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Abstract

A simulation experiment was performed to generate and compile wake characteristics
data relevant to the evaluation and feasibility analysis of closely spaced parallel runway
(CSPR) operational concepts. While the experiment in this work is not tailored to any
particular operational concept, the generated data applies to the broader class of CSPR
concepts, where a trailing aircraft on a CSPR approach is required to stay ahead of the wake
vortices generated by a lead aircraft on an adjacent CSPR. Data for wake age, circulation
strength, and wake altitude change, at various lateral offset distances from the wake-
generating lead aircraft approach path were compiled for a set of nine aircraft spanning the
full range of FAA and ICAO wake classifications. A total of 54 scenarios were simulated to
generate data related to key parameters that determine wake behavior. Of particular
interest are wake age characteristics that can be used to evaluate both time- and distance-
based in-trail separation concepts for all aircraft wake-class combinations. A simple first-
order difference model was developed to enable the computation of wake parameter
estimates for aircraft models having weight, wingspan and speed characteristics similar to
those of the nine aircraft modeled in this work.

I. Introduction

he nation's airspace is becoming increasingly crowded as demand for passenger and cargo/freight air travel

increases. The corresponding increase in commercial air traffic has many of the nation's airports forecasted to
experience unprecedented arrival and departure delays in the future®. Some delays may be attributable to available
operational throughput at particular airports resulting from runway use configurations, specific approach and
departure procedures, nearby airport interactions, and other factors. As changes to operational procedures are
considered, with the goal of increasing throughput capacity of the terminal airspace surrounding busy airports in the
National Airspace System (NAS), the risk of un-safe wake vortex encounters by aircraft becomes an increasing
concern. To reduce the likelihood of such encounters to extremely low levels, today’s in-trail wake separation
standards — both for en-route and terminal airspace environments — are conservative. For example, current Federal
Aviation Administration (FAA) regulations require that parallel approaches to runways with centerlines less than
2500 feet apart be treated the same as in-trail aircraft approaching the same runway (i.e. same separation standards
are used.)®. Efforts are underway to improve NAS performance, which include the FAA’s Next Generation Air
Transportation System (NextGen) initiative. Pursuant to NextGen, different concepts of operation (con-ops) have
emerged for pairing aircraft on CSPR approaches, with the goal of increasing airport throughput®. Data for
analyzing separation relative to wake vortex encounters during CSPR operations, however, is currently limited.
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One new con-ops proposed by the FAA’s Closely Spaced Parallel Operations (CSPO) working group is called
the Simplified Aircraft-based Paired Approach (SAPA) Concept. The SAPA Concept is a procedure-based
technique that allows simultaneous dependent instrument approaches to CSPRs with centerline spacing less than
2500 feet. Current air traffic control (ATC) rules allow independent approaches to parallel runways with centerline
spacing of 4300 feet or greater (3000 feet or greater with the use of a precision runway monitor, offset localizer, and
monitor controllers)®> Dependent approaches to parallel runways with centerline spacing between 2500 feet and
4300 feet are allowed, with a diagonal (direct aircraft-to-aircraft) separation requirement of 1.5 nm or greater to
protect against wake encounters and aircraft collisions due to blunders. With the SAPA concept, the FAA is
exploring the potential to safely modify current CSPR separation limits between aircraft pairs — and to potentially
allow over-taking of the initial lead aircraft by the initial trailing aircraft as well. The SAPA Concept proposes the
use of autopilot coupling between aircraft, precision Ground-Based Augmentation System (GBAS) or Space-Based
Augmentation System (SBAS) surveillance, and pairing of aircraft which remain approximately abreast to ensure
that each remains ahead of the other’s wake vortices®’. Others have proposed similar CSPR approach concepts
including the Paired Approach (PA) Concept®**° and the Terminal Area Capacity Enhancing Concept (TACEC)**2,
and all such concepts require considerable wake data to analyze operational separation relative to potential wake
encounters.

In this paper, a study has been conducted to generate and compile wake model data for the full range of wake
class aircraft, which could be used in the development and analysis of CSPR con-ops. It is important to note that
these data are not actual wake measurements but, rather, data generated using a fast-time, analytical model
representation of wake dynamics. Also, these data apply to concepts where the trailing aircraft in a CSPR approach
pairing remains approximately abreast of the lead aircraft and ahead of its trailing wake vortices. Data is presented
for several lead aircraft wake classes in an attempt to fully span the current operational fleet. Additionally,
sensitivity data are compiled such that wake characteristics estimates can be made for aircraft whose properties
closely resemble those of the nine aircraft models simulated here.

I1. Motivation and Experiment Goals

In a prior collaborative research study, the FAA’s CSPO working group and NASA Langley Research Center
(LaRC) explored an initial feasibility assessment and wake-safe region analysis related to the SAPA Concept for
CSPR arrivals*®'*. The study was performed to support near-term FAA investment decisions related to future
parallel runway construction and CSPR approach procedure development. The study focused on assessing
operational feasibility of the SAPA concept, specifically related to avoidance of un-safe wake vortex encounters.
This was done via simulation and analysis by the characterization of a wake-free safe zone (WSZ) — or wake
avoidance zone (WAZ), since safety is inherent in the assumptions of an analysis — in terms of a safe initial in-trail
distance between a leader-follower pair on ILS final approaches to CSPRs. Analysis of the SAPA procedure was
achieved by placing a lead aircraft at a final approach fix, aligned with the runway centerline and located five
nautical miles from the runway threshold and simulating an ILS approach profile through runway touch-down. The
SAPA analysis also simulated a trailing aircraft, flying an ILS approach profile to an adjacent CSPR, on its final
approach course and at a safe initial in-trail distance behind the leader. Per the SAPA procedure, the trailing aircraft
was to remain safely ahead of the lead aircraft’s wake over the entire approach profile.

Characterizing the WAZ in terms of a safe initial in-trail distance enabled a reasonable feasibility assessment of
the SAPA concept for the single aircraft pairing analyzed (lead & trailing aircraft each were modeled as B747-8F)
with varying landing weights and corresponding approach speed profiles. It did not, however, allow the WAZ to be
defined more generally for approach pairing combinations spanning the full NAS operational fleet. Additionally,
because the WAZ was characterized by an initial pairing in-trail distance, wake position relative to aircraft position
(i.e., either lead or trailing aircraft) could not be readily determined at all points along each aircraft’s final approach
trajectory, limiting its usefulness. For these reasons, a more dynamic approach at characterizing the WAZ in terms
of in-trail time between lead and trailing aircraft at all points along the final approach profiles was explored. It was
expected that generating a series of simulated WAZ data plots for various CSPR spacings, cross-wind conditions
and other relevant parameters, would provide a useful resource for approach procedure developers to quickly assess
preliminary feasibility of various CSPR con-ops. This time-based WAZ characterization approach is also consistent
with other recently studied time-based spacing applications whose goal is that of increasing the capacity and
efficiency of the NAS, such as the PA or the TACEC concepts.

Current ATC rules governing wake vortex encounter avoidance require in-trail aircraft to remain sufficiently
behind or above a lead aircraft's wake vortices®. Sufficiently behind corresponds to where the lead aircraft’s wake
has either safely descended below the path of the trailing aircraft, or its circulation strength has decreased below the
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level required to create an un-safe encounter for the trailing aircraft. In the SAPA and certain other CSPR
operational concepts, aircraft relative spacing is substantially reduced such that the trailing aircraft remains ahead,
rather than behind the lead aircraft's wake (i.e., within the WAZ). In the presence of a variable crosswind as shown
in Figure 1, a dynamic triangular wake region can be visualized as translating with the generating aircraft. A WAZ
can thereby be characterized in terms of either:

1. The instantaneous distance interval - measured along a line

parallel to the runway center-line, between a wake-generating
lead aircraft and the point where a trailing aircraft on final
approach to an adjacent CSPR would encounter that wake (see
Figure 1) variable crosswind
2. The instantaneous time interval - the time it would take the A
trailing aircraft to be ahead of the lead aircraft’s most recently
generated wake vortices (see Figure 2). ol

Characterizing the WAZ in either of the above two ways has distinct
advantages over the initial in-trail distance characterization employed in trailer
the SAPA study. The SAPA WAZ preliminary characterization is highly WAZ Mirceats
dependent on the lead and trailing aircraft speed profiles, and provides ——" |
little insight into effective techniques at achieving wake spacing along the wake
entirety of each aircraft’s final approach trajectory. The importance of region
this was discovered during the SAPA study, where data indicated that the
WAZ size decreased rapidly and substantially as the lead aircraft
transitioned from the out-of ground effect (OGE) region to the in ground ~ Figure 1. Wake avoidance zone
effect (IGE) region of its final approach trajectory. The IGE region spans  reference.
the altitude from approximately one-half of the wake generating aircraft’s
wingspan to the runway surface, while the OGE region extends from approximately one wingspan upward. The
WAZ size in the OGE region is substantially larger than the IGE region and, consequently, a trailing aircraft safely
within the OGE WAZ could find itself suddenly outside the WAZ once it transitioned to the IGE region. It was
primarily for this reason that this follow-on study was completed. Characterizing the WAZ in either of the two ways
above, enables CSPR approach procedure developers, to sufficiently understand relevant wake dynamics along the
entire final approach course to allow design of safe and effective preliminary procedures.

Method 2 above — the instantaneous time interval — is used to characterize the time required for a lead aircraft’s
wake to move laterally into the path of a trailing aircraft because it decouples the WAZ from either aircraft’s speed
profile. Figure 2 illustrates how a lead aircraft’s discrete wake element (i.e., a wake vortex element generated over a
short time interval — e.g. one second) transports laterally towards the path of a trailing aircraft’s CSPR approach to
an adjacent runway. This lateral wake movement is due
to crosswind and other mechanisms including interaction
with the ground in the IGE region, and may be Wind ‘
characterized independently of the generating aircraft’s
speed. Assuming no longitudinal wake transport, the Runway Center-line Spacing
trailing aircraft will remain ahead of each discrete wake { X 7]
element if it transits the longitudinal distance between the ' :
two aircraft (the distance at the instant wake element
generation) in less time than it takes the wake element to
transport laterally into the trailer’s path. Referring again
to Figure 2, a wake element transits a distance d from the
point of generation to an imaginary detection plane
(shown edgewise) along a parallel approach path where
there is the potential for a wake encounter with a trailing
aircraft. This discrete wake element transits this distance
over time interval At,. This time interval can be
identified by the age of the wake — wake age — at any
lateral distance. Therefore, for a trailing aircraft to avoid )
a wake encounter, the time it takes to pass the point Wake Detection Suiface —> 1!
where the wake element penetrates the imaginary plane ) . =
must be less than At, (i.e. the condition Ataxc < At, must ~ Figure 2. Time-based separation geometry — wake
be met). It follows that, the only criteria required to  transport time and trailing aircraft time to WAZ.
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determine the WAZ in terms of in-trail time, are the lateral transport characteristics of the wake generated by a
specific lead aircraft. To avoid hazardous wake encounters during a proposed CSPR concept of this type, the
trailing aircraft must remain inside the WAZ over the entire final approach course.

The wake age characteristics are of particular importance in this simulation data collection exercise. Another
characteristic of potential interest is the wake vortex circulation strength. Wake circulation strength can be used to
determine whether a wake encounter by a specific following aircraft (wake class) is acceptable due to its impact on
the trailing aircraft’s trajectory. Similarly, the descent characteristic of wakes may be of use in determining whether
a given wake will descend below a trailing aircraft’s flight path, such that it is no longer a factor for that aircraft.

1. Experiment Design

The data for the lateral transport characteristics of wakes is collected using a fast-time wake trajectory prediction
model. The Aircraft VOrtex Spacing System (AVOSS) Prediction Algorithm, or APA™® s a fast-time simulation
that models the movement and circulation decay of a pair of wake vortices in a plane perpendicular to the generating
aircraft’s flight path. The APA has been extensively compared to other wake models and validated using observed
wake vortex measurements. Because the APA is a deterministic model of wake behavior, and because the
experiment conducted here is performed at specific fixed aircraft operating conditions and atmospheric conditions, it
should be understood that the data presented here are simply estimates of wake behavior and may not reflect the
variability seen in real conditions. The inclusion of variability in the input parameters to the wake model that reflect
observed distributions creates a significant increase in the size of the experiment and the data that needs to be
collected — relative to what will be presented here — and is reserved for future studies.

A. Analysis Tools

The data collection experiment is segmented into several scenarios assembled using the Wake Vortex Simulation
and Analysis Tools (WVSAT™), developed exclusively for NASA LaRC by Air Traffic Simulation, Inc. (ATSI)"".
WVSAT™ is an aircraft simulation and visualization interface that allows for fast prototyping of various flight
profiles, with wake generation and detection capabilities driven by the APA model. Some of the capabilities of
WVSAT™ include: fast prototyping of experiments through a drag-and-drop modular design, Monte Carlo
simulations, 3-dimensional visualization of aircraft kinematic and wake trajectories for interactive evaluation of
scenarios, and the ability to evaluate wake behavior for a broad fleet of aircraft. The current version of WVSAT™
has been modified to use version 3.4 of the APA algorithm, which has some minor improvements to the out-of
ground effect model relative to APA version 3.2*°. Specifically for this experiment, each WVSAT™ experimental
scenario is comprised of a simulated aircraft approach and landing with fixed aircraft configuration and atmospheric
conditions and with several wake detection surfaces that capture wake characteristics at specified lateral positions.

The APA model can be characterized by three primary stages: out of ground effect (OGE), near ground effect
(NGE), and in ground effect (IGE). The OGE stage models the wake behavior and decay primarily as a function of
the initial strength and initial vertical velocity of the wake vortices, and atmospheric conditions such as wind,
temperature, and turbulence levels, resulting in a pair of vortices that descend and translate laterally at a constant
separation distance. In the NGE stage, the wake is considered to be sufficiently close to the ground and the
modeling includes simulated image vortices that serve to introduce a zero velocity condition at the ground, causing
the distance between the vortices to increase. In the final stage, IGE, additional secondary vorticity is introduced
due to the primary vortices' interaction with the ground, which tends to further increase the separation between the
primary vortices. The boundaries for the OGE to NGE and NGE to IGE regions in the APA algorithm occur at
approximately 1.5 and 0.6 times the initial wake vortex separation (assumed to be n/4 times the aircraft wingspan),
respectively.

B. Setup

The prior work in the SAPA study clearly indicated that the OGE and IGE regions were the limiting cases in
lateral wake transport, where, in OGE, the lateral wake movement is primarily driven by the crosswind and
produced large values for WAZs and, in IGE, the wake interaction with the ground increased lateral wake velocities
and resulted in the smallest WAZs. From this observation it is clear that knowledge of the wake transport
characteristics at every point along the approach path is not necessary and allowed the data collection for this
experiment to be greatly simplified by concentrating on these two primary regions of the approach path of a wake
generating aircraft. Later, an example is shown depicting the wake transport properties for the full approach path of
one scenario clearly illustrating the two dominant regions.

4
American Institute of Aeronautics and Astronautics



The experiment is segmented into simulation scenarios; a graphic representation of a scenario is shown in Figure
3. A scenario is comprised of a wake generating aircraft with an assigned approach and landing procedure to a
runway, and several stationary wake detection surfaces, IGE and OGE, which capture the wake properties at various
lateral offset distances from the wake generating aircraft’s approach centerline. In all of the scenarios tested, the
approach and landing procedure is defined as a constant final approach speed along the runway centerline and on a
three degree glideslope from three nautical miles out to a runway threshold crossing height of 50 feet, followed by a
flare and slow-down to landing speed, and landing. The stationary wake detection planes are placed at lateral offset
distances of 500, 700, 900, 1100, 1500, 2000, 2500 and 3000 feet in both the IGE and OGE regions, for a total of 16
stationary wake detection planes. The wake generated by the approach aircraft is compiled by WVSAT™ using
multiple 2-dimensional tiles of wake vortex trajectories and circulation strengths obtained from evaluations of the
APA algorithm at a frequency of 1Hz along the approach path; the appropriate stitching together of these wake tiles
is what provides the visualization of the in-trail wake, as seen in Figure 3, producing a wake that is discretized into
wake elements. The width of the stationary wake detection planes is selected to capture a minimum of one wake
element as it penetrates the surface, with a sampling frequency limit of 20Hz for a wake age resolution of +/- 0.05
seconds. The WVSAT™ tool simulates each deterministic scenario and logs the aircraft trajectory and the wake
element properties captured by the stationary wake detection planes.

Altitude/ Height \tl:'\\k

Stationary Detection Planes

I In Ground-Effect ’/ \l |
V Out of Ground-Effect

70, SN
T 0/,} ApproachPath Detected Wake
7,

Wind e /

Note: not to scale AlRCEaWale g, ~{

Lateral Offset Distance — \i}/y B

Figure 3. Experiment layout with simulated aircraft approach and landing and stat}onary wake detection
planes in and out of ground-effect.

Nine aircraft were selected for analysis for this study, based primarily on their weight. These aircraft, listed in
Table 1, were initially selected from a NASA Airspace System Program seed day of observed traffic targeting the
historical day of September 26, 2006 to represent the aircraft with the most observed operations within one of the
FAA’s weight classifications of Small, Large and Heavy. Because a large percentage of operations falling under the
Small weight class can be attributed to private or charter jets, two aircraft were selected to represent this category
(C560 and C750) and one aircraft was selected to represent the Small weight class commercial operations (B190).
The historical seed day indicated that the Large and Heavy weight classes were well represented by the operations of
Boeing 737 (B737) and Boeing 767 (B763) model aircraft. The Boeing 757 aircraft model was included because
special wake turbulence separation procedures are typically used for that aircraft, even though the aircraft falls in the
FAA’s Large weight class based on its maximum certificated takeoff weight. Additionally, the International Civil
Aviation Organization (ICAQO) has made recommendations that the Airbus A380 model of aircraft should be
assigned special wake separation criteria (assigning it the classification of Super) based on a study of the aircraft’s
wake characteristics'®, making it a candidate aircraft for inclusion in this study. Two additional aircraft models,
specifically the Bombardier CRJ-200 and the Boeing 747-400, were included in the test set in order to populate
more of the weight range for each of the Large and Heavy weight classes, respectively. It is important to note that,
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although these specific aircraft models are used for the experiment based on observed frequencies, the APA model is
only dependent on the weight, wingspan and speed characteristics to define an aircraft; any aircraft with the same
value for these 3 characteristics would produce the exact same wake solution for the same atmospheric conditions.

The aircraft characteristics (weight, wingspan, speed) and the atmospheric conditions (crosswind and eddy
dissipation rate) are the primary variable parameters affecting the behavior of the wake model. As such, sensitivity
scenarios were created to understand the impact of a step variation in each of these parameters for each test aircraft.
Note that temperature also comes into play in the wake model but a standard atmosphere has been assumed for the
temperature profile of this experiment. The nominal weight for each aircraft is an estimated value larger than the
empty weight of the aircraft and the sensitivity weight is selected to be approximately equal to the maximum landing
weight of the aircraft, based on publicly available performance data. The nominal approach speed is selected to be
the published approach speed for the specific aircraft, where available, with an assumed 10 knot slower speed for
landing, and the sensitivity speeds are simply selected to be 10 knots slower than the nominal speeds. Sensitivities
to different wingspans are selected as a 5% larger wingspan, compared to the baseline test aircraft. A pure constant
crosswind of 15 knots is assumed in the direction shown in Figure 3 with a 5 knot increase used for the sensitivity
case. The eddy dissipation rate — a measure of the turbulence level of the atmosphere — is assigned a low value for
the nominal case with a two order-of-magnitude change for the sensitivity scenario. Table 1 lists the nominal and
sensitivity parameters used for each aircraft. Six scenarios are simulated for each aircraft model (1 baseline, 5
sensitivities) for a total of 54 scenarios in this experiment.

Table 1. Experimental parameter values for each weight aircraft tested, including the baseline runs and the
change to each parameter for the corresponding sensitivity run.

W e AT i weigegn) WP Wi Comvind cédy iipeion
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ot et P S0 g1 oo
T e B - S 4
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Boeing 737-700  B737 Sensitivity 129,200 120/110 118.2 20 0.01

757 oeing7sza00 mz NOm e o % %01
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Bocing 747-400  B7as NOTRC (IS 0000 a1z oms %01
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IV. Results

Data related to wake age, circulation strength, and altitude change, were collected for each of the 54 simulation
scenarios for both the IGE and OGE regions. Wake age — the primary variable of interest for WAZ determination —
is the age of the wake from its time of initial generation, to the time it transports laterally and intersects the
stationary wake detection planes. Circulation strength is measured for each of the vortices as they intersect the
stationary wake detection planes. Wake altitude change is the change in altitude of a wake, between the initial wake
generation altitude and its altitude when it intersects the stationary wake detection planes. In all data presented here,
only the first vortex to penetrate the stationary wake detection planes is used for data collection; consistent with the
wind direction convention in Figure 2, only the right wake vortex is sampled.

As previously mentioned, there are two primary regions of interest when considering CSPR operations - IGE and
OGE. Figure 4a) illustrates the variation in wake age as a function of the wake generation altitude (along the
glideslope of the final approach) for the nominal B763 scenario with 1500 feet lateral offset distance. The wake age
is constant in the OGE region and reduces sharply and substantially to a smaller value (with corresponding rapid
reduction in the size of the WAZ) through the IGE region until the wake generating aircraft touches down on the
runway. Consequently, a trailing aircraft would be in-capable of flying the required speed profile to remain within
the WAZ, were it only minimally within it at the end of the OGE region. The WAZ speed profile of the trailing
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aircraft must be determined by moving backward along the &)
approach trajectory from when the trailing aircraft touches down 34
on the runway after the lead aircraft, as this corresponds to the
smallest WAZ size. From there backward, the size of the WAZ
increases through the IGE - OGE transition region until it steadies
to a nearly constant value in the OGE region. With this
understanding, a reasonable speed profile can then be defined that
keeps the trailing aircraft within the WAZ through the OGE
region, the transition between OGE & IGE regions, and finally
through the IGE region and touch-down. Figure 4b) and Figure
4c), respectively, show how the wake circulation strength and
wake altitude change vary with generation altitude. These two 204 260 4(5]0 eri)o 860 10500 12500
measures do not immediately affect the WAZ size but the figures Wake Generation Alitude (f)

show nearly constant values in the OGE region, with some b)

variation in the IGE region.

The wake age data for the nominal scenarios for each aircraft 290
are presented in Table 2 for each lateral offset distance and for - 280
both the IGE and OGE regions. Figure 5 is a graphical € 270
representation of the wake age data for these scenarios. The wake £ 260
age trends are qualitatively in line with the expected. First, the 5]
wake age is monotonically increasing with lateral offset distance. @ 230
Second, the OGE wake age is largely a function of the crosswind, 2 240
indicated by the linear trends versus lateral offset distance; the 3 230
variations in wake age between aircraft models is due to the o 220l-
different wingspans — large wingspan aircraft generate a wake 1 1 : 1 1 ;
closer to the stationary planes than small wingspan aircraft on the 210000 200 600 800 1000 1200
same runway centerline. Third, the IGE wake age is smaller than Wake Generation Altitude (ft)

the OGE wake age for the same scenario because the wake ¢)
experiences additional lateral velocity as a result of the interaction

with the ground. Fourth, the IGE wake age is highly dependent 20
on the weight class of the aircraft — heavier aircraft produce wakes & °[ 1" F P
with smaller wake ages as compared to lighter aircraft, for the & -20

same lateral offset distances. This is expected since the initial ;.CU 40

downward velocity of the wake vortices — per the APA algorithm % 60

formulation — is proportional to the aircraft weight and inversely é

proportional to the aircraft speed and the wake vortices’ initial i 80

separation; which translates into higher lateral wake velocities for = -100

higher weights, close to the ground. Note that some aircraft and = 120

lateral offset distances do not have a wake age measurement, 240 : : : : : ;
simply indicating that the wake had fully dissipated by the time it 0 200 400 600 800 1000 1200
reached the corresponding detection plane. The full set of wake Wake Generation Allitude ()

age data from this experiment, which includes the sensitivity ~ Fi9ure 4. Sample wake characteristics
scenarios data, can be found in Table 12 through Table 16 in the ~ VErsus wake generation altitude for the
Appendix. npmmal B763 and 1500ft I_ateral pffset

Circulation strength data for the nominal scenarios of each  distance; a) wake age, b) circulation
aircraft are presented in Table 3 for each of the lateral offset  Strength, and c) wake altitude change.
distances and for both the IGE and OGE regions. Figure 6 is a graphical representation of the circulation strength
data for these scenarios. Circulation strength is a function of the initial velocity of the wake, which itself is initially
inversely proportional to the aircraft speed generating the wake, therefore higher circulation strengths IGE are
observed when compared to OGE for the same scenario. The circulation strength dependence on aircraft weight is
also clearly visible in these data. The full set of circulation strength data from this experiment, which includes the
sensitivity scenarios data, can be found in Table 17 through Table 21 in the Appendix.

Figure 6 shows significant wake circulation strengths at the lateral distance of 2500 feet. As previously
mentioned, this lateral distance is the current day limit for dependent operations with a 1.5 nm diagonal spacing
requirement between a leader-follower pair. After further analysis, it was shown that today’s operations are not
necessarily un-safe, according to these results. In all instances of a leader groundspeed above 100 knots (well below
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most commercial airliner approach speeds), and at the 1.5 nm diagonal spacing, aircraft are spaced at less than 56
seconds of instantaneous in-trail spacing. As can be seen in Figure 5, all simulated wakes take longer than 60
seconds to transport to the 2500 foot lateral distance in the presence of the moderate crosswind of 15 knots. This
implies that the trailing aircraft is always ahead and above the wake generated by the leading aircraft.

Wake altitude change data for the nominal scenarios of each aircraft are presented in Table 4 for each of the
lateral offset distances and for both the IGE and OGE regions. Figure 7 is a graphical representation of the wake
altitude change data for these scenarios. The expected behavior is that wakes descend relative to the wake
generation altitude; this is represented in the OGE scenario data. However, wakes that are generated very close to
the ground — IGE at touchdown for example — experience what can be described as a “bounce.” The interaction with
the ground creates the qualitative behavior in wakes whereby wakes move outward and upward because the ground
boundary condition does not allow the wakes to descend very far. Correspondingly, the IGE wake altitude change
data here illustrates this positive change in altitude relative to the wake generation altitude at the different lateral
offset distances. The full set of wake altitude change data from this experiment, which includes the sensitivity
scenarios data, can be found in Table 22 through Table 26 in the Appendix.

Table 2. Wake age data IGE and OGE at various lateral offset distances for the nominal aircraft scenarios.

Weight e Altitude Wake Age (s) at Offset Distances (ft)
Class rera ENSItVIY — p egion 500 700 900 1100 1500 2000 2500 3000
- 1GE 14.65 216 28.7 35.05 50.8 69.95 - =
B150 Nominal OGE 18.35 26.3 34.2 42.1 57.95 77.75 97.45 117.2
- 1GE 14.6 21.55 28.7 36 50.9 - - -
Small G560 Nominal OGE 18.4 26.3 34.25 42.15 57.95 77.75 97.5 117.25
- 1GE 133 19.95 26.8 339 486 - - -
750 Nominal OGE 18.25 26.2 34.15 42 57.85 77.65 97.35 117.1
- 1GE 123 18.55 25.1 2 46.35 - - -
Large CRI2 Nominal OGE 18.15 26.1 34.05 41.95 57.75 77.55 97.25 117.05
8737 Nominal 1GE 10,05 15.45 212 27.25 40,05 57.35 75.85 X
OGE 17.5 25.45 33.35 41.25 57.1 76.9 96.6 116.35
- 1GE 9.95 15.4 212 273 203 57.9 - E
757 B752 Nominal OGE 17.4 25.35 33.1 41 57 76.8 96.35 116.1
- 1GE 10,05 15.45 211 27.05 39.45 55.95 73.25 91.4
Heavy B763 Nominal OGE 16.85 24.75 32.7 40.6 56.4 76.2 95.95 115.7
B744 Nominal 1GE 9.3 14.4 19.75 25.35 37.1 52.6 68.85 85.75
OGE 15.95 23.9 31.8 39.7 55.55 75.35 95.05 114.8
- 1GE 7.55 11.9 16,5 214 31.75 456 60.4 76
Super A3g0 Nominal OGE 15.2 23.15 31.05 38.95 54.8 74.6 54.3 114.05

Table 3. Circulation strength data IGE and OGE at various lateral offset distances for the nominal aircraft

scenarios.
Weight . . Altitude Circulation Strength (m#2/s) at Offset Distances (ft)
Aircraft ID  Sensitivity .
Class Region 500 700 900 1100 1500 2000 2500 3000
5190 Nominal 1GE 50.6 746 39.4 3.1 23.2 5.2 = =
OGE 56.7 53.2 49.9 46.8 41.0 34.6 29.2 24.4
- IGE 515 45.0 38.9 327 20.1 X X -
Small 560 Nominal OGE 58.7 54.9 51.3 47.9 41.7 35.0 29.1 24.1
- IGE 73.0 63.4 54.3 14.8 25.3 - - -
750 Nominal OGE 83.4 77.9 72.7 67.9 59.0 49.4 41.1 34.0
- IGE 90.9 79.1 68.1 56.5 323 - - -
Large CrI2 Nominal OGE 104.7 97.7 91.2 85.1 73.9 618 51.4 42.4
8737 Nominal IGE 206.0 184.1 166.3 150.4 117.4 727 24.9 -
OGE 218.3 207.0 196.3 186.0 166.9 145.3 126.2 109.2
- IGE 270.6 240.4 215.9 193.1 144.5 78.7 - -
757 B752 Nominal OGE 295.3 279.7 265.0 250.9 224.2 194.5 168.5 145.2
- IGE 297.7 270.6 249.4 2313 200.7 161.9 121.2 78.6
Hea B763 Nominal OGE 304.1 291.7 279.6 268.0 246.1 220.7 197.6 176.5
vy 8744 Nominal IGE 4416 400.2 373.2 350.8 3139 276.1 2386 199.6
OGE 418.0 403.9 390.1 376.8 351.2 3212 293.4 267.5
- IGE 682.2 621.9 580.6 547.2 4926 4373 386.9 33338
Super A3go Nominal OGE 625.1 605.1 585.7 566.8 530.3 487.4 4475 4102
8
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Table 4. Wake altitude change data IGE and OGE at various lateral offset distances for the nominal aircraft

scenarios.
Weight Aircraft D Sensitivi Altitude Wake Altitude Change (ft) at Offset Distances (ft)
Class rera SRSVt egion 500 700 900 1100 1500 2000 2500 3000
- IGE 33 4.7 6.0 72 5.0 10.4 = =
B190 Nominal OGE -43.4 -59.9 -75.3 -89.6 -115.8 -144.0 -167.6 -187.5
) IGE 35 50 6.4 76 9.4 - - -
small 560 Nominal OGE -46.5 -63.9 -80.3 -95.4 -122.8 -152.1 -176.6 -196.9
. IGE 35 5.1 6.6 78 9.7 - - -
c7s0 Nominal OGE -57.8 -79.7 -100.1 -119.0 -153.2 -189.8 -220.1 -245.4
- IGE 34 4.9 6.3 7.5 9.4 z > 5
Large Cri2 Nominal OGE -66.2 -91.4 -114.9 -136.8 -176.1 -218.1 -252.9 -281.9
8737 Nominal IGE 3.2 29 6.5 8.1 10.9 13.6 15.1 5
OGE -80.7 -1135 -144.3 -173.6 -227.7 -287.5 -339.2 -384.2
- IGE 45 6.8 9.1 113 15.1 18.6 z =
757 B752 Nominal OGE -98.0 -138.0 -174.9 -210.5 -276.9 -349.2 -411.1 -465.2
- IGE 35 5.5 7.4 9.3 12.8 16.8 20.1 22,6
Heavy B763 Nominal OGE -77.0 -109.9 -141.6 -171.8 -228.5 -293.0 -350.7 -402.3
B744 Nominal IGE 3.1 5.0 6.9 8.8 12.6 16.9 21.0 24.6
OGE -72.8 -106.3 -138.4 -169.4 -228.5 -296.6 -358.6 -415.2
- IGE 2.6 4.4 6.3 8.1 11.8 16.2 20.4 24.3
Super A380  Nomimal e -84.3 -125.1 1643 2022 2747 3586 4354 -506.0
IGE OGE
L s A s i S B) 920 peceses i N R /@
) R N N SN S ) S O S S S 7
— 80 RN 1) S SN A foemene : / ------- i [ T©O—B1%0
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Figure 5. Wake age data IGE (a) and OGE (b) at various lateral offset distances for the nominal aircraft
scenarios.
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Figure 6. Circulation strength data IGE (a) and OGE (b) at various lateral offset distances for the nominal
aircraft scenarios.
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Figure 7. Wake altitude change data IGE (a) and OGE (b) at various lateral offset distances for the nominal
aircraft scenarios.

V. Discussion and Data Usage Examples

There are several ways in which the data from this experiment can be used. The most direct way is to relate the
data directly to in-trail time spacings. Suppose, for example, a scenario with a B763 aircraft at the nominal
conditions tested in this experiment and a B737 aircraft that is in-trail but ahead of the wake of the B763. The
approach is being performed to a pair of CSPRs with a lateral separation of 1400 feet. From the 1400 feet lateral
runway spacing, one must subtract the appropriate separation buffer distances to account for assumed vortex
diameter, navigational and other safety buffers, and the wingspan of the trailing aircraft. Using very rough
assumptions that the wake vortex diameter is half the wingspan of the
leading aircraft and the navigational errors and other buffers are zero,
a very optimistic separation buffer (Figure 8) could be calculated to
be: Y the wake generating aircraft’s wingspan (the wake vortex
assumed radius), plus % the following aircraft’s wingspan, plus zero

additional safety buffer, for a total separation buffer of approximately
95 feet. Because the assumption was made that the same conditions
exist as in the test scenario, i.e., wake generator aircraft configuration
and atmospheric conditions are the same, the B763 data can be simply
interpolated linearly at the lateral offset distance of 1400 feet minus
the safety buffer; at ~1305 feet. This interpolation yields values of
33.39 s, 215.67 m™2/s and 11.09 ft. for the IGE wake age, circulation
strength and wake altitude change, respectively. Similarly, the values
of 48.68 s., 256.79 m"2/s and -200.83 feet are obtained for the OGE

Vortex Core —-—>

v

Vortex Diameter ——> (—-—)
,/‘) ,9 :
Design Safety Buffer_ ey D

TrailingHaIf-Wingsp:an o
Separation Buffer /

Figure 8. Separation buffer components.

region. In an operational sense, under the assumptions stated here, these values translate to (as an example):
1. The in-trail aircraft must be less than 33.39s in-trail of the leader aircraft at the time the leader touches

down

2. The in-trail aircraft must be less than 48.68 seconds in-trail of the leader aircraft everywhere along the

parallel approach

3. And, the in-trail aircraft must have sufficient speed differential to satisfy both of these first two criteria.

If these estimates were available to an on-board flight management system on an aircraft, this data could be used to
inform the pilot as to whether the conditions are or are not being met in real time. Similarly, this data could be
gathered for several assumed buffer zones, independent of the following aircraft, to create in-trail avoidance zones
as a function of how much buffer zone is required.

Time-based in-trail spacings provide a more flexible means for evaluation of specific closely-spaced
parallel runway operational concepts because these can be converted directly to in-trail distances for various leader-
follower speed profile assumptions. Conversely, if the only information available was a wake-avoidance in-trail
distance for a specific pair of aircraft, it would be much more difficult to make an evaluation of wake-avoidance
spacings for an alternative set of leader-follower speed profiles. As an example, consider the same leader-follower
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pair scenario — B763 followed by a B737 — given above. Note that, in this scenario, speed profile assumptions for
the trailing aircraft are not required to obtain the in-trail time spacings for the IGE and OGE regions. For simplicity,
an assumption can be made that the same IGE in-trail spacings can be applied at the runway threshold — a more
convenient reference point than aircraft touchdown point since most speed differentials will only change the in-trail
time by a very small margin between threshold crossing and touchdown. Assuming a constant final approach speed
of 140 knots for the leader B763 aircraft, a distance versus time-to-threshold can be easily calculated (blue solid line
in Figure 9). For a given trailing aircraft final approach speed — assume 150 knots for this example — an in-trail
distance can be calculated for the time at which the leader aircraft crosses the runway threshold. This in-trail
distance is 1.391 nm. corresponding to an in-trail time of 33.39s. From the in-trail time/distance at the point the
leader aircraft is crossing the threshold, and with the assumed follower approach speed, a distance versus time-to-
threshold, relative to the leader’s time-to-threshold, can also be quickly calculated (green dashed line in Figure 9).
From these estimates, it is easy to identify that the follower aircraft needs to be 10.933 nm from the parallel runway
threshold when the lead aircraft is 8.906 nm from the runway threshold, for a maximum in-trail time of 48.68 s OGE
(from above), which corresponds to an in-trail distance spacing of 2.027 nm. These two in-trail times (and
corresponding distances) represent the limit of where two aircraft, under the given scenario and assumptions, can
operate to stay safe from wake encounters. The same technique can be used if the trailing aircraft is assumed to be
slower than the leader. For an assumed final approach speed of 130 knots for the trailing aircraft, Figure 10 shows
the follower aircraft at 1.206 nm (still 33.39 s.) in-trail of the leader as the leader crosses the threshold and that,
assuming constant approach speeds, the two aircraft would be abeam each other at 16.878 nm from the runway — the
following aircraft is always well inside the OGE time window of 48.68 s. due to the negative speed differential.
Similar schemes can be used with more complicated scenarios, such as with different speed profiles, to evaluate the
adherence to the wake avoidance regions as determined by wake age characteristics observed in this experiment and
different safety buffer assumptions.

Al L ettt ettt ettt LT R i o o et Ldedeieieieietet at L L L L L L L L S L L L LS )
£ leader AC | E P E leader AIC
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Figure 9. Example leader aircraft time to Figure 10. Example leader aircraft time to runway
runway threshold versus leader and follower threshold versus leader and follower distance to
distance to the runway for a leader-follower the runway for a leader-follower configuration
configuration with +10 knot speed differential with -10 knot speed differential (slower aircraft in-
(faster aircraft in-trail). trail).

A. Wake Characteristics Evaluation

Because the data collected in this experiment does not fully cover all possibilities of aircraft models, aircraft
speed and weight configuration, and atmospheric conditions, a model needs to be developed to estimate the wake
characteristics of other scenarios in the absence of the APA algorithm. This was the motivation for generating the
sensitivity scenarios for each of the aircraft models tested here, and for each of the primary parameters affecting
wake behavior (weight, speed, wingspan, crosswind, and eddy dissipation rate). Using the data from these scenario
runs and the nominal scenarios, a simple first-order finite-difference derivative model can be formulated as:

N A a,r
phT ~ pdT 4 Z —AY M)
=1 :
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where p®™ is the value of the parameter p (wake age, circulation strength, or wake altitude change) at offset distance
d and region r (IGE, OGE), pZ" is the nominal value of the parameter p at the same distance and region. The
second term on the right hand side is the sum of the N first derivative approximations of parameter p to a change in
the property Y; (weight, speed, wingspan, wind, EDR) multiplied by the change in the parameter for the new aircraft
relative to the baseline aircraft. Examples of the calculated values of these first-order finite-difference derivatives
(Apg’T/AYi) for the B737 aircraft are presented here in Table 5 through Table 10, while the full set of tables for all
aircraft models tested are available in the appendix in Table 27 through Table 80.

Table 5. B737 wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 10.05 15.45 21.2 27.25 40.05 57.35 75.85 -
Weight Derivative (s/Ib.) -3.261E-05 -4.348E-05 -4.891E-05 -5.435E-05 -5.978E-05 -5.435E-05 -2.717E-05 =
Speed Derivative (s/knot) 0.045 0.06 0.07 0.005 0 0.075 - -
Wingspan Derivative (s/ft) 0 -0.0089286 -0.0178571 -0.0357143 -0.0803571 -0.1517857 -0.2589286 195.05357
Wind Derivative (s/knot) -0.35 -0.57 -0.82 -1.09 -1.69 -2.57 -3.57 214.2
EDR Derivative (s/(m"2/s2)) 10.10101  15.151515 20.20202 35.353535 95.959596 - - -

Table 6. B737 wake age approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 17.5 25.45 33.35 41.25 57.1 76.9 96.6 116.35
Weight Derivative (s/Ib.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0178571 -0.0178571 -0.0089286 -0.0089286 -0.0178571 -0.0178571 -0.0178571 -0.0178571
Wind Derivative (s/knot) -0.9 -1.3 -1.69 -2.09 -2.88 -3.87 -4.86 -5.84
EDR Derivative (s/(m”"2/5/2)) 0 0 0 0 0 0 0 0

Table 7. B737 circulation strength approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m”"2/s) 205.9765 184.05264 166.26885 150.4482 117.37762 72.680655 24.883363 -
Weight Derivative ((m”2/s)/lb) 0.0015417 0.0013098 0.0011022 0.0008633 0.0003073 -0.0004825 -0.001391 -
Speed Derivative ((m”2/s)/knot) -1.9973207 -1.6928975 -1.4259186 -0.644268 -0.118179 0.6827416 - -
Wingspan Derivative ((m~2/s)/ft) -0.4295018 -0.0948166 0.184578 0.5437354 1.6802936 3.2407323 4.9748407 180.63008
Wind Derivative ((m”2/s)/knot) 1.2550026 1.6755646 2.0647646 2.5152232 4.220853 6.7437506 9.5882836 207.40134
EDR Derivative ((m~2/s)/(m"2/s72)) -658.15616 -757.08566 -1328.2838 -2261.0451 -4390.4013 = = =

Table 8. B737 circulation strength approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 218.34664 207.02863 196.29338 186.04613 166.87179 145.30814 126.2205 105.19724
Weight Derivative ((m~2/s)/Ib) 0.0017079 0.0015721 0.0014456 0.0013273 0.0011123 0.0008813 0.0006876 0.0005243
Speed Derivative ((m”2/s)/knot) -1.7071483 -1.5710638 -1.4444486 -1.32592 -1.1106286 -0.8794947 -0.6856743 -0.5223814
Wingspan Derivative ((m~2/s)/ft) -1.4860491 -1.2641161 -1.0708734 -0.8821987 -0.5376607 -0.1919584 0.0836513 0.3021641
Wind Derivative ((m~2/s)/knot) 1.3209632 1.8430716 2.3005184 2.731891 3.4692846 4.2093704 4.7752256 5.180508
EDR Derivative ((m~2/s)/(m~2/s72)) -3409.813 -4533.5126 -5449.4418 -6190.9578 -7241.2626 -7920.1612 -8104.7673 -7957.1183

Table 9. B737 wake altitude change approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.19447 4.866891  6.496909 8.051538 10.862557 13.597358 15.095361 -
Weight Derivative (ft/lb.) 1.393E-05 2.184E-05 3.141E-05 4.052E-05 5.229E-05 5.052E-05 2.444E-05 -
Speed Derivative (ft/knot) -0.0055422 -0.0169685 -0.0270396 -0.0909965 -0.1140256 -0.0471237 - -
Wingspan Derivative (ft/ft) -0.070925 -0.1035204 -0.136915 -0.1601964 -0.1963593 -0.192577 -0.1192846 181.14005
Wind Derivative (ft/knot) -0.1035092 -0.1567788 -0.2122156 -0.2583406 -0.3324366 -0.3472182 -0.2359104 202.84278
EDR Derivative (ft/(m"2/s2)) -5.939859 -9.6405051 -18.742525 -32.421818 -91.657071 - - -

Table 10. B737 wake altitude change approximate derivatives, OGE.

Distance (ft 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -80.71339 -113.46127 -144.3163 -173.56637 -227.70126 -287.48979 -339.2277 -384.19807
Weight Derivative (ft/Ib.) -0.0006523 -0.0009047 -0.0011355 -0.0013476 -0.0017214 -0.0021025 -0.0024008 -0.0026317
Speed Derivative (ft/knot) 0.6556552 0.9079668 1.1386049 1.3504964 1.7238269 2.1042389 2.4018263 2.6320094
Wingspan Derivative (ft/ft) 1.3440714 1.8226289 2.2215418 2.6111789 3.3037361 3.9408495 4.3962518 4.7047555
Wind Derivative (ft/knot) 3.8616546 5.3263932 6.610587 7.8039136 9.7849418 11.6654 12.977689 13.77377
EDR Derivative (ft/(m~2/s"2)) 634.05596  1248.4321 2014.6192 2907.3198 4982.8686  7909.4899 10979.845 14060.926

Estimating the wake characteristics of the Airbus A320 aircraft based on the results of the closest weight class
aircraft (the B737) would be an example use of the model above. Suppose the A320 aircraft configuration and
atmospheric conditions were given to be the values in Table 11. Table 11 also lists the change in these parameters
relative to the nominal scenario values of the B737. Using these values and the approximate derivative values of
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Table 5 through Table 10, the wake age, circulation strength, and wake altitude change characteristics of the A320
aircraft model can be estimated; Figure 11, Figure 12 and Figure 13 show the estimates for these three wake
characteristics, respectively, for the IGE and OGE regions, along with the nominal B737 data used as the baseline
for projection and the WVSAT™ simulation results for the A320 aircraft. Note that estimates are not calculated
beyond 1500 feet lateral offset distance because some derivatives do not exist for the baseline aircraft due to wakes
that had already dissipated in the sensitivity scenarios at those distances — extrapolation or other techniques could be
used to estimate the data at these lateral offset distances. The estimates for wake age for the A320 aircraft are
reasonable, given all of the assumptions associated with this simple model. Further investigation of these estimates
and the simulation model revealed that the majority of the difference between the estimated wake age and the
simulated values — particularly in the IGE region — can be attributed to wakes generated at different altitudes above
the ground. More specifically, because of the B737 and A320 aircraft model differences, the last wake elements for
the B737 at touchdown are generated at an altitude of 10 feet above the ground, while the A320 wakes are generated
at 11 feet above the ground, producing slightly different ground-effects. Similar to this difference in wake altitude
at touchdown, the circulation strength and wake altitude change models may benefit from further analysis into
explanatory parameters that could enhance the estimates. Nonetheless, the sensitivity model can provide quick
estimates of the wake characteristics of any aircraft when analyzing closely-spaced parallel runway operations,
provided an appropriate baseline aircraft is used.

Table 11. A320 simulation scenario parameters.

Weight (Ib.) Approach/Landing Wingspan Crosswind Eddy Dissipation
€ " Speeds (KIAS) (ft) (Knots)  Rate (m”2/s"2)
A320 142,000 133/123 111.25 22 0.001
Delta Parameters 22,000 3/3 -1.35 7 -0.0009
@) A5 [irireseeiesieiiciisieeeei I ) T ;
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40 H - A320 estimate -+~ A320 estimate S
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Figure 11. Estimated and simulated wake age characteristics for the A320 aircraft IGE (a) and OGE (b).
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Figure 12. Estimated and simulated circulation strength characteristics for the A320 aircraft IGE (a) and
OGE (b).
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Figure 13. Estimated and simulated wake altitude change characteristics for the A320 aircraft IGE (a) and
OGE (b).

VI. Conclusion

An experiment was performed to collect simulation data on wake vortex characteristics, relevant to the
evaluation (including feasibility analysis) of CSPR operational concepts. While the experiment was not tailored to
any specific operational concept, the data generated and compiled applies to the class of concepts where an aircraft
on a CSPR approach is required to stay ahead of the wake vortices of a lead aircraft on approach to an adjacent
CSPR. Data related to the wake age, circulation strength, and wake altitude change, at various lateral offset
distances from the wake generating lead aircraft, were collected for a set of nine aircraft. The aircraft selected span
the full range of wake classes defined by the FAA and ICAO. A total of 54 simulation scenarios were performed to
gather baseline and sensitivity data on dominant parameters that determine various wake characteristics. Of
particular interest is the wake age, or lateral wake vortex transport time, to various distances normal to the
generating aircraft’s flight path. This data can be used to efficiently evaluate both time-based and distance-based in-
trail separation for all aircraft wake-class combinations. A simple first-order difference model was developed to
enable the generation of wake characteristics estimates for aircraft models not included in this experiment. These
estimates can be used to quickly assess the WAZ size for all possible aircraft pairings, for any CSPR operational
scenario given specific, assumed separation buffers and speed profiles. Because of the simplicity of the model,
further evaluation would need to be performed to enhance the model’s predictive capabilities in regions outside the
experimental matrix used here. For example, the effect on wake characteristics due to different IGE wake
generation altitude at touchdown could be investigated using the WVSAT™ tool. Additionally, data for other
aircraft models could also be generated.

The simulation data generated and compiled in this experiment illustrate the differences between wake
characteristics of various aircraft and examples are provided showing potential uses of this data in the analysis of
CSPR approach concepts. These examples illustrate how the time-based approach to this experiment enables use of
the compiled data to analyze a wide range of scenarios with varying aircraft pairs and speed profiles. This capability
was contrasted with a prior study that analyzed the SAPA operational concept, where a spacing characterization in
terms of an initial in-trail distance at the start of the approach did not enable such flexibility.

Finally, it is important to note that this experiment is an exercise in the collection of simulation data from a wake
model intended to provide informative estimates on wake characteristics for the purposes of preliminary feasibility
analysis of various CSPR con-ops. The results presented here are only as good as the data from which these models
have been calibrated and efforts are underway to collect additional field data to better enhance the predictive
capabilities of models such as the APA.

Some of the possible follow-on studies to this work include: improving the predictive capabilities of the finite-
difference estimation model, comparison of this simulated data with field data that is currently being collected, and
the simulation and presentation of the wake characteristics data for same runway in-trail operational scenarios.

Appendix
The data collected in this experiment is extensive. As such, these data are presented in the tables in this
appendix where only an example set of data is presented earlier in the manuscript.
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1. Wake Age Scenario Results

Table 12. Wake age data IGE and OGE at various lateral offset distances for the Small weight class aircraft

nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altitude Wake Age (s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 14.65 216 28.7 35.95 50.8 69.95 - -
OGE 18.35 26.3 34.2 42.1 57.95 77.75 97.45 117.2
Weight IGE 14.2 211 28.15 35.45 50.35 - - -
OGE 18.35 26.3 34.2 42.1 57.95 77.75 97.45 117.2
Speed IGE 14.45 21.35 28.45 35.7 50.6 - - -
B190 OGE 18.35 26.3 34.2 42.1 57.95 77.75 97.45 117.2
Wingspan IGE 14.6 21.55 28.55 35.8 50.45 69.4 - -
OGE 18.3 26.25 34.2 42.05 57.9 77.7 97.4 117.15
Wind IGE 11.25 16.75 219 27.35 38.45 52.65 67.45 =
OGE 13.65 19.6 25.55 31.45 43.35 58.15 72.95 87.8
EDR IGE 14.8 219 29.2 36.8 - - - -
OGE 18.35 26.3 34.2 42.1 57.95 77.75 97.45 -
Nominal IGE 14.6 21.55 28.7 36 50.8 - - -
OGE 18.4 26.3 34.25 42.15 57.95 77.75 97.5 117.25
Weight IGE 14.15 21.05 28.15 35.45 50.55 = = -
OGE 18.4 26.3 34.25 42.15 57.95 77.75 97.5 117.25
Speed IGE 14.4 21.35 28.45 35.75 50.75 - - -
Small C560 OGE 18.4 26.3 34.25 42.15 57.95 77.75 97.5 117.25
Wingspan IGE 14.55 215 28.55 35.8 50.55 70.2 - -
OGE 18.35 26.25 34.2 42.1 57.9 77.7 97.45 117.2
Wind IGE 11.35 16.65 22.05 27.55 38.7 53 67.5 -
OGE 13.65 19.6 25.55 31.5 43.35 58.2 73 87.8
EDR IGE 14.7 21.85 29.15 36.8 - - - -
OGE 18.4 26.3 34.25 42.15 57.95 77.75 -~ -
Nominal IGE 13.3 19.95 26.8 339 48.6 = = =
OGE 18.25 26.2 34.15 42 57.85 77.65 97.35 117.1
Weight IGE 12.6 19.15 25.95 331 48.65 = = -
OGE 18.25 26.2 34.15 42 57.85 77.65 97.35 117.1
Speed IGE 13.1 19.7 26.55 33.65 48.4 - - -
c750 OGE 18.25 26.2 34.15 42 57.85 77.65 97.35 117.1
Wingspan IGE 13.3 19.85 26.65 33.65 48.1 67 - -
OGE 18.2 26.15 34.1 41.95 57.8 77.6 97.3 117.05
wind IGE 10.55 15.6 20.8 26,15 37.1 51.25 - -
OGE 13.55 19.5 25.45 31.4 43.25 58.1 72.9 87.75
EDR IGE 13.4 20.2 27.25 34.65 - - - -
OGE 18.25 26.2 34.15 42 57.85 77.65 97.35 -

Table 13. Wake age data IGE and OGE at various lateral offset distances for the Large weight class aircraft

nominal and sensitivity scenarios).

Weight Aircraft ID  Sensitivity Altit|:|de Wake Age (s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 12.3 18.55 25.1 32 46.35 - - -
OGE 18.15 26.1 34.05 41.95 57.75 77.55 97.25 117.05
Weight IGE 11.25 17.3 238 30.75 - - - -
OGE 18.15 26.1 34.05 41.95 57.75 77.55 97.25 117.05
Speed IGE 11.9 181 246 32.15 46.65 - - -
CRI2 OGE 18.15 26.1 34.05 41.95 57.75 77.55 97.25 117.05
Wingspan IGE 12.25 18.5 24.95 31.75 45.8 64.5 - -
OGE 18.1 26.05 34 41.9 57.7 77.5 97.2 116.95
Wind IGE 9.85 14.7 19.7 24.9 35.65 49.6 - -
OGE 13.5 19.45 25.4 31.3 43.2 58.05 72.8 87.65
EDR IGE 12.4 18.75 25.5 327 - - - -
Large OGE 18.15 26.1 34.05 41.95 57.75 77.55 97.25 117.05
Nominal IGE 10.05 15.45 21.2 27.25 40.05 57.35 75.85 -
OGE 17.5 25.45 33.35 41.25 57.1 76.9 96.6 116.35
Weight IGE 9.75 15.05 20.75 26.75 39.5 56.85 75.6 -
OGE 17.5 25.45 33.35 41.25 57.1 76.9 96.6 116.35
Speed IGE 9.6 14.85 20.5 27.2 40.05 56.6 - -
B737 OGE 17.5 25.45 33.35 41.25 57.1 76.9 96.6 116.35
Wingspan IGE 10.05 15.4 211 27.05 39.6 56.5 74.4 93.3
OGE 17.4 25.35 333 41.2 57 76.8 96.5 116.25
wind IGE 8.3 12,6 17.1 218 31.6 44.5 58 72
OGE 13 18.95 24.9 30.8 42.7 57.55 72.3 87.15
EDR IGE 10.15 15.6 21.4 27.6 41 - - -
OGE 17.5 25.45 33.35 41.25 57.1 76.9 96.6 116.35
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Table 14. Wake age data IGE and OGE at various lateral offset distances for the 757 weight class aircraft
nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altit|:|de Wake Age (s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 9.95 15.4 21.2 273 40.3 57.9 - -
OGE 17.4 25.35 33.1 41 57 76.8 96.35 116.1
Weight IGE 9.6 149 20.6 26.7 39.65 57.4 - -
OGE 17.4 25.35 331 41 57 76.8 96.35 116.1
Speed IGE 9.6 14,95 20.65 26.75 39.7 57.4 - -
757 B752 OGE 17.3 25.25 33.15 41.05 56.9 76.65 96.4 116.15
Wingspan IGE 9.95 15.35 21.05 27.1 39.8 56.95 75.15 -
OGE 173 25.25 33 40.9 56.9 76.7 96.25 116
Wind IGE 7.95 12.2 16.65 21.35 31.7 44,1 5005 72.05
OGE 12.85 18.8 24.75 30.65 42.5 57.35 72.15 87
EDR IGE 10 15.5 21.35 27.6 41 - - -
OGE 17.4 25.35 331 41 57 76.8 96.35 116.1

Table 15. Wake age data IGE and OGE at various lateral offset distances for the Heavy weight class aircraft
nominal and sensitivity scenarios).

Weight Aircraft ID  Sensitivity Altitude Wake Age (s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 10.05 15.45 211 27.05 39.45 55.95 73.25 91.4
OGE 16.85 24.75 32.7 40.6 56.4 76.2 95.95 115.7
Weight IGE 9.25 14.4 19.85 25.6 37.8 54.2 71.7 90.35
OGE 16.85 24.75 32.7 40.6 56.4 76.2 95.95 115.7
Speed IGE 9.65 149 204 26.25 385 54.9 72.25 90.5
B763 OGE 16.85 24.75 32.7 40.6 56.4 76.2 95.95 115.7
Wingspan IGE 10.1 15.45 21.05 26.95 39.2 55.45 72.4 90.1
OGE 16.7 24.65 32.6 40.45 56.3 76.1 95.8 115.55
Wind IGE 8.05 12.3 16.7 21.25 30.8 43.2 56.15 69.5
OGE 12.5 18.45 24.4 303 42.2 57.05 71.8 86.65
EDR IGE 10.15 15.65 214 27.4 40.25 57.65 - -
Hea OGE 16.85 24.75 32.7 40.6 56.4 76.2 95.95 115.7
vy Nominal IGE 9.3 14.4 19.75 25.35 37.1 52.6 68.85 85.75
OGE 15.95 23.9 31.8 39.7 55.55 75.35 95.05 114.8
Weight IGE 8.3 13.05 18.05 23.35 346 49.7 65.85 82.85
OGE 15.95 239 31.8 39.7 55.55 75.35 95.05 114.8
Speed IGE 9.1 14.15 19.45 25 36.65 52.05 68.3 85.25
B744 OGE 15.95 239 31.8 39.7 55.5 75.3 95.05 114.8
Wingspan IGE 9.35 14.45 19.8 25.35 37 523 68.25 84.85
OGE 15.75 23.7 31.65 39.55 55.35 75.15 94.85 114.6
wind IGE 7.7 11.8 16.1 205 29.7 41.7 54.05 66.8
OGE 11.85 17.8 23.75 29.65 41.5 56.35 71.15 86
EDR IGE 9.4 14.6 20.05 25.75 37.8 54 71.45 90.15
OGE 15.95 239 31.8 39.7 55.55 75.35 95.05 114.8

Table 16. Wake age data IGE and OGE at various lateral offset distances for the Super weight class aircraft
nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altitl.Jde Wake Age (s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE Zi55) 11.9 16.5 21.4 31.75 45.6 60.4 76

OGE 15.2 23.15 31.05 38.95 54.8 74.6 94.3 114.05

Weight IGE 7.35 11.6 16.15 20.95 31.2 45 59.7 75.25
OGE 15.2 23.15 31.05 38.95 54.8 74.6 94.3 114.05

Speed IGE 7.1 11.25 15.7 20.4 31.15 44.05 59.65 75.2
Super A380 OGE 15.2 23.15 31.05 38.95 54.8 74.6 94.3 114.05
Wingspan IGE 7.6 11.95 16.55 21.4 31.65 45.35 59.9 75.15
OGE 15 229 30.85 38.75 54.6 74.4 94.1 113.85

Wind IGE 6.4 10 13.8 17.75 26 36.95 48.4 60.3

OGE 11.25 17.2 23.15 29.1 40.95 55.8 70.6 85.45

EDR IGE 7.6 12.05 16.75 21.75 323 46.65 62.35 79.3
OGE 15.2 23.15 31.05 38.95 54.8 74.6 94.3 114.05
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2. Circulation Strength Scenario Results

Table 17. Circulation strength data IGE and OGE at various lateral offset distances for the Small weight
class aircraft (hominal and sensitivity scenarios).

Weight . e . Altitude Circulation Strength (m~2/s) at Offset Distances (ft)
Aircraft ID  Sensitivity
Class Region 500 700 900 1100 1500 2000 2500 3000
- IGE 506 146 394 341 23.2 9.2 - -
Nominal OGE 56.7 53.2 49.9 46.8 41.0 34.6 29.2 24.4
) IGE 58.0 50.3 22.9 35.2 19.6 = = =
Weight OGE 67.1 62.6 58.4 54.4 47.2 39.3 32.6 26.8
speed IGE 54.0 47.1 40.8 343 21.0 - - -
8190 OGE 62.0 58.0 54.3 50.7 44.2 37.1 31.0 25.7
Wingspan IGE 50.5 44.9 405 36.2 27.3 159 - -
OGE 54.6 51.5 485 45.7 40.4 34.6 29.5 25.1
Wind IGE 55.5 48.1 5.2 21.0 325 217 12.0 S
OGE 58.9 56.2 53.5 51.0 46.3 40.9 36.1 31.8
DR IGE 44.7 337 223 105 = 2 2 =
OGE 43.5 36.3 30.2 25.1 17.0 10.1 5.6 -
- IGE 515 45.0 389 32.7 20.1 - - -
Nominal OGE 58.7 54.9 513 479 41.7 35.0 29.1 24.1
- IGE 59.1 50.4 417 32.7 14.1 - - -
Weight OGE 69.8 64.9 60.2 55.9 481 39.6 32.4 26.4
speed IGE 55.1 47.7 40.6 333 18.2 - - -
Small 560 OGE 63.7 59.4 55.3 51.5 4.6 37.1 30.7 25.2
Wingspan IGE 515 455 405 35.5 25.2 125 - -
OGE 56.6 53.2 50.0 46.9 413 35.1 29.7 24.9
Wind IGE 54.4 48.7 44.0 396 30.7 19.2 76 >
OGE 61.1 58.1 55.3 52.5 47.4 416 36.5 31.9
DR IGE 45.8 33.8 215 8.6 - - - -
OGE 44.7 37.1 30.7 253 16.9 9.8 - -
- IGE 73.0 63.4 54.3 24.8 253 = 2 5
Nominal OGE 83.4 77.9 72.7 67.9 59.0 49.4 411 34.0
Weight IGE 87.4 73.2 58.6 43.2 12.7 5 E 5
OGE 104.0 96.2 9.0 82.4 703 57.4 465 37.4
speed IGE 778 66.8 56.1 44.9 218 - - -
50 OGE 90.4 84.2 78.3 72.9 63.0 52.2 43.1 353
Wingspan IGE 72.9 64.2 56.7 49.1 333 12.7 - -
OGE 80.5 75.6 71.0 66.6 58.6 49.7 42.0 353
Wind IGE 76.6 68.2 61.4 546 40.9 23.1 = =
OGE 86.8 82.6 78.4 74.5 67.2 58.9 516 45.0
DR IGE 67.9 52.3 36.1 19.1 - - - -
OGE 64.8 54.2 45.2 37.6 256 15.3 8.5 -

Table 18. Circulation strength data IGE and OGE at various lateral offset distances for the Large weight
class aircraft (nominal and sensitivity scenarios).

Weight . e . Altitude Circulation Strength (m~2/s) at Offset Distances (ft)
Aircraft ID  Sensitivity
Class Region 500 700 900 1100 1500 2000 2500 3000
B IGE 90.9 79.1 68.1 56.5 323 - - -
Nominal OGE 104.7 97.7 91.2 85.1 73.9 618 51.4 12.4
. IGE 114.8 95.2 74.4 52.2 - - - -
Weight OGE 140.0 129.1 118.8 109.4 92.5 74.6 59.8 47.4
Speed IGE 98.6 84.9 71.4 56.1 27.9 = = =
CRI2 OGE 112.7 104.9 97.6 90.8 78.4 65.0 53.6 43.9
Wingspan IGE 90.3 79.5 70.4 61.0 41.6 15.7 - -
OGE 101.0 94.9 89.0 83.6 735 62.3 52.6 44.2
Wind IGE 95.4 84.9 76.3 67.9 50.5 279 - -
OGE 108.9 103.5 98.3 93.4 84.2 73.7 64.5 56.2
EDR IGE 86.0 68.7 50.3 30.8 - - - -
Large OGE 82.5 69.3 58.1 48.6 33.6 20.4 11.6 5.7
Nominal IGE 206.0 184.1 166.3 150.4 117.4 72.7 249 -
OGE 218.3 207.0 196.3 186.0 166.9 145.3 126.2 109.2
Weight IGE 220.2 196.1 176.4 158.4 120.2 68.2 121 -
OGE 234.1 221.5 209.6 198.3 177.1 153.4 132.5 114.0
Speed IGE 225.9 201.0 180.5 156.9 118.6 65.9 - -
B737 OGE 235.4 222.7 210.7 199.3 178.0 154.1 133.1 114.4
Wingspan IGE 203.6 183.5 167.3 153.5 126.8 90.8 52.7 12.5
OGE 210.0 199.9 190.3 181.1 163.9 144.2 126.7 110.9
Wind IGE 2123 192.4 176.6 163.0 138.5 106.4 72.8 38.0
OGE 225.0 216.2 207.8 199.7 184.2 166.4 150.1 135.1
EDR IGE RS 176.6 153.1 128.1 739 - - -
OGE 184.6 162.1 142.3 124.8 95.2 66.9 46.0 30.4
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Table 19. Circulation strength data IGE and OGE at various lateral offset distances for the 757 weight class
aircraft (nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altit|:|de Circulation Strength (m~2/s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 270.6 240.4 2159 193.1 144.5 78.7 - -
OGE 295.3 279.7 265.0 250.9 224.2 194.5 168.5 145.2
Weight IGE 294.1 259.9 231.9 204.0 144.9 63.9 - -
OGE 3243 306.2 289.3 273.1 242.5 208.8 179.4 153.3
Speed IGE 290.7 256.9 229.5 202.5 145.1 66.6 - -
757 B752 OGE 317.2 299.7 2832 267.4 238.1 205.5 176.7 151.3
Wingspan IGE 266.9 239.3 217.1 197.7 158.7 105.9 49.9 -
OGE 284.3 270.4 257.3 244.7 220.6 193.7 169.8 148.2
Wind IGE 292.5 263.2 239.9 219.8 176.3 129.0 74.5 17.4
OGE 304.6 292.5 280.8 269.6 248.3 223.6 201.2 180.6
EDR IGE 264.3 2334 202.9 170.4 100.6 = o -
OGE 252.8 2229 196.9 173.2 133.0 94.5 66.1 44.5

Table 20. Circulation strength data IGE and OGE at various lateral offset distances for the Heavy weight
class aircraft (nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altitude Circulation Strength (m~2/s) at Offset Distances (ft)

Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 297.7 270.6 249.4 2313 200.7 161.9 121.2 78.6
OGE 304.1 291.7 279.6 268.0 246.1 220.7 197.6 176.5
Weight IGE 357.0 321.9 2594.0 270.2 226.1 167.0 104.0 36.9
OGE 3729 356.2 340.0 324.6 295.5 262.2 232.2 205.0
s i IGE 3234 293.1 269.2 248.6 212.8 166.0 116.4 64.3
B763 OGE 326.6 312.8 299.4 286.7 262.5 234.6 209.3 186.3
Wingspan IGE 292.2 266.8 247.5 231.0 203.8 172.3 139.5 105.3
OGE 291.6 280.3 269.5 259.1 239.2 216.1 195.0 175.5
Wind IGE 319.0 291.6 271.1 254.0 225.3 194.1 161.6 128.2
OGE 311.1 301.6 292.2 283.2 265.7 245.2 226.2 208.2

EDR IGE 284.2 256.9 2326 207.2 152.9 79.4 - -
Hea OGE 266.5 240.4 216.4 194.8 157.2 119.1 89.2 65.5
vy Nominal IGE 441.6 400.2 373.2 350.8 313.9 276.1 238.6 199.6
OGE 418.0 403.9 390.1 376.8 351.2 321.2 293.4 267.5
Weight IGE 553.1 502.6 465.6 434.3 382.1 322.8 259.5 192.8
B OGE 541.2 521.0 501.5 482.7 446.6 404.7 366.3 330.8
Speed IGE 462.1 419.9 390.8 366.6 326.5 284.8 2423 197.9
B744 OGE 445.8 430.3 415.4 400.9 373.1 340.6 310.5 282.5
Wingspan IGE 430.9 391.4 366.0 345.6 312.2 278.6 248.7 217.8
gspal OGE 398.3 385.6 373.2 361.2 338.1 310.8 285.4 261.6
wind IGE 453.2 414.5 3883 367.7 334.0 300.1 271.5 2425
OGE 425.4 414.7 404.1 393.8 373.8 349.9 3273 305.9
EDR IGE 417.9 376.7 349.3 3226 266.3 190.5 108.9 215
OGE 376.5 345.4 316.8 290.3 243.1 193.7 153.1 119.7

Table 21. Circulation strength data IGE and OGE at various lateral offset distances for the Super weight
class aircraft (nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altitl.Jde Circulation Strength (m~2/s) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 682.2 621.9 580.6 547.2 492.6 437.3 386.9 333.8
OGE 625.1 605.1 585.7 566.8 530.3 487.4 447.5 410.2
Weight IGE 715.4 649.6 605.7 570.1 511.6 452.0 396.4 3375
OGE 658.4 637.0 616.2 595.9 556.8 510.9 468.4 428.6
Speed IGE 755.3 684.8 638.0 600.2 521.4 473.6 402.5 341.3
Super A380 OGE 671.4 649.3 628.0 607.1 567.0 520.0 476.4 435.7
Wingspan IGE 653.1 610.8 570.2 539.2 489.4 439.1 396.4 BEEY
OGE 597.8 579.7 562.0 544.9 511.8 472.7 436.2 401.8
Wind IGE 683.3 644.5 601.5 569.9 519.7 469.2 427.0 386.9
OGE 635.0 620.0 605.1 590.4 562.1 528.1 495.8 465.1
EDR IGE 658.6 591.5 549.9 516.1 449.8 359.5 260.8 154.2
OGE 572.4 529.3 489.5 452.3 385.1 313.6 253.9 203.8
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3. Wake Altitude Change Scenario Results

Table 22. Wake altitude change data IGE and OGE at various lateral offset distances for Small weight class
aircraft (nominal and sensitivity scenarios).

Weight . A Altitude Wake Altitude Change (ft) at Offset Distances (ft)
Aircraft ID  Sensitivity
Class Region 500 700 900 1100 1500 2000 2500 3000
] IGE 33 47 6.0 7.2 9.0 10.4 = -
Nominal OGE -43.4 -59.9 753 -89.6 -115.8 -144.0 -167.6 -187.5
) IGE 38 5.4 6.8 8.0 9.9 = = =
Weight OGE -51.7 71.1 -89.1 -105.9 -136.2 -168.3 -194.9 -217.0
speed IGE 35 5.1 6.4 7.6 9.4 - - -
8190 OGE -47.6 -65.6 -82.3 -97.9 -126.2 -156.4 -181.6 -202.7
Wingspan IGE 2.9 4.2 53 6.4 8.3 9.9 - -
OGE -39.5 -54.6 -68.9 -82.1 -106.6 -133.2 -155.8 -175.1
Wind IGE 25 38 48 5.8 76 9.2 10.7 -
OGE 332 -46.1 -58.4 -70.0 -91.8 -116.1 -137.5 -156.5
DR IGE 3.1 4.3 5.2 5.7 = = E =
OGE -383 -50.2 -60.1 -68.3 -80.7 -90.7 -96.4 -
- IGE 35 5.0 6.4 7.6 9.4 - - -
Nominal OGE -46.5 -63.9 -80.3 -95.4 -122.8 -152.1 -176.6 -196.9
- IGE 2.1 5.8 73 8.5 10.2 - - -
Weight OGE -55.7 .76.3 -95.6 -113.3 -145.1 -178.6 -206.1 2285
speed IGE 38 5.4 6.9 8.2 10.0 - - .
Small 560 OGE -50.6 -69.4 -87.0 -103.4 -132.7 -164.0 -189.8 -211.1
Wingspan IGE 31 45 57 6.8 8.7 10.9 = S
OGE -42.3 -58.3 -73.4 -87.6 -113.2 -141.0 -164.6 -184.4
Wind IGE 2.9 2.1 5.3 6.3 8.2 9.9 10.8 5
OGE 355 -49.2 -62.3 -74.7 -97.6 -123.2 -145.5 -165.1
DR IGE 33 46 55 6.1 - - - -
OGE -40.9 -53.4 -63.8 -72.3 -85.1 -95.1 - -
- IGE 35 5.1 6.6 78 9.7 - - -
Nominal OGE -57.8 -79.7 -100.1 -119.0 -153.2 -189.8 -220.1 -245.4
) IGE 42 6.0 7.6 8.9 112 5 E 5
Weight OGE -72.8 -99.9 -125.0 -148.0 -189.2 -232.2 -267.0 -295.2
speed IGE 38 5.5 7.0 8.3 10.1 - - -
50 OGE -62.8 -86.5 -108.5 -128.8 -165.5 -204.3 -236.3 -262.6
Wingspan IGE 3.1 45 59 7.1 9.0 10.4 - -
OGE -52.6 -72.8 -91.7 -109.2 -141.5 -176.2 -205.5 -230.3
Wind IGE 3.0 43 5.5 6.6 8.5 10.2 = =
OGE -44.1 -61.3 777 -93.2 -121.8 -153.7 -181.6 -206.0
DR IGE 34 4.9 6.0 6.7 - - - -
OGE -51.3 -67.4 -80.8 -91.9 -108.8 -122.4 -130.2 -

Table 23. Wake altitude change data IGE and OGE at various lateral offset distances for Large weight class
aircraft (nominal and sensitivity scenarios).

Weight . e s Altitude Wake Altitude Change (ft) at Offset Distances (ft)
Aircraft ID  Sensitivity
Class Region 500 700 900 1100 1500 2000 2500 3000
- IGE 34 4.9 6.3 75 94 - = -
Nominal OGE -66.2 -91.4 -114.9 -136.8 -176.1 -218.1 -252.9 -281.9
I IGE 4.0 5.9 75 8.7 5 = = =
Weight OGE -89.9 -123.4 -154.3 -182.6 -232.5 -284.1 -325.5 -358.6
speed IGE 34 5.1 6.5 8.5 10.3 - - -
2 OGE 715 -98.6 -123.8 -147.1 -188.9 -233.3 -269.8 -300.0
Wingspan IGE 3.0 43 56 6.7 8.6 10.1 - -
OGE -60.3 -83.5 -105.3 -125.7 -162.6 -202.7 -236.4 -264.9
Wind IGE 28 4.1 5.3 6.4 8.3 9.9 = 5
OGE -50.6 -70.5 -89.3 -107.0 -140.1 -176.8 -208.7 -236.7
EDR IGE 33 4.7 5.8 6.7 - - - -
Lavge OGE -59.1 -78.0 93.8 -107.0 -127.1 -143.6 -153.3 -158.6
Norminal IGE 32 4.9 6.5 8.1 10.9 136 151 -
OGE -80.7 -113.5 -144.3 -173.6 -227.7 -287.5 -339.2 -384.2
Weight IGE 33 5.1 6.8 8.4 113 14.1 153 5
OGE -86.7 -121.8 -154.8 -186.0 -243.5 -306.8 -361.3 -408.4
speed IGE 3.2 5.0 6.8 9.0 12.0 14.1 - -
8737 OGE -87.3 1225 -155.7 -187.1 -244.9 -308.5 -363.2 -410.5
Wingspan IGE 28 43 57 7.2 98 12.5 14.4 15.4
OGE 732 -103.3 -131.9 -158.9 -209.2 -265.4 -314.6 -357.9
Wind IGE 2.7 4.1 5.4 6.8 9.2 119 139 15.2
OGE -61.4 -86.8 -111.3 -134.5 -178.8 -229.2 -274.3 -315.3
EDR IGE 3.1 4.8 6.3 7.7 10.0 - - -
OGE -74.4 -101.1 -124.4 -144.8 -178.4 -209.2 -230.5 -245.0
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Table 24. Wake altitude change data IGE and OGE at various lateral offset distances for 757 weight class
aircraft (nominal and sensitivity scenarios).

Weight Aircraft ID  Sensitivity Altit|:|de Wake Altitude Change (ft) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 4.5 6.8 9.1 113 15.1 18.6 - -
OGE -98.0 -138.0 -174.9 -210.5 -276.9 -349.2 -411.1 -465.2
Weight IGE 4.7 7.2 9.6 12.0 16.0 19.2 = -
OGE -108.0 -151.8 -192.1 -231.0 -303.0 -380.9 -447.1 -504.5
Speed IGE 4.7 7.1 9.5 11.8 15.8 19.1 - -
757 B752 OGE -104.9 -147.8 -188.0 -226.0 -296.0 -372.4 -438.3 -494.8
Wingspan IGE 39 6.0 8.0 10.0 13.6 17.2 19.5 -
OGE -88.9 -125.6 -159.7 -192.7 -254.6 -322.9 -381.9 -434.1
Wind IGE 3.5 5.4 7.3 9.1 12.9 16.0 18.5 19.6
OGE -74.2 -105.2 -135.0 -163.4 -217.0 -278.2 -333.1 -382.5
EDR IGE 4.4 6.7 8.9 11.0 141 - - -
OGE -90.9 -124.0 -152.4 -177.9 -220.5 -259.5 -286.7 -305.6

Table 25. Wake altitude change data IGE and OGE at various lateral offset distances for Heavy weight class
aircraft (nominal and sensitivity scenarios).

Weight Aircraft ID  Sensitivity Altitude Wake Altitude Change (ft) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 35 5.5 7.4 9.3 12.8 16.8 20.1 22,6
OGE -77.0 -109.9 -141.6 -171.8 -228.5 -293.0 -350.7 -402.3
Weight IGE 4.0 6.2 8.4 10.6 14.6 18.9 222 23.9
OGE -94.8 -135.1 -173.7 -210.4 -278.8 -355.9 -424.1 -484.3
Speed IGE 3.6 5.6 7.6 9.6 13.3 17.4 20.6 22.8
B763 OGE -82.8 -118.1 -152.1 -184.5 -245.1 -313.8 -375.0 -429.5
Wingspan IGE 3.1 4.8 6.5 8.2 11.3 15.0 18.3 20.9
OGE -69.4 -99.7 -128.8 -156.4 -208.9 -268.9 -322.7 -371.4
Wind IGE 2.6 4.2 58 7.3 10.3 13.7 16.7 19.3
OGE -58.3 -83.8 -108.5 -132.2 -177.8 -230.8 -279.3 -324.4
EDR IGE 35 5.4 7.2 8.9 12.0 14.7 - -
Heavy OGE -72.2 -100.1 -125.5 -148.2 -186.9 -224.9 -253.5 -274.7
Nominal IGE 31 5.0 6.9 8.8 126 16.9 21.0 24.6
OGE -72.8 -106.3 -138.4 -169.4 -228.5 -296.6 -358.6 -415.2
Weight IGE 3.6 52 8.1 10.4 14.7 19.9 245 28.3
& OGE -94.6 -137.9 -179.2 -219.0 -294.4 -380.7 -458.4 -528.8
Speed IGE 3.2 5.2 7.3 9.2 13.0 17.6 21.8 255
B744 pe OGE -77.7 -113.4 -147.6 -180.6 -243.2 -315.5 -381.3 -441.2
Wingspan IGE 2.6 4.3 6.0 7.6 109 14.8 18.4 21.8
OGE -64.9 -95.1 -124.4 -152.6 -206.2 -268.6 -325.6 -378.0
wind IGE 25 4.0 5.6 7.2 10.2 139 17.3 20.6
OGE -55.1 -80.7 -105.6 -129.7 -176.3 -231.3 -282.6 -330.7
EDR IGE 3.0 4.9 6.7 8.5 119 15.4 179 19.1
OGE -69.2 -98.6 -1253 -149.9 -193.1 -237.2 -272.0 -299.5

Table 26. Wake altitude change data IGE and OGE at various lateral offset distances for Super weight class
aircraft (nominal and sensitivity scenarios).

Weight AircraftID  Sensitivity Altitl.Jde Wake Altitude Change (ft) at Offset Distances (ft)
Class Region 500 700 900 1100 1500 2000 2500 3000
Nominal IGE 2.6 4.4 6.3 8.1 11.8 16.2 204 243
OGE -84.3 -125.1 -164.3 -202.2 -274.7 -358.6 -435.4 -506.0
Weight IGE 2.7 4.5 6.4 8.3 12.1 16.6 21.0 25.0
OGE -88.9 -131.8 -173.0 -213.0 -289.1 -377.2 -457.5 -531.3
Speed IGE 25 4.4 6.4 83 il 16.9 21.7 25.8
Super A380 OGE -90.7 -134.4 -176.5 -217.1 -294.7 -384.4 -466.2 -541.2
Wingspan IGE 2.2 3.9 55 7.1 10.3 14.3 18.1 21.7
OGE -75.7 -112.6 -148.6 -183.3 -249.8 -327.1 -398.2 -463.9
Wind IGE 21 3.7 5.2 6.8 9.8 13.5 17.1 20.5
OGE -63.6 -94.7 -125.1 -154.8 -211.7 -279.1 -342.3 -401.7
EDR IGE 2.6 4.4 6.1 7.9 11.4 15.4 18.7 21.2
OGE -80.7 -117.2 -150.8 -181.8 -237.0 -294.5 -340.9 -378.5
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4. B190 Approximate Derivatives

Table 27. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 14.65 216 28.7 35.95 50.8 69.95 - -
Weight Derivative (s/Ib.) -0.0001627 -0.0001808 -0.0001989 -0.0001808 -0.0001627 - - -
Speed Derivative (s/knot) 0.02 0.025 0.025 0.025 0.02 - - -
Wingspan Derivative (s/ft) -0.0172414 -0.0172414 -0.0517241 -0.0517241 -0.1206897 -0.1896552 - -
Wind Derivative (s/knot) -0.68 -0.97 -1.36 -1.72 -2.47 -3.46 213.29 -
EDR Derivative (s/(m"2/s572)) 15.151515 30.30303 50.505051 85.858586 - - - -
Table 28. Wake age approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 18.35 26.3 34.2 42.1 57.95 77.75 97.45 117.2
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0172414 -0.0172414 0 -0.0172414 -0.0172414 -0.0172414 -0.0172414 -0.0172414
Wind Derivative (s/knot) -0.94 -1.34 -1.73 -2.13 -2.92 -3.92 -4.9 -5.88
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 -
Table 29. Circulation strength approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (mA2/s) 50.612276 44.593184 39.388312 34.085256 23.223126 9.215727 - -
Weight Derivative ((m~2/s)/Ib) 0.0026791 0.0020538 0.0012618 0.0004104 -0.0013135 = 3 3
Speed Derivative ((m”2/s)/knot) -0.334127 -0.2518995 -0.1396891 -0.0239303 0.2176317 - - -
Wingspan Derivative ((m~2/s)/ft) -0.0533583 0.1142983 0.3873276 0.7120359 1.41861 2.3177776 - -
Wind Derivative ((m~2/s)/knot) 0.970932 0.7019904 1.1594374 1.3862476 1.8616342 2.4921236 202.19009 -
EDR Derivative ((m~2/s)/(m~2/s”2)) -596.27596 -1102.0007 -1721.3417 -2377.8241 - - - -

Table 30. Circulation strength approximate derivatives, OGE.
Distance (ft 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 56.748064 53.223218 49.912047 46.775442 40.996758 34.648589 29.174101 24.417885
Weight Derivative ({(m~2/s)/lb) 0.0037487 0.0033897 0.0030614 0.0027617 0.0022295 0.0016777 0.0012328 0.0008731
Speed Derivative ((m”"2/s)/knot) -0.5289255 -0.4797162 -0.4342034 -0.3929826 -0.3195374 -0.2429655 -0.1808621 -0.1303025
Wingspan Derivative ((m~2/s)/ft) -0.7299093 -0.6049276 -0.497519 -0.3849969 -0.2009514 -0.0183434 0.1196379 0.218
Wind Derivative ((m~2/s)/knot) 0.4349318 0.5915932 0.7271794 0.8540478 1.059857 1.2559856 1.3862432 1.4680946
EDR Derivative ((m~2/s)/(m~"2/s"2)) -1340.5044 -1710.8913 -1987.9029 -2189.2009 -2419.0659 -2478.6535 -2385.9747 -

Table 31. Wake altitude change approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.280296  4.698599  5.980121 7.16546 9.027983 10.413899 - -
Weight Derivative (ft/Ib.) 0.0001738 0.0002419 0.0003017 0.0003173 0.0003006 - - -
Speed Derivative (ft/knot) -0.0262043 -0.0358314 -0.0456234 -0.0434655 -0.0411003 - - -
Wingspan Derivative (ft/ft) -0.1317355 -0.1875362 -0.2214503 -0.2495438 -0.2589631 -0.1695393 - -
Wind Derivative (ft/knot) -0.1521468 -0.1701132 -0.2452216 -0.2767328 -0.2945122 -0.2383526 201.93216 -
EDR Derivative (ft/(m"2/s/2)) -18.703434 -42.534343 -81.811919 -145.70343 - - - -

Table 32. Wake altitude change approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -43.444531 -59.907632 -75.250777 -89.634531 -115.80667 -143.96176 -167.59594 -187.49103
Weight Derivative (ft/Ib.) -0.002987 -0.0040553 -0.0050145 -0.0058805 -0.0073664 -0.0088163 -0.0098905 -0.0106691
Speed Derivative (ft/knot) 0.4165619 0.5675565 0.7034479 0.8264676 1.0386154 1.2474316 1.4039212 1.5190247
Wingspan Derivative (ft/ft) 1.3578407 1.8186934 2.1962717 2.5866841 3.1821824 3.7202352 4.070639 4.2763886
Wind Derivative (ft/knot) 2.0575288 2.7704458 3.3799218 3.93229 4.8058206 5.5788012 6.0152958  6.20225
EDR Derivative (ft/(m"2/s5/2)) 520.74273 980.13444 1532.5366 2155.7335 3541.5296 5380.5338 7192.5391 -
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5. C560 Approximate Derivatives

Table 33. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 14.6 21.55 28.7 36 50.9 - - -
Weight Derivative (s/Ib.) -0.0001406 -0.0001563 -0.0001719 -0.0001719 -0.0001094 - - -
Speed Derivative (s/knot) 0.02 0.02 0.025 0.025 0.015 - - -
Wingspan Derivative (s/ft) -0.0177305 -0.0177305 -0.0531915 -0.070922 -0.1241135 375.14894 - -
Wind Derivative (s/knot) -0.65 -0.98 -1.33 -1.69 -2.44 2104 213.3 -
EDR Derivative (s/(m"2/s572)) 10.10101 30.30303  45.454545 80.808081 - - - -

Table 34. Wake age approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 18.4 26.3 34.25 42.15 57.95 77.75 97.5 117.25
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0177305 -0.0177305 -0.0177305 -0.0177305 -0.0177305 -0.0177305 -0.0177305 -0.0177305
Wind Derivative (s/knot) -0.95 -1.34 -1.74 -2.13 -2.92 -3.91 -4.9 -5.89
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 - -

Table 35. Circulation strength approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (mA2/s) 51.450445 44957113 38.908876 32.733775 20.129801 - - -
Weight Derivative ((m~2/s)/Ib) 0.0024011 0.0017064 0.0008647 -1.437E-05 -0.0018855 z - -
Speed Derivative ((m”2/s)/knot) -0.3603311 -0.2714744 -0.1657248 -0.0526455 0.1881714 - - -
Wingspan Derivative ((m~2/s)/ft) 0.0015465 0.1940986 0.5804784 0.9814791 1.8117908 358.68018 - -
Wind Derivative ((m*2/s)/knot) 0.5947846 0.7413192 1.0259724 1.379818 2.1142248 203.64913 201.32603 -
EDR Derivative ((m”2/s)/(m~2/s"2)) -569.79394 -1129.3772 -1759.4205 -2436.1481 - - - -

Table 36. Circulation strength approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 58.728527 54.914764 51.297298 47.912709 41.724555 34.951636 29.142893 24.149456
Weight Derivative ({m~2/s)/Ib) 0.0034696 0.0031178 0.0027941 0.0024993 0.001982  0.001451 0.0010291 0.0006948
Speed Derivative ((m”2/s)/knot) -0.4922908 -0.4438638 -0.3993887 -0.3587636 -0.2871521 -0.213155 -0.1538717 -0.1064811
Wingspan Derivative ((m"2/s)/ft) -0.7539766 -0.6092564 -0.4763344 -0.3571365 -0.1532894 0.0387738 0.1807401 0.2830252
Wind Derivative ((m~2/s)/knot) 0.4786886 0.6443342 0.7941508 0.9223736 1.1384394 1.3362744 1.4683178 1.5473876
EDR Derivative ((m”2/s)/(m~2/s"2)) -1420.0994 -1800.1995 -2083.5591 -2285.3182 -2503.8182 -2539.6382 - -

Table 37. Wake altitude change approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.505669  5.030626  6.412215 7.62324 9.436369 - - -
Weight Derivative (ft/Ib.) 0.000176 0.0002339 0.0002751 0.0002877 0.0002311 > = =
Speed Derivative (ft/knot) -0.032125 -0.0417116 -0.0494621 -0.0550249 -0.0517323 - - -
Wingspan Derivative (ft/ft) -0.1414468 -0.1958411 -0.2460475 -0.2760082 -0.2474167 358.12203 - -
Wind Derivative (ft/knot) -0.1260616 -0.1822436 -0.2244232 -0.2583806 -0.2514318 201.77709 201.9633 -
EDR Derivative (ft/(m~2/s72)) -17.929798 -43.09 -88.965859 -157.32242 - - - -

Table 38. Wake altitude change approximate derivatives, OGE.

Distance (ft 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -46.532971 -63.909986 -80.25292 -95.422744 -122.80605 -152.13379 -176.58627 -196.91649
Weight Derivative (ft/Ib.) -0.0028763 -0.0038829 -0.0047922 -0.0056013 -0.0069675 -0.0082759 -0.0092181 -0.0098723
Speed Derivative (ft/knot) 0.405725 0.5487754 0.6784771 0.7943575 0.9913422 1.1820947 1.3216015 1.4204845
Wingspan Derivative (ft/ft) 1.4866936 1.9788181 2.4139092 2.7914521 3.4011993 3.9353996 4.2661291 4.4387798
Wind Derivative (ft/knot) 2.208656 2.9367924 3.5930344 4.1439506 5.0381728 5.7892792 6.2082738 6.3612036
EDR Derivative (ft/(m~2/s"2)) 570.7396  1066.0123 1666.0395 2336.0673 3811.9322 5758.4 - -
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6. C750 Approximate Derivatives

Table 39. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 133 19.95 26.8 339 486 s - -
Weight Derivative (s/Ib.) -0.0001029 -0.0001176 -0.000125 -0.0001176 7.353E-06 - - -
Speed Derivative (s/knot) 0.02 0.025 0.025 0.025 0.02 - - -
Wingspan Derivative (s/ft) 0 -0.03125 -0.046875 -0.078125 -0.15625  333.125 - -
Wind Derivative (s/knot) -0.55 -0.87 -1.2 -1.55 -2.3 210.05 - -
EDR Derivative (s/(m"2/s572)) 10.10101  25.252525 45.454545 75.757576 - - - -
Table 40. Wake age approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 18.25 26.2 34.15 42 57.85 77.65 97.35 117.1
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.015625 -0.015625 -0.015625 -0.015625 -0.015625 -0.015625 -0.015625 -0.015625
Wind Derivative (s/knot) -0.94 -1.34 -1.74 -2.12 -2.92 -3.91 -4.89 -5.87
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 -
Table 41. Circulation strength approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 73.006084 63.352987 54.261376 44.837961 25.327521 - B B
Weight Derivative ((mA2/s)/lb) 0.0021214 0.0014438 0.0006333 -0.0002389 -0.0018564 - - -
Speed Derivative ((mA2/s)/knot) -0.4754838 -0.3471567 -0.1806678 -0.0081032 0.3570296 - - -
Wingspan Derivative ((m~2/s)/ft) -0.0484291 0.2557609 0.7622272 1.3190238 2.4864869 316.14119 = =
Wind Derivative ((m”2/s)/knot) 0.716024 0.9715074 14221196 1961925 3.11141  204.41991 - -
EDR Derivative ((m~2/s)/(m"2/s"2)) -513.12687 -1114.7929 -1831.1449 -2555.1358 - . . .
Table 42. Circulation strength approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 83.444729 77934305 72.748809 67.93005 559.045204 49.367402 41.100762 33.987002
Weight Derivative ((m~2/s)/Ib) 0003017 0.0026904 0.0023926 0.0021241 0.0016518 0.0011742 0.0008005 0.000508
Speed Derivative ({m”2/s)/knot) -0.6942135 -0.6230022 -0.5578027 -0.4987617 -0.3941224 -0.2870621 -0.2021603 -0.1347018
Wingspan Derivative ((m"2/s)/ft) -0.9238019 -0.7318194 -0.5582862 -0.4039019 -0.1413238 0.106445 0.2875059 0.4166469
Wind Derivative ((m~2/s)/knot) 0.6798316 0.924722 1.1384508 1.3155506 1.625025 1.9093152 2.0911082 2.,1970486
EDR Derivative ((m"2/s)/(m"2/s"2)) -1881.1784 -2399.8394 -2787.5689 -3064.5095 -3376.1552 -3443.5645 -3297.0307 .
Table 43. Wake altitude change approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.540065 5.139624 6577019 7.832792  9.69256 - - -
Weight Derivative (ft/lb.) 9.198E-05 0.0001307 0.0001554 0.000163  0.0002268 - - -
Speed Derivative (ft/knot) -0.0290095 -0.0383864 -0.0451306 -0.049442 -0.0422209 - - -
Wingspan Derivative (ft/ft) -0.1290119 -0.1886278 -0.2189047 -0.2413675 -0.2219625 315.43861 - -
Wind Derivative (ft/knot) -0.1159284 -0.1764458 -0.2220254 -0.2450042 -0.2368744 201.83142 - -
EDR Derivative (ft/(m"2/s72)) -11.859495 -27.802525 -62.445859 -114.77768 - - - -
Table 44. Wake altitude change approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -57.802044 -79.685149 -100.11776 -118.95494 -153.24361 -189.78476 -220.12288 -245.36553
Weight Derivative (ft/Ib.) -0.0022021 -0.0029756 -0.0036645 -0.004269 -0.0052861 -0.0062344 -0.006893 -0.0073299
Speed Derivative (ft/knot) 0.5024616 0.6809904 0.8410286 0.9824426 1.2230681 1.4518397 1.6152063 1.7278353
Wingspan Derivative (ft/ft) 16217225 21612403 2.6319428 3.035265 3.6834937 4.2350906 4.5578097 4.7054009
Wind Derivative (ft/knot) 2.7355304 3.6730926 4.4913078 5153862 6.2860624 7.2118068 7.7072908 7.870776
EDR Derivative (ft/(m"2/5"2)) 658.84091 1242.7157 1948.9792 2734.8145 44895111 6809.2591 9083.6321 -
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7. CRJ2 Approximate Derivatives

Table 45. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 123 18.55 25.1 32 46.35 - - -
Weight Derivative (s/Ib.) -0.000075 -8.929E-05 -0.286E-05 -8.929E-05 - - - -
Speed Derivative (s/knot) 0.04 0.045 0.05 -0.015 -0.03 - - -
Wingspan Derivative (s/ft) -0.0143678 -0.0143678 -0.0431034 -0.0718391 -0.158046 305.60345 - -
Wind Derivative (s/knot) -0.49 -0.77 -1.08 -1.42 -2.14 209.72 - -
EDR Derivative (s/(m"2/s572)) 10.10101 20.20202 40.40404 70.707071 - - - -

Table 46. Wake age approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 18.15 26.1 34.05 41.95 57.75 77.55 97.25 117.05
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0143678 -0.0143678 -0.0143678 -0.0143678 -0.0143678 -0.0143678 -0.0143678 -0.0287356
Wind Derivative (s/knot) -0.93 -1.33 -1.73 -2.13 -2.91 -3.9 -4,89 -5.88
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 0

Table 47. Circulation strength approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 00.863936 79.085604 68066453 56.458533 32317402 - B B
Weight Derivative ((mA2/s)/lb) 0.0017077 0.0011506 0.0004537 -0.0003039 - - - -
Speed Derivative ((mA2/s)/knot) -0.7767281 -0.5783132 -0.3359502 0.0371953 0.4394755 - - -
Wingspan Derivative ((m~2/s)/ft) -0.1658399 0.1123822 0.6800336 1.3112043 2.6604474 291.57879 - -
Wind Derivative ((m”2/s)/knot) 0.9024738 11543598 1.6503446 2.2877682 3.6343118  205.3797 - -
EDR Derivative ((m~2/s)/(m"2/s"2)) -496.31828 -1049.9806 -1750.1479 -2554.3928 - . . .

Table 48. Circulation strength approximate derivatives, OGE.

Distance (t 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 104.68951 97.738197 91.199689 85.088773 73.93363 61.752147 51.356551 42.398297
Weight Derivative ((m~2/s)/Ib) 0.0025251 0.0022368 0.0019749 0.0017386 0.0013296 0.000919 0.0006021 0.0003564
Speed Derivative ({m”2/s)/knot) -0.7965235 -0.7132003 -0.6369659 -0.5676001 -0.4460459 -0.3216258 -0.2233318 -0.1453872
Wingspan Derivative ((m"2/s)/ft) -1.0523399 -0.8257089 -0.621227 -0.4384606 -0.1332411 0.1569207 0367896 0.5233402
Wind Derivative ((m~2/s)/knot) 0.8484236 1.1575076 1.4270058 1.665718 2.0445964 2.3965524 2.629953 2.7651224
EDR Derivative ((m"2/s)/(m"2/s"2)) -2243.1162 -2871.8664 -3345.5224 -3688.5068 -4077.8049 -4177.0048 -4013.4979 -3705.2932

Table 49. Wake altitude change approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.365097 4.877003 6.269969  7.522211  9.391527 - - -
Weight Derivative (ft/lb.) 4.718E-05 7.036E-05 8.512E-05 8.764E-05 - - - -
Speed Derivative (ft/knot) -0.00832 -0.0194878 -0.0256893 -0.0935323 -0.0943864 - - -
Wingspan Derivative (ft/ft) -0.1188178 -0.1625376 -0.2002822 -0.225625 -0.2138394 289.96181 - -
Wind Derivative (ft/knot) -0.1095962 -0.1583668 -0.1991 -0.2260058 -0.2216152 201.78619 - -
EDR Derivative (ft/(m"2/s72)) -10.153333 -21.647879 -44.291515 -85.866667 - - - -

Table 50. Wake altitude change approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -66.204108 -91.413287 -114.94244 -136.75773 -176.07106 -218.07183 -252.90649 -281.92447
Weight Derivative (ft/Ib.) -0.0016951 -0.0022877 -0.0028119 -0.0032711 -0.0040274 -0.0047197 -0.0051851 -0.0054793
Speed Derivative (ft/knot) 0.5319443 0.7198567 0.887919 1.0369004 1.2869487 1.5236641 1.690714 1.8041595

Wingspan Derivative (ft/ft) 17038259 2.2711664 2.7643871 3.1877353 3.8571296 4.4205261 4.7394664 4.8911629

Wind Derivative (ft/knot) 3.1113798 4.1920486 5.1344998 59526102 7.1979924 82590404 8.844008 9.0364392
EDR Derivative (ft/(m"2/5"2)) 716.0298 1356.6286  2134.01  3007.1002 4944.1638 7522.9043 10061129 12461158
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8. B737 Approximate Derivatives

Table 51. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 10.05 15.45 21.2 27.25 40.05 57.35 75.85 -
Weight Derivative (s/Ib.) -3.261E-05 -4.348E-05 -4.891E-05 -5.435E-05 -5.978E-05 -5.435E-05 -2.717E-05 -
Speed Derivative (s/knot) 0.045 0.06 0.07 0.005 0 0.075 - -
Wingspan Derivative (s/ft) 0 -0.0089286 -0.0178571 -0.0357143 -0.0803571 -0.1517857 -0.2589286 195.05357
Wind Derivative (s/knot) -0.35 -0.57 -0.82 -1.09 -1.69 -2.57 -3.57 214.2
EDR Derivative (s/(m"2/s572)) 10.10101  15.151515 20.20202 35.353535 95.959596 - - -

Table 52. Wake age approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 175 25.45 3335 41.25 57.1 76.9 96.6 116.35
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0178571 -0.0178571 -0.0089286 -0.0089286 -0.0178571 -0.0178571 -0.0178571 -0.0178571
Wind Derivative (s/knot) -0.9 -1.3 -1.69 -2.09 -2.88 -3.87 -4.86 -5.84
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 0

Table 53. Circulation strength approximate derivatives, IGE.

Distance (ft 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m”2/s) 205.9765 184.05264 166.26885 150.4482 117.37762 72.680655 24.883363 -
Weight Derivative ((m~2/s)/Ib) 0.0015417 0.0013098 0.0011022 0.0008633 0.0003073 -0.0004825 -0.001391 3
Speed Derivative ((m”2/s)/knot) -1.9973207 -1.6928975 -1.4259186 -0.644268 -0.118179 0.6827416 - -
Wingspan Derivative ((m~2/s)/ft) -0.4295018 -0.0948166 0.184578 0.5437354 1.6802936 3.2407323 4.9748407 180.63008
Wind Derivative ((m*2/s)/knot) 1.2550026 1.6755646 2.0647646 2.5152232 4.220853 6.7437506 9.5882836 207.40134
EDR Derivative ((m”2/s)/(m~2/s"2)) -658.15616 -757.08566 -1328.2838 -2261.0451 -4390.4013 - - -

Table 54. Circulation strength approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 218.34664 207.02863 196.29338 186.04613 166.87179 145.30814 126.2205 109.19724
Weight Derivative ({m~2/s)/Ib) 0.0017079 0.0015721 0.0014456 0.0013273 0.0011123 0.0008813 0.0006876 0.0005243
Speed Derivative ((m”2/s)/knot) -1.7071483 -1.5710638 -1.4444486 -1.32592 -1.1106286 -0.8794947 -0.6856743 -0.5223814
Wingspan Derivative ((m"2/s)/ft) -1.4860491 -1.2641161 -1.0708734 -0.8821987 -0.5376607 -0.1919584 0.0836513 0.3021641
Wind Derivative ((m~2/s)/knot) 1.3209632 1.8430716 2.3005184 2.731891 3.4692846 4.2093704 4.7752256 5.180508
EDR Derivative ((m”2/s)/(m~2/s"2)) -3409.813 -4533.5126 -5449.4418 -6190.9578 -7241.2626 -7920.1612 -8104.7673 -7957.1183

Table 55. Wake altitude change approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.19447 4.866891  6.496909  8.051538 10.862557 13.597358 15.095361 -
Weight Derivative (ft/Ib.) 1.393E-05 2.184E-05 3.141E-05 4.052E-05 5.229E-05 5.052E-05 2.444E-05 =
Speed Derivative (ft/knot) -0.0055422 -0.0169685 -0.0270396 -0.0909965 -0.1140256 -0.0471237 - -
Wingspan Derivative (ft/ft) -0.070925 -0.1035204 -0.136915 -0.1601964 -0.1963593 -0.192577 -0.1192846 181.14005
Wind Derivative (ft/knot) -0.1035092 -0.1567788 -0.2122156 -0.2583406 -0.3324366 -0.3472182 -0.2359104 202.84278
EDR Derivative (ft/(m~2/s72)) -5.939899 -9.6405051 -18.742525 -32.421818 -91.657071 - - -

Table 56. Wake altitude change approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -80.71339 -113.46127 -144.3163 -173.56637 -227.70126 -287.48979 -339.2277 -384.19807
Weight Derivative (ft/Ib.) -0.0006523 -0.0009047 -0.0011355 -0.0013476 -0.0017214 -0.0021025 -0.0024008 -0.0026317
Speed Derivative (ft/knot) 0.6556552 0.9079668 1.1386049 1.3504964 1.7238269 2.1042389 2.4018263 2.6320094
Wingspan Derivative (ft/ft) 1.3440714 1.8226289 2.2215418 2.6111789 3.3037361 3.9408495 4.3962518 4.7047555
Wind Derivative (ft/knot) 3.8616546 5.3263932 6.610587 7.8039136 9.7849418 11.6654 12.977689 13.77377
EDR Derivative (ft/(m~2/s"2)) 634.05596  1248.4321 2014.6192 2907.3198 4982.8686 7909.4899 10979.845 14060.926
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9. B752 Approximate Derivatives

Table 57. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 9.95 15.4 21.2 273 40.3 57.9 - -
Weight Derivative (s/Ib.) -0.0000175 -0.000025 -3E-05 -3E-05 -3.25E-05 -0.000025 - -
Speed Derivative (s/knot) 0.035 0.045 0.055 0.055 0.06 0.05 - -
Wingspan Derivative (s/ft) 0 -0.0080645 -0.0241935 -0.0322581 -0.0806452 -0.1532258 173.25 -
Wind Derivative (s/knot) -0.4 -0.64 -0.91 -1.19 -1.72 -2.76 211.35 214.21
EDR Derivative (s/(m"2/s572)) 5.0505051 10.10101 15.151515 30.30303 70.707071 - - -
Table 58. Wake age approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 17.4 25.35 33.1 41 57 76.8 96.35 116.1
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0.01 0.01 -0.005 -0.005 0.01 0.015 -0.005 -0.005
Wingspan Derivative (s/ft) -0.016129 -0.016129 -0.016129 -0.016129 -0.016129 -0.016129 -0.016129 -0.016129
Wind Derivative (s/knot) -0.91 -1.31 -1.67 -2.07 -2.9 -3.89 -4.84 -5.82
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 0
Table 59. Circulation strength approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (mA2/s) 270.63754 240.36587 215.88632 193.07122 144.49863 78.738894 - -
Weight Derivative ((m~2/s)/Ib) 0.0011714 0.0009781 0.000799 0.0005476 2.081E-05 -0.0007421 = =
Speed Derivative ((m”2/s)/knot) -2.0086337 -1.6566507 -1.3601647 -0.9379886 -0.0554827 1.2136393 - -
Wingspan Derivative ((m~2/s)/ft) -0.6006318 -0.1755838 0.1977953 0.7544945 2.2845403 4.3777461 169.17217 -
Wind Derivative ((m~2/s)/knot) 4.3643134 4.5753402 4.8081042 5.3479064 6.3605452 10.048034 214.69612 203.27739
EDR Derivative ((m~2/s)/(m~2/s”2)) -644.86293 -708.36293 -1312.4081 -2294.9435 -4436.1472 - - -
Table 60. Circulation strength approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 295.34257 279.65859 265.04164 250.86811 224,186 194.5251 168.52639 145.24328
Weight Derivative ({(m~2/s)/lb) 0.0014483 0.0013263 0.0012151 0.0011094 0.0009167 0.0007134 0.0005457 0.0004033
Speed Derivative ((m”2/s)/knot) -2.1880734 -2.0061115 -1.8131925 -1.6564811 -1.394323 -1.0976279 -0.8190859 -0.6088645
Wingspan Derivative ((m~2/s)/ft) -1.783365 -1.4981868 -1.2416892 -1.0007226 -0.5710531 -0.1348306 0.2071398 0.4776542
Wind Derivative ((m~2/s)/knot) 1.8432684 2.5656888 3.1476956 3.7422816 4.8139954 5.8163904 6.5255254 7.0645446
EDR Derivative ((m~2/s)/(m~"2/s"2)) -4300.0874 -5733.8707 -6885.2698 -7841.0023 -9213.2977 -10099.953 -10349.878 -10178.115
Table 61. Wake altitude change approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 4.451785  6.819591 9.112008 11.287311 15.134865 18.613956 - -
Weight Derivative (ft/Ib.) 1.273E-05 1.93E-05 2.667E-05 3.443E-05 4.118E-05 3.037E-05 - -
Speed Derivative (ft/knot) -0.0214972 -0.031003 -0.0428967 -0.0544615 -0.0642531 -0.0496845 - -
Wingspan Derivative (ft/ft) -0.0915516 -0.1339906 -0.1756089 -0.2098005 -0.250295 -0.2209085 164.27454 -
Wind Derivative (ft/knot) -0.2000496 -0.2816774 -0.3588416 -0.427571 -0.443182 -0.5149514 203.49244 203.72118
EDR Derivative (ft/(m"2/s/2)) -7.270404  -10.64404 -18.429798 -33.253636 -101.00384 - - -
Table 62. Wake altitude change approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -98.042336 -137.98166 -174.86815 -210.47884 -276.85175 -349.19652 -411.10851 -465.18384
Weight Derivative (ft/Ib.) -0.0004988 -0.0006915 -0.0008634 -0.0010238 -0.0013066 -0.0015876 -0.0018017 -0.0019649
Speed Derivative (ft/knot) 0.6899133 0.9811738 1.3158287 1.5552423 19137262 2.3240743 2.7193161 2.9646402
Wingspan Derivative (ft/ft) 1.4694308 1.9912382 2.448981 2.8684995 3.5832095 4.2490256 4.7072502 5.0055213
Wind Derivative (ft/knot) 47778714 6.5573238 7.9738632 9.4215594 11.976503 14.207982 15.611434 16.526851
EDR Derivative (ft/(m"2/s5/2)) 716.64606  1416.8156 2273.5683 3292.4734 5693.5614 9057.2917 12564.115 16117.144
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10. B763 Approximate Derivatives

Table 63. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 10.05 15.45 21.1 27.05 39.45 55.95 73.25 91.4
Weight Derivative (s/Ib.) -1.391E-05 -1.826E-05 -2.174E-05 -2.522E-05 -2.87E-05 -3.043E-05 -2.696E-05 -1.826E-05
Speed Derivative (s/knot) 0.04 0.055 0.07 0.08 0.095 0.105 0.1 0.09
Wingspan Derivative (s/ft) 0.0064103 0 -0.0064103 -0.0128205 -0.0320513 -0.0641026 -0.1089744 -0.1666667
Wind Derivative (s/knot) -0.4 -0.63 -0.88 -1.16 -1.73 -2.55 -3.42 -4.38
EDR Derivative (s/(m"2/s572)) 10.10101 20.20202 30.30303 35.353535 80.808081 171.71717 - -
Table 64. Wake age approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 16.85 24.75 32.7 40.6 56.4 76.2 95.95 115.7
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0192308 -0.0128205 -0.0128205 -0.0192308 -0.0128205 -0.0128205 -0.0192308 -0.0192308
Wind Derivative (s/knot) -0.87 -1.26 -1.66 -2.06 -2.84 -3.83 -4.83 -5.81
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 0
Table 65. Circulation strength approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (mA2/s) 297.7145 270.57554 249.44644 231.32677 200.73654 161.92875 121.23939 78.550844
Weight Derivative ((m~2/s)/Ib) 0.0010318 0.0008924 0.0007752 0.0006752 0.0004404 8.864E-05 -0.0002992 -0.0007244
Speed Derivative ((m”2/s)/knot) -2.5694244 -2.2499835 -1.979867 -1.7314572 -1.2107886 -0.4053921 0.4833001 1.4292456
Wingspan Derivative ((m~2/s)/ft) -0.7099867 -0.4838476 -0.2515577 -0.0459846 0.3898913 1.3325797 2.3437806 3.4252023
Wind Derivative ((m~2/s)/knot) 4.2607122 4206293 4.3403396 4.5321162 4.910839  6.428977 8.0757836 9.9219204
EDR Derivative ((m~2/s)/(m~2/s”2)) -1360.6161 -1385.9549 -1706.5383 -2437.4334 -4832.6797 -8340.0787 - -
Table 66. Circulation strength approximate derivatives, OGE.
Distance (ft 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m~2/s) 304.10603 291.6667 279.58946 268.01271 246.07071 220.71285 197.60352 176.49329
Weight Derivative ({(m~2/s)/lb) 0.0011965 0.0011222 0.0010512 0.0009842 0.0008602 0.0007219 0.0006011 0.0004954
Speed Derivative ((m”2/s)/knot) -2.2456392 -2.1128109 -1.9855292 -1.8651214 -1.6414331 -1.3907895 -1.1703363 -0.9762177
Wingspan Derivative ((m~2/s)/ft) -1.6065873 -1.4511722 -1.2949945 -1.1404792 -0.8816442 -0.5902491 -0.3358197 -0.1263867
Wind Derivative ((m~2/s)/knot) 1.392999 1.9773966 2.5243184 3.0358388 3.929859 4.8979488 5.7099266 6.3468096
EDR Derivative ((m~2/s)/(m~"2/s"2)) -3796.2328 -5182.4706 -6381.6428 -7398.4357 -8979.6258 -10264.802 -10954.881 -11208.341
Table 67. Wake altitude change approximate derivatives, IGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) 3.537998 5.491754  7.392554  9.286421 12.817212 16.834293 20.14274 22.589497
Weight Derivative (ft/Ib.) 7.575E-06 1.277E-05 1.812E-05 2.242E-05 3.123E-05 3.623E-05 3.497E-05 2.337E-05
Speed Derivative (ft/knot) -0.0054432 -0.0130996 -0.0200948 -0.0271178 -0.0465923 -0.0546785 -0.0491488 -0.0255048
Wingspan Derivative (ft/ft) -0.0562978 -0.0862459 -0.1163422 -0.1428291 -0.191025 -0.2291329 -0.2424377 -0.216285
Wind Derivative (ft/knot) -0.1844056 -0.251123 -0.3134172 -0.3900528 -0.5017798 -0.6237024 -0.682133 -0.6578312
EDR Derivative (ft/(m"2/s/2)) -8.6078788 -13.789394 -21.177475 -36.184444 -87.202323 -220.08808 - -
Table 68. Wake altitude change approximate derivatives, OGE.
Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -76.981623 -109.86027 -141.5857 -171.80619 -228.52627 -293.04693 -350.72167 -402.2967
Weight Derivative (ft/Ib.) -0.0003104 -0.0004384 -0.0005591 -0.0006714 -0.0008747 -0.0010932 -0.0012754 -0.0014264
Speed Derivative (ft/knot) 0.58616 0.8266517 1.0542311 1.2667032 1.6533713 2.0721084 2.4248804 2.7204943
Wingspan Derivative (ft/ft) 0.965959 1.3027756 1.641521 1.9763765 2.5132088 3.0997656 3.5901541 3.9647318
Wind Derivative (ft/knot) 3.735371 5.217615 6.6264134 7.92702 10.146133 12.453061 14.277707 15.58351
EDR Derivative (ft/(m"2/s5/2)) 483.40343 980.90485 1624.9373 2387.0383 4205.257 6883.1236 9822.7663 12889.465
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11. B744 Approximate Derivatives

Table 69. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 9.3 14.4 19.75 25.35 37.1 52.6 68.85 85.75
Weight Derivative (s/Ib.) -6.579E-06 -8.882E-06 -1.118E-05 -1.316E-05 -1.645E-05 -1.908E-05 -1.974E-05 -1.908E-05
Speed Derivative (s/knot) 0.02 0.025 0.03 0.035 0.045 0.055 0.055 0.05
Wingspan Derivative (s/ft) 0.0043103 0.0043103 0.0043103 0 -0.0086207 -0.0258621 -0.0517241 -0.0775862
Wind Derivative (s/knot) -0.32 -0.52 -0.73 -0.97 -1.48 -2.18 -2.96 -3.79
EDR Derivative (s/(m~2/s72)) 10.10101 20.20202 30.30303 40.40404 70.707071 141.41414 262.62626 444.44444

Table 70. Wake age approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 15.95 23.9 31.8 39.7 55.55 75.35 95.05 114.8
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0.005 0.005 0 0
Wingspan Derivative (s/ft) -0.0172414 -0.0172414 -0.012931 -0.012931 -0.0172414 -0.0172414 -0.0172414 -0.0172414
Wind Derivative (s/knot) -0.82 -1.22 -1.61 -2.01 -2.81 -3.8 -4.78 -5.76
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 0

Table 71. Circulation strength approximate derivatives, IGE.

Distance (ft 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Circulation (m”2/s) 441.56377 400.21442 373.21838 350.83594 313.86436 276.07147 238.60161 199.63294
Weight Derivative ((m~2/s)/Ib) 0.0007336 0.0006734 0.0006081 0.0005491 0.0004489 0.0003076 0.0001375 -4.468E-05
Speed Derivative ((m”2/s)/knot) -2.0560563 -1.9674267 -1.7590619 -1.5719035 -1.2628387 -0.8743581 -0.3678456 0.1719968
Wingspan Derivative ((m~2/s)/ft) -0.9232088 -0.7592787 -0.6224472 -0.4450259 -0.1447271 0.2165433 0.8729339 1.563239
Wind Derivative ((m*2/s)/knot) 2.323667 2.8662686 3.0169214 3.3693784 4.0173826 4.8128562 6.5744258 8.5787908
EDR Derivative ((m”2/s)/(m~2/s"2)) -2391.0095 -2374.0282 -2417.5147 -2848.8593 -4805.7337 -8639.7448 -13096.782 -17992.817

Table 72. Circulation strength approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000

Nominal Wake Circulation (m~2/s) 418.02215 403.87334 390.13623 376.79008 351.15156 321.15145 293.39643 267.52641
Weight Derivative ({m~2/s)/Ib) 0.0008106 0.0007705 0.0007327 0.0006965 0.000628 0.0005499 0.0004797 0.0004162
Speed Derivative ((m”2/s)/knot) -2.7735621 -2.6456079 -2.5247287 -2.408354 -2.1962375 -1.9425644 -1.7058091 -1.4974087
Wingspan Derivative ((m"2/s)/ft) -1.6992684 -1.5774996 -1.4619368 -1.3449178 -1.1274648 -0.8957477 -0.6911858 -0.5098011
Wind Derivative ((m~2/s)/knot) 1.468551 2.1649322 2.8008178 3.4096924 4.5307532 5.7494462 6.7877832 7.6743256
EDR Derivative ((m”2/s)/(m~2/s"2)) -4197.676 -5910.0644 -7409.8498 -8732.548 -10911.781 -12878.625 -14169.733 -14933.108

Table 73. Wake altitude change approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000

Nominal Wake Delta Altitude (ft) 3.071881 4.984805 6.941888 8791306 12.552003 16.903474 21.000132 24.588565
Weight Derivative (ft/Ib.) 3.305E-06  5.77E-06  7.833E-06 1.035E-05 1.444E-05 1.979E-05 2.297E-05 2.426E-05
Speed Derivative (ft/knot) -0.0122764 -0.0245898 -0.0310579 -0.04216 -0.0490407 -0.0717054 -0.0816758 -0.0873841
Wingspan Derivative (ft/ft) -0.0393713 -0.0581036 -0.0829296 -0.1005303 -0.1432352 -0.1851846 -0.2224281 -0.2385566
Wind Derivative (ft/knot) -0.121325 -0.1875406 -0.2610336 -0.3178766 -0.466669 -0.5968406 -0.7361918 -0.8043522
EDR Derivative (ft/(m~2/s72)) -9.0588889 -11.417879 -22.370404 -30.487374 -67.533939 -154.30899 -309.46828 -550.18343

Table 74. Wake altitude change approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000

Nominal Wake Delta Altitude (ft) -72.836985 -106.29015 -138.40453 -169.42366 -228.48002 -296.60198 -358.55823 -415.24894
Weight Derivative (ft/Ib.) -0.0001435 -0.0002078 -0.0002686 -0.0003264 -0.0004338 -0.0005531 -0.0006568 -0.0007473
Speed Derivative (ft/knot) 0.4896857 0.7103019 0.9194059 1.1189188 1.4725838 1.8917971 2.2760623 2.5996416
Wingspan Derivative (ft/ft) 0.6875587 0.9629597 1.2065903 1.4523146 1.9196575 2.4170046 2.8443839 3.2116034
Wind Derivative (ft/knot) 3.5524064 5.1243176 6.5581828 7.940987 10.438705 13.060896 15.190961 16.902222
EDR Derivative (ft/(m~2/s"2)) 367.35838 780.23657 1320.3227 1974.4507 3576.7694 6001.4351 8739.4991 11690.499
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12. A380 Approximate Derivatives

Table 75. Wake age approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 7.55 119 16.5 214 31.75 45.6 60.4 76
Weight Derivative (s/Ib.) -4.444E-06 -6.667E-06 -7.778E-06 -1E-05 -1.222E-05 -1.333E-05 -1.556E-05 -1.667E-05
Speed Derivative (s/knot) 0.045 0.065 0.08 0.1 0.06 0.155 0.075 0.08
Wingspan Derivative (s/ft) 0.0038226 0.0038226 0.0038226 0 -0.0076453 -0.0191131 -0.0382263 -0.0645847
Wind Derivative (s/knot) -0.23 -0.38 -0.54 -0.73 -1.15 -1.73 -2.4 -3.14
EDR Derivative (s/(mA2/sA2)) 5.0505051 15.151515 25.252525 35.353535 55.555556  106.06061 196.9697  333.33333

Table 76. Wake age approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Age (s) 15.2 23.15 31.05 38.95 54.8 74.6 94.3 114.05
Weight Derivative (s/lb.) 0 0 0 0 0 0 0 0
Speed Derivative (s/knot) 0 0 0 0 0 0 0 0
Wingspan Derivative (s/ft) -0.0152905 -0.0191131 -0.0152905 -0.0152905 -0.0152905 -0.0152905 -0.0152905 -0.0152905
Wind Derivative (s/knot) -0.79 -1.19 -1.58 -1.97 -2.77 -3.76 -4.74 -5.72
EDR Derivative (s/(m"2/s"2)) 0 0 0 0 0 0 0 0

Table 77. Circulation strength approximate derivatives, IGE.

Distance (ft 500 700 900 1100 1500 2000 2500 3000

Nominal Wake Circulation (m”2/s) 682.21338 621.91928 580.62869 547.16766 492.5794 437.32393 386.85668 333.76346
Weight Derivative ((m~2/s)/Ib) 0.0007368 0.0006149 0.0005562 0.0005107 0.000422 0.000327 0.0002121 8.408E-05
Speed Derivative ((m”2/s)/knot) -7.3071324 -6.2871292 -5.7411102 -5.3039911 -2.8864866 -3.6320178 -1.5668919 -0.758446
Wingspan Derivative ((m~2/s)/ft) -2.2247885 -0.8469081 -0.7997877 -0.6082226 -0.2450807 0.1343589 0.727231 1.5217096
Wind Derivative ((m*2/s)/knot) 0.2245258 4.5254378 4.1708202 4.5504194 5.430523 6.3679552 8.0324174 10.618874
EDR Derivative ((m”2/s)/(m~2/s"2)) -2389.5827 -3069.0203 -3101.5726 -3136.4425 -4324.7735 -7859.7939 -12736.121 -18141.333

Table 78. Circulation strength approximate derivatives, OGE.

Distance (ft 500 700 900 1100 1500 2000 2500 3000

Nominal Wake Circulation (m~2/s) 625.08224 605.05821 585.68953 566.83964 530.32531 487.40509 447.52502 410.19067
Weight Derivative ({m~2/s)/Ib) 0.0007411 0.0007092 0.0006776 0.0006452 0.0005882 0.0005231 0.0004639 0.0004098
Speed Derivative ((m”2/s)/knot) -4.6274664 -4.4267138 -4.2279462 -4.0292562 -3.6721539 -3.2635465 -2.8922398 -2.5524259
Wingspan Derivative ((m"2/s)/ft) -2.0877262 -1.9361967 -1.8087996 -1.678547 -1.4180177 -1.1211615 -0.8638959 -0.6442757
Wind Derivative ((m~2/s)/knot) 1.9838818 2.9883486 3.8747168 4.7173706 6.3640106 8.1370526 9.663793  10.983307
EDR Derivative ((m”2/s)/(m~2/s"2)) -5321.04 -7647.8052 -9720.9381 -11572.434 -14665.744 -17558.817 -19557.501 -20848.875

Table 79. Wake altitude change approximate derivatives, IGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000

Nominal Wake Delta Altitude (ft) 2.623052 4.427858  6.272777 8.117116 11.788349 16.176789 20.446009 24.342274
Weight Derivative (ft/Ib.) 1.41E-06  2.477E-06 3.742E-06 4.576E-06 7.234E-06 1.029E-05 1.225E-05 1.447E-05
Speed Derivative (ft/knot) 0.0098175 -0.0019363 -0.013356 -0.0211931 -0.0709369 -0.0701445 -0.1211376 -0.1421503
Wingspan Derivative (ft/ft) -0.0301375 -0.042013% -0.0602386 -0.0765361 -0.110507 -0.1434917 -0.1828075 -0.2037385
Wind Derivative (ft/knot) -0.105186 -0.1524198 -0.2153058 -0.2654422 -0.3968884 -0.5303628 -0.6731972 -0.7776538
EDR Derivative (ft/(m~2/s72)) -4.0912121 -5.1980808 -16.003434 -17.698586 -39.122121 -81.333535 -173.43949 -317.73657

Table 80. Wake altitude change approximate derivatives, OGE.

Distance (ft) 500 700 900 1100 1500 2000 2500 3000
Nominal Wake Delta Altitude (ft) -84.310899 -125.07184 -164.27976 -202.22852 -274.69228 -358.64496 -435.37855 -505.95371
Weight Derivative (ft/Ib.) -0.0001011 -0.0001491 -0.0001948 -0.0002384 -0.0003198 -0.0004114 -0.0004924 -0.0005642
Speed Derivative (ft/knot) 0.6350591 0.9350507 1.2201192 1.4919741 2.0003518 2.5722565 3.0772799 3.525078
Wingspan Derivative (ft/ft) 0.661867 0.9551491 1.1980388 1.4455503 1.9039683 2.4086456 2.8424144 3.2173264
Wind Derivative (ft/knot) 4.143325  6.070018 7.8352574 9.4553478 12.603978 15.901644 18.618703 20.840829
EDR Derivative (ft/(m~2/s"2)) 360.30071 791.34586 1364.4324 2066.7563 3808.7434 6481.7652 9540.2579 12875.303
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