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HOVER AND FORWARD FLIGHT ACGUSTICS AND PERFORMANCE OF
A SMALL-SCALE HELICOPTER ROTOR SYSTEM

Cahit Kitaplioglu® and Patrick Shinodat
NASA Ames Research Center, Moffett Field, California 94035

ABSTRACT

A 2.1-nn dianm,, 1/6-scale model hellicopter main rotor was tested
in hover in the test section of the NASA Ames 40- by 80-Foot Wind
Tunnel. Subsequently, it was tested in foruward flight in the Ames 7- by
10-Foot Wind Tunnel. The primary objective of the tests was to obtain
performance and noise data on a small-scale rotor at various thrust
coefficients, tip Mach numbers, and, in the latter case, various advance
ratics, for comparison with similar existing data on full-scale helicop-
ter rotors. This comparison yielded a preliminary evaluation of the
scaling of helicopter rotor performance and acoustic radiaticn in hover
and in forward flight. Correlation between model-scale and full-scale
performance and acoustics was quite good {n hover. In forward flight,
houwever, there were significant differences in both performance and
acoustic characteristics. A secondary objective was to contribute to a
data base that will permit the estimation of facility effects on
acoustic testing.

1. INTRODUCTION

Because of the wide availability of small wind tunnels, there are
advantages in using model-scale instead of full-scale rotors for explor-
atory resecarch. However, there is a lower limit to the model size that
will yield accurate aerodynamic and acoustic information. This restric-
tion arises from limitations in aero/lynamic and dynamiec scaling, fabri-
cation, and harduare and instrumentation size requirements. In addi-
tion, gecmetrical secaling may requir. tha* proportionately higher acous-
tic frequencies be dealt with, although it is no% presently known
whether all sources of rotor noisez scale geometrically. Therefore,
microphone and tape-recorder fregquency response limitations also
restrict the smaliest practical scale. Rotor systems that are about
1/5 to 1/7 scale are widely used in aerodynamic, dynamic, and acoustic
testing. In general, these scale models are compatible with existing
test facilities. '

Several studies of the scaling of helicopter rotors have been
reported., Schmitz and his co-workers (Refs. '-3) made extensive scaling
studies of both high-speed and niade-vortex interaction noise on f]
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two-bladed rotors. Their main focus was on impulsive noise arising from

s
": both compressibility and blade-vortex interaction effects. They have
=X concentrated on the detectability problem, which is essentially a func-
_;g tion of the low-frequency harmonic, rather than broadband, components of
7 -§: the radiated acoustic energy.

A

g The work of Leighton et al. (Ref. 4) deals with very small scale
'ﬂg: models. As pointed out earlier, aside from scaling questions, there are

¥
N

practical disadvantages to testing at such small scale. In any case,
Leighton's conclusions indicate that 1/20 scale i3 too small to yield
consistent data, except for relative trends a2t high tip Mach numbers.
So there is room for further work in the area of rotor-noise scaling.
Because data from several tests are required if clear-cut trends are to
be perceived, it may be some time before satisfactory scalirg rules for
all rotor-noise mechanisms become available.
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The work reported in this paper centers on four-bladed rotors
with state-of-the-art airfoils, During a series of hover tests con-
ducted in the NASA Ames U0- by 80-Foot Wind Tunnel test section, and of
forward-flight tests conducted in the 7- by 10-Foot Hind Tunnel, perfor-
mance and acoustic data were obtained on a 2.1-m diam, 1/6-scale medel
of a helicopter main rotor.

8y comparing data obtained during this series of tests with
existing full-scale hover and forward-flight data, a preliminary attempt
was made to evaluate the extent to which model-scale experiments can
reproduce full-scale effects,

The facilities of the National Full Scale Aerodynanmic Complex
YIFAC) provide the capability of testing both full-scale and model-scale
rotors in the same wind tunnel. Eventually an extensive, consistent
dat:a base will permit a definitive evaluation of scale effects. Future
tests in this series will include a hover experiment at the Ames Qutdoor
Aerodynamic Research Facility and forward-flight tests in the U40- by
80-Foot/80- by 120-Fcot Wind Tunnel. Additional full-scale tests in the
latter will supplement existing full-scale data.

The full-scale data used in this study are (1) those cbtained
during a 1977 test in the U40- by B0-Foot Wind Tunnel (Refs. 5 and
6);(2) those obtained during a hover stand test of a Sikorsky S-76 rotor
system (Ref. 7); and (3) those obtained during an 3-76 hover and flight
test by the Federal Aviation Administration (Ref. 8),

2. DESCRIPTICN OF TEST HARDWARE

The 2.1-m diam four-bladed rotor was mounted on the fully articu-
lated rotor-head of the Ames Rotor Test Rig (RTR) (Fig. 1). The carbon/
fiberglass composite blades are dynamically and geometrically represen-
tative of the Sikorsky S-76 rotor blades (Table 1) except that the model
blades have rectangular tips. The rotor-head allows collective and
cyclic pitch control. Lead-lag, coning, and cyclic flapping are
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measured by variable potentiometers. The entire test-rig assembly can
be tilted, either pitched up or down.

The RTR incorporates a six-component strain-gauge internal bal-
ance to measure steady-state rotor forces and moments. In addition, the
rotor torque is measured by a load cell. Several sets of blade strain
gauges and a number of accelerometers on both the metric and nonmetric
pertions of the RTR are used to monitor loads and vibration levels for
safety purposes during testing. All the performance and safety data
were appropriately filtered, digitized, and recorded on the data-
acquisition-system computer. Both steady-state and time-varying infor-
mation were available. Important test parameters such as rotor rota-
tional tip Mach number, CL/a, and shaft angle were displayed in real
time. This permitted test conditions for the different runs to be
accurately established.

3. HOVER TEST

Test Description

The hover test was performed in the MASA Ames 40- by B80-Foot Hind
Tunnel test section. The rotor assembly wag mounted in a thrust-down/
wake-up mode, with the hub 3 m atove the floor (Fig. 2). This config-
uration avoided ground-effect influences and alloucd the test stand to
be located on the lou-velocity inflow side of the rotor disk., The wake
had a large unobstructed 3pace to which to exhaust.

The 40- by 80-Foot Wind Tunnel test sceticn has a 15-em-thick
acoustic lining installed on the floor, ceiling, and walls. It consists
of open-cell fozm covered with perforated steel decleing, and hag an
absorption ccefficient greater than 0.9 above 1 kHz, which decreases
approximately lirearly to 0.5 at 100 Hz.

The lining performed wall in absorbing wall reflections, as
determined by a series of impulsive source measure.2nts made before
testing began. This consisted of firirg a starter pistol and recording
the {mpulsive transient waveform. The pistol was fired from several
locations corresponding to different source locations. For most micro-
phones and source positions only a single pulse corresponding to the
incident wave was observea; there were no significant secondary
pulses. For a few of the microphones, a secondary pulse having a rela-
tively high amplitude was also observed. From the measured delay times,
the probable reflection points were ident:fied to be localized flat
areas such as the bases of some of the microphone stands and the RTR
mount. After covering those areas with 7.5-cm-thick foam, these reflec-
tions were climinated. The final test setup was judged to be acousti-
cally quite good.

An array of five microphones was mounted in a single vertical
plane at distances of 1, 1.5, and 2 rotor dlameters and at angles of
10°, 30°, and 45° "belcw" the rotor plane (Fig. 3), which actually
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'{Tvﬁj correspond to positicns above the rotor plane for the thrust-down

= ;&{ mode. Microphone No. U was placed as an image of Ho. 5 "above" the

rg {?Z rotor plane. ‘1.0 microphones were placed 30° to either side of the main

array.

ik

The microphone placement scheme was chosen to include the esti-
mated directional locations appropriate fer major hover noise getieration
mechanisms. Thickness uoise is radiated mostly near the rotur plane.
The two image microphones above and below the rotor plane allow an
evaluation of asymmetric radiation patterns. The microphones at larger
angles were placed to measure rotational loading noise caused by thrust
and torque. Turbulence ingestion noise, which is important in hover, is
expected to have a broad directivity "below" the rotor and should be
adequately captured by the U5° microphone. The latter (s also well
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i placed for detccting blade-vortex interaction noise, when present.
A
f;jii . Acoustic signals were measured with 1.27-cm, free-field response-
;’f?{ type microphones, mounted such that their axes were parallel with the
'f;? tunnel axis and facing the rotor. Since the exact locations of the

noise sources were not knmown, this provided a standardized scheme for
comparison uith other erxperiments. Standard protective grids were
placed over the microphone cartridges. Wind screens were not used
because no appreciable wake flow was estimated to be present at the
microphcne positions.

Microphone outputs were recorded on a il4-track, FM instrumenta-
tion tape recorder, set up to IRIG Wideband I standards at 30 in./cgec
(76.2 em/sec). The system frequency response was good to approximately
20 kHz. 1/rev, 1024/rev, and time-code signzls were also recorded.
Test conditions and amplifier information were annotated on the edge
track.

During test set up, an extensiv. set of measuraments was made to
check the frequency response of each channel; a wide-band, white-noise
signal was electron:cally injected into each cathocde fcllower. During
testing, a piston-phone calibration was performed on each microphecne
before the start of each day's rungs,

Hover Performance Results

The primary variables during the hover test were tip Mach number
and rotor thrust coefficient:

Rotor-tip Mach number, M, 0.55, 0.627

ip
Rotor thrust coefficient, C/a 0 -0.12

Figures 4 and 5 surmarize the model-rotor hover performance data
obtained during the hover test. Also included in these figures are two
-additional sets of hover performance data obtained on a full-scale
Sikorsky S-76 rotor. One set was obtained during a test in the 40- by




80-Foct Wind Tunnel (Ref. 5); the sccond set was obtained during a
hover-stand test at Sikorsky Alrcraft (Ref. 7). Note that the tip Mach
number of the model-scale test is somewhat different from that of the
full-scale tests. Also, both full-scale tests utilized a swept tapered
tip profile rather than a rectangular tip. The full-scale whirl-gtand
data have been reduced by 3% to account for test-stand interference and
ground effects. The small differences in tip Mach number and tip shape
are not believed to be significant in hover, especially in view of the
corrections made to the whirl-tower data. It should also be noted that
the full-scale hover data obtained in the 40- by 80-Foot Wind Tunnel is
for -10° shaft angle, rather than 0°, and with tunnel walls open to
reduce recirculation effects (Ref. 7).

The model-scale and full-scale data compare very well. At high
thrusts (Cy/¢ > 0.10) where the small-scale rotor would be expected tc
stall earlier, no full-scale data were obtained.

Flgure S5 shows that the model-scale rotor required greater power
input than the full-scale rotor to achieve a given thrust level. The
difference in power requirements is quite significant (approximately
25%) at low thrust, but diminishes to about 4%£-5% at maximum thrust.
The higher power required at low thrust is conzistent with expccted
influence of Reynolds number on profile power.

Hover Acoustic Results

Space limitations preclude a detailed discussion of the acoustic
data with respect to variations in directivity angle, distance, ard
operating conditions. This section concentrates on fthe specific topic
of acoustic scaling effects. Acoustic data obtained during this test
were compared with data obtained by the FAA during a flight test of a
Sikoriky S-76 helicopter which included some huver runs (Ref. 8).
Duplicate tapes of the FAA hover-noise test results were provided to
NASA, and data reduction was performed at Ames.

Table 2 compares the important parameters of the two tests. Some
differences do exist, but they should not significantly affect the
conclusions., More importantly, the FAA data were obtained with the
aircraft operating in ground effect. Therefore, the comparisons and
conclusions of this section must be regarded as preliminary.

The most striking feature typical of the data obtained during the
model-scale hover test is its variability in time (statistical nonsta-
tionarity) at fixed operating conditions. Figures 6a and 6b are two
waveforms observed at slightly different times during the same run
point. This variability is thought to be related to recirculation pat-
terns existing in the confined environment of the test sectlion even
though its dimensions were very large in comparison to model size.

Subjectively, the noise corresponding to the impulsive waveform
(Fig. 6a) was judged to be loud and l.aa the "popping" quality typlcal of
blade slap. On the other hand, the noise associated with the
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nonimpulsive waveform (Fig. 6b) was judged to be relatively soft and wa3
similar to a high pitched "buzz." These observations are consistent
with those of other researchers on both full- and model-scale rotors.

The time-averaged spectra for this test point ar¢ shown in
Fig. 7. The spectral levels have been adjusted (assuming 1/r variation
of the Sound Pressure Level) for a distance of 11.2 rotor diameters to
match FAA test parameters. The frequuncies have not been shifted to
match full-scale frequencies.
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Figures § and 9 show acoustic waveform and spectra from the FAA
full-scale hover test. Note in particular the presence of tail-rotor
harmonics which arz clearly identifiable. These, of course, are absent
from the model-scale data.
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The full-scale waveform is quite similar to the nonimpulsive
waveform observed during the model test. A waveform corresponding to
the impulsive waveform observed in the model-scale data was not clearly
discernible in the full-scale data, except in igsolated instances. This
is somevhat surprising, beczuse for hover in ground effect, recircula-
tion of the wake is to be expected, which in turn leads to the expecta-
tion of variability of the acoustic waveform. This was not found to be
the case.

Comparison of 1/3-octave spectra illustrates the persistence of
high frequencies for the model. During the model hover test, wind-
“induced micrcphone self-noise was not a factor. Therefcre, the observed
high-frequency acoustic levels cannot be attributed to turbulence-
induced microphone self-nolse or to vortex shedding frox microphone
stands or other hardware. Full-scale data show rapid roll-off above
8 KkHz, which, assuming geometrical scaling, corresponds to 48 kliz on
model-scale. Model-scale data at such high frequencies were not
obtained. The unweighted overall noilse level for the model (when
adjusted to the same distance) is within 3 dB of th: full-scale level.

The first few blade-passage harmonic levels of the full-scale
rotor were well reproduced by the model; however, the harmonics observed
in the model spectra persist to approximately 4 kHz, whercas those in
the full-scale data persist to only 500 Hz (corresponding to 3 kHz
model-scale). Blade-passage harmonics persist for the medel proportion-
ately (assuming they scale geometrically) to somewhat higher frequen-
cies, before being submerged in broadband sound, than they do for the
full-scale rotor,

The full-scale data show a falrly steep (30-4B) roll-off in the
100-to-500-Hz range. The proportionately equivalent frequency range
(600 to 3000 Hz) in the mcdel-scale data shows a mcre gradual (20-dB)
roll-off.

The full-scale/mode.-scale comparison preserted here pertains
mostly to the thickness-noise mechanism because of the small directivity
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angle with respect to the rotor plane. Therefore, no conclusive state-
ments regarding scaling of broadband noise mechanisms (which tend to be
important at larger directivity angles) can be made. 't should be noted
that the recorded modcl-scale acoustic sigrals contained quite high
frequency components at the effective response limits of the measuring
system. This indicates that future tests will require very high perfor=
mance instrumentation systems.

4, FORWARD FLIGHT TEST

Test Description

The forward-flight test was performed in the NASA Ames T7- by
10-Foot Hind Tunnel. The same 2.1-a diam four-bladed rotor as that
described in Sec. 2 was mounted on the RTR in the standard
thrust-up/wake-down mode (Fig. 10). The rotecr hub was cn the test-
section centerline {approximately 1.1 m above the tunnel floor). - The
test model was installed on the tunnel six-component scale system,
Rotor performance data were cbtained from the tunnel scale system and
independently from the internal balance.

The tunnel test section has optional foam-treated wall and ceil-
ing panels. The acoustic characteristics of the soft-wall configuration
were described by Soderman (Ref. 9). During the present test, an addi-
tional 7.5-cm-thick acoustic foam treatnent was added upstream of the
test section and on the flcor to create an improved acoustic environ-
ment. Thus, in total, a 4.6-m length of the test section upstream of
the model was covered on all four surfaces. There was some additional
wall and ceiling foam treatment deunstream. The leading edges of the
foam treatment were carefully tapered to minimize separation and avoid
the generation of additional turbulence. This relatively simple acous-
tic treatment of a limited length of thc test section proved to te very
effective in reducing wall reflections as determined by a series of
pistol-shot sound me.surements similar to those already described.

An array of nine microphones was mounted in the ferward lower
quadrant of the model at distances of 1, 1.5, and 2 rotor dlameters and

" at various azimuthal and elevation angles (Fig. 11). Several of these

microphones duplicated the relative positions of corresponding micro-
phones used during a full-scale S-76 rotor wind-tunnel test (Ref. 6}.
Physical limitations prevented the positioning of the microphones at
large angles below the rotor plane. Therefore, while thickness noise
Wwas readily detectable, loading noise was not. The lower microphones
were marginally lociited to detect blade-vortex interaction noise. The
microphone stands were fabricated from 2.2-cm-thick streamlined
tubing. Laminar shedding tones wzre avoided by applying tape to the
leading edges of the stands to act as boundary-layer trips.

. Acoustic signals were measured with 0.635-cm, free-field
response-type microphones, mounted parallel with the flow. Standard
nose cones wWere fitted over the cartridges. Microphone outputs were
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recorded on a l4-track FM instrumentation tape recorder set up to IRIG
Wideband I standards at 60 in./sec (152.4 cm/sec). The system frequency
response was good to approximately 35 kHz. 1/rev, 1024/rev, and time-
coge signals were also recorded. Test conditions, and amplifier
information were annotated on the vclce track.

System frequency-response checks similar to those described in
Sec. 2 were made. NAdditional tests with a small jet source were made to
check high-frequency respconse. Piston-phone calibrations were performed
before each day's testing.

Forvard Flicht Performance Results

The primary variables during the wind-tunnel test were tip Mach
- number, tunnel lach number, rotor-shaft angle, and rotor lift coeffi-
A cient (Table 3). These values were chosen to duplicate some of the test
conditions of the full-scale wind-tunnel test performed in the LQ- by
80-Foot Wind Tunnel (Ref. 5).
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Figures 12 and 13 surrarize the model-rotor performance data in
forward flight. Data from the full-scale test in the 40- by 80-Foot
T ’ Wind Tunnel are also shown. A rotor system that had the same airfoil
! (Sikorsky SC1095 used on the S-76) as the model rotor was used in the
full-scale test. Data on four scts of tips were aequired during the
full-scale test; the tips in one of those sets had rectangular profiles
(same as the model tips), and is the one on which the comparison in the
figures is based.

oV

[ ) Figure 12 is a plot of lift-to-drag ratio for a flight speed of
i 150 knots, a common cruise speed. The maximum L/D is approximately 15%
2 higher for the mcdel rotor. The maximum L/D was cbtained at typical
ey cruise C /o of 0.07 for the full-scale rotor but at lower values for
;%”; the mocel. This shifting of the L/D curve (at fixed u) was typical of
E8 all of the data.

T%;: Figure 13 is a comparison of lift-to-drag ratio as a function of
i%y: advance ratio for a thrust condition, C; /o = C.085, near the crossover
ﬁgé; point of Fig. 12. Here again there i{s a significant difference (approx-
;gif imately 10%) in the maximum L/D betwcen full-scale and model-scale.

A However, now the maxima occur at the same speed (120 knots). This was
;§{. observed to be true at all thrust levels.

;%f: That the model-scale rotor performance is better than full-scale

performance is unerpected. The reasons for this are being investi-
gated. The possible reasons for the better performance of the model-
scale rotor include the following: (1) incorrect scaling of control

:{;f system stiffness, thereby influencing dynamic pitch in forward flight;
L (2) aerodynamic surface discontinuities at the junction of the full-
Lb' scale rectangular tip and the blade; and (3) differences in the aero-
;;j dynamic interferences between the respective rotor systems and their
R test stands.
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Forward Flight Acoustic Results

Accustic data obtained during the wind-tunnel test are summarized
in Figs. 14-16. Figure 14 is an illustration of the general trends of
the overall acoustic levels as a function of tip speed, tunnel speed,
thrust, and shaft angle. My go 1s the advancing-tip Mach number. The
data are for microphone No. 3’'which was 10° below the rotor plane at a
distance of 1.5 rotor diameters. At this location, the cdominant mecha-
nism is expected to be thickness noise, mostly low-frequency harmonic in
spectral content.

The strong dependence of acoustic levels on advancing-tip Mach
number is clear (Fig. 14a), whereas the dependence on advance ratio is
somewhat weaker, as indicated by the close clustering of data points
about the faired line (Fig. 14b). Note the sharp rise in acoustic
levels above an advancing-tip Mach number of 0.87, The dependence on
rotor lift and shaft angle are also weak (Figs. 1lc and 1Ud), as is to
be expected for directivities near the rotor plane, where loading noise
is le3s dominant than thickness noise. .

Figure 15 shows 1/3-oct.’e and narrow-band spectra corcresponding
to the points labeled A, B, and C on Fig. 14a. Background noise levels
are indicated on the 1/3-octave spectra. Clearly, high-frequency broad-
band noise was not adequately measured, because of high background noise
levels. At high rotor tip speeds (cases A and C), the signal-to-ncise
ratio of low- and mid-frequency harmonic components was quite adequace
even at high tunnel speeds. For low tip speed (case B), only the first
few harmonics of blade-passage frequency are discernible above the
background level.

The relatively high peak in the 40-Hz 1/3-octave band at high
tunnel speed (cases A arnd B), and its absence at the low tunnel spezd

(case C), indicates the presence of either tunnel-drive fan harmonics or .

a low-frequency flow unsteadiness in the test section 't high speeds,
especially since the peak occurs at a frequency below blade-passage
frequency (125 Hz). This flow pulsation could affect rotor aerodynam-
ics, in turn affecting rotor acoustics. This effect was not studied
during this test.

Comparison of cases A and C shows an increase in the level of
blade-passage harmonics at the higher advance ratio. Interestingly, the
level of the fundamental itself remains unchanged. Since the advancing-
tip Mach number for case A is approximately 0.9, local shock waves
undoubtedly are present, which, coupled with flow unsteadiness, may well
be the origin of the rich mid-frequency spectral content.

For case A, the spectral levels at higher frequencies are gener-
ally higher. This is attributed to the increase in baskground noise at
the higher tunnel speed rather than to high-freguency %roadband mecha-
nisms such as trailing-edge noise, particularly since %“he directivity
angle is small. The origin of the peak at 3.5 kHz is not known,

98-9
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These trends were generally found to hold also for micrephones &
and 6, which are, respectively, 5° below and 16° lateral to micro-
phone 3. There were only minor differences in spectral content and the
overall sound pressure levels were Within 2 d4B.

Figure 16 {s a comparison of the model-scalz acouscics data and
. the full-scale data obtained in the 40- by 80-Foot Wind Tunnel
(Ref. 6). At the time of the test, the tunnel test sectior had no
acoustic treatment. Therefore, the comparison is strictly valid only
for high-level harmeonic components radiating within a small directivity
angle near the rotor plane. The comparison is made on the basis of
1/3-0ctave spectra. The full-scale dara were shifted over in frequency
so that tue blade-passage frequercy band coincideu with the mod_'-s2alz
data. No adjustments in level were made, because it was assumed chat
the full-ccale data were mostly harmonic and not broadbanu in nature at
the lower frequencies of interest, as was the case for the nodel-scale
data. ’

Generally, the model-scale data did no® preaict full-scals levels
Wwell. The full-scale data fall approxiaately 5-10 4B higher than the
model-scale data. This hclds true for hoth tip speeds. Recalling that
the full-scale data were obtained in an untreated turnel, the differ-
ences are cxpected and may, to some extent, be attributable to reverher-~
aticn effects. Full-scale forward-flight data in the treated UO- by
80-Foot Hind Tunnel will be obtained in the future so that further
. comparisons can be made.

5. CONCLUSIONS

The performance and aconstics of a small-scale rotor were com-
pared with those of a full-scale rotor in “oth aover and forward fl.ght.

The hover performance and acoustic results for tne model-serale
and full-scale rotors compared quite well., The expected Reynolds -number
influence on arofile power was evident. Acoustic low-frequency harmonic
levels were found to scale geometrically. At full-scale mid-
frequencies, the spectrz" levels rolled-off much more rapidly than
model-scale data at equivalent frequencies. Model-scale dzta at equiva-

"lent full-scale high frequencies were not available. However, there are
strong indications of significant model-scale spectral content at quite
high frequencies,

In forward flight, both the performance and acoustics of the
small-scale rotcr compared poorly with the full-scale data. Significant
Reynolds-number effects were found in the lift-to-drag comparison. The
acoustic spectra of both the model- and full-scale rotors 2zhibit simi-
lar trends; however, tiere was an overall difference in levels of
5-10 dB. ' ‘ :
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Table 1, Model-rotor characteristics

Radius, R 1.0568 m

Chord, C 6.2941 cnm
Airfoil SC1095/SC1095R8
Number of blades )

Twist -10° linear
Solidity, ¢ 0.075121

Table 2. Test parameters for scaling compariscn
of hover noise

Model scale Full scale (FRA)
Airfoil ~ SC1095/SC1095R8  SC1095/SC1095R8
Blade tip Rectangular Swept tapered
Mtip 0.55 0.59
Cy/a 0.09 0.09 (estimated)
Angle of microphcne j0° 2°

from rotor plane
Micropheone distance 11.2 rotor diam 1.2 retor dieg
{ad justed)

Table 3. Forward-flight test parameters

Rotor tip Mach number, Mtip 0.55, 0.6, 0.65
Tunnel Mach number, M . 0.12, 0.18, 0.225, 0.2%

. Rotor shaft angle, ag -10°, ;5°. -2.3°, 0°, +6°
Rotor lift ccefficient, C, /e 0.03 - 0;12




Fig. 1. HASA Ame3s Rotor Test Rig with club blades.
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Fig. 2. Rotor Test Rig and microphone array mounted in NASA Ames U0- by
80-Foot Wind Tunnel test section for hover test.
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O FULL-SCALE DATA, o, = 10°, My;p = 0.605
O SMALL-SCALE DATA, o = 10°, Myyp <0.627

== FIJLL-SCALE WHIRLSTAND DATA CORRECTED
TO ISOLATED ROTOR, o, = 0°, Mp;p = 6.

FIGURE OF MERIT

0 02 .04 05 .08 .10 12
CT/ (o]

Fig. 4. Hover performance and comparison with full-scale data:
of Merit,
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O FULL-SCALE DATA, ¢ = 10°, Myp = 0.605
0 SHALL-SCALE DATA, o = 10°, Myp = 0.527
=== FULL-SCALE WHIRLSTAND DATA CORRECTED TO
ISOLATED ROTOR (3%), o = 0°, Myp = C.8

12 L @ EIG
ol '.;f.. 1 { L 1 1 ) 1 1 K} ! ] -
1 2 3 4 s 6 7 €& 9 10 11 12x1w0™
CQ/O

Fig. 5. Hover performance and comparison With full-secale data: Thrust
vs. Torque. :
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Fig. 6. Small-scale model rotor hover noise data.
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