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Abstract

Urban Air Mobility (UAM) vehicles are an up-and-coming technology in the realm
of commercial aviation. As with any other flying vehicle operating in the vicinity
of people, how the noise these vehicles create impacts local communities must be
investigated and understood. The Federal Aviation Administration (FAA) Avia-
tion Environmental Design Tool (AEDT) is the required tool for performing noise
and emissions studies for compliance with the National Environmental Policy Act
(NEPA). This tool allows the modeling of fixed-wing and helicopter vehicles, but
it does not specifically support UAM vehicle modes. This TM documents the final
set of recommendations to the FAA from NASA’s Revolutionary Vertical Lift Tech-
nology (RVLT) project for improving the AEDT for modeling UAM vehicles using
either of the pre-existing fixed-wing or helicopter modes.
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Nomenclature

Ak = Delta distance for ground track, ft

10) = azimuth (sideline) angle, deg

0 = polar angle, deg

D = Distance along track from approach/departure end of runway, ft

DIR = Ground-based directivity at start of takeoff roll

d_1q = Coordinate value of profile point immediately before touchdown point,

ft

Dpp = Displaced approach threshold, ft

Dgep = Displaced departure threshold, ft

E = total sound exposure, Pa?-s

hec = Runway threshold crossing height, ft

L = sound pressure level, dB

Lgpy = Effective perceived noise level, dB

Lg = sound exposure level, dB

Lpnyr = Tone-corrected perceived noise level, dB

LD = Lateral directivity

|4 = Speed, kt

Z_q = Altitude AFE of profile point immediately before touchdown point, ft
Subscripts

A = A-weighted

ADJ = adjustment

mx = maximum level

0 = reference value
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1 Background

The following is an updated set of observations and recommendations for modi-
fications to the FAA Aviation Environmental Design Tool (AEDT) [1] version 3g
based on focused studies in modeling noise of Advanced Air Mobility (AAM) ve-
hicle noise, particularly the subset of Urban Air Mobility (UAM) vehicles, using
both fixed-wing and helicopter modes within the AEDT. This document contains
both a preliminary set of recommendations and an updated set. The preliminary
set was provided to the FAA Office of Environment and Energy in February 2023
via informal communication, and the analyses in that document were performed
using the AEDT version 3e. The updated set includes data that are intended to
support the recommendations. As with the preliminary set of recommendations, a
separate set of recommendations is offered for each modeling approach (fixed-wing
and helicopter modes) without specifying a preferred approach. All AEDT analy-
ses in this document were performed using the AEDT version 3g, and likewise, all
recommendations are made with reference to version 3g. At the time of writing,
the release of the AEDT version 4a is imminent and will incorporate some of the
recommendations contained in this document. Addressing these, however, is outside
the scope of this document, so the authors will refrain from commenting on version
4a further.

1.1 Document Overview

This document is organized as follows: Section 2 reiterates the prior set of observa-
tions not specific to the flight operation types (overflight, departure, and approach).
Section 3 offers a set of observations for fixed-wing and helicopter modes that is
particular to three flight operation types. Section 4 offers the updated set of recom-
mendations based on Sections 2 and 3.

In the following, all AEDT analyses were performed using noise-power-distance
(NPD) data generated from predictions [2] of the NASA quadrotor reference vehi-
cle [3]. For the fixed-wing analyses, the reference vehicle was considered to be a
propeller-driven aircraft configuration and fixed-point flight profiles were used. All
analyses were run with terrain turned off, i.e., flat earth.

In addition to comparisons between the AEDT analyses, comparisons of AEDT
analyses with simulation data generated using the NASA Aircraft Noise Prediction
Program 2 (ANOPP2) [4] Mission Analysis Tool (AMAT) are provided. The AMAT
is a time-marching simulation program that uses the full source noise hemisphere,
akin to the Volpe Advanced Acoustic Model (AAM) [5]. The AMAT is being used in
order to i) use the full source noise directivity (which neither the AEDT fixed-wing
nor helicopter analyses incorporate) and ii) use as many source noise hemispheres
as are needed for the particular operation without restriction (something that the
AEDT fixed-wing fixed-point profiles allow but that helicopter mode does not, see
Section 3.2). Noting that there are differences between AMAT propagation algo-
rithms and other AEDT adjustments (e.g., lateral attenuation adjustment), the
AMAT analyses are used as a means of examining the effect of removing the direc-
tivity and sequencing restrictions in the AEDT. Though it does incorporate physics



more directly into the final result, the authors are not suggesting that it is the
“truth.”

1.2 Previously Published Work

The authors published a number of relevant works following the preliminary recom-
mendations made in February 2023:

e In Ref. [6], the authors developed a method for evaluating UAM vehicle com-
munity noise using the AEDT in helicopter mode, as well as evaluation using
hybrids of helicopter mode and fixed-wing mode. This was done by casting
fixed-wing flight segments to appropriate helicopter operational mode ana-
logues. It was shown that in the areas with the highest sound exposure levels,
i.e. takeoff and landing areas, there were significant differences between heli-
copter and fixed-wing modes. It was noted in this work that compromises had
to be made for modeling UAM operations in helicopter mode, as the AEDT
<3g (versions of the AEDT before and including 3g) have several restrictions
on the helicopter operational modes that are allowed and on their sequence.
These are tabulated in Ref. [1]. It was also noted that one weakness of the
hybrid approach was that NPD data for both fixed-wing and helicopter modes
must be provided, rendering it impractical for all but investigative studies.

e In Ref. [7], a subsequent investigation was conducted to find the source of dif-
ferences between otherwise equivalent AEDT fixed-wing and helicopter mode
operations in takeoff and landing areas using simplified flight profiles. The
simplified flight profiles were based on the Bell 206 standard departure and
approach profiles. Operations were run in the AEDT using the NASA RVLT
quadrotor. This study showed very large differences between fixed-wing mode
and helicopter mode in the vicinity of takeoff and landing areas. It was
thought that these differences were primarily due to the noise fraction cal-
culation. Additionally, comparisons were made to simulations emulating the
AEDT operations using a NASA time-marching simulation tool (see Section
1.1). These comparisons showed that while helicopter mode provides better
comparisons to the simulated contours on the sidelines, the inability to use
multiple approach/departure NPD curves limited the capture of fine details in
the contours, especially in the vicinity of takeoff and landing areas.

e To further understand the nature of the differences between fixed-wing mode
and helicopter mode, a deeper dive into the noise fraction was conducted in
Ref. [8]. The noise fraction calculation was derived and visualized. During this
investigation, an incompatibility was discovered between the reference speed
used for helicopter NPDs and the reference speed used for the noise fraction
calculation. As implemented in the AEDT <3g, the reference speed for the
noise fraction calculation was hardwired to be 160 kt, but the helicopter NPD
data provided at other reference speeds were not corrected to 160 kt for the
calculation. This mismatch was shown to cause severe distortion of the noise
contours, including those seen in Ref. [7]. Analyses put forth in this document



implement a workaround until such time as the AEDT implementation of
the noise fraction adjustment is updated. The workaround corrects the noise
exposure data for the helicopter to 160 kt from the original reference speed
based on the duration adjustment (Section 3.1).

Some of the results from the above publications, as well as the results from stud-
ies performed in the current work, are the basis upon which the recommendations
in this document are put forth.

2 Prior Observations

The set of observations made in the 2023 preliminary recommendations document
are reproduced here for completeness. None have changed as a result of the analyses
detailed in Section 3.

2.1

Fixed-Wing Modeling

A generic performance model applicable to a wide range of AAM vehicle ar-
chitectures is very unlikely. For example, VIT'OL-capable aircraft powered by
non-tilting rotors differ in performance and noise characteristics from VTOL-
capable aircraft powered by tilting rotors.

Identification of a single variable correlating noise with operating condition
for AAM vehicles, such as corrected net thrust, is very unlikely.

The hover, vertical ascent, and vertical descent conditions can be modeled
using a short, very low-speed flight segment. However, the noise contour
shape is controlled by the noise fraction algorithm, which is inappropriate for
this flight condition.

The fixed-wing approach using fixed-point flight profiles is simple, intuitive,
and robust. This allows complicated point-to-point flight trajectories to be
modeled as a single operation.

Because of the above observations, modeling of AAM vehicle noise in fixed-wing
mode is limited to using fixed-point flight profiles.

2.2

Helicopter Modeling

The limited number of operational modes (e.g., a single approach or departure
condition) and other restrictions (including those limiting the number and
sequence of allowable operational procedural steps) inhibit the modeling of
AAM vehicle operations.

Related to the above, point-to-point operations require trajectories to be seg-
mented into departure, overflight, and approach. Study setup is both time-
consuming and error-prone, and it likely presents an obstacle to the typical
AEDT user.



2.3 Common to Fixed-Wing and Helicopter Modeling

e In contrast to typical AEDT usage for developing noise contours around air-
ports, in which some aircraft depart to some distant airport and other aircraft
arrive from some other distant airport, AAM vehicles operate in a limited
area, necessitating a robust capability for point-to-point operations.

e There are many different point-to-point operations that occur within the same
study area, making the reference altitude for each operation ambiguous.

e There are “workarounds” such as modeling a point-to-point route entirely as a
departure or an approach (fixed-wing) or as a departure/overflight /approach
(helicopter), but doing so is cumbersome and error-prone.

Comments about the process being cumbersome were made in the context of
the studies performed in Refs. [6] and [9]. This problem is somewhat mitigated by
NASA’s development of MATLAB scripts for transforming NASA route and vehicle
data into comma-separated value (CSV) files, which are then loaded via a set of
Volpe-developed structured query language (SQL) scripts into the AEDT database.
The MATLARB scripts are not available outside of NASA.

3 Flight Operation Observations

As stated previously, modeling a point-to-point operation in the AEDT in helicopter
mode necessitates combining three operations. These operations — departure, over-
flight, and approach — must be placed into a single operations group, from which
an annualization and analysis job can be created. This requires sectioning the full
route into departure, overflight, and approach sections, as detailed in Ref. [6]. To
enable direct comparisons of fixed-wing and helicopter mode in each operation type,
individual studies of each operation type were performed. These are detailed in this
section.

In all of the following analyses, the observers are defined at (z,y) points, where
x is positive east and y is positive north. No terrain data are used (flat earth), and
the AEDT default definition of receptor height (4 ft above ground) is used; these
conditions are replicated in all AMAT analyses.

3.1 Overflight

The flight operation observations begin with an overflight operation, as it has the
fewest differences between modeling aircraft in fixed-wing versus helicopter modes.
The modeled flyover traverses from west to east over a single segment with an
extended 20 mi flight path centered over a 3 mi x 3 mi receptor grid such that
end-of-segment effects are well outside of the grid. Flight conditions are 90 kt with
0° climb angle at 1000 ft above field elevation (=0 ft MSL). The helicopter analyses
were performed using mode L (level flyover) with the B coefficients (By, Bi, Bs) for
the AEDT advancing tip Mach number adjustment (AEDT Technical Manual Eq.



4-59 [1]) set to zero, as it is unclear whether or not this adjustment is appropriate
for AAM vehicles.

Helicopter data are normally provided to the AEDT with individual reference
speeds specified for each operational mode. To eliminate the effect of the incorrect
noise fraction adjustment [8], all helicopter sound exposure level NPD data were
corrected to a reference speed of 160 kt.

AEDT-computed A-weighted SEL (L 4g) data are shown in Figure 1 and Figure
2 for the fixed-wing and helicopter mode analyses, respectively. As can be seen,
exposure levels for receptors directly below the flight track compare favorably, while
exposure levels for lateral receptors are lower for the helicopter due to the lateral
directivity adjustment. The helicopter analysis includes NPD data at azimuth angles
of ¢ = £45° that differ from data at ¢ = 0° (directly below), see Figure 3. In other
words, the lateral directivity adjustment for helicopters in the AEDT is behaving
as intended. The difference is more clearly seen in Figure 4.

Note that Figure 2 is very symmetric about the ground track since the NPD
data are nearly symmetric (see Ref. [2]).

The specific effect of including the AEDT helicopter lateral directivity adjust-
ment can be ascertained by running a helicopter mode analysis and manually setting
¢ = £45° NPD data to be identical to the ¢ = 0° data, that is, when using axisym-
metric NPD data. The difference is then negligible, as shown in Figure 5.

Ref. [8] provides more details on the specific adjustments that are equalized
and/or negated between helicopter and fixed-wing mode in order to produce the
result in Figure 5. This shows that functionally identical helicopter and fixed-wing
mode results can be achieved in overflight operations when the two are made as
equal as possible within the AEDT inputs.

3.1.1 A Brief Note on the Duration Adjustment
The duration adjustment (AEDT Technical Manual Eq. 4-26 [1]) is given as:

. Asref :|
DURAps = 10logyg [ASseg (1)
in which AS,.f is the reference aircraft speed (160 kts for fixed-wing aircraft and
various values for flyover, departure, and approach for helicopters), and AS, is the
aircraft speed at the closest point of approach.

The AEDT Technical Manual points out that helicopters are referenced to dif-
ferent speeds (as noted above), but it does not point out that these are applied to
the different operational mode procedural steps and not the operation type (over-
flight, departure, or approach). For example, an approach operation profile starts
with a level flyover step (mode L) followed by a number of approach steps (modes
A-C). Within the one approach operation, the level flight procedural steps use one
AS,¢s for their duration adjustment, while descending and/or decelerating proce-
dural steps use a different AS,.; for their duration adjustment. Although confusing
at first, the calculation is performed correctly within the AEDT; it just is not ade-
quately documented.
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Figure 1: L4p for fixed-wing mode in straight and level overflight.
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Figure 2: L,g for helicopter mode in straight and level overflight
with lateral directivity.

The implication of using a different AS, . for different operational mode proce-
dural steps is that if multiple operational mode procedure steps of the same type
but different character (i.e., A1, Ag, As) are allowed in some future version of the
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Figure 3: Directivity angle definitions (¢: lateral/azimuthal angle,
6: polar angle).

AEDT, each at a different speed (entirely possible for fixed-wing fixed-point flight
profiles), then either:

e there will be a need to specify a different reference speed for each unique

operational mode procedural step, or

o follow the fixed-wing process and adjust all helicopter NPD data to a single
reference speed, e.g., 160 kt. This is likely the least ambiguous to the provider
of helicopter mode NPD data.

3.1.2 Comparison of AEDT and Simulation Analyses for Overflight

Next, simulation data from the AMAT (using the full source directivity) are com-
pared with AEDT analyses for fixed-wing and helicopter modes. The AEDT anal-
yses from Figures 1 and 2 were repeated for a flight path from z = -3 mi to x = 3
mi, as in Ref. [8]. Notably, this allows for the inclusion of end-of-segment effects in
the analysis. This analysis was repeated for an identical grid of ground receptors in
the AMAT. Figure 6 and Figure 7 show the AEDT contours from Ref. [8], with the
AMAT-produced contours overlaid.

In contrast to Figure 6, Figure 7 shows that the helicopter lateral directivity
adjustment in the AEDT compares more favorably with the AMAT data within the
¢ = £45° azimuth range (for the 1000 ft overflight, this is bounded by y = £1000
ft). In contrast to the AEDT contours, which are nearly symmetrical about both
the x- and y-axes, the AMAT contours are also nearly symmetric about the x-axis,
but the contours can be seen to narrow at the beginning of the flight path and widen
at the end of the flight path. This is due to the polar directivity included in the

12
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Figure 4: Difference between Lug for fixed-wing and helicopter
modes when including lateral directivity.
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Figure 5: Difference between Lap for fixed-wing and helicopter
modes when using axisymmetric helicopter NPD data.

source noise hemispheres used by the AMAT that is not represented in the NPD
data used by the AEDT. Additionally, while the extended centerlines are attenuated
in the AEDT contours, they show a spike in noise level in the AMAT contours. The
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Figure 6: Comparison of AEDT (filled) and AMAT (lines) gener-
ated Lag for fixed-wing mode in straight and level overflight.
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Figure 7: Comparison of AEDT (filled) and AMAT (lines) gener-
ated L ag for helicopter mode in straight and level overflight.

latter behavior in the AEDT contours is due to the noise fraction adjustment, and
does not appear to have a physical basis according to the AMAT contours.
UAM vehicles will fly at lower altitudes relative to fixed-wing aircraft, so com-

14



munities at angles > 45° may have more significant noise levels relative to typical
AEDT-modeled operations. Thus, the relative importance of accurate predictions
at higher directivity angles is increased. For azimuthal angles greater than 45°, the
outermost fixed-wing AEDT contour level (40 dBA) lies at over double the lateral
distance of that shown in the AMAT analysis. As shown by the simulation, the
extrapolation used in the AEDT lateral directivity adjustment may not accurately
reflect the noise at lateral receptors with azimuthal angles > 45°.

3.2 Approach

In Ref. [8], it was shown that for a simple single-segment approach or departure
modeled in both fixed-wing and helicopter modes, nearly identical results could be
achieved. However, further investigation of more realistic approach and departure
profiles is warranted. Also, as shown in Ref. [7], other discrepancies can arise due to
the casting process and other helicopter mode restrictions, which are documented
in this section.

A nominal approach operation was modeled for the RVLT quadrotor using an
adapted version of the standard approach profile of the Bell 206L. Long Ranger heli-
copter in the AEDT ANP database (see Figure 8). This simple profile was selected
to permit as comparable an approach operation as possible between the AEDT
fixed-wing and helicopter analyses. Figure 9 shows the adapted profile constructed
from this basis.

@ Bell 206L Long Ranger

ANP D B206L Airframe model: Bell 206 JetRanger
Engine code | 250817 Engine modification: NOME
BADA3ID: | HEL BADA 4 Airframe and Engine Model: | None
Custom tag: | Enfer description of this equipment
4~ ANP Helicopter Pfofiie‘ID ?‘ Name | Operation Type T | Weight (Ibs) "/ | Takeofi Ground Heading ' | Takeoff Hover He
Basic a|a STANDARD | Approach 4000 0 0
Profilzs T T T I
Step Number T | Step Type I | Duration {hh:mmss) W | Distance () Altitude AFE (ft)| Speed (KTAS)|
MNoise F
1 Start 1000 114
4 Airframe
_ 2 Constant Velocity Level 87230
Basic
5 3 Decelerating Level 5000 57
4 Engine
2 4 Constant Velocity Descend 4800 500
Basic
Emicsion Cosficiants 5 Decelerating Descend 2850 15 L
6 Vertical Descend 00:00:03 ]
7 Flight Idle 00:00:30
8 Ground Idle 00:00:30

Figure 8: Bell 2061, Long Ranger standard approach profile used
as a basis for the UAM vehicle approach.

Minor changes were required to the standard approach profile including:

e a change in the cruise speed from 114 kt to 90 kt for both fixed-wing and
helicopter to match the max speed of the quadrotor reference vehicle.

e correcting the noise exposure data for helicopter mode NPDs to 160 kt (see
Section 1.2).
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Figure 9: Profile for the AEDT approach analyses. The heavy
black horizontal line shows the extent of a one-mile runway with
the landing point at the left (west) end. The landing point is located
at (x,y) = 0,0 ft, with positive = to the right (east).

e a reduction of the duration of static operational mode procedural steps Y/Z
(vertical descent), H (flight idle) and G (ground idle) for helicopter to 0.5 s
each to minimize their influence on noise exposure at the landing site. Recall
there is no counterpart to these operational mode procedural steps, or 1/J
(hover) for fixed-wing.

e a reduction of the NPD levels of static operational modes Y/Z (vertical de-
scent), H (flight idle) and G (ground idle) for helicopter to -140 dBA for all
metrics. This was because a previous study [8] discovered that despite be-
ing only 0.5 s, the inclusion of static modes caused non-negligible differences
between the fixed-wing and helicopter contours in the vicinity of the landing
area. While this is important to understand and characterize as a difference
between fixed-wing and helicopter modeling, it is outside the scope of this
current effort.

e adjusting the fixed-wing profile to end at an altitude of 15 ft above field ele-
vation (corresponding to the end of step 5 in Figure 8) to eliminate the need
for a precisely vertical descent that is not possible in fixed-wing mode. This
was done in conjunction with the previous step to eliminate differences due to
the way the end of the profile is handled between fixed-wing and helicopter
modes.

e selection of one NPD for helicopter mode A corresponding to the 20 kt, -10°
climb angle operating condition. This particular NPD was shown in Figure 23
of Ref. [2] to be in the middle of a range of candidate approach NPDs.

e selection of multiple NPDs for the fixed-wing approach corresponding to the
various speeds and climb angles of the profile. This allowed changes to the
operating condition as the aircraft decelerated and changed glide angle.
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During examination of helicopter NPD data in the ANP database, it was found
that:

e Very few helicopters in the database provide L Aoz, LpNTmz, or Lppy data for
dynamic operational mode procedural steps. Because of the lack of L g;,,, this
quantity must be computed for use in the noise fraction calculation. Maximum
noise level approximation is covered in section 4.2.1.1 of the AEDT 3g Techni-
cal Manual [1], where Eq. 4-5 shows how it may be computed as a function of
distance and noise exposure. Eq. 4-5 was developed from statistical analysis of
NPD data for aircraft containing all four noise metrics in the database. This
almost certainly used fixed-wing aircraft data because very few helicopters in
the database contain all four noise metrics. Hence, the applicability of Eq. 4-5
to helicopters is in question.

e A comparison was made of AEDT-generated L ., contours computed using
two methods. In one case, the contours were made by specifying both L g,
and Lag NPD data as part of the AEDT input. In the other case, only Lag
NPD data were provided as part of the AEDT input. Here, L 4,,, NPD data
were approximated with Eq. 4-5. The L 4,,, contours generated using the two
methods were similar (not shown). Ref. [8] also contains some investigation
into the effectiveness of Eq. 4-5 as an approximation tool. It was found that
using Eq. 4-5 instead of providing L s, NPD data for the NASA quadrotor
produced differences up to around 2 dBA astride the flight path segment and
along the extended centerline. Additionally, up to 4 dBA difference lobes
appear astride the extended centerlines.

e Most helicopters provide the minimum of dynamic operational mode proce-
dural steps (A — approach, D — departure, L — level flyover) and static mode
procedural steps (G — ground idle or H — flight idle, I — hover in ground effect
or J — hover out of ground effect) with other modes provided by substitution
with 0 dBA adjustments.

Additionally, since the goal of this section is to compare AEDT fixed-wing ap-
proaches with AEDT helicopter approaches, it is necessary that the vehicle (how-
ever it is modeled in the AEDT) touches down at the same location. Specifying
the touchdown area at a helipad is straightforward; the final approach procedural
step always ends at the helipad. When modeling a VTOL aircraft as a fixed-wing
aircraft in the AEDT, care must be taken in the specification of displaced thresholds
and threshold crossing heights (see AEDT Technical Manual [1] Section 3.6.2.6). A
fixed-wing aircraft touches down on the runway at a distance D from the approach
end of the runway, per Ref. [1] Eq. 3-34,

htc : ’d—1|

D= Dapp + Apek +
Z—-1

(2)
in which Dy, is the displaced approach threshold (ft) for the runway, h is the

threshold crossing height (ft) for the runway, Ay is the delta distance (ft) for the
departure ground track and d_; and z_; are the coordinates (ft) and altitude (ft)

17



of the profile point immediately before touch down. To ‘stick’ the landing of the
fixed-wing aircraft at the approach end of the runway co-located with an analogous
helipad, it is necessary to set Dgypp, and hy. to zero when defining the runway, and
Ay to zero when defining the track. These are not the default AEDT values.

In the following analyses, the approach end of the runway is located at the same
coordinates as the helipad, namely, x = 0 ft, y = 0 ft. The vehicles are approaching
from the negative z-direction.

The bird’s eye views of the Lag contours for the fixed-wing (Figure 10) and
helicopter (Figure 11) modes on approach appear quite different from one another.
This was also observed in Ref. [6], though the character of the differences is different
in the current study due to the 160 kt reference speed workaround for helicopter
mode (see Section 1.2). The fixed-wing analysis indicates large lobes to both sides
of the landing point, and the helicopter analysis indicates similar side lobes, though
with much smaller magnitude. As with the overflight contours (Section 3.1), the
bulb-like shape of these contours is attributed to the 4™-power model used in the
noise fraction equation, see Ref. [8].

To investigate the differences between these analyses, the fixed-wing analysis is
performed using one NPD curve for the initial level flight portion and a different
NPD curve for all deceleration and descent segments. The NPD curves correspond to
the reference NPD data used for the helicopter mode analyses, e.g., 90 kt, 0° for the
level segment and 20 kt, -10° for the descent segments. This makes the input data
to the fixed-wing analysis essentially the same as those for the helicopter analysis.
(Henceforth, this type of study will be referred to as ‘modified fixed-wing mode’.)
The modified fixed-wing analysis is shown in Figure 12. Then, the helicopter is
examined without the effects of lateral directivity, that is, replicating the centerline
NPD for the right/left NPD at ¢ = £45°, which is shown in Figure 13. (Recall the
axisymmetric study performed in Section 3.1; henceforth, this type of study will be
referred to as ‘modified helicopter mode’.) Here, the effect is seen to be a widening
of the contours because the centerline NPD data are higher in magnitude that the
original ¢ = +45° data. The difference between the baseline fixed-wing mode and
helicopter mode analyses (Figures 10 and 11) is shown in Figure 14. The difference
between the modified fixed-wing approach and the modified helicopter approach
(Figures 12 and 13) is shown in Figure 15.

The magnitude of the differences between the baseline studies is fairly large. In
particular, there is an area between x = —7000 ft and x = —3000 ft with differences
of up to 12 dBA. This corresponds to the region of 6° descent shown in Figure 9. In
this region, the fixed-wing approach is using the 60 kt, -5° climb angle NPD data,
and the helicopter approach is using the 20 kt, -10° climb angle NPD data. While
it is impossible to say which one is more “correct” at this stage of the analysis,
one would certainly infer that the NPD data that more closely resemble the actual
operating condition would likely be more representative of the true noise contours.

In contrast, the magnitude of the differences between the modified studies is
fairly small. Setting the operating conditions to be nearly the same for the full
approach profiles eliminates nearly all differences for x < 0. There are some small,
but non-negligible differences that extend beyond the approach point, peaking at
2.7 dBA (helicopter greater than fixed-wing, in this case) at around = = 400 ft. The
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Figure 10: Lag for fixed-wing mode on approach.
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Figure 11: L zp for helicopter mode on approach with lateral direc-
tivity.

source of this particular set of differences may warrant further investigation; these
differences, however, occur in an area where the predicted noise exposure is under
40 dBA. Thus, the relative importance of these differences is somewhat muted.

It can be concluded the primary sources of the differences between the baseline
fixed-wing and helicopter mode analyses shown in Figure 14 are as follows:

e the inclusion of the lateral directivity adjustment LD 4p s for helicopter mode

e the discrepancy between the multiple NPD curves allowed in fixed-wing mode
versus the restricted number allowed in helicopter mode

As shown in Figure 15, when steps are taken to neutralize these two parameters,
the differences between the analyses become very small.
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Figure 12: L for fixed-wing mode on approach using 2 NPD
curves.
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Figure 13: Lag for helicopter mode on approach without lateral
directivity.

A Brief Note on Landing and Takeoff Rolls For all receptors beyond the end
of the landing roll, a special case of the noise fraction equation (Ref. [1] Eq. 4-24) is
applied to the fixed-wing exposure calculation instead of the normal noise fraction
equation. This is explored in more detail in Ref. [8]. However, this special case is
not relevant to this work. Only an approach ending with a landing roll will invoke
the special case, and this must be done deliberately when defining the profile. In
procedural mode, a landing roll segment must be specified, and in fixed-point mode,
the profile must end with at least two points at 0 ft AFE altitude. None of the
profiles in this work, nor those in the larger set of routes studied in Refs. [6] and [9],
meet this criterion.

Analogously, there is a special case of the fixed-wing noise fraction calculation
for points behind the takeoff roll on departure profiles (Ref. [1] Eq. 4-21). This is
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Figure 14: Difference between baseline approach analyses (Figure
10 and Figure 11). Positive difference indicates that the fixed-wing
analysis predicts higher noise exposure than the helicopter analysis
at that location.
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Figure 15: Difference between modified approach analyses (Figure
12 and Figure 13). Positive difference indicates that the fixed-wing
analysis predicts higher noise exposure than the helicopter analysis
at that location.

only invoked if there is a takeoff roll in the departure profile. In procedural mode,
a takeoff roll segment must be specified, and in fixed-point mode, the profile must
begin with at least two points at 0 ft AFE altitude.
or the prior studies [6,9] meet this criterion. This also disables the ground-based

directivity adjustment DIRsp; (Ref. [1] Section 4.4.2).

Both the special case noise fraction equations and DIR4pj are only applica-
ble to fixed-wing analyses, and have no known use in the AEDT helicopter mode.
Therefore, for eliminating differences between the two modes, the above omissions

are desirable.
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3.2.1 Comparison of AEDT and Simulation Analyses for Approach

Next, simulation data from the AMAT (using the full source directivity) are com-
pared with the AEDT results for fixed-wing (from Figure 10) and helicopter (from
Figure 11) analyses for the approach case. The AMAT analyses use the same se-
quence of operating conditions as those in the AEDT fixed-wing approach, but with
the full source noise hemisphere for each condition. The fixed-wing comparisons are
shown over the entire domain in Figure 16 and in a close-up in Figure 17. Likewise,
the helicopter comparisons are shown in Figure 18 and Figure 19.
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Figure 16: AEDT (filled) and AMAT (lines) L s contours for fixed-
wing mode on approach (full view).
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Figure 17: AEDT (filled) and AMAT (lines) L s contours for fixed-
wing mode on approach (close-up view).

As with the overflight case, contour areas under the track compare to the AMAT
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Figure 18: AEDT (filled) and AMAT (lines) L4g contours for he-
licopter mode on approach (full view).
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Figure 19: AEDT (filled) and AMAT (lines) Lag contours for he-
licopter mode on approach (close-up view).

contours favorably for the fixed-wing analysis while those further away do not. This
is attributable to the lack of a lateral directivity adjustment for fixed-wing. Close
to the landing area, the contours compare quite well, especially for levels Z 60 dBA.
One notable difference in character, however, is that the AEDT analysis predicts
more attenuation along the extended centerline (along x > 0,y = 0), while the
AMAT analysis does not. Rather, it predicts the opposite, a small relative increase
in levels along the extended centerline compared to other radials from the end of
approach point.

In contrast, the comparisons to the AMAT contours for the helicopter mode
analysis are much better astride the flight path (the sidelines), but are not as good
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along the centerline. Like the overflight case, the contour areas on the level flight
segment (preceding the descent), compare more favorably than the fixed-wing case
because of the inclusion of the lateral directivity adjustment. However, because the
analysis is limited to just a single NPD for approach, the helicopter contours entirely
miss the higher-level area along the centerline preceding the landing site. (Recall
from Figure 14 the area of elevated differences.)

3.3 Departure

As with the approach analysis, a departure operation was modeled for the RVLT
quadrotor using an adapted version of the standard departure profile of the Bell
206L Long Ranger helicopter in the AEDT ANP database (see Figure 20). This
simple profile was selected to permit as comparable a departure operation as possible
between AEDT fixed-wing and helicopter analyses. Figure 21 shows the adapted
profile constructed from this basis.

@ Bell 206L Long Ranger

ANP 1D E206L Airframe model Bell 206 JetRanger
Engine code: | 230817 Engine modification: NONE
BADA 2 1D: HEL BADA 4 Airframe and Engine Model: | None
Custom tag: | Enfer description of this equipment
4 ANP Helicopter ProfileID W Name T Operation Type T | Weight {lbs) ' | Takeoff Ground Heading T | Takeoff Haver
Basic 24 STANDARD  Approach 4000 0 0
Fiphiles 3|5 STANDARD Departure 4000 0 0
Maoise T = T
Step Number T | Step Type T | Duration (hh:mmiss) T | Distance (/)| Altitude AFE [ft)| Speed [KTAS)
- Airframe F T 3
. 1 Ground Idle 00:00:30
Basic
. 2 Flight Idle 00:00:30
4 Engine
Basic 3 Vertical Ascend 00:00:03 15
Ermisian CostRgients 4 Accelerating Level 100 30
5 Accelerating Climb 500 30 57
& Constant Velocity Climb 3500 1000
o Accelerating Level 2800 114
s Constant Velacity Level 93100

Figure 20: Bell 206L. Long Ranger standard departure profile used
as a basis for the UAM vehicle departure.

Minor changes were required to the standard departure profile including -

e a change in the cruise speed from 114 kt to 90 kt for both fixed-wing and
helicopter to match the max speed of the quadrotor reference vehicle.

e correcting the noise exposure data for helicopter mode NPDs to 160 kt (see
Section 1.2).

e a reduction of the duration of static operational mode procedural steps V/W
(vertical ascent), H (flight idle) and G (ground idle) for helicopter to 0.5 s each
to minimize their influence on noise exposure at the landing site. Recall there
is no counterpart to these operational mode procedural steps, or I/J (hover)
for fixed-wing.
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Figure 21: Profile for the AEDT departure analyses. The heavy
black horizontal line shows the extent of a one-mile runway with
the takeoff point at the right (east) end. The takeoff point is located
at (z,y) = 0,0 ft, with positive  to the right (east).

a reduction of the NPD levels of static operational modes V/W (vertical as-
cent), H (flight idle) and G (ground idle) for helicopter to -140 dBA for all
metrics. (See Section 3.2)

adjusting the fixed-wing profile to start at an altitude of 15 ft above field
elevation (corresponding to the end of step 3 in Figure 20) to eliminate the
need for a precisely vertical ascent that is not possible in fixed-wing mode.
This was done in conjunction with the previous adjustment to helicopter static
mode NPD data to eliminate differences due to the way the start of the profile
is handled between fixed-wing and helicopter modes.

selection of one NPD for helicopter mode D corresponding to the 20 kt, 10°
climb angle operating condition. This particular NPD was shown in Figure 21
of Ref. [2] to be in the middle of a range of candidate departure NPDs.

selection of multiple NPDs for the fixed-wing departure corresponding to the
various speeds and climb angles of the profile. This allowed changes to the
operating condition as the aircraft accelerated and changed climb angle.

Additionally, since the goal of this section is to compare AEDT fixed-wing de-

partures with AEDT helicopter departures, it is necessary that the vehicle (however
it is modeled in the AEDT) takes off from the same location. Specifying the take-
off point at a helipad is straightforward; the first departure procedural step always
starts at the helipad. As with the approach, care must be taken when modeling
a VTOL aircraft as a fixed-wing aircraft for an AEDT departure. A fixed-wing
aircraft departure starts at a distance D from the departure end of the runway, per
Ref. [1] Eq. 3-33,

D = Ddep + Agpg (3)
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in which Dy, is the displaced departure threshold (ft) for the runway and Ay, is
the delta distance (ft) for the departure ground track. For fixed-wing aircraft to
take off from the same location as a helipad located at the departure end of the
runway, it is necessary to set Dgep to zero when defining the runway and Ay to
zero when defining the track. These are not the default AEDT values.

In the following analyses, the departure end of the runway is located at the same
coordinates as the helipad, namely, x = 0 ft, y = 0 ft. The vehicles are departing
towards the negative x-direction.

The bird’s eye views of the L4p contours for the fixed-wing (Figure 22) and
helicopter (Figure 23) modes on departure appear fairly different from one another,
but to a lesser extent than the approach. The fixed-wing analysis indicates moderate
lobes to both sides of the takeoff point, smaller than those of the approach. The
helicopter analysis does not indicate the characteristic side lobes. In Ref. [8], it was
shown that the noise fraction adjustments for conjugate approaches and departures
(identical flight paths and NPD data, but traveling in reciprocal directions along
the flight path) were identical. Therefore, the different character of the departure
contours from those of the approach contours shown in Figures 10 and 11 is due
to the fact that the departure and approach profiles used in the current study are
similar, but not conjugates.

To investigate the differences between these analyses, the modified fixed-wing
mode and modified helicopter mode analyses described in Section 3.2 are replicated.
The modified fixed-wing departure (two NPDs) is shown in Figure 24, and the
modified helicopter departure (axisymmetric) is shown in Figure 25. The difference
between the baseline fixed-wing mode and helicopter mode analyses (Figures 22 and
23) is shown in Figure 26. The difference between the modified fixed-wing departure
and the modified helicopter departure (Figures 24 and 25)is shown in Figure 27.

Again, the effect of the modified helicopter departure is seen to be a widening
of the contours because the centerline NPD data are higher in magnitude that the
original ¢ = £45° data.

The magnitude of the differences between the baseline studies is fairly large. In
particular, there is an area between x = —4500 ft and x = —6500 ft with differences
of up to 10 dBA. This corresponds to the region of horizontal acceleration shown in
Figure 21. In this region, the fixed-wing departure is using the 60-80 kt, 0° climb
angle NPD data, and the helicopter approach is using the 20 kt, 10° climb angle
NPD data. While it is impossible to say which one is more “correct” at this stage of
the analysis, one would certainly infer that the NPD data that more closely resemble
the actual operating condition would likely be more representative of the true noise
contours.

In contrast, the magnitude of the differences between the modified studies is
fairly small. Setting the operating conditions to be nearly the same for the full
departure profiles eliminates nearly all differences for x < 0. There are some small,
but non-negligible differences that extend behind the takeoff point, peaking at 1.3
dBA (helicopter greater than fixed-wing, in this case). Notably, at the takeoff
point x = 0,y = 0, the fixed-wing exposure is 3 dB greater than the helicopter
exposure. This is due to a difference in the way helicopter and fixed-wing profiles
are formulated, i.e., the fixed-wing profile is flown at the average speed between
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Figure 22: L g for fixed-wing mode on departure.
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Figure 23: Lag for helicopter mode on departure with lateral di-
rectivity.

the segment end points, which results in its speed being half that of the helicopter
profile for this segment. This causes a 3 dB difference in the duration adjustment.
Outside of this one point, the differences occur in an area where the predicted noise
exposure is under 40 dBA. Thus, the relative importance of these differences is
somewhat muted.

3.3.1 Comparison of AEDT and Simulation Analyses for Departure

Next, simulation data from the AMAT (using the full source directivity) are com-
pared with the AEDT results for the fixed-wing (from Figure 22) and helicopter
(from Figure 23) analyses. The AMAT analyses use the same sequence of operat-
ing conditions as those in the AEDT fixed-wing departure, but with the full source
noise hemisphere for each condition. The fixed-wing comparisons are shown over the
entire domain in Figure 28 and in a close-up in Figure 29. Likewise, the helicopter
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Figure 24: L g for fixed-wing mode on departure using 2 NPD
curves.
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Figure 25: L g for helicopter mode on departure without lateral
directivity.

comparisons are shown in Figure 30 and Figure 31.

As with the overflight case, contour areas under the track compare favorably
with the fixed-wing analysis while those further away do not. This is attributable
to the lack of a lateral directivity adjustment for fixed-wing. Close to the takeoff
area, the contours compare quite well, especially for levels Z 60 dBA. As with the
approach, one notable difference in character is that the AEDT analysis predicts
more attenuation along the extended centerline (along = > 0,y = 0), see Figure 29.
The AMAT analysis does not predict this trend; rather, it predicts the opposite,
a small relative increase in levels along the extended centerline compared to other
radials from the beginning of departure point.

In contrast, the comparisons to the AMAT contours for the helicopter mode are
much better astride the flight path (the sidelines) but are not as good along the
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Figure 26: Difference between baseline departure analyses (Figure
22 and Figure 23). Positive difference indicates that the fixed-wing
analysis predicts higher noise exposure than the helicopter analysis
at that location.

3.0
40000 2.4
20000 1.8
- 1.2
E 0 =
—20000 0.0
—40000 —0.6
~1.2

—50000 0

X (ft)

50000

Figure 27: Difference between baseline departure analyses (Figure
24 and Figure 25). Positive difference indicates that the fixed-wing
analysis predicts higher noise exposure than the helicopter analysis
at that location.

centerline. Like the overflight case, the contour areas on the level flight segment
(following the ascent) compare more favorably than the fixed-wing case because of
the inclusion of the lateral directivity adjustment. However, because the analyses
are limited to just a single NPD for departure, the helicopter contours miss an area
of slightly elevated level shortly after takeoff (around z = —6000 ft).
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Figure 28: AEDT (filled) and AMAT (lines) generated Lag for
fixed-wing mode on departure (full view).
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Figure 29: AEDT (filled) and AMAT (lines) generated Lap for
fixed-wing mode on departure (close-up view).

4 Recommendations

This final set of recommendations for changes to the AEDT 3g to better support
the noise modeling of AAM operations includes those preliminary recommendations
made in 2023 (where applicable) and new/updated recommendations.
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Figure 30: AEDT (filled) and AMAT (lines) generated Lapg for
helicopter mode on departure (full view).
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Figure 31: AEDT (filled) and AMAT (lines) generated Lap for
helicopter mode on departure (close-up view).

4.1 Fixed-Wing Modeling

4.1.1 Prior Recommendations

e Provide the means of turning off interpolation over corrected net thrust. This
would eliminate the necessity to specify guard points to limit the bad effects
of interpolation (abrupt contour discontinuities and non-consecutive thrust
indexing leading to unintended interpolation) between two dissimilar operating

conditions, each with different noise characteristics [9].

e Provide a lateral directivity adjustment (LD 4ps) akin to that for helicopters
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(or better) to allow for improved modeling lateral to the ground track.

e Add a hover capability that captures the vehicle source directivity without
application of the noise fraction algorithm (as in helicopter mode).

4.1.2 New Recommendations

e For comparison of fixed-wing and helicopter mode departures and approaches,
some additional guidance in the AEDT User Manual would be helpful to force
the takeoff and landing locations to be the same (see Sections 3.2 and 3.3).

e It was unclear from the documentation that a “takeoff” and “landing” must
be specifically defined for fixed-point profiles by starting or ending the profile
with two points at zero altitude. This should be made more clear, particularly
in the sections about the special case noise fraction and takeoff roll directivity
adjustment.

4.2 Helicopter Modeling
4.2.1 Prior Recommendations

e Increase the number of operational modes and associated noise data (including
NPD and spectral class).

— These should be user-defined to allow for modes that don’t presently
exist, e.g., decelerating climb.

— This would eliminate the need for use of the advancing tip Mach number
adjustment (which may not be applicable) to condense multiple level
flight operations into a single level flight step.

e Eliminate many/all of the restrictions on the sequence of operational proce-
dural steps. The only one that appears useful is that the current step begins
where the prior step left off.

e The “in-ground effect” altitude should be user-specified and not hard-coded
to 1.5x main rotor diameter (AEDT Technical Manual Eq. 3-74 [1]).

Though not an AEDT recommendation, a standard along the lines of SAE AIR-
1845A is needed for helicopter mode NPD generation (see reference in Ref. [2]).
Some things to consider include:

o User-defined reference distance (currently set to 200 ft) for the static directivity
adjustment. This was examined in Ref. [2].

e Cone angle used for hover condition measurement.
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4.2.2 New Recommendations

e The AEDT Technical Manual points out that helicopters use different refer-
ence speeds, but it does not point out that these are applied to the different
operational mode procedural steps, not the operation type (overflight, depar-
ture, or approach). Some clarification of this would be helpful (see Section

3.1).

o If multiple operational mode procedure steps of the same type are allowed in
some future version of the AEDT, then either:

— there will be a need to specify a different reference speed for each change
in operational mode procedural step, or

— follow the fixed-wing process and adjust all helicopter NPD data to a
single reference speed, e.g., 160 kt. This is likely the least ambiguous to
the provider of helicopter mode NPD data (see Section 3.1).

e Based on the findings in Ref. [8], it may be appropriate to make other power
models of the noise fraction available for use. The noise fraction algorithm
relies in part on empirical evidence derived from jet aircraft many decades
ago. It is unlikely that modern jet aircraft, helicopters and proposed UAM
vehicles, many with radically different configurations and power plants, are
consistent with this approach. Evidence suggests that the fourth-power model
currently used is only marginally applicable to helicopters and AAM vehicles,
and that differs between departure, overflight, and approach flight conditions.

e The extrapolation used in the AEDT lateral directivity adjustment may not
accurately reflect the noise at lateral receptors with azimuthal angles > 45°
(Section 3.1). This will be particularly important for AAM vehicles that fly at
low altitudes because noise exposure could be significant for larger azimuthal
angles.

e Very few helicopters in the database provide L ., LpNTmz, O Lppn data
for dynamic operational mode procedural steps. Because of the lack of L Az,
this quantity must be computed for use in the noise fraction calculation. The
AEDT maximum noise level approximation is almost certainly based on fixed-
wing aircraft data and, as shown in Ref. [8], causes moderate differences in
the predicted noise relative to simulated and measured helicopter data.

4.3 Other
4.3.1 Prior Recommendations

e Provide a simple means of specifying point-to-point operations and computer
program(s) to simplify study construction.

e Provide support for a single reference elevation for a set of point-to-point
operations. With such support, the need to specify overflight altitudes in terms
of MSL and departure and approach altitudes in terms of AFE is eliminated.
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They can all be altitudes cast in terms of that Above Reference Elevation
(ARE).

e The current limitation on spectral classes (departure, overflight, approach)
should be removed.

e Expand the lateral directivity adjustment beyond the current left-center-right
for helicopter mode and fixed-wing mode (if implemented as recommended
above).

4.3.2 New Recommendations

e If no changes are made to the AEDT and the required NPD data are available,
then (based on the cases considered):

— Use of the helicopter aircraft type is recommended for overflight opera-
tions because the lateral directivity adjustment more accurately models
the noise exposure for receptors lateral to the track.

— Use of the fixed-wing aircraft type with fixed-point flight profiles is rec-
ommended for departure and approach operations because i) there is no
restriction on the number of NPD states (allowing changes in operating
state to be more accurately reflected), and ii) it provides noise exposure
contours that more closely agree with simulation for levels of interest
(e.g., sound exposure level > 60 dBA).

— For point-to-point operations, the above implies a hybrid modeling ap-
proach [10] (see also Ref. [6]).
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