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ABSTRACT
An extensive flight test campaign was recently completed, which aims to reduce the operational noise generated by
helicopters in an effort to improve community acceptance. Using a ground-based microphone array, acoustic mea-
surements were acquired on helicopters in the medium-sized vehicle weight class over a number of flight conditions
including steady level flight, steady descents, and approaches. While data were collected across four helicopters, the
Leonardo AW139 and Sikorsky S-76D will be the focus of this paper. Source noise hemispheres are computed for the
steady test points, but the ground noise contours measured during approach conditions cover only a small portion of
the area impacted by noise because of practical constraints on the size of the deployed array. Thus, the Noise Informed
Community Environment Operations Planning System (NICEOPS) in conjunction with the flight test data was used
to estimate how changes in the approach procedures impact noise exposure over a larger ground area. It was found
that even small longitudinal accelerations can have a substantial influence on the noise generation processes during
approach and must be modeled appropriately to develop new flight procedures which minimize the acoustic impact on
the ground.

INTRODUCTION

The public acceptance of helicopter noise has consistently lim-
ited operations within urban areas and surrounding commu-
nities (Refs. 1, 2). Broadly speaking, two strategies can be
taken to reduce perceived noise at the ground: acoustics-based
vehicle design or operational planning. While there is cer-
tainly merit in the first option, the tradeoffs with performance,
safety, and cost often preclude substantial aeroacoustic im-
provements. Moreover, implementing a noise reduction tech-
nology is typically a lengthy process taking many years before
the technology is available on a significant portion of the civil
helicopter fleet. This research effort has chosen the second
approach with the goal of understanding the noise benefit by
tailoring operations of existing vehicles such that ground noise
exposure is reduced. This work is part of the NASA Revolu-
tionary Vertical Lift Technology project under the Advanced
Air Vehicles Program.

It is common knowledge that helicopter source noise is sen-
sitive to the operating state. Blade-Vortex Interaction (BVI)
is often a dominant noise source mechanism and is caused
by tip vortices being convected through the main rotor sys-
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tem, introducing impulsive unsteady pressure fluctuations on
downstream blades. In turn, those fluctuations can radiate
quite efficiently as noise in the far field. Assuming constant
drag, weight, and disk loading, peak BVI occurs for specific
airspeed-descent rate combinations (Ref. 3). Thus, avoiding
BVI through trajectory and path planning has the potential to
significantly reduce the resulting ground noise. For example,
previous studies have shown a reduction in overall noise, both
during approach (Refs. 4,5) and en route (Refs. 3,6–8). In ad-
dition to BVI, other source mechanisms such as the tail rotor
can also contribute to the overall vehicle noise – the extent to
which being configuration dependent. Aside from the source
itself, geometric considerations of the trajectory can reduce
noise exposure during approach to land, e.g., steep angles to
get assistance from spherical spreading and moderate speeds
to limit duration effects. The balance between these source
noise and trajectory implications is an important aspect of op-
erational planning.

Recently, a flight test was conducted involving six lightweight
helicopters with Takeoff Gross Weight (TOGW) between
2000-4500 lbs to acquire source noise and compare the
noise level over various approach procedures and maneuvers
(Ref. 9). As a follow-on, and the focus of this paper, NASA,
the FAA, and the US Army recently completed the second
phase of these tests to investigate similar noise abatement pro-
cedures with medium-sized helicopters. These helicopters in-
clude a Sikorsky S-76D, a Leonardo AW139, the US Coast
Guard MH-65 Dolphin (a variant of the commercial Airbus
AS365 Dauphin), and a Bell 205 “Huey”, in which TOGW
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ranged from 7,400-14,200 lbs. Given the constraints of the
test site, the extent of the ground-based measurements in the
flight direction was limited. Thus, in addition to analysis and
discussion of the results, an attempt is made to predict the ap-
proach noise contours over a wider area than could be mea-
sured using a method currently under development, the Noise
Informed Community Environment Operations Planning Sys-
tem (NICEOPS), developed from steady flight noise data col-
lected during the flight test.
The experimental setup will first be discussed, including de-
tails of the instrumentation and prescribed flight procedures.
Then, the processing methodology for obtaining source hemi-
spheres and measured ground noise contours is presented.
Details of the NICEOPS methodology and the experimental
database interpolation is also outlined. Finally, results sum-
marizing the measured data and a discussion on the results
from the simulated approaches will be given, focusing on the
relation to the effective flight path angle during non-constant
flight conditions.

TEST DETAILS
Vehicles

Acoustic data were acquired on four medium-sized heli-
copters. Take-off Gross Weight (TOGW) varied between
7,400 and 14,200 lbs with a main rotor blade count between
2 and 5 driven by turboshaft engines. Three vehicles are
equipped with conventional tail rotors, while the MH-65 has a
Fenestron.™ Additional characteristics are provided in Table
1. Note that for brevity, results from the AW139 and S-76D
will be the focus of this paper. Additional data including the
Bell 205 and MH-65 can be found in Refs. 10, 11.

Instrumentation

An array of 39 microphones (1/2-inch GRAS 67AX) flush-
mounted to ground boards were distributed across the field
spanning approximately 4,000 ft by 2,000 ft perpendicular
and parallel to the flight path, respectively, as shown in Fig-
ure 1. Their locations were chosen to provide good cover-
age for source noise characterization, maneuvering flight, and
to obtain ground noise footprints during noise abatement ap-
proaches. The airfield was reasonably flat with a maximum
ellipsoid elevation difference of 38 ft between any two micro-
phones. Acquisition of the acoustic signals employed the sec-
ond generation NASA Wireless Acoustic Measurement Sys-
tem (WAMS2), which digitized each signal at 25 kS/s via a
single channel 24-bit analog to digital delta-sigma converter
with built-in antialiasing. The data were streamed with Uni-
versal Coordinated Time (UTC) GPS stamps to an SD mem-
ory card. Each WAMS2 unit supported a single microphone
station and provided wireless control, system health monitor-
ing, and upon request, a synopsis of the acoustic data collected
during the last run.
Wind speed and direction, pressure, temperature, and humid-
ity were recorded every six seconds at five ground stations dis-
tributed across the field. Wind speed and direction were also

measured as a function of elevation at a single ground position
near the flight path via a ZephIR 300 portable LIDAR sys-
tem (see Figure 1). The primary use of the gathered weather
information was to monitor environmental conditions to en-
sure they were within reason to obtain quality data. These data
were also used as inputs for an atmospheric attenuation model
when building the source hemispheres (see Processing Meth-
ods section). Wind was the primary concern and was desired
to be less than 10 kts sustained at elevation. If large vertical
gradients were observed from the LIDAR measurement, test
points that called for minimal altitude variations were flown
to minimize airspeed uncertainty.

A four lamp Precision Approach Path Indicator (PAPI) system
provided the pilot with a visual reference to maintain the pre-
scribed slope during constant flight path angle descents. This
system is an extended version of the previous two lamp system
(Ref. 9) and controlled using the same principles. Each lamp
angle was remotely adjusted according to the desired flight
path angle and displayed viewing-angle-dependent white/red
patterns to notify the pilot if they were too low, too high, or on
slope.

On board the test vehicles, the Aircraft Navigation and Track-
ing System (ANTS2), the successor of ANTS (Ref. 9), gath-
ered vehicle position and state information. ANTS2 is
equipped with a VectorNav VN-310 dual antenna GPS Inertial
Navigation System (INS) with an internal Extended Kalman
Filter to calculate the aircraft state solution. UTC stamps were
also recorded to relate and synchronize the vehicle position
and state to the acoustic data during postprocessing. The GPS
position was adjusted so the coordinate system origin coin-
cides with the array center microphone, station 16 in Figure 1.
Nominal horizontal and vertical root-mean-square uncertainty
in position are 5 ft and 16 ft, respectively.

Flight Procedures

Steady flights were performed for source characterization, i.e.,
to form acoustic hemispheres. Level flights ranged from 40 to
VH (maximum speed at maximum continuous power) knots
indicated airspeed (KIAS) at a target altitude of 200 ft Above
Ground Level (AGL). Steady descents from 60 to 100 KIAS
at -3 to -12 degrees were also tested. The initial altitude was
set such that the termination of the run was at the end of the
array near the PAPI system. Climbs at the best rate of climb,
Vy, and Vy ±10 KIAS, were also included. A number of noise
abatement approach procedures were formed by defining an
entry speed, flight path angle, and altitude, followed by an
AGL point to initiate various descent rates while maintaining
the initial flight path angle.

Several maneuvers involving bank angles between 20◦ and
45◦ into and away from the advancing side were also per-
formed. Prior to the initiation of the turn, a number of initial
conditions were prescribed (e.g., descents, decelerations, etc.)
to study the effect of wake location on radiated noise. These
maneuver data will not be discussed herein, but the reader is
referred to Refs. 10, 11.
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Table 1. Aircraft Characteristics.

Manufacturer Bell Leonardo Sikorsky Eurocopter

Model 205 “Huey” AW139 S-76D MH-65
TOGW (lbs) 7460 14,200 11,370 9,530
No. of Turboshaft Engines 1 2 2 2
MR Blades 2 5 4 4
MR Diameter (ft) 48.27 45.25 44 39.08
MR Blade Passage Frequency (Hz) 11 24 21 24
TR Type 2-bladed 4-bladed 4-bladed Fenestron™

Figure 1. Bird’s eye view of Coyle Field, NJ, displaying microphone locations and supporting test equipment. The nom-
inal flight path is shown in red.
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PROCESSING METHODS

Source Hemispheres

Acoustic hemispheres are created for each level flight, climb,
and steady descent test point using the Acoustic Repropaga-
tion Tool (ART) methodology contained within the Advanced
Acoustic Model (AAM), formerly the Rotorcraft Noise Model
(Refs. 12, 13). While previous flight tests (Refs. 9, 14) from
NASA have used the same general methodology, some inter-
nal modifications have been made that are not documented.
Therefore, an overview of the process will now be given.
The pressure time series at each ground microphone are first
split into 0.5 second nonoverlapping data segments. For each
segment, three Fourier transforms are computed on 0.25 sec-
ond blocks at 50% overlap. The three transforms are ensemble
averaged using a Hamming window, producing a 4 Hz bin-
width narrowband spectrum estimate. This process results in
independent spectra at every 0.5 second. Prior to back propa-
gation to the hemisphere surface, a number of steps are per-
formed. To start, the spectral amplitude at each frequency
for each narrowband spectrum estimate, per microphone, is
compared to the lowest level at that same frequency over its
spectral-time history for a given run. The lowest levels repre-
sent the ambient levels for that run. If the difference in those
amplitudes are under some prescribed threshold, the data are
removed due to poor signal-to-noise ratio; this reduces falsely
back propagating ambient noise. For this work, the threshold
is set to 5 dB. It is typical that higher frequencies cannot al-
ways meet this criteria due to the lack of radiated noise in this
frequency range. In particular, high frequencies at emission
angles close to the rotor plane may be attenuated beyond am-
bient levels by the atmosphere upon traveling long distances.
For this work, the narrowband spectra are converted to one-
third-octave bands. AAM is used to compute and remove
the effect of spherical spreading, atmospheric attenuation, and
ground losses. For atmospheric attenuation, the medium is as-
sumed to be isotropic, and the ANSI S1.26 (Ref. 15) model is
applied based on the center band frequencies given tempera-
ture, pressure, and humidity from an average of the WAMS2
weather station data. Characteristic impedance of the ground
is estimated through the single parameter Delany & Bazley
model (Ref. 16) assuming a ground flow resistivity of 200
CGS Rayls, a value typical of soft ground. Given this infor-
mation, the model by Chien and Soroka (Ref. 17) is used to
estimate the angle and frequency dependent ground losses. It
should be noted that the pressure doubling effects of the mi-
crophone installation and the ground board are not removed.
With knowledge of the aircraft position from the tracking data,
each one-third-octave band spectra at each microphone, now
free of propagation effects can be back propagated to form a
100 ft radius discretized source hemisphere centered at the on-
board GPS receiver using straight rays between the observer
and vehicle location at the time of emission. Uniform grid
spacing between sound pressure data points on the hemisphere
is desired for convenience when using the hemispheres. Thus,
data are interpolated onto a structured grid with 10◦ and 5◦

spacing the elevation and azimuth directions, respectively, us-
ing Shepard’s inverse distance weighting (Ref. 18) with a ra-
dius of influence corresponding to 30◦ range in both direc-
tions. Overall metrics (e.g., dBA, BVISPL, etc.) can then be
computed on the structured grid by integrating the frequency
spectra. The hemisphere data are given herein in the form of
Lambert projections for minimal contour distortion.

Measured Ground Noise Contours

The steady source assumption no longer holds for the noise
abatement approaches since the aerodynamic state (hence, the
acoustic state) changes while the vehicle decelerates. Thus,
ground noise contours are used to represent the measured
data. The A-weighted sound exposure level (SEL) is com-
puted at each microphone and is spatially interpolated to form
the contours. Note that this metric is computed using the mea-
sured data. That is, corrections (e.g., atmospheric attenuation,
ground losses, etc.) which were applied to the source hemi-
spheres are not used here.

Simulated Ground Noise Contours

The measured ground noise contours cover only a small por-
tion of the area impacted by noise during the approach proce-
dures because of practical constraints on the size of the de-
ployed acoustic array. An aircraft noise prediction method
currently under development at Penn State called the Noise
Informed Community Environment Operations Planning Sys-
tem (NICEOPS) was used to estimate how changes in op-
erating procedures impact noise exposure over a wider area.
NICEOPS is intended for applications where rapid predic-
tions of aircraft acoustic impacts are required, for instance the
real time display of aircraft noise emissions to operators and
airspace managers or for the design and near-real-time opti-
mization of noise abatement flight procedures. To accelerate
the computation of acoustic impacts, NICEOPS uses a pre-
computed database of aircraft noise radiation characteristics
that describe how the frequency and magnitude of the noise
radiated to the far-field vary with the aerodynamic operating
condition of the vehicle. For conventional helicopters, these
source noise data are applied quasistatically for each point in
time based on the estimated aerodynamic operating condition
of the main rotor. The main rotor operating condition is de-
termined from the vehicle’s inertial velocity and acceleration
along the trajectory using amethod substantially similar to that
described in Ref. 19. The rotor operating condition is defined
by the hover tip Mach number, MH , advance ratio, µ , thrust
coefficient, CT , and steady-flight effective flight path angle,
γe. The thrust coefficient during maneuvering flight is deter-
mined by scaling the weight coefficient by the load factor due
to acceleration, e.g.,:

CT =CW |⃗n| (1)

where the net acceleration vector is defined as:

n⃗ = ax î+ay ĵ+(az +1)k̂ (2)
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where ai are the inertial accelerations in g’s and z is aligned
with gravity. As described in Ref. 19, the orientation of the
main rotor tip path plane–and the resulting noise–is assumed
to change along with the change in the net acceleration vector.
The effective flight path angle, γe, is then defined by the inner
product of the unit normal of the net acceleration vector and
the velocity vector:

sinγe = v̂ · n̂. (3)

When the net acceleration vector is aligned with gravity (e.g.,
in steady flight), the effective flight path angle is exactly the
nominal flight path angle, γ . When the vehicle is acceler-
ating, such that the net acceleration vector has a component
aligned with the velocity vector, the effective flight path angle
becomes more positive. Likewise, during a deceleration, the
effective flight path angle becomes more negative. For mod-
erate accelerations that do not violate the small angle assump-
tion of the original Quasi-Static Acoustic Mapping (Q-SAM)
method (Ref. 20), every 0.1 g (less than 2 kts/s) of longitudi-
nal deceleration has the same effect as descending at constant
speed along a flight path angle 6◦ more steeply than the nom-
inal flight path angle.
In this paper, the source noise database was generated from the
previously described set of AAM acoustic spheres. Because
the range of main rotor operating conditions that are achieved
during accelerating flight can easily exceed the range of equiv-
alent steady flight conditions, several heuristics were applied
to artificially extend the data, following an approach to ex-
tending the noise data set similar to that described in Ref. 21.
First, the nondimensional operating conditions (µ,CT ,γe,MH )
associated with each of the measured acoustic hemispheres are
computed based on the rotor geometry, vehicle gross weight,
and ambient temperature and density at the time of data acqui-
sition.
In order to enclose the region of the operating envelope where
high BVI noise occurs, level flight conditions where no BVI
occurs are replicated in the database at the same advance ratio,
but at effective flight path angles of -24◦ and 35◦, covering the
range of effective flight path angles that may be achieved dur-
ing accelerating flight. The effects of rotor thrust variation are
approximated for load factors greater than one by amplifying
the noise levels on the acoustic hemispheres under the assump-
tion that the loading noise is dominant and that the distribution
of loading does not change significantly for small changes in
thrust:

∆SPL = 20log10
CT

CW
(4)

whereCW is the weight coefficient, equivalent toCT in steady
flight. For load factors less than one, no scaling of the noise
levels is performed.
The ART technique does not generate noise hemispheres for
hovering flight conditions, as the helicopter would not sweep
a range of directivity angles without relative motion over the
array. To approximate hover, a noise hemisphere is generated
for zero advance ratio by averaging the sound pressure levels
(on an equal energy basis) for the lowest speed flight condi-
tion measured across the fore-aft symmetry plane. Full noise

spheres are then generated for each condition by reflecting the
measured data on the lower half of the acoustic hemisphere to
the upper half. Shepard’s modified inverse distance weight-
ing (Ref. 18) is then applied along the geodesic surface of the
sphere to interpolate the SPL at five degree increments of az-
imuth and elevation for each condition. These data are then
converted to a database file for use by the NICEOPS model.
For this paper, flight trajectories for each approach were gen-
erated from the position tracking data recorded by ANTS2,
and were evaluated at 0.5 second intervals. At each point in
time, the vehicle operating condition is calculated as described
previously in this section. On loading the noise database,
NICEOPS linearly transforms the four nondimensional pa-
rameters defining the operating condition to normalize the val-
ues in each dimension across a range from zero to one. Meth-
ods from the Computational Geometric Algorithms Library
(Ref. 22) are used to construct a four dimensional Delaunay
triangulation of all operating conditions in the database. The
Delaunay condition of the triangulation attempts to produce
triangles that are relatively uniform and not slender, making
the triangulation an appropriate topology over which the con-
ditions are interpolated.
For each point along the trajectory, the operating condition
is identified and its location found inside the triangulation of
conditions in the database. If the operating condition is in-
side the convex hull of the triangulation of conditions in the
database, the four dimensional simplex containing the cur-
rent operating point is identified. A barycentric interpolating
weight is assigned to each of the five nodes forming the sim-
plex. Figure 2 shows a simplified schematic of barycentric in-
terpolation on a two-dimensional simplex. The star represents
the interpolant, and points pi the nodes of the simplex. The
barycentric weights for the data located at each of the points
pi are the volume (or area in two dimensions) of the simplex
formed between the interpolant and all other nodes of the sim-
plex except for point pi normalized by the total volume of the
simplex. That is, the barycentric interpolation on a simplex
with verticies (q1,q2, ...,qn) can be expressed as:

f (⃗q) = ∑
i

wi f (pi) (5)

where the weights wi can be calculated for the n dimensional
simplex as:

wi =
|det(q−q1,q2 −q1,q3 −q1, ...,qn −q1 ∼ {qi −q1})|

|det(q2 −q1,q3 −q1, ...,qn −q1)|
,

(6)
in which q is the location of the interpolant. If the operating
point lies on the face of the simplex, the dimensionality of the
interpolation is reduced by one, and the interpolation is per-
formed using only the nodes on that face. Similarly, if the op-
erating point lies outside the convex hull of the triangulation,
the nearest point on the convex hull is identified and the inter-
polating weights calculated from the nodes defining the face
surrounding that point. The calculated barycentric weights can
then be applied to all data values stored on the acoustic sphere
for that condition.
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Figure 2. Barycentric interpolation on a two dimensional
simplex (i.e., a triangle).
Next, for each observer point on the ground, the emission an-
gle on the sphere is computed, and the four points on the spher-
ical grid surrounding that point are identified. The SPL values
at each of these grid points are first interpolated between oper-
ating conditions using the barycentric weights calculated from
the triangulation. Next, a bilinear interpolation is performed
to calculate the SPL at the desired emission angle. The noise is
then propagated along a straight ray to the observer accounting
for spherical spreading, atmospheric absorption, and ground
effects using methods similar to those used by ART to build
the original source noise hemispheres.

RESULTS
Overview of Measured Conditions

Acoustic hemispheres are formed for each steady flight con-
dition. Figures 3 and 4 provide a summary of the acquired
acoustic data for the AW139 and S-76D, respectively. At
the center of each figure is an operational noise contour plot
constructed using measurements from level and steady de-
scent test points. The plot illustrates the variation of ground
noise exposure level (GNEL), a metric similar to one defined
by Greenwood (Ref. 3). Here, the mid-frequencies are high-
lighted by first band-limiting the signals from the 5th to 60th
harmonic of the blade passage frequency. Note this is similar
to a BVISPLmetric but referred to here as mid-frequency SPL
because of the unknown amount of other source mechanisms
(e.g., the tail rotor) that may be present. The out-of-plane noise
is then projected from the hemisphere to a ground plane at a
reference height of 1,640 ft (500 m), where out-of-plane is de-
fined here as elevation angles between −30◦ and −90◦. Fi-
nally, a spatial average of the projection is taken and logarith-
mically time-duration weighted relative to a reference speed of
80 KIAS. Compensating for duration increases GNEL levels
produced at conditions with lower speeds as they are typically
perceived as more annoying, similar to computing sound ex-
posure level (SEL). GNEL is computed for each measured test
point denoted by the circle markers, and interpolated to pro-
duce the contour shown.
For these two aircraft, the ground noise exposure level is great-
est at flight path angles in excess of −6◦ and biased toward

lower flight speeds. If the time duration is removed, peak out-
of-plane levels are found at the largest flight path angles tested
for the AW139 (−10.3◦). A similar result is observed for the
S-76D. Being in the medium-sized vehicle class, the thrust
produced by the main rotor system is large, which pushes the
wake farther down and away from the rotor plane relative to
lightweight helicopters (Ref. 9). As a comparison, the Robin-
son R-44 produces peak acoustic levels at flight path angles
under −6◦. In general, heavier vehicles have a higher disk
loading and oftentimes lower drag-to-weight ratios, which in-
crease the miss distance between the tip vortices and the rotor
blades. It is also worth noting the density of measured test
points where ground noise exposure level is greatest. If the
measurement database is populated adequately around condi-
tions near or at these noisy regions, the interpolation for the
NICEOPS method will produce more accurate predictions.
While band-limiting to focus on the mid-frequency range and
using theGNELmetric is instructive in terms of comparing the
effective ground noise over different conditions, the simulated
approaches using the NICEOPS method in the following sec-
tions will employ source hemispheres using the A-weighted
sound pressure level (SPL). In an effort to provide a sum-
mary of themeasurement database, several A-weighted source
hemispheres are extracted from the test matrix and shown
alongside the operational noise plots in Figures 3 and 4. The
hemispheres across the top illustrate the measured acoustic
differences in level flight at different airspeeds and demon-
strate changes in noise levels by about 10-15 dB. At the highest
airspeed, peak levels are associated with near in-plane emis-
sion angles. Note that while there are large differences across
the level flight hemispheres, GNEL stays relatively constant.
This is due to both the increase in spherical spreading on
near in-plane angles (e.g., noise radiated at elevation angles of
−30◦ are attenuated by approximately 6 dB more than−90◦.)
and the duration weighting (e.g., 10log10(Vmax/Vmin)≈ 5 dB
for the AW139).
Two additional sets of A-weighted hemispheres are given for
each vehicle and illustrate the acoustic differences due to a
change in flight path angle while maintaining approximately
the same flight speed. The set of hemispheres at the low
speed (about 60 KIAS) show a moderate increase in noise
with flight path angle and tend to correlate with the trends
found in the GNEL operational noise plots. The higher speed
set (about 100 KIAS) show a similar trend, albeit with lev-
els much greater than the low speed descents. Contrary to
level flight, the descents produce peak levels at emission an-
gles that are more out-of-plane. Even though the spheres are
A-weighted, these peak directivity locations are indicative of
BVI.
While a great deal of effort has gone into minimizing envi-
ronmental and human effects that may introduce uncertainties
in the data, there are unavoidable sources of nonideal circum-
stances. In an effort to provide a sense of uncertainty, a house-
keeping run at the beginning and end of each day is performed.
The prescribed condition is level flight at 100 KIAS and 200
ft AGL. An A-weighted source hemisphere of a single flyover
is given for reference in Figure 5(a) for the S-76D. The data
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Figure 3. Operational noise plot using the ground noise exposure level acoustic metric (center) and A-weighted sound
pressure level source hemispheres for the AW139.
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Figure 4. Operational noise plot using the ground noise exposure level acoustic metric (center) and A-weighted sound
pressure level source hemispheres for the S-76D.
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(a)

(b)

Figure 5. Example of a A-weighted hemisphere for (a) a
single pass and (b) data spread at −30◦ elevation at all az-
imuths for seven passes of a steady level flight at an average
speed of 104 kts (σ = 2.7 kts) for the S-76D.

spread is exemplified by extracting the levels over all azimuths
at 30◦ down from the rotor plane for seven passes. The average
airspeed is 104 kts with a standard deviation of 2.7 kts. As-
suming the effect of differences associated with airspeed are
small, the levels on any given angle deviate by approximately
1-2 dB, and up to 3 dB at a limited set of observer angles.
Given these data were captured over four different test days,
the associated uncertainty of the data is reasonable and very
much consistent with previous tests (Refs. 9, 14).

Simulated Noise Abatement Approaches

The NICEOPS method was used to simulate extended ground
noise contours for all noise abatement approaches flown for
the AW139 and S-76D. In this section, selections of these sim-
ulated contours are examined with the goal of developing a
better understanding of how to design effective noise abate-
ment procedures. Figure 6 compares the extended noise con-
tour predicted by NICEOPS to that developed by interpolating
the Sound Exposure Levels (SEL) calculated directly from the
measured data at each microphone for a -7.5◦ approach from
60 KIAS of the S-76D helicopter. The agreement between
the measured and simulated noise contours is fairly good, al-

Figure 6. Comparison of measured and predicted SEL-A
contours for an S-76D approach at -7.5◦ with initial speed
of 60 KIAS.

though themeasured noise contours are less regular, especially
at points farther away from the flight path where uncertainty in
propagation effects due to variation in atmospheric conditions,
background noise, and terrain have a greater influence. Figure
7 shows the measured and simulated SEL at nine microphone
stations at x = 0. Again, agreement is quite good—within 2
dBA SEL–for all positions except the outmost microphones
and the microphone overflown by the helicopter, where small
errors in the position may result in large discrepancies in SEL.

Of all simulated flight conditions for the S-76D, the one with
the largest 65 dBASEL footprint was for a run where the pilots
were instructed to fly a normal approach decelerating to the
intended landing point. The noise contour is plotted in Figure
8(a). Note that for this figure and the following similar figures
the flight path is shown as the solid grey line. Figure 8(b) plots
the nominal and effective flight path angles of the helicopter
during the run. The helicopter decelerates as it travels from
x =−5000 ft to x =−2000 ft, causing the effective flight path
angle to be significantly steeper than the nominal flight path
angle of−6◦. Although the nominal flight path angle is above
the region of greatest GNEL in the operational noise plot for
the S-76D (Figure 4), the additional effect of the deceleration
causes the effective flight path angle to pass through the noisy
region.

The flight condition for the S-76D with the smallest 65 dBA
SEL footprint was a−5◦ approach starting from 70KIAS. The
associated noise contour is shown in Figure 9(a). Even though
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Figure 7. Comparison of measured and predicted SEL-A
along x = 0 for an S-76D approach at -7.5◦ with initial
speed of 60 KIAS.

the approach is slightly shallower than the normal approach
shown previously, the noise contour is narrower, especially in
the region farther away from the landing point. Figure 9(b)
plots the variation in nominal and effective flight path angle
throughout the run. During this approach procedure, the air-
speed was maintained roughly constant throughout the initial
portion of the approach, resulting in similar nominal and ef-
fective flight path angles through the first 4,000 ft of the ap-
proach. The deceleration was delayed until x =−2000 ft. At
this point, the effective flight path angle passes through the
noisy region of the operational noise plot, but only briefly and
when at a relatively low altitude above ground.

Figure 10(a) shows the simulated noise contours for a normal
approach of the AW139. As for the S-76D, this normal ap-
proach condition produced the largest 65 dBA SEL footprint
of all conditions simulated. Figure 10(b) plots the nominal
and effective flight path angles. A very low deceleration rate
is maintained throughout the approach, which has the result of
keeping the effective flight path angle of the helicopter in the
noisy region of the operating envelope for the entire duration
of the approach.

Figure 11(a) shows the simulated noise contours for the small-
est 65 dBA SEL footprint condition for the AW139 that was
flown. This condition begins from a −7.5◦ descent at 75
KIAS. While the helicopter is initially in the noisy region of
the operating envelope, a moderate deceleration quickly steep-
ens the effective flight path angle beyond −10◦ starting at
x=−3000 ft. Although the operational noise plots do not con-
tain data at these steep angles, the fact that the ground noise
contour is smallest for this vehicle indicates the noisy region
of Figure 3 may end close to−10◦ at lower airspeeds found in
the latter part of this approach.

CONCLUSION

Acoustic data acquired from the flight test described herein
have been processed in several ways in order to provide gen-
eral trends of the measurements. The operational noise plots

Figure 8. Predicted SEL-A contours (a) and nominal and
effective flight path angle (b) for a normal approach of the
S-76D.

Figure 9. Predicted SEL-A contours (a) nominal and effec-
tive flight path angle (b) for a 5◦ approach from 70 KIAS
of the S-76D.
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Figure 10. Predicted SEL-A contours (a) and nominal and
effective flight path angle for a normal approach of the
AW139.

Figure 11. Predicted SEL-A contours (a) and nominal and
effective flight path angle for a 7.5◦ approach from 75
KIAS of the AW139.

contain useful information about how the noise generation
of the helicopter varies as the flight condition of the vehicle
changes, independent of the geometry of the approach tra-
jectory. Individual source hemispheres demonstrate the dif-
ferences in both levels and directivity under constant flight
conditions. For both the AW139 and S-76D, in-plane noise
increases with airspeed in level flight. Out-of-plane noise is
shown to increase with descent angle and peak near or at the
steepest angles tested, particularly at high flight speeds.
The influence of longitudinal acceleration is found to have a
powerful effect on the aerodynamic, and therefore acoustic,
state of the helicopter. Operators must be aware of these ef-
fects in order to plan effective low noise flight trajectories us-
ing these data. The effective flight path angle exceeded the
range of nominal flight path angles measured for nearly every
noise abatement approach condition tested. Because of the
relatively high disk loading and low drag-to-weight ratios of
the medium-sized helicopters tested and discussed herein, the
wake convects relatively far beneath the rotor in level flight,
and the high BVI noise region often occurs during the steepest
angles achievable during steady descending flight. However,
even a modest deceleration can result in the helicopter rotor
operating at steeper angles of attack. In order to best provide
tools and information to help operators “fly neighborly,” new
flight procedures or modeling methods should be developed
to characterize the noise radiation during these routinely en-
countered flight conditions.
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