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ABSTRACT need to incorporate aircraft noise as a primary de-
In a major cooperative program between US. sign parameter. In fact, the Federal Aviation Admin-

Government agencies (represented by the U.S. Army istration has enacted legislation requiring that newly
Aeroflightdynamics Directorate and NASA Ames and designed helicopters meet stringvnt noise standards

(V) Langley Research Centers) and United Technologies (Ref.l). With the increasing role of helicopters in the

*n Corporation (rcpresented by United Technologies Re- military, advances in the design of acoustic detection
search Center and Sikorsky Aircraft Division), a 1/6 technology threaten operational effectiveness and jeop-

geometrically and aeroelastically scaled UTC model ardizes future missions. Consequently, the last decade
helicopter rotor was tested in the open-jet anechoic has been committed to an intense helicopter aeroacous-
test section of the Duits-Nederlandse Windtunnel in ties research effort, both to define the noise generatirg
the Netherlands. As the fourth entry under the Aero- mechanisms and to examine means to reduce this noie
dynamic and Acoustic Testing of Model Rotors Pro- (Ref.2-27). While computational methods continue ;o
gram, several comprehensive acoustic and aerodynamic be developed, they have not yet matured to a level that
databases were obtained relating the important aerody- will guarantee certification of a newly designed heli-

namic phenomena to both the near- and far-field acous- copter. As such, experimental research presently re-
tic radiation. In particu 1 'r, high speed impulsive noise mains the critical ingredient necessary in establishing a
and blade-vortex intera. i'.n are of primary interest, firm understanding of the various sources )f the rotor-
This paper provides an initial summary of the acoustic craft noise problem. Therefore, in order to meet this
measurements acquired for some of the different config- challenge, in a joint effort of government and industry,
urations tested. A review of the baseline swept tip ro- the following test was performed.
tor acoustic characteristics in the regimes of high speed The U.S. Army Aerodynamic and Acoustic Test-
forward flight, where high speed impulsive noise dom- ing of Model Rotors (AATMR) Program, under the di-
inates, and low speed descent, where severe blade vor- rection of the Aerofightdynamics Directorate's Fluid
tex interaction noise occurs, is presented. The trends Mechanics Division, was structured as a rezult of
of these primary noise sources are studied as the first prior successful joint "Memorandums of Understanding
step in validating the data for release and application. (MoU)". Under an existing MoU between the United

States and France, an AH-1/OLS scale model rotor was
INTRODUCTION tested in the French CEPRAi9 Wind Tunnel (Ref. 2).

The increased use of helicopters in both civil and Subsequently, the same rotor was tested in the Duits-
military applications has raised the awareness for the Nederlandse Windtunnel (DNW) in the Netherlands,

under another MoU between the United States and
Presented at the 46th Annual Forum of the Amer- Germany (Refs. 3,4). It was this 'benchmark' test

ican Helicopter Society, Washington, DC May 1990 which led to the establishment of the AATMR Pro-
This is one of three papers in the 46th Forum on gram between the United States govfcrnment and the

this test program. More detailed descriptions of the U.S. helicopter industry, in cooperation with the Dutch
overall test and aerodynamic results are presented in government. The main objectives of this program have
the other two papers. been to investigate impulsive noise caused by blade-

vortex interaction and high speed forward flight andtDISrRrncN STAflEWET A
SApproved Jot pulic releas4l
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to obtain a fundamental understanding of the associ- 4) study near/far-field iotorcraft acoustics;
ated airloads, over a full range of flight regimes. The 5) investigate wind tunnel shear layer rffects
first industry participant was Boeing Helicopter Com- on acoustic transmission, and
pany, in a test involving a 1/5 size, dynamically scaled 6) evaluate the acoustic and performance
model of the Boeing Model 360 rotor. Simultaneous characteristics of a main rotor with a
blade pressure and acoustic data were acquired over BERP-planform tip.
a full matrix of test conditions (Refs. 5,6). Data from From an acoustic aspect, the main focus was on
this test complemented Boeing wind tunnel model scale two of the dominant noise sources for rotorcraft high
data and full scile whirl tower and flight test data. In speed impulsive (HSI) noise and blade- vortex interac-
1987, AFDD and McDonnell Douglas Helicopter Corn- tion (BVI) noise. High speed impulsive noise is pri-
pany, with NASA participation, tested a dynamically marily a result of -.ompressibility effects due to high
scaled model of the Hughes Advanced Rotor Program advancing tip Mach numbers, as described in Refs. 12-
(HARP) composite bearingless model main rotor and 13. Main rotor BVI noise is the primary noise source for
a 369K taLil rotor. This test focused on the acoustic rotorcraft in low-power descent, where the rotor wake
characteristics, and also demonstrated an improved fl- is blown back into the rotor plane. Unsteady irloads
exbeam design (Ref.7). are introduced on the blade by the close passage of one

In 1984, United Technologies Research Center and or more previously shed tip vortices. Because of the de-
the Sikorsky Aircraft Division of United Technologies pendence of this phenomenon on the complex geomet-
initiated the design and fabrication of a densely instru- rice] structure of the wake, its occurrence is extremely
mented model scale modern technology main rotor. An sensitive to rotor design and helicopter operating con-
extensive series of hover tests were perf rmed on this ro- ditions (Refs. 14-16). Accurate prediction of BVI noise
tor in 1986-88 by a UTRC/Sikorsky team, as described is required to reduce design margins currently needed
in Refs.8-9. The hover test program included men- to assure noise certification (Refs. 17-20).
surements of the blade pressures, strains and boundary To achieve these objectives, four different test con-
layer state, rotor performance, wake geometry, and flow figurations were used saring the experiment:
field velocities (using a laser velocimeter). 1) baseline pressure instrumented main rotor

In an established trilateral rotorcraft testing ef- 2) baseline uninstrumented main and tail rotors
fort at NASA Ames Research Center (ARC), structured 3) baseline uninstrumented main rotor
for the correlation of model and full scale wind tunnel 4) BERP-planform tip uninstrumented main rotor
experiments and flight testing, NASA ARC, in coop- The composition of the configurations and of the
eration with the Army, has scheduled a flight test of test matrices will be discussed below. Each configra-
an instrumented full-scale rotor of the same design as tion focused on particular goals established and agreed
the subject model in 1990. The pressure-instrumented
main rotor system was fabricated by Sikorsky, and has upon in the early planning. All data presented in this
many transducer locations in common with the model paper are from the first configuration, so that config-

coordinated uration will b-: discussed in most detail here. Furthertestd atDNW Thecompemetaryanddetails of the other configurations are contained in Ret.
series of scale model wind tunnel tests and full scale 10.

flight tests will provide insight in the areas of acous-

tics, performance, aerodynamics, and dynamics. It is In the following sections, a description of the UTC
the model scale testing which will be discussed in this scale model baseline rotor, the DNW wind tunnel, the
paper. An overview of the DNW test program is pre- acoustic data acquisition system, and test matrices are
sented in Ref.10, and aerodynamic results are presented briefly discussed. Acoustic data are presented for thiee
in Ref.11. rates of descent and a comparison made of the sensi-

The subject test of the UTC model scale rotor at tivity of BVI to this parameter. This is followed by
the DNW had the following objectives: an analysis and discussion of the high speed impulsive

t D aduire the ollong fobjectesue noise characteristics for high speed forward flight.
1) acquire blade airloads from pressure rnea-

surements over the entire extent of blade MODEL DESCRIPTION
chord, span, and asimuth,

2) obtain simultaneous acoustics and blade
pressure data over a wide range of oper-
ating conditions, The baseline rotor used in this experiment is a 9.4

3) study main rotor/tail rotor interaction ft (2.9 m) diameter, 4-bladed scale (1:5.73) model of
noise, a current technology Sikorsky main rotor. The blades



have, a joint at 80% of the radius to &llow different tip test stand is comprised of four mrajor subsystems: the
drsigns to be tested. The baseline planforrn is shown electric drive motors, the transmission, the rotor bal-
in Figure 1; the primary distinguishing features are an ance system, and the rotor control swashplate system.
effectively constant chord and a 20 degree aft sweep of A 1024 encoder and optical I per rev encoder were used
the blade tip (beginning at r/R =0.929). The average to control the clock rates and trigger for the online dig-
chord is 3.64 in (9.24 cm), producing a blade aspect ital acoustic data acquisition systeva, respectively The
ratio of 15.3 and a soliditv of 0.08'7r The Sikorsky swashplate andi RWVTS were enrlosed for this test with
cambered airfoils used for this rotor have a thickness- acoustic fairings. These consisted of fiberglass shells
to-chord ratio of 0.095. The blade twist distribution covered with acoustic, sound absorptive foam. The
is linear for r/R < 0.75 and nonlinear at the tip, with RWTS was directly attached to the DNW tting support
ni maximum twist of -13 deg with reipect to the blade system, which was also covered with a sound absorp-
root at r/R =0.92. The blade geornetry is completely tive foam fairing. In this test, all degiees of freedom of
defined in Refs. 8 and 9. The rotor system is shown the sting except for the shaft angle, a,, were mechan-
instalfled at the DNV in Figure 2. icoally locked out. Additional details of the test stand

Two geometrically identical versions of the base- are contained in Ref. 10.
line rotor were tested: an 'uninstrumented' rotor, which I -
contains oily ttrain gages, and &n 'instrumented' ro-
tor, which contains pressure, strain, and temperature
sensors. Blade struckural and dynamic Lharacteristics
are provided in Ref. 9, includiing stifinesses, mass dis-
tributions, inertil properties, and natural frequencies
(as determined byv non-rotating rap tests). Structural
properties of the uninstrumented baseline iotnt closely
match the fult q-ale rotor. The addition of the prcs-
sure transducers, the associcted electronics and sup-
ports raises the mass of the in'strumented rotcor to ap-
proximately 30% above the scale value,

.225 400 .550 .675 -.7751 ~ '9

SCR 109 SC 1095-Ro -_-- 4-c 1oqc,%5AFOIL Figure 2. UTC inaL'n andti rotor at DNW.

INSFI TEST FAC[LITTEF
-SC 1095 -..- SC 1 09-R8 4.A09... The German-Durch wid tunn%!l, the DNW, is

a cooperative establishment of the aezospace research
Figure 1. Planforms of UTC model main rotors, laboratories Deutsche Forschungsanstalt fur Luft-uid

Raunfahrt (DLR) in Germany, ahd the Nationaal
For this test the model blades were mounted on Lucht-en Ruirrtevaartlabcoratorium. (NLR) in the Nether-

* Sikorsky fully-articulated rotor hub. The hub ha lands, This joint venture was a milestone for interna-
a hinge offset of r/R = 0.053, coincident flap and lag tional cooptration in the field of aeronautics. Officially
hinges, and viscous lag dampers to avoid inplane me- opened in 1980, IDNW is Europe's largest and mcst ver- C
chanical instabilities. Potentiomneterz on the rotor head satile wind tunnel, and has outstanding aerodynamic
measured blade motion angles (pitch, flap, and lead- and aeroacoustic properties. Figure 3 shows an aerial
lag). Strain gages measured loads on the four pitch view of the facility. By offering the aeroacoustic fea-
links. tures of low background noise, a large anechoic testing

hail, and both iin-flow and out-of-flow microphone tra-
Test Stand and Balance System verse systems, the DNW has become a major rotorcraft

The UTC model rotor and hub were mounted on testing facility (Ref. 21). fa%- c4L*.i.Li
the AFDD's Rotary Wing Test Stand (RWTS). The utU

SLATE4FXT "A" per D. Kiefer is
Army Aeroflightdrnia~ics Directorate/FAZR
AF-F, NASA Anes Research Center, Moffett il
Field, CA 94035 ----
TELECON 5/31/90 VG



a IJTRC system for rotor aerodynamics, dynamics, and
performance. A third computer, supplied by NASA
Langley, was used for additional acoustics data pro-
ceasing. The data acquisition systems were installed in
the trailers and checked out at NASA Ames Research
Center prior to the DNW entry. Following is a detailed
description of the acoustic -stems used. Details of the
airloads acquisition systen will not be addressed but
can be found in Referen: . ard 11.

AFDD AcousticlPerforrnance/ 'ntzjs syst m

Rotor and strain gage dat. - ue recorded on ana-
log tape. Performance data from the balance and wind

Figure 3. The aerial view of DNW wind tunnel facility. tunnel parameters were digitized at 300 HI, pzocessed
on line by a VAX 11/751 computer, and stored on mag-

The DNW is a subsonic, atmospheric wind tunnel netic tape. An analog backup tape of this data was
of the close- return type; it has three interchangeable recorded as well. Fifteen in-flow and four out-of-flow
closed test section configurations and one open-jet con- microphones were used to measure the acoustic pres-
figuration with a 6.0 by 8.0 meters (19.7 by 26.2 ft) sure. This information was recorded on analog tape, as
nozzle. All data for this program were acquired in the well as digitiued with a DATACOM A-to-D front end
open-jet configuration, where flow velocities of up to 80 to the VAX 11/751. The digitized data were processed,
m/s (282.5 ft/sec or 155 kts) can be reached, which coy- and instantaneous and averaged time histories as well
era the typical speed range of existing helicopters. The as FFT spectral plots were available on site.
tunnel was designed for low background noise by choos-
ing a low-tip-speed fan and by acoustically lining the AW ------------------------------------------ _I __L(
turning vanei and collector/transition walls. An acous- 17*

tically treated testing hall of more than 30,000 m (52 x ( -1

20 x 30 mn) surrounds the open-jet testing configuration, -It 7-
much of which is usable for in-flow or out-of-flow acous- . 7

tic measurements. The exceptional anechoic properties V W

(cutoff frequency of 80 Hz) which result make the DNW N ±"

the largest aeroacoustic wind tunnel in the fre world. ;-s /
The tunnel also has excellent fluid dynamic qualities o /
with low unsteady disturbances over the total testingI15 4
velocity range. More detailed information of the tunnel '1- W-14 ~4
characteristics can be found in the Appendix of Ref.3. .\12 .13.. I--7 -< 2 3 4 5

Further DNW information can be found in Ref. 22. b-TLT

The UTC model rotor was positioned on the verti-_,W tem a w o
cal and lateral centerline of the DNW test section, and a
aft 1.86 meters (6.1 ft) from the longitudinal center-
line. This position enabled acoustic measurements to
be made 3.0 rotor diameters upstream of the hub, as 19

required for direct com parison w ith earlier D N W test I ................................... __ A I ..M -

results (Ref.2,3,5,6). The vertical position of the rotor
hub center was maintained at the tunnel centerline for Figure 4. Microphone positions in DNW (top view).
all shaft angles by raising and lowering the sting. The acoustic acquisition system, consisting of nine-

INST RUMENTATION SYSTEMS teen microphones, was divided into arrays of in-flow
and out-of-flow positions relative to the wind tunnelSignal conditioning, data acquisition, display, and jet stream. Eleven microphones, numbers I - 11, were

processing hardware for this test were located in two mounted on the DNW movable in-flow traverse, up-
transportable instrumentation trailers supplied by the stream of the rotor, and two microphones, 17 - 18, were
Army. Two data acquisition systems were used: anAFDDmys or acoustisandtemsperforae da an attached to an out-of-flow traverse, located on the wallAFDD system for acoustics and performance data and



of the test section, as 3ce.n id 'iguit 4. Four micro- Z "---

phones, numbers 12- 15, were mournted in a fixed.. 
flow array just downstrrm of Jf.e nozzle exit, a3 shown " -.....

in Figure 5. Microphones 16 and 19 were fixed to the 2.7 n

ceiling and wal; of the test section, respectively, as can --

be seen in Figure 6. The microphones were arranged +

ca radials from the rotor hub, both in plane and below T's
the rotor disk. iicrophones I- 11, located on the in-
flow traverie, were 1.5 diameters away from the rotor 3

hub. To maintain this separation distance w-hen the 2

shaft was tilted for tach particular test condition, the I) - iI Y (m) 1 1

inflow arrey would move upstreom or downstream. I #-H)-9-- 1
17. 18 7 6 S ' - t 0.3•2 1 2 • J • 19

0 3
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9- Figure 6. Microphone positions in DNW (front view).
25" 11,10

1 11/75' data acquisition computer. Each file of acous-
AF0 RWtS 0 tic data was stored with corresponding amplitude and

filter information, as well as rotor performance char-
acteristics. Data was digitised by a 15-bit (14 plus
sign) DATACOM analog-to-digital(A-to-D) unit con-
trolled by the VAX 11/751. Dynamic range of 90 dB
was achieved with the 15-bit system. With amplifier

Figure 5. Microphone positions in DNW (side view), gains set to prevent clipping, 85 dB dynamic range
should be assumed for acoustic data digitized on line.

All in-flow microphones (numbers 1 - 15) were The A-to-D was designed for a sample rate of approx-
standard B&K 4134 1/2 inch pressure type condenser imately 400,000 samples per second. Analog-to-digital
microphones equipped with "bullet" type nose cones. controller hardware buffer memory had a maximum sise
The out-of-flow microphones (numbers 16 - 19) were 2,641,443 16-bit words. The 19 microphones were digi-
B&K 4133 1/2 inch condenser microphones fitted with tised at 1024 samples per rotor revolution for 64 revo-
acoustic foam ball wind screens. Each microphone lutions (approximately 2.26 seconds). Six microphones
channel, consisting of the microphone, preamplifier, at a time were digitized simultaneously in three sequen-
and power supply, was calibrated daily using a 124 dB tial groups, with a group of five microphones following.
at 250 Hertz sine wave pistonphone signal. In addition, The VAX I1/751 computer controlled the A-to-D con-
a white noise and sine wave signal was frequently in- verter, stored calibration data, amplifier gains, filter
jected using the insert voltage calibration technique to settings and acoustic data, and perfoimed time domain
check the system integrity over the course of the test. and spectral analysis.

Signal conditioning of the microphone signals were A VAXStation 3200 computer, provided by NASA
performed by amplifier/filter unita. Acoustic data were Langley, aided in the postprocessing of the digitized
filtered at 10 l.Hs with a six pole Bessel filter with 36 data files. Because of the large quantity of acous-
dB per octave terminal slope. Amplifier and filter set- tics data, it was decided to transfer the digitised files
tings were read and recorded digitally with the VAX



to the VAXStation 3200, to take advantage of its in-

creased processing speed (relative to the VAX 11/751).
and thereby obtain preliminary acoustic results more
quickly.

Acoustic data were recorded on a thirty-two chan-
nel analog tape machine simultaneously with the digiti-
zation of the data. Timing and synchronisation signals
such as main roto! 1 per rev and 1024 per rev were

rerorded, as was a voice channel identifying test point
itnumber and test cendition. The 1 per rev was recorded

on two adjacent taspe channels to eliminate the effects of
phase shift between the odd and even recording heads.
The 1024 per Yev was recorded with a direct card, due
to its vety high frequercy content, while all other chan-
nels were recorded with FM cards. Analog tape data
were recorded on Wide Bead I at 76.2 em/sec (30 inches

per second (IPS)) tape speed, giving n. fist fiequency
response to 20 KH. for the FM-recorded signals. Dy-

namic range for this machine and intermediate band Figure 7. Pressure instrumented man rotor in DNW.
recording system was specified to be 48 dB, and it was conditions, and 19 hover conditions were tested. The

measured to meet or exceed that specification. With level fight conditions included advance ratios of 0.07 to

amplifier gains set to prevent inadvertent clipping, it 0 ve r ti Ma c u er bt e 0.6 an 0.7 an
can be assumed that acoustic data were recorded with 0.36, hover tip Mach numbers bet-. -- n 0.6 and ., and
an eassumd thatmacsic d rec w thrusts of CL/u from 0.04 to 0.10. Descent conditions

at least 45 dB dynamic response, consisted of 9 shaft angle sweeps at 7 different advance

The analog pressure signals from the blade trans- ratios between 0.137 and 0.3, Figure 7 shows the in-

ducers were also supplied to the AFDD data system. strumented main rotor in the DNW test szction. The
One test objective was to correlate instantaneous (same combined measurement of the blade surface pressures

rotor revolution) blade pressure and acoustic data for and the acoust'z field provided a very high fidelity data

a limited number of test conditions. This correlation base for aeroacoustic cause and effect studies.

required that both the blade surface and acoustic pres-
sures be simultaneously recorded by a single system. ACOUSTIC TEST RESULTS

Therefore, the 22 blade pressure signals were passed to The following discussions of BVI and HSI noise will

the AFDD system and recorded simultaneously with focus on the preliminary analysis of the UTC baseline

a select subgroup of five microphone signals on analog swept tip rotor acoustic data. Several comparisons are
tape. The recording was repeated for each of the eight made relative to the AH-1/OLS rotor (Ref 2,4,12-14)

multiplexer positions. since the BVI and the 1lSI acoustic sources have been

TEST CONDITIONS thoroughly analysed and because it identifit many fun-

damental phenomena associated with helicopters. The
Four rotor configurations were tested during this ranges of the four governing nondimensioqal parame-

experiment. The initial and primary configuration was ters studied in the analyses presented are as follows:

the UTC pressure instrumented baseline main rotor, Advancing tip Mach number, MAT: 0.550 - 0.93
where the major emphasis was on obtaining a com-

prehensive mapping of the 176 blade surface pressures Hover tip Mach number, MH: 0.550 - 0.700

together with simultaneous acoustic field pressure men- Advance Ratio, p: 0.100 - 0.328

surements. Data analysis to date has concentrated on Thrust coefficient/solidity, Cg/o: 0.050 - .100
this configuration, which will be described in detail Shaft tilt angle (TPP angle), a,: 0.05 - 7.47
here. A description of the test conditions for the other
three configurations is contained in Ref. 10. Acoustics Repeatability of Check Points.

Pressure Instrumented MR Configuration The excellent aerodynrnic flow quality and acous-

tic properties of the DNW contribute to both the
For this configuration, the main portion of the test, steadiness and superb repeatability of the acquired

42 separate level flight conditions, 43 descent condi- acoustic data. Over the course of the testing, defined

tions, 5 high negative shaft angle (broadband noise) check points were taken to insure the reliability and
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Figure 8. Acoustic repeatability.

In an effort to examine this model scale data from
repeatability from day to day. For the instrumented the perspective of comparing to future full-scale flight

rotor, Figure 8 shows acquired acoustic time histories data with this same rotor design, it is necessary to eval-

for a low speed forward flight case taken on different uate the BVI characteristics as related to the normal
days, both inplane and 25 ' below the rotor, 1.5 rotor rotor operational flight parameters, and gain a physical

diameters from the hub. The repeatability is excellent understanding of the nature of the BVI with respect to

considering the flight condition was a case involving this rotor design. Since BVI is dominant during de-

substantial wake interactions (as revealed by the men- scent, the first step in the analysis was to define typical

sured blade surface pressures). It is noted that there is approach patterns and relate these to the measured test

more variation between the blade to blade signatures points acquired. This requi.ed transforming one of the

than that from day to day, which indicates that the governing scaling parameters used In the wind tunnel,

repeatability of test points is at worst on the order of shaft tilt angle (or tip-path-plane angle), into the more

the variations between blades, ind is possibly better used piloting metric, rate of climb (in this case, rate

than that. For a matching operational test condition, of descent). A set of preliminary rate of descent cal-

the time histories of the uninstrumented rotor matched culations was performed by Sikorsky Aircraft Division

well against the instrumented rotor, indicating that the using a generalized helicopter simulation program to

pressure instrumentation has little to no effect on the relate the model shaft tilt angle to a typical rate-of-

acoustics. Therefore, mixing performance and acous- descent. In doing so, the approximate relation between
tics data for these two blade sets is a valid way to es- shaft tilt angle (synonymous to tip-path-plane angle

tablish data trends for the baseline planform. here since the rotor was trimmed for sero flapping) and

rate of descent is plotted versus advance ratio in Figure

Blade-VSrtex nteraction (BV) Dats. 9. Note that the shaft tilt angles have been normalized

Blade-vortex interaction noise (BVI) is due to the by the shaft tilt angle value for a normal approach at

shed tip vortex from a preceeding blade colliding with, p=0.2 . The calculated descent rates are 400, 600 and

or passing very near, a following blade. This collision 800 ft/min shown by the smooth curves. The measured

produces an impulsive signature due to the rapid pres- data, represented by the individual symbols, fall within

sure changes at the leading edge of the rotor blade, the envelope of interest. From the measured acoustic

and is a dominant noise source primarily in descent. data, three approach maneuvers at a fairly constant

BVI also exhibits a highly directional radiation pat- rate of descent could be simulated. The three approach

tern, with the major lobe of this pattern being forward rates chosen for this analysis are: a shallow approach

of the blade, normal to its position at the time of the of 400-500 ft/min represented by the solid circles, a

interaction, and below the rotor plane (Ref. 3). normal approach of 600-650 ft/min represented by the



open circles, -And a steep approach of 800-850 ft/min Because of the known forward-and-below directiv-
represented by the solid squares. ity of BVI, data from the array of microphones (num-

bers 6,11,10,9) stationed 1.5 diameters away from the
rotor hub in a plane 25 degrees below the tip path plane
will be examined. These microphones correspond to

sEP APPROACH Cv/a - MOOMRATE positions at 0= 210 ", 195 ', 165 *, and 150 ', respec-
(SW fthW Mp > 094A1 tively. These measurements identify the forward BVI
.• /directivity patterns and levels as the rotor performs the

three selected approach maneuvers.

-RL. Figures lOa-10d show a portion of the measured
,s ,oR APPROACH acoustic pressure time histories from each of the four

microphones at a given advance ratio for the three
to constant rate of descent maneuvers of 400-500 ft/min,

"-600-650 ft/nin and 800-850 ft/rain. Advance ratios of
-- -.-.. I =0.15, 0.175, 0.20, and 0.25 are presented in Fig-

a.s /ures 10a through 10d, respectively. In Figure 10b, for
,, =-0.175, the directionality of BVI as a function of rate

SIALoW AOACoH4 of descent is most clearly seen. At the shallowest de-
0.0 (400o "hftm scent rate of 400 ft/min, there is some evidence of BVI

impulses at all of these forward microphone positions.
. _ _ ._. _ ,_Going from 400 ft/min to 800 ft/min, the BVI impulses

0.10 0.o ass o.jo are concentrated in the 0 =150 and 0 =165 "loca-
- DVANC RA' tions. This indicates that, as the rotor shaft angle is

increased, providing a steeper rate of descent, the vor-
tex interactions move further back in the first quadrant-

Figure 9. Descent Maneuver Matrix. This produces the change in directivity, with the BVI
lobe moving more to the right of the rotor. These re-
sults have also been seen by Martin (Ref. 23) in another
rotor test at DNW.

/.uO.15

IhJ S STE APPROACH
(800-850 ft/min)

NORMAL APPROACH
~ ~ .- ~,~V'~-(800-650 ft/min)

TEST CONDITION NOT AVAILABLE SHALLOW APPROACH

(400-500 ft/min}
210 195 185 150

- LATERAL MICROPHONE POSION (DEG)

Figure 10a. BVI acoustic pressure time history (1/4
Rev) for descent at u=0.150.



STEEP APPROACH
~ < (800-860 ft/min)

N011MAL APPROACH
(60C0-650 ft/mmn)

SHALLOW APPROACH
(400-500 ft/min)

Figure 10b. BVI acoustic pressure time history (1/4 Rev) for descent at 4=0.175.

~ STEEP APPROACH
(800-850 ftlmin)

AIA~ NORMAL APPROACH

SHALLOW APPROACH
(400-500 ft/min)

Figur~e 10c, BVI acoustic pressure time history (1/4 Rev) for descent at g=0.20 0 .

STEEP APPROACH
(800-850 ft/mim)

NORMAL APPROACH
(600-050 ft/min)

SHALLOW APPROACH
4400-500 ft/min)

210 195 185 150

-LATERAL MICROPHONE POSMON (DEG)

Figure 10d. BVI acou-stic pressmie time history (1/4 Rey) for descent a O25



Examining Figures 10a, 10c, and 10d, similar / .
trends are seen. The BVI directivity at the lowest de-
scent rate is mostly forward of the rotor, and as de-
scent rate is increased, the BVI tends to move toward V-LOR
the right. In addition, it should be noted that the BVI 1 "
noise pulse shape changes in character at the same time.
At the shallowest descents, the BVI impulses are much
sharper, while they become broader, with lower ampli-
tudes, as descent rate is increased. In addition, for the
shallow and normal approaches, there are a number ofR
discrete peaks, indicating the influence of as many as N- 1.5 REv 1.8 REv TH - 0.71 REV
five shed tip vortices. This becomes less apparent in
the steep approach, indicating a reduced nu.nber of in- Figure 11. Rigid wake tip vortex geometry pattern.
teractions at higher rates of descent. It is likely that
the increased vertical velocity component is causing the Realizing that the early vortex interactions (first
wake to pass through the rotor disk more quickly, both and second) are not likely to radiate in the measured
reducing the number of direct interactions with the bl- area of inte:est, it seems possible that the BVI impulses
ade, as well as moving those interactions that do occur seen for the test case (I= 0.176), in Figure lob, may be
further back on the rotor disk. This would produce due to the third, fourth, fifth, and sixth interactions.
both the directivity changes seen, as well as the shape Similarly, assuming that the parallel in'eraction mech-
of the BVI impulses. This would indicate that, for the anism acts ideally like that of the AH-1/OLS rotor, the
steeper descents, the main BVI directivity location is primary radiation of the third and fourth interactions
to the right of the * =150 ' microphone location, would be starboard, almost perpendicular to the blade

at the time of complete interaction. Simple geornetri-In a preliminary evaluation of the vortex interac- atteimofc pleinrcin.Spegoer-
tion cats eltiy evalutin gofte vrteterbacd cal calculations indicate that the dominant peak seen istion locations, the tip vortex geometry pattern based

on a simple rigid wake was calculated. Figure lisi cal- most likely the result of the fourth interaction occurring

culated for the test condition of p:; 0.176 at a shallow at 0 = 45", followed by the weaker effects of the fifth
approach, which is the test case from Figure 10 with and sixth interactions. The fourth interaction has a ra-

the highest peak to peak acoustic pressure. The de- diation directivity oft=135 "and is the dominant inter-

picted intersections agree fairly well with preliminary action pulse primarily on the advancing side as shown in
measured blade pressure data at this condition, which Figure lOb. Although the third interaction is also a par-

are unfortunately not available for publication at this allel interaction with a trace Mach number also equal
time. Figure 11 indicates interacticns occurring at: to infinity, its radiation directivity is at 1-145" which

S= 6', 22 -, 34', 45', 55'and 63'. The fourth is almost out of the range of the measuring array. Nev-

and fifth interactions are parallel to the blade at the ertheless, there is evidence of it in Figure lOb, as the

time of interaction, with the vortex sweeping the blade weaker pulse preceding the fourth interaction pulse in
fromn outboard inward. Data from the AH-1/OLS ro- the measurements at 10 =150'. These measurementsfr outb hoar inar.lel Dnactafo s wthe AhOs r seem to correlate well with the simple reasoning usedtor (Ref.IT) show parallel interactions with this same for the known BVI mechanisms' radiation directions.

type of motion, and also show that the local pressure for the nali usms' radiaticrection

fluctuations due to these interactions were small at out- With further analysis, using both acoustic prediction
board stations but increase at inboard stations. In the codes and the input of the measured blade pressure
other interactions, the vortices interact with the blade data, the following preliminary observation can dearly

at oblique angles which sweep the blade from outboard be confirmed and the mechanisms further studied.
inward. It is interactions of this type, an oblique inter- In addition to examining the changes in the time
action, which cause the resulting radiation to propagate history characteristics, overall and band limited sound
perpendicular to tle Mach cone around the trace of the pressure levels (OASPL and BLSPL) were calculated.
disturbance along the vortex trajectory (Ref.24). By Since BVI noise dominates the mid-frequency range
applying the equations from Ref.24, a very simple way and overall sound pressure levels are usually dominated
of identifying the direction of radiation from oblique by low frequency levels, a range between 500 Is and 5
interactions was -ssible. kHs was selected to identify the effects of BVI. For the

overall sound pressure levels, the frequency ranged from
0 - 10 kHs.
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In Figures 12a-12d, OASPL is plotted for the corre- measurements of microphone #I, which is stationed in
sponding test conditions of Figures 10a-10d. This iden- the rotor plant at 6= 180 ", where high speed impulsive

tifies the directivity of the summed total of all sound noise is supposed to dominate. In the central portion of
sources for a given p at each of the three approch ma- th[, '- i re, the solid and open symbols represent a mod-
neuvers. !n Figure 12a, for 1 =0.15, it is evident that era .iy and highly loaded rotor, respectively, both oper-
thcre is little difference in the directivity and levels be- ating at the same propulsive force coefficient. It shows
tween OASPLs of the three different approaches. This the expected increasing trend of negative peak acoustic
says that for a given J, the effects of shaft tilt are very pressure for higher advance ratio relating to the onset
weak. The only exception is at the advancing side rr.i- of high speed impulsive noise. These two curves nearly
crophones, where there is a slight increase in OASPL at collapse, revealing that the negative peak pressure is
the highest descent rate. This is due to the increasing relatively insensitive to incieased loading. Yet, if pulse
role of BVI as a dominant noise mechanism. Similar shape time histories of the upper frames, for the highly
trends are seen in the remainder of Figure 12. loaded rotor, are compared to the lower frames, for the

In order to clearly evaluate the sensitivity and di- moderately loaded rotor, one sees increases in the pos-
rectivity of the BVI noise for each of the approaches, itive interactions, which are due to BVI, preceding the
Figures 13a-13d show the BLSPL versus the micro- negative peak. This shows a greater sensitivity of BVI
phone lateral position with each curv-! representing an noise to increased loading in this flight regime. Note
apr" ech test conditior Throlighout Figure 13, a far that for the highly loaded rotor at A- 0.3, the first

greater sensitivity in th- lateral directivity is seen, due and dominant BVI interaction is equal, if not higher,
primarily to BVI. The highest levels are consistantly in magnitude to the negative peak pressure due to the

on the advancing side for the majority of all the ap- thickness noise. It is apparent that the BVI noise can
proach test conditions. A maximum difference of 10 substantially contribute to the acoustic radiation from
dB is shown between the advancing and retreating side the main rotor in the level flight (propulsive) mode as
in each of the approaches. In addition, the 400 ft/min well as in low power descent, and in-plane as well as
desc-nt rate tends to produce the highest levels at the below the tip-path-plane.
two microphone locations at 0 =195 and 0 =210 ", To further determint the "delocalisation" advanc-
wl.ich provides further in'ication that the BVI direc- ing tip Mach number resulting from the transonic flow
tivity is moving to tLe right as descent rate is increased, field, which marks the onset of HSI noise, the data were
This shows that any small azimuthal (yaw angle) varia- examined at higher advancing blade tip Mach numbers,
tion in flight path during full-scale descents can produce up to MAT= 0.93. In Figure 16, the negative peak
significant changes in the measured noise field. acoustic pressures are plotted versus the advancing tip

Mach number, using two scales: linear and logarithmic.
High Sveed Imuulsive (HSI) Noise Several level flight sweeps of both p and MR are pre-

s asented, to better define the details of HSI noise trends.
As a rotor blade moves through the ar, the i- Four advance ratio sweeps are plotted: two conditions

nite blade thickness forces the air around the leading of high propulsive force operating at the nominal Mg
edge, which then rushes in at the rear of the blade, pro- a ohamdrt n ihlaig(h aedt

ducing an impulsive noise source referred to as thick- at both a moderate and high loading (the same data
nessnoie. hisnoie r~ats alare ngatve resure presented in the previous figure), and two conditionsness noise. This noise radiates a large negative pressure of a moderate propulsive force operating at 10%/ above

pulse forward of the direction of blade motion, and is nominal M at both low and moderate loading condi-

most dominant in the rotor tip-path-plane. In addi- tinal iu a th Mo see foadnce
tion astheadvacin ti Mac nuberMAT n~r~es ti.ans. Also, included are three MR sweeps for advanceans the advancing tip Mach number MAT increases

to transonic speeds, quadrupole sources around the bl- ratios of 0.1. 0.2, and 0.3.

ade become potent noise generators, particularly when Examining the curves plotted by the log scale in
extenive shocks are present due to the phenomenon Figure 15 which are labelled Mf, sweeps, it can be seen
of dclocalisstion. The resulting noise, known as high that for the sweeps in which p=O.l and 0.2 there tends
speed impulsive (HSI) noise, has a similar radiation to be a greater variability with increasing MR. This
pattern as thickness noise, and is shock-like in nature, reinforces results found by Schmitz (Ref. 25), which
..e. sharp pulses of pressure propagating to the far- shows that steady radiators of acoustic energy are more
field. These mechanisms will now be examined for the efricient generators of impulsive noise than unsteady

current data. ones of similar advancing tip Mach numbers. In in-

Figure 14 shows results for a typical range of level terpreting this statement and relating to the measured

forward flight conditions, examining the effects of in- dat&, at relatively high hover tip Mach numbers, say

creasing advance ratio on impulsive noise. These t.!
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AIR %-0.700, and a low advance ratio of ji-0.1, each ro-
tor blade experiences only small variations in the local Mach number. Similar to the findings for the AH-I
Mach number around the azimuth, implying that th * (Ref. 4), the logarithmic curves indicate that the rapid
"steady" compressible source mechanisms are the m st rate of increase in level near the onset of HSI noise doeslikely radiators of far-field energy. At the same MAT, not continue indefinitely. The greatest slope ia reached
but at a lower hover tip Mach number(MH :O.640) near the "delocaliation" advancing tip Mach number
and a higher adavance ratio( =0.20), significant vari- and then levels off. The measured data ranged from a
ations in the local blade Mach number occur and can MAT= 0.89 to 0.927. The delocaliuation advancing tip
be expected to exert more influence on the radiated Mach number was identified as 0.889. At first this may
acoustic field. If we associate this with data, it reveals seem unusual since the delocalization Mach number isthe "steady" compressible radiators of acoustic energy similar to that of the AH-1 and the AH-1, being a two-
are more efficient radiators of impulsive noise than the bladed rotor system, not only has a higher individual
unsteady ones vcf simi;.r advancing tip Mach numbers blade loading but also a rectangular tip. However, the
and therefore result in the higher levels shown. delocalization advancing tip Mach number is only indi-

In Figure 15, the lower set of curves correspond cating the onset of HSI noise, and provides no informa-
to the linear scale at the right of the figure, which tion concerning the magnitude. It is not the intention
emphasizes the dramatic rise in the H5I noise due to of this paper to make direct noise level comparisons of
compressibility as a result of increasing advancing tip different rotor systems, but to study the sensitivities



of the acoustic parameters that are affected by rotor Data for the other inplane microphones, 30 degrees

design. off to each side of the centerline, also indicated the

To further examine some of the parameters affect- same delocalization Mach number of 0.89. In Figure

ing the delocalization advancing tip Mach number, a 16, the log of the peak negative acoustic pressures are

brief review of the available literature on HSI ise was plotted versus MAT for the three inplane microphones.
made. Table I offers a summary of several other rotor Below the delocalization MAT, the highest impulsive

systems that have documented the effects of HSI noise nise levels are radiated upstream of the advancing side.

and identified the delocalisation advancing tip Mach .iet, beyond delocalization, the highest levels shift to

number. This brief summary of rotor parameters sup- directly upstream of the centerline of the rotor. This

ports the analytical and experimental simulation of the indicates the highly directional radiation pattern of im-

delocalization phenomenon, which indicated the thin- pulsive noise sources.
ner the blade near the tip, the higher the Mach number 8.0
at which delocalisation appears. Although other fac-
tors such as blade twist, airfoil section geometry and
tip sweep affect the tip relief and should thus be ex-
pected to also affect the delocalisa'ion Mach number, 2-

the contributing effects of these items cannot be deter- Pt
mined. The available reported data seems to confirm
that physical tip size is a key parameter for the onset 0.0
of HS noise. Both the Boeing Model 380 (Ref. 6) and
DART blades (Ref. 26) have nearly the same relative
tip thickness at maximum radius and resulting delocal- , -u
iZation MAT of 0.910-0.913. Similarly, both the UTC -
baseline swept tip and the AH-I have much larger tip V
thicknesses relative to the former, and the data show a
a delocalization MAT of 0.890. This indicates that the
delocalization advancing tip Mach number is increased
as a result of the reduced physical size of the blade tip.

-7.5

-30.0

4 5 -*. .~ - .. .RE hEAINO SIDE cENTERUNS ADVANCING SIDE

------ Figure 17a. Directivity time history of HSI noise for
MAT= 0,689,

U .....- ----. In an effort to identify the noise mechanism respon-
sible for the shift in directivity, the time histories of the

REWA!M itest points of Figure 16 were examined. Figures 17a-
. - - .... 17e show a quarter revolution of the time histories for

the three inplane measurements in front of the rotor.
In Figure 17a, the rotor is operating at MATO0.689.

015 - -- The flow is subsonic, and the negative pressure pulse
is triangular in character. It reveals considerable influ-

_____ence from BVI sources. One can clearly see the effects
9M oAO 0o6 oof phasing between the BVI and thickness sources at

MAT - Anvssige TIP MACH NO. these three different directivity angles. Upstream of
the retreating side, the BVI signal is received forward

Figure 16. Measured directivity of HSI noise. sooner than the thickness source. However, upstream
of the advancing side, the positive BVI impulse some-
what cancels the increasing negative pressure pulse due



40.0
to thickness noise, since the signals are almost in phase
but have opposing sign.
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Figure 17c. Directivity time history of HSI noise for

RE'iREATiNG SIDE CENT"ERUNE ADVANCING SIDE MAT= 0.889.

200.0
Figure 17b. Directivity time history of 115I noise for
MAT= 0.793.

100.0
In Figure 17b, the rotor is operating at MAT=

0.793. The negative pressure pulse is still triangular in
nature. There is evidence of BVI, yet not as dominant 0.0
as in Figure ITa. The data of Figure 17c are from an : 0.0

operating condition of MAT= 0.869, which is nearing
the delocalisation value of 0.89, in which the signal has
become somewhat "sawtooth" in character, typical of , -o.0
transonic flow. There again is contribution from BVI, "
but the thickness source is clearly dominant. Because g
BVI is evident, there is the possibility that it might S -200.0

have been the source of the shift in the HSI noise di-
rectivity. Yet, in Figures 17d and 17e, there is no clear
indication that is the case.

-300.0
In an effort to determine the mechanisms that alter

the HSI noise directivity beyond delocaliza Liori, several
theories relating the geometrical setup and the shifting
of the source locations were examined, but no clear tea.. 400.0
son can be provided at this time. However, it is specu-
lated that it may be a function of the blade planform, in RETRFATING SIDE CENTUNE ADVANCG SIDE
this case 20 blade tip sweep, which controls the highly
directional source near the tip. Further analysis of the Figure 17d. Directivity time history of HSI noise for
acoustic data is required, in addition, to a detailed cor- MAT = 0.908.
relation of the acoustics and airloads, to more clearly
define this effect.



100.0 CONCLUSIONS

Under the AATMR Program, several very com-
prehensive aero/acous tic databases of various configu-

wo.0 rations of the UTC scaled model rotor were established.
The high quality acoustic, performasice, dynamic and
airloads data will help provide the foundation on which

0.0 researchers will validate their computational methods
necessary for the development of the next generation of

*advanced rotor systems.
.. For all of the configurations, the acoustic pres-S1.0sure field was measured by nineteen microphones, while

steady state rotor balance data was simultaneously
0 recorded. While four different rotor configurations were

.-300.0 tested (instrumented main rotor, uninstrumented main
and tail rotors, uninstrumnented main rotor, and BERP-
planform tip main rotor), only data from the baseline

-460.0 swept tip rotor are presented here. The acoustic data,
with regard to both blade-vortex interaction and high
speed impulsive noise mechanisms, show a sound, re-

-6oo.0 peatable, high quality, which is expected to continue0___ for the other tested configurations.

In the review and analysis of the data for the bae-
RETREATING SIDE cENTENLNE ADVANCING SIDE line swept tip rotor the following conclusions are made:

Figure 17e. Directivity time history of HSI noise for 1.) The review of the acoustic data showed excellent

AfAT= 0.927. tepeatabi~ty throughout the testing phase of the
program with minimal failure of any hardware.

2.) The uninstrumented and instrumented swept tip
blade sets showed similar acoustic repeatability ex-
panding the available ntimber of test points and
condition in acoustics as well as performance.

Rotor System % thicnes chaord (in) thickness (in) MD.. Blade-Vortex Interaction:

ong 3W 9.0 = 1.60 0.1w 0.13 1) An acoustic simulation was performed for three

DART - swept 9.5 150 0.1U 0.910 typical approach maneuvers. It identified that sig-

"T *wept tip _ 9_ _ 3. 0.396 0n nificant variations in the noise field may result due
Ak-i/OLS 1 9.7 4.09 0.$97 0.890 to asimuthal (yaw angle) variation in the flightpath during full-scale descent, as was expected
Table I. Summary of HSI noise results of several rotors. due to the known highly directional nature of ..&is

mechanism.
2) The preliminary identification of the blade-vortex

interaction locations seems to correlate well with
simple reasoning for both parallel and oblique in-
teractions.

3) The acoustic rneasurments have indicated BVI oc-

curs in portions of forward flight not previously
identified.

High Speed ImRnlsive:
1) The delocasation advancing tip Mach number is

influenced by physical tip geometry as supported
by the comparison of this rotor and other acoustic

rotor databases.
2) The sound mechanisms in plane alter the directiv-

ity pattern beyond delocalisation. In this case, the
maximum HSI lobe radiates forward at *-180".
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