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ABSTRACT m separation distance between rods in the grid
(7.6 cm)
Results from an outdoor hover test of a full-scale

Lynx tail rotor are presented. The investigation was Miip rotor tip Mach number, QR/a
. designed to further the understanding of the acoustics %
of an isolated tail rotor hovering out-of-ground effect N number of data samples per hot-film time ’
in atmospheric turbulence, without the effects of the record (2048) k
] main rotor wake or other helicopter components. Mea- ‘
o surements include simultaneous rotor performance, OASPL  over-all sound pressure level, dB
f noise, inflow, and far-field atmospheric turbulence. (referenced to 20 pPa)
Results with grid-generated inflow turbulence are also

presented. The effects of turbulence ingestion on rotor Or observer radial distance nondimensionalized

noise are quantified. Turbulence ingestion noise is by R

found to be the dominant noise mechanism at locations

near the rotor axis. At these locations, the sound radi- R rotor radius (1.105 m)

ated by the hovering rotor increases with both increas-

ing atmospheric wind speed and ingested rms turbulent
velocity. u rms turbulent velocity,

N
\/lz (Ui -2 ,m/s
N =1

NOTATION
- o1 N
a speed of sound, m/s u average velocity, ¥ Y Uj m/s
i=1
b S |
number of blades (4) U velocity measured by hot-film probe, m/s |
c bl . . L
ade chord (0.18 m) Uco atmospheric wind speed measured by cup
Crlo rotor thrust coefficient divided by rotor anemometer, s
solidity, rotor thrust/p(Q2R)%be X distance downstream from grid, cm
dBA A-weighted sound pressure level - . . ;
(referenced to 20 pPa) Xo position of maximum grid-generated turbu-
' lence (5 € xo/m £ 15)
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Y atmospheric wind direction measured from
rotor axis ( —30° £y < 60°)

A eddy length, m
Q rotor rotational speed, rad/s

polar angle of observer measured from
rotor axis, deg

P air density, kg/m3

0 rotor collective pitch (3° < 8 < 15°)
T autocorrelation time separation (jAt)
Subscripts

f denotes far-field hot-film parameter
n denotes near-field hot-film parameter

INTRODUCTION

Extensive research of rotor noise mechanisms over
the past twenty-five years has resulted in a significant
increase in the understanding of rotor aeroacoustics.
The work by George (Ref. 1) provides a comprehensive
review of research on the subject through the late
1970’s. JanakiRam (Ref. 2) presents a survey of the
“state-of-the-art” in understanding various rotor noise
mechanisms and of the development of predictive capa-

bilities throughout the 1970’s and 1980’s.

Rotor noise is categorized into discrete (or rota-
tional) frequency noise, impulsive noise, and broadband
(or random) noise. Individual source mechanisms from
the three categories of rotor noise have been investi-
gated both analytically and experimentally with vary-
ing degrees of success. JanakiRam and Tadghighi
(Ref. 3) evaluated four rotor noise prediction models
of varying sophistication used during the late 1980’s.
The models they considered underpredict experimental
data by 10 to 20 dB in general. Inclusion of broadband
noise prediction schemes significantly improved corre-
lation with flight test data at higher frequencies.

Broadband noise, in particular, is difficult to pre-
dict because the noise is the result of several complex
mechanisms. Some broadband noise mechanisms, such as
boundary layer trailing-edge noise, are well understood
and accurately predicted (George and Chou (Ref. 4));
others are not. A primary contributor to broadband
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noise which deserves further attention is the turbu-
lence ingestion noise produced by a rotor. A rotor blade
interacting with atmospheric turbulence and the turby-
lent wakes of preceding blades (JanakiRam (Ref. 2))
generates turbulence ingestion noise. The present wo:
focuses on the noise produced by the ingestion of atmo-

spheric turbulence and the contribution of this mecha-
nism to broadband noise.

A lifting rotor accelerates the air and stretches
atmospheric eddies passing through the rotor. For a
hovering rotor, the blades chop the elongated eddies
many times. The velocity fluctuations in the eddies
cause fluctuations of the local pressure, lift, and drag
on the rotor blades. These unsteady forces are the
acoustic source of atmospheric turbulence ingestion
noise.

In his review paper, George (Ref. 1) examined
many sources of rotor noise generated by a single main
rotor helicopter and concluded that ingested atmo-
spheric turbulence is an important source of the ove
helicopter noise, in the absence of impulsive noise
sources. JanakiRam (Ref. 2) also concluded that turb :
lence ingestion noise is a significant source of broad-
band noise when a helicopter is in hover or vertical
ascent. JanakiRam notes that as of the late 1970’s th
most advanced inflow turbulence noise predictive
techniques (Homicz and George (Ref. 5), and Amiet
(Ref. 6)) had only fair agreement with expenmental )
data. This was attributed to the uncertainty of inflow
turbulence statistics and the difficulty of measuring
noise from a single source. Also, there was a need for _
realistic modeling of atmospheric and rotor wake tur-
bulence, as well as the effect of streamline contraction.
Simonich et al. (Ref. 7) made significant advances in the
understanding of turbulence ingestion noise during th
1980’s. Other research in the area of turbulence inges-
tion noise includes the work by Hanson (Ref. 8), where
inlet turbulence measurements were made for a
shrouded fan. Pressure transducers mounted on the fan
blades provided blade lift spectra. The data revealed a
blade lift spectrum of significant level at high frequen-
cies, in addition to narrow band random noise character-
ized by peaks in the spectrum at multiples of the blade
passage frequency.

Paterson and Amiet (Ref. 9) performed the first
experimental study of turbulence ingestion effects on a
rotor, although not full-scale. The study included test-
ing a model rotor in an anechoic wind tunnel with and
without upstream turbulence-generating grids. In addi-
tion, outdoor hover testing was conducted. Rotor noise
and inflow turbulence were measured for both the



indoor and outdoor portions of the test. Measurement
of outdoor inflow turbulence provided an opportunity
for Paterson and Amiet (Ref. 9) to use a theory devel-
oped by Amiet (Ref. 10) which accounts for aniso-
tropic inflow turbulence in calculating far-field noise.
Results from the outdoor hover test of Ref. 9 reveal
that the ingestion of atmospheric turbulence was the
dominant noise mechanism between 2 and 25 harmonics
of the blade passage frequency. The ingested turbulence
caused quasi-tonal noise through this frequency range.
This effect was attributed to the multiple chopping of
long atmospheric eddies. Higher frequency broadband
noise was caused by the interaction of smaller eddies
with the individual rotor blades. The theory provided
reasonable prediction of outdoor hover noise. Low fre-
quency narrowband noise was overpredicted and high
frequency broadband noise was underpredicted; the
magnitude of the differences depended on observer
position. In general, the overall noise level predictions
were within 5 dB of measurements. The inclusion of
anisotropic inflow effects was essential in obtaining
reasonable predictions of turbulence ingestion noise in
hover.

Simonich et al. (Ref. 7) conducted a theoretical
study to develop a first-principles prediction method
for helicopter main rotor noise due to ingestion of
atmospheric turbulence. They expanded an existing
model which predicts the statistics of the anisotropic
turbulence at the rotor plane. Results indicate that
decreases in altitude and increases in wind speed
increase turbulence ingestion noise. Also, the study
concludes turbulence ingestion noise dominates below
30 rotor harmonics and trailing edge noise dominates
above 100 harmonics.

Simonich et al. (Ref. 11) conducted an experiment
using the same rotor and wind tunnel in Ref. 9 with the
specific objective of providing data to validate Amiet’s
theory (Ref. 7) for anisotropic turbulence. The experi-
ment was conducted in hover. Spectrum characteristics
similar to those obtained in the outdoor testing of
Ref. 9 were noted. The theory provided reasonable pre-
dictions given several measured inflow parameters.

This study advances the work of previous investi-
gations in turbulence ingestion noise by acquiring
simultaneous full-scale, hovering tail rotor perfor-
mance, noise, inflow, and far-field atmospheric
measurements.

Knowing the degree of atmospheric stability and
the isotropy of the atmospheric turbulence are particu-
larly important when studying rotor turbulence inges-

tion noise. Unlike the controlled wind tunnel envi-
ronment, the atmosphere is inherently unsteady and at
times unstable. In the atmosphere, turbulence mea-
surement techniques must be appropriate for the exist-
ing atmospheric conditions. Analyses such as Ref. 7
require some far-field atmospheric characteristics for
calculating turbulence ingestion noise. Experimental
validation of such analyses requires simultaneous
atmospheric and acoustic measurements.

Direct comparisons of the current work with
results from previous investigations were not possible
due to significant differences in testing environment.
With appropriately applied acoustic scaling laws,
however, comparisons with the outdoor hover results
of Ref. 9 may be possible. The present work, although
not definitive, quantifies the effects of atmospheric
turbulence ingestion on hovering rotor noise. The ques-
tion of whether turbulence ingestion noise is the domi-
nant noise mechanism in hover for a full-scale rotor, as
suggested by Simonich et al. (Ref. 11), is examined
with current results. In addition, the effects of the
rotor on atmospheric eddy lengths and rms turbulent
velocities are addressed.

Description of the Experiment

Model

A full-scale Lynx tail rotor was used for this
investigation. This rotor consists of four constant-
chord, untwisted blades. The rotor hub has conven-
tional flapping and feathering hinges and was 6.1 m
above the ground. The tail rotor was mounted on the
NASA Ames Tail Rotor Test Rig (TRTR), shown in
Fig. 1, at the Outdoor Aerodynamic Research Facility.
The rotor drive motor, drive shaft, and right-angle
gearbox are mounted inside the horizontal boom,
which is mounted on the main vertical support. Addi-
tional information about the TRTR and Lynx rotor can
be found in Signor et al. (Ref. 12).

Rotor Force Measurements

A strain-gauge balance was used to measure the
mean rotor thrust, torque, and vertical force. The bal-
ance was mounted between the horizontal support tube
and the gearbox mounting bracket.
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Flow Measurements

The rotor inflow was measured with a single-
clement hot-film anemometer and a pitot-static probe.
The hot-film and pitot-static probe were mounted on a
tower and remained fixed relative to the rotor. The
hot-film was horizontal and parallel to the rotor
plane.

A 3.6 m- by 3.6 m turbulence grid was installed
upstream of the rotor for several runs. The grid was
made up of 1.3 cm diameter rods arranged in 7.6 cm
square cells. The purpose of the grid was to change the
character of the ingested turbulence by introducing
small-scale turbulence. Figure 2 shows the locations of
the hot-film probe and grid with respect to the rotor.
According to Hinze (Ref. 13) and Batchelor (Ref. 14),
grid-generated turbulence becomes homogeneous for
x/m = 10, where x is the distance downstream from the
grid and m is the cell width. At x/m = 10, maximum
turbulent velocity is expected. The hot-film and rotor
plane were positioned at x/m = 9.5 and x/m = 16.7,
respectively. Therefore, the grid-generated turbulence
is expected to be homogeneous at the rotor plane. Fig-
ure 3 shows the installation of the grid.

A second single-element hot-film was mounted on
a tower located upstream and to the side of the tail
rotor. The hot-film was horizontal and parallel to the
rotor plane. This probe was used to measure the atmo-
spheric turbulence in the far-field. The probe was 4.7 m
above the ground and remained fixed. Figure 4 shows
the location of the far-field tower with respect to the
rotor.

Constant temperature anemometer bridges pow-
ered the hot-film probes. The anemometer signals were
linearized. The near-field probe signal was low-pass
filtered (filter set at 40 Hz) to remove the blade pas-
sage frequency before being digitized. A dynamic signal
analyzer with an anti-aliasing filter was used to digi-
tize the data from both probes. No averaging or win-
dowing was used. The data were recorded for 25.6sata
sample rate of 80 Hz. The probes were calibrated
before the experiment, but not before every run. A sec-
ond calibration performed after the completion of the
experiment revealed very little change in the probes’
conversion constants or offsets. The data were reduced
using the average of the results from the two
calibrations.

Atmospheric wind speed and direction were mea-
sured using a cup anemometer and a weather vane
located on a third tower roughly 46 m upstream of the
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rotor, 55 m from the rotor axis, and 10 m above the
ground. Additionally, the weather station at Naval Air
Station Moffett Field recorded several atmospheric
parameters hourly. Measurements included air temper-
ature, wind speed, wind direction, barometric pressure,
humidity, and cloud conditions. These measurements
were recorded 12.8 m above sea level, ata location
approximately 1500 m south-east of the Outdoor
Aerodynamic Research Facility.

Acoustic Measurements

Nine microphones were typically used to acquire
acoustic data. The microphones were placed in an array
about the rotor at distances of 2.5, 4.5, and 10 rotor
radii away from the hub. All but one of the micro-
phones were at the same height as the rotor. Figure 4
shows the three microphone locations for which mea-
surements are presented in this paper. Acoustic foam
was used to substantially reduce reflected rotor noise
off the ground, near-field tower, and TRTR (Fig. 1).
Wind screens were placed over each microphone to
reduce wind-generated noise.

All microphones were calibrated daily using a pis-
tonphone. Two microphone calibrations were recorded
each day. The conversion constants from the two
recorded calibrations were then averaged; this averaged
value served as the conversion constant for each micro-
phone for that particular day. The error associated with
this method is on the order of +1 dB. The data were
recorded for 30 s using a 14-track FM tape recorder
with a tape speed of 30 ips, giving a frequency span of
20 kHz. Spectra from the acoustic time histories were
generated using a dynamic signal analyzer using the
rotor 1/rev as an external trigger. The fluctuation in
rotor speed was less than 0.2 per cent of full-scale, that
is, no more than 2 to 4 rpm. All acoustic data were
reduced using a time record of 0.256 s, span of
3.125 kHz, and bandwidth of 5.86 Hz. Each spectrum
represents 25 averages (no overlap) of power spectra
made with a Hanning window.

The measurements of rotor noise include gear noise
from the right-angle gearbox located immediately
upstream of the rotor hub. Gear noise, as described by
Dale (Ref. 15), appears in the spectra as discrete fre-
quency spikes at some sidebands of the integer harmon-
ics of the gear mesh frequency (37/rev) modulated by
the rotor blade passage frequency (k*37 + n*4 perrev, k
and n are integers). The probable cause is modulation of
the gear mesh frequency by quasi-periodic disturbances
on the rotor blades. Noise was not produced at all




sidebands. Gear noise was removed from the spectra for
sidebands of the first three harmonics of the gear mesh
frequency. The amplitude of the spectra was interpo-
lated where the spikes were removed. Figure 5 shows a
typical correction to an acoustic spectrum.

Configuration and Test Envelope

Data acquisition times were planned for morning
hours when the wind speed at the site was low, gener-
ally below 5 m/s, in order to simulate hover and obtain
high quality acoustic data. The low winds led to gener-
ally low turbulence intensities as well, restricting the
range of parameters of this experiment.

The test configuration consisted of the TRTR with
the microphone array and the near-field and far-field
towers. In addition, the turbulence grid was installed
for some of the data acquisition runs. The ranges of test
parameters are shown in Table 1.

RESULTS AND DISCUSSION

Data Quality

In analyzing the large amount of acoustic and tur-
bulence data, every effort was made to exclude ques-
tionable data. Criteria for excluding data, quality of
the data, and results from this experiment are discussed
below.

The data were limited to those conditions acquired
with wind directions of -30° <y < 60° (Fig. 4). This
avoided blockage effects from the near-field tower and
the TRTR on the rotor and hot-film measurements.

In an attempt to compute near- and far-field trans-
verse eddy lengths, a second movable probe was
installed at each tower. The movable probe was then
traversed upward and away from the fixed probe. Data
were typically acquired at seven discrete probe separa-
tion distances (0 - 3 m) while holding rotor conditions
constant. The transverse eddy length was then com-
puted from the cross-correlation coefficients of the
two probes at each tower. This method proved to be
inadequate for calculating an accurate transverse eddy
length. Data recorded simultaneously from a rake of
probes at each tower would have been preferred. There-
fore, for this paper, data from only the fixed probe is
presented for each tower and no estimate of transverse

eddy length is presented.
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The longitudinal eddy length at each tower was
obtained from respective {ixed probe autocorrelations.
Autocorrelations were only performed on time histo-
ries which appeared stochastic (steady mean value). The
autocorrelation is defined as

N-j
1 _ _
Ri=x75 E (U; ~0)(Ujj - 1)

i=1

The eddy length is defined by

q
R .
=T z i ;
A=UAt R, min(q) such that Rq <0
=1

The far-field eddy lengths were computed using

tif/cos y (far-field wind component adjusted for wind
direction). Figure 6 presents a typical normalized auto-
correlation. As stated earlier, the probe signals were
recorded for 25.6 s. A time record of perhaps thirty
minutes for the far-field probes would have been better
for determining whether the flow was stationary or
not, since the far-field contains turbulent eddies which
are complex, large-scale structures. Because the time
record lengths were not sufficient to obtain statisti-
cally accurate autocorrelations and integral times, the
integral scales presented should be considered only as
rather coarse estimates. Instrumentation limitations
led to the necessity of relatively short time records.

Finally, the sampling rate for the hot-film probes
should have been higher, especially for the near-tower
probe. Since the probe signals were sampled at 80 Hz
and the near-tower signal was low-pass filtered at
40 Hz before being recorded, the frequency content
beyond 40 Hz is not available. This prevents a determi-
nation of the turbulence spectrum above 40 Hz and
prevents a determination of the filter effect on the tur-
bulence level or length scale. In a similar experiment,
however, Paterson and Amiet (Ref. 9) found the error
in overall rms turbulence level due to low-pass filter-
ing to be less than 10 per cent.

Atmospheric Measurements

Quantifying the magnitude of turbulence ingestion
noise for this test requires knowledge of the atmo-
spheric turbulent structure, which is very complicated.
The structure depends upon the wind profile and
upstream conditions, terrain roughness and shear,
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fluxes of moisture and thermal energy, cloud cover,
time of day, and other factors. Depending on these
factors the turbulent velocities can be moderately or
severely anisotropic (especially in stably stratified
conditions) . In addition, inhomogeneous large eddy
structures often include significant intermittency
(Thomson and Henderson (Ref. 16), Wilson (Ref. 17)).
The environmental turbulence is then distorted while
being convected into a rotor (Simonich et al. (Ref. 7).
Since complete characterization of the turbulence was
beyond the scope of this experiment, only a few basic
characteristics were measured at the near-field and far-
field locations.

The upstream wind conditions at the Outdoor
Aerodynamic Research Facility generally begin over
San Francisco Bay. From the shoreline, the upstream
wind flows over one kilometer of terrain consisting of
long grass with some shrubs, isolated trees, and berms.
Although the atmosphere appeared to be stably strati-
fied at higher altitudes, the atmosphere at the rotor
height was likely neutral or slightly unstable during
the testing periods due to mechanical mixing from ter-
rain roughness. The general character of the turbulence
at any location in the atmospheric boundary layer is
determined by the stability of the atmosphere relative
to the turbulence generated by shear stress. If the
atmosphere is neutral to slightly buoyant, the turbu-
lence will be similar to that in an aerodynamic bound-
ary layer. This was checked for conditions during this
test by estimating the dimensionless Richardson num-
ber. Following Panofsky and Dutton (Ref. 18), the
Turner classes of the flow were estimated from the
Moffett Field weather and solar data to find the
approximate Monin-Obukhov lengths and the
Richardson numbers. The range of estimated Monin-
Obukhov lengths was approximately -10 to 25 m and
the range of Richardson numbers was approximately
_0.06 to —0.25. Thus, the results of this method indicate
near neutral to slightly unstable conditions. This was
consistent with the hot-film measurements and indi-
cates that the assumption of isotropic turbulence is a
reasonable first approximation far from the rotor.
Figure 7 shows a typical near-field hot-film spectrum
compared with the von Karman spectrum. The spectra
are power spectral densities presented in a format, Fi1,
used by Coffen (Ref. 19). The data appear t0 exhibit the
same basic character as the von Karman spectrum.

Far-Field. Far-field length scales shown in Fig. 8
are of the order of the measurement height. Thus, these
data are consistent with length scales that are of the
expected order of magnitude for a neutral to slightly
buoyant boundary layer. The eddy lengths at the lowest

wind speeds are low because there is very little
mechanical mixing. In Fig. 8, the eddy lengths initially
increase with increasing wind speed. The wind speed
component measured by the far-field probe has been
adjusted for wind direction in order to arrive at the
total magnitude. At moderate wind speeds the eddy
lengths become more independent of wind speed. At
wind speeds higher than shown in Fig. 8, the average
eddy length would be expected to be about 4.7 m. Nom-
inally, the largest eddy length possible is of the order
of the atmospheric boundary layer thickness, which is
approximately 1-2 km according to Panofsky and
Dutton (Ref. 18).

The measured atmospheric rms turbulent veloci-
ties, u'f, corresponding to the eddy lengths in Fig. 8 are
shown in Fig. 9. The primary cause for u'f increasing
with wind speed is development of the boundary layer
with increasing wind speed.

Near-Field. The stretching of the eddies as they
are accelerated through the rotor is shown in Fig. 10.
The grid was not installed for these conditions. The
amount of eddy stretching is one measure of how the
rotor alters the surrounding atmospheric turbulence
prior to ingesting the turbulence. The length and speed
of the ingested eddies determine the number of times
the eddy will be chopped by the rotor blades. The aver-
age ratio of near- t0 far-field longitudinal eddy lengths
is 2.6. A significant number of stretching ratios are less
than one, however. This is because measurements were
made in an Eulerian sense, not Lagrangian—windividual'
eddies were not tracked as they traveled from the far-
field and became distorted by the rotor. Therefore, the
eddies entering the rotor should in general be longer
than the far-field eddies, but there will be exceptions.
The magnitude of the ingested eddy lengths is shown in
Fig. 11. No discernible effects of Mjp or rotor collec-
tive pitch on eddy length were observed.

Acoustic Measurements

Acoustics results are shown for three of the nine
observer positions (Table 2 and Fig. 4). The primary
measurement, Microphone 9, was 4.5 rotor radii from
the rotor on the rotor axis. Measurements at this loca-
tion show the greatest effect of atmospheric turbu-
Jence ingestion. Microphones 2 and 6 were placed 45°
and 90° (in-plane) from the rotor axis, respectively.
Background noise measurements were typically at least
70 dB below the acoustic measurements of the rotor.




General Characteristics. Figure 5 shows the aver-
aged spectrum from Microphone 9 with and without
the gear noise removed. Several aspects of this
spectrum are characteristic of the broadband noise mea-
sured in this experiment. The spectrum contains 28 dis-
tinct rotor blade passage harmonics rising above the
broadband noise. For a hovering rotor, two mechanisms
which produce peaks at the blade passage frequency are
steady loading noise and turbulence ingestion noise.
Peaks from steady loading noise diminish with increas-
ing frequency much faster than in this example. The
peaks in the measured spectrum are very narrow at the
lower frequencies and increase in width as the fre-
quency increases; this is a characteristic of turbulence
ingestion noise (Homicz and George (Ref. 5)). Another
possible cause of widening peaks is unsteadiness in the
rotor speed; however, as explained earlier, the rotor
speed was found to be very steady. Also, the peaks iden-
tified with the gear noise do not widen at the higher
frequencies. Therefore, the widening of the peaks in the
spectrum is most likely caused by turbulence ingestion.
Additional spectra from Microphone 9 acquired for
various rotor and atmospheric conditions exhibit simi-
lar characteristics. In contrast, spectra from Micro-
phone 6 (in-plane location) exhibit slightly different
characteristics, as shown in Fig. 12. The amplitudes of
the first two or three blade passage harmonics are
larger and can be attributed to thickness noise. Ampli-
tudes diminish quickly for the first three or four har-
monics; levels of all harmonics above about the fourth
are lower at this location. The existence of distinct and
broadening peaks in the spectra out to 3 kHz indicate
some noise is radiating from the turbulence ingestion;
however, this noise is about 40 dB below the funda-
mental and thus contributes little to the sound level in
the plane of the rotor either in OASPL. or dBA mea-
surements. Spectra from Microphone 2 (45° from the
rotor axis) are similar to Microphone 9 spectra.

Atmospheric Turbulence Effects. Variations in
atmospheric turbulence are expected to cause changes in
the sound measurements when turbulence ingestion is a
major sound producing mechanism. The structure of the
inflow turbulence incident on the rotor will influence
the nature of the blade lift fluctuations and thus the
radiated sound. If the time records of the probes were
long enough to obtain a statistical average and short
enough for the turbulence characteristics to be quasi-
stationary, the near- and far-field measured turbulence
characteristics should be clearly related. As shown in
Figs. 8-11, however, much scatter exists in the turbu-
lence measurements. In this section, therefore, acoustic
measurements will only be related to estimates of tur-
bylence characteristics made in the near-field.

When a rotor interacts with atmospheric turbu-
lence, the turbulence produces fluctuating pressures on
the rotor blades leading to fluctuating lift and drag.
These pressure fluctuations radiate away from the
rotor as sound. Most likely, the fluctuating lift will
exceed the fluctuating drag. If this happens, more
sound will radiate perpendicular to the blade in the
direction of the rotor axis than parallel to the blade
close to the plane of the rotor. Also, higher rms turbu-
lent velocities are expected to produce higher pressure
fluctuations and higher radiated sound levels than
lower rms turbulent velocities. Figures 13a - 13d show
the effects of rms turbulent velocity in the near-field,
u'p , on the sound radiated by the rotor. The grid was
not present. The metric dBA was chosen over OASPL
because dBA gives more weight to the frequencies
between 1 and 4 kHz. Thus, more weight is given to the
frequencies where turbulence ingestion noise is more
significant than thickness or steady loading noise and
to the frequencies where humans are most sensitive.
Figure 13a shows measurements for Microphone 9.
Levels increase with increasing rotor collective pitch.
Scatter in the data appears to be about 3 dB. For a fixed
collective (8 = 7°), the dBA levels tend to increase
slightly with increasing turbulence levels. Trends for
Microphone 2 (Fig. 13b), at 45° from the rotor axis, are
similar to the Microphone 9 trends with scatter up to
5 dB. In the plane of the rotor, measurements made
with Microphone 6 indicate no trend with u'y
(Fig. 13c). At this location, thickness noise dominates
the radiated noise and is manifested mainly in the first
few rotor harmonics. Figure 13d shows measured noise
as a function of inflow turbulence for Microphone 9 at
Miijp = 0.62 and no grid present. Compared to the
Miip = 0.52 case (Fig. 13a), no trends with u'p are
observed. Instead measurements for each collective
pitch lie in a band about 3 dB wide. This same banding
of dBA occurs at the other two microphone locations.
Figure 14 shows spectra from two points in Fig. 13a
with a collective pitch of 7° and two different values
for u'y. All other conditions for the two points are
similar, except the atmospheric wind speed. The wind
speeds are 0.66 and 3.85 m/s corresponding to the
smaller and larger values of u'y, respectively. With
higher u', , the amplitude of the lower frequency rotor
blade passage harmonics is greater than for the lower
u'p case; the amplitudes of the higher frequency har-
monics are abeut the same. Also, with higher rms tur-
bulent velocities, the broadband noise floor increases,
about 2 dB at the lower frequencies and about 5 dB at
the higher frequencies shown.

Eddy length may also affect the turbulence inges-
tion noise produced by a rotor. The rotor will chop a



long eddy for a longer period than a short eddy, which
could produce more tonal noise. Figure 15 shows
measurements from Microphone 9 for Mjp = 0.52
with no grid present. Levels increase with increasing
rotor collective pitch. Scatter in the data appears to be
about 5 dB and is greater than the scatter when dBA is
plotted against u'p. For a fixed collective, no distinct
effect of eddy length is observed. Measurements made
with Microphone 2 show similar trends with greater
scatter. Microphone 6 measurements also show no
dependence on eddy length. All acoustic measurements
made with Mgjp = 0.62 show no dependence on eddy
length. Figure 16 shows spectra from two points in
Fig. 15 with a rotor collective pitch of 7° and two dif-
ferent values of the eddy length, Ay. All other condi-
tions are similar. No significant difference between the
two spectra is observed. Because of the high rpm of this
tail rotor (blade passage frequencies of 102-124 Hz)
and the ingested eddy size (2 to 20 m), the rotor is
expected to chop the eddy 80 to 800 times. Chopping an
eddy 80 times is sufficient to produce fairly coherent
sound; increasing the number of chops above 80 may
have insignificant effect on the coherence. Thus noise
produced by the tail rotor chopping of the longest
eddies may be only slightly more coherent than the
noise produced by the rotor chopping the shortest
eddies in this experiment.

The atmospheric wind speed is the other basic char-
acteristic of the atmospheric turbulence that was mea-
sured. Both rms turbulent velocities and eddy length
exhibit some correlation with wind speed. Radiated
sound also correlates with wind speed. Figure 17
shows Microphone 9 measurements for Mtjp = 0.52
with no grid present. Levels increase with increasing
rotor collective pitch. Scatter in the data appears to be
about 3 dB. For a fixed collective (8 = 7°), the dBA
levels tend to increase with increasing wind speeds. As
with rms turbulent velocities and eddy lengths, trends
for Microphone 2 are similar to those on the rotor axis
and contain more scatter. No dependence of dBA on
wind speed, Uco, was observed for Microphone 6. Mea-
surements for all three locations made at Mijp = 0.62
show no dependence on Uco.

Rotor Collective Pitch. According to current
theories, pressure disturbances on the rotor blade and
radiated sound due to turbulence ingestion are indepen-
dent of the steady lift of the rotor blade. However, in
all the measurements examined above, the sound level
in dBA increased with increasing rotor collective. Fig-
ure 18 shows spectra from two points in Fig. 13d for
Miip = 0.62. Spectra are shown for collectives of 3 and
15° corresponding to C1/c of 0.004 and 0.076, respec-
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tively. The amplitudes of the rotor blade passage har-
monics and dBA (Fig.13d) are about 12 dB higher with
the higher collective pitch. The broadband floor is
about 2 dB higher at the lower frequencies and the dif-
ference increases to about 15 dB at the higher
frequencies.

Turbulence Grid. A grid in a fluid stream creates
eddies with length scale on the order of the grid cell
spacing. These eddies decay far downstream of the gri
The rotor was in the near downstream region of the
grid where the small, grid-generated eddies had decay
but were still present and the larger atmospheric
eddies had not decayed much. Inserting the grid chang
the turbulence ingested by the rotor. The exact nature.
of this change was not documented. The grid changed
the turbulence by adding small-scale turbulence to
existing atmospheric turbulence. This change in turb
lence is expected to increase the broadband floor at tl
higher end of the noise spectra examined in this inves
tigation. Figure 19 shows Microphone 9 measureme!
for Myjp = 0.62 with and without the grid present f
=3, 7, and 15°. Acoustic measurements made wil
grid present are consistently higher, with the diffes
ence increasing for higher collective. Measured valu:
of u', are not available for conditions with the grid.
Batchelor (Ref. 14) provides an equation for estimatin
the rms turbulent velocity downstream of a grid. :

(3] -sa(3-3)

The calculated rms turbulent velocities range from:

0.067 to 0.26, 0.12 to 0.36, and 0.19 to 0.53 for 6 =3, 7,
and 15°, respectively. The error in estimating Xo/m has
been included in these calculations, i.e., 5 < xo/m < 15
Figure 20 shows two spectra, with and without gri
representing two points in Fig. 19 for a collective pitc:
of 3°. Amplitudes of the rotor blade passage harmonics
are 3 to 5 dB higher for most harmonics when the grid

is present. The amplitude of the broadband floor is also
higher with the grid, about 3 dB at low frequencies an
about 5 dB at higher frequencies.

CONCLUSIONS

In order to determine the effects of atmospheric
turbulence ingestion on rotor acoustics, NUMErous
characteristics of the atmosphere must be measured
simultaneously, in addition to the rotor radiated noise.
To date, no single experiment has included acquisitionl
of all the necessary and difficult measurements.



Atmospheric stability and isotropy.of the turbple‘nce
appear to be the primary atmospheric cbaractefx.stxcs
which must be established. Atmospheric conditions
during this experiment were near neutral or slightly
unstable. Determining appropriate hot-film time
record lengths is also problematical. The records must
be long enough to be stochastic, but short enough for
the turbulence characteristics to be quasi-stationary.
This involves observing, acquiring, and analyzing
extensive amounts of atmospheric data at the test site
pefore and during acquisition of rotor acoustic
measurements. This study, although by no means com-
prehensive, offers the following conclusions.

Acoustic Measurements

1. The data suggest that atmospheric turbulence
ingestion noise is the dominant noise mechanism near
the rotor axis for a hovering rotor.

2. Increasing rotor thrust increases sound radi-
ated from atmospheric turbulence ingestion by the
rotor.

3. In directions along the rotor axis or at 45° to
the axis, sound radiated by the rotor in hover increases
both with increasing atmospheric wind speed and
ingested rms turbulent velocity.

4. In the plane of the rotor, sound radiated by a
rotor in hover is insensitive to changes in atmospheric
wind speed or ingested rms turbulent velocity.

5. In directions along the rotor axis, 45° to the
axis, and 90° to the axis, the sound radiated is insensi-
tive to changes in ingested eddy lengths when the eddy
is long enough to be chopped at least 80 times.

6. At locations on the rotor axis, widening of
spikes in the noise spectrum at higher frequencies
(1500 - 3000 Hz) is caused by atmospheric turbulence
ingestion noise.

7. Measured noise levels with the turbulence-

generating grid are consistently higher than without
the turbulence-generating grid.

Atmospheric Measurements

8. Near-field atmospheric turbulence data
exhibit characteristics of a von Karman spectrum.
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9. Far-field axial length scales are of the order
of the measurement height, as expected.

10. Far-field rms turbulent velocities increase
with atmospheric wind speed (over the range of these
test conditions).

11. The average ratio of near- to far-field eddy
lengths is 2.6.
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Table 1 Range of test parameters Table 2 Microphone locations

— ——
== —

Rotor collective, 6 3°to0 15° Microphone O, ¢
Cr/c 0.004 t0 0.076 2 25 45°
Tip Mach number, Mijp 0.52,0.62 6 45 90°
Atmospheric wind direction, ¥  -30° to 60° 9 45 0
Atmospheric wind speed UL, 0.4 to 6 m/s —
Far-field eddy length, A; 08to12m

Average inflow velocity, i, 2.5t08.0m/s

Grid with, without

Hotfilm  Tail rotor e
probe test rig

' Micmphone

Far field
tower

Hot-film
probe

Fig. 1 Experimental set-up.
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Rotor tip Plan view
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T N \}/probe
0.413m l
0.35 m / Rotor blade
f S NN\
14— 0.425 m —>l

Root cut-out

6.1m

Looking upstream
(not to scale)

Fig 2 Near-field hot-film probe and grid location.
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Fig. 3 Turbulence-generating grid installation.

5

B —————
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Rl 149 m >
y =-30°
y = 60° Far field tower
hot-film support
-) Mic 9
Near field tower
hot-film support
Turbulence Tail rotor
grid test rig

Rotor tip path plane

(+) Thrust

Rotor
axis

Fig. 4 Plan view of experimental set-up.
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with gear noise removed
~~~~~~~ with gear noise
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Fig. 5 Power spectrum showing effect of gear noise removal at microphone 9, Oy = 4.5, ¢ = 0°, without grid,
Miip = 0.52, 6 = 7°, U = 0.48 m/s, u'p = 0.083 m/s, Ap = 7.2 m, Uy, = 3.96 m/s.
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Fig. 6 Example of autocorrelation without grid, Mﬁp =0.52,0="7° U= 0.48 m/s, u'y =0.083 m/s, Ap =72 m,

up = 3.96 m/s.
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— Measured spectrum
~~~~~~~ von Karman spectrum
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Fig. 7 Comparison of von Karman spectrum with measured turbulence spectrum, Mgjp = 0.52, 8 =77,
Ueo =048 m/s, u'p = 0.083 m/s, Ap = 7.2 m, iy, = 3.96 m/s.
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Fig. 10 Longitudinal eddy length stretching ratio. Fig. 11 Near-field longitudinal eddy length.
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Fig. 12 Power spectrum at microphone 6, Or = 4.5, ¢ = 90°, without grid, Mtip = 0.52,0=7° Us= 048 m/s,
u'p = 0.083 m/s, Ap =7.2m, up = 3.96 m/s.
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00=3, 10=5,00=7, X0=11°, L6=15°
(a) microphone 9, Oy = 4.5, ¢ = 0°, Myjp = 0.52 (b) microphone 2, Oy = 2.5, ¢ = 45°, Mtjp = 0.52
(c) microphone 6, O = 4.5, ¢ = 90°, Mtip =0.52 (d) microphone 9, Oy = 4.5, 0 = 0°, Myjp = 0.62

wor—r—71 1 1 T | " T 1 T T 1

oofo& T RN I s

95 _._ ............. ferererceneans I 100 ——- ............. oo CSUSNSVOPIES SRR ‘9 ....... —

dBA
&
=

7]

3

o

- &

S
<
=]

oy |
85 L2 o0& | ' '

95 — T T 108 . |

Lo T | PR YO O S W

dBA

85 SSUUUUURUE SOUTUUUDYIE SUROIPTORORE SUP - — 98 . S Q.G;E] .......... —

© | e@ | | 100 "o
0 .05 .10 15 .20 .25 .30 0 .05 .10 .15 .20 .25 .30

up, m/s Up, M/s

80

Fig. 13 Measured sound level variation with rms turbulent velocity.
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Or =4.5,0=0° Mtip =0.52
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Fig. 15 Measured sound level variation with near-field eddy length without grid at microphone 9.




Op = 4.5, ¢ =0° Mtip =0.52, 6 = 7°, without grid
U, = 0.039 m/s, Uy, = 0.77 m/s, Ap = 2.7m
****** Uy, = 0.039 m/s, U, = 0.54 m/s, Ap = 8.6m
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Fig. 16 Effect of near-field eddy length on acoustic power spectra at microphone 9.
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Fig. |7 Measured sound level variation with atmospheric wind speed at microphone 9.
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Oy = 4.5, ¢ = 0°, Myjp, = 0.62, without grid
C1/0 = 0.004, 0 = 3°, Uy = 0.164 m/s, Uoo = 3.3 m/s, Ap =7.7m
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Fig. 18 Effect of C1/c on acoustic power spectra at microphone 9.
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Fig. 19 Effect of grid on measured sound level at microphone 9.
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