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New Computational Methods for the Prediction
and Analysis of Helicopter Noise
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This paper describes a new methodology to predict and analyze rotorcraft noise. This methodology
includes 1) a combined computational fluid dynamics and Kirchhoff scheme for far-field noise predictions,
2) parallel computer implementation of the Kirchhoff integrations, 3) audio and visual rendering of the
computed acoustic predictions over large far-field regions, and 4) acoustic tracebacks to the Kirchhoff
surface to pinpoint the sources of the rotor noise. This paper describes each method and presents sample
results for three test cases. The first case consists of in-plane high-speed impulsive noise, and the other two
cases show idealized parallel and oblique blade-vortex interactions. The computed results show good agree-
ment with available experimental data, but convey much more information about the far-field noise prop-
agation. When taken together, these analysis techniques exploit the power of new computer technologies
and offer the potential to significantly improve our prediction and understanding of rotorcraft noise.

Introduction

UTURE helicopter and tiltrotor designs must have low

noise if they are to operate successfully near heavily pop-
ulated areas. This requires the reduction of two main types of
impulsive aerodynamic noise from the rotor system. The first
is called high-speed impulsive (HSI) noise and is characterized
by a strong acoustic disturbance that emanates from the rotor—
blade tips. In this paper, we use the term HSI noise to represent
the total acoustic signal that radiates from the rotor tips, in-
cluding both the thickness and quadrupole terms in the Ffowcs
Williams and Hawkings equation.' High-speed impulsive noise
is generally a problem for helicopters rotors when their ad-
vancing-tip Mach numbers exceed 0.9.

The second type of impulsive noise comes from the inter-
action of the rotor blades with their vortical wake systems.
These interactions cause rapid changes in blade airloads that
lead to high noise in the far field. These blade-vortex inter-
actions (BVIs) are particularly important near urban areas and
are most prevalent when helicopters are descending for land-
ings.

Rotorcraft designers require three things to systematically
reduce HSI and BVI noise. First, they need high-accuracy
methods for predicting far-field rotor noise. Second, they need
a way to analyze these predictions that identifies the causes of
the offending noise. The third requirement is an ability to alter
the rotor blade shape or the rotor blade motion to reduce the
far-field noise. This paper describes a new acoustics prediction
and analysis methodology that addresses the first two of these
three objectives. This new methodology focuses heavily on
new and emerging computer algorithms, audio and visual ren-
dering tools, and parallel processing. These new techniques
provide a powerful framework for improved understanding of
rotorcraft noise with an aim to reducing it.
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Recent advances in rotorcraft noise prediction have come
from combinations of computational fluid dynamics (CFD) and
Kirchhoff methods. Finite difference solutions to the full po-
tential or Euler/Navier—Stokes equations are used close to the
rotor blades to model the near-field aerodynamics and acous-
tics. These near-field solutions are then interpolated onto a
surface that completely encloses the rotor blades. A Kirchhoff
integration over this surface carries the near-field acoustics so-
lution to any point in the far field. These hybrid methods have
the advantage that the nonlinear acoustic propagation is ac-
curately modeled by the CFD solution close to the rotor blades
where compressibility is important. Away from the rotor
blades, it is no longer practical to compute the CFD solution
over a large volume because numerical dissipation causes a
loss of accuracy in the acoustic signal. The Kirchhoff integra-
tion is much more computationally efficient than the CFD
methods for acoustic propagation over large distances with no
dissipation. It assumes a constant speed of sound outside the
Kirchhoff surface, which is a very good approximation away
from the rotor blades. Examples of these hybrid CFD/Kirch-
hoff methods for computing both HSI and BVI helicopter
noise are given in Refs. 2—-12.

Up until now, these CFD/Kirchhoff techniques have been
used to compute acoustic signals at a handful of far-field ob-
server locations to compare with experimental microphone
measurements. While these types of comparisons are useful
for the purpose of validation, they do not exploit the full ca-
pabilities of these new acoustic prediction methods. The CFD/
Kirchhoff formulations can compute far-field acoustic pres-
sures at many observer locations covering large regions of the
flowfield. When viewed as a whole, these acoustic signals give
a great deal of insight into the far-field propagation character-
istics of helicopter noise. This is particularly important for tilt-
rotor BVIs, where many of the noise generation and propa-
gation mechanisms are not fully understood. Recent papers by
Lowson'” and Sim et al." clearly emphasize the need for de-
tailed studies of far-field helicopter noise propagation. Similar
audio and visual analyses can be performed with acoustic anal-
ogy methods such as the Ffowcs Williams and Hawkings equa-
tion'; however, it is easier to include the effects of nonlinear
acoustic propagation with the CFD/Kirchhoff method.

This paper describes several new computational tools for
computing and analyzing helicopter noise in the far field using
the new CFD/Kirchhoff formulation. First, we present a
method for speeding up the Kirchhoff integrations so that sev-
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eral thousand acoustic signals can be computed in a few hours.
We accomplish this by running the Kirchhoff code on an IBM
SP2 multiprocessor. The Kirchhoff integration is very well
suited for parallel implementation and gives near-ideal speed-
ups when modified to run on the SP2. Once the Kirchhoff code
has computed the acoustic signals for all of the far-field ob-
server locations, these signals are postprocessed to obtain vi-
sual and auditory information about the resulting noise. A com-
puter graphics program creates animated three-dimensional
images of the acoustic pressure waves; whereas an interactive
audio system converts the computed digital acoustic signals
into sound. In addition, we present a new technique to identify
the sources of far-field noise on the Kirchhoff surface. We
demonstrate these new analysis tools for rotorcraft cases with
both HSI and BVI noise.

CFD/Kirchhoff Integration Method

The CFD/Kirchhoff method consists of a CFD solution near
the rotor blades followed by a Kirchhoff integration to prop-
agate the acoustic signals to the far field. In this paper, an
Euler/Navier—Stokes flow solver called TURNS '>' computes
the near-blade CFD solution. The TURNS code solves the
Navier—Stokes equations about rotating helicopter blades.
Since viscous effects are small for the cases considered in this
paper, we run the TURNS code in the Euler mode. All non-
linear effects on the acoustic propagation are accurately mod-
eled within the framework of the Euler equations.

The Kirchhoff formulation from Farassat and Myers'’ is
used to evaluate the acoustic pressure P at a fixed observer
location x and observer time ¢. In the general case, the Kirch-
hoff surface S can deform and have arbitrary motion; however,
the applications in this paper use a nonrotational, rigid surface,
with linear translational motion. With these simplifications, the
Kirchhoff formula becomes

1 E, E,P
P(x, t) =E J; |:|r|(1 — Mr) + r2(1 — Mr):|1 ds (1)

The expressions for E, and E, are given as
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The Kirchhoff surface translates with the rotor hub at Mach
number M. The distance between a point on the Kirchhoff
surface and the observer is given by |r| M, and M, are the
components of M along the local surface normal n and the
radiation direction r. M, is the Mach number tangent to the
Kirchhoff surface, P, is the derivative of P along the surface
normal, P is the time derivative of pressure, and V.P is the
gradient of the pressure on the Kirchhoff surface. The free-
stream speed of sound is assumed uniform at a.., and 0 is the
angle between n and r. The simplified form for E, in Eq. (3)
is taken from Myers and Hausmann.'® The observer can either
be moving or stationary. An observer that moves with the rotor
hub corresponds to a wind-tunnel noise simulation, and a sta-
tionary observer represents a helicopter flyover.

Figure 1 shows a representative Kirchhoff surface in the
nonrotating reference frame. The rotor blades spin inside the
surface that consists of top, bottom, and side meshes. Each of
these three meshes is discretized with approximately 30,000
points. Evaluation of the acoustic pressure in Eq. (1) first re-
quires a spatial interpolation of pressure and pressure deriva-
tives from the rotating CFD grid onto the nonrotating Kirch-
hoff mesh. These spatial interpolations are performed in the
CFD code at run time. The interpolated Kirchhoff surface pres-
sures and pressure derivatives are written to disk at typical

Fig. 1 Helicopter blades rotate inside the nonrotating Kirchhoff
surface.

intervals of a 1-deg azimuthal angle for a complete cycle of
blade rotation. Overset grid techniques are used for the spatial
interpolations onto the Kirchhoff surface. Either the DCF3D
code from Meakin," or the PEGSUS code from Suhs and Tra-
mel® can be used for these interpolations with a negligible
impact on run time for the CFD codes. References 8 and 12
give details on these interpolation techniques; Refs. 7 and 8
provide additional details on the Kirchhoff formulation.

Evaluation of the acoustic pressure in Egs. (1)—(3) also re-
quires a temporal interpolation in the stored database of Kirch-
hoff-surface pressures. The integrand must be evaluated at the
time of emission T for each differential area on the Kirchhoff
surface. This is also known as the retarded time. Appropriate
values of retarded time are determined by noting that the time
delay between the emission of the acoustic signal and its ar-
rival at the observer is equal to the distance that this signal
must travel, divided by the freestream speed of sound. This
formulation leads to a quadratic equation for 7. One of the
roots is nonphysical and discarded. We retrieve the appropriate
pressure and pressure derivatives at this emission time using
linear temporal interpolation in the database of stored pressure
values on the Kirchhoff surface.

For a Kirchhoff surface with 86,400 points, the Kirchhoff
integration code requires 0.05 Cray C-90 CPU seconds for
each pressure evaluation in Egs. (1)-(3), at an observer lo-
cation x in space, and an observer time f. Thus, at each ob-
server location, these numbers correspond to a total of 9 Cray
C-90 CPU seconds for a periodic time—history consisting of
180 pressure evaluations. The Kirchhoff program runs at 470
MFLOPS on the C-90. Improved coding for the temporal in-
terpolations gives an overall speed that is approximately 20
times faster than the CPU times reported in Ref. 8.

An alternative to the nonrotating Kirchhoff formulation de-
scribed earlier is to use a Kirchhoff surface that rotates with
the rotor blades. The advantage of this rotating-surface for-
mulation is that spatial interpolations onto the Kirchhoff sur-
face are not required since the Kirchhoff grid coincides with
part of the rotating CFD mesh. Also, the rotating Kirchhoff
surface typically requires fewer grid points than a nonrotating
one. Reference 8 presents results from both the rotating- and
the nonrotating-surface Kirchhoff methods. The two methods
used the same CFD solutions as inputs and gave similar results.
Computer resource requirements were comparable for both
methods; however, the nonrotating-surface method was more
robust, particularly for high-speed rotor cases.

One potential problem with the Kirchhoff formulation is that
it contains a Doppler singularity that requires subsonic motion
of the Kirchhoff surface. This requirement places a restriction
on the outer radial location for a rotating Kirchhoff surface. If
it is too far from the rotor blade tip, it will have supersonic
motion, which is not allowed. On the other hand, if the surface
is too close, then the acoustic solution may be inaccurate. The
nonrotating-surface formulation removes the rotational com-
ponent of motion from the Kirchhoff surface. The resulting
translational motion is always subsonic for a helicopter rotor.
Thus, the nonrotating Kirchhoff formulation avoids the Dopp-
ler singularity problem.
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Parallel Implementation

Implementation of the rotating and nonrotating Kirchhoff
integrations on parallel computers is straightforward because
the Kirchhoff-surface is composed of regular structured grids
that require very little processor-to-processor communication
during the computation. The Kirchhoff surface is divided into
patches, and each patch is assigned to a processor. Virtually
no communication is needed among processors except for the
final summation of the integral contributions from each surface
patch. The Kirchhoff integrations were run on the 148-node
IBM SP2 multiprocessor installed at NASA Ames Research
Center. The parallel code uses a message-passing paradigm
and is portable to any distributed-memory architecture that
supports Fortran 90 and the MPI (message-passing interface)
library.

The Kirchhoff surface and associated pressure files are
stored as a series of two-dimensional arrays, each with a size
Of (i1 Jma)- These data must be partitioned and distributed
among the processors to run the computation. Since our SP2
is restricted to serial I/O, one host processor reads and scatters
the data to the working set of P processors. Each processor
receives a contiguous strip of ({mmx X Juma)/P rectangular ele-
ments of the Kirchhoff surface. Each rectangular element on
the Kirchhoff surface is composed of four node points and
associated pressure data. This partitioning provides for bal-
anced loads among the processors and local nearest-neighbor
computations on each processor, thereby minimizing cache
memory misses.

A more memory-efficient way to partition the Kirchhoff sur-
face data to the processors would be to use two-dimensional
blocks Of (imax/P, jmax/P) surface elements on each processor.
This strategy would significantly reduce the required data
overlap at the nodal boundaries between partitions. However,
this two-dimensional partitioning of surface elements would
degrade the cache performance on each processor and com-
plicate the local index computations when compared to the
one-dimensional surface-element partitioning described earlier.
Because of the relatively small value of i, compared to the
available memory on each processor, we chose the one-di-
mensional partitioning so that each processor receives contig-
uous strips of surface elements.

Another possible parallel strategy for this problem is to split
the far-field observer locations equally among the processors.
This implementation would be the most memory-intensive of
any approach, since each processor would require a local copy
of the entire database of Kirchhoff-surface pressure informa-
tion. However, computational time would be similar to that
required by the other partitioning strategies.

Because no communication is required until a final global
summation, and the I/O is independent of the number of pro-
cessors, the actual run time on the SP2 scales by over 98% as
the number of processors increases. As a result, with 60 pro-
cessors on the SP2, and 86,400 points on the Kirchhoff sur-
face, we can compute a periodic time history of 180 pressure
evaluations for each of 7533 far-field observer locations in
about five CPU hours. A similar calculation on one processor
of a Cray C-90 requires over 20 CPU hours. The real payoff,
however, comes from the scalability of the parallel implemen-
tation. This same calculation would require only about 35 CPU
minutes to complete on a 512-node SP2.

Visual Postprocessing

Figure 2 shows a sample grid of far-field observer locations
for the operational loads survey (OLS) rotor that was experi-
mentally tested by Schmitz et al.> These grid points are lo-
cated in the plane of the rotor between 2—12 blade radii from
the rotor hub. Overall, this grid contains a total of 7533 ob-
server points. Time histories of acoustic pressure were com-
puted for each of these observer locations using the parallel
Kirchhoff code on an SP2. These unsteady results were then
animated and visualized on a Silicon Graphics workstation.
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Fig. 2 Far-field grid of observer points for the Kirchhoff acous-
tics simulation.

The animated results give a clear picture of the unsteady
propagation of acoustic signals in the far field, as will be
shown later in this paper. This approach has the advantage that
the entire field can be viewed at once. It conveys much more
information than what can be seen from a handful of far-field
experimental microphones. Another benefit of the Kirchhoff
animations is that they can cover large regions of the acoustic
far field with high accuracy. Wind-tunnel geometric constraints
typically limit experimental microphone placement to a region
that is less than three or four radii from the rotor blades. These
microphone locations may be too close to accurately represent
the acoustic far-field propagation. There is no restriction, how-
ever, on the locations of the far-field observer points in the
computer simulations.

Audio Postprocessing

Time-dependent CFD/Kirchhoff rotorcraft acoustic simula-
tions are well-suited for audio playback. The CFD/Kirchhoff
integration provides pressure data at discrete locations in the
far-field, such as those shown in Fig. 2. Audio playback is
obtained by using the Stereophonic Acoustics Software Library
that has been recently developed at NASA Ames Research
Center. This software package allows the user to interactively
select individual grid points where pressure data can be played
over headphones or stereo speakers connected to a Silicon
Graphics Indigo computer. The digital pressures for the entire
field are scanned for maximum and minimum amplitudes and
then scaled for 16-bit stereo sound. The user can add a slight
phase shift between the signals for each ear for added realism.
This phase shift simulates the interaural time delay that con-
veys spatialized acoustic perceptions to the human brain.

Sample computed results for the OLS rotor cases in Ref. 21
have been processed for the audio playback described earlier.
Although we cannot effectively convey the audio results in this
paper, they are quite realistic. This is particularly true when
played back on audio systems with powerful amplifiers and
accurate low-frequency response.

Identification of Noise Sources

The successful design of low-noise rotors requires a con-
nection between far-field noise predictions and the sources of
noise at the rotor disk. This is particularly true for BVI cases
where the highest noise levels may originate from only one or
two localized BVIs. A relatively small change in blade trajec-
tory and/or blade geometry may locally increase the miss dis-
tance for a BVI event and drastically reduce the far-field noise.
The main design issues are where and how to modify the blade
shapes and/or blade motions to control these BVIs.

The nonrotating Kirchhoff formulation can be modified to
provide information on the locations of the main sources of
rotor noise. We accomplish this by computing the integrand in
Eq. (1) at each node on the Kirchhoff surface at a particular
observer location and time when the noise level is high. Recall
that these integrands are all evaluated at different retarded
times. A contour plot is then constructed from these nodal in-
tegrand values. This contour plot shows the relative contri-
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butions from each surface point to the far-field acoustic pres-
sure. Such a plot is similar to a source strength distribution on
an acoustic planform; however, the shape of the Kirchhoff sur-
face does not change with time.

Although these Kirchhoff-surface contour plots represent
noise that originates at the rotor blades, the precise locations
of the rotor blades are still in question at the time when this
noise was produced. This uncertainty arises from the finite
propagation distance between the rotor blades to the Kirchhoff
surface. However, this propagation distance is small since the
Kirchhoff surface is only one or two chords away from the
rotor disk. Thus, the locations of high noise contributions at
the Kirchhoff surface should roughly correspond to the loca-
tions of the rotor blades when these noise contributions were
produced.

When paired with some knowledge of the rotor tip—vortex
locations, a designer can identify the rotor BVI events that
produce the far-field noise. Modification of the blade trajec-
tories and/or tip—vortex production in these regions has a high
potential for noise reduction in the far field. We use the term,
Kirchhoff-surface acoustic tracebacks, to describe this noise-
source identification technique. It was first used in Ref. 12 for
cases with HSI noise. Applications of the technique for BVI
noise are described later in this paper.

Results: High-Speed Impulsive Noise

The acoustic analysis methods described earlier have been
applied to the OLS rotor blade cases that were experimentally
tested by Schmitz et al.>' In this experiment, acoustic signals
were recorded at several far-field locations from a 1/7 scale
model of the Army’s AH-1 two-bladed helicopter main rotor.
The test condition for this paper has a hover-tip Mach number
0f 0.665 and an advanceratio of 0.258. This yields a maximum
advancing-tip Mach number of 0.837 and significant transonic
flow on the advancing side of the rotor disk. This case is mod-
eled as a nonlifting rotor blade to simplify the CFD analysis.
Lifting rotor calculations require fine grids to capture the rotor
wake systems. This is not necessary in this case since rotor
lift has little effect on HSI noise in the plane of the rotor
blades.” The Kirchhoff surface is located approximately 1.5
chords from the rotor blade in all directions.

Reference 8 describes this case in more detail and gives
comparisons of predicted acoustic pressures using the CFD/
Kirchhoff method to the experimental microphone data at sev-
eral locations in the far field. Figure 3 shows one of these
comparisons for a microphone located in the plane of the rotor
and 3.44 rotor radii directly upwind from the rotor hub. The
comparison shows good agreement between the prediction and
the experimental data. Reference 8 shows similar results for
the other microphone locations.

The observer grid in Fig. 2 is used for computing the far-
field acoustic pressures in the plane of the rotor blades. A rel-
atively fine (81 X 93) grid of far-field observers is used since
the propagating acoustic waves are highly impulsive. The use
of coarse grids causes interpolation errors when the acoustic
waves are not aligned with the far-field observer grid. The
TURNS code for this case required approximately 2.5 C-90
CPU hours to complete the unsteady solution for one blade
revolution on a 135 X 50 X 35 grid. The CPU requirement
for interpolations onto the Kirchhoff surface is negligible. The
nonrotating Kirchhoff surface consists of 86,400 mesh points
and the temporal resolution for the observer locations corre-
sponds to 1 deg of blade azimuthal angle. This means that 180
Kirchhoff integrations are required at each of 7533 observer
locations to obtain the predictions for one rotor cycle.

Figure 4 shows a photograph from an animation of the far-
field acoustic pressure contours. The time corresponds to rotor
blade positions of 90- and 270-deg azimuthal angle. These
pressure values are scaled by the distance from the rotor hub,
which helps to show the directivity of the noise in the far field.
The highest-scaled acoustic amplitude occurs along the direc-
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Fig. 4 Acoustic pressures in the plane of the rotor for the OLS
rotor blade.

tion of flight, directly ahead of the rotor blade and slightly to
the advancing side. The experimental data® also show this
same behavior.

The animated results give a clear picture of the unsteady
propagation of acoustic signals in the far field. The advantage
of this approach is that the entire field can be viewed at once.
This global view conveys much more information than that
obtained from a handful of experimental microphones, an im-
portant consideration when evaluating different rotor designs
for far-field noise reduction. With a limited number of experi-
mental microphones, one runs the risk that a design change
may locally reduce the noise at a single microphone, but in-
crease the noise in a region where no microphones are present.
In addition to providing a global view of the far-field noise,
the CFD/Kirchhoff calculations also provide acoustic infor-
mation at much larger distances from the rotor hub than wind-
tunnel experiments.

The time-dependent CFD/Kirchhoff results in Fig. 4 are
well-suited for audio playback. The acoustic predictions have
been incorporated into an interactive computer simulation that
allows the user to choose any position in the far-field relative
to the spinning rotor system. The computer screen shows the
helicopter fuselage and spinning rotor blades from this view-
point. Once the viewpoint is set, the simulation reads from the
stored far-field acoustic pressures to produce an audio render-
ing of the helicopter noise. The viewpoint can be changed to
allow the user to compare the rotor noise at differentlocations.
This type of simulation is a good model for a virtual environ-
ment that allows for rapid comparisons of helicopter noise in
urban environments with a variety of flight paths for approach
and landing.

Parallel BVI Noise

We have also used the new acoustics analysis techniques to
simulate the isolated parallel BVI experiment of Kitaplioglu
and Caradonna.”® In the experiment, a vortex generator is
placed upstream of a rotor in a wind tunnel. The vortex gen-
erator produces a vortex of known strength and trajectory. This
vortex interacts with the rotor blades to produce rapid changes
in lift that characterize the BVI event. The rectangular rotor
has a radius of 7.125 blade chords and a NACA 0012 airfoil
section. Figure 5 shows a schematic of the experimental and
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computational setup. As shown in Fig. 5, an experimental mi-
crophone array is located 20 chords from the rotor hub at the
270-deg azimuthal angle position on the retreating side of the
rotor disk. Positive azimuthal angles are defined in the coun-
terclockwise direction, with 0 deg being farthest away from
the oncoming freestream velocity.

The computed test case is the same as that given in Ref. 8.
The TURNS code models the vortex analytically as described
in Refs. 23 and 24 and computes the surrounding flowfield to
satisfy the conservation equations. The analytic vortex model
simplifies the analysis since the vortex cannot diffuse from
numerical dissipation in the CFD method. The rotor blade is
set at zero angle of attack, which means that the lift forces on
the blade arise only from the BVIs. Computation times and
grid sizes for this BVI case are essentially the same as those
for the HSI case described earlier. Numerical experiments
showed that time steps equal to 0.25 deg of a rotor azimuthal
angle with three Newton subiterations per time step give far-
field noise results that are independent of the grid size and
choice of time step.

The test case has a hover-tip Mach number of 0.713 and an
advance ratio of 0.197. The vortex has a strength of 1.05V..c,
where V. is the tunnel freestream velocity and c is the rotor
chord. The sign of the vorticity is opposite to the direction of
the freestream velocity, and the vortex passes through the rotor
hub one-quarter chord below the rotor disk. The Kirchhoff
surface for this case is approximately 1.5 chords away from
the rotor blades in all directions, and numerical studies in Ref.
8 indicate that the computed noise is grid-independent at this
Kirchhoff-surface location.

Figure 6 compares computed and experimental pressure val-
ues for two microphone locations. Microphones 2 and 5 are
located 12.49 and 21.45 chords below the plane of the rotor,
respectively. Additional comparisons between computations
and experiments are presented in Ref. 8. The computations and
experimental data show excellent agreement for the positive
part of the BVI signal. However, the computations also show
a negative signal that is not present in the experimental data.
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Fig. 5 Experimental and computational setup for the parallel
BVI.

Three different planar observer meshes were used to animate
the resulting far-field noise propagation. Each mesh contained
7533 points and covered a region extending from 2 to 12 blade
radii similar to that shown in Fig. 2. One of the meshes is
located in the plane of the rotor blades, and the other two are
21.45 and 10.725 chords below the rotor plane.

Figure 7 shows a close-up of the acoustic pressure contours
21.45 chords below the rotor disk near the experimental mi-
crophone stand. Three separate acoustic waves are visible in
this figure. First, the far-left side of the figure shows a wave
that propagates upstream from the rotor hub. Although it is not
visible from the grayscale image in Fig. 7, analysis of color
contours shows that this wave has negative acoustic pressure
and originates on the advancing side of the rotor disk near a
blade azimuthal angle of 90 deg. The CFD calculation shows
quite a bit of transonic flow in this region, and the resulting
acoustic signal propagates ahead of the rotor as HSI noise.

The other two pressure waves are circular with their centers
offset by approximately one rotor diameter. The circular wave
on the left has a positive pressure and is produced by the BVI
when the blade is located at 180-deg azimuthal angle. The
second wave has a negative pressure and results from the BVI
at 0-deg azimuthal angle. The BVI acoustic waves generally
propagate in a dipole pattern,” which explains why they in-
tersect the observer plane in a circle.

Note that the two circular BVI waves intersect near the lo-
cation of the experimental microphones on the retreating side
of the rotor disk. The negative wave from the 0-deg BVI
passes over the microphones slightly behind the positive wave
from the 180-deg BVI. This effect is reflected in Fig. 6, where
the computed microphone pressure shows a positive peak, (a),
followed by a negative peak, (b). Most likely, the vortex in
the experiment dissipates considerably when it hits the rotor
hub, and the BVI at the 0-deg location is not nearly as strong
as the one at 180 deg. The computations assume that the vortex
strength and core-size are undisturbed as it passes through the
rotor hub, and that the vortices are identical at the 0- and 180-
deg BVI locations. This assumption of constant vortex strength
in the prediction explains the discrepancies between experi-
mental and computational results in Fig. 6.

We can confirm this explanation by performing tracebacks
to identify the sources of noise on the nonrotating Kirchhoff
surface. The contributions from the Kirchhoff surface to the
acoustic pressure peaks, (a) and (b), are shown in Fig. 8. The
highest pressure contours in Fig. 8a are located near the 180-
deg BVI location. The lowest pressure contours in Fig. 8b are
located near the 0-deg BVI location. The resulting predicted
acoustic pressures at microphone 5 show contributions from
both of these BVI events. This case illustrates why it is im-
portant to include the contributions from all of the rotor blades
when simulating general rotor BVI cases.

Figure 9 shows a far-field view of the propagating acoustic
waves in the same plane as shown in Fig. 7. The two BVI
waves propagate to the retreating and advancing sides of the
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Fig. 6 Parallel BVI comparison of computed and experimental acoustic pressures.
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Fig. 7 Close-up of acoustic propagation for a parallel BVI at
21.45 chords below the rotor disk.

b)

Fig. 8 Acoustic tracebacks on the Kirchhoff surface for the com-
puted positive, (a), and negative, (b), pressure peaks at micro-
phone 5. These views show the side and the bottom of the Kirch-
hoff surface.

Fig. 9 Far-field view of parallel BVI acoustic propagation 21.45
chords below the rotor disk.

.

Fig. 10 Parallel BVI acoustic propagation in the plane of the
rotor blades.

rotor disk while the HSI wave propagates upstream and dom-
inates the acoustic signal in the far-field. It is clear from this
figure that the computational results give a much more com-
plete picture of the acoustic far field than the experimental
data.

Figure 10 shows a photograph of the computed parallel BVI
acoustic pressures in the plane of the rotor. Since the BVI
acoustic waves propagate in dipole patterns, they are not vis-
ible here. HSI waves typically propagate in a monopole pat-
tern® and these dominate the in-plane rotor noise. The highest
amplitude acoustic signals propagate upstream from the rotor
hub. All far-field acoustic pressure contours in this paper are
scaled by the distance from the rotor hub.

Oblique BVI Noise

In addition to parallel BVIs, a more common scenario occurs
when the vortex passes beneath the rotor blades at an oblique
angle. We can simulate an idealized oblique interaction by
moving the vortex generator away from the centerline of the
rotor hub. Figure 11 shows such a case where the vortex has
moved 2.13 chords toward the advancing side of the rotor disk.
Caradonna et al.” tested this configuration in the U.S. Army
Aeroflightdynamics Directorate 7 X 10-ft wind tunnel at
NASA Ames Research Center, and recorded unsteady blade
surface pressures. Far-field acoustic measurements were not
recorded, however. Numerical simulations of this idealized
oblique BVI were reported in Ref. 26 with a full-potential CFD
code, and in Ref. 27 with an early version of the TURNS code.

The test conditions for this case have a hover-tip Mach num-
ber of 0.763 and an advance ratio of 0.197. The vortex has a
strength of 1.218V.c, and the sign of the vorticity is aligned
with the freestream velocity. The vortex is located 0.25 chords
below the plane of the rotor, and the outer tip of the rotor
blade passes over the vortex on the advancing side at 17- and
at 163-deg blade azimuthal angles. Large regions of transonic
flow occur near the tips of the rotor blades between 70- and
170-deg azimuthal angles. This means that the BVI event in
the second quadrant of rotor motion is highly nonlinear and
unsteady.

The TURNS code was run in the Euler mode for this sim-
ulation using the same computational grid that was used for
the parallel interaction case. Because of the highly unsteady
flow in the second quadrant of rotor motion, the time step was
reduced to an equivalent of 0.125-deg azimuthal angle with
five Newton subiterations at each time step. Numerical exper-
iments showed that these choices yielded solutions that were
independent of the choice of time step. Because of the strong
transonic flow in this case, the Kirchhoff surface was located
a distance of two chords from the rotor blades in all directions.

Computed results for blade surface pressures are similar to
those computed by Caradonna et al.*® and Srinivasan and
McCroskey”” for the same test case. Minor differences appear
near the 165-deg azimuthal angle, where the highest transonic
and unsteady effects are present. Differences between Ref.
27 and the current calculations are most likely because of
the differences in the computational grids. Srinivasan and
McCroskey” used a 21 X 101 X 15 O—0 mesh with the outer
boundaries located 8 chords from the rotor in all directions.

FLOW DIRECTION

Fig. 11 Experimental and computational setup for an idealized
oblique BVI.

Fig. 12 Acoustic propagation for the oblique BVI.
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Fig. 13 Acoustic tracebacks on the Kirchhoff surface for an oblique BVI. The observer location is 30.28 chords upstream of the rotor
hub and 21.45 chords below the plane of the rotor. Viewpoint shows bottom and side of the Kirchhoff surfaces.

The present calculations used a 151 X 40 X 50 C—H mesh
with the outer boundaries located approximately 12 chords
away from the rotor blade in all directions.

Figure 12 shows a photograph of the computed pressure
contours in a plane 21.45 chords below the rotor disk. Three
distinct acoustic waves can be seen in a region that is between
3-7 rotor radii upstream of the rotor hub. All three of these
waves propagate upstream and each is caused by a different
event on the rotor blades. The first of these three waves (as
seen by a stationary observer) has a positive pressure and is
the result of the downstream BVI event near the 17-deg blade
azimuthal angle. The second wave has a negative pressure and
is caused by the high-speed impulsive noise that emanates
from the rotor blade tip in the second quadrant of rotor motion.
The third wave also has a negative pressure and comes from
the BVI event near the 163-deg blade azimuthal angle. The
origins of these three acoustic waves are fairly clear from the
complete color animation of the computed acoustic pressures.
These noise sources can be confirmed by examining the acous-
tic tracebacks to the Kirchhoff surface for an observer that is
located upstream of the rotor hub.

Figure 13 shows three acoustic tracebacks for an observer
who is located 30.28 chords upstream from the rotor hub and
21.45 chords below the rotor disk. The pressure vs azimuthal
angle plot shows that the observer hears three distinct pressure
peaks, and these are labeled (a), (b), and (c) in Fig. 13. The
first is a positive pressure, and the source of this noise is shown
on the Kirchhoff surface in Fig. 13a. The main contribution to
the pressure at point (a) comes from the lower part of the
Kirchhoff surface, near the BVI event at the 17-deg blade az-
imuthal angle. The second pressure peak occurs at point (b),
and almost all of the contributions here come from the ad-
vancing side of the Kirchhoff surface as shown in Fig. 13b.
This negative pressure region is caused by HSI noise on the
advancing side, which radiates from the rotor blades in a
monopole pattern. Finally, the third pressure peak occurs at
point (c), and the sources of this noise are shown in Fig. 13c.
This figure shows both positive and negative pressures on the
side of the Kirchhoff surface in the second quadrant. These
disturbances result from the delocalized shock wave and their
net contribution to the far-field observer pressure is small. The
dominant contribution in Fig. 13c to the pressure peak at point
(c) comes from the lower section of the Kirchhoff surface close
to the BVI event near the 163-deg blade azimuthal angle. The
acoustic tracebacks confirm the earlier explanation for the or-
igins of the three acoustic waves shown in Fig. 12.

Summary and Conclusions

This paper describes a new methodology to predict and an-
alyze rotorcraft noise. This methodology consists of 1) CFD/

Kirchhoff far-field noise predictions, 2) parallel computer im-
plementation of the Kirchhoff integrations, 3) audio and visual
rendering of the computed acoustic predictions over large far-
field regions, and 4) acoustic tracebacks to the Kirchhoff sur-
face to pinpoint the sources of the rotor noise. When taken
together, these techniques exploit the power of new computer
technologies and offer the potential to significantly improve
our prediction capabilities and understanding of rotorcraft
noise.

These four prediction and analysis methods convey much
more information about the propagation of rotorcraft noise
than can be obtained from typical experiments. The visual ren-
dering shows details of the acoustic propagation over large
regions in the far field, and the acoustic tracebacks to the
Kirchhoff surface help to identify the noise sources at the rotor
disk. The computed results give an accurate picture of both
the far-field noise and its origins on the rotor blades. The ex-
cellent parallel efficiency of the Kirchhoff integrations should
allow for future acoustic simulations with larger numbers of
far-field observers, possibly leading to fully three-dimensional
animations of rotary—wing acoustic waves.

The current CFD/Kirchhoff methods provide accurate sim-
ulations for just about any type of in-plane HSI noise. This is
because the rotor wake system does not play a major role in
this type of noise. The CFD/Kirchhoff analysis would be a
good candidate for a blade-design optimization study to reduce
HSI noise. General cases with BVI noise are more difficult
because the CFD codes must capture the rotor vortex wake
systems without excessive numerical dissipation. The Kirch-
hoff integration method in this paper is compatible with any
rotary—wing CFD code, so that future improvements in CFD
wake capturing should directly result in improved BVI noise
predictions.
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