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ABSTRACT noisy rotor systems. Detailed information on both the

In a major cooperative research program between § Euro-
pean pariners, a 40%-geometrically and dynamically
scaled and highly instrumented model of the ECD (for-
merly MBB) BO 105 helicopter main rotor was tested in
the open jet anechoic test section of the German-Duich
Wind Tunnel, DNW, in the Netherlands. A comprehen-
sive set of simultaneous acoustic and aerodynamic biade
surface pressare data as well as blade dynamic and per-
formance data were measured for the standard rotor with
rectangular blade tips. The primary objective of this
experimental study was to generate an extensive airlpad
and acoustic data base and to examine the relation
between the blade pressure characteristics and the acous-
tic radiation. Initial quantitative information on blade-tip
vortex trajectories and blade positions during blade-vor-
tex interactions was obtained, The blade pressure instru-
mentation, (he experimental equipment used, the test
procedures applied, and the scope of the test matrix con-
ducted are briefly explained. Typical test results are pre-
sented in this report verifying the expected high data
quality and consistency. The data is expected to improve
the understanding of rotor acroacoustics and to further the
validation of various aerodynamic and acoustic codes
developed or improved by the partners of this joint Euro-
pean venture,

INTRODUCTION

Within the European helicopter aeroacoustic research
community it had long been recognized that rotor noise
has become an important design parameter for the next
generaiion of rotoreraft. This reguires more refined and
much more precise noise prediction tools than current
aeroacoustic prediction methodology can provide (Ref.
1). The general objectives of this research program initi-
ated and partly sponsored by the Commission of the Euro-
pean Communities (CEC) were o improve the physical
understanding of rotor aerodynamics, acoustics, and
dynamics and to further the development of numerical
rotor simulation and design capabilities for future less
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radiated sound field and the characteristics of the unsteady
blade surface pressures together with well documented
acroelastic blade behavior and rotor operational condi-
tions are crucial in improving and validating the aerody-
namic and acoustic codes for the prediction of roior noise,
However, within the European helicopter noise research
community such essential data was not available to the
exient necessary.

Just after completion of the German-Dutch Wind Tunnel,
DNW in 1982, a 1/7-scale AH-1/OLS model rotor experi-
ment was jointly performed by AFFD and DLR under a
Memorandum of Understanding between the United
States and Germany. This rotor acroacoustic demonstra-
tion test provided simultaneous acoustic and blade pres-
sure results of ‘benchmark’ quality, however of limited
quantity due to the small number of blade pressure sen-
sors available (Refs. 2, 3, 4), In the mid-eighties inspired
by the high quality of the AH-1/0OLS model data a cooper-
ative test of AFDD and Boeing Helicopter Co. on a 1/5-
scale Boeing 360 model rotor was executed in the DNW
to yield simultancous information on acoustic and blade
loading characteristics covering a rather complete test
matrix (Refs. 5, 6). In 1988/89 DI.R performed a main
rotor/tail rotor aercdynamic interference noise study in
the DNW on a 1/2.5-scale BO 105 rotor system featuring
a pressure instrumented tail rotor with a limited number of
pressurc  sensors. For a number of test conditions
sychronous acoustic and blade pressure fields for the tail
rotor in isolation and in combination with the main rotor
were obtained (Ref. 7). In a major cooperative program
between AFDD, NASA, UTRC, and Sikorsky Aircraft
Division an extensive high quality airload and acoustic
data base was established for the 1/5.7-scale current tech-
nology (swept tip) Sikorsky main rotor operated in the
DNW (Refs. 8, 9, 10). Furthermore, over the past few
years, a number of model rotor studies mainly focused on
rotor impulsive noise (Refs. 11, 12) and its reduction e.g.
by HHC (Refs. 13, 14) without blade pressure measure-
ments were conducted by DLR with different partners like
NASA LaRC, ECD, and ECE In most cases, to a great



part due 1o the excellent flow quality and anechoic proper-
ties of the DNW, high quality aerodynamic and/or acous-
tic data were obtained. However, access to complete sets
of simultaneous blade pressure and acoustic data neces-
sary for the validation of aercacoustic prediction codes
was not available for the European rotor aeroacoustic
research community.

To resolve this deficiency in Europe and following a
major aeroacoustics research initiative by the CEC an
extensive experimental program was launched under the
acronym HELINOISE employing a geometrically and
dynamically scaled and highly instrumented main rotor
model of the BO 105 helicopter to be placed in a high
quality aeroacoustic wind tunmel. The primary objective
of the corresponding experimental effort was the genera-
tion of an extensive blade airload and acoustic data base
and the examiniation of the relation between the blade
pressure characteristics and the acoustic radiation. The
secondary objective was the acquisition of detailed quan-
titative information on blade-tip vortex trajectories and
related blade positions during blade-vortex imteractions
and the demonstration of the feasibility of optical meas-
urements of blade defiections and the angle of incidence
at the blade-tip. In order to meet the test objectives, one of
the four rotor blades was extensively equipped with abso-
lute-pressure sensors of the piezoresistive type 10 guaran-
tee high spatial resolution of the blade pressure field. In
addition, this blade and the remaining other blades were
equipped with numerous strain gauges and a few tempera-
{ure S$Ensors,

Simultanecusly to acquiring the unsteady blade surface
pressure data, the acoustic radiation from the rotor was
measured through a movable inflow microphone array
placed at a distance of slightly more than one rotor radius
below the rolor. The experimental set-up and specially
developed data acquisition hard- and software was used to
acquire both the acoustic radiation and the source related
unsteady blade pressures within a {est matrix covering a
wide range of rotor conditions within - and even extend-
ing - the BO 105 helicopter flight envelope. The high
quality aerodynamic and acoustic data obtained during the
two-week tunnel entry are expecied to improve the physi-
cal understanding of rotor aeroacoustics and to e¢nhance
the validation of various aerodynamic and acoustic codes
developed or improved by different partners of this joint
European effort.

The five organizations participating in the HELINOISE
test program had specific responsibilities: AGUSTA and
CIRA jointly provided funding for the wind tunnel and
gave essential advice during the development of the test
matrix. Both ECD and DLR were responsible for provid-
ing the pressure sensor instrumented rotor. Furthermore,
DLR was responsible for the overall test coordination and
for the complete test hard- and software. In particular

DLR provided and operated the rotor test rig including its
instrumentation and took the responsibility for the adap-
tion of the instrumented rotor, for providing and operating
the acquisition systems for blade agrodynamic, acoustic,
and rotor performance data, and finally for on-line
processing of the data for quick-look quality control.
Post-processing of the digitized data for graphical docu-
mentation of the test results will be provided by ALFAP]
supported by DLR.

The following sections briefly describe the experimental
equipment used, the procedures applied, and the scope of
the test matrix. Selected acoustic and aerodynamic results
pertaining 10 blade-vortex interaction and high speed
impulsive noise are presented, followed by initial results
of the flow visvalization effort. A complete documenta-
tion of the HELINQISE test is given in Ref. 15.

EXPERIMENTAL EQUIPMENT AND
PROCEDURES

Wind Tunnel

The test was conducted in the open test section of the Ger-
man-Dutch Wind Tunnel (DNW) located in the North
East Polder, The Netherlands, which is known as one of
the best aeroacoustic test facilities in existence. The DNW
is a subsonic, atinospheric, closed circuit wind tunnel with
three interchangeable, closed test section configurations
and one open configuration. The open jet configuration
used for this acroacoustic test, employs an 8 x 6 m con-
traction section and a 19 m-long test section, surrounded
by a large anechoic hall of about 30 000 m® lined with
absorptive acoustic wedges (cut-off frequency of 80 Hz).
The tunnel has low background noise and excellent fluid
dynamic qualities, fully described in Refs. 16, 17.

Model Rotor Test Apparatus
MWM Test Stand and Support

The modular wind-tunnel model (MWM) rotor test stand
(Ref. 18) was employed to drive the instrumented *HELI-
NOISE’ model rotor, The test setup together with the
inflow microphone traverse is shown installed in the
DNW open test section in Figure 1. A diagram of the test
apparatus with some important dimensions appears in
Figure 2. Compared to the earlier DLR ROTEST rig the
MWM features increased power capacity and a more
compact design allowing more extended downstream
acoustic measurements with the inflow microphone
traverse. The remaining features were identical with the
ROTEST specifications documented in Ref 19. Some
details of the MWM are given in Table 1. The test stand
consisted of three major subsystems: the hydraulic rotor
drive system (130 kW), the rotor balance system using
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Model rotor test setup and inflow microphone array
installed in the DN'W open test section

Figure 1

separate measuring clemenis for static and dynamic load
components, and the rotor control system comprising the
swashplate and three computer-controlied electrodynamic
actuators providing collective and cyclic pitch control.
For more details refer to Ref. 18, The test rig was sup-
poried by the compuier-controlied, hydranlically actuated
model sting support mechanisin of the DNW, It was
housed within an acoustically insulated fiberglass shell,
which was designed to largely reduce the hydraulic drive
noise of the nine-piston axial hydraulic motor {(fundamen-
lal frequency about 350 Hz), More details on the test
setup is communicated in Ref, 135,

Model Rotor

The rotor tested was a 40%-geometrically and dynami-
cally scaled model of the 4-bladed, hingeless BO 105
main rotor of 4 m diameter and ¢.121 m chond length (Fig,
3(a)). The rotor blade was formed of a NACA 23012 air-
foil with the trailing edge modified to form a 5 mm-long
1ab to match the full-scale rotor. The blades had -8° of lin-
ear twist {disiribution shown in Fig. 3( b)), a square tip,
and a solidity of 0.077. The nominal rotor operational
speed was 1040 rpm, giving an acoustic blade passage
frequency (bph) of about 70 Hz. The nominal hover tip
Mach number was 0.641. The rotor blades were made of
glass- and carbon-fiber reinforced plastic with essentially
the same mass- and stiffness distributions as the full-scale
rotor. More detailed information on the rotor characteris-
tics is given in Table 1 and on blade dynamic properties in
Ref. 15,
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Table 1 Details of the BO 105 model rotor and MWM test

stand.
MAIN ROTOR:
RO10F dIAMIEIEN, M. < vt e e te i va st ian i ey 4.4
Blade chord, MU, ... o. ittt iiatiae i rare s treinaasananansenaras 121
Blade airfoil SCCLON .. ..ot it rr i e NACA 2M12
Numberof Bades .. .. .o iiiianini e e 4
Blade twist {lineas), deg ..o voe et e e -8
Twistoutboard of Qdd m dege vt co e e -6.23
BlLade SOHAHY - o\ v ovarsas e tren e e et e e aras e ¢.077
Blade tipspeed, mi/sec. ... oot hiiiii e PN 218
Flapping frequéncy ratio {instrum, rotor & 100% rpm) .. .........00 i.126
Lagging frequency ratio (instrum, rotor & 100% rpm) ... ovvvvvnvn s 0.78
Torsional frequency ratio (instrum. roter @ 100% roap) ... oo oovevn s 4.05
Nominal rotationzl speed, FPOL. ..o o in e i e 1040
Nominal rotor thrust, N .. .o i i i it s 3600
Lock RUIMDEr . L oo i e e 8.0
Pre-coming angle, deg .. ..o voe it i .5
DRIVE SYSTEM:
Shaft power, K¥W .o 13
Rotor drive Moament, N-Ml oot iniirrearains $180 at 1030 rpm
BALANCE LOAD RANGE:
AXIAL fore, N oo e e e e e s 1000
F T (0T TN o T 2000
Thrastforee, N oo e iieein i 7000 static £1500 dynamic
Rolling moment, Nem. .ot L.
Pitching moment, Meml. . ..o s ioree e anaaiaa s T
CONTROL SYSTEM:
Blade setting angle range, deg ... v i -440 14

Blade Instrumentation

One of the primary purposes of the experimental study
was to measure the blade surface pressure distribution
(aerodynarnic blade loading) during rotor operation. Con-
sequently, one of the rotor blades was equipped with a
total of 124 specially configured miniatare absolute-pres-
sure transducers of the piezoresistive type, mainly
installed at three blade sections (r/R = 0.75, 0.87, 0.97)
with up to 44 sensors each per cross section, as illustrated
in Figure 4. This includes one sensor each installed at the
leading edge and (railing edge. Additional sensors were
placed close to the leading edge at 3% chord on the blade

875 087 087
Inls 0.9 099 R

total: 124 YRANSOUCERS

Figure 4 Pressure transducer distribution,
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suction- and pressure-side atong the blade span (1/R = 0.6,
0.7, 0.8, 0.9, 0.94, 0.99) The pressure transducers were of
the Kulite LQ-32-064-25A type, with internal temperature
compensation, specially designed for narrow installation
to allow high spatial resolution of the blade pressure field.
The transducers were submerged in the blade surface
layer being in contact with the surface pressure field via
small dimension, very short wbes (0.5 mm inner diameter,
0.6 mm length}, such that the sensors effective measuring
area corresponded to a circle of 0.5 mm diameter. Thus
the essential high spatial resolution of the pressure field
was ensured. Dynamic frequency response calibration
was performed of each transducer prior to and after instal-
lation. Also, prior to installation the transducer response
to a local white noise source was compared {0 the simuita-
neous output of a reference microphone {(similar proce-
dure as reported in Ref, 8). The frequency response of the
installed transducers was oblained in a similar way, how-
ever, by application of a frequency sweep method up to 10
kHz. The typical response was flat within 1 dB up to 7
kHz with a resonance occurring beyond 10 kHz., Due to
installation requirements the three trailing edge sensors
had a lower resonance frequency.

The steady-state pressure calibration was conducted
before and repeatedly during the DNW entry by placing
the installed blade in a pressure sealed tube and measuring
the output of all transducers simultaneously at different
pressure levels (typically ambient and some pressure val-
ues below ambient), Steady-state calibration accuracy is
estimated to be within 0,07 kPa.

The pressure instrumented blade (blade 1) was also
equipped with 32 strain gauges. Blades 2, 3, and 4 con-
tained seven strain ganges each and blade 2 three temper-
ature sensors in addition (for pressure sensor thermal
compensation purposes). Flapwise, edgewise, and/or tor-
sional strains were measured at up to 16 radial stations
between /R = 0.14 and 0.83. Static calibrations were
applied prior to the test. Calenlated blade tip deflections
resulting from the experimental strains are to be corre-
lated later 10 optically measured tip deflections to verify
the acroelastic formulation in some partners* rotor simula-
tion codes.

Acoustic Instrumentation

The acoustic instrumentation consisted of a linear inflow
microphone array mounted on a ground based traverse
system with a maximum range of 11 m in flow direction
(Figs. 1, 2}. The microphone array was shaped like a hori-
zontal wing with its span normal to the flow and covered
with open-cell foam to reduce reflections, Eleven micro-
phones were arranged symmetrically with respect to the
tunnel centerline and equally spaced 0.54 m apart. Two
reference microphones were mounted on either side of the
fuselage. The array vertical position was usually 2.3 m



(1.15 R) below the rotor hub, a distance just sufficient to
aliow farfield measurements of BVI impulsive noise (fre-
quency content above 500 Hz, Ref. 11). The microphones
were 1/2-inch pressure-type condenser microphones
equipped with ,,bullet” nose cones. The microphone hold-
ers employed a ,soft” vibration-isolation mounting. The
traverse mechanism was powered by a variable-speed de
electric motor. Control and position {referenced to the
rotor hub) was established with a servo position control-
fer. Position accuracy was about 2 mm. Standard micro-
pbone calibration procedures were applied.

Data Acquisition Instrumentation

A scheme of the complete data acquisition system neces-
sary 10 acquire simultaneous sets of blade pressure and
acoustic data complemented by the related rotor perform-
ance and wind tunnel data collected in a common data
base is diagrammed in Figure 5. The individual acquisi-
tion systems of DNW and DLR were all computer con-
trolled and linked together via ETHERNET (ensuring
easy data transfer) excepl the blade pressure measuring
system which was linked indirectly via RS 232 to the
rofor performance acquisition system. Synchronization
between the systems was established by blade position
reference signals (1/rev, 1024/rev, 2048/rev) supplied by a
rotor azimuth angle encoder.

DNW DLR
Wied Tuonel Data feiet Blage Proshum b ALOUSTG
Run. Polar, Berdormance Simin Gaugs Law
Dala Paint Data: Data:
V. p. T, 2 Hum 6 Chana 230 Chans 14 Chans
Model Sting including RS anciuding including
Support Data: e Xc
s X4, YH. 2y Visv 232 Vrev Vrov
nirex 204Birgv 1024/ rev
Microphone seiocted rotor-, alacted rolory,
Traverse My, Cy, . ceypp wind tunnak, wind tunna!
{ata (Mic Wing): acouslic dalg data
Xnag. daic
Sign. Cond Swn. Cond. Sign. Cond. S»gn Cond
ADC ADC ADC
Manitoring }onitcring Monitoring Monﬂonnq
Quick-Look Cuiehe-L ook Quick-Look
DISK DISK DisK DISK
STORAGE STORAGE STORAGE STDFU\GE
COMMON DATA BLADE PRES- ACOUSTIC
BASE SURE DATA

DATA

Figure 5 Schematic diagram of the HELINOISE data acquisi-
tion systems

After proper signal conditioning and antialiazing filtering
the measuring signals were digitized for a number of rev-
ofutions (between 30 and 60) and stored on disk. The
acoustic data together with synchronization signals were
additionally recorded on a 14-track analog tape recorder

for later analysis at higher resolution. 32 revolutions of
rotor control, performance, and dynamic data (a total of
96 channels) were conditionally sampled at a rate of about
500 Hz and averaged in the time and frequency domain,
The data base comprises steady-state and dynamic results
{amplitude and phase) up to the 8th rotor harmonic.

Acoustic Data Acquisition and Analysis

A very time-efficient and sufficiently exact method was
chosen to acquire the acoustic data in a large plane below
the rotor. Termed ,,on-the-fly* data acquisition technique,
the inflow microphone array was moved slowly
{45 mm/s) and continuously over the measuring range of
typically 4 to 5 R. The microphone sighals were recorded
together with the streamwise microphone position and the
synchronizing signals on analog tape. For online analysis
and quality control purposes the acoustic daia were
acquired every half meter in streamwise direction provid-
ing typically 200 acoustic measurement peints for each
rotor condition. Al each pre-selected streamwise position
the acoustic data acquisition system (Ref. 15) was started
and all microphone signals (11 array microphones, 2 fuse-
tage microphones} were conditionally sampled at a rate of
1024/rev over a period of 30 rotor revolutions (1.7 sec-
onds), giving a useful frequency range of 9 klz. The data
shown here were generated offline at twice the online
sample rate. The maximum angular displacement of the
microphone array during the 1.7-second data acquisition
period was 1.97 and it was verified (by comparison with
instantaneous data, sample see Fig. 11) that the ensemble
averaged acoustic data were not noticeably affected. The
travel time (about 12 seconds) between the pre-selected
acquisition locations was used to transmif the digitized
data to the host computer for subsequent analysis, display,
and plotting, Ensemble averaged sound pressure time his.
tories as well as averaged narrow band power spectra (by
FFT) were calculated. The data were further evaluated in
terms of bandpass summary levels comprising low-fre-
quency levels calculated from the 2nd to the 10th bpf har-
monic (an approximate measure for thickness and high
speed noise) and mid-frequency levels computed from the
6th to the 40th bpf harmonic (a representative measure for
BVI impulsive noise). Finally, the resulis were presented
in terms of isobar contour plots illustrating the noise radi-
ation field of interest below the rotor.

Blade Pressure Data Acquisition and Analysis

The output signais of the 124 pressure transducers
installed in ope blade were pre-amplified by miniaturized
amplifiers in the rotating frame (gain factor 125), trans-
mitted via a 256-channel slipring system {0 the fixed
frame, and simultaneously sampled at a rate of 2048/rev
providing a useful frequency content up to 18 kHz, Raw
data of 60 rotor revolutions were acquired and stored in
the transputer memories for subsequent calculation of
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ensemble averaged time histories and narrow band power
spectra via FFT. It appears worthwhile to mention that for
this test & multichannel (352) specially configured ‘tran-
sputer based expandible data acquisition system
(TEDAS)’ was developed by DLR, which was composed
of 44 ‘intelligent data acquisition modules (IDAMS)'.
Each module consisted of a transputer (T800), 4 MByte
RAM and eight 16-bit A/D-converters of 44 kHz sample
frequency. Because of the choice of Deha Sigma ADCs
and application of digital filtering expensive analog filters
were not required (Refs. 15, 20). Data pre-processing with
TEDAS was very time-efficient since all transputer mod-
ules were working in parallel, so that shortly after the test
the measurement results (pressure histories and distribu-
tions} were available for display and plotting. The raw
data of 60 rotor revolutions, the averaged, and pre-prox-
essed data were finally stored on digital tape {or later eval-
uation.

Data Quality Guarantee

The stability and steadiness of the test conditions as well
as the consistency and repeatability of the measurement
results were checked and verified, to ensure a high quality
standard of the measured acrodynamic and acoustic data.
The results are presented in a later section. Prior to start-
ing the measurement program, reflection tests employing
explosive charges placed in the rotor plane were per-
formed to verify the anechoic test environment and to
identify possible areas in the acoustic measurement plane
that might be affected by acoustic shielding by the rotor
drive fairing or the model support sting. Wind tunnel
background noise measurements at different airspeeds
were laken t0 cnsure a proper signal-to-noise ratio.
Detailed resulis of these efforts are presented in Ref. 15.

Matrix of Test Conditions

The test matrix represents a large number of simulated
flight condilions comprising climb, level flight, and
descent with flight path angles ranging from 12° climb up
to 127 descent and flight velocities from zero (bover) up
80 m/s covering the major part of the BO 105 flight enve-
lope - even extending it in the high speed regime, Major
emphasis was put on rotor conditions known to generate
rotor impulsive noise, i.e. blade-voriex interaction (BVI)
and high-speed impulsive (HSI) noise. To enforce HSI
noise radiation the rotor tip speed was increased by 5%
beyond the noming! RPM 10 realize an advancing blade-
tip Mach number of more than 0.9,

Flow visualization using a laser light sheet (LLS) tech-
nique, was applied (o obtain quantitative information on
details of (he blade-vortex interaction geometry like blade
vortex missdistance and orientation and shape of sections
of the p vortex trajectones close 1o and during BVI. In
addition, limited blade-tip deflection measurements by
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making use of a videographic technique were included.

TEST RESULTS

In the following sections typical test results pertaining to
the acoustic, the aerodynamic blade pressure, and flow
visualization measurements are presented.

Acoustic Results
BVI Impulsive Noise

Typical blade-vortex interaction impulsive noise charac-
teristics for a low speed 6°-descent condition (ICAO noise
certification landing approach) are shown in Figure 6. The
mid-frequency level contour plot illustrates the sound
field underneath the rotor at a distance of z/R = 1.15,
clearly indicating two high intensity noise radiation lobes
of, respectively, advancing side BVI and retreating side
BVI. The related sound pressure time histories reveal the
typical posilive pressure spikes of advancing side BV as
well as the negative pressure spikes of retreating side
BVI The corresponding power spectra illustrate the
tmpulsive nature of BVI noise mainly distributed in the
mid-frequency range approximately between the 6th and
the 4(th blade passage frequency harmonic.
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BVI noise generation and radiation are strongly dependemt
on flight condition, The influence of flight path angle (or of
tip-path-plane inclination) at constant airspeed of 33 m/s is
illustrated by the series of mid-frequency level contour plots
in Figure 7 ranging from level flight o 11°-descent, Strong
changes in BVI noise directivity and intensity are seen.
Maximum intensities have been observed between 5°- and
& -descent.

Similar changes of the BVI noise directivity and intensity
weore measured when at fixed glide slope angle the flight
véiocity (or advance ratio) was varied. Even morg intensive
BVI noise radiation was found to occur for certain combina-
tions of descent angle and airspeed, for which the {railing
blade-tip voriex system is estimated 1o be close to the rotor
plane. Thus it appears that for this rigid rotor depending on
the descent angle strong BVI noise is generated over the
complete speed range tested (Ref. 15).

High-Speed Impulsive Noise
At increasing forward speed and/or blade-tip speed both

resulting in growing advancing blade-tip Mach number,
thickness noise and beginuing non-linear compressibility

effects of high-speed impulsive noise become sinificant
contributors Lo the 1otal rotor noise radiation.
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source at blade tip and 90° azimuth angle).

An example of the typical negative pressure pulses of high-
speed impulsive noise is shown in Figure 8 for an 80 m/s-
level flight at an upstream microphone position (x/R = 2.5)
on the advancing side. Such pressure pulses do not exist at
the downstream (retreating side) location. The low-fre-
quency level contour plot (here comprising the 2nd 0 the
10th bpf harmonic) illustrate the typical high speed noise
directivity pattern directed upstream and toward the advanc-
ing side (with highest levels in the rotor plane, Ref. 2). The
corresponding power spectrum shows increased levels of
the bpf harmonics in the lower frequency range, typical for
the onset of high-speed impulsive noise.

The dominant effect of the advancing blade-tip Mach
number on the development of the high-speed impulsive
niise waveform and directivity pattern is illustrated in Fig-
ure 9, where Jow-frequency contour plots and averaged
sound pressure histories at an upstream, advancing-side,
observer positions (/R = 2.9, y/R = (.8) are compared for
three flight conditions (3 -descent) with increasing forward
speed of 60, 70, 80 my/s. In order to enhance possible shock
delocalization (known to occur around M = 0.9) the rotor
tip speed was increased by 5% beyond the nominal value
giving comesponding advancing blade-tip Mach numbers of
0.850, 0.877, 0.901,

Steadiness and Repeatability of the Acoustic Dara

Both steady wind tunnel flow and stable rotor operation
are a prerequisite for the acquisition of high quality acroa-
coustic data. During the test pericd a number of check
points with identical test conditions were acquired 1o
ensure consistency and repealability of the test data.
Instantaneous and averaged sound pressure time histories
for a typical low speed 6°-descent condition with strong
BVI are compared in Figures 10(a) and (b), illustrating
the excellent steadiness and stability of the test conditions
and also justifying the acoustic ,,on-the-fly" dala acquisi-
tion technique applied. Comparison of the averaged
acoustic signatures acquired on different days (Figs. 10(b)
and (¢)), demonstrates the superb repeatability for this
flight case involving substantial blade vortex interactions
(as seen in the related blade surface pressure data). Blade-
to-blade variations are small indicating that the blades
were well in track. Another even more convincing repea-
tability check is presented in Figure 11, where the on-line
generated mid-frequency summary level contours repre-
senting the sound field below the rotor are compared for
the same 6°-descent flight conditions, allowing detailed
comparison of the BVI noise directivity and intensity.
Marginal directivity changes on the retreating side are
thought to be caused by adjustment of the rotor rpm to
maintian constant tip Mach number, thus marginally
affecting blade dynamics and the interaction geometry of
the very strong retreating side BVI (see Fig. 13).
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Figure 11 Repeatability of noise directivity and intensity measurements. (Mid-frequency level contours for check points al B =

0.149, @ = 5.3°, Cp = 0.0045, My, = 0.644).

Aerodynamic Results
Unsteady Blade Surface Pressures

Samples of the blade surface pressure dala are presented
either as time histories for specific sensors or in form of
chordwise distributions for specified radial and azimuthal
positions. Figures 12(a) and (b) show time histories of the
averaged pressure coefficient (60 averages). Pressures from
ten selected transducers on the upper surface at /R = 0.87
for a 6°-descent condition at p = 0.150 (Fig. 12(a)) show
impulsive pressure fluctuations due 10 BVI on the advancing
side (15° < v < 90°) and on the retreating side (270" < y <
330", most significant close to the blade's leading edge.

Similar fluctuations, however, with opposite polarity are
measured on the lower surface. Pressure histories from
ten transducers on the lower surface at /R = (.87 for a
high speed Ievel flight at p = 0.347 (Fig. 12(b)) show
supersonic pockets near the leading edge during passage
of the blade through the second quadrant (90" < v <
140°). The sharp azimuthal (or time) gradients confirm the
requirement for high resolution pressure measurements
with a useful frequency range of at least 5 to 8 kHz.

Chordwise Pressure Distributions
Figure 13 shows chordwise distributions of the blade

pressure coefficient, Cj, {normalized using the local rela-
tive dynamic pressure), for a bigh speed level flight at g =
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0.347, for ten selected azimuthal positions at /R = 0.97.
At ¥ = 45° the blade load is positive and the upper sur-
face flow is supersonic with formation of a shock at the
end of this region. The critical C; values for the approxi-
mate sonic pressure are indicated by small arrows. At v =
%0° and more clearly at 112.5° both upper and lower side
indicate supersonic flow and shock formation. At w =
112.57 and 135" the blade load is negative {upper surface
pressures larger than lower surface pressures), In the third
and fourth quadrant, the load is again positive (with sub-
sonic flow on the upper side).

C‘r = (.0001%

BLADE PRESSURE COEFF. Cp

2 4 5 B 1.0

force per unit area normal to the blade chord, normalized
by the local chord (here constant) and relative dynamic
pressure. Impuisive load fluctuations due to BVI on the
advancing and retreating side are quite obvious., A very
close BVI is seen at /R = 0,97 near 300° azimuth. Further
results pertaining to BVI impulsive loads are extensively
discussed in Ref, 21.

Cr = 0.0025

.5~‘l
0
-LD&

-1.5

-0
0

BLADE CHORD X/C

Figure 14 Chordwise blade pressure distributions at /R = 0.97 for hover cases with different thrust settings (My =064, 0, = 0°).

Chordwise pressure distributions (/R = 0.97) for hover
condition My = 0.64) at four different thrust settings
ranging from Cr = 0.0001 t0 0.0077 are presented in Fig-
ure 14. For the highest thrust coefficient the C,, values are
guite high and an extended supersonic flow region on the
upper surface i seen. The pressure data are generally
smooth and very consistent. It should be noted that all
pressure data shown are as measured data without any
smoothing or corrections.

Blade Airloads

Local blade airloads were calculated by integration of the
measured blade pressures at each radial station. Normal
force (Cytime histories for a 6’-descent condition with
strong BVI are shown in Figure 13, Cy is defined as the

3
=)
& -4 P .75
R SN W~
2 .34 . .87
‘“\\ .
g , N 0.97 lf't/b/\\
=z £
1 . . —
0 90 180 270 360

AZIMUTH ANGLE , degq.

Figure 15 Normal force time histories for a 6°-descent condi-
tion (rotor condition as for Fig. 12 a).
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Steadiness and Repeatability (Fig. 16(a)) and the averaged (Fig. 16(b)) waveforms,
while the high degree of repeatability is demonstrated by
Again, several check points with identical test conditions  comparison of the av ‘raged waveforms of Fig. 16(b) and
(6°-descent and high speed level fiight) were acquired at  Fig. 16(c) for this de licate BVI test condition, Excellent
different times. Figures 16(a), (b), (c) show a comparison  repeatability is verifizd also for high speed level flight
of instantaneous and averaged (60 avgs.) blade pressure  condition at p = 0.35, as is illustrated in Figure 17 where
(Cp) histories for an upper surface sensor near the leading  chordwise pressure distributions, indicating supersonic
edge (w/e = 0.03; /R = 0.87), Test condition stability and  flow and shock formation (partly on both surfaces), for
steadiness is illustrated by comparing the instantancous  nominal identical test conditions are compared.
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Figure 16 Steadiness and repeatability of local biade surface pressure measurements (AC part only, rotor condition of check points as
for Fig. 12 a).
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Figure 17 Repeatahility of chordwise pressure distribution measurements (high speed level flight check points at g = 0.35).
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Flow Visualization Results
Blade-Vortex Separation Distance

The laser light sheet (I.LS) technigue (Ref, 22) used for
the flow visualization experiment provided initial quanti-
tative results for the separation distance between blade-tip
vortex and blade passing plane which represents a key
parameter for the BVI phenomenon. By repeated applica-
tion of the LLS technique a number of discrete vortex
core posilions for a fixed blade position was determined
and used 10 reconstruct sections of the vortex trajectories
being of greatest interest for advancing side BVI. Figures
18(a), (b) display both the top view (a) and frontal view
{b) of a number of measured tip vortex trajectories for a
typical BVI case (6"-descent at p = 0.15, o = 5.3°). The
data recording took place whenever the blade was at azi-
muth of 50", In Figure 18(a) the measured results, indi-
cated by crosses, are compared 1o calculated trajectories
based on a simple flat wake modei and indicate quite good
agreement. The frontal view (Figure 18(b), looking down-
stream with the wind) shows the rotor blade and the
measured sections of the vortex trajectories now projected
into a vertical plane placed at an azimuth angle of 90°,

Comparison of measured
and calculated vortex
trajectories

3

a = 5.3 deg
s
Vo= 33 mis
&
w o= 015
(a)
10007 (b)
z
mml
Ralor contie
o= 80 deg
Prajection of the blade position = 50 deg
B
1000

Figure 18 Measured vortex trajectory sections for a low speed
descent condition, (1 = 0.15, &, = 53% Cy = 0.0044, My =
0.641), (2) plan view, (b) frontal view

Due to the positive shaft angle all measured trajectories
are located above the rotor plane. It should be noted that
AZ represents the measured vertical distance of the vortex
core to the blade path plane. The acoustically most impor-
tant, nearly parattel and closest BVI occurs between 50°
and 55° azimuth with vortex no. 6 which is approximately
450" old. Additional interactions are seen to occur with
vortices no. 5 and no. 4, however, at larger azimuth and
greater intersection angles and therefore acoustically less
effective. The results for 3 level flight (o = -0.77) at oth-
erwise identical test conditions is depicted in Figure 19.
Most of the vortices in the first quadrant are now below
the rotor plane. Vortex no. 6 (parallel to the blade leading
edge) is far below and acoustically insignificant. Local-
ized BVI due to large intersection angles is seen to occur
with vortices no. 2 and no. 3, but acoustically less effec-
tive as well. These findings explain and illustrate the gen-
cral observation that BVI noise is largely reduced at level
flight (see Fig. 7). A table of the measured separation dis-
{ance valtues is provided in the detailed test report of Ref.
15,

Cemparison of measured,
and calcuiated vortex
irajectories

1, = 07 deg
Vs 33mfs
w o= 045
(a)
v = 50 deg
1000 (b)

[mm}

Rolo! centre

-1 Projection ol the blade pesition ¢ = 50 deg

A
S1000- —
Y

Figure 19 Measured vortex trajectory sections for a low speed
level flight, ({ = 0.15, o, =-0.7°, Cp = 0.0044, My = 0.641),
(a) plan view, (b) frontal view
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Blade Tip Deflections

Initial results from blade tp deflection measurements in
flap, lag, and torsional directions using a videographic
technigue provided by DNW are reported in Refs. 15, 22.
These data taken for fixed azimuth angles of 270° and
300° represent relative measurements for the variation of
thrast from 2600 N to 3600 N at p = 0.15. The data are
thought to be very useful for comparison with the calcu-
lated blade motions based on the conventional strain
gauge measurements, but also for aeroelastic code valida-
tion purposes.

CONCLUDING REMARKS

Supported by the European Community and in close
cooperation between research establishments (DLR and
CIRA) and industry (ECD, AGUSTA, ALFAPY) from dif-
ferent European countries a very ambitious test was suc-
cessfully completed. This was accomplished in a large
part by jointly providing the expertise, funding, and man-
power for the common research goal,

For an extensive matrix of test conditions the acoustic
pressure field was measured by a traversing inflow micro-
phone array consisting of 11 microphones. A total of 124
blade surface pressure transducers and 32 strain gauge
sensors all installed in one blade were used to acquire the
unsteady airloads and blade dynamic characteristics
simultaneously with the acoustic pressure field. In addi-
tion, the laser light sheet flow visualization technique pro-
vided initial quantitative information on the blade-tip
vorigx trajectory geometry and blade-vorlex separation
distance, which represent key parameters for the BVI phe-
nomenon. In summary, a very comprehensive aerody-
namic and acoustic dala base was simultaneously
measured together with wind tunnel, rotor performance
and blade dynamic data covering the complete flight
envelope of the BO 105 main rotor.

This wealth of high quality acroacoustic data, not availa-
ble in Europe to this extent before, provides the basis to
validate the compulational methods, developed or
improved by the theoretical research effort within the
HELINOISE project (Ref. 23). Such basic and precompe-
titive prediction tools individuvally developed and jointly
validated, are necessary prerequisites for the development
of quieter advanced rotor systems,
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