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Abstract

Phased array beamforming results of the F31/A31 historical baseline counter-rotating open rotor
blade set were investigated for measurement data taken on the NASA Counter-Rotating Open Rotor
Propulsion Rig in the 9- by 15-Foot Low-Speed Wind Tunnel of NASA Glenn Research Center as well as
data produced using the LINPROP open rotor tone noise code. The planar microphone array was
positioned broadside and parallel to the axis of the open rotor, roughly 2.3 rotor diameters away. The
results provide insight as to why the apparent noise sources of the blade passing frequency tones and
interaction tones appear at their nominal Mach radii instead of at the actual noise sources, even if those
locations are not on the blades. Contour maps corresponding to the sound fields produced by the radiating
sound waves, taken from the simulations, are used to illustrate how the interaction patterns of circum-
ferential spinning modes of rotating coherent noise sources interact with the phased array, often giving
misleading results, as the apparent sources do not always show where the actual noise sources are located.
This suggests that a more sophisticated source model would be required to accurately locate the sources
of each tone. The results of this study also have implications with regard to the shielding of open rotor
sources by airframe empennages.

Nomenclature
B blade count
( yes nz)) amplitude of oscillation
M; blade tip Mach number
M, flight Mach number
n harmonic indice
X, Y coefficients ranging from 1-3
z radial span of the blade
z Mach radius
0 angle of the viewer to the flight axis
Subscripts:
A aft rotor

F forward rotor
1 acoustic harmonic
2 loading harmonic
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Introduction

Phased arrays have been effectively applied to many problems where sound source localization was
of engineering interest. In the case of propulsion noise, phased arrays have proven to be invaluable
diagnostic tools for pinpointing the dominant noise producing components of aircraft engines in both
model and full-scale applications (Refs. 1 to 4). An essential element of any phased array analysis is the
so-called beamforming step (Refs. 5 and 6), in which the acoustic data acquired by the array is used to
reconstruct a visual representation of the noise producing region. Normally the beamforming process
assumes that the noise is generated by compact, stationary, incoherent sources and in most applications
this does indeed provide source localization as a function of frequency consistent with the underlying
physics of the noise generation process. However, this is not always the case. This paper discusses one
example where beamforming using these conventional noise source assumptions provides counterintuitive
results. The case in point is the source localization for open rotors. In what follows beamforming is
applied to phased array data from a model scale open rotor blade set and the results are analyzed to show
the shortcoming of conventional beamforming methods. Actual measurement data from wind tunnel
measurements and synthesized data from simulations are used to illustrate the point.

Measurement Setup

Figure 1 shows a photo of the NASA Counter-Rotating Open Rotor Propulsion Rig (ORPR) (Refs. 7
and 8) driving the General Electric (GE) open rotor model, F31/A31, installed in the 9- by 15-Foot Low-
Speed Wind Tunnel at the NASA Glenn Research Center. F31/A31 is also known as the historical
baseline blade set, since it is representative of the late 1980s aerodynamic design methodology. The open
rotor model is roughly 1/7" scale, with the forward and aft rotor diameters being 0.652 and 0.630 m,
respectively. F31/A31 has 12 forward blades (designated F31) and 10 aft blades (designated A31). Details
regarding the blade set can be found in Reference 7.

The experimental phased array data were acquired using the OptiNAV Array48 system shown in
Figure 2. These tests were a part of a larger test campaign investigating open rotor technology from both
an aerodynamic as well as aeroacoustic point of view. Details regarding the test setup and examined
scenarios of the entire campaign can be found in Reference 7. Figure 2(a) shows the front face of the
microphone array, while Figure 2(b) shows the array installed in the sidewall of the wind tunnel. The
array consists of 48 flush-mounted microphones fixed in a 1 by 1 m aluminum plate. A camera is located
behind a window at the center of the plate. The camera is used to take a photo of the field of view of the
phased array system, and the data processing software superimposes the noise source localization contour

Figure 1.—Photo of the counter-rotating open rotor
model installed in the NASA Glenn 9- by 15-Foot
Low-Speed Wind Tunnel.
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(b)

Figure 2.—(a) Photo showing a close-up view of the Array48 system. (b) Photo showing the array

installed in the wall of the of the 9- by 15-Foot Low-Speed Wind Tunnel behind the Kevlar (DuPont,

Wilmington, DE) window.
maps on the photo. In order to reduce the boundary layer noise and improve the signal-to-noise ratio, the
phased array is recessed into a cavity and a sheet of Kevlar is stretched over the cavity, as previously
applied by Jaeger et al. (Ref. 9) This provides a smooth aerodynamic surface for the flow, while allowing
acoustic waves to pass through and reach the microphone array. A long sampling time and the removal of
the diagonal of the cross spectral matrix were also applied. All three of these techniques improve the
dynamic range of the results.

Though many configurations (i.e., blade angle settings, tip speeds, tunnel Mach number, etc.) were
examined during the phased array microphone investigations, one configuration suffices to examine the
observed phenomena discussed herein. This is the takeoff tip speed with nominal blade angle settings of
40.1° for the forward rotor and 40.8° for the aft rotor. The wind tunnel Mach number was 0.2. The rotors
were spinning at an equal (but opposite) mechanical rotational speed of 6590 rpm, resulting in a corrected
standard day value of 6450 rpm. The ORPR was operating at 0° angle of attack, and was in an isolated
configuration (i.e., no pylon or fuselage simulator). Microphone data were acquired for 45 sec at a
sampling rate of 96 kHz.

Simulation Setup

The synthesized phased array data were generated using the LINPROP open rotor tone noise code
(Ref. 10). The code computes the radiated open rotor tonal sound field from the rotor blade geometries
and unsteady aerodynamic blade loading distributions. The unsteady loading distributions were computed
using the commercial turbomachinery Computational Fluid Dynamics (CFD) code FINE/Turbo
developed by Numeca International. In these CFD investigations, the Nonlinear Harmonic (NLH)
methodology (Ref. 11) was applied in order to reduce the computational time required to run the time-
dependent simulations. The NLH method solves a finite number of the blade passing frequency harmonic
components of the time-dependent solution, ignoring all other unsteady components. In the results
presented herein, the blade loading mean pressure and the first three harmonics of the Blade Passing
Frequency (BPF) of each rotor were solved. The computational domain consisted of one blade passage
per blade row, including elements such as the hub and spinner, and extending out to seven tip radii in the
radial direction. The resulting 27.1 million grid points were split into multiple blocks and run on parallel
processors. The agreement between the measurement data and the simulation results encouraged the
further investigation of the sound field based on the CFD results. Further details regarding the CFD
simulation methodology and attained results can be found in Reference 10.

LINPROP predicts the sound field from the CFD results using an asymptotic approximation to the
Ffowcs Williams-Hawkings (FW-H) equation. In its present form, the code takes into account the loading
and the thickness noise sources, but ignores the contribution of the quadrupole source in the FW-H
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equation. In carrying out the asymptotic approximation to the integrals in the FW-H equation, LINPROP
does not require the assumption that the observer be in the farfield, making the results valid for any
observer position. Owing to the linear nature of the acoustic problem, the contribution of each rotor to the
sound field is computed separately and the results are added together. Since the aecrodynamic analysis
includes mean pressure and perturbation pressures up to the third harmonic, individual rotor tones nBPF
and nBPF, (arbitrary n) and interaction tones up to 3BPF+3BPF, can be computed using LINPROP.
Here the subscripts F and A refer to the forward and aft rotors, respectively. Further details regarding
LINPROP can be found in References 10 and 12.

The time-dependent acoustic field at each Array48 microphone location was synthesized with the
LINPROP code for the same blade angle setting, but slightly different corrected rpm, namely 6436, as the
measurement data. This slight rpm difference does not affect the results discussed in this paper. It should
also be mentioned that LINPROP does not predict the broadband noise, nor does it take into account the
blade-to-blade variations experienced in the wind tunnel, be that due to geometric imperfections of the
blades, blade angle variations or sensors mounted on the blades.

Processing of the Results

In acquiring and processing phased array microphone data, our goal is to locate the noise sources that
are responsible for the noise radiated from the open rotor. Traditional single microphone measurements
provide spectral content and directivity of the sound field, but cannot be used to locate the noise sources.

Beamforming is a process by which a time series of simultaneously attained acoustic data can be
processed in order to point the array at a series of examined grid points and determine the source strength
distribution (Ref. 6). This technique has proven to be a powerful tool in aerospace investigations,
providing a nonintrusive method for acoustic source localization. In this investigation delay-and-sum
beamforming in the frequency domain was applied to both the measured and synthesized phased array
data. The examined plane used throughout this study was the vertical plane that is parallel to the
microphone array and passes through the axis of the ORPR. The cross-spectral matrices created during
the processing of the data were constructed using a transform length of 4096, and with 6 dB subtracted
from the measurement results to account for the pressure doubling at the phased array plate surface. The
data sets were expressed in shaft orders rather than in Hertz in order to make the tone identification and
presentation of the results easier. As stated in the introduction, the beamforming process assumes that the
examined noise sources are compact, stationary, and incoherent. In most applications this provides source
localization as a function of frequency consistent with the underlying physics of the noise generation
process. However, this is not always the case, as will be seen here.

Results

The recorded microphone array data were processed with the intent of locating the dominant tone
noise sources along the span of the forward and aft blades, in order to better understand the noise
generation mechanisms of open rotors. Rather surprisingly, the beamforming analysis placed the
beamform peak locations for various tones either outboard of the blade tip or inboard of the blade root,
within the hub. An example of such results is shown in Figure 3, which depicts the beamforming results
for the BPFe+BPF, interaction tone. In this figure, as in similar figures to be presented later, the top half
shows the simulated data using the LINPROP code, and the bottom half shows the corresponding wind
tunnel data. The left half of the figure shows the beamform peak Power Spectral Density (PSD) spectrum,
while the right half shows the beamforming map for the examined frequency bin, which is indicated by
the red asterisk in the PSD plots. Clearly, beamforming has placed the apparent noise source near the axis
within the hub instead of somewhere on the blade. Note that both the measured and simulated data exhibit
the same behavior.
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Figure 3.—Beamforming results for the BPFr+BPF, interaction tone. Top row: simulated results. Bottom row:
measurement results. (a) Beamform peak PSD. (b) Beamform map.

It should be noted that while the LINPROP predictions indicate that this interaction tone is generated
by both the forward and aft rotors, it is generated disproportionately so by the aft rotor. Hence, the
location of the peak noise source is correctly identified in the beamform maps as being on the aft rotor.

Surprising results were also observed for other tones. Consider the blade passing tone of the aft rotor,
i.e., BPF4. As can be seen in Figure 4, the apparent noise source is now pinpointed by the beamforming
process as being located outboard of the aft blade tip. These results once again stand in contrast to the
expectation that the primary source of noise is the blade, and hence the noise sources should appear along
the span of the rotors in the beamform maps.

Other beamforming algorithms and deconvolution methods (besides the classical delay and sum
method illustrated here) were also tried. The various methods provided similar results, indicating that the
location of the apparent noise source is not influenced by the processing method. A comparison of
beamform maps generated for the same tone but at different rpm settings also showed similar results.
These consistencies suggest an underlying fundamental reason for the surprising results noted above.

The literature regarding counter-rotating propeller acoustics was investigated in an attempt to
understand these results. The earliest literature regarding dual-rotating propellers dates back to 1948,
when Hubbard (Ref. 13) investigated the effect of multiple blade rows located on one axis, finding that
interference patterns exist, which vary azimuthally, forming lobes. Much later Hanson (Ref. 14) applied
his unified theory for noise and performance analysis to counter-rotating propellers. He described how
acoustic interference results in spinning modes developing for unsteady loading conditions, gave formulas
for determining mode orders (number of lobes around the axis), and discussed how the noise only radiates
efficiently if certain criteria are met. He compared the radiation efficiency of counter-rotating open rotors
to the cut-off frequency of ducted turbomachinery, as previously described by Tyler and Sofrin (Ref. 15).
Hanson explained that certain interaction tones would radiate more efficiently than others. Parry and
Crighton (Ref. 16) further investigated the circumferential spinning modes, giving a formula for
calculating the radial station at which the radiation efficiency peaks for any given mode.
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Figure 4. —Beamforming results for the BPFa. Top row: simulated results. Bottom row: measurement results.
(a) Beamform peak PSD. (b) Beamform map.

Figure 5.—Diagram depicting the counter-
rotating open rotor configuration and
variables used in calculating the Mach
radius.

This radial station, z* (a normalized radius, where z° = 1 refers to the blade tip), is referred to in the
literature as “Mach radius” or “sonic radius” (see Eq. (1)). This name refers to the mode phase speed, the
speed at which the lobes of the given mode rotate around the axis, having a Mach number of 1 at z° when
examined from the viewpoint of the observer. The report goes on to say that if for any given angle of
viewer to flight axis (0) (see Fig. 5) there exists a radial section along the blade (z) where z =z in that
direction, then the radiation in direction 0 is dominated by contributions from the vicinity of z=z" rather

than the blade tip. A formula is also given for determining the combination frequencies ( f(nl,nz))

(frequencies at which interaction tones are generated). The results discuss how the interaction tones for
instances of harmonic indices (n; and n,) having opposite sign (difference tones) have poor radiation
efficiencies, since the mode phase speed will be subsonic along the entire span of the blade. In the work
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of Envia (Ref. 10), a different explanation for the poor radiation efficiency was given, showing the
relationship between the radiation efficiency and the azimuthal mode number, i.e., the absolute value of
the difference between the products of the harmonic indices and the blade counts, Equation (2). B refers
to the blade count, with subscripts 1 and 2 referring to the rotor of the acoustic harmonic and loading
harmonic, respectively. A connection is shown between the magnitude of the value attained with
Equation (2), and the radiation efficiency. Smaller values radiate more efficiently. It can be seen in the
comparison that, independently from the location of the Mach radius, the radiation efficiencies of most
difference tones are lower than those of sum tones.

Z* _ (nlBl —nsz) (I—Mx COS@) (1)
(mBM, +nyB,M, ) sind

| B =By | )

The location of the Mach radius (calculated for the angle 6 = 90 corresponding to a point near the
center of the phased array) is shown in Figures 3 and 4 as the red line on the beamform map (the green
lines depict the axis of the open rotor). It can be seen that the Mach radius predicts the location of the
apparent noise sources quite well. Note, however that the red line does not pass exactly through the center
of the beamform peak (i.e., its peak location). This is likely the result of multiple factors. First, in this
investigation the phased array, i.e., the observer, is not in the farfield (a stipulation for Equation (1)).
Second, the nominal Mach radius is calculated for the center of the array, where 0 is assumed to be 90°.
In reality the different microphone locations would correspond to slightly different Mach radii because of
the 6 dependence. In examining the errors associated with this simplification, it was found that the errors
are negligible in this case, but could be more significant for a larger array of microphones and should be
taken into account. Third, there is also an uncertainty associated with the position of the beamform peak,
as only a finite number of microphones are used in conducting the investigations. Note that the Mach
radius location agrees quite well with the beamforming results for both z'< 1 and z>1.

Note that the Mach radius corresponding to a given interaction tone is a function of the number of
blades and blade tip Mach number (M,) of each rotor as well as the location of the observer (or, in this
case, the phased array) relative to the counter-rotating open rotor. Consequently, Mach radius is a
function of the rotor diameter and rotational speed (through the tip Mach number dependence) but not a
function of the actual blade shape or blade setting angle. This indicates that the Mach radius
corresponding to an interaction tone produced by two different blade sets would be the same, provided
both blade sets were examined from the same viewer position and operating at the same flight Mach
number (M,), had the same blade tip Mach numbers and blade counts. It follows that two different blade
sets would produce the same noise source localization maps (as a function of Mach radius, but not
necessarily amplitude), provided (as is often the case in the experiment, and always the case in the
simulation) that the beamform map sources are located at the expected nominal Mach radius.

Contour plots of the wavefronts predicted by the LINPROP code provide insight as to why
beamforming locates the sources of coherent rotating noise sources at the nominal Mach radius (an
apparent noise source location) instead of at the actual noise source location. These wavefronts are shown
in the upper-right corner of Figures 6, 7, and 8, as well as in all similar figures appearing in the report.
The view depicted is from upstream-looking downstream and shows the pressure contours in the axial
plane containing the stacking axis of the aft rotor. The red and blue regions refer to the positions where
the sound waves are in phase and interfere to give maximum and minimum values, while the other colors
refer to areas where the sound waves are out of phase, giving intermediate values.
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Figure 6.—Beamforming results for the BPFr. Top row: simulated results. Bottom row: measurement results.
Left side: Beamform peak PSD. Middle: Beamform map. Right side: Contour map of the sound field.
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Left side: Beamform peak PSD. Middle: Beamform map. Right side: Contour map of the sound field.

NASA/TM—2013-217902 8



8

% SRR
: B F+2A | I . ’\\\\M\§\>\\\\ ?
‘. | ' " | TN
1000 2 4 Bqu (x:FF Amﬂ) 12 14 16 + ; Cy 1&%—//////;/‘/“%&‘ /

Freq (x :PF Aft)
(a) (b) (c)
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Left side: Beamform peak PSD. Middle: Beamform map. Right side: Contour map of the sound field.

The BPF wavefront exhibits a 12 lobe pattern (corresponding to the 12 rotor blades, Fig. 6) that
rotates clockwise about the rig axis in the same direction as the front rotor. The wavefront for BPF
(Fig. 7) exhibits a 10 lobe pattern corresponding to the 10 aft blades and rotates counter-clockwise about
the rig axis in the same direction as the aft rotor blades. The wavefront for the BPFe+2BPF 4 tone (Fig. 8)
has an 8 lobe pattern corresponding to the azimuthal mode number of this interaction tone as given by
Equation (2). The pattern shown in Figure 8 is a superposition of the contribution to this interaction tone
from both rotors, though for this case it is dominated by the contribution from the aft rotor and hence it
rotates in the same direction as the aft rotor.

The propagation of the sound waves from coherent noise sources away from the model coupled with
the rotation of the noise sources about an axis produces the spiral patterns depicted in these contour plots,
as the sound waves add up constructively or destructively. The grey rectangle superimposed at the right in
the contour plots depicts the location of the Array48 phased array system relative to the open rotor. The
phased array beamforming process attempts to locate the source of the sound waves intercepted by the
array microphones. In essence, the process is akin to determining the normal to the wavefronts at each
microphone location and tracing these normals back to the source region. Their crossing point represents
the estimated apparent noise source location. Three such normals spanning the vertical span of the array
are shown in Figures 6, 7, and 8. These crossing points do in fact converge at the source location
identified by the beamforming process in all cases. These clearly illustrate how the beamforming process
can place the noise at an apparent (as opposed to real) noise source location because of the spiraling
nature of the wavefront propagating away from the open rotor. The fact that the virtual source locations
are the same for most of the measured tones indicates that the same sorts of spiral wavefronts are also
generated in actual experiments. As was stated earlier, the theory in Parry and Crighton (Ref. 16) states
that the noise sources will radiate most efficiently from the Mach radius for supersonic tip speeds, i.e., if
the Mach radius is located on the blades. As can be seen in the results, the rotating coherent noise sources
always radiate most efficiently from the nominal Mach radius, and give the apparent noise sources as
being located at these positions.

It should be noted that, while the apparent noise source locations for the actual and simulated data
agree well in most cases, this is not a general result. There are cases for which the experimental beamform
maps do not line up with the expected nominal Mach radius. Figure 9 shows the case corresponding to
2BPFr. The simulation results line up with the corresponding nominal Mach radius as would be expected,
while the measurement results show the sources in an entirely different location.
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Figure 9.—Beamforming results for the 2BPFr. Top row: simulated results. Bottom row: measurement results.
Left side: Beamform peak PSD. Middle: Beamform map. Right side: Contour map of the sound field.

Each nominal Mach radius location corresponds to a specific tone. Therefore, in calculating the
nominal Mach radius corresponding to a given frequency bin, the first step is to determine the tone which
is expected to dominate the noise source map. In Figure 9, the 2BPFr tone was expected to be the
dominant noise source in the map, and the red line corresponds to the Mach radius for this tone. The
beamform maps provided in Figure 9 show the noise coming from the Mach radius corresponding to
2BPFr in the simulation but not the experiment. The simulation predicts tone noise resulting from the
loading and thickness noise produced by identical blades. For cases such as this where the experimental
results do not line up with the expected Mach radius it appears that some source other than the loading
and thickness noise produced by identical blades (i.e., those sources included in the simulation) controls
the amplitude of the tone. One such source would be blade-to-blade variations. These could produce shaft
order tones which fall into the same frequency bin, and are numerous, even if the difference tones are not
taken into consideration due to their poor radiation efficiency (Refs. 10 and 16). For the case examined
here, many shaft order tones would fall into the same frequency bin as 2BPFy, including 23/12BPFg+1/
10BPF4, 22/12BPF+2/10BPF,, ... 2/12BPF+22/10BPF 4, 1/12BPF+23/10BPF and 24/10BPF,.
Another possible source would be quadrupole noise, which is not included in the simulated results.

The Mach radius concept and the spiral wavefronts discussed above apply to rotating sources. When the
principal source is not rotating, such as would be the case for a pylon wake being chopped by a downstream
rotor, the Mach radius concept does not apply. As an example, consider the situation depicted in Figure 10.
The presence of the upstream pylon augments the front rotor content at the BPFg, 2BPFg, 3BPFp, etc. Unlike
the isolated rotor, in this case the pylon-rotor interaction source is stationary. As such, the associated
wavefronts do not spiral like they do when the sound field is produced by the rotating blades. In this case the
beamforming process correctly images the noise source onto the blade itself.

The sound field of a counter-rotating open rotor is not composed of only tonal components. The
simulations, as can be seen in the PSD spectra, do not investigate the broadband noise sources. The
measurement results on the other hand show that the broadband noise is significant, with many interaction
tones, especially those at higher frequencies, being buried in the broadband. This investigation does not
deal with the broadband noise in greater detail, but it is assumed that since noise sources which appear at
nominal Mach radii should be rotating and coherent in order to form the rotating lobes depicted in the
figures, the broadband noise will not appear at a nominal Mach radius.
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(a) Beamform peak PSD. (b) Beamform map.

Conclusions

The application of the beamforming analysis to open rotors was examined. It was shown that the
conventional beamforming techniques place the apparent sources of noise for certain tones off the blade
(outboard of the tip or inboard of the root). These surprising results were explained by appealing to the
concept of Mach radius and further elucidated by examining the predicted spiraling wavefronts emanating
from the open rotor. The Mach radius is a theoretical construct indicating the location of the maximum
radiation efficiency of rotating blades. A more intuitive picture emerges by tracing the normal to the
wavefronts at the location of the phased array back to the source region. Together, these theoretical
devices provide a robust explanation of the nature of the beamforming maps. It was further shown that the
apparent source location corresponding to a rotating coherent noise source will always be at the Mach
radius regardless of whether the Mach radius is smaller or larger than the blade tip radius, when the
blades in each rotor are assumed identical and the broadband noise is not considered, as is the case in
theoretical simulations. For the real blades, beamforming may place the apparent noise source of a tone at
a location other than the Mach radius due to variations in the blade geometry, or due to sources, such as
quadrupole noise sources, which are not accounted for in the simulations, or due to the tonal components
being buried in the broadband.

The beamform maps of rotating coherent noise sources were understood. This information can be
very useful in further examining counter-rotating open rotors, as well as other rotating coherent noise
sources. A more sophisticated beamform model, based on these findings, should be able to provide a
means for locating the real noise sources of rotating coherent noise sources.

Finally, the beamforming results could serve as a guide for installing the open rotor engines on the
airframe in such a way as to maximize noise shielding by taking into account the virtual source locations.
Without the beamforming results (which tend to validate the Mach radius concept), one may design the
shield (say the vertical tails in a U-Tail arrangement) to only block the physical extent of the rotor. This
may miss an apparent noise source outboard of the blade and thus reduce the effectiveness of the shield.
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