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Flight-Path Management/Control Methodology to Reduce
Helicopter Blade–Vortex Interaction Noise
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A quasi-static acoustic mapping method has been developed to predict rotorcraft external noise. This method
takes advantage of an expansion, to � rst order, about a solution to the helicopter nondimensional steady-state
trim equations to include the effects of acceleration parallel to the � ight path and X-force control changes on the
radiated noise. Applicationof the new method to predict helicopter blade–vortex interaction (BVI) noise has shown
that choice of � ight-path angle, X-force, and vehicle acceleration all have an important in� uence on ground noise
exposure during approach and landing. The effect of constant � ight-path-angle approaches on BVI ground noise,
with and without X-force control, is compared with decelerating approaches at the same � ight-path angle. Two
different quiet � ight trajectories are suggested that use a combination of these controls to minimize BVI noise
exposure on the ground during a helicopter approach to a landing.

Nomenclature
Asph = radiation sphere total area
Ax = acceleration parallel to � ight path
a0 = speed of sound, 1125 ft/s
CT = thrust coef� cient
c = rotor blade chord
D f = rotor drag
d = blade-to-vortexseparation distance
Fx = auxiliary X force
f = equivalent � at plate drag area of the helicopter
fx = equivalent � at plate area of X-force device
g = gravity constant, 32.2 ft/s2

Mht = hover-tip Mach number, ÄR=a0

Pav = average acoustic power on sphere
R = rotor blade radius
Robs = hub-to-observerdistance
t = time
tobs = observer time
V = helicopter velocity
v = rotor induced velocity
W = helicopter weight
x , y = ground plane coordinates
xtpp; ytpp; ztpp = tip-path-planecoordinates
®tpp = tip-path-planeangle (positive nose up)
° = � ight-path angle (negative in descent)
µ = radiation sphere elevation angle
¸ = average rotor in� ow (positive for upwash)
¹ = advance ratio, V=ÄR
½ = density of air, 0.002378 slugs/ft3

¿source = source time
Ã = radiation sphere azimuth angle
Ä = angular rotation
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Introduction

W HEN it occurs, blade–vortex interaction (BVI) noise is one
of the most distinct and objectionable sounds emitted from

rotorcraft. Its typical popping or slapping sound radiates large
amounts of acoustic energy in distinct patterns far from its source.
BVI noise occurs mostly during landing/descending � ight, and
sometimes in maneuvering � ight, when the rotating blades pass in
close proximity to the previously shed rotor tip vortices. These vor-
tices induce sharp periodic aerodynamicdisturbanceson the blades
(higher harmonic blade loading), which generate highly impulsive
BVI noise. The radiated noise is dependent on the miss distance
between the rotor blades and the previously shed vortex system, the
geometryof each particularvortexencounter,and severalgoverning
nondimensionalparameters.1¡5

This paper focuseson the use of piloting techniquesand auxiliary
controls to reduce BVI noise. It concentrateson the landing/descent
phasesof � ightof a helicopterthat is operatingnearor in a noisesen-
sitive community. Some of the � rst experimental attempts at using
� ight-path control to reduce the noise exposure to the surround-
ing community were done by Hawles.6 By the use of cabin noise
measurements and subjective evaluationsof those measurements, a
“fried egg” region was approximated for particular helicopterson a
rate of sink vs forward velocity plot shown in Fig. 1. The pilot was
to avoid this region, and in so doing, would minimize BVI noise
radiation to the surrounding community. These procedures were
developed into the “Fly Neighborly Program,”7 which has helped
minimize BVI noise radiation for certain helicopters. More recent
experimental � ight testing using GPS tracking and guidance has
shown that � ight trajectory control can alter helicopter noise expo-
sure to the surrounding community.8

Early theoretical attempts at using � ight-path management to
minimize noise radiation for vertical takeoff and landing aircraft
showed that trajectories did exist that could help mitigate the noise
problem.9 Mathematical models of aircraft performance and noise
generation/radiation were developed and used to project noise ex-
posure to the surrounding communities.10;11 In these early studies,
it was also discovered that BVI aerodynamic and noise modeling
did not have the necessary mathematical � delity to represent ade-
quately the physics of the BVI phenomena. More recent theoretical
studies have used � ight and wind-tunnelacousticdata togetherwith
estimates of � ight performance to estimate the likelihood of BVI
noise radiation.12;13

Recent attempts at predicting the noise radiation to the ground
from a helicopter � ying a speci� ed � ight trajectory have used a ro-
tor noise model (RNM).14 Instead of directly calculating the noise,
this approachmaps acousticdata that have been stored as a function
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Fig. 1 Measured cabin noise levels as a function of helicopter � ight
conditions (Ref. 6).

of steady-state � ight conditions of the helicopter, to observers on
the ground. Work to date has been promising. However, the effects
of acceleration and other parameters that can alter the vehicles per-
formance state have not been included in RNM noise predictions.

BVI aerodynamic and acoustic modeling have dramatically im-
proved over the past 25 years. It is now possible to predict more
accurately many of the features of BVI noise radiation with more
certainty,especially if measuredblade loading is used as input to the
noise radiation calculations.The general BVI directivity character-
istics of the radiatednoise as a functionof severaldesign parameters
have been explored for several types of rotorcraft.3¡5;15¡19 Compar-
isons between experiment and theory have been encouraging. If
measured pressures are used as input to the acoustic equations, the
predictions capture many of the features of BVI noise.

This paper attempts to capitalizeon these improvementsin under-
standing and prediction methods and to use them to explore � ight-
path and con� guration management options that will minimize he-
licopterBVI noise radiation and exposureon the ground. It uses the
performancemodeling,developedby Schmitz,12 to approximatethe
effect of acceleration and X force on the rotor tip-path-planeangle
and coupling the tip-path-planeangle prediction with a variation of
the RNM acoustic mapping method,14 to project the noise to the
ground. The result is a new prediction method called quasi-static
acoustic mapping (Q-SAM). Although the Q-SAM method is gen-
eral, as in Ref. 12, it is applied to the Bell Helicopter Textron’s
AH-1 Cobra helicopter for the � nal calculations presented in this
paper. Several constant velocity � ight-path noise exposure pro� les
are explored. Finally, the new method is used to present two heli-
copter con� gurations and/or descent pro� les that reduce the noise
exposure for the AH-1 series helicopter.

Helicopter Noise/Performance Modeling
Predicting BVI noise from rotorcraft, especially one that is ma-

neuvering in space, is quite a challenging proposition. It requires
a high-� delity comprehensive mathematical modeling of the aero-
dynamics and dynamics of the helicopter, as well as comprehen-
sive modeling of BVI acoustic sources. Although certain aspects of
this modeling are under development, a comprehensive mathemat-
ical model that can predict the noise from � rst principle approach
for a maneuveringhelicopter is not yet available. Instead, rotorcraft
BVI noise prediction has focused on predicting the radiated noise
over a series of steady-state � ight conditions.These predictionsare
often validated in speciallydevelopedanechoicwind tunnels and/or
acoustic � ight tests.

Under trimmed steady-state � ight, it has been shown that BVI
noise is governed by four helicopter nondimensional variables;1

rotor thrust coef� cient CT , rotor advance ratio ¹, rotor tip-path-
plane angle ®tpp , and hover-tip Mach number Mht. The geometry of
the BVI problem is shown in Fig. 2 for a two-bladed helicopter as
seenfroma topanda sideview. In the topview, rotorbladesappearto

Fig. 2 Helicopter BVI geometry for a two-bladed rotor.

intersectthe tipvorticesthatwerepreviouslyshedfromthe tipsof the
rotor at earlier times. For a � xed number of blades, the number of
these vortex interactions is determined by the rotor advance ratio.
The top view also shows that the BVI event often sweeps along
the blade effectively causing unsteady aerodynamic disturbances.
These disturbances radiate a portion of their energy as acoustic
waves. Under some conditions, these acoustic waves are summed
in phase to amplify the BVI noise radiated in certain directions and
locations far from the rotor. This linear wave collection process is
governedby the trace Mach number time history,which is known to
be a function of the hover-tip Mach number and advance ratio. The
importanceof the traceMach number on the strengthand directivity
of BVI radiation has been reported in Refs. 15–19, and will not be
repeated here.

The miss distances d between the shed vortices and the rotor
bladesduring BVI are shown in the side view (Fig. 2b). The strength
of the shed vortices and the miss distances are also controlled by
the same four nondimensional parameters in trimmed steady-state
� ight. The actual aerodynamic events that determine the quantita-
tive levels of BVI noise, even in trimmed steady-state � ight, are
quite complicated. Comprehensive mathematical models of rotor-
craft have been developed that attempt to model these and other
physical effects of the rotor and wake on the blade aerodynamic
loading.20;21 The results that are derived from these models are de-
pendent on details of the rotor wake structure that are not easy to
predict very accurately. The mathematical modeling is most ac-
curate when important empirical factors are chosen by comparing
the modeling with experimental measurements at selected perfor-
mance conditions.These parametersare then used to extrapolatethe
predictions to other rotorcraft performance states.

This paper focuses at a subset of the maneuvering helicopter
problem, quasi-staticperformance,which consists of a sequence of
slowly evolvingperformancestate changes.Helicopterperformance
conditionsare limited to slowaccelerations(jAx j · 0:1 g) in the lon-
gitudinal plane and conventional approach angles (j° j · 10 deg).
The effect of changing � ight-path angles, d° =dt , is also neglected
in this simpli� ed performance model. These assumptions and con-
straints are well within the bounds that are normally used in an
approach to a landing for commercial helicopter operations. In ad-
dition,whensmall-angleassumptionsareused, the small force in the
tip-path-plane of the rotor12 in moderate-speed � ight is neglected,
and that the thrust equals weight is assumed, the X-force balance
equation in a wind axis system is [Eq. (15) from Ref. 12]

®tpp D ¡
D f

W
¡ ° ¡ 1

g

µ
dV

dt

¶
¡

FX

W
(1)



SCHMITZ, GOPALAN, AND SIM 195

Fig. 3 Tip-path-plane angle vs advance ratio for different � ight path
angles (Ref. 12).

where

D f D 1
2
½V 2 f; FX D 1

2
½V 2 fX

(Note that the wind axis system becomes ill de� ned at very low-
speed � ight. As a consequence, it is assumed that this analysis is
valid for forward velocities of 40 kn or greater.)

With these assumptions, this � rst-order nonlinear differential
equation governs the force balance of the helicopter. The equa-
tion contains an auxiliary X force12 FX that can be used to di-
rectly control the helicopter’s tip-path-plane angle. For this paper,
only aerodynamically generated X force is considered,making the
X force dependent on the square of the velocity.

If it is further assumed that accelerationparallel to the � ight path
is zero and there is no X force (FX D 0), the resulting algebraic
equation describes the steady-state longitudinalperformanceof the
helicopter:

®tpp D ¡D f =W ¡ ° (2)

The rotor’s tip-path-planeangle [Eq. (2)] simply becomes a func-
tion of the forward velocity, descent angle, vehicle gross weight,
and the total vehicle wetted area drag coef� cient. The resulting
tip-path-plane angle for the AH-1 helicopter vs forward velocity
is shown in Fig. 3 for several steady-state climb angles. Climbing
� ight decreases ®tpp, whereas descending � ight increases ®tpp .

In this steady-statemodelof helicopterperformance,the rotor tip-
path-planeangle and the vehicle velocity represent the trim statesof
the helicopter.With the helicopterthrustand hover-tipMachnumber
usually held nearly constant during the landing phase of � ight, the
helicopter trim is effectively governed by the tip-path-plane angle
®tpp and the advance ratio ¹ of the helicopter.At each trim state of
¹ and ®tpp obtained for a given CT and Mht representative of the
helicopter in � ight, these nondimensional parameters also de� ne
the BVI aerodynamics and the resulting BVI noise radiated by the
rotor.1 This relationshipwas shownin an approximateway in Ref. 12
throughthe calculationof an average rotor in� ow. When the average
in� ow to the rotor is near zero, strong BVI is likely.

Expanding this set of steady-state trim solution space to include
small accelerations along the � ight path is a straightforward pro-
cedure but it is quite important for realistic performance modeling
for acoustic predictions.As seen in Eq. (1), acceleration parallel to
the � ight path acts quite similarly to changes in climb angle: Accel-
eration decreases ®tpp (becoming more negative) and deceleration
effectively increases ®tpp.

If we now assume that acceleration parallel to the � ight path,
Ax , is a trajectory control variable, Eq. (1) reduces to the algebraic
equation

®tpp D ¡D f =W ¡ .° C AX =g C FX =W / (3)

In effect, acceleration has been rede� ned as another paramet-
ric control. This new algebraic equation (3) can be solved for any
choice of acceleration, � ight-path angle, and X force, as a function
of � ight velocity. This procedureof treating accelerationas another
parameter in a steady-state solution procedure is called quasi-static
performance prediction and is used throughout this paper. Because
acceleration,� ight-pathangle, and X forcehave the same functional
form in Eq. (1), further conceptual simpli� cations are allowed. It
reduces the algebraic solution for tip-path-planeangle to again be a
function of two variables, helicopter effective drag and the sum of
� ight-path angle, acceleration along the � ight path, and X force.

The implicationsof usingthisquasi-staticperformanceprediction
approach for acoustics are substantial. For a given helicopter oper-
ating on a standard day at a given gross weight, the tip-path-plane
angle is speci� ed algebraically by choosing some combination of
� ight-path angle, accelerationalong the � ight path, and X force. In
essence, theaccelerationand X forcecontrolare equivalentto � ight-
path angle control changes, and the combined (° C Ax=g C Fx=W )
term can be treated as an equivalent climb angle.12 Acceleration
parallel to the � ight path and X force simply determine a different
trim location on the steady-state tip-path-plane angle vs velocity
performance map shown in Fig. 3.

Ground Noise Modeling
As discussed in the Introduction, BVI noise prediction requires

the detailed blade loading time history for each rotor blade. This
can be provided by directly solving the set of nonlinear differential
equations that govern rotorcraft � ight. The output of the perfor-
mance model provides the detailed blade loading time histories,
which, along with other � ow and rotor parameters, become the in-
put to the governing BVI acoustic equations of the helicopter. For
the most part, the governing acoustic equations are based upon the
Ffowcs-Williams and Hawkings integral equation.22 Solutions are
not trivial because the governing aerodynamics are quite compli-
catedand oftennonlinear.For BVI, only the linearunsteadypressure
terms are normally used for the linear calculation of the resulting
noise.23 This direct approach was used in Ref. 9 to calculate the
noise of a tiltrotor aircraft performing several near-optimal noise
abatement trajectoriesand in Ref. 24 to examine the noise from ma-
neuvering helicopters. Attenuation, spherical spreading, and noise
weighting effects are included as a part of the direct approach cal-
culations. As discussed earlier, these calculations are critically de-
pendent on the � delity of the rotor aerodynamics.

It is also possible to use an acoustic mapping approach to predict
the radiated noise. Here, it is implicitly assumed that the accelera-
tions parallel and perpendicular to the � ight path and X force are
zero (Ax D 0 and Fx D 0). The governing steady-state performance
and acoustic equations are solved, projecting the noise radiation
patterns to a large number of points on the surface of a radiation
sphere that surrounds the effective emission point(s) of the noise
source(s). This is done for each steady-state trim state of the rotor
and is stored for further calculations.The calculation of noise for a
particular trajectory is accomplishedby piecing together a series of
trajectory elements and mapping the correspondingnoise levels on
these radiation spheres to chosen points along the ground. Atmo-
spheric attenuation, spherical spreading, noise weightings, etc., are
included in the mapping procedure.This approach is being used by
the rotorcraft community to try to estimate the noise generated by
rotorcraft � ying near affected communities.14

The acoustic mapping approach has several advantages.Because
it relies on only the steady-state trim conditions of the rotorcraft,
radiated noise can be stored on spheres in a relatively small param-
eter space as a function of ¹ and ®tpp (Ref. 14 uses V and ° ). These
radiation sphere acoustics can be calculateddirectly from � rst prin-
ciple relationships, or they can be obtained from direct steady-state
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trim acousticmeasurementsof helicopters.(The latter techniquecan
take advantage of ground-based measurements, wind-tunnel mea-
surements,or in-� ight acousticmeasurements to assess the different
components of radiated noise.) The major advantage of using the
measured acousticdata in the acousticmapping approach is that the
complex aerodynamicprocesses that govern BVI can be accurately
captured for each steady-stateperformancecondition.However, the
acoustic mapping approach has one big disadvantage: It neglects
the effect of vehicle acceleration on the radiated noise, a factor that
is very important for BVI noise prediction.

Q-SAM Method
A new method is proposed in this paper that capitalizes on the

advantagesof quasi-staticperformancemodelingof the rotor perfor-
mance states and the acoustic mapping approach. It is the Q-SAM
method and is conceptuallyshown in Fig. 4. Spherical distributions
of radiated noise are � rst developed and stored as a function of ®tpp

and ¹ for the trim states of the helicopter, dV=dt D 0 and FX D 0.
This is schematically shown on the left side of Fig. 4. The quasi-
static tip-path-planeangle is then calculated for each element along
the trajectory according to Eq. (3), as shown on the right side of
Fig. 4. Noise radiated from each trajectory element is found by in-
terpolating in ¹ and ®tpp space and using the quasi-static value of
®tpp . A spherical distribution of noise (radiation sphere) is obtained
for each segment of the trajectory.This radiationsphere is then used
to map noise to selected positions along the ground. The time his-
tory at any position on the ground is found by summing the noise
radiated from each segment of the trajectory.

The Q-SAM approach to performanceand noise predictionmod-
eling presented here can work with many levels of aerodynamic
modeling, fromvery sophisticatedanalysesincorporatingfree-wake
andcompressible� ow calculations,to simpleprescribedwakemeth-
ods. It is also possible to use measurementsof acousticdata sets that
surround the rotor, thus avoiding prediction of the noise altogether.
Because the measuredacousticdata already incorporatemany of the
� ner detailsof the aerodynamicsthatgenerateBVI noise, the � delity

Fig. 4 Ground noise calculation: Q-SAM method.

of this approachcan, in somecases,be superiorto thecomprehensive
mathematical modeling approach.

In its present state of development, the Q-SAM method uses the-
ory to develop the radiation spheres and incorporates the important
effect of acceleration along the � ight path in the acoustic predic-
tions. The method is most accurate for small accelerations, which
are typical for helicopter landing/approach trajectories.

Application of the Q-SAM Method
to the AH-1 Helicopter

The advantagesof using the Q-SAM method to predictBVI noise
radiated to the ground in approach/landing phases of � ight are il-
lustrated by application to the AH-1 Cobra helicopter. The AH-1
was selected because the authors are quite familiar with its perfor-
mance and acoustic characteristicsand because much of the rotor’s
BVI noise characteristics has been reported in the open literature.
The rotor geometry and operational parameters are summarized in
Table 1.

The Q-SAM method requires an initial acoustic mapping surface
or surfaces to be located far enough away from the noise source
or sources to capture the far-� eld acoustic radiation characteristics
of the rotorcraft. This requirement ensures that near-� eld acoustic
source strengths are small when compared to sources that propa-
gate acoustic energy away from the rotor.25 However, these large
distancescan make the pressures recordedor measured on the map-
ping surface,due to these radiatingsources,small. In addition,some
portionsof a chosen � ight trajectorymight bring the rotorcraftquite
close to the ground, where the mapping surface distance could be
larger than the distance between the position of the effective sound
source and observer positions on the ground. Another important
considerationis that in an approach to a landing, the aircraft is often
at low altitudes and far away from the observer locations. This ge-
ometry causes energy to be radiated at near in-plane positions and
requires that the radiation surface accurately represent these radia-
tion zones. Accuracy is also sacri� ced by real-world events such as
wind and temperature effects, ground re� ection, and atmospheric
absorption. These issues deserve careful consideration before the
Q-SAM method is used with measured acoustic data.

To accommodate many of these concerns, the mapping surface in
this paper is chosen to be a radiationsphere centeredon the acoustic
event in inertial space and located 25 rotor radii from its effective
sourcepoint (Fig. 5). The sphericalshapeallows the radiationsphere
to capture the complete directivity of the noise and also facilitates
the projection of that directivity to positions on the ground plane.
The large distance from the effective source point ensures that this
radiation sphere only captures far-� eld acoustic radiation. Once the
far-� eld acoustic radiation is captured (or predicted) on the radia-
tion sphere, it can be related to larger or smaller radiation spheres
by using far-� eld scaling laws that also account for the effects of
atmospheric corrections.

Table 1 AH-1 helicopter geometry and � ight parameters

Parameter Symbol Value

AH-1 helicopter
Number of blades N 2
Blade radius R 22 ft
Blade chord c 2.2 ft
Angular rotation Ä 324.35 rpm
Hover-tip Mach number Mht 0.664
Thrust coef� cient CT 0.0054
Equivalent � at plate area f 14 ft2

Helicopter weight W 10,600 lb

Descent
Advance ratio (velocity) ¹.V / 0.120 (53 kn)–0.210 (93 kn)
Flight-path angle ° ¡2 to ¡9 deg
X-force equivalent � at fx 14 ft2

plate area
Deceleration Ax 0.05 g, 0.10 g
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Fig. 5 Radiation sphere used in the Q-SAM method.

BVI Noise Prediction on Radiation Sphere
In principle, the information on the radiation sphere can be de-

rived from either experimental measurements, or theoretical noise
prediction codes, or both. For the AH-1 calculations illustrated in
this section, this information is generated by analyses similar to the
methods used in Ref. 15 for wind-tunnel BVI noise comparisons.
Appropriate modi� cations were introduced to the calculationof re-
tarded time to predict ground observer noise. The analysis utilizes
a prescribed wake system26;27 to estimate the local unsteady rotor
blade airloads due to BVI. The predicted airloads are then used as
input to an acousticformulation/code,28 which predicts the level and
directivity of the noise on the radiation sphere at 5-deg intervals, in
both the azimuth and elevation angle directions.

Although it is acknowledged that unsteady three-dimensional
aerodynamics can be quite important for accurately predicting im-
pulsive BVI events, the airloads are evaluated in this paper by us-
ing only quasi-steady, two-dimensional aerodynamics (strip the-
ory). This simpli� ed modeling was found to providegenerallygood
agreement in the BVI noise level and directivity trends for the AH-1
helicopter.15 It is expected that the same modeling would be good
enough to discern the changes in BVI noise due to changes in the
rotor’s operating states.

Because of the known sensitivityof BVI acoustics to wake mod-
eling effects, two wake models were explored and compared to see
how they affected the radiated noise during typical approach trajec-
tories. Both wake models share a similar structure that was derived
by Beddoes.27 The vertical wake displacement of the later model
was subsequentlymodi� ed by Leishman26 to simulate better typical
helicopter tip vortex locations in forward � ight. These differences
in distances of the vortices from the rotor tip-path plane for both
wake models are shown in Fig. 6a. The Leishman wake vortices
initially stay close to the rotor tip-path plane and then move away
with increasing wake age, following the average wake skew angle.
Substantial oscillation about a wake skew angle is also present. On
average, the Beddoes’s wake vortices27 remain closer to the rotor’s
tip-path plane (because they have a lower wake skew angle) but
oscillate more noticeably about the average.

To see how these effects might in� uence the BVI noise radia-
tion results, the average acoustic power on the radiation sphere was
calculated by the following formula:

Pav D 10 £ log

µ X »
10dB=10 £ 1A

Asph

¼ ¶
(4)

The results of this calculation are shown for each wake model as
a function of the rotor tip-path-plane angle in Fig. 6b. The gen-
eral trend of the average radiated noise, � rst increasing to some
maximum value then rapidly decreasing, is the same for both wake
models. However, the tip-path-planeangle where this maximum oc-
curs shifts to lower®tpp and the averageradiatedpower becomes less

a) Radiated acoustic power vs ®tpp

b) Wake geometry

Fig. 6 Comparisons of wake models.

for the Beddoes wake model.27 The radiated power also does not
fall off as quickly from its peak value as the tip-path-planeangle is
reduced.

It is clear that the choice of a wake model will in� uence the
speci� c power that is radiated from each radiationsphere. However,
the general trend, of the average power radiating from the sphere
reaching a maximum when the rotor tip vortices are close to the
rotor, is captured quite well. Therefore, either wake model can be
used to see how the � ight-path trajectory and control will effect
the noise radiated to the ground. The Leishman model26 was used
for the remaining calculations in this paper because it is thought to
represent and match experiment better.

The BVI radiation sphere acoustic calculations made, with the
helicopter in steady-statetrimmed � ight, contain the noise informa-
tionneededfor the Q-SAM method.For a given tip-path-planeangle
and advance ratio, noise radiation time histories are generated for a
period of one rotor revolutionfor each point on the radiationsphere.
Power spectra of these signals are computed and stored in the form
of one-third octave band levels, for later reference, as a function of
each azimuth and elevation position. This process is repeated until
the radiation spheres are developed and stored for all combinations
of tip-path-plane angle and advance ratio that the helicopter could
possibly encounter during a landing approach.

Some of the predicted BVI acoustics on the radiation spheres are
shown in Fig. 7a for the AH-1 helicopter at a constant approach
speed of 73 kn (¹ D 0:165). For the four different tip-path-plane
angles shown, sound pressure level (SPL) contours indicate that the
most intense BVI noise occurs when the rotor tip-path-plane angle
is between C1.63 and C4.63 deg. In this range of ®tpp , the rotor is
tilted back such that it is constantlyoperating in its own wake, hence
resulting in small miss distance interactionsand strongerBVI noise
radiation. At lower and higher values of ®tpp , the wake is displaced
fartheraway from the rotordisk.This effectivelyincreasestheblade-
to-wake miss distance and reduces the radiated BVI noise. There
is an associated change in noise directivity shown in Fig. 7a that is
the result of the wake intersecting with the rotor farther aft of the
rotor disk with increasing tip-path-plane tilt. This allows the older
BVIs, formed at regions farther aft on the rotor disk, to dominate
with small blade-to-wake miss distances. For this reason, the peak
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a) Tip-path-plane angle variation (¹ = 0.165) b) Advance ratio variation (®tpp = +2 deg)

Fig. 7 Variation of sound pressure levels on radiation spheres.

BVI noise is observed to shift from 180-degazimuth directly ahead
of the rotor (due to the earlier deceleratingBVI) to 135-degazimuth
on the advancing side (due to the older broadside BVI).

Similar noise contours are shown in Fig. 7b for an advance ratio
sweep with the tip-path-planeangle � xed at C2 deg. The predicted
BVI noise levels increase due to the rotor wake moving closer to
the tip-path-planeat higher advanceratios.Additionalcontributions
due to strong BVI phasingare found to be important as well. For the
advanceratiocase of 0.210, this in-phasenoiseradiationmechanism
is found to substantially amplify the BVI noise radiated forward of
the rotor.

The amount of acoustic power that is radiated by the rotor is pre-
sented in Fig. 8 as a function of ®tpp and ¹. Rotor tip-path-plane
angle ®tpp strongly in� uences the total radiated sound power at all
airspeeds. The largest value of sound power occurs at the high-
est advance ratio, with the peak occurring near ®tpp D C2 deg. As
the advance ratio ¹ decreases, the peak sound power decreases, and
the angle at which it occurs increases.

Based on these calculations,several strategies that minimize radi-
ated soundpower are suggested.Negative tip-path-planetilt reduces
BVI noise when the helicopter is descending at low speeds. This
mode of operation keeps the rotor wake beneath the rotor, which
increases the blade-to-wake miss distance and reduces noise. At
higher speed descents, the radiated sound power is reduced by us-
ing a large positive tip-path-planeangle to maintain the wake above
the rotor plane or by using a negative tip-path-planetilt to keep the
wake below the rotor plane.Some of thesenoise reductionstrategies
are explored, in subsequent sections of this paper, with more detail
by looking at their effects on measured ground noise.

Ground Noise Mapping Procedure
To implement the Q-SAM method, the helicopter trajectory is

divided into a contiguous sequence of trajectory elements. Each
element corresponds to the distance traveled by the helicopter in
one rotor revolution, that is, 2¼ V=Ä. A quasi-static performance
state, ¹ and ®tpp, representingan average over that rotor revolution,
is assigned to each element. Thus, the trajectory is modeled by a
sequence of quasi-static performance states, each lasting one rotor
revolution. A no-wind condition is nominally assumed.

a)

b)

Fig. 8 Variation of average acoustic power on radiation sphere with
a) tip-path-plane angle and b) advance ratio.

Radiation Sphere Selection

The acoustic radiationsphere, described in the precedingsection,
represents a spherical map of the acoustic power radiated by the
helicopter over one rotor revolution. For each element along the
trajectory, a radiation sphere that corresponds to the particular ¹
and ®tpp trim state is selected from a predeterminedarray of spheres
tabulated for the entire spectrum of ¹ and ®tpp combinations of
interest to the BVI problem. Interpolationis used when the radiation
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Fig. 9 Acoustics mapping in the Q-SAM method.

sphereat a required¹ and ®tpp performancestate is intermediate(lies
between the stored acoustic states) to known computed states.

Mapping Noise to the Ground

With the appropriate radiation sphere obtained for a particular
element along the helicoptertrajectory,the following steps are taken
to map the predicted BVI acoustics on the radiation sphere to the
ground.

The radiation sphere is centered at the midpoint of the trajectory
and rotated by an angle of (° C ®tpp) to achieve the correct orienta-
tion in physical space. For each observer, a straight line extending
fromthe centerof the25R radiationsphereto the observerrepresents
an acousticray alongwhich noise is propagated.A two-dimensional
linear interpolation is carried out (in the Ã and µ directions), to ob-
tain the one-third octave band levels at the point on the radiation
sphere where this ray intersects it (Fig. 9).

To obtain ground noise estimates, the one-third octave band
levels are subjected to the effects of spherical spreading and at-
mospheric sound absorption.29 (Ground re� ection effects are not
includedin the presentanalysis.)A dBAlevel30 is obtainedbyapply-
ing A weighting and summing up the one-third octave band levels.
The dBA level indicates the intensity of the radiated BVI noise re-
ceived by the observerat one instant in time averagedover one rotor
revolution.

To construct the observer time history, Eq. (5) is used to track
the arrival time tobs of the individual overall sound pressure levels
resulting from the helicoper operating at each element along the
trajectory.The source emission time ¿source here is approximatedby
the time when the rotor is at the midintervalof a given trajectoryele-
ment. With this assumption, Robs represents the seperationdistance
between this midinterval position and the observer:

tobs D ¿source C Robs=a0 (5)

As a � nal measure of the BVI noise radiation resulting from
an associated trajectory, sound exposure levels (SELs) are used to
incorporate the effect of time exposure at each ground observer
location.The SEL noise metric is calculatedfrom the observer time
history using a continuous time integration formulation.30

Helicopter Landing Trajectories and Noise
Measurement Architecture

The measurement architecture and landing procedures adopted
for this study generally follow conventions used in recent Bell
Helicopter Textron/NASA � ight tests.31 The trajectories investi-
gated in this paper consist of single approach � ight segments, at
some prescribed � ight-path angle, with either constant speed or

Fig. 10 Helicopter trajectory and ground observer plane.

small decelerations(up to 0.1 g). The rangeof descent � ight param-
eters considered are summarized in Table 1.

A rectangular ground observer plane is assumed to lie 1000 ft
away from the landing point of the helicopter directly below the
� ight path (Fig. 10). The observer plane extends to 2000 ft on either
side of the trajectory (in the y direction) and is 8000 ft in length
(along the x direction). For the calculations in this paper, ground
observersare spacedat 55-ft intervals in both the x and y directions.

As shown in Fig. 10, the helicopter is assumed to approachalong
the centerline (y D 0 ft) from the positive x direction. For all of the
approach � ights considered, it is also assumed that the helicopter
is in level � ight (° D 0 deg) at an altitude of 1000 ft above ground
level, beforedescent.Because the currentpredictionmethods do not
simulate the � nal stages of approach, for example, � are and hover,
noise calculations are terminated when the helicopter is 500 ft past
the y axis. This stipulation also allows a more complete evaluation
of the observer time histories (and the SEL) for observers closest
to the termination point of � ight. In all cases, both source and ob-
server times are referenced to the zero time, which occurs when the
helicopter � ies directly over the point x D 0, y D 0. Negative times
correspond to helicopter positions along the approach � ight path
before the helicopter reaches the 500 ft to landing marker.

Note that, at this present stage of development, the Q-SAM
method has some limitations in the prediction of BVI noise while
the helicopter is in transition � ight. Although changes in trajectory
and rotor performance parameters and their rates are usually quite
gradual during a normal approach to a landing, the transition from
level � ight to descent is modeled as an instantaneouschange in the
helicopter trim state in this paper. This representationproduces un-
physicaldiscontinuities(switchingpoints) in the predictedobserver
time histories due to sudden changes in the BVI acoustics. Similar
jumps are observed at the transition to and from the decelerating
segment of the trajectory. These discontinuities can be removed to
some degree by constrainingthe � ight-path angle rate, jd° =dt j, and
deceleration rate, jd2V=dt2j, to be less than some speci� ed values.
However, the effect of these jumps on the integrated ground noise
(SEL) is thought to be small.

Effects of Flight-Path Angle and Advance Ratio
The effect of � ight-path angle is shown in Fig. 11 for the AH-1

helicopterat an approachspeed of 73 kn (¹ D 0:165). SEL contours
on the ground observer plane are plotted for various descent angles
(negative � ight-path angles) ranging from ° D ¡2 to ¡8 deg. Time
histories at three speci� ed observers locations are also plotted for
comparison; observer A is located at x D 2200 ft, y D ¡1100 ft (on
the retreatingside), observerB at x D 2200 ft, y D 0 ft directlybelow
the � ight path, and observer C at x D 2200 ft, y D 1100 ft (on the
advancing side).

For all of these trajectories and at all of the performance states
encountered, the radiation spheres are oriented identically with re-
spect to the horizon. This is because (° C ®tpp) is only a function of
the helicopter drag, which remains constant for a given advance ra-
tio [Eq. (3)]. Differences in ground noise patterns for these different
descent angles re� ect changes in directivity and noise levels on the
radiation spheres, as well as the effect of trajectory variations (dis-
tance and directivity effects), A weighting, and atmospheric sound
absorption.In general,higherSEL valuesare observednear x D 0 ft,
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Fig. 11 Predicted SEL ground noise contours and acoustic time histories for ¹ = 0:165 at four different � ight path angles; ° = ¡ 2, ¡ 4, ¡ 6, and
¡ 8 deg.

y D 0 ft directly below the � ight path because of closer proximity
to the trajectory.

The concept of average rotor in� ow [Eq. (6)] explains some of
the predicted noise trends shown in Fig. 11. This concept and its
applicationto BVI noisehavebeen studied in some detail in Ref. 12.
In general, strong positiveand negativein� ow pushes the rotorwake
farther away from the rotor disk, which reduces the likelihood of
closeBVIs that radiatestrongBVI noise.When the averagein� ow is
near zero, the rotor wake remains mostly in the rotor tip-path-plane,
which increases BVI noise radiation,

¸ D .V sin ®tpp ¡ º/=ÄR (6)

For all of the descent cases shown in Fig. 11, the radiated noise
from the level � ight segment (° D 0, ®tpp D ¡1:37 deg) is found to

be quite small. This is because in level � ight, both the V sin ®tpp

term and the rotor-induced-velocity term combine to form a strong
negative in� ow (downwash) that displaces the wake farther below
the rotor and reduces BVI. Some indications to this effect are also
shown in Fig. 7a for the radiation sphere acoustics predicted at this
trim state.

When the helicopter is in descent, the negative � ight-path angle
(descentangle) tends to make the tip-path-planeanglemore positive
[Eq. (3)]. The positive V sin ®tpp term in Eq. (6) may become strong
enough to negate the effects of the negative rotor-inducedvelocity.
At very shallow descent angles (° D ¡2 deg, ®tpp D C0:63 deg)
the average in� ow remains negative, which helps to keep the wake
underneath the rotor. As the helicopter descends at a steeper angle
(° D ¡4 deg, ®tpp D C2:63 deg), the tip-path-planeangle tips farther
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back and the wake moves close to the plane of the rotor. The rotor
in� ow approacheszero as the V sin ®tpp contributionbecomes more
positive.Consequently,the highestgroundnoise is predicted for this
descentapproach(Fig. 11b). For even steeper descents (° D ¡6 and
¡8 deg), ®tpp becomes large enough (positive) to override the effect
of a negativeaverage-inducedvelocity.The net rotor in� ow becomes
positive which pushes the wake above the rotor to increase the BVI
miss distances and reduces noise (Figs. 11c and 11d).

Also notice that the SEL contours becomes asymmetric (with re-
spect to the � ight line) with steeper descents.This change in ground
noise pattern signi� es a different BVI directivity as a result of the
greater (more positive) tip-path-plane tilt that emphasizes the miss
distanceeffect of the olderBVI formed fartheraft of the rotor,which
radiates more asymetrically.28 The transition to asymmetry is ob-
served to occur after conditions corresponding to when the peak
BVI noise is radiated (° is steeper than ¡4 deg). The predicted ob-
servertime historiesfor all of thesedifferentdescentsexhibit similar
increasing and decreasing noise trends. This variation in the noise
receivedby a groundobserveris not only due to the proximityof the
helicopter, but also the directivity of the radiated BVI noise at the
particular performance state. In general, the same trends observed
in the SEL contour plots are also observed for the time histories
shown in Fig. 11. However, the observer time histories show much
greater detail and, therefore, enable a better understanding of the
BVI noise radiation at different � ight trajectory settings.

For example, it can be observed that at shallow approaches, the
time histories have sharper peaks compared to the time histories
predicted for steeper descents. This variation is likely to be due
to the increased distance between the observer and the helicopter
at steeper descents. The discontinuity in time history (Fig. 11d) at
tobs D ¡46.5 s represents the switch from level � ight to descent.
Similar trends in the SEL contours and acoustic time histories are
predicted at other � ight velocities as well.

Effect of X-Force
The effect of an aerodynamic X -force (drag) device on radi-

ated BVI noise is shown in Figs. 12a and 12b for a � ight speed
of 93 kn (¹ D 0:210) at two different descent angles (° D ¡3 and
° D ¡9 deg). Ground noise pro� les are compared for trajectories

a) Shallow approach (° = ¡ 3 deg) b) Steep approach (° = ¡ 9 deg)

Fig. 12 Predicted SEL ground noise with and without X-force.

with and without the addition of X force at the same constant � ight
speedand the same descentangles.For these calculations,the added
X force is assumed to double the effective drag on the AH-1 heli-
copter.

As shown in Eq. (3), the additionof X force effectivelymakes the
tip-path-planeangle more negative (by ¡2.2 deg at the 93-kn cases
shown in Fig. 12). At shallow descent angles, the use of X force
is shown to be an effective noise reduction technique (Fig. 12a).
Under negative or near-zero in� ow conditions (wake below or near
the planeof the rotor), applying X force tilts the tip-path-planemore
negatively and increases negative rotor in� ow. This net downwash
pushes the vortices farther down below the rotor plane to separate
the BVI miss distance.The associatedBVI noise reductionis shown
in Fig. 12a.

The effect of X force at steep descent angles (positive in� ow
conditions) is quite the opposite. In such cases, applying a negative
tip-path-plane angle brings the wake closer to the rotor blades. As
observed in Fig. 12b for a ¡9-deg approach, this reduces the miss
distances of the interactions and increases the likelihood of high
BVI noise

The use of an aerodynamic X force is, therefore,bene� cial at high
speeds and shallow � ight-path angles. At lower speeds, the aerody-
namic control is less effective. For shallow descent at low speeds, a
nonaerodynamicX force control12 should be a more attractivenoise
reduction strategy.

Effect of Deceleration Parallel to the Flight Path
From the quasi-static performance model discussed before, de-

celeration causes the tip-path-planeto tilt back making it more pos-
itive [Eq. (3)]. A deceleration of 0.1 g corresponds to a C5:7-deg
increase in tip-path-plane angle. This change in the tip-path-plane
angle can drastically alter BVI noise radiation levels, as shown in
Fig. 8a. When applied to performancestates that correspondto peak
noise radiation (near zero in� ow or small in� ow conditions) or pos-
itive in� ow (wake above the rotor), this quasi-staticcontrol variable
effectivelyreducesnoise radiation,by making the in� ow more posi-
tive and pushingthe wake fartherabove the rotor.When operatingin
a negativein� ow region (wake belowthe rotor), a small deceleration
parallel to the � ight path tends to make the in� ow more positive,
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Fig. 13 Effect of deceleration for a ¡ 6-deg descent.

pushing the wake close to the plane of the rotor and, thus, increasing
the likelihood of BVI noise.

The effect of deceleration is shown in Fig. 13 for a nominal de-
scent angle of ¡6 deg. The deceleration is assumed to end when
the helicopter is directly above the point x D 0 ft, y D 0 ft. The heli-
copter � ies at 93 kn (¹ D 0:21) during level � ight and then descends
at the same speed, at a � ight-path angle of ¡6 deg. It decelerates to
a speed of 53 kn (¹ D 0:12) and then descends at constant speed till
the � nal point along the trajectory (500 ft from the landing point)
is reached. The decelerationsegment is assumed to end at the point
on the trajectory directly above the point x D 0 ft, y D 0 ft.

Treating the decelerationsegment of the trajectory as a sequence
of steady-stateperformancestateswith constant speedscorrespond-
ing to those encountered during the actual deceleration does not
account for changes in tip-path-planeangle due to the deceleration
term [Eq. (3)]. In Fig. 13a, the sound exposure levels on the ground
basedon steady-statetrim assumptions(Ax D 0), are comparedwith
results obtained using quasi-static performance assumptions for a
decelerationof 0.1 g (Fig. 13b). The latter is more representativeof
the actual performancestate of the rotor in decelerating� ight, albeit
in a quasi-staticsense, because steady assumptions ignore the effect
of deceleration on tip-path-planeangle. Therefore, it is not surpris-
ing that the steady-stateapproachoverpredictsnoise radiationlevels
and fails to demonstrate the ef� cacy of using decelerationas a noise
reduction technique. Current calculations show an overprediction
of BVI SEL values by more than 15 dB for some ground observers
close to the deceleration portion segment of the � ight path.

The dBA time histories corresponding to the steady-state trim
and the quasi-static trim assumptions are presented in Fig. 13. An
observer D, located directly below the � ight path at x D 1100 ft is
used to highlight the differences in the results obtained. The use
of steady-state trim predicts higher BVI noise radiation (dashed
line). The observer time history predictedby quasi-static trim (solid
line) is characterizedby a low-noise bucket, which indicates a very
quiet � ight while the helicopter is undergoingdeceleration.The two

switching points correspond to discontinuities resulting from the
transition to and from the beginningand the end of the deceleration
phase, respectively.Because deceleration reduces the BVI noise so
effectively, the peak noise predicted at this observer is due to the
constant speed (93 kn) � ight segment prior to deceleration.

Figures 14a and 14b show the SEL distributions and dBA time
histories for three observers on the ground plane. Two trajectories
with 0.05- and 0.10-g deceleration are considered with the heli-
copter beginning deceleration at 93 kn (¹ D :21) and terminating
at 53 kn (¹ D 0:12). Both of these cases are evaluated with quasi-
static trim and show signi� cant reduction in BVI noise when com-
pared to the ground noise contour for a nominal approach at 73 kn
(¹ D 0:165) and ¡6-deg descent angle (Fig. 11c). The 0.05-g de-
celeration (Fig. 14a) appears to offer more BVI noise reduction
bene� ts with a wider spread of low noise regions compared to the
0.1-g deceleration. However, the predicted time histories for sev-
eral observers situated directly underneath the � ight path indicates
a greater degree of noise reduction at 0.1-g deceleration. Some of
this noise reduction may not be re� ected in the SEL contours as
a result of the strong BVI noise radiation from the constant speed
descent � ight segment before deceleration. Nonetheless, the effect
of deceleration is shown here to be very effective in reducing the
BVI ground noise from a helicopter in descent.

Although not considered in this initial calculation, the decelera-
tion � ight can be executedat differentpositions along the trajectory
to target its noise reductionat some communities that are more noise
sensitive. Also not considered are the effects of realistic � ight con-
straints, such as the acceptable limits of decelerationand the rate of
change of deceleration.These effects are important for the handling
qualitiesof the vehicle and require more researchbefore incorporat-
ing deceleration as a trajectory control parameter to reduce noise.

Suggested Low Noise Trajectories
It is shown in Figs. 11–14 and in Ref. 12 that one of the key to

reducing BVI noise is to avoid the rotor interacting closely its own
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a) 0.05 g decelerating approach b) 0.10 g decelerating approach

Fig. 14 Effect of different deceleration for a ¡ 6-deg descent.

a) Shallow approach (° = ¡ 3 deg), constant speed
and with X force

b) Normal approach (° = ¡ 6 deg) 0.05-g deceleration and no X force

Fig. 15 Performance states and predicted ground noise for suggested low noise trajectories.
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wake. Applying the appropriate X-force controls and decelerations
for selected approach trajectories are found to capitalize on this ef-
fect of distancing the wake from the rotor to reduce BVI noise radi-
ation. Depending on the state of the helicopter, this can be achieved
either by enforcing a negative tilt-path-plane tilt that displaces the
wake farther under the rotor or by a positive tip-path-plane tilt that
keeps the wake above the rotor.

These � ndings are formulated in Fig. 15 as two viable low noise
trajectories.Figure 15a demonstrates the use of X -force controls as
an effective means to � y the helicopter quietly while approaching
to land at a shallow descent angle (° D ¡3 deg). With X force, the
tip-pathplaneof the rotor is forced to tilt farther forward to maintain
trim. This effectively results in an additional negative in� ow com-
ponent pushing the wake that already exists below the rotor even
farther downward. The larger separationdistance between the rotor
blades and the wake reduces the likelihood of strong BVI.

At a steeper descent of ¡6 deg (Fig. 15b), the use of small decel-
erations is found to yield a quieter ground noise pro� le. Decelera-
tion increases the rotor tip-path-planeangle and the positive in� ow
through the rotor disk. With the wake residing primarily near or
above the rotor tip-path plane, the additional positive in� ow contri-
bution due to deceleration draws the wake farther above and away
from the rotor disk. This increase in blade-to-wake miss distance
reduces the intensity of radiated BVI noise.

Although these examples here are for the AH-1 helicopter, the
principles of achieving low BVI noise radiation using the trajec-
tory and control parameters can be applied in general for all rotor-
craft. The actual implementation and/or selection of � ight trajec-
tory, X-force device, and deceleration are, however, case speci� c
and need(s) further study, experimentation,and re� nement.

Conclusions
A new method, Q-SAM, and its associated computational pro-

cedure has been developed to predict rotorcraft external noise. The
Q-SAM method relies on an expansionof the nondimensionalforce
equations about steady-state trimmed � ight to account for changes
in the vehicles noise radiation patterns resulting from different tra-
jectory and � ight-path control settings (� ight-path angle, advance
ratio, X force, and acceleration parallel to the � ight path).

The Q-SAM method can replace direct calculation of the noise
from the vehicle performance/aerodynamicand acoustic equations.
The new method � rst acquires and stores external noise as a func-
tion of the helicopter’s steady-state trim variables. The acquisition
of the noise data can be obtained experimentally or theoretically.
These patterns, which are unique for each helicopter, are adjusted
for changes from steady-state trim and used to project noise to the
acoustic far � eld. This ability to measure steady-stateradiationpat-
terns and then map the patterns has been shown to facilitate valida-
tion and understandingof the noise radiation process for the AH-1
helicopter. The complex aerodynamics that are integral to the pre-
diction of BVI noise are implicitly capturedby the Q-SAM method.

Parametric changes in � ight-path angle and advance ratio have
shown that steady-stateBVI noise radiationcan reach localmaxima
over this parameter space. Flying quietly by choosing the correct
� ight-path angle and advance ratio are likely to yield two different
minimum noise � ight pro� les: a steep medium velocity approachor
a shallow lower velocity approach pro� le.

Helicopter acceleration or deceleration parallel to the � ight path
during landing/approach conditions has a strong in� uence on ex-
ternal BVI noise radiation. Predicting BVI noise along a changing
velocity trajectory without including the effect of acceleration may
result in large miscalculations of BVI noise radiation and, conse-
quently, may result in large miscalculationsof ground noise.

For theAH-1 helicopter,thesecalculationshaveshown thatdecel-
eration is effective at reducing BVI noise during steep approaches.
For steepapproaches,decelerationeffectivelyincreasesthe miss dis-
tances of the shed vortices by positioning them at greater distances
abovethe rotor tip-pathplane.The increasedmiss distancedecreases
the level and frequency content of the ground noise predictions of
noiselevelandannoyance.The steepapproaches,however,alsohave
a tendency to spread acoustic energy to the sides of the � ight path.

X -force control is also shown to reduce ground BVI noise expo-
sure for the AH-1 helicopter in some � ight conditions. It is most
effective at shallow approach angles when the helicopter has zero
deceleration. With these more shallow approaches, areas of high
noise levels are generally con� ned to positions directly under the
� ight path. The choice of a shallow trajectory might be useful for
heliports that allow approachesalong noise insensitive corridors.

The Q-SAM methodhas shown that reducingBVI noise radiation
for this two-bladedhelicopteris a complex problemthat dependson
the noise radiationcharacteristicsof the helicopterand judicioususe
of � ight-path and con� guration controls. The method qualitatively
explainsmany of the experimentalobservationsover the years about
how to � y quietly. Use of control theory to determine the bene� ts
and to explore the limits of the Q-SAM method is a logicalnext step
in this research.
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