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Isolated Airfoil—Tip Vortex Interaction Noise

Robert W. Paterson* and Roy K. Amiet?
United Aircraft Research Laboratories, East Hartford, Conn,

and

C. Lee Munch {

Stkorsky Atrcraft Division, Stratford, Conn.

An experimental investigation was conducted in the UARL Acoustic Research Tunnel to define
the noise characteristics associated with the interaction of a stationary tip vortex and a down-
stream stationary airfoil. This model test geometry simulated, in its simplest form, the tip vortex-
blade interaction which occurs on single rotor helicopters during hover. for moderate to high lift
test conditions, the vortex-airfoil interaction was found to cause local blade stall with an attendant
increase in the blade far-field noise. These results indicated that this interaction may be an impor-
tant source of helicopter broadband noise during hover. Cross-correlation measurements conducted
amongst surface-mounted and far-field microphones demonstrated that the operative noise mecha-
nism was ‘‘trailing edge noise’’ arising from the interaction of stall generated eddies with the airfoil
trailing edge. This mechanism would be expected to be responsible for increased noise at stall con-

34
ditions in other, nonrotary wing, applications.
Nomenclature
¢ = downstream airfoil chord
Co = speed of sound
f = frequency
f(t) = surface microphone signal
g4(t) = filtered surface microphone signal
gr(t) = filtered far-field microphone signal
h = filter impulse response function
r = trailing edge to far-field microphone separation
C; = local rotor blade drag coefficient
Cr = rotor thrust coefficient
L = surface microphone to trailing edge separation
My = rotor tip Mach number
R;; = autocorrelation of far-field noise
R, = cross-correlation function between surface and far-field
microphones
N = vortex-airfoil vertical separation
St = Strouhal number = f¢/V
U. = eddy convection velocity
\% = tunnel speed
«p = downstream airfoil angle of attack
«, = upstream airfoil angle of attack
I3 = dummy variable
p = normalized cross-correlation function amplitude
[ = far-field noise directivity angle
I3 = rotor solidity
T = delay time
e = position of 30% chord microphone

Introduction

A PREVIOUSLY unexplored but potentially important
source of helicopter broadband noise during hover is the
interaction of a rotor blade tip vortex with the following
blade. Previous studies'-3 have been concerned with the
blade slap problem in which the interaction of a moving
blade with a tip vortex shed from another blade produces
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harmonic noise. The present study was directed toward
the temporally steady problem of the interaction of a sta-
tionary vortex and airfoil. This configuration is relevant to
a hovering helicopter where the trajectory of a blade tip
vortex is downward and radially inward causing the vortex
to pass beneath the following blade in the vicinity of the
tip. In an idealized model of this phenomenon the blade
tip vortex strengths can be considered constant with time
and the vortex trajectories fixed relative to the blades.
Viewed from a rotor fixed coordinate system the noise
generation process in this model consists of the interaction
of the potential field of a stationary tip vortex and a
downstream stationary airfoil. The purpose of the study
reported here was to experimentally determine the noise
characteristics associated with this interaction in an
acoustic wind tunnel at Mach numbers approaching full
scale and with vortex-blade parameters scaled from typi-
cal rotor operating conditions.

Experimental Arrangement

This study was conducted in the United Aircraft Re-
search Laboratories Acoustic Research Tunnel. The tun-
nel, shown schematically in Fig. 1 and described in detail
elsewhere, 4 is a controlled turbulence level, open-jet wind
tunnel designed specifically for aerodynamic noise re-
search. For the present study, the total turbulence level in
the test section was 0.2%. Far-field noise measurements
were carried out in the quiescent region approximately 6
ft above the test section centerline in the sealed anechoic
chamber which surrounded the test section. This chamber
has been determined to be anechoic for broadband noise
above 200 Hz.%
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Fig. 2 Test section arrangement.

Figure 2 shows the test section arrangement employed
in this study. A tip vortex was generated by a 4 in. chord,
NACA 0012 airfoil oriented vertically. This vortex con-
vected downstream and passed beneath a 9 in. chord,
NACA 0012 instrumented airfoil, which was oriented hori-
zontally and spanned the test section. The relative per-
pendicular orientation of the airfoils permitted the vortex
interaction mechanism to be studied in the ahsence of
noise caused by impingement of the upstream airfoil wake
on the downstream airfoil. In addition, this arrangement
most accurately simulated the helicopter vortex-blade en-
counter. The tip vortex strength and position were varied
by varying the upstream airfoil angle of attack and verti-
cal position, respectively. To obtain a uniform spanwise
loading on the full-span airfoil model, the vertical sides of
the jet were closed with sideplates extending from the
wind tunnel contraction outlet into the jet collector. The
full-.span model was instrumented with an array of four
fixed and one movable Y in. diam f{lush-mounted con-
denser microphones on the airfoil suction surface, as
shown in Fig. 3, to permit measurement of the local fluc-
tuating surface pressure in both the span and chord direc-
tions. The microphone protective grids were removed and
the diaphragms optically aligned with the airfoil surface
to minimize the potential disturbance of surface micro-
phone measurements by wakes from upstream micro-
phones. Tests demonstrated that the 30% and 38% chord
surface pressure spectra did not change when the 30%
chord microphone was moved from a position directly
downstream from the 15% chord microphone to a position
offset in span. From this it was concluded that the surface
microphones produced no mutual interference. In addition
to the full-span airfoil, Fig. 3 shows an instrumented half-
span model which was tested to evaluate vortex interac-
tion noise due to tip region encounters.

All listed angles of attack are geometric angles which
require a negative correction® to compensate for two-di-
mensional open jet wind tunnel effects. Frequency spec-
trum and correlation analyses were conducted on-line dur-
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ing testing employing both a real time spectrum analyzer-
ensemble averager and real time correlation and probabil-
ity analyzer.

Experimental Results
Summary

It was generally observed that the passage of the tip
vortex beneath the test airfoil had a measurable effect on
the unsteady surface pressures and the far-field noise for
only those test conditions in which the tip vortex caused
local blade stall to occur (as indicated by tufts). For the
conditions tested, it was also observed that the far-field
noise was independent of vortex strength and position as
independent variables, depending only on sufficient in-
duced upwash to cause downstream airfoil stall. The far-
field noise power spectral density at constant Strouhal
number was tentatively found to vary with velocity to the
fourth power for the low frequencies which dominated the
spectra. The following sections discuss the experimental
results in greater detail in terms of surface pressure, far-
field noise and correlation function measurements.

Surface Pressure Measurements

Figure 4 displays typical surface pressure spectra ob-
tained with and without an upstream generated tip vortex
at test conditions scaled to represent high rotor thrust.
The data were obtained with the downstream airfoil at an
angle of attack, «; = 13.5°, and with a tunnel speed, V =
450 fps (Reynolds number = 2.2 x 10%). The vertical sep-
aration of the tip vortex and the downstream airfoil pres-
sure surface at Y chord, S, was assumed to be approxi-
mately 1 in. (based on a measurement of the vortex posi-
tion at 100 fps). The tip vortex generated by the upstream
airfoil at an angle of attack, «, = 8° caused the 30 and
70% chord fluctuating surface pressures to increase on the
order of 20 to 30 db at low frequencies with smaller in-
creases obtained at high frequencies. These large increases
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Fig. 4 Effect of tip vortex interaction on 30% and 70% chord
unsteady surface pressure, V = 450 fps, «,, = 13.5°, «,, = 0°
and 8°, S =~ 1in., NACA 0012 full span airfeil.

were associated with airfoil leading-edge-stall as con-
firmed by flow visualization with tufts. Increases of these
magnitudes, which were also observed at the other instru-
mented locations between 15% and 70% chord, would be
expected to cause a significant increase in the radiated
noise. Whereas both microphone locations in Fig. 4 record
similar low-frequency amplitudes, the high frequency am-
plitudes were significantly higher at the forward location
when the flow was stalled. The opposite behavior is ob-
served with attached turbulent boundary layers on airfoils
as shown in Fig. 4 by the «, = 0 deg curves and in more
detail elsewhere.®

The results of a spanwise survey for the same operating
condition are given in Fig. 5. The upper portion of the fig-
ure shows the orientation and position of the upstream
vortex relative to the spanwise survey locations of the 30%
microphone which was capable of traversing spanwise.
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Fig. 6 Effect of tip vortex interaction on far-field noise for
two velocities, «,, = 13.5%, «, = 8°, .8 = 1 in., NACA 0012 full
span airfoil.

The lower plot presents the pressure fluctuation ampli-
tudes as a function of frequency. The large increases in
pressure level at 1000 Hz relative to 5000 Hz in the vicini-
ty of the vortex path ({ = 1.75 in.) confirm the results of
Fig. 4 that the stall phenomena is dominated by low fre-
quency fluctuations. From the 1000 Hz data given in Fig.
5, the spanwise extent of the stall region can be estimated
to be approximately 10 in. (in general agreement with
flow visualization tuft results). The stall region extends
partially into the region of span experiencing downwash ({
> 1.75 in.) although surface pressure fluctuations were
largest in the region where the vortex produced upwash
and hence increased local incidence. For large {, the un-
steady pressure decreased to the unsteady pressure level
typical of the unstalled airfoil.

For vortex strengths, vertical positions, and downstream
airfoil angles of attack such that stall did not occur, the
passage of the tip vortex under the downstream airfoil had
no measurable effect on the unsteady surface pressure;
hence, no effect would be expected in the far field.

Far-Field Noise Measurements

Prior to considering the far-field microphone measure-
ments, it should be noted that the occurrence of stall was
plainly audible to observers in the chamber. As the up-
stream airfoil was rotated to produce increasing vortex
strength, an angle of attack would be reached which
caused a sudden increase in noise and simultaneously,
stalled airfoil flow as indicated by tufts.§ The stall noise
was qualitatively of a buffeting low-frequency nature.

Figure 6a presents the effect of the tip vortex interac-
tion on the far-field noise 6 ft above the test section cen-
terline at the test condition considered above. The lowest
curve, corresponding to a test configuration of no down-
stream airfoil and the upstream airfoil at 8°, was essen-
tially a measurement of the empty tunnel bhackground
noise (noise due to the turbulent open jet shear layer and

§Tests conducted without tufts produced the same far-field
noise.
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its impingement on the downstream collector) since the
presence of the upstream airfoil caused no measurable in-
crease in noise over tunnel-empty conditions. The next
higher spectrum was obtained with the upstream airfoil at
0° (no tip vortex) and the downstream airfoil at 13%°. Due to
open jet wind tunnel effects,5 the airfoil was unstalled at
this high angle of attack. There is experimental evidence*
to support the conclusion that the increased noise mea-
sured in this high lift configuration is not downstream air-
foil noise but tunnel background noise arising from dis-
torted inflow into the tunnel open-jet collector. This dis-
tortion is caused by deflection of the tunnel open jet by
the lifting airfoil. This represents a significant limitation
to noise testing, for only strong airfoil noise mechanisms
such as vortex shedding® stand out above tunnel back-
ground.

Based on the preceding measurements, the appropriate
background noise for the experiment is the spectrum ob-
tained with the downstream airfoil at 13%° and with the
upstream airfoil at zero lift. The highest spectrum in Fig.
6a then shows the increased noise due to the tip vortex in-
duced local blade stall.

The two high-frequency discrete tones at 7000 Hz and
7300 Hz are an indirect result of the tip vortex presence
and are not associated with local blade stall. These spikes
are due to vortex shedding from the unstalled portion of
the blade trailing edge and arose when the tip vortex
downwash caused the pressure surface boundary layer at
the trailing edge to undergo transition from turbulent to
laminar flow (see Fig. 4, Ref. 6). Although the vortex
shedding tones are not related to the local stall noise
under study, and occurred for only a limited number of
test conditions, the relative equal magnitude of the vortex
tones and the stall noise (below 1000 Hz) indicates that
the two mechanisms will have comparable amplitudes al-
though the former is a high-frequency discrete tone phe-
nomenon and the latter is a low-frequency broadband
phenomenon. Since vortex tone noisc has been shown to
dominate the noise spectra of full-scale rotors when the
mechanism occurs {e.g., Fig. 12, Ref. 6), the above argu-
ment suggests that tip vortex interaction noise would be
expected to dominate the low-frequency rotor noise when
local blade stall occurs.

From Fig. 6a it is evident that vortex-induced local
blade stall caused a measurable increase in the noise
above tunnel background noise for frequencies above 250
Hz. It is clear that the radiated noise was broadband with
the dominant frequencies in the stall noise spectrum oc-
curring below 1000 Hz, in agreement with the measured
surface pressure spectra. The importance of the stall noise
mechanism is obscured to some extent by the fact that
the background noise measurement was not one of airfoil
noise in the absence of a tip vortex but one dominated by
the wind tunnel open jet collector noise.

Figure 6b presents vortex interaction and background
noise spectra at a higher tunnel speed of 575 fps, a value
approaching typical full scale rotor tip velocities. The in-
teraction noise, again due to blade stall, is observed to
stand out some 2 to 4 db abhove background for frequen-
cies above 500 Hz. Background noise spectra have been
included in these figures rather than subtracted from the
interaction noise spectra to permit assessment of the ex-
perimental signal to noise ratio. These spectra tend to
overestimate the background noise since stalled airfoil
flow produces less jet deflection, and hence collector
noise, than unstalled flow at the same downstream airfoil
angle of attack. Far-field noise measurements conducted
over the velocity range from 100 to 650 fps invariably
showed an increase above tunnel background when local
stall occurred. The small signal-to-noise ratio, however,
precluded precise determination of the dependence of
stall noise spectra on velocity. For amplitude comparisons
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carried out at constant Strouhal number, St, the far-field
sound pressure level at constant bandwidth analysis
measured directly above the airfoil was found to vary ap-
proximately with velocity to the 4th power for low Strou-
hal numbers (on the order of 1) which dominate the spec-
tra, increasing to a higher power dependence with increas-
ing Strouhal number.

Once local blade stall was observed to occur, for the
conditions tested, further increases in vortex strength or
downstream airfoil angle of attack failed to produce either
a further increase in the far-field noise or an increase in
the spanwise extent of stall. This noise generation process
therefore appears to depend primarily on the existence of
stall while being insensitive to the individual parameters
which either cause or tend to aggravate the stalled condi-
tion. Measurements conducted with the half-span NACA
0012 model produced interaction noise spectra similar to
those of the full-span model with the exception that high-
er geometric angles of attack were required to produce
stall. This can be attributed to the decrease in effective
angle of attack caused by the tip vortex of the down-
stream half-span airfoil.

Identification of Noise Production Mechanism

A series of cross-correlation measurements were con-
ducted at test conditions for which vortex induced stall
occurred on the downstream blade in order to further de-
fine the characteristics of the noise production process.
Correlations conducted amongst surface microphones ar-
rayed in the chordwise direction indicated the presence of
downstream convected eddies with a convection velocity
approximately equal to 0.3 times the freestream velocity
V. Cross-correlations conducted between the far-field mi-
crophone and the surface microphones, however, indicated
that these eddies were not directly radiating noise to the
far field.

The use of longitudinal space-time cross-correlations
among surface transducers to determine eddy convection
velocities as reported here is a well-established technique
described in detail elsewhere.” In addition to these sur-
face-surface cross-correlations, cross-correlations  were
conducted between the far-field microphone and surface
microphones arrayed in the chordwise direction. This use
of this technique to obtain quantitative information re-
garding local acoustic source strengths on surfaces is de-
scribed in detail elsewhere.5

Cross-correlations conducted between the far-field mi-
crophone and the surface microphones indicated that the
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eddies measured during surface-surface microphone corre-
lations were not directly radiating noise to the far field.
This is evident from Fig. 7 which presents surface-far-field
cross-correlation functions at a typical test condition
[same condition as Figs. 4, 5, and 6(a)] for each of the five
‘chordwise surface microphones. In this figure, positive
delay time corresponds to delay of the surface microphone
signal with respect to the far-field microphone signal.
Both signals were filtered prior to correlation by a 250 Hz
high pass filter to eliminate low frequency noise associ-
ated with the tunnel fan. As discussed in the following
section, the zero-crossing time delay centered on the peak
correlation region of the functions (indicated by an arrow)
represents the time required for the disturbance measured
by the surface microphone to manifest itself as noise in
the far field. For all surface microphone positions this
time delay was considerably in excess of the acoustic
propagation time of approximately 5250 usec. (This value
includes, in addition to the acoustic propagation time, a
calculated additional delay of 100 usec associated with a
lengthening of the sound propagation path by refraction in
the tunnel open jet shear layer.) The monotonic decrease
in the zero-crossing time delay value with increasing
chord indicates that the eddies propagated downstream
but produced significant noise only when they approached
the airfoil trailing edge.

The previous zero-crossing time delays are replotted in
Fig. 8 as a function of microphone chordwise position. The
slope of the upper portion of the curve corresponds to an
eddy convection velocity of 0.31 times the freestream ve-
locity, a value in agreement with the surface-surface
cross-correlation results discussed above. The convection
velocity is observed to increase with chord as indicated by
the decreasing slope of the curve. The slope of the curve
between the 70% chord data point and the 100% chord
delay time marked by an “x’’ (corresponding to propaga-
tion from 100% chord to the far field) in Fig. 8, however,
would require the improbably high convection velocity of
1.1 V. This suggests that the noise production process oc-
curs somewhat upstream from the trailing edge.

To more fully explore this mechanism, a crossed hot-
wire probe was placed Y% in. downstream of the airfoil
trailing edge and at the same spanwise position as the
surface microphones, to measure the vertical component
of the fluctuating velocity. Cross-correlation between the
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70% chord surface microphone and the hot wire showed a
peak correlation at 1000 usec implying a local eddy con-
vection velocity of 0.71 V. This result appears to confirm
the above conclusion that the local convection velocity
does not exceed the freestream value and that the source
of noise is therefore somewhat upstream of the edge. This
result appears reasonable in light of the Kutta condition,
which by requiring zero pressure differential between the
upper and lower airfoil surfaces precludes the presence of
adipole exactly at the trailing edge.

Interpretation of Surface-Far Field Cross-Correlation
Time Delays

To interpret surface pressure-far field noise cross-corre-
lation measurements as applied to edge noise, it is useful
to first consider the noise production process of a surface
with no bounding edge, that of a turbulent boundary layer
on an infinite flat plate. If the fluctuating viscous stresses
parallel to the surface are assumed to be small, one is left
with a normal force produced by the fluctuating surface
pressure. As was discussed by Powell® among others, this
distribution of surface forces leads to a quadrupole type of
noise rather than the more efficient dipole noise. This ob-
tains since the boundary condition of no flow through the
plate can be satisfied by imposing a mirror image hounda-
ry layer below the plate and then removing the plate.
Thus, for an infinite flat plate, the original boundary layer
and its mirror image produce only qguadrupole sound
which is an inefficient source when compared to a dipole.

If instead of an infinite plate we consider a finite plate,
the mirror image argument employed above no longer
applies for an eddy near the edge. As discussed by Ffowcs
Williams and Hall*® and Hayden,1? under certain condi-
tions the noise produced by the surface forces in the vicin-

ity of the edge can significantly outweigh the ordinary

type of boundary-layer noise previously discussed. Ffowcs
Williams and Hall'© predict the edge noise mechanism to
cause the over-all noise level to vary as velocity to the 5th
power while over-all boundary-layer noise behaves as veloc-
ity to the 8th. Thus, if one considers the case of an eddy
moving downstream toward an edge at moderate subsonic
velocities, the sound production will be small when the eddy
is far upstream of the edge. As the eddy progresses down-
stream, fluctuating dipole forces will be produced in the
vicinity of the edge. The upstream plate acts as a baffle
which alters the directivity from a dipole pattern (behav-
ing as sin f) to a sin #/2 behavior where # is measured
forward from the plate trailing edge.

The previous argument suggests that a pressure trans-
ducer on the surface of the plate would sense a disturbance
when an eddy convected past it, but little sound would be
generated until the eddy reached the vicinity of the trail-
ing edge. If on reaching the trailing edge the eddy had not
changed its characteristics significantly, a cross-correla-
tion between a surface and far-field microphone would be
expected to show a peak at approximately the delay time,
75, equal to the sum of the time required for the eddy to
convect downstream from the surface microphone to the
trailing edge region and that required for sound to propa-
gate from the edge to the far-field microphone. As men-
tioned in the preceding section, this was observed in the
present study.

In this experiment the microphone signals were filtered
before being cross-correlated. This results in a sine wave
of variable amplitude with an envelope peak in the vicini-
ty of the above mentioned delay time, r,. In order to de-
fine the delay time more precisely, the zero-crossing point
occurring between the two largest peaks was used for de-
termining the time delay between the appearance of a sig-
nal on the surface microphone and the measurement of
the far-field sound. Some justification for this procedure



JANUARY 1975

2o

10dB

~ PNdB

i

_EVE

L

I ] | I A
0.02 0.03 0.04 0.05 0.1 0.15

THRUST COEFFICIENT TGO SOLIDITY RATIO, Cq/u

Fig. 9 Trend of single rotor helicopter perceived noise level
with increasing thrust showing noise divergence.

can be given: assuming that the far-field sound is pro-
duced at the trailing edge and that a surface microphone
measures a signal f(¢), then the fluctuating surface pres-
sure near the trailing edge (and also the lift) would be ex-
pected to be proportional to f(t — L/U,) where L is the
distance between the surface microphone and the trailing
edge, and U, is the eddy convection velocity. Since the
far-field microphone is located directly above the airfoil
(the retarded time is constant for all points on the airfoil),
the far-field sound would be proportional to the time de-
rivative of the lift or f(t — L/U)12. If g(t) and g,(¢) rep-
resent the filtered surtface and far-field signals, respective-
ly. then:

ety e |0 = D) (1)

U v I
e N (A e L I
where +1(¢) represents the filter impulse response function,
r the distance between the trailing edge and the far field,
and ¢, the speed of sound. The cross-correlation R, (7)

between g. and g, is then related to the autocorrelation of

the far-field signal, R,,(7) as follows:

1 e
Ry() = lim oz [ L0 )

L R oy

ZJC > dtd&dé, - Fy
- I .

<r - jL o e &2>//(£1)I/(Eg)d£in £ (3)

Since the double integral is symmetric about 7 = (r/c,) +
(L/U.), the derivative with respect to r is zero tor 7+ = (r
coy + (LJU; 1e, Roy(r = rfe, + L/U.) = O. Thus, the
surface far-field cross-correlation would be expected to
have a zero crossing at the retarded time r = (r/c,) +
(L/U.) which should also be near the maximum of the en-
velope which contains the variable amplitude sinusoidal
wave.

Relationship of Results to Full-Scale Rotor Noise

The primary results of the present study have been to
identify blade local stall noise as a source of broadband
noise on a model scale and to determine the detailed
mechanism responsible for such noise. Since helicopter
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Fig. 10 Full-scale rotor third-octave spectra as a function of
thrust showing noise divergence, M = 0.56 (from unpublished
results).

rotors operating at high thrust are known to produce simi-
lar local stall pockets, an increase in rotor broadband
noise would be expected at the onset of stall. Further ex-
perimentation (for example, to determine the stall noise
directivity pattern) will be required before the importance
of this mechanism can be fully assessed relative to other
rotor broadband noise mechanisms. The following brief
discussion of rotor noise, however, suggests that the stall
mechanism may account for a previously unexplained
rotor noise phenomenon.

Classically, it is expected that rotor system noise should
increase uniformly with increasing thrust. Recent noise
measurements conducted on full-scale helicopter rotor
systems have confirmed this trend for low values of the
ratio of thrust coefficient to solidity (Cy/s). As shown
schematically in Fig. 9 and in more detail in Fig. 10 (from
unpublished full-scale results), however, (/s values in
the range from 0.08 to 0.09 (rotor tip Mach number My =
0.56) cause the noise to “diverge” and increase at a more
rapid rate with further increases in this parameter. This
behavior has been observed on several different rotor sys-
tems and is referred to as “noise divergence.”

Figure 10 presents third-octave spectra as a function of
thrust for a full scale main rotor operating in hover at a
tip Mach number of 0.56. A large increase in the noise
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Fig. 11 Full-scale rotor local drag coefficient at various tip
region radial locations as a function of thrust (from unpub-
lished results).
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level occurs at thrust values above the point of noise di-
vergence (Runs 4 and 5). Analyses conducted at 1.5 Hz
bandwidth showed that harmonic noise was undetectable
for these thrust values at frequencies greater than about
800 Hz. The large increase in third octave levels at the
higher frequencies can therefore be attributed to a broad-
band noise mechanism.

At Cp/o values of 0.08 to 0.09, full-scale tests have
shown that the local blade drag coefficient, C)), increases
at spanwise positions located above the tip vortex shed
from the preceding blade. Figure 11 (from unpublished
full-scale results) displays this effect. Movies taken from
the rotor hub of a tufted full scale blade operating at de-
sign speed confirm that the onset of this drag increase oc-
curs simultaneously with the formation of a local blade
stall pocket similar to that studied in the present model
test program. The observed concurrent appearance of stall
and increased noise on full scale rotors and similar obser-
vations in the preseut experimental study suggest that the
tip vortex interaction is the cause of “‘noise divergence.”
Rotor test data, however, show a continued increase in
noise with. thrust above stall which cannot be explained
by the model study. The reason for this continued in-
crease is not known,

Vortex passage positions, strengths, and downstream
airfoil angles of attack surveyed in this study were chosen
to simulate, on a model scale, the encounter between a
blade and tip vortex for a 26 in. chord, 36 ft radius, six-
bladed main rotor in hover. Vortex induced local blade
stall was found to occur in the model tests at a down-
stream airfoil angle of attack within 2° of that predicted
by full-scale data. This is considered good agreement in
light of the uncertainties inherent in the scaling and in
wind tunnel corrections.

Conclusions

The highly turbulent flow associated with airfoil stall is
a source of high-intensity broadband noise. The detailed
generating mechanism is the interaction of eddies with
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the airfoil trailing edge. This noise source arising from
vortex interaction appears to explain, at least in part, the
phenomenon of helicopter rotor “noise divergence.”
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