Parallel Blade-Vortex Interactions: An Experimental Study
and Comparison with Computations
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This paper presents results from an experimental study of roter blade-vortex interaction (BVI) aerodynamics and acoustics.
The experiment utilized an externally generated vortex interacting with a two-bladed rotor operating at zero thrust to mini-
mize the influence of the rotor’s own wake. The rotor blades were instrumented with a total of 60 absolute pressure transduc-
ers at three spanwise and ten chordwise stations on both the upper and lower surfaces. Acoustic data were obtained with fixed
near-field microphones as well as a movable array of far-field microphones. The test was carried out in the acoustically treated
test section of the NASA Ames 80- by 120-Foot Wind Tunnel. Several parameters which influence BVI, such as vortex-rotor
separation distance, vortex strength, and vortex sense (swirl direction), as well as rotor tip Mach number and advance ratio,
were varied. Simultaneous measurements were obtained of blade surface pressure distributions, near-field acoustics, and far-
field acoustics during the vortex-blade encounters. A comparison with computational resuits from the WOPWOP code shows

good correlation with experimental data.
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Nomenclature

blade chord

vortex generator wing chord

pressure coefficient

Sound Pressure Level (dB)

hover tip Mach number

pressure

reference pressure (2 x 10°5 Pascals, unless
otherwise noted)

static pressure

blade spanwise coordinate

rotor radius

local free stream velocity

coordinate system centered on the rotor hub
vortex location relative to rotor plane
vortex generator angle of attack

BVI pressure increment

elevation angle measured positive down from
rotor plane

vortex circulation

rotor advance ratio

BVI acoustic amplitude

density

rotor rotational speed (rad/sec)

azimuth angle measured positive in direction
of rotation; =0 downstream

core size (ratio of maximum tangential
velocity radius / vortex generator chord)
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Introduction

The interaction of a rotor with one or more of its tip vortices can oc
in many forms and is a topic of considerable interest. Such interactions
a primary source of rotor vibratory loading. When the rotor blade and the
tip vortex are very close and nearly parallel to each other, the interactior
is particularly strong (though of short duration) and is a major source 0O
rotorcraft noise. This type of interaction is usually referred to as a parall
“BVI” (Blade-Vortex Interaction) and is the subject of this experimental
investigation.

A large number of aerodynamic and acoustic computational ¢
(Refs. 1-5), embodying a wide range of physical models of BVI, hav
been developed. The aerodynamic models range from two-dimension |
ideal-flow, “vortex-cloud” methods employing conformal mapping $o!
tions to 3-D, compressible Euler/Navier-Stokes CFD methods — with
middle-ground being held by 3-D full-potential CFD methods. Acous!
prediction methods are of two types; the acoustic analogy methods and the
more recent Kirchhoff methods. CFD is also used for acoustics but cann
practically be extended to the far-field that acoustics is ultimately ¢
cerned with. Nevertheless, CFD has great potential for providing input
Kirchhoff methods. The choice between these methods is dependent on
the extent to which flow-field non-linearity dominates the solution. The
fore the near-field aerodynamics is of critical importance both for det
mining the essential physics and the type of acoustic method that must
used. Developing combined aeroacoustic computational methods in whi
we have high confidence is crucially important. Such confidence requi
validation using the simplest possible tests. Until the present, howeves
most BVI aeroacoustic tests have involved the use of rotor models ope
ing at typical flight conditions. The complexities of typical rotor flows
(with wake geometries whose strength and locations with respect t0 the
blade are difficult to determine) are considerable. Here a different ap-
proach was taken by performing an experiment which, rather than operat:
ing a rotor under typical flight conditions generating BVI, creates a situd-
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ijon that closely resembles the simplified geometry found in the most basic
CFD codes. In effect, rather than refining the model to account for real
worid complexities, we have attempted to refine the experiment to reflect
{he simplest possible computational model of BVL If the codes cannot do
agood job of correlating with a simplified experiment, there is little reason
1o expect good correlation with real flight data with all of its complications.

This paper describes the wind tunnel experiment designed to investi-
gate the fundamentals of BVI aeroacoustics and presents some represen-
tative blade pressure and far-field acoustic data. Also, a comparison with
corputational results from the WOPWOP code using measured blade

pressures as input is presented.
Description of Experiment

The objective of the test was to experimentally simulate the aerody-
narnics and acoustics of parallel (2-D), unsteady BVI. The main point of
the experiment was to setup a condition that matched, as closely as pos-
sibie, the simplified model of a rotor blade undergoing an unsteady, paral-
el interaction with a vortex. Fig. 1 illustrates this simple 2-D BVI model.
To provide independent control of the interaction parameters, the vortex
was generated separately by a wing tip, placed upstream of the rotor and
set at an angle of attack. The rotor was operated at zero thrust to minimize
the influence of the rotor’s own wake/tip-vortex system. The relative po-
sitions of the rotor and wing ensure parallelism of the interaction. Figs. 2
and 3 illustrate the experimental arrangement in the acoustically treated
test section of the NASA Ames 80- by 120-Foot Wind Tunnel. Two simi-
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Fig. 1. Analytical model of parallel blade-vortex interaction.

%

Fig. 2. BVI experiment in the NASA Ames 80- by 120-Foot Wind
Tunnel.
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Fig. 3. Sketch of BVI test set-up and definition of parameters.

lar experiments were previously performed by Caradonna (Refs. 6-8);
however, that work focused on the aerodynamic aspects of the problem
and did not include acoustic measurements because the wind tunnel had
acoustically reflective walls. The present experiment extends that work 1o
include acoustic studies.

The major parameters that influence parallel, unsteady BVI are vortex
strength and sense (determined by the vortex generator angle of attack,
a,), vortex-blade separation distance (zy), rotor advance ratio {), and
hover tip Mach number (Mgp)- These were all independently controlled.

A small-scale (7-foot diameter), two-bladed, teetering rotor was used.
The blades are untwisted and have a rectangular planform with NACA
0012 airfoil sections of 6-inch chord. The blade tip Reynolds number was
of the order of 105.

The blade surface pressure distribution was measured with a chordwise
and spanwise array of 60 absolute pressure transducers (Fig. 4). Two sets
of acoustic measurements were made (Figs. 5-6). Two microphones in the
near-field of the interaction provided information on the detailed evolution
of the acoustic field and can serve (o validate “mid-field” calculations of
computational acroacoustics and Kirchhoff methods. A movable array of
microphones was used to obtain a limited (due to ime constraints) survey
of the acoustic far-field.

The characteristics of the vortex were not measured during this exper-
iment, but can be estimated from the work of McAlister and Takahashi on
a similarly-generated vortex (Ref. 9), as follows:

T, =035 Voo Cyg
£, =005¢y,

An extensive set of data for a combination of BVI paramcters (Table
1) were obtained. A more detailed description of the experiment and the
data acquisition and processing procedures arc presented in Rel. 10.

Tabie 1. Test Matrix

Mip . ay

0.7 0.2 120, +12°, +6°

0.6 0.1 -12°, +12°
0.15 120, +12°
0.2 120, +12°, +67

0.5 02 +12°

0.4 0.2 -12°, +12°

0.25 02 -12°, +12°
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Fig. 4. Blade pressure transducer locations (not to scale). Identical
locations for upper and lower surfaces.
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Fig. 5. Far-field microphone positions (not to scale). Elevation angles
relative to rotor plane.
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Fig. 6. Near-field microphone positions (not to scale).

Results

This section presents a detailed discussion of the unsteady features of
blade pressures during the BVI encounter. The dependence of the acoustic
field, as well as the corresponding blade surface pressures, on various pa-
rameters of BVI are discussed. Some representative cases of BVI are pre-
sented. Finally, some comparisons are presented of experimental acoustic
data with computational results from the WOPWOP code using measured
blade pressures as input.

Blade pressures
Fig. 7 shows a typical set of pressure-time histories on the upper and

lower surfaces of the rotor blade during a nominally head-on (zero miss
distance) BVI condition (the vortex generator is set to a position that was
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Fig. 7. Blade pressure variations induced by parallel BVI. M;,=0.71,
#=02, a,=+12°, 7 /e=0, r/R=0.88; (a) upper surface, (b) lower surface.

determined in previous flow visualization runs). Data are shown for a full =
revolution, at 0.876R for a hover tip Mach number of 0.712 and advance
ratio of 0.197. The vortex generator was set (o an incidence, a,, of +12°.
The flow environment of this rotor is quite dynamic, in spite of the near-
zero collective pitch. The upper surface of the rotor blade at the 90° az-
imuth position exhibits a weak shock, indicative of supercritical flow. Ex-
amination of the data at lower Mach numbers (not shown) reveals that the
sharp pressure increase disappears, evidence that this is indeed a shock.
There is also a weak BVI interaction that occurs near this point (i = 90°).
Evidently the external vortex is inducing enough blade lift variation for the
rotor to have a self generated BVI. However, the most prominent single
feature is the parallel BVI event at an azimuth of 180°.

Viewing the pressure-time histories in terms of the events at the lead-
ing edge is useful. Fig. 8 shows the time history of the upper and lower
surface transducers closest to the leading edge for nominal miss distances
of 0.0 and -0.4 chords (0.876R, hover tip Mach number of 0.712, advance
ratio of 0.197 and a, = -12°). The usefulness of the leading edge trans-
ducers is that they usually behave similarly to the other transducers — but
in a more sensitive manner — and the differential pressure is a good indi-
cator of the lift history. Fig. 8 shows that while the differential pressure is
generally not large, except at the BV, neither is it negligible or particu-
larly smooth. In Fig. 7 we noted the presence of a weak vortex interaction
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ar 90° azimuth. In Fig. 8 (where the vortex swirl direction is reversed) we
sce weak vortex interactions at both 90° and 270° There is considerable
reduction in the leading edge pressure variations when the vortex moves
from 0.0 to 0.4 chords away from the blade. Note that the primary differ-
ence in the BVI occurs at-or-before the point where the sign of the differ-
ential pressure reverses. This is the early stage of the BVI where the vor-
{ex is near the blade leading edge. The latter stage of the BV is not greatly
affected by the proximity change. These proximity-induced changes are
very localized effects as the pressure variations show almost no effect of
(he vortex movement except neary = 180°, where the early stages of BVI
occurs. Nevertheless, the externally generated vortex does have a global
effect on the rotor behavior through its effect on the trim state. The rotor
is trimmed to zero flapping in order to consistently locate the blade and
vortex with respect to each other. The control inputs required for this trim
generate a varying rotor 1ift together with a wake and the previously noted
rotor-wake interactions. The influence of the trim state of the rotor on the
details of the BVI time history is not fully understood at present. This is i
iustrated by noting the effect of reversing the sign of the externally gener-
ated vortex. We expect that reversing the sign of the vortex should merely
cause the upper and lower surface pressures to reverse places. This does
sot oceur, as indicated by Fig. 9 which shows the upper and lower surface
pressure variations corresponding to Fig. 8b, but with a reversal of vortex
sign. There are considerable differences between the pressure-time histo-
ses between Figs. 9 and 8b. These differences are most prominent at the
BVI event, where the magnitude of the early stage differential pressures
are greatly reduced, while the latter stage magnitudes are greatly in-
creased. Ref. 11 proposes that this asymmetry of the differential pressure
with respect to vortex sign is due to an innate asymmetry of the vortex.
This is not unlikely, since the vortex is only 4 chords old at the time of the
interaction. In addition, prominent kinks in the leading-edge pressure
rraces only occur for positive &, — indicative of the passage of the feed-
ing wake sheet. However, an alternate explanation is that there are rotor
collective errors. The important point, however, is that the BV is a strictly
local phenomenon, and can be modeled as such. The effects of collective
offset and possible vortex asymmetry can be tested in this modeling
Process.

The salient details of the BVI are discussed next. Fig. 10 shows the
«ime histories of Fig. 7 on a greatly expanded scale (from about 175° o
210°). Several propagative and convective events are discernible in these
data. When the vortex reaches the blade leading edge the upper surface
pressures begin an abrupt increase (with the leading edge having the
largest pressure variation, this variation decreasing strongly with distance
from the leading edge — events with opposite sign occur on the bottom
surface). The fact that these particular events occur almost simultaneously
from leading to trailing edge is indicative of a very rapid propagative event
_ downstream from leading to trailing edge — whose propagation speed
is the sum of the local speed-of-sound and the local flow velocity. The ef-
fect of this first BVI wave appears to be the establishment of a fairly steady
pressure level that persists for some duration. The duration of persistence
is greatest near the leading-edge and is a nearly linear function of distance
from the leading edge. During this persistence interval, several occur-
rences are seen (o move downstream at a slower speed that is of the order
of the mean flow velocity. For this particular interaction, this slower event
is only seen on the bottom surface. These events are associated with the
chordwise passage of the vortex and vortex-generated flow features. (The
fact that convective events are not seen equally on both surfaces suggests
that the vortex miss distance may not be exactly zero.) These two occur-
rences were previously noted in the earlier tests that were conducted in the
Army 7- by 10-Foot Wind Tunnel (Refs. 6-8). However, the present data
also show an additional propagative event not seen in the earlier tests. At
about the time the previously mentioned convective events approach the
trailing edge a new wave appears — propagating upstream from the trail-
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ing edge. This wave has a fairly broad width and moves upstream slowly
(at the speed of sound minus the convection speed). This wave probably
results from re-establishment of the trailing-cdge Kutta condition, either in
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response to the passing vortex or to the original BVI wave, and propagat-
ing that information upstream. This secondary or “Kutta wave” occurs at
the same time and has opposite sign on the top and bottom surfaces. Be-
cause the sign is opposite, we believe that this latter wave is primarily a re-
sponse to the convective wave rather than to the vortex itself. The inviscid
effect of a vortex at a sharp edge is an expansion on both sides. This wave
is weak (compared to the initial BVI pulse) and was not seen in previous
testing — possibly due to flow unsteadiness. Similar upstream waves em-
anating from the trailing edge were recently reported by Obermeier and
Schurmann (Ref. 12) in high-speed interferometric studies conducted in a
shock tube.

The effect of the BVI on the chordwise pressure distribution is shown
in Fig. 11 for the same BVI event shown in Fig. 10. Fig. 11a shows the
chordwise pressure distribution at an azimuth of about 176°, which is
shortly before the impact of the vortex on the leading edge. At this point
the lift is still quite small but beginning to rise rapidly. Fig. 11b (y = 181°)
shows the pressure distribution near the moment of impact of the vortex
center on the leading edge. At this point the lift is a maximum and begins
to drop rapidly. Fig. 11c (i = 184°) shows the pressure distribution only 3
degrees later. At this point the lift is zero and dropping. The lift continues
to drop until ¢ = 188° (Fig. 11d); the entire shape of the pressure distrib-
ution is distorted resulting in a significant differential pressure in the trail-
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ing-edge region. This trailing edge loading results in a sharp moment p
and blade “ringing” that was clearly seen in the root torsion strain ga;
This point closely corresponds to the point at which the upstream-mey
wave commences. After this point we see the re-establishment of circy
tory lift and the differential pressure reduces, as does the total lift. Figs,
and 11f show the evolution of the chordwise pressure distribution ag:
“Kutta wave” propagates upstream. This last point (i = 207°) constituteg
the termination of the BVI event. We can define the BVI event as th;
riod beginning when the vortex passes the leading edge and ending w|
the resulting Kutta wave passes the leading edge. These are two eas;
identifiable events during which time the blade turns about 30 degree;
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azimuth, which is about 3 chords of travel at this radial station. The vorte
is not close to the blade in the latter stages of the interaction, and this ex
plains the previously-noted lack of sensitivity of these phases of the inte
action to miss-distance.

The most prominent feature of the BVI event is the rapid pressure jump -~
which occurs at the leading edge. Since the pressure varies from a distinct
peak (which occurs when the vortex is at the leading edge) to a subsequent - -
well-defined “plateau,” the magnitude of this change (shown in Fig. 12 fot
the bottom surface and for several vortex generator angles-of-attack) pro=~ -

vides a convenient characterization of the BVI strength. We have summed
the absolute values of these pressure coefficient jumps for the upper and

lower surfaces, here termed the “BVI Pressure Jump” or ., as a simple.

measure of the BVI. Fig. 13 plots xy,,; as a function of nominal vortex miss';:
distance for vortices of opposite sign. For a vortex generator incidence

angle of +12°, x;..; peaks at a miss distance of about 0.125¢, in contrast to'. ;'

the a,=-12° case which peaks at a miss distance of z,=0 chord.
Fig. 14 is the acoustic field measured by one of the far-field micro-

phones corresponding to the blade pressures of Fig. 7, and is typical of the’ -
BVI acoustic data obtained during the test. As indicated on the figure, the:

change in acoustic pressure from the peak of the initial rise to the mini-
mum peak is a convenient measure of the BVI acoustic event, which is
herein referred to as the “BV1 acoustic amplitude, TT;,;.” TT,,,; is plotted as

a function of nominal vortex miss distance in Fig. 15. Consistent with Fig:-

13 for blade pressures, for a vortex generator incidence angle of +12°, Ty
appears to peak at a miss distance of approximately 0.125c, in contrast 10

P R SR N
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the a,=-12° case which peaks at a miss distance of z,=0 chord.

These observations suggest that the nominal vortex location (@, =
+12°) is probably in error by about 0.1c (for unknown reasons that could
include errors in the vortex generator position gage or the blade flap gage).
For a vortex generator setting of -12° there was no apparent anomaly in the
vortex location readout. In addition, the maximum Xpy; for at, = -12° is
greater than that for @, = +12° (by about 10%). Similarly, the maximum
Il; for a, = -12° is greater than that for a, = +12° (by about 25%). The
microphones show much greater sensitivity to vortex swirl direction than
the leading edge surface pressures.

These observations probably indicate that the magnitude of the Lift of
the vortex generator — and hence of the vortex strength — is not the same
for the two different incidence angle settings. However, the proximity
end is very similar for the opposite vortex swirl cases. This indicates that,
while there may indeed be some asymmetry of the vortex or a blade pitch
angle offset, there is an essential symmetry to the interaction. The ability
(o accurately predict the detailed features of the blade pressures during
BVI presents a challenge to the analysts.

Acoustics
0.0
;.-
_ o
i a=12
Q
 -0.5-
i
w
[=]
‘uj BvI
[+ PRESSURE RISE( Xpy)
=]
n —-1.0-
0] ]
w
[
o 1o}
a=-12 '
-15 T T 1
175 180 185 190
BLADE AZIMUTH

Fig. 12. The effect of vortex strength and sense on BV1 lower surface
pressure variations. Mﬁp =07,u=02r/R= 0.88, x/c = 0.02,
z Je=0.

BVI PRESSURE RISE ( xpvi)

T I T I
-04 -0.3 02 -01 0.0 01 02 03

NOMINAL VORTEX MISS-DISTANCE (CHORDS)

Fig. 13. The effect of vortex proximity on the BVI pressure rise.
Mg =0.7Lp = 0.2.

PARALLEL BLADE-VORTEX INTERACTIONS: AN EXPERIMENTAL STUDY AND COMPARISON 277

: AR ; : N 1 «
# p 2 R - e At

= : | V}f ‘ v :
: i n
3 i ; o :
2 ‘ : :
b4 -50 7 BYE RCOUSTIC 4§ e e s
8 AMPLITUDE 1!
£ v
°
c
=
o
w

T
0 0.2 0.4 0.6 0.8 1

Rev

Fig. 14. Typical far-field acoustic time history for parallel BVL

ACOUSTIC AMPLITUDE (ITyj)
(Pascals)

o
oo o 100‘“
S Clv.—_,.120
O e ay-+12°

I | ! I
-0.4 -03 -02 -0.1 0.0 01 02 03

NOMINAL VORTEX MISS-DISTANCE {CHORDS)

Fig. 15. The effect of vortex proximity on the BVI acoustic
amplitude. My, = 0.7, =02.

—

av=»12° mv=#‘2°

z/c=0 G) S— <)> —
! i}

e
e )

n v

SR
7,/c=-0.25

Fig. 16. Four BVI configurations.

Far-field and near-field acoustic data are presented and discussed lor
four representative cases of BVI for which the tip Mach number and ad-
vance ratio are fixed at Mﬁp:().712 and u=0.196, respectively. The four
cases are for interaction occurring with vortices of opposite sense (swirl
direction), obtained by setting the vortex gencrator wing al +12° and -12"
angle of incidence, and for head-on interaction with the voricx, as well as
with the vortex 0.25 blade chord below the blade. These four cases are il-
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lustrated in Fig. 16. Case III corresponds to the usual advancing side BVL

Fig. 17 shows the acoustic pressure measured by far-field microphones
2 -5 (Fig. 5) for the four cases of Fig. 16. These data were obtained with
the microphone traverse positioned at 90° relative to the rotor hub (i.e. di-
rectly to the retreating side of the hub). Immediately noticeable is the rel-
ative phasing of the pulses due to the differences in source-to-microphone
distances. Several secondary pulses, which we attribute to tunnel floor re-
flections (Ref. 10) are also evident. There is a reversal in the sign of the
acoustic pressure pulse corresponding to the reversal in the swirl direction
of the vortex. No major directivity changes are evident over the range of
elevation angles spanned by these microphones. Geometry limitations did
not allow positioning microphones at larger elevation angles to better cor-
roborate acoustic field directivity.

There is a noticeable change in the shape of the BVI pulses between
head-on interaction and when the vortex is below the blade. The pulse
shapes for the head-on cases (Cases I and II) display a sharper rise to a
higher peak which is followed by an equally sharp drop. Prior to reaching
ambient level, however, the pulse abruptly widens. The z,=-0.25-chord
cases (Cases III and IV), on the other hand, display a more symmetric
pulse shape with a more gradual rise than for head-on impact.

As expected, the acoustic pulse amplitudes are much larger for the di-
rect impact cases (Cases I and II) than when the vortex is below the blade
(Cases III and IV). In addition, for head-on interaction, the pulse ampli-
tude for the a,=-12° case (Case I) is significantly larger than the a,=+12°
case (Case II). This is not the case when the vortex is below the blade.

Fig. 18 shows the corresponding near-field microphone (Fig. 6) data
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Fig. 17. Far-field acoustic pressures for the four BVI configurations of Fig. 16. Microphone numbers are indicated on the figure.

M=0.71, u=0.2.
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for the four cases of Fig. 16. Microphone 7 was closer to the blade,
180° azimuth position, but at a larger directivity angle than micropho
Fig. 18 exhibits several interesting features.

The first feature to note is the change in pulse shape with vortex g
direction. The a,=+12° cases (Cases II and IV) contain a low ampliy
feature at the leading edge reminiscent of thickness noise. This is not'g
in the a,=-12° cases (Cases I and III), most likely because, while the B
pulse has reversed in amplitude with a reversal in vortex swirl, the thj;
ness noise remains unchanged. Their superposition results in the obsery
pulse shapes. This is more pronounced for microphone 7 than for mi
phone 6, most likely because of the directionality of this mechanism; 7
presence of this feature may be the result of the specific operating state
the rotor near the 180° azimuth position. ) '

Another interesting feature to note is the relative amplitudes of the ¢
near-field microphones. Whereas for a,=-12° (Cases I and III) the amg
tude for microphone 6 is the same or smaller than that for microphone
as would be expected since microphone 6 is at a greater distance,
a,=+12° (Cases II and IV) microphone 6 exhibits a larger acoustic pul
amplitude. There is also a noticeable difference in the pulsewidths for
two microphones in all cases. These are most likely the result of the co
plex wave components and their interactions in the near-field. k

Raind nracaiira (Dasraia)

Computations

Several papers have been published (Refs. 13 and 14) comparing co
putations of both near- and far-field acoustics of parallel BVI to these

50

Sntind nrasenrs (Bascale)

-100 RN ] o

-150 L 2 I .

-100 ; +

1 AR V

{ <

-150 " 3 2 s 3 L " i 3 i 5 n I 3 T — I
0 0.2 0.4 0.6 0.8 1 p

Rev "

v




JULY 1997

i 'l B
7 500 [ | ]
[ 1 -
] - -
a | N ]
? 0 ] \f; o i — “ﬂ—-eg
: \ Y \
g 500 § v :
I :\l« \ ]
@ 1000 4t 7%
JRT-Te 4 J SNV RSP S S—
[+] 0.2 0.4 0.6 0.8 1
Rev
P R — —
i HIn
0 500 :f f“
P A
e [} i e W‘“«v v&zhl-——m—-"a*“\;
-] 4
: N i\
‘2‘ -500 hj‘ \6
E ! 7
¢ -1000 |
[/4 L
.1500 [ L i iy 1 2 Y 2 i 2 n Y 1 " 1 i
Q 0.2 0.4 0.6 0.8 1
Rev

PARALLEL BLADE-VORTEX INTERACTIONS: AN EXPERIMENTAL STUDY AND COMPARISON

Sound pressure (Pascals)

Sound pressurs (Pascals)

279

Il

500 |-

4] { ol ;J f/v_.“u—»aw
: ‘, H(
-500 |
] lf
L I
-1000 i
L 7 :
X { ?s i
«1500 L P P M M
0 0.2 0.4 0.6 0.8 1
Rev
1000 —r—r— — — e
[ f Vv
500

-1000 |

,1500 L i 1 i i n i i 5 i A i 1 l i i
0.4 08

Rev

Fig. 18. Near-field acoustic pressures for the four BVI configurations of Fig. 16. Microphone numbers are indicated on the figure.

Myp =071, =02.

perimental data. These have been “first principles” approaches, not utiliz-
ing the measured blade surface pressures, and have obtained encouraging
results.

We present results of a computational study of BVI acoustics using
measured blade pressures. Acoustic predictions were made using the rotor
acoustic prediction code WOPWOP for configuration HI of Fig. 16
(Myp=0.7, u=0.2, a,=-12°, vortex 0.25 blade chord below rotor). Meas-
ured blade pressures obtained at three radial stations were used as input
and acoustic predictions were made for four far-field microphones and two
rcar-field microphones.

The WOPWOP code is based on the acoustic formulation 1A of Faras-
sat (Ref. 2). This formulation is a time-domain representation of the
Ffowcs Williams-Hawkings equation, excluding the volume source or
“quadrupole” term. Since high speed impulsive noise is substantially
shock-formation related, it is not accounted for in the formulation. Neither
are volume source effects of transonic BVIL. Formulation 1A was devel-
oped to predict discrete frequency noise of helicopter rotors, and is valid
for arbitrary blade motion, geometry and observer location. The WOP-
WOP code predicts thickness and loading noise at a specified observer lo-
ation. These noise sources are blade surface terms.

For the acoustic predictions, the blade pressures measured at the three
radial stations, /R = 0.772, 0.876, and 0.946 were used as input. The com-
putational grid was adjusted in the radial direction to locate the panel cen-
iers at the blade pressure measurement locations. The number of panels
was varied between 10 and 50 radially between 0.75R and the tip to check
for numerical differences that may occur due to grid size. No difference in

the predicted acoustics for the far-field microphones was secn. The chord-
wise computation grid was also varied, from 27 chordwise locations to 47.
Again, no difference in the predicted acoustics for the far-field micro-
phones was seen. Finally, the number of time steps used in the computa-
tion was varied from 256 to 512 time steps per blade passage. The maxi-
mum level of the BVI peak for all the acoustic time histories increased by
less than 3%, and the computation time approximately doubled. Thus 256
time steps per blade passage was chosen for the remainder of the predic-
tions. Linear interpolation of the measured data onto the computation grid
was used for the chordwise, radial and azimuthal (time) directions.

Predicted and measured acoustic time histories for the four far-field
and two near-field microphones are shown in Figs. 19 and 20, respectively.
The predictions were made with 50 radial panels between 0.75R and the
tip, 27 chordwise panels from leading to trailing edge and 256 time steps
per blade passage. In the figures the prediction is shown with circles and
the measured data is shown as a solid line. For each of the far-ficld mi-
crophones the predicted maximum peak levels arc slightly lower than the
measured. However the comparison of the predicted pulse width with the
measured pulse width is in good agreement. The predictions for the near-
field microphone 6 (Fig. 20) overpredicts both the positive and negative
peak slightly. However the predicted pulsc width and character is in very
good agreement with the measurement. For the near-ficld microphone 7,
the negative peak is underpredicted by approximately 100 pa, but the over-
all predicted pulse width and character is in very good agreement with the
measurement.

Since the measured data were obtained for parallel interaction, the vor-
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100F Mic 2 100k Mic3  tex was in close proximity to the blade for the full bj
0 75k 0 750 span. The measured blade pressures used for the acoug;
§ § predictions in Figs. 19 and 20 included only the oy
e 50f a 50t 25% of the blade. Thus the noise source panels on
£ 25¢ 3 £ 25¢ | inner part of the blade are not considered in the predic
g 0 ! g 04 J acoustics. This may explain the underprediction of
S st > :§£’ ‘f; & o5t A\Y i; peak amplitudes. The measured peak to peak pressures
S 5of 5 s5of 1/R=0.876 and 0.772 are nearly the same, as shown
3 ] Fig. 21. From this, the assumption is made that the meg.
75550 0.30 040 050 060 75 50 0. sured pressures at /R=0.772 could be extrapelated
Rev Rev WOPWOP for inboard pressures to, say, r/R=(Q.
Acoustic predictions made with these added inboard sec
tions are shown in Figs. 22 and 23. Of course this is an
125¢ 125¢ overestimation, since the velocity inboard is decreasing
@ 100} Mic 4 % 100} ’ Mic 5  and the pressures due to the vortex interaction will
§ 750 § 75k 3 less, assuming this is a truly parallel interaction.
£ 50l £ sof 4;, maximum peak in the acoustic predictions compare very
g o5 g £ ot f\m {! well with the measurements for the far-field micro:
2 ° g o phones as shown in Fig. 22. However, the prediction
g 0 . a O‘MN the near-field microphone 6 (Fig. 23) overpredicts
'§ -25} g 25} negative pulse even more. The prediction at micropho
& -50F & -50f 7 agrees quite well with the measured data.
75 ‘ 756 5 5 G A TS0 As a final test, the measured pressurcs at r/R=(0).7
020 0.30 040 050 0.60 ’ R ) were extrapolated to inboard station 1/R=0.3. As me
Rev Rev tioned earlier, this will result in an overestimation of
Fig. 19. WOPWOP predictions: far-field microphones. Sources distributed 0.75R to tip.  peak acoustic amplitudes. However, it should result in
Mg, =071, 4 = 0.2, @, =-12°, z,/c = —0.25; (o) predicted, ( ) measured. more accurate prediction of the acoustic waveform if (|
inputs are truly from parallel BVI. As expected the pr
800, 800¢ dictions overpredicted all the peaks for all microphone:
% 600} Mic 6 % 600F Mic7 ° but the predicted waveforms better matched the width
8 ; 8 and overall shape of the measured data. This study indi
§ 400¢ § 400 cates that good agreement between measured and pr
° 200¢ ® 200 dicted acoustic time signatures for parallel BVI may be
§ 0 2 Of obtained using measured pressures at three outboard r:
£ 200} § -200F dial locations. However, to obtain the most accurate pr
g 400} '§ -400 dictions, blade pressures over most of the blade span ( in
& 500t ? & 600 this example, at least 50%) should be used. 2
800550030 040 050 060 -800 Summary
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Fig. 20. WOPWOP predictions: near-field microphones. Sources distributed 0.75R to tip.

Myp = 0.71, 4 = 0.2, @, = -12°, z,/c = -0.25; (-) predicted, (

) measured.
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Fig. 21. Measured blade pressures at three radial stations. Mﬂp =07L 4 =02, a,=-12°,

z /e = -0.25.
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tal study of parallel Blade-Vortex Intcraction. A nomi-

nally non-lifting rotor was operated in close proximity to. =
the tip-vortex generated by an upstream wing — thus. 7

simulating a very simple parallel BVI. Simultaneous

rotor blade surface pressure and near- and far-field .
acoustic data were obtained for a range of vortex miss . -
distances, rotor speeds and vortex strengths. The rotor, .

though nominally non-lifting, actually gencrates a non-
negligible wake of its own and the behavior of this wake,
in response to the external vortex, is not simple or well

understood. Many detailed features in both the blade -

pressure and acoustic data were identified and discussed:

These include the presence of a downstream, and amuch -~
weaker upstream, wave on the blade surface. However,
the primary BVI event is prominent and quite localized

with no obvious coupling to other rotor cvents. It is pos-
sible to define simple interaction parameters (both in the
surface pressures and acoustic signals) that characterize
the BVI and give well-defined trends for the BVI behav-
ior as a function of operational quantities, especially the
miss-distance. These parameters indicate and provide a

This paper presented the results from an experimen-

ke
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measure of possible miss-distance errors, thus guiding the choices of
geometry variations that will have to be made in future computations.
Study of the leading-edge surface pressure variations indicates a promi-
nent load asymmetry behavior with respect to vortex sign. There is a cor-
responding asymmetry in the resulting acoustic field. There are several po-
rential explanations of this asymmetry, of which the simplest is the
possible presence of a blade pitch angle offset. Future computations may
require some variation in the blade incidence in order to better define the
effects of such an offset. In spite of such recognized complications, the test
reveals detailed features of the BVI, the computational duplication of
which will provide a definitive verification of our understanding of BVI-
induced loading and acoustics.

A comparison was made between one of the experimental cases and
computations from the WOPWOP acoustic prediction code using mea-
sured blade pressures for input. The code yielded good results in both the
far-field and the near-field. Pulsewidths were computed quite well. The
peak-to-peak amplitudes were predicted to within approximately 15% or
better in most cases.
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