    



(4)







It should be noted that the time related to HF (    t   A T C o   ,   t   c o m   ,   t   p i l o t    ) in Equation (4) is probabilistic, due to the fact that not all humans perform in the same way. Thus,     t   A T C o   ,   t   c o m     and     t   p i l o t     are modeled with a normal distribution. The normal distribution verifies the addition theorem. That is, given a set of independent normal random variables of different means and different variances, the sum variable of all will be distributed according to a normal distribution with the mean, the sum of the means, and with the variance, the sum of the variances [45]. Therefore, the sum of the     t   A T C o   ,   t   c o m     and     t   p i l o t     distributions is a normal distribution, called the HF distribution. As is known, for the standard normal distribution, 95% of the values are within 2 standard deviations of the mean (μ ± 2σ). For the HF distribution, this value is 40 s. Therefore, if 40 s is set, it could be said that 95% of situations are considered.



Moreover, it is noteworthy that since the time relative to HF is fixed (i.e., 40 s), what really makes the     t   n e c     Ad Hoc for each aircraft model, FL, and weight is the     t   r e q A M     variable, which is calculated with previous BADA simulations referred above.





4.2. Time to the Closest Point of Approach (TCPA) or Available Time


Another important variable in the model is the Available Time needed to avoid the collision or TCPA. This is defined as the time since the separation minima is lost until the CPA. In the worst-case scenario, CPA represents the collision between aircraft. TCPA depends primarily on the geometry of the encounter, the aircraft velocities, and the separation minima.



Figure 12 shows, for a specific encounter between an aircraft pair, how the encounter geometry (intersection angle) and the separation minima affect the TCPA. Depending on the angle of intersection, the geometry of the encounter can be overtaking (angles between 15–45°), crossing (45–135°), or head-to-head (H2H) encounters (135–180°) [46]. When the angle increases, the TCPA is lower, being the lowest with H2H encounters. With separation minima, the TCPA decreases if the separation minimum is reduced.



The influence of the speed of both aircraft on the TCPA is not as clear as the influence of encounter geometry and separation minima, due to the fact that the speed of aircraft, the entering points to the sector, and the distance from these points until the CPA are all important. This effect of distance to CPA and aircraft speed on TCPA can be understood, to some extent, through the closing speed rate, which expresses how fast aircraft are approaching as a function of aircraft speeds. The closing speed rate could be determined according to Equation (8) [47]. Parameters       r  −    21     (Equation (7)) and       v  −    21     stand, respectively, for the relative position and relative speed of the non-maneuvering (2) with respect to the maneuvering aircraft (1), while       r  −    21       t   0       and       v  −    21       t   0       (Equations (5) and (6)) are the relative position and speed at the initial time.


      r  −    21       t   0     =       r  −    21     0   =     x   02   −   x   01     ·   i  −  + (   y   02   −   y   01   ) ·   j  −   



(5)






      v  −    21       t   0     =       v  −    21     0   =     v   2     cos  ⁡  α   −   v   1     ·   i  −  +   v   2     sin  ⁡  α   ·   j  −   



(6)






      r  −    21     t   =     r  −    21       t   0     +     v  −    21       t   0     · t  



(7)






          r  −    21     t    ˙    =   (        r  −    21     0   ·       v  −    21     0    ) + t · (       v  −    21     0   ·       v  −    21     0   )         r  −    21   ( t )      



(8)







Figure 13 represents the evolution of the distance between aircraft pairs in the simulations performed (Figure 13a), and the closing speed rate (Figure 13b). The closing speed rate corresponds to the derivative of the distance evolution curve between the aircraft pair. The distance evolution curve is U-shaped for all encounters, except when there is a collision between the aircraft pair, which is V-shaped. Because collision is triggered in these simulations, the curves of Figure 13a are V-shaped. Only a few angles are depicted in Figure 13a, where in addition to the distance evolution plot, there are three horizontal lines corresponding to the separation minima values: 5 NM (red), 4 NM (green) and 3 NM (blue). For larger intersection angles, the curve closes, resulting in a lower TCPA. The lower the separation minima value, the lower the TCPA. In Figure 13b, the closing speed rate values are higher for larger intersection angles. Hence, the higher the intersection angles, the higher the closing speed rate and the lower the TCPA.





5. Results


In this section, the results obtained from the determination of     t   n e c     and TCPA variables that have been calculated from previous simulations are shown. Given that the application of Ad Hoc separation is feasible whenever     t   n e c     < TCPA, a comparison is also made between these two variables in order to obtain, a priori, those situations in which Ad Hoc separation could be applied. Obtaining the values of the Ad Hoc separation minima for each specific situation is beyond the scope of the study presented in this paper. Moreover, according to the definition of separation minima, these values should be subjected to a risk assessment, as established by the ICAO in [18].



5.1. tnec Results


The following Figure 14 shows the variation in the     t   n e c     with FL and weight for different aircraft models performing a climb AM. As expected, aircraft require more time to perform a climb maneuver at higher FL (always below their operational ceiling). The same is true for the weight. The greater the weight, the longer the     t   n e c    .



Among the four aircraft models in the study, AC 1 (M) is the one with the highest values for the     t   n e c     for a climb AM. It is noteworthy that AC 4 (H) requires less time than AC 1. In turn, AC 2(M) and AC 3(M) present similar values of Necessary Time, although AC 3 has better performance for higher FL.



The     t   n e c     for the descent maneuver is presented in Figure 15. It is observed that the values are practically of the same order of magnitude for all the aircraft models analyzed, being shorter than those required for the execution of the climb AM.



The variation in the     t   n e c     for the descent AM with weight and FL is the same as for the climb AM. The higher the FL and the greater the weight, the more time the aircraft requires to execute the descent maneuver. However, this variation is practically negligible, as the difference is 2–3 s between FL 400 and FL 350 and 0.7 MTOW and 0.9 MTOW. The results presented are calculated considering that the ROD is not limited. If the ROD is limited to 1500 ft/min, the results are the same for all aircraft, all FL and all weights.




5.2. TCPA Results


Regarding the TCPA, Figure 16 and Figure 17 show its variation with different parameters. As mentioned above, the TCPA decreases when the separation minimum is reduced. Additionally, it decreases when the intersection angle is higher due to the fact that the closing speed rate increases when the intersection angle is greater. In Figure 17, TCPA values are calculated for aircraft encounters of MM, MH and HH aircraft pairs, as a function of different intersection angles. This is because the Mach cruise for M aircraft and H aircraft is not the same; hence, the TCPA depends on the specific encounter. Nevertheless, as can be shown, the temporal difference in seconds between the TCPA values for different encounters is negligible.




5.3. Results of the tnec vs. TCPA Analysis


Situations of interest are those in which the     t   n e c     is lower than the TCPA. Therefore, both variables are now contrasted in order to detect those situations in which the reduced separation minima (corresponding to the calculated TCPA in each case) could be applicable. As a result, different separation minima could be defined depending on the different situations (Ad Hoc separation concept), thus demonstrating the feasibility of this concept.



Figure 18 shows, for a climb AM performed by the maneuvering aircraft, for different maneuvering aircraft weights and different FL and for a HF value of 40 s, what the maximum possible angle between tracks would have to be to ensure that the     t   n e c     never exceeds the TCPA, calculated for a separation minimum of 5 NM. Different geometries have been considered (angles between tracks from 15° to 175°), in each case obtaining the highest possible value of the angle between tracks.



The best results are obtained for AC 3, while the worst are for AC 1. The maximum value between tracks for this specific case is 35°, in order to ensure that     t   n e c     is lower than TCPA for each specific situation. It should be noted that when the ‘best results’ are mentioned, we refer not only to higher angle values but also to more situations in which this higher angle can ensure that     t   n e c     is lower than TCPA. For instance, an angle of 35° between tracks is only possible in one situation (FL350 and 0.7 MTOW), for AC 1, while for AC 3, eleven different situations are possible.



The notation N/A appears in some cells, indicating that it would not be possible for that maneuvering aircraft to perform a climb AM for that given FL and the specified weight conditions. This may be either because the FL is close to its operational ceiling, or because the combination of that FL and those generally restrictive weight conditions means that the     t   n e c     is far in excess of the TCPA for any of the possible angles. It should be noted that climb AM gives the worst result in comparison with the descent maneuver for the limited and the unconstrained ROD. Moreover, 40 s has been considered for the HF value; however, it is a rather restrictive value that has been obtained from the values of ATCo and pilot reaction time and communication time that were obtained some years ago.



When reading these results (Figure 18), it is important to consider the following. The angle value appearing in each cell indicates that collision avoidance is possible if the separation minima between that aircraft pair and for that specific situation (FL, weight and AM) correspond to that TCPA. This is true for the angle between tracks or for any angle smaller than indicated.



It is striking that for a current separation value of 5 NM, the intersection angles between aircraft tracks are limited. However, there are two issues to take into account. Firstly, a worst-case scenario is being considered in the simulations, in which the aircraft arrive at the point of intersection between airways at the same time (collision), which is a rather less probable situation. Secondly, and more importantly, it should be considered that this study strictly analyzes, in terms of encounter geometry, aircraft performance and speeds, whether with a given separation minima value it is possible to perform the AM in 100% of the cases (    t   n e c     < TCPA), that is, only the immediate layer from the IRP Model is being considered. However, according to the ICAO definition, the defined separation minima values are also associated with a separation mode (strategic and tactical layers in IRP Model) and a risk of collision. Therefore, other elements need to be considered for a complete picture of the system; however, these are outside the scope of this research, and will be considered in future work. For instance, nowadays, the number of situations in which there would not be time to execute an AM with a 5 NM separation is limited (e.g., opposite flights flying at different FL and not in the same FL); the ATCo most often resolves any conflict situation long before it occurs, and the TCAS system often triggers before the separation between two aircraft is lost.



It should be noted that no new separation minima values are being defined. To do this, as mentioned above, a risk assessment is required, which is beyond the scope of the research presented in this document, and will be performed in future work. However, these results show that it would be operationally feasible to apply different separation minima values for different situations (Ad Hoc ConOps).



In Appendix A, the rest of the results calculated for limited descent and unconstrained descent and for separation minima values of 3 NM and 4 NM are presented. The results are displayed in a heat map to aid in understanding the best (green) and worst (red) results. Different HF times have been considered (40, 30, and 20 s), since when calculating the     t   n e c     variable, the largest contribution is due to the HF, while the smallest is relative to the time required by the aircraft to respond and perform the AM. The time relative to the HF can be reduced from 40 to 30 or 20 s, depending on the ATC support tools. Through this factor, it is possible to envisage how an advance in technology could reduce the times relative to the HF, and how this would lead to a greater number of situations in which a lower separation minima than the actual one could be applied.



As expected, it is observed from the results of Appendix A that the most restrictive angle values occur for the TCPA corresponding to 3 NM and for the climb AM. The best results are obtained for descent maneuvers for an unconstrained ROD, considering that the preferable situation is one in which the angular difference between tracks is larger. Looking at the results, it is noteworthy that in any specific situation, higher intersection angles of 75° are possible, which means that the feasibility of implementing this concept is greater for geometries with smaller angles. Finally, since different HF values were considered in the simulations in order to analyze the sensitivity of this parameter within the results, it should be noted that a reduction of 10 s in the HF time means the possibility of increasing the angle between tracks by 10°, while ensuring that the     t   n e c     is lower than TCPA.





6. Conclusions


One of the main challenges facing the ATM system is the need to increase airspace capacity, which is already close to saturation in many cases. Separation minima are one of the determining factors of airspace capacity. For this purpose, in this paper, a new concept is proposed, that of Ad Hoc separation minima. Ad Hoc or Variable separation minima refer to the application of different separation minima values between aircraft pairs in the same volume of airspace depending on a set of factors (aircraft models, FL, aircraft weight, encounter geometry, AM, HF). This concept addresses the current problems of lack of airspace capacity, and the fact of trying to benefit from better equipped and better performing aircraft as a consequence of the advancement of technology in recent decades.



The factors that define these Ad Hoc separation minima and their relationships are discussed in this research, and a model for their determination is presented. The operational feasibility of this new concept has been analyzed through simulations.



The results obtained in the simulations show that separation minima could be reduced in more situations in which the unconstrained descent AM is performed, and the aircraft type is AC3. The worst results are obtained for the climb AM and by the AC1 type.



The sensitivity of the model to the HF time shows that a reduction of 10 s in the HF time leads to the possibility of an increase of 10° in the angle between tracks. Looking at the results, it is noteworthy that in any specific situation, higher intersection angles of 75° are possible, which means that the feasibility of implementing this concept is greater for geometries with smaller angles.



The main contributions of this study answer the research questions raised in the introduction of this paper, and are summarized as follows:




	
It has been demonstrated that it is possible to reduce the separation minima;



	
It has been proven that reductions in the separation minima are not applicable in general, but in particular situations;



	
The different situations in which the separation minima could be reduced (depending on the encounter geometry, aircraft models, aircraft weights, FL, AM and HF) have been identified.








In view of the above, it is inferred that this new concept is operationally feasible. Since each separation minimum has a separation mode associated with it, reducing the separation minima in certain situations involves defining or modifying the separation mode, which will be achieved in future work.



It should be noted that a full validation of the concept has not been performed, as an assessment of the technical enablers has not been included, but is reserved for future work; however, it has been shown, in a brief form, that an improvement in the given technology would lead to a reduction in the current separation minima. In particular, an improvement in the communication system and support tools for the ATCo and the pilot would reduce HF times from 40 to 20 s, leading to the possibility of an increase of 20° in the angle between tracks.



In addition to the above findings, four areas in which research could be improved have been identified: (1) the development of the Ad Hoc separation minima values based on risk assessment and the definition of the separation mode; (2) the definition of the CNS requirements for the safe implementation of this concept; (3) the development of a SMT tool based on Ad Hoc separation minima to assist the ATCo and reduce HF time; and (4) the validation of the concept in terms of the key performance areas of capacity and safety.
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Appendix A. Results of the Comparison between tnec and TCPA


	
TCPA–5 NM






Figure A1 shows the results for the climb AM obtained for the TCPA calculated for a minimum separation value of 5 NM.
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Figure A1. Climb AM results. TCPA 5 NM. 






Figure A1. Climb AM results. TCPA 5 NM.
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Figure A2 shows the results for the descent AM obtained with an ROD limited to 1500 ft/min for the TCPA calculated for a minimum separation value of 5 NM.
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Figure A2. Descent AM results, ROD limited to 1500 ft/min. TCPA 5 NM. 






Figure A2. Descent AM results, ROD limited to 1500 ft/min. TCPA 5 NM.
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Figure A3 shows the results for the unconstrained descent AM obtained for the TCPA calculated for a minimum separation value of 5 NM.





[image: Aerospace 10 00539 g0a3 550] 





Figure A3. Descent AM results, unconstrained ROD. TCPA 5 NM. 






Figure A3. Descent AM results, unconstrained ROD. TCPA 5 NM.
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TCPA–4 NM






Figure A4 shows the results for the climb AM obtained for the TCPA calculated for a minimum separation value of 4 NM.
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Figure A4. Climb AM results. TCPA 4 NM. 






Figure A4. Climb AM results. TCPA 4 NM.
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Figure A5 shows the results for the descent AM obtained with an ROD limited to 1500 ft/min for the TCPA calculated for a minimum separation value of 4 NM.
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Figure A5. Descent AM results, ROD limited to 1500 ft/min. TCPA 4 NM. 






Figure A5. Descent AM results, ROD limited to 1500 ft/min. TCPA 4 NM.
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Figure A6 shows the results for the unconstrained descent AM obtained for the TCPA calculated for a minimum separation value of 3 NM.
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Figure A6. Descent AM results, unconstrained ROD. TCPA 4 NM. 






Figure A6. Descent AM results, unconstrained ROD. TCPA 4 NM.
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TCPA–3 NM






Figure A7 shows the results for the climb AM obtained for the TCPA calculated for a minimum separation value of 3 NM.
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Figure A7. Climb AM results. TCPA 3 NM. 






Figure A7. Climb AM results. TCPA 3 NM.
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Figure A8 shows the results for the descent AM obtained with an ROD limited to 1500 ft/min for the TCPA calculated for a minimum separation value of 3 NM.
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Figure A8. Descent AM results, ROD limited to 1500 ft/min. TCPA 3 NM. 






Figure A8. Descent AM results, ROD limited to 1500 ft/min. TCPA 3 NM.
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Figure A9 shows the results for the unconstrained descent AM obtained for the TCPA calculated for a minimum separation value of 3 NM.
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Figure A9. Descent AM results, unconstrained ROD. TCPA 3 NM. 






Figure A9. Descent AM results, unconstrained ROD. TCPA 3 NM.
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Figure 1. Trajectory prediction by SMT. 
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Figure 2. SMT architecture and relation to the working position of the ATCo. 
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Figure 3. Barrier diagram for mid-air collisions (MAC), IRP model. 
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Figure 4. Diagram of Necessary time and Available Time in the short time horizon to collision. 
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Figure 5. Scenario simulated for determining     t   n e c    . 
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Figure 6. Necessary time based on Encounter Timeline concept. 
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Figure 7. Climb and descent avoidance maneuvers. 
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Figure 8. (a) Change in ROC with FL for different aircraft. (b) Change in ROC with aircraft weight for a specific FL. 
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Figure 9. Climb AM performed by the maneuvering AC simulated in MATLAB. Overview and profile view. 
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Figure 10. Descent AM performed by the maneuvering AC simulated in MATLAB. Overview and profile view. 
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Figure 11. Engine response [43]. 
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Figure 12. Evolution of TCPA with intersection angle and separation minima. 
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Figure 13. (a) Distance evolution between aircraft for different angles; (b) Closing speed rate for different angles. 
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Figure 14. AC 1, AC 2, AC 3, AC 4     t   n e c     for a Climb AM at different FL and weight. 
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Figure 15. AC 1, AC 2, AC 3, AC 4     t   n e c     for a Descent AM with unconstrained ROD at different FL and weight. 
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Figure 16. TCPA variation with separation minima. 
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Figure 17. TCPA variation in encounters with MM aircraft, MH and HH aircraft. 






Figure 17. TCPA variation in encounters with MM aircraft, MH and HH aircraft.



[image: Aerospace 10 00539 g017]







[image: Aerospace 10 00539 g018 550] 





Figure 18. Maximum possible angle between tracks: Climb AM results, HF 40 s. TCPA 5 NM. 
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Table 1. Control variables of the simulations.
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BADA Worst-Case Scenario Simulations






	
Aircraft that executes the AM

	
Maneuvering aircraft




	
Kind of maneuvers for collision avoidance

	
Climb, Descent




	
Aircraft models considered

	
AC1(M), AC2(M),

AC3(M), AC4(H)




	
Aircraft weights considered

	
0.9 MTOW, 0.85 MTOW,

0.8 MTOW, 0.75 MTOW, 0.7 MTOW




	
Flight levels considered

	
FL350, FL360, FL370,

FL380, FL390, FL400




	
Intersection angles considered

	
15°, 25°, 35°, 45°, 55°, 65°,

75°, 85°, 95°, 105°, 115°, 125°,

135°, 145°, 155°, 165°, 175°
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Table 2. Climb AM parameters for different aircraft.
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	Maneuvering

Aircraft
	FL

[-]
	Mach

Cruise

[-]
	Weight

(0.75 MTOW)

[kg]
	Thrust

[N]
	Drag

[N]
	ROC

[ft/min]
	Wake

Turbulence

Category





	AC 1
	360
	0.78
	57,750
	53,107
	41,851
	915
	M



	AC 2
	360
	0.78
	52,560
	52,902
	36,693
	1447
	M



	AC 3
	360
	0.78
	52,500
	51,168
	36,283
	1331
	M



	AC 4
	360
	0.82
	172,500
	136,920
	97,121
	1140
	H
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Table 3. Descent AM parameters for different aircraft.
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	Maneuvering

Aircraft
	FL

[-]
	Mach Descent

[-]
	Weight

(0.8 MTOW)

[kg]
	Thrust

[N]
	Drag

[N]
	ROD

[ft/min]
	Wake

Turbulence

Category





	AC 1
	380
	0.79
	61,600
	6785
	42,040
	2644
	M



	AC 2
	380
	0.78
	56,064
	1797
	36,598
	2868
	M



	AC 3
	380
	0.79
	56,000
	4007
	35,472
	2596
	M



	AC 4
	380
	0.82
	184,000
	9038
	97,588
	2337
	H
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