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ABSTRACT

A computationally efficient, semiempirical noise model suitable for maneuvering flight noise prediction is used to
evaluate the community noise impact of practical variations on several helicopter flight procedures typical of normal
operations. Turns, “quick-stops,” approaches, climbs, and combinations of these maneuvers are assessed. Relatively
small variations in flight procedures are shown to cause significant changes to Sound Exposure Levels over a wide area.
Guidelines are developed for helicopter pilots intended to provide effective strategies for reducing the negative effects
of helicopter noise on the community. Finally, direct optimization of flight trajectories is conducted to identify low
noise optimal flight procedures and quantify the magnitude of community noise reductions that can be obtained through
tailored helicopter flight procedures. Physically realizable optimal turns and approaches are identified that achieve
global noise reductions of as much as 10 dBA Sound Exposure Level.

INTRODUCTION

Helicopters serve a number of useful roles within the commu-
nity, such as electronic news gathering and aerial photogra-
phy, inspection and maintenance of power lines, police and
emergency medical services, aerial cranes, cropdusting, civil
transport, and sightseeing. However, community acceptance of
these operations is limited by the resulting noise. For instance,
voluntary restrictions on helicopter operations have recently
been adopted in the Los Angeles and New York City areas to in-
crease community acceptance (Refs. 1-3). The acoustic impact
of civil helicopter operations will need to be reduced in order to
allow for a greater variety and volume of helicopter operations
in the future. In the long term, design changes such as reduced
tip speeds or the widespread adoption of active and passive
rotor noise reduction technologies may result in significant
reductions in the noise emitted by future helicopters. However,
because the noise radiated by helicopters is extremely sensitive
to the helicopter’s operating state, immediate noise reductions
can be achieved through the development of low noise flight
procedures applicable to the existing civil fleet.

Previous work on developing low noise helicopter flight pro-
cedures has focused on the approach phase (Ref. 4). As the
helicopter descends, the tip vortices trailed from the leading
edge of the rotor disk convect through the rotor tip-path-plane
resulting in high levels of Blade-Vortex Interaction (BVI) noise.
Depending on the airspeed, drag, weight, and disk loading of
the helicopter, BVI noise reaches a maximum at a specific
descent rate during steady flight. This phenomenon has been
exploited to generate two-dimensional approach profiles from
nominally steady-flight segments that are intended to avoid
high noise flight states when the helicopter is in noise-sensitive
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areas close to the ground (Ref. 5). In practice, approach pro-
files that do not consider the acoustic effects of nonsteady
flight do not result in minimum noise approach trajectories.
For instance, longitudinal acceleration or deceleration change
the flight path angles where BVI occur, reducing the effec-
tiveness of approach profiles developed using steady-flight
modeling (Ref. 6). However, this effect can be exploited to
cause reductions in BVI noise (Ref. 7), e.g., by accelerating
along a shallow approach trajectory to “push” the rotor wake
further below the rotor and decrease BVI noise.

Over the last decade, considerable research has been con-
ducted in order to incorporate nonsteady maneuvering flight
effects into helicopter noise models with the aim of develop-
ing effective low noise flight procedures. The Quasi-Static
Acoustic Mapping (Q-SAM) approach was developed (Ref. 8)
and experimentally verified (Ref. 9) to draw equivalences
between steady-state and constant longitudinal accelerating
flight conditions. This method allows two-dimensional seg-
mented approach profiles to be developed that use the effects
of longitudinal acceleration to achieve further noise reduc-
tions (Ref. 10). However, because BVI noise is minimal at
both high descent rate / high deceleration and low descent rate
/ high acceleration flight conditions, the “optimal” low noise
approach profile produced with the segmented trajectory model
is an unrealistic “bang-bang” solution, i.e., the simulated he-
licopter instantly—and unrealistically—transitions between
steep and shallow flight path angle segments to avoid BVI
noise (Ref. 10). The behavior can be limited by imposing addi-
tional artificial constraints to the optimization (Refs. 11,12),
but still fails to account for the acoustic impact of transitions
between the straight line segments. Moreover, the longitu-
dinal Q-SAM equivalence cannot accurately account for the
changes in noise caused by lateral maneuvers, including steady
turning flight (Ref. 13), limiting applicability of the model to
two-dimensional approach profiles.

The objective of this paper is to apply a model of helicopter



noise that can accurately simulate the noise radiated over con-
tinuous three-dimensional maneuvering flight trajectories in
order to

* develop practical guidance on flight procedures for heli-
copter pilots that reduce community noise exposure;

* demonstrate the reductions in community noise levels
that are possible through the development of low noise
optimal flight procedures.

APPROACH

The Fundamental Rotorcraft Acoustic Modeling from Exper-
iments (FRAME) technique, developed by the author, con-
structs nondimensional aeroacoustic models of rotor noise
radiation by fitting a nondimensional aeroacoustic model to
measured acoustic data from both wind tunnel and flight ex-
periments. Because a computational model of the major rotor
harmonic noise sources is constructed, noise estimates can be
obtained at flight conditions and radiation directions that were
not originally measured (Refs. 14,15). The FRAME model was
later extended to maneuvering flight conditions by introducing
a dynamic prescribed wake model for BVI noise (Ref. 16). The
model showed good agreement with measured data for several
transient maneuvers and could be run in real time for a single
observer; however, the generation of ground noise contours for
assessing the community noise impact of helicopter flight pro-
cedures typically requires noise calculations for hundreds to
thousands of observers—far too many for the model to be practi-
cally applied in the design and evaluation of low noise mission
profiles. To provide a practical noise model for use in planning
helicopter operations, the hybrid FRAME-QS model (Ref. 17)
was developed. The FRAME-QS model combines the FRAME
method of generalizing measured acoustic data to other operat-
ing conditions using physics-based modeling with an extension
of the Q-SAM equivalence to three-dimensional flight over a
continuous maneuvering flight trajectory.

The nondimensional FRAME model is first calibrated to a set
of measured steady-flight data for a particular helicopter. The
calibrated model is then used to generate an extensive database
of spherical representations of the steady-state harmonic noise
radiation of the helicopter at different advance ratios, tip Mach
numbers, wake skew angles, and thrust coefficients. Both the
main and tail rotor are included in the model; the tail rotor op-
erating condition is assumed to track with changes in the main
rotor operating condition. Later, waypoints can be entered
for a proposed helicopter trajectory. A quintic interpolating
spline is used to convert the waypoints into a high resolution
trajectory. Using quintic splines guarantees a smooth variation
in the velocity and acceleration from which the operating state
of the helicopter can be derived for each moment in time us-
ing a simple point-mass dynamics model. Using the extended
Q-SAM equivalence developed in Reference 17, the appro-
priate sphere is selected from the precomputed database and
oriented with the predicted tip-path-plane orientations of the
helicopter main and tail rotors at each instance in time. The
FRAME-QS model, being quasi-static, does not consider the

hysteresis of the wake; however, previous research has indi-
cated that the dynamic distortion of the wake has little effect
on noise radiation (Ref. 18) and accounts for perhaps a 1 dBA
difference between advancing side and retreating side maneu-
vers (Ref. 13). Finally, the noise levels from the surface of the
sphere are interpolated and propagated to a set of observers on
the ground. By precalculating the FRAME noise data, ground
noise contours can be computed rapidly and iterated upon to
develop low noise procedures for various maneuvers. This ap-
proach was validated against experimental maneuvering flight
noise data collected by NASA and Bell Helicopter for the Bell
430 in 2011 (Ref. 19) and was shown to capture the effects
of maneuvering flight on helicopter noise radiation with good
accuracy. For example, Figure 1 plots a comparison of pre-
dicted A-weighted Sound Pressure Level (SPL) to measured
data at a microphone location ahead of the helicopter for the
Bell 430 executing a both a fast pitch up maneuver (Figure 1a)
and a roll-in to an advancing side turn (Figure 1b). In both
cases, the FRAME-QS model provides excellent agreement
with the measured data compared to predictions with a con-
ventional segmented source noise model, accurately predicting
the large increase in A-weighted noise levels caused by the in-
crease in BVI due to the transient maneuver. The conventional
segemented model underpredicts the SPL by as much as 10
dBA.

In this paper, the straight-ray propagation model used with
FRAME-QS model is simplified to further decrease the com-
putational time required to evaluate each maneuver. When the
FRAME sphere database is constructed, the predicted pressure
time history at each emission angle is converted to a frequency-
domain power spectrum. From this spectrum, the A-weighting
curve is applied to each main and tail rotor harmonic; the A-
weighted SPL can then be computed on the sphere surface
by summing the energy in each of these weighted harmonics.
Additionally, an excess atmospheric attenuation factor can be
computed for each A-weighted SPL on the sphere by applying
the frequency-domain atmospheric absorption correction of
Bass et al. (Ref. 20) to the spectra for a reference distance of 1
m. The resulting spectra can also be A-weighted and summed,
since both the atmospheric absorption and the A-weighting
filters are linear. The difference between the A-weighted noise
level and the A-weighted noise level including 1 m of atmo-
spheric attenuation is the excess atmospheric attenuation factor.
The excess atmospheric attenuation factor represents the atten-
uation of the A-weighted level due to atmospheric absorption
for each meter of propagation, and is calculated separately for
the spectrum associated with each emission angle and flight
condition of the helicopter in the database. This approach
requires only a single calculation for straight ray propagation
from the source spheres to an observer on the ground, instead
of requiring a separate calculation for each harmonic contained
in the original frequency spectrum.

Due to the computational efficiency of the noise model, it is
now practical to adjust the flight trajectory using a numerical
optimizer in order to identify low noise optimal maneuvers.
A flowchart of the FRAME-QS method used in this paper is
shown in Figure 2, with the components of the optimization
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Fig. 1. Comparison of FRAME-QS model to conventional
modeling and measured data (from Ref. 17).

approach highlighted. Following the so-called “direct method”
in optimal control theory (Ref. 21), each trajectory is defined
by a set of control points that set the position and time of
the boundaries of the quintic spline segments that form the
continuous helicopter flight trajectory. A hybrid optimization
approach is used to adjust these control points because the
low noise trajectory optimization problem is not convex, i.e.,
there exist many local minimum noise solutions, such that a
conventional gradient based optimizer is unlikely to achieve
significant progress in reducing noise on the ground.

The hybrid optimization begins with a probabilistic global
optimization method called Adaptive Simulated Annealing
(ASA) (Ref. 22). ASA is a metaheuristic that works by perturb-
ing the current solution in a random direction—the optimizer
will compare the new and old solutions and is most likely to
select the position that is “better” (i.e., has a lower noise met-
ric). However, there is some random chance that the optimizer
will instead select the “worse” solution, in hope that it will
allow the optimizer to escape a local minimum. The proba-
bility of the optimizer selecting the “worse” solution is based
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Fig. 2. Flow chart of FRAME-QS trajectory optimization.

on a parameter called the “temperature.” The “temperature”
starts out high, which causes the optimizer to take a higher
proportion of exploratory moves toward “worse” solutions. As
the solver iterates, the “temperature” is decreased, and ASA
refines the solution. Once that solution converges, the “tem-
perature” is restarted to a high value, and the process begins
again. Because this type of global optimization is relatively
inefficient on smooth problems, each time ASA converges
to a local solution, it is further refined using a conventional
gradient based optimization approach, Sequential Quadratic
Programming (SQP) (Ref. 23).

The objective function for the optimization can be defined us-
ing any number of noise metrics; however, because the noise
model only predicts A-weighted SPL on the ground throughout
the trajectory, the metric must be derived from this data. For
example, commonly used community noise metrics such as
the maximum A-weighted noise level, equivalent noise level,
or Sound Exposure Level (SEL) may be combined over all
or part of the analysis area to form a single noise metric for
the entire trajectory. Additionally, constraints must be im-
posed on the trajectory to keep solutions within the bounds
of practicality. These constraints include limitations on the
minimum altitude, the maximum speed, the pitch angle of the
helicopter (which implicitly limits longitudinal acceleration
and flight path angle), and the load factor of the main rotor.
These constraints can be explicitly handled by the SQP por-
tion of the optimizer; however, they are implemented in the
ASA optimization through the use of extended interior penalty
functions (Ref. 24).

RESULTS
Evaluation of Flight Procedure Variations

The model described in the previous section is applied in this
section to evaluate community noise exposure for several rep-
resentative flight procedures for the AS350 SD1 helicopter,



including longitudinal accelerations, climbs, and turns, and the
acoustic effects of variations on these maneuvers. The FRAME
acoustic sphere database for the AS350 SD1 was previously
constructed and validated (Ref. 25) using data collected by
NASA and the Army for the AS350 SD1 at Salton Sea in
2015 (Ref. 26). The noise model predicts the A-weighted SPL.
at 0.25 second intervals over the duration of the maneuver
for 2500 observers arranged in a 2 km square grid set on a
hard ground plane. The community noise impact of the en-
tire maneuver can be quantified using the Sound Exposure
Level (SEL) metric, which is calculated from the predicted
A-weighted SPL over the interval where levels are within 10
dB of the peak level and are normalized to a duration of one
second. Due to the computational efficiency of the noise model,
complete ground noise contours can be evaluated more than
450 times faster than real time using a single 2.5 GHz Intel
Core i7 CPU core.

Longitudinal Acceleration / Deceleration (“Quick Stop”)

The first flight procedures evaluated are representative of con-
stant altitude longitudinal acceleration and deceleration, or
“quick stop,” maneuvers from straight level flight conditions at
an altitude of 250 m (820 ft) above the ground plane. The SEL
contours for these maneuvers are shown in Figure 3, along
with the ground track of the helicopter during the maneuver.
In all four cases, the helicopter begins the trajectory flying at
40 m/s (78 kts) in the X direction. After ten seconds of steady
flight, in three of the cases the helicopter begins a longitudinal
acceleration or deceleration at X =-1000 m (-3280 ft). A con-
stant acceleration or deceleration is established and maintained
until X = 0 m, at which point the helicopter returns to steady
constant speed flight for another ten seconds. Figure 3a shows
the SEL contours for the baseline case where the helicopter
maintains constant speed throughout the trajectory, resulting in
relatively constant sideline noise levels along the trajectory X
=-1000 m to 0 m (-3280 ft to O ft). Figure 3b shows the SEL
contours for a moderate acceleration of 0.05g. Compared to
the steady flight baseline, Figure 3a, the noise contours slightly
widen near the end of the trajectory as the helicopter picks up
speed and the noise radiated forward increases. Conversely,
the mild deceleration maneuver results in an increase in SEL
for observers near the beginning of the maneuver, shown in
Figure 3c, while noise levels near the end of the maneuver are
decreased due to the reduction in speed. However, a moderate
deceleration “quick stop” of 0.1g shows (Figure 3d) a large
increase in noise levels relative to the constant speed baseline
throughout entire observer area.

These trends can be explained by examining the A-weighted
SPL contours associated with specific times of emission during
the maneuvers. Figure 4 compares the A-weighted SPL noise
contours of the helicopter just prior to the acceleration maneu-
ver (Figure 4a) with those at nearly the same speed just after
the various accelerations are established (Figures 4b to 4d).
The moderate forward acceleration of the helicopter—shown
in Figure 4b—initially causes little change in radiated noise
levels relative to constant speed flight (Figure 4a). However,
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a mild deceleration causes a significant increase in radiated
noise levels, shown in Figure 4c. This is because the heli-
copter rotor must tilt rearwards to decelerate the helicopter,
increasing the rotor angle of attack and, therefore, decreasing
the “miss-distance” between the rotor tip-path-plane and the
rotor wake, leading to the onset of BVI noise. Greater deceler-
ation, Figure 4d, causes an even larger increase in A-weighted
noise levels as the effective flight path angle of the helicopter
approaches the maximum BVI flight path angle of -8°. For
observer locations within 1000 m (3280 ft) of the flight track,
the peak A-weighted noise levels for the 0.1g deceleration are
nearly 20 dBA higher than for the constant speed flight case.

Pitch Up into Climb

The next type of maneuver which is evaluated is a pitch up into
a climb from a steady level flight condition. Two climbs are
evaluated: a shallow climb, at a 6° flight path angle, and a steep
climb at a 12° flight path angle. Figure 5 plots the vertical
component of the trajectories of the two climb maneuvers.
Once again, the helicopter begins the simulated maneuver at
40 m/s (78 kts) flight in the X-direction at 250 m (820 ft)
altitude above the ground plane. The helicopter maintains
this condition for 10 seconds, and then begins to climb at X
= -1000 m (-3280 ft). The helicopter establishes a constant
flight path angle climb until reducing the flight path angle to
establish level flight at X = 0 m. The level flight condition is
then maintained for another 10 seconds.

Figure 6 compares the SEL contours for a shallow 6° flight path
angle climb (Figure 6a) with that of a steep 12° flight path angle
climb (Figure 6b). The SEL contours are relatively insensitive
to changes in the climb angle; there is some reduction in SEL
on the sideline of the center (constant climb angle) section
of the steep climb maneuver, but SEL near either end of the
trajectory are comparable.

Instantaneous A-weighted SPL for several times of emission
during the steep climb maneuver are shown in Figure 7. Fig-
ure 7a shows the SPL associated with the steady flight condi-
tion of the helicopter just prior to X = -1000 m (-3280 ft). The
noise radiated forward of the helicopter increases during the
pull up to the steep climb, shown in Figure 7b, because the
pull up increases the both the tip-path-plane angle of attack of
the rotor and the rotor load factor, leading to increased load-
ing noise generation. Once the climb is established, shown in
Figure 7c, noise levels observed at points on the ground that
are far from the helicopter are comparable to those predicted
for the steady flight segment (Figure 7a) at the beginning of
the maneuver; however, there is a 3 dBA decrease in noise
levels observed directly underneath the helicopter caused by
increased propagation losses because the altitude has increased
from 250 m to 350 m (820 ft to 1150 ft). The are no significant
changes in noise caused by the pitch down of the helicopter to
the steady flight segment at the end of the maneuver, as shown
in 7d, other than further reductions in levels directly under the
helicopter due to the increase in altitude.
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Level Turn

The next type of flight procedure considered is a level turn.
The level turn once again starts with 10 seconds of level flight
at 40 m/s (78 kts) in the X direction. The level turns are
conducted at an altitude of 250 m (820 ft) above the ground
plane. The turn starts at X = -1000 m (-3280 ft), and continues
through 90° of heading change, ending at X = 0 m. Figure 8
plots the SEL contours for six variations on the level turn. The
upper row of figures, Figures 8a to 8c, show the trajectories and
SEL for turns toward the advancing side (left) of the helicopter.
Likewise, Figures 8d to 8f show trajectories and SEL for turns
toward the retreating side (right) of the helicopter. For each turn
direction, turn maneuvers are conducted with three different
constant accelerations: 0.1g deceleration (Figures 8a and 8d),
constant speed (Figures 8b and 8e), and 0.1g acceleration
(Figures 8c and 8f).

The decelerating turn toward the advancing side results in
large increases in SEL of more than 10 dBA for observers
outside of the turn, as compared to the constant speed case
(Figure 8b). This increase is especially apparent at sideline
locations near the early portion of the trajectory. Noise levels
inside of the turn do not increase by as much in response to the
deceleration of the helicopter. In the case of the accelerating
turn toward the advancing side, Figure 8c, there is a 4 dBA
decrease in SEL underneath X = -1000 m (-3280 ft), where
the helicopter rolls into the turn, relative to the constant speed
case. However, there are significant increases in SEL to both
sides of the later portion of the flight track, by as much as 20
dBA for far away observers on the inside portion of the turn.
The constant speed turn toward the retreating side, Figure 8e,
results in similar SEL to the constant speed turn toward the
advancing side, Figure 8b. Similarly, the SEL contours for the
accelerating turn toward the retreating side, Figure 8f, show the
same trends as for the accelerating turn toward the advancing
side, Figure 8c. However, the increase in noise levels caused
by deceleration is significantly reduced for the turn toward the
retreating side, Figure 8d, as compared to the turn toward the
advancing side, Figure 8a. In all turning flight cases, sideline
noise levels are higher for turning flight than for steady straight
line flight (shown previously in Figure 3a)—for instance, the
SEL average 4 dBA higher to the sideline of the constant speed
turn (Figure 8b) than for steady straight line flight at the same
speed.

To better understand the noise radiation of the turning heli-
copter over time, Figure 9 plots the A-weighted SPL contours
associated with several times of emission for both the constant
speed (Figures 9a to 9¢) and decelerating (Figures 9d to 9f)
turns. Figure 9a shows the SPL observed on the ground at
the moment when the helicopter rolls into the advancing side
turn. Noise levels are as many as 10 dBA higher toward the
outside of the roll-in than toward the inside at the same side-
line distance. Noise levels are higher for the roll-in than for
the “steady” midpoint of the turn, shown in Figure 9b, where
a constant bank angle of about 20° is reached. Noise levels
are slightly lower during this “steady” portion of the turn, on
average by about 3 dBA throughout the observer grid. During

the roll-out of the turn, SPL levels decrease even further, by
another 2 dBA on average over the turn midpoint.

Figure 9d shows the time of emission SPL contours for the
roll-in to the decelerating turn. A large increase in noise levels
is observed toward the outside of the roll-in due to the onset of
strong BVI caused by the combination of deceleration and roll
toward the advancing side of the rotor that reduces rotor-wake
“miss-distance”; these noise levels are much greater than for
the constant speed roll-in shown in Figure 9a. However, the
SPL contours associated with the midpoint time of emission
are not much different for the constant speed (Figure 9b) and
decelerating (Figure 9e) cases. During the roll-out of the turn,
the decelerating case results in higher levels of noise radiation
behind the helicopter (Figure 9f) but relatively small changes
ahead of the helicopter relative to the constant speed case
shown in Figure 9c. This is largely because the reduced speed
of the decelerating helicopter near the endpoint of the trajectory
causes an increase in the retreating blade tip Mach number and
a corresponding increase in noise levels radiated rearwards.

Climbing/Descending Turn

The last type of maneuver evaluated in this section is the com-
bination turn and climb or descent. Figure 10 plots the SEL
contours for 40 m/s (78 kts) turns at several different flight
path angles ranging from a shallow climb (+3°) to a moderate
descent(-6°). The steady constant speed turn shown originally
in Figure 8b is repeated in Figure 10b to facilitate the com-
parison. Once again, the helicopter maintains a steady flight
condition for 10 seconds at either end of the trajectory; how-
ever, in this case the steady segment is climbing or descending
at the same flight path angle as the rest of the turn. The starting
and exit altitudes are varied such that the average height of the
climbing or descending turn is held at 250 m (820 ft).

The climbing turn, shown in Figure 10a, yields similar SEL
as the level turn for most of the maneuver, but SEL decrease
directly underneath the helicopter near the end of the climb
trajectory due to the increase in altitude. However, the noise
radiation for the descending turn is on average 10 dBA higher
across the observer grid due to the increase in BVI, especially
during the roll-in and roll-out of the turn. Further increases in
SEL are observed for the -6° flight path angle turn, shown in
Figure 10d. SEL are, on average, another 5 dBA higher for the
moderate descending turn than the gently descending turn.

Noise Abatement Flight Procedure Guidance

The results of application of the FRAME-QS model to maneu-
vering flight procedures can be used to provide some general
advice for helicopter pilots seeking to reduce community ex-
posure to objectionable noise:

* Decelerations, even of moderate magnitudes of 0.1 g or
less, can cause significant increases in A-weighted noise
levels due to the onset of BVI. Pilots should be careful to
avoid the natural tendency to decelerate into other maneu-
vers, such as turns or pull ups, where BVI noise is more
likely to occur.
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Fig. 8. Sound Exposure Level contours (dBA) for level turns from 40 m/s (78 kts) straight flight. Figures 8a to 8c are
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* Acceleration does not lead to substantial reductions in
noise during level flight, where BVI does not typically oc-
cur, but may still be useful to increase the “miss-distance”
margin from BVI-prone flight conditions during maneu-
vers, such as the roll-in to a turn. However, acceleration
should not be sustained throughout the duration of turns
or other maneuvers as the increased flight speed will result
in higher noise radiated ahead of the helicopter.

* Noise levels on the outside of a turn are generally higher
than toward the inside of a turn, due to the banking of
the helicopter directing main rotor loading and tail rotor
thickness noise toward the outside of the turn. Noise
levels during turning flight are higher than for similar
straight line flight conditions. Turns should be avoided
near noise sensitive areas; when turns must be made near
noise sensitive areas, the acoustic impact is minimized by
keeping the noise sensitive region toward the inside of the
turn.

* BVI noise caused by the roll-in or out of a turn is in-
creased for turns toward the advancing side of the rotor.
Advancing side turns should not be combined with decel-
eration or descents when possible. However, advancing
side turns are not much louder than retreating side turns
during accelerating or climbing turns, where BVI is more
easily avoided.

* Rotor harmonic noise levels are relatively insensitive to
the rate of climb, although the initial rate of increase of
the flight path angle should be limited to avoid unnec-
essary deceleration. Steeper climbs allow the helicopter
to increase altitude more quickly, reducing noise levels
directly beneath the flight track. However, attenuation of
noise levels has diminishing returns with increasing alti-
tude due to the logarithmic nature of spherical spreading
losses. Moreover, increased altitude provides little noise
benefit to observers who are far from the flight path.

Low Noise Optimal Flight Procedures

The degree to which the noise generated by helicopter maneu-
vers can be reduced through changes in flight procedures is
assessed in this section of the paper. Due to computational
efficiency of the FRAME-QS model and its applicability to ma-
neuvering flight, numerical optimization can be applied to the
model on a practical time scale to devise low noise flight pro-
cedures using the methods described in the Approach section.
Three different flight procedures will be examined; a level turn,
a straight line approach to a hover taxi, and a turning approach
to a hover taxi. In all three cases, the trajectory is described
using splines with ten defined control points. Because each
control point is defined by the time, and X, Y, and Z positions,
there are forty design variables in total. The initial trajectory
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is defined analytically as the cubic polynomial in time that
connects the defined starting position and velocity to the final
position and velocity. The optimizer seeks to reduce the mean
SEL across the observer grid, while still meeting the following
trajectory constraints for safety and comfort: a minimum alti-
tude of 5 m (16 ft), a maximum speed of 65 m/s (126 kts), a
minimum load factor of 0.8, a maximum load factor of 1.4, a
minimum pitch angle of -20°, and a maximum pitch angle of
10°. Each case required between 10,000 and 20,000 iterations
to achieve convergence, using several hours of CPU time for
each run.

Level Turn

The first case examined is a level quarter-turn toward the ad-
vancing side starting and ending at an airspeed of 50 m/s
(97 kts) and altitude of 50 m (194 ft) above the ground plane.
Figure 11 compares the SEL predicted for the initial trajec-
tory (Figure 11a) with the optimized trajectory (Figure 11b).
The optimized maneuver results in a reduction in the average
SEL across the observer grid of 5 dBA over that of the initial
trajectory.

Figure 12 compares the variations in the speed and bank angle
of the initial flight procedure with the optimized one over the
duration of the maneuver. Instead of maintaining constant
speed, the optimized maneuver decelerates at the fastest rate
possible prior to the onset of BVI (Figure 12a) in order to

reduce the speed of the helicopter throughout the turn. After
the deceleration is largely complete, the optimized trajectory
rolls into the turn (Figure 12b) at low speed. Due to the nature
of the spline basis functions, the optimal solution exhibits
mild oscillatory behavior; however, the resulting trajectories
are still well within the previously defined safety and comfort
constraints. Because the speed of the helicopter is lower in the
optimized maneuver than for the initial case, the roll rate and
maximum bank angle reached during the optimized maneuver
is reduced by half. Midway through the turn, the helicopter
begins a gradual acceleration which is maintained throughout
the roll-out of the turn, in order to reduce B VI noise through the
maneuver. Because of the lower average speed, the optimized
maneuver occurs over a 20% longer duration. The community
impact of the increased duration of noise exposure is reflected
in the SEL metric plotted in Figure 11.

Straight Approach to Hover Taxi

The noise optimization is next applied to a straight approach
to a hover taxi. The helicopter starts at an altitude of 150 m
(492 ft), flying at a velocity of 50 m/s (97 kts) along a -6° flight
path angle glide slope toward the X direction. The trajectory
ends 2000 m (6560 ft) further in the X direction in level flight
at an altitude of 10 m (33 ft) and a speed of 7.5 m/s (15 kts).
Figure 13 shows the SEL contours for the initial approach
trajectory versus the optimized approach trajectory. The op-
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timized approach trajectory reduces the mean SEL over the
observer area by 7 dBA from the initial trajectory. Noise reduc-
tions are seen throughout the observer grid, but are weighted
toward the later portion of the trajectory.

Figure 14 compares the variation in velocity and flight path
angle between the initial and optimized approach procedures.
The initial procedure maintains a constant rate of deceleration
throughout most of the trajectory, as shown in Figure 14a. In
contrast, the optimized approach decelerates more aggressively
in the initial portion of the maneuver, when the helicopter is
high above the ground plane, allowing a reduced rate of decel-
eration closer to the approach area and a lower average speed
throughout. Consequently, the optimized approach is able to
descend more steeply near the end of the flight trajectory—
shown in terms of flight path angle in Figure 14b and in height
in Figure 14c—before encountering high levels of BVI noise.

Turning Approach to Hover Taxi

The final optimized flight procedure considered is a combined
approach and quarter turn toward the advancing side of the
helicopter. As for the straight approach, the maneuver starts at
a 150 m (492 ft) altitude at a speed of 50 m/s (97 kts) along a
-6° flight path angle, and terminates in level flight at an altitude
of 10 m (33 ft) and a speed of 7.5 m/s (15 kts). The SEL
contours for the initial and optimized maneuvers are shown
in Figure 15. The optimized maneuver results in a mean SEL
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reduction of 10 dBA over the observer grid, with the largest
reductions seen near the end of the trajectory.

Figure 16 compares the variation in velocity, bank angle, and
altitude between the initial and optimized turning approach
maneuvers. Much like in the previous cases, this reduction is
achieved through early deceleration, shown in Figure 16a, prior
to the roll-in to the turn. Due to the reduced speed, the roll rate
and maximum bank angle (Figure 16b) of the optimized turn
are reduced compared to the initial solution. The deceleration
is reduced midway through the turn as a gradual roll-out of the
turn is accomplished at a reduced rate of descent (Figure 16c)
relative to the initial trajectory.

The optimized maneuvers developed in this section demon-
strate that large reductions in SEL can be achieved over a
wide area by tailoring maneuvering flight procedures for low
noise operations. The optimized procedures work primarily
through conducting necessary deceleration at the highest point
in the trajectory, separating deceleration from other maneuvers,
maintaining low speeds during turns and when near the ground,
and through limited acceleration during the transition from
turning flight to straight and level flight. These noise optimal
maneuvers are likely to be situation specific and require too
high a pilot workload to achieve maximum effectiveness in
noise reduction for conventional helicopters. However, op-
timal maneuvers like these may be enabled through future
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developments of pilot guidance displays (Ref. 27) or through
autonomous or semi-autonomous helicopter operations.

CONCLUSIONS

The previously validated FRAME-QS model, in conjunction
with a computationally efficient propagation model, was ap-
plied to develop guidelines for helicopter maneuvering flight
operations with reduced community noise impact. Transient
maneuvers can result in significant changes in time-averaged
SEL—a primary noise metric used to assess community annoy-
ance in response to aircraft noise—in addition to their effect
on instantaneous SPL. Relatively small changes to these ma-
neuvering flight procedures can result in large changes in SEL,
as much as 20 dBA for certain observers. Helicopter noise as-
sessment tools must capture the effects of transient maneuvers
in order to adequately resolve community noise impacts.

Pilots can effectively limit the adverse effects of helicopter
noise radiation by changing their flight procedures. Critically,
pilots should avoid entering or exiting turning flight while de-
celerating or descending. When operating near noise sensitive
areas, turns should be conducted such that noise sensitive areas
are located on the inside of the turn, and preferably toward the
retreating side of the helicopter.

Further reductions in SEL can be achieved through the identifi-
cation of low noise optimal maneuvers. However, the benefits
of such maneuvers cannot be practically realized by developing
noise optimal maneuvers offline to be flown later by unaided
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pilots. Instead, future helicopters with greater autonomy must
be capable of developing effective low noise procedures dur-
ing flight that also safely accomplish the objectives of the
operator. Despite great improvements in the computational
efficiency of accurate semiempirical helicopter noise models,
such as FRAME-QS, the time required to perform direct tra-
jectory optimization including acoustic considerations is still
much too great to provide near-time noise abatement guidance.
More effective trajectory optimization algorithms, and perhaps
greater onboard computational power, are required in order to
consistently achieve the maximum benefit of helicopter noise
abatement procedures.
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