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Airfoil Tip Vortex Formation Noise

Thomas F. Brooks* and Michael A. Marcolini*
NASA Langley Research Center, Hampton, Virginia

Spectral data are presented for the noise produced due to turbulent three-dimensional vortex flow existing
near the rounded tip of lifting airfoils. The results are obtained by the comparison of sets of two- and three-
dimensional test data for different airfoil model sizes, angles of attack, and tunnel flow velocities. Microphone
cross-correlation and cross-spectral methods are used to determine the radiated noise. Corrections are made for
tunnel shear-layer and source directivity effects. Interpretation of the results is aided by a three-dimensional flow
analysis developed for this study which determines open wind tunnel and finite aspect ratio corrections
heretofore neglected in tip vortex studies. Hot-wire measurements are made in the tip vortex formation region
for the specification of governing flow parameters. The spectral data are normalized in a format considered
most useful for quantitative prediction of this noise mechanism for practical systems such as helicopter rotors. A

recommended prediction method is given.

Introduction

IP vortex formation noise is a rotor blade self-noise

mechanism known to contribute to rotor high-frequency
broadband noise.’? The importance of the tip region was first
suggested by Lowson et al.? based on tests on a low-speed fan,
where tip shape changes influenced the high-frequency broad-
band noise. More recent studies of the tip region involved
noise measurements of stationary three-dimensional airfoil
sections in wind tunnels. Kendall* used a directional micro-
phone system to observe that noise sources are concentrated at
the tips of wings and flaps. Fink and Bailey,® also using a
directional microphone system, compared the source inten-
sities for trailing-edge noise along the midspan and tip region
of an airfoil model. For moderate angles of attack the source
intensities were 5-10 dB higher near the tip. At higher angles,
where stall occurred, the evidence of tip noise disappeared
giving way to low-frequency separated flow noise, which was
approximately uniform over the span. The absence of tip noise
was apparently due to the loss of the tip vortex strength
associated with the stalled condition. While these experimental
studies did not produce the type of quantitative data required
to formulate prediction models, they provided a better
understanding of the noise mechanism.

George et al.® were the first to articulate a physical model of
the tip noise mechanism. The noise was identified with the tur-
bulence in the local separated flow region associated with the
formation of the tip vortex. The flow is illustrated in Fig. 1 for
an airfoil at angle of attack « to the flow of velocity U. The
flow over the blade tip consists of a vortex of strength I" with a
thick viscous core. The recirculating flow within the core is
highly turbulent. The mechanism for noise production is taken
as trailing-edge noise due to the passage of this turbulence
over the trailing-edge portion of the tip region. George et al.®
used the trailing-edge noise analysis of Amiet” and Schlinker
and Amiet® to obtain predictions after approximations were
made of the surface pressure spectra, vortex velocity values,
and the size (fin Fig. 1) of the separated flow region at the tip.
Subsequently, George and Chou? modified the original
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analysis by recommending a different pressure spectral model.
However, there has been no experimental confirmation of the
tip noise prediction modeling.

The purpose of this study is to isolate tip vortex noise, for
the first time, in a quantitative manner and to propose a
prediction method. The data are obtained by comparison of
sets of two- and three-dimensional test results for different air-
foil model sizes, angles of attack, and tunnel flow velocities.
Stationary model results such as these should apply directly to
helicopter rotor blades, as long as the loading characteristics
are properly accounted for near the tips. The three-
dimensional models used in the tests have rectangular plan-
forms with rounded tips. The premise of the comparison
method is that the three-dimensional (3D) models produce
both tip vortex and turbulent boundary-layer/trailing-edge
(TBL/TE) noise, while the two-dimensional (2D) models pro-
duce only the latter. While the data processing is extensive,
utilizing microphone cross-correlation and cross-spectral
methods, the result for each test case is a single spectrum that
is corrected for shear-layer refraction and source directivity ef-
fects. The use of the spectral data in the examination of scal-
ing laws is aided by a three-dimensional flow analysis to ac-
count for open wind tunnel and finite aspect ratio effects on
the tip region aerodynamic loading. Hot-wire measurements
in the tip region permitted the specification of flow parameters
required by the scaling laws. The end result is a quantitative
prediction capability for rounded tip blades, in general agree-
ment with the approach of George et al.®

Experiment

The data in this report come from a comprehensive broad-
band noise experiment that consists of both noise and tur-
bulence measurements for stationary airfoil section models in
a wind tunnel. In order to study the tip vortex noise, models
were tested using both two- and three-dimensional configura-
tions. Testing parameters included model chord length, flow
velocity, angle of attack to the flow, and boundary-layer tran-
sition through either natural transition or tripping. The details
of the measurements and the facility have been reported
previously.® Specific information applicable to this paper will
be described here.

Models and Instrumentation

The models were tested in the low-turbulence potential core
of a free jet located in an anechoic chamber. The jet was pro-
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vided by a rectangular nozzle with exit dimensions of 30.48 x
45.72 cm. The chord lengths of the models range from 5.08 to
30.48 cm. The span of the 2D configuration models is 45.72
cm, while the 3D configuration models, shown in Fig. 2, all
have spans of 30.48 cm. The trailing edge of each model is
razor sharp, and the 3D models have rounded tips. The
rounded tip was defined by rotating the NACA 0012 shape
about the chord line at 30.48-cm span. Boundary-layer trip-
ping was accomplished using a dense but nonoverlapping
distribution of grit with a nominal particle ‘‘diameter’’ of 0.29
mm. This grit was attached to the model’s surface from the
leading edge to 20% chord. This heavy grit distribution en-
sured a fully developed turbulent boundary layer for even the
smallest models. The two-dimensional flow conditions were
provided by flush mounting the 2D models between two
sideplates, each 152 x 30 X 1 cm, which were themselves
flush-mounted to the nozzle lips. The 3D models were
mounted to one sideplate, with the other sideplate removed.
Acoustic data were obtained using an array of microphones,
shown in Fig. 3 with the 3D test configuration. The data given
herein were obtained from microphones 4 and 5, which were
chosen because they provided an acceptable tradeoff between
signal-to-noise ratio and source directivity. The signals were
recorded on an FM tape recorder operated to provide a flat
frequency response to 40 kHz. Turbulence measurements were
made using miniature (0.5-mm spatial resolution) cross-wire
probes in the near wake. The probe’s orientation was such that
the “u’”’ velocity component corresponded to the model
chordline direction. The probe, as shown in Fig. 4 near the tip
of a 3D model, was positioned using a three-axis computer-
controlled traverse. Turbulence measurements near the tip of
this model will be shown here. Acoustic data are presented for
flow velocities of 71.3 and 39.6 m/s, with geometric angles of
attack «, in the tunnel of 0, 5.4, 10.8, and 14.4 deg.

Tip Vortex Measurement

Flow measurements were made across the span and near the
tip of the 15.24-cm-chord 3D model to examine the boundary
layer and the tip vortex formation. See Fig. 4. The probe
traverses were made perpendicular to the chord line 1.3 mm
behind the trailing edge at a number of locations along the
span. The strong rotational gradients and finite resolution of
the cross-wire probes combine to make the measurements sub-
ject to interpretation error. Similar concerns were found by
Francis and Kennedy'? in their efforts to reconstruct a tip
flowfield using cross-wire data. No corrections are attempted
here. It is believed, however, that the uncorrected u’ velocity
component data were accurate to within 10% for each
measurement location. This should be sufficient for the pres-
ent purposes of determining approximate tip vortex formation
region dimensions and velocity scaling with angle of attack.

The turbulence intensity measurements u’ from the
traverses are input to a contour plotting program which inter-
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polates between the discrete traverse locations and draws
smoothed contours of equal intensity. Figure 5 shows these
contours in the tip region on the suction side of the model at
four different angles of attack. These contours are plotted at
1% intervals beginning at 1% intensity. The ordinate y —s/2 is
zero at the tip, with s/2 representing the actual model span.
The actual measurement locations along the span are indicated
on the figure. For the zero angle-of-attack case shown in Fig.
Sa, a fairly uniform boundary-layer flow is found over the
span and tip. Nonuniformity seen may represent measurement
error. As the model angle of attack is increased in Figs. 5b and
S¢, aregion of increasing intensity and size forms near the tip
of the model, which indicates the formation of the tip vortex.
In Fig. 5d, the rollup region has grown even larger, with cor-
responding increases in the intensity levels. The figures show
that within the rollup formation region there are several
localized pockets of turbulent activity around an apparent
central core. As « is increased, the boundary layer slightly in-
board of the tip becomes more compressed due to the severe
downwash and crossflow in that region. The boundary layers
away from the tip region were found to be very similar to the
corresponding 2D configuration cases as documented in Refs.
9 and 11. With regard to mean flow conditions in the tip
region, measurements indicated that the maximum velocities
U,, corresponded roughly to the regions in and about that of
maximum turbulence intensities. The values of U,,/U were ap-
proximately 0.9, 1.0, 1.2-1.3, and 1.3-1.45 for the 0-, 5.4-,
10.8-, and 14.4-deg cases, respectively.

Acoustic Spectral Determination

An overall self-noise spectrum contains tip vortex noise and
turbulent boundary-layer/trailing-edge (TBL/TE) noise as
well as any contaminants, such as that due to the sideplate’s
turbulent boundary layer impinging on the leading edge.® The
TBL/TE noise is modeled as a source of dipole character
located along the entire span of the trailing edge. The 2D

Fig. 3 Test setup for noise measurements.
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models should produce only TBL/TE noise, while the 3D < V]

v g
models should produce TBL/TE noise over most of the span (@) a;=00° NAGAO012 Airfoil model
with tip vortex noise radiating from the tip region of the trail- Tripped boundary layer
ing edge. Hence, the tip noise is obtained by the difference be- 201 rounded tip
tween the 3D and 2D model spectra for a given case, with 15.24 cm chord
2D model spectrum scaled down to account for its longer 30.48 cm span
span, which produces more TBL/TE noise. This approach Zmm |
assumes a balance between and linear superposition of noise
mechanisms. Note that the turbulent intensity measurements ol Percent turbulence Tip location

of Fig. 5, for a>0, show clear distinction between boundary- intensity 1
layer and tip flow regions. The separation of noise 1

mechanisms is further supported by a subsequent aero-
dynamic loads analysis.

Model Spectra

Each 2D and 3D model spectrum is obtained using a multi-
step process which accounts for the background noise, i.e., the
noise produced by the particular test hardware with no model
in the test setup. First, the cross correlation between
microphones 4 and 5 is obtained using a Spectral Dynamics
SD-360 FFT analyzer with 4096 averages. Then the cross cor-
relation of the background noise for these microphones is sub-
tracted to remove contaminants such as noise from the nozzle
lip, as illustrated in Ref. 9. It has been shown that, at the delay
time corresponding to the trailing-edge location, the cross cor-
relation should represent the autocorrelation of the trailing-
edge noise. This correlation is then transformed into the fre-
quency domain via a Fourier transform which renders a cross
spectrum with amplitude representing the power spectral den-
sity (PSD) of the sound field due to trailing-edge emission. For Z (mm)
each microphone, corrections are calculated for shear-layer 10
refraction, using Amiet’s approach,'® and trailing-edge noise
directivity.!2 These corrections yield a spectrum that is cor-
rected to effective sound field observer locations normal to the
chord line at the trailing edge of the model. Each spectrum is
then summed into a one-third octave spectrum where phase is
neglected to avoid a negative bias in the pressure-squared 0
summing.

Typical spectra produced by this technique are given in Fig. (d) oy =14.4°

6 for 2D and 3D c¢ases at zero angle of attack for the 15.24-cm 20

model. With no tip vortex noise present in this no-lift case, the 1

only self-noise source present should be TBL/TE noise. With ﬁ
model and flow conditions matched here, the spectra should Z (mm)

differ only by an amount due to differences in span length L.
Based on a 10 log (L) dependency, a 1.8-dB difference between
the two spectra is expected, which seems to agree with these
results over most of the frequency bands. The extent of
disagreement is due to 2D and 3D test rig effects not fully ac-
counted for in the background corrections. However, the data
seem to imply that these effects are small.

10

-20 10
y-8/2 (mm)

Fig. 5 Turbulence intensity #’/U contours (in 1% intervals) on suc-

tion side of tip region for different tunnel angles «,. The tunnel veloc-

ity is U=39.6 m/s. The symbols v at top of figures indicate y

measurement locations.
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- Fig. 6 One-third octave spectra for corresponding 2D and 3D cases
Fig. 4 - Tip survey using hot-wire probe. at zero angle of attack.
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Fig. 7 One-third octave spectra for a 3D, and adjusted 2D, an resul-
tant tip noise spectra for model at tunnel angle of o, =10.8 deg.

16.24 cm chord airfoil
80, U=713m/s U=39.6 m/s

o—-o0 e e a;=54°
70L. ©----0O a [ ] oy=10.8°
a——a a a at=14.4°
GOF o,
a
SPL 1/3, ‘a_ﬁ\
dB 50 J Q{L
o B
N \ 1]\
40% u g0 4 v
"ass =
[ 2 P LR ]
30| L4 P
20 PR | N iad 2 J
3 1 10 30

Frequency, kHz

Fig. 8 Tip vortex noise, one-third octave spectra for the 15.24-cm
case for two velocities and three tunnel angles.

Airfoil in tunnel
— — —Airfoil in free flow

y/ (8/2)

Fig. 9 Ratio of effective angles of attack to tunnel angles as a func-
tion of span for different aspect ratio wings for both tunnel and free-
flow cases.

Tip Noise Spectra

Figure 7 shows spectra for the 15.24-cm-chord models as in
Fig. 6, but now the angle «, is 10.8 deg. The 3D test is as given,
but the 2D result has been adjusted down in level to account
for span difference and test rig effects discussed previously.
The adjustments are the subtracted one-third octave levels in
decibels between the curves of Fig. 6. The differences, now on
a pressure-squared basis, between the 3D test result and the
adjusted 2D results should represent the tip noise contribution
to the 3D test condition. It is assumed here that contributions
from any contaminants, such as leading-edge noise, substan-
tially cancel in the subtraction process.
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The results of this process for the 15.24-cm-chord tripped
data at three angles for each of two speeds are shown in Fig. 8.
Data are presented where the subtraction process rendered
positive pressure levels. The subtraction process is very sen-
sitive to errors in the individual spectra, due to the small dif-
ferences between them. For example, in a particular one-third
octave band, if two spectra to be subtracted were ideally only
1 dB apart, a + 1-dB error in one spectrum would produce an
error from +3.5to — o dB in that band for the tip noise spec-
trum. With this error amplification problem, substantial scat-
ter may be expected in the tip noise data. This scatter is evident
in Fig. 8. Where one might expect smooth spectral shapes, the
scatter apparently masks any such shape. The greatest con-
fidence is in the midrange for each spectrum where the tip
noise had the highest relative levels compared to that of
TBL/TE noise.

Acoustic Modeling

The analysis starts with results from trailing-edge noise
theory. Consider the case of turbulence convecting at constant
low-subsonic velocity U, above one side of a large rigid plate.
The turbulence remains spatially homogeneous as it passes
over the edge and away from the plate. The far-field observer
is at a distance R on a line perpendicular to the plate at the
trailing edge. The predicted sound field spectrum S(f) is

1 U.L
S“):W(c—o>fym‘1’(ﬂ o

where L is the spanwise (y coordinate) extent of the edge ‘‘wet-
ted”’ by the turbulent flow, ¢, the speed of sound, and ®(f) the
power spectral density of the surface pressure far enough
upstream!? so that edge pressure scatter (noise) is unimpozr-
tant. The term £,(f) is the lateral integral scale of the unsteady
surface pressure. If the coherence of the pressure field falls off
exponentially,'>® exp[ — ¢ 2nf|A)|/U,] for sensors separated
by distance Ay, then {,(f) = U./{ 2xf, where { is an empirical
constant.

George et al.® used a trailing-edge noise result consistent
with Eq. (1), but generalized it for a rotating blade configura-
tion. The ““wetted”” distance ‘‘L’’ was identified with the span-
wise extent ‘£’ at the trailing edge of the separation de to
the tip vortex. This, as well as velocity values, was estimated
based on flowfield documentation of Shivananda et al.!* for
blade tips. To obtain ®(f), a simplified cross-flow analogy was
employed to justify the use of surface pressure data from the
2D flow correlation studies of Mabey!® and Fricke.!¢ In a later
version of the analysis, George and Chou? use surface
pressure data from delta wing studies of Richards arid Fahy!’
and Peckham!® to replace the normalized 2D data.” Also
remodeled were length and velocity scales for both rounded
and flat tips. These were based on an extrapolation of
measured data from the tip vortex flow studies of Gray ¢t al.'®
and Chigier and Corsiglia.?® The form taken for surface
pressure is '

®(f)=2(N)ig*/U,,

where g =0.50U%; p is the medium density, fthe normalized
frequency fI/U,,, and U,, the maximum velocity along the
separation streamline. The length £ and velocity U, are func-
tions of the local tip angle of attack . The analysis ignores the
fact that the flow near the tip is skewed and the surface
pressure statistics are spanwise inhomogeneous. The spectrum
is assumed to be constant over the distance /.

If one adapts the scaling premise from above, Eq. (1) can be
used as a basis for normalization of the acoustic spectra
measured in the present study. Equation (1) becomes, for
scaled one-third octave band sound pressure level, ‘‘scaled”
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SPL,, in units of dB:

MM 02

0.2308c}(0/8)? <M€

2 ~
= IOIOg[ 64 2 7) ] + 10log®(f) 2)

where M, M,, and M,, are the Mach numbers corresponding
to U, U,, and U,,. The arrangement of Eq. (2) is advantageous
because the undetermined parameters requiring the crudest
approximations, i.e., {, M., and ®(f), are grouped to the
right-hand side (RHS). The left-hand side (LHS) is subse-
quently used to normalize measured data. The dependence of
M, and f on angle of attack « is evaluated after the following
aerodynamic analysis.

Aerodynamic Analysis

The model angles of attack, «,, are reinterpreted here to ac-
count for the tunnel and finite aspect ratio effects on the
aerodynamics of the inboard and tip regions.

The testing of airfoil models in the finite-sized open wind
tunnel causes flow curvature and downwash deflection of the
incident flow that do not occur in free air. Brooks et al.!! use
lifting surface theory to develop the 2D open wind tunnel cor-
rections to angle of attack and camber. Upon ignoring small
camber effects, of interest here is an effective angle of attack
«, representing the angle in free air required to give the same
liftt as «, would give in the tunnel. For the present 2D con-
figuration, «,/«, equals 0.88, 0.78, 0.62, 0.50, 0.38, and 0.30
for the 2.54-, 5.08-, 10.16-, 15.24-, 22.86-, and 30.48-cm-
chord models, respectively. For the present problem, these
results require comparison with that obtained for the 3D
configuration. '

The 3D open wind tunnel correction problem is treated in
Ref. 21. Key results are given here for sectional characteristics
for different model spanwise positions y. The lift per unit span
is

L'(»)=pUT'0) 3

where I'(y) is the local vortex strength. One can define an ef-
fective angle of attack o(y) to satisfy

o) =T)/nUc “)

where c is the chord length. Curves of oy(¥)/«, vs y normal-
ized by the half-span (full experimental model span) s/2 are
given in Fig. 9. Note that this is called half-span because the
tunnel models are mounted to a hard-wall sideplate giving a
mirror image of itself for the wind tunnel analysis approach,
thereby doubling the effective span. For convenience, the
curves in Fig. 10 are labeled by the respective aspect ratios,
AR=s/c=24 and 12 for the 2.54- and 5.08-cm-chord airfoil,
etc. There are two curves given for each R—one correspond-
ing to the experimental tunnel conditions and the other to
what would occur in free unbounded flow for the same aspect
ratio wing,. It is seen that the tunnel cases render uniformly less
lift per unit span (less effective angle of attack) than for the
same wing in free flow. Increasing AR increases the loading.
For the limiting case of R—oo for free flow «y(¥)/«, ap-
proaches the value of 1 for all y/(s/2) values less than 1. For
AR— (by allowing s— o) for the tunnel cases o,(y)/; ap-
proaches the values of «,/«, for the two-dimensional correc-
tions. An important point to observe from Fig. 9 is that
ay(y=0)/«, already is approximately «,/«, for each of the
tunnel AR cases. This means that the two-dimensional test en-
vironment is approximately duplicated near the sideplate in a
3D test configuration.

With this established for the inboard region, it is now
desired to define an effective tip angle ¢, for the models that

AJAA JOURNAL

Airfoil in tunnel

—-—— Airfoil in free flow

0 ! | L | l L ] ]
S/2-C S/2-C/2 S/2
y
Fig. 10 Ratio of effective angles of attack to tunnel angles for dif-
ferent aspect ratio wings in the tip region.

incorporate the effects of tunnel and finite aspect ratios on the
formation of the tip vortex. For a particular o, ¢, and U, the
same tip vortex is produced. This should allow the unique
specification of U, /U and {/c in terms of oy,. From inviscid
analysis for finite span wings, one expects the tip vortex
strength T';, to be proportional to the sectional lift slope
dL’(y)/dy near the tip. Therefore, «;, can be defined
referenced to some specific tunnel (or free flow) and R case as
follows:

L’ /3y o
Qi = Ly, ) o= o )7 a, (5)

Here the RHS is due to the linear relationships in Egs. (3) and
(4). Figure 10 shows the tip loading for a spanwise extent equal
to that of the chord of the individual models. This puts the
results on an equal geometric basis for the evaluation of Eq.
(5). Included in Fig. 10 for free unbounded flow is an R=48
case along with that of R =24 of Fig. 9. The nearness of the
lines to one another reflects the fact that the high aspect ratio
cases approximate the limiting R — <o case for free flow in the
tip region. Using this limiting case as the reference, one ob-
tains?! for the models a,/e, =0.95, 0.89, 0.79, 0.71, 0.62,
and 0.54 for the R=24, 12, 6, 4, 2.67, and 2 cases,
respectively.

Scaling Results and Discussion

In this section the scaling procedure suggested by Eq. (2) is
examined for measured tip noise spectra. The parameters re-
quired are specified based on the tip flow measurements, as
well as the aerodynamic analysis which is used to match tip
loading conditions betweeen the models of different sizes.

The tip flow results of Fig. 5 do not lend support to the rela-
tionship for length ¢ suggested by George and Chou? for the
rounded tip case, i.e., £/¢=0.0074(« — 2) with « taken here as
ay;, in degrees. The results suggest a proportional relationship
with angle, consistent with the dimensional grouping of Eq.
(4) of the linear aerodynamic analysis. One obtains roughly

#/¢~0.0080y;, (6)

if one chooses the 4-5% turbulent-intensity contours as guides
to determine length. The choice appears to give a reasonable
indication of the spanwise extent of the vortex separation
region. The relationship? for velocity

M,,/M=(1+0.036c,) )

appears, however, to be in rough agreement (within 5-10%)
with maximum velocity measurements corresponding to the
maximum u'/U values in the vortex core region with
again in degrees.
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With the parameters of the LHS of Eq. (2) specified, tip
noise spectra are normalized in Fig. 11 for five chord sizes and
three angles of attack for the tripped boundary-layer models.
Two tunnel speeds are given for three of the chord sizes. For
clarity the U=71.3-m/s cases are given by line and symbol
data, whereas the U= 39.6-m/s cases are by symbols only. The
scatter observed for the data is due to the amplification of er-
ror one gets from the subtraction process as previously
discussed for Figs. 7 and 8. Due to the error scatter, there are a
few test cases where the subtraction process produced a
positive contribution to the noise in only one or two one-third
octave bands. These data are presented but are indicated by
flags to show that they may not be statistically significant.

Despite the scatter, the normalization of the data appears to
have a substantial degree of success. This is illustrated well by
comparing Fig. 11c to the corresponding 15.24-cm-chord cases
of Fig. 8. The normalization affects large changes in the
relative positions of the spectra to bring them into agreement.
There is somewhat less agreement for the other chord sizes. In
addition to scatter, there appears to be a trend for bias error
with the larger chords scaling to lower levels. It is noted in the
normalization that, if the actual angle «, is used instead of the
tip equivalent angle ;,, the bias error becomes severe thereby
preventing a successful data collapse. It should also be men-
tioned that other normalization attempts, performed for pur-
poses of completeness, show that the data scales very poorly
when £ is replaced by boundary-layer thickness 6 and M2M3,is
replaced by M>. This is additional evidence that the subtrac-
tion process which rendered the data successfully eliminated
any major contribution from boundary-layer/trailing edge
noise. The present agreement suggests the correctness of the
tip noise normalization premise, the choice of f and M,,, and
the use of ay,.

The results presented thus far are for tripped airfoil models.
For the untripped models, where the surfaces are kept smooth
and clean, the useful data base is limited because laminar
boundary-layer/vortex shedding noise® occurs to some extent
for all but the largest chord and highest speed case tested. The
presence of this high-frequency quasi-tonal noise serves to in-
troduce substantial error in the subtraction process used to ex-
tract the tip noise spectra. Figure 12 shows the extracted tip
noise for the untripped 30.48-cm-chord case at o, = 5.4 deg for
U=71.3 m/s scaled in the manner of Fig. 11. In this particular
case no vortex shedding effects are observed and the data scale
close to that of the corresponding tripped case in Fig. lle.
However, decreasing the velocity to U=39.6 m/s produced
evidence in the individual spectra of shedding which con-
taminates the extracted spectrum also shown in Fig. 12 for il-
lustrative purposes.

A curve is fitted to the tip noise spectral data and is included
in Figs. 11 and 12. The curve is defined by

Scaled SPL,, = 126 — 30.5(log f+0.3)? ®)

which is a parabolic fit about a peak Strouhal number of
f=0.5. The fit seems to represent a reasonable compromise
between the data. Comparing some of the present results to
scaling proposed by George and Chou,? one finds?! that their
analysis tends to overpredict levels and underpredict peak fre-
quencies. The difference, of course, is traceable to choices of
parametric inputs, such as £/c as discussed, obtained without
benefit of pertinent data. This should not detract from the
basic correctness of the analysis.

For application in predictive programs for rounded-tip
blades, Eq. (8) can be equated to the LHS of Eq. (2). The ob-
tained spectrum would be for observers located on a line nor-
mal to the chordline at the trailing edge. In application, the
directivity associated with trailing-edge noise can be applied.
In the use of Egs. (6) and (7) to define fand U,,, oy, is cor-
rectly regarded as the actual geometric angle of attack of the
tip to the incoming flow for the reference case of large aspect

AIRFOIL TIP VORTEX FORMATION NOISE

251
160 508 om chord airfoi
U=71.3m/s U=39.6 m/s
150 O——0 @ @ 0;=54°
O--U @& ®a;=108°
o— —o 4 &= 14.4°
140
Scaled
SPL 1/3,
dB 130
120
dd
.05 5
a) g, =0.89q,.
15°r 10.16 cm chord airfoil
140 |-
130
Scaled
SPL 1/3,
dg 120
110
i r )
05 5
b) gy =0.790,.
150
156.24 cm chord airfoil
Scaled 'O
SPL 173,
dB 130}
Scaling curve
120+
1101
— )
05 N f=1c/Un 1 5
c) A = 0.71¢,.
150
22.86 cm chord airfoil
140 |-
130}
Scaled
SPL 1/3,
dB 1201
110k B°
. n PR o
e 1 5
.05 A f_fc l/Um
D) ag, =0.62«,.
150,
30.48 cm chord airfoil
140
130L
Scaled
SPL 1/3,
dB 120}
110}
.05 A 1 5

f=tf /U
€) oy =0.5dev,.
Fig. 11 Normalized tip noise spectra for five chords at different

speeds and three angles of attack for tripped boundary-layer models.
The fitted scaling curve is given by Eq. (8).
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Fig. 12 Normalized tip noise spectra for the untripped boundary-
layer 30.48-cm-chord model. The scaling curve is given by Eq. (8).

ratio wings with little or no twist near the tip. However, for
cases where the tip loading characteristics may be different,
such as for rotor and propeller blades, «;, must be redefined
based on computed sectional loading compared to the
reference case (AR = 48 curve of Fig. 10) with the use of Eq. (5).
For this application «, in Eq. (5) is interpreted as the actual
geometric angle to the oncoming flow. For cases where the tip
loading is found to be high, this analysis will predict an in-
creased importance of tip noise in comparison to boundary-
layer/trailing-edge noise.

Conclusions

Tip vortex formation noise spectra for rectangular plan-
form and rounded tips are determined for different airfoil
model sizes, angles of attack, and tunnel flow velocities.
Employing an aerodynamic analysis and the experimentally
determined parametric inputs, a normalization of tip noise is
achieved. This supports a scaling premise for the noise source
first suggested by George et al.’ A prediction method is pro-
posed that should be applicable for twisted rotor and propeller
blades as well as for wing tips. The method is applied to
specific blade tips by a tip loads analysis.

For the stationary blade data shown, tip noise is of lesser
importance to the overall broadband self-noise spectrum than
boundary-layer/trailing-edge noise. This necessarily will not
be so for rotor systems because of the tip’s relatively higher
velocities compared to the inboard regions of the blade and
the tip loading which should be high. The tip noise should be
included in overall spectrum prediction programs. For the
cases where the tips are flat, one should expect a much more
significant contribution to the noise field as indicated by
calculations? employing flat tip flow modeling.
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