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Abstract

This paper presents resulis from an experimental stady of rotor blade-vortex
interaction (BVI) acrodynamics and acoustics. The experiment utilized an
externally generated vortex interacting with a two-bladed rotor operating at
zero thrust 0 minimize the influence of the rotor's own wake. The rotor
blades were instrumented with a totat of 60 absolute pressure transducers 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-ficld 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 BV, 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,

Nomenclature
c blade chord
R rotor radius
Oy vortex generator angle of attack
Zy vortex location relative to rotor plane
X, ¥z coordinate system centered on the rotor hub
¥ azimuth angle measured positive in direction of rotation; y=0
is downstream
¢ clevation angle measured positive down from rotor plane
) rotor advance ratio
Miip hover tip Mach number
Cp=(p- ps)/0.5*p*Vo¢2 pressure coefficient
P density
Veo tunnel free stream velocity
p pressure
Ps static pressure
Lp =20 log; o(p/Pref) Sound Pressure Level (dB)
Dref reference pressure (2 x 1073 Pascals, unless otherwise
noted)
Lpvi BVI pressure increment
TTbvi BV acoustic amplitude
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Introduction

The interaction of a rotor with one or more of it's
tip vortices can occur in many forms and is a
topic of considerable interest. Such interactions
are a primary source of rotor vibratory loading.
When the rotor blade and the tip vortex are very
close and nearly parallel 10 each other the
interaction is particularly strong (though of short
duration) and is a major source of rotorcraft
noise, This type of interaction is usually referred
to as a parallel "BVI" (Blade-Vortex Interaction)
and is the subject of this experimental
investigation.

A large number of aerodynamic and acoustic
computational codes (Refs. 1-5), embodying a
wide range of physical models of BVI, have been
developed. The acrodynamic models range from
two-dimensional, ideal-flow, "vortex-cloud”
methods employing conformal mapping
solutions to 3-D, compressible Eunler/Navier-
Stokes CFD methods - with the middle-ground
being held by 3-D full-potential CFD methods.
Acoustic prediction methods are of two types; the
acoustic analogy methods and the more recent
Kirchoff methods. CFD is also used for acoustics
but cannot practically be extended to the far-field
that acoustics is ultimately concerned with,
Nevertheless, CFD has great potential for
providing input for Kirchotf methods. The choice
between these methods is dependent on the extent
to which flow-ficld non-linearity dominates the
solution. Therefore the near-field aerodynamics is
of critical importance both for determining the
essential physics and the type of acoustic method
that must be used. i is crucially important that
we develop combined aeroacoustic computational
methods in which we have high confidence. Such
confidence requires validation using the simplest
possible tests. Until the present, however, all
BVI aeroacoustic tests have involved the use of
full rotor models operating at typical flight
conditions, The complexities of typical rotor
flows {with wake geometries whose strength and
locations with respect to the blade are difficult o
determine) are considerable. We have taken a
different approach by performing an experiment
which, rather than operating a rotor under typical
flight conditions generating BVI, creates a
situation that closely resembles the simplified
geometry found in the most basic CFD codes. In
effect, rather than refining the model to account
for real world complexities, we have attempted to
refine the experiment to reflect the simplest
possible computational model of BVI. If the
codes cannot do a good job of correlating with a
simplified experiment, there is little reason 10
expect good correlation with real flight data with
all of its complications.

This paper describes the wind tunnel experiment
designed to investigate the fundamentals of BVI
aeroacoustics and presents some representative
biade pressure and far-field acoustic data.

Description of Experiment

The objective of the 1est was 1o experimentally
simulate the aerodynamics and acoustics of
paraliel (2-D), unsteady BV1. The main point of
the experiment was 10 set up a situation that
matched, as closely as possible, the simplified
model of a rotor blade undergoing an unsteady,
paralle! interaction with a vortex. Figure 1, taken
from Ref. 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 positions of the rotor and wing ensure
parallelism of the interaction, Figures 2 and 3
illustrate the experimental arrangement in the
acoustically treated test section of the NASA
Ames 80- by 120-Foot Wind Tunnel. Two
similar experiments were previously performed
by Caradonna (Refs, 6-8); however, that work
focused on the acrodynamic aspects of the
problem and did not include acoustic
measurements because the wind tunnel! had
acoustically reflective walls. The present
experiment extends that work to include acoustic
stadies.

The major parameters that influence paratlel,
unsteady BVI are vortex strength and sense
{determined by the vortex gencrator angle of
attack, oiy), vortex-blade separation distance (zy),
rofor advance ratio (i), and hover tip Mach
number (Mgjp). These were all independently
controlied.

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

Reynolds number was of the order of 106.

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 ficld and can serve io
validate "mid-field" calculations of computational
aeroacoustics and Kirchoff methods, A movable
array of microphones was used to obtain a
limited (due to time constraints) survey of the
acoustic far-field.



An exiensive set of data for a combination of
BVI parameters (Table 1) were oblained. A more
detailed description of the experiment and the data
acquisition and processing procedures are
presented in Ref. 9.

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 parameters of BYI will be
discussed. Some representative cases of BVI will
be presented.

Blade pressures

Figure 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 10 a position that was determined in previous
flow visnalization 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 to an incidence, oy, of
+12°, 1t is seen that the flow environment of this
rotor is quite dynamic, in spite of the near-zero
collective piich. The upper surface of the rotor
blade at the 90° azimuth position exhibits a weak
shock, indicative of supercritical flow.
Examination of the data at lower Mach numbers
{pot shown) reveals that the sharp pressure
increase disappears, evidence that this is indeed a
shock. There is also a weak BV interaction that
occurs near this point (y=90°). Evidently the
external vortex is inducing enough blade lif
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°.

1t is useful 1o view the pressure-time histories in
terms of the events at the leading edge. Figure 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 oy=-12°). The
usefulness of the leading edge wansducers is that
they usually behave similarly to the other
mansducers - but in a more sensitive manner - and
the differential pressure is a good indicator of the
fift history. Figure 8 shows that while the
differential pressure is generally not large, except
at the BVI, neither is it negligible or particularly
smooth, In Fig. 7 we noted the presence of a
weak vortex interaction at 90° azimuth. In Fig. 8
{where the vortex sense is reversed) we see weak
vortex interactions at both 90° and 270° It is

significant that 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 difference in the
BVI occurs at-or-before the point where the sign
of the differential pressure reverses. This is the
early stage of the BVI where the voriex is near
the blade leading edge. The latter stage of the BVI
is not greatly effected by the proximity change.
These proximity-induced changes are very
localized effects as the pressure variations show
almost no effect of the voriex movement except
near y = 180°, where the carly 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 1 rimmed 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 lift
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
illustrated by noting the effect of reversing the
sign of the cxternally generated vortex, We
expect that reversing the sign of the vortex
should merely cause the upper and lower surface
pressures to reverse places. If is seen in Fig. 9
that this is not what occurs, Figure 9 shows the
upper and lower surface pressure variations
corresponding to Fig. 8b, but with a reversal of
vortex sign. It is seen that there are considerable
differcnces between the pressure-time histories
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 siage
magnitudes arc greatly increased. It has been
proposed (Ref. 10) that this asymmetry of the
differential pressure with respect to vortex sign is
due 10 an inpate 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
traces only occur for positive oy - indicative of
the passage of the feeding wake sheet. However,
an alternate explanation is that the rotor
collective is non-zero. {The collective was set for
zero lift and the magnitude of the collective never
exceeded about 0.25°.) It is interesting that ail the
differential pressures indicate a negative lift a1 0°
azimuth. This may be indicative of a collective
offset. However, the important point is that the
BVI is a strictly local phenomena. The
significance of a possible collective offset is that
the rotor incidence would not be precisely kaown
at the time of the BVI, which implies exira
complication in computational modeling of the
flow.



We will now discuss the salient details of the
BVL. Figure 10 shows the time histories of Fig.
7 on a greatly expanded scale (from about 175° 1o
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 simultaneousty
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 effect of this first
BVI wave appears 1o be the establishment of a
fairly steady pressure level that persists for some
duration. The time of persistence is greatest near
the leading-edge and is a nearly Hnear function of
distance from the leading edge. During this
persistence interval, several occutrences are seen
to 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 evenis are
associaied with the chordwise passage of the
voriex 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
occurrences were previously noied in the earlier
tests that were conducied in the Army 7- by 10-
Foot Wind Tumnel (Refs. 6-8). However, the
present data also show an additional propagative
event not seen in the carlier tests. At about the
time the previously mentioned convective events
approach the trailing edge a new wave appears -
propagating upstream from the trailing 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 the trailing-edge Kutta condition asserting
itself, either in response to the passing vortex or
to the original BVI wave, and propagating that
information upstream. This secondary or "Kuita
wave"” occurs at the same time and has opposite
sign on the top and bottom surfaces. Because the
sign is opposite, we believe that this latier wave
is primarily a response 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
esting - possibly due 1o flow uonsteadiness.
Similar upstream waves emanating from the
trailing edge were recently observed by Obermeier
and Schurmann (Ref, 11} in high-speed
interferometric studies conducted in a shock twbe.

The effect of the BVI on the chordwise pressure
distribution is shown in Fig. 11 for the same
BVI event shown in Fig. 10. Figure 11a shows
the chordwise pressure distribution at an azimuth
of about 176°, which is shonily before the impact
of the vortex on the leading edge. At this point
the lift is still quite smalt but beginning 1o rise
rapidly. Figure 11b (¢ = 1817} 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. Figure 1ic ( y = 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 distribution is
distorted resulting in a significant differential
pressure in the trailing-edge region. This trailing
edge loading results in a sharp moment pulse and
blade "ringing" that was clearly seen in the root
torsion strain gages. This point closely
corresponds to the point at which the upstream-
moving wave commences. After this point we
see the re-establishment of circulatory lift and the
differential pressure reduces, as does the total lift.
Figures 1le and 11f show the evolution of the
chordwise pressure distribution as the "Kuta
wave" propagates upstream. This last point {y =
207°) constitutes- the -termination of the BVI
event. We can define the BVI event as that period
beginning when the vortex passes the leading
edge and ending when the resulting Kutta wave
passes the leading edge. These are two easily
identifiable events during which time the blade
turns about 30 degrees of azimuth, which is
about 3 chords of travel at this radial station. The
vortex is not close to the blade in the latter
stages of the inferaction, and this explains the
previously-noted lack of sensitivity of these
phases of the interaction 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 for the bottom surface and for several
voriex generator angles-of-aitack) provides 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 "BV1 pressure
increment or Xiyi", as a simple measure of the

BVI. Figure 13 plots Xpyj as a function of
nominal vortex miss distance for vortices of
opposite sign. It is seen that for a vortex
generator incidence angle of +12° Xpyj peaks at
a miss distance of about 0.125c, in contrast to
the t1y=-12° case which peaks at a miss distance
of z=0 chord.



Figure 14 is the acoustic field measured by one
of the far-field microphones corresponding to the
blade pressures of Fig. 7, and is typical of the
BV1 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
minimum peak is a convenient measure of the
BYV1 acoustic event, which is herein referred to as
the "BVI acoustic amplitude, TTpyi". Mpyi is
ploted as a function of nominal vortex miss
distance in Fig. 15. Consistent with Fig. 13 for
blade pressures, it is seen that for a vortex
generator incidence angle of +12°,, Iy appears
1o peak at a miss distance of approximately
0.125c¢, in contrast t0 the oy=-12° case which
peaks at a miss distance of 2y=0 chord.

These observations lead us to believe that the
nominal voriex location (oy = +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 seiting of -12° there was no
apparent anomaly in the vortex location readout.
In addition, the maximum Ypv; for oy =-12°is
greater than that for oy = +12° (by about 10%).
Similarly, the maximum Hyyj for ay = -12° is
greater than that for oy = +12° (by about 25%).
The microphones show much greater sensitivity
to vortex sign 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 differen! incidence angle setlings.
However, it is most significant that the
proximity trend is very similar for the two
opposite vortex signs. This indicates that, while
there may indeed be some asymmetry of the
voriex or a collective offset, there is an essential
symmetry to the interaction. The ability to
accurately predict the detailed features of the blade
pressures during BVI presents a challenge to the
analysts,

Acoustics

Far-field and near-fiekd acoustic data are presented
and discussed for four representative cases of BVI
for which the tip Mach number and advance ratio
are fixed at Myjp=0.712 and p=0.196,
respectively. The four cases are for intcraction
occurring with vortices of opposite sense (swirl
direction), obtained by setting the vortex
generator wing at +12° and -12° angle of
incidence, and for head-on interaction with the

vortex, as well as with the vortex .25 blade
chord below the blade. These four cases are
illustrated in Fig. 16. :

Figare 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.¢. directly to the retreating side
of the hub). Immediately noticeable is the
relative phasing of the pulses due 0 the
differences in source-to-microphone distances.
Several secondary pulses, which we attribute to
tunnel floor reflections (Ref. 9) 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
corroborate 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 zy=-0.25-chord cases (Cases III and
IV), on the other hand, display a2 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 direct impact cases (Cases 1
and 11} than when the vortex is below the blade
{(Cases Il and IV). In addition, for head-on
interaction, the pulse amplitude for the oy=-12°
case (Case I) is significantly larger than the
ay=+12° case (Case II). This is not the case
when the vortex is below the blade.

Figure 18 shows the corresponding near-ficld
microphone (Fig. 6) data for the four cases of
Fig. 16. Microphone 7 was closer to the blade, at
its 180° azimuth position, but at a larger
directivity angle than microphone 6. Fig. 18
exhibits several interesting features,

First to be noted is the change in pulse shape
with vortex swirl direction. The ay=+12° cases
(Cases II and IV) contain a low amplitude feature
at the leading edge reminiscent of thickness
noise. This is not seen in the oy=-129 cases
{Cases 1 and HI), most likely because, while the
BVI pulse has reversed in amplitude with a
reversal in vortex swirl, the thickness noise
remains unchanged. Their superposition results
in the observed pulse shapes. This is more



pronounced for microphone 7 than for
microphone 6, most likely because of the
directionality of this mechanism. The presence of
this feature may be the result of the specific
operating state of the rotor near the 180° azimuth
position.

Another interesting feature to note is the relative
amplitudes of the two near-field microphones.
Whereas for oy=-12° (Cases I and 1II} the
amplitude for microphone 6 i3 the same or
smaller than that for microphone 7, as would be
expected since microphone 6 is at a greater
distance, for ay=+12" (Cases I and IV}
microphone 6 exhibits a larger acoustic pulse
amplitude. There is also a noticeable difference in
the pulsewidths for the two microphones in all
cases. These are most likely the result of the
complex wave components and their interactions
in the near-field.

Summary

This paper presented the results from an
experimental study of parallel Blade-Vortex
Interaction. A nominally non-lifting rotor was
operated in close proximity to the tip-vortex
generated by an upstream wing - thus simulating
a very simple paraliel BV1. Simultancous 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.
It was found that the rotor, though nominally
non-lifting, actually generates a non-negligible
wake of it's own and that 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 a much weaker
upstream, wave on the blade surface. However,
the primary BVI event is prominent and quite
localized with no cbvious coupling to other rotor
events. It is possible to define simple interaction
parameters (both in the surface pressures and
acoustic signals) that characterize the BVI and
give well-defined trends for the BV behavior as a
function of operational quantities, especially the
miss-distance. These parameters indicate and
provide a measure of possible miss-distance
errors, thus guiding the choices of geometry
variations that will have o be made in future
computations. Study of the leading-edge surface
pressure variations indicates a prominent load
asymmetry behavior with respect to voriex sign.
There is a corresponding asymmetry in the
resulting acoustic field. There are several
potential explanations of this asymmeiry, of
which the simplest is the possible presence of a
collective offset. Future computations, may

require some variation in the blade incidence in
order 10 better define the effects of such an offset.
In spite of such recognized complications, the
test reveals detailed features of the BV, the
computational duplication of which, will provide
a definitive verification of our understanding of
BV5induced loading and acoustics.
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TABLE 1 - TEST MATRIX

Mtip 1 Oy

0.7 02 «12°,+12°, +6°

0.6 0.1 -12°, +12°
0.15 -12°, +12°
0.2 ~12°, +12°, +6°

0.5 0.2 +12°

0.4 0.2 -12°, 412°

0.25 0.2 -12°, +12°
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Figure 1. Analytical mode! of parallel blade-vortex interaction

Figure 2. BVI experiment in the NASA Ames 80- by 120-Foot Wind Tunnel
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Figure 7. Blade pressure variations induced by parallel BVL. Mgip = 0.71, i = 0.2,

Oy = +12° zy = 0, i/R = 0.88.
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Figure 15. The effect of vortex proximity on the BVI acoustic amplitude.
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Figure 17. Far-field acoustic pressures. Mtip
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Figure 18. Near-field acoustic pressures. Mgjp = 0.71, {1 = 0.2,



