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Tile Application of
Experimental Data to Blade
Wake Interaction Noise
Prediction

Stewart Glegg I
William J. Devenport 2

ABSTRACT Blade Wake Interaction noise (BWI) was defined by Brooks

et al [3] as the broadband noise generated by the ingestion of turbulent

trailing tip vortices by helicopter rotors. This was shown to be the dominant

contributor to the subjectively important part of the acoustic spectrum for

the approach stage of a helicopter flyover. Glegg [6] developed a prediction

method for BWI noise based on the calculated trailing vortex trajectories

and estimates of the vortex turbulence based on measurements by Phillips

and Graham [11]. These measurements were made on a trailing vortex from

a split wing arrangement and did not give the spectrum of the velocity
fluctuations. This paper will describe a recent experiment which has been

carried out to measure the turbulence associated with a trailing vortex and

the application of the results to BWI noise prediction.

1.1 Introduction

Experimental measurements, by Brooks et al [3],_.have identified the mid-

frequency broadband noise from helicopter rotors to be generated by the

interaction of the rotor with its own wake. A typical noise spectrum for a

rotor in forward flight is shownin figure 1.1, and this demonstrates that, for

constant rotor thrust, the broadband noise level is a strong function of the

tip path plane angle. As the tip path plane angle is increased the spectral

level drops significantly, and this has been shown by Glegg [6] to correlate

with the ingestion of tile wake into the forward sector of the rotor disc

plane. At small values of the tip path plane angle the rotor wake is close to
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ii 1. The Application of Experimental Data to Blade Wake Interaction Noise Prediction

the blades, but as the tip path plane angle is increased the wake moves away

from tile rotor and there is a corresponding reduction in noise level. This

noise mechanism was defined by Brooks et al [3] as Blade Wake Interaction
(BWI) noise, and has been shown to be the dominant contributor to the

subjectively important part of the noise spectrum for the approach stage

of a helicopter flyover. A method for predicting BWI noise was developed
by Glegg [6] using the calculated trailing vortex trajectories from the. rotor
blades, and estimates of the vortex turbulence based on measurements

by Phillips and Graham [11]. It was found that good agreement could

be obtained with tile spectral level, and the correct scaling with tip path
plane angle was obtained, but tile spectral shape was not well predicted.

Tile measurements by Phillips and Graham [I 1] were made on a trailing

vortex from a split wing arrangement and did not give tile spectrum of

the turbulent velocity fluctl, atious which define tile spectral shape of the
radiated noise. Consequently tile prediction method estimated the noise

spectrum by assuming a Von Karman approximation for the turbulence

energy spectrum and estimating the integral lengthscales from similar flows.

llowever to obtain a better understanding of BWI noise more details are

required on the features of tile turbulent flow in a vortex. This paper will

describe an experiment which has been specifically designed to measure

this flow using a single wing in a wind tunnel, and will show how the

measurements can be incorporated into the BWI noise prediction scheme.

Comparisons of the results with rotor noise measurements will also be given.

1.2 Experimental Work

To provide the information about tile turbulence structure and velocity

spectrum required for BWI noise predictions velocity measurements have

been made on the tip vortex shed by a single rectangular NACA 0012 wing.

1.2.1 APPARATUS AND INSTRUMENTATION

The vortex was produced in the Virginia Tech Stability Wind Tunnel. This

facility has a test section 1.83× 1.83x7.33m, the long axis being in the flow

direction. Flow through the empty test section is closely uniform and has

a very low turbulence intensity (<0.05%). The wing, 0.20m in chord and

1.22m in span, was mounted vertically in the center of the test section (see
figure 1.2), the root being bolted to a turntable assembly flushed into the

upper wall of the wind tunnel. The turntable allowed the wing to be rotated

to any angle of attack about its quarter chord location. At zero angle of
attack the wing leading edge was 0.33m downstream of the test-section en-

trance. To minimize possible unsteadiness and non-uniformity that might

result from natural transition, the boundary layer on the wing was tripped.

0.5ram-diameter glass beads were glued to the wing in a random pattern

i
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covering a strip exter.ding from the 20% to 40% chord locations with an av-

erage density of 200 beads/cm:. A few measurements were also performed

with no trip. Helium bubble visualisations performed prior to the velocity

measurements (DeveLport and Sharma [4], [5]) showed the vortex gen-

erated by this wing t_ be insensitive to probe interference and relatively
stable over a broad rw tge. of conditions. Thirty chordlengths downstream of

the wing some very low frequency lateral motions were observed but these
had a magnitude ofkss than 3% of the wing chord.

Velocitie_ were m_sured using single, cross and triple hot-wire probes

mounted 0.84m upstream of a traverse gear fixed in the test section (see
figure 1.2). All sensors were operated using Dantec 56C01 and 56C17

anemometer and bridge units interfaced through an analogic HSDAS-I2
A/D converter to art IBM AT compatible computer. The HSDAS-12 can

sample 4 channels shaultaneously at rates of up to 100kHz per channel.

Ptaw data was linear zed and processed on line using an 18-8 laborato-

ries PL1250 array processor and also stored on optical disc cartridges. All
probes were calibrat,._l before and after each traverse. Corrections for tem-

perature drift (typic:x.ly 1 to 2"C per hour) were applied according to the
method of Bearman.

The single hot-wit.: probe (TSI type 1210"I'1.5) was used to measure

profil_ of mean velocity and turbulence intensity and spectra in the wing
boundary layer as it left the trailing edge. Tile cross and triple hot-wlre

probes (Dantec type3 55P51 and 55P91) were used to meazure radial pro-
files of all mean veloc!ty, I'£eynolds stress and triple product components in

the vortex at 20, 25 0_.d 30 chordlengths downstream of the wing. Auto and

croc_ spectra of all velocity components were also measured at represents.

tire radial positions. To obtain these data with the cross hot'wire probe
it was necessary to r._tate it a_out its axis in steps of 45 degrees. These

rotations were aeco_rt]dished using a computer-controlled stepper motor lo-

cated at the downstre,m end of the steel tube, connected to the probe stem
by a shaft, sprocket_ _ud a timing belt.

The axial and pitc} sensitivity of all sensors of the cross and triple- wire

probes were measured and taken into account during the data reduction,
see Sharma [9]. For cr_,s and triple-wire statistical measurements, between

30000 and 90000 velocity samples (depending on local turbulence level)
were taken at each p:_0be position over a total sampling time of about 50
seconds. For s

pectra_, measurements, data were collected in 50, 10240-point
records at a 30 kHz sampling rate. At selected locations 10240-polnt records
were also measured a; a 1 kHz sampling rate.

1.2.2 RESULTS

Figure 1.2 shows th,: co-ordinate directions (x,y,z) (U,V,W) to be used in

pre_nting results. The origin of the streamwise coordinate 'x' is the leading

edge of tile wing tip .ffi_.zero angle of attack. Coordinates 'y' and 'z' are men-

_t
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sured from the vortex center. Distances are normalized on the wing chord

'c' and velocities on tile nominal free-stream speed Ur,/ measured using
a pitot-static probe located in tl,e forward part of the test section. Veloc-

.ity measurements were performed at Reynolds numbers (Rec = Ur,l (c/u))
from 130000 to 530000, angles of attack from 0° to 7.5 ° and streamwise

positions (x/c) from 20 to 30. Because of tile volume of results, only a

representative sample will be presented and discussed here. Figures 1.3

through 1.7 show velocities and spectra measured with the cross-wire probe

during a z-wise traverse through tile center of the vortex at x/c = 30, R¢_

= 400000, with tile wing at 5° angle of attack (rotating from tile x to the
z axis) and the trip attached. This set of conditions will be refered to as

the baseline case. In this case tile boundary-layers leaving both sides of the

wing were fully turbulent. The thicknesses of the suction and pressure-side

boundary layers at tile trailing edge were 0.052c and 0.037c respectively.

The mean-velocity field of tile vortex (figure 1.3) is, at first sight, much

as would be expected. Tangential velocities, visible in the V component

profile, increase to a peak of 0.25Ur,! at the edge of tile vortex core, which

appears to have a diameter of about 0.09c. Tile small core size is circum-

stantial evidence for the relative stability of the vortex and its insensitivity
to probe interference. The U profile shows an axial velocity deficit of about

0.12Ur,! here. Close to the vortex center the normal stress profiles (fig-
ure 1.4) are dominated by strong central peaks generated by the small

lateral motions of the vortex and the steep V gradient in the core. The flow

behavior here is perhaps best illustrated by figure 1.6, which shows au-

tospectra of the velocity components at the center of the core. In this plot
tile frequency has been normalized as fc/Urc/ , and the area under each

curve is unity. Tile sharp peaks in these spectra at very high frequencies,

fc/U_,.t > 50 are a consequence of electrical noise. Ignoring these there ap-
pear to be three distinct regions in the spectra. The first is located around

a peak centered at fc/U_,!=5. It seems likely that this peak is a result of

laminar instability in the vortex core of the type previously observed by
Singh and Uberoi [10] . Their velocity measurements made in the core of a

vortex from a laminar flow wing, show a regular instability at a frequency
of fc/U_,l=3.5. We suspect laminar flow in the core of the present vortex
because comparisons of spectra measured inside and outside the core show

an order of magnitude less energy in the former at frequencies typical of

small scale turbulence. The second region, located at very low frequencies

(fc/U_,! < about 0.3) is a direct consequence of the low-frequency lat-

eral motions observed in flow visualizations. The energy associated with

these motions is surprisingly large and the frequencies surprisingly low.

Figure 1.6 shows the peak frequency to be at most fc/U_,/=0.003, corre-
sponding to a streamwise lengthscale of at least 300 chordlengths. Cross
spectra (not shown here) indicate substantial coherence between V and W

in this frequency range implying that these long wavelength disturbances

have a preferred direction. Given this, the only satisfactory explanation of
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the lateral motions would seem to be that they are a result of low frequency

changes in flow direction through the test section. Changes of only 4-0.16 °

would be sufficient to account for these motions. Tile third region lies in

the approximate frequency range fc/U¢¢l = 0.3 to 1, where the spectra
show a strong inflection, tIere the implied lengthscales, between 1 and 3

chords, seem too small to be a result of wind tunnel disturbances and there

is little or no coherence between V and W fluctuations, and so the motion

is isotropic. We suspect that velocity fluctuations here may be a result of

random lateral motions of the core generated as it is buffeted by the sur-
rounding wake turbulence. In turbulent boundary layers 'inactive' motion

of this type contributes as much as 30% to the normal stresses in the near

wall region (see Bradshaw [2]). Without tile constraint of a solid interface

we might reasonably expect such motion to have a much greater effect.

Figure 1.4 shows a first attempt at reducing tile variation of the normal
stresses in the core in the absence of wind tunnel disturbances. The time

records used to calculate these stresses were high-pass filtered at a fre-

quency fc/Ur¢! of 0.013. They thus exclude a large portion of the energy
presumeed to result from wind tunnel effects. Outside the vortex core the

effects of vortex motions are much smaller and the true turbulence struc-

ture is immediately visible in the normal stress profiles (figure 1.5). This

structure, however, is somewhat different from that we had expected. Here

the measurements show two, if not three, distinct half turns of the wing

wake as it spirals around the vortex. These not only appear as peaks in

the normal-stress profiles (figures 1.4 and 1.5) but, on close inspection, as

inflections and depressions the W and U profiles (figures 1.3) respectively,
centered at z/c= +0.66, -0.31 and +0.19. In contrast to the results arid dis-

cussion of previous workers (in particular Phillips and Graham [11]) there
appears to be little or no region surrounding the core where successive

turns of the wing wake have merged to form a continuous axisymmetric
structure.

To illustrate this point figure 1.7 shows a cross section through the vortex

at x/c=30. This figure contains contours of u2/U_! drawn by interpolating
y and z profiles measured with the triple-wire probe along a spiral path de-
duced from the positions of peaks in the profiles. Note that contours have

not been drawn in the region y/c > 0, z/c > 0.5 since this would have in-

volved extrapolation of the data. Apart from the lack of axisymmetry, the

most striking feature of figure 1.6 is the continuous and rapid reduction in

u2 with distance along the spiral wake towards the vortex center. (This is

despite the fact that turbulence levels in the wake are already very low.)

A similar reduction is also visible in all the other stresses (see figures 1.4

and 1.5). This may indicate that the greater circumferential shear experi-

enced by the wing wake towards the vortex center inhibits the development

of, or breaks up, large stress-producing turbulent eddies. Figure 1.6 does
not show whether the reduction in turbulence stresses continues into the

core of the vortex, since the true turbulence levels here are obscured by

i.
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the small lateral motions of the vortex. Measurements and discussion of

tile other cases listed in table 1 are presented by Sharma [9]. One relevant

conclusion from that work is that turbulence levels in the spiral wake are

very strongly dependent on the properties of the wing boundary layer, e.g.
removing tile wing trip lowers normal-stress levels by 60%. This and tile

above observations lead us to believe that the wing tip vortex merely serves

to dissipate and diffuse the turbulence of the wing wake.

1.3 Modelling of the Turbulence

The turbulent flow measurements in the vortex have identified two different

mechanisms for generating the unsteady velocity fluctuations at a fixed

point. Close to the vortex center the flow is dominated by the small lateral

motions of the vortex core, and at the edge of the vortex the turbulence

in the spiral wake is the most important feature. In this section we will

consider both of these flows and develop an analytical model to describe
their features.

1.3.1 THE SMALL LATERAL MOTIONS OF THE VORTEX

To specify the unsteady velocity caused by small lateral motions of the vor-

tex we will consider the vortex center as displaced from the center of the
co-ordinate system by z(t) which is a random function of observer time at

a fixed streamwise location. A turbulent eddy located at x relative to the

origin of the co-ordinate system, is displaced from the center of the vortex

by y, such that x = y + z(/). The mean velocity field of the vortex is

defined as V(y) and the unsteady turbulence component is w(y,t) and are

a function of the displacement from the vortex center. The velocity mea-

sured by a fixed probe will have a mean component U(x) and an unsteady
component s(x,/), given by

u(x) + s(x,t) = V(x - + w(× - z(0,0 (1.1)

If the displacements of the vortex are small in comparison with the the

core radius then we can expand the right hand side of this equation in a
Taylor series, to first order, giving

U(x) + s(x,t) = V(x) + w(x,t) - (z(t).div)(V + w) (1.2)

This shows that the measured mean component U(x) is, to first order,
the same as the mean flow about the vortex. The unsteady component is

a combination of the turbulence associated with the vortex and velocity
fluctuations induced by the time varying lateral displacements.

We assume that w and z = (0,a,fl) are uncorrelated so that the mean

i
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square velocity components uO)- < s (2) > are given by

u (2) = vO)+ < (o 0V _OV 2
-_v +a_;) > (1.3)

If the vortex displacements can be assumed to be isotropic with an rms
displacement _, so that

< _2 >=</32 >= e_ < off >= 0 (1.4)

the three components of the normal turbulent stresses u(2)=(u 2, v 2, w 2)
due to the lateral vortex motion can be defined, on y=0, as

u2 20U
= ' (_-'_r)- (1.5)

= <(-_Fr (1.6)

w_"= _2(Ve)2 (1.7)
r

where U is the mean axial velocity and Va is the mean azimuthal velocity
of the vortex. Schlinker and Amiet [12] and ttowe [7] define a model of the
azimuthal and axial velocity in a vortex as a function of tim radial distance

from it's center. This model couples a solid body rotation in tile viscous

core with a 1/r decay in the outer region. Tile azimuthal velocity is given
by:

v,(r) = c v°r°[1- exp(-_(_/r0)2)] (1.8)
r

where e = 1.25643 and C = (l+0.5/a)= 1.398. The maximum azimuthal

velocity is vo and occurs at a radius of to. The circulation is given by I'o
= 2(l+cr/2)Vo to. The axial velocity deficit model is

U(r) = Ur,! - Up exp(--o(r/ro) 2) (1.9)

where Up is the axial velocity deficit on the centerline. The experimental

results suggest that vo=O.25Ur,1, ro=0.045c and UD=O.12Ur,I. In general,
this model gives a good fit to tile azimuthal velocity in the viscous core but

underpredicts the velocity in the outer region, suggesting that the field is

not decaying as rapidly as expected from the simple model given here. The

width of the axial velocity deficit is also underpredicted, ttowever, in this

analysis we are concerned with the velocity induced by lateral motions of

the vortex core which will not be affected by errors in the outer region or in
the axial velocity deficit. By using equations 1.8 and 1.9 in equations 1.5
- 1.7 we obtain

2 2or _

u2 = < (Uo-_6 exp(-(_(r/r0)-))- (1.10)

o_ = d(c_{1 - (1 + 2_(_/_0)_-)exp(-o(_/_0)_)])_ (1.11)

'l



viii 1.TheApplicationof Experimental Data to Blade Wake Interaction Noise Prediction
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Notice here that as %' becomes small equations 1.11 and
approximated as

(1.12)

1.12 can be

w2 = v2 = e2(C aV°ro)_ = 3"08(-_0°)2 (1.13)

In figure 1.4 we see that v 2 " 2= w'=O.OO64Ur, I and since Vo -- 0.24Ur_l
and ro=0.045c, we can compute ¢ as 0.0086c.

Figure 1.8 shows tile predicted normal turbulent stresses obtained us-

ing this model and the agreement with the measurements in Figure 1.4 is
excellent. The only noticeable error is in the predicted value of u a close

to z=0. However the effects of finite probe size and low turbulence levels

at this point may cause the predicted dip to be filled in. The turbulence

spectrum of the velocity fluctuations can also be obtained from this model.

For example if we consider the spectrum of the velocity components in t!le
z direction, then equation 1.7 implies that

G,_(f) = C,(f)(Ve/r) 2 (1.14)

which indicates that the spectra can be reduced to a universal form by

the normalization G_,o(f)/w'-=G,(f)/_2. An empirical form for the mea-

sured velocity spectra can be obtained using the Von Karman interpolation

formula, with a correction for viscous dissipation based on Pao's postulate,
and is given by

4

""J 3 )

G,(f) = 12.57e2_ c k[exp(- 5 (,-_)' (1.15)

where kt2 = _aL/U_ I The experimental measurements imply that for the

very low frequency lateral motions of the vortex (which are not isotropic)
that ke L = 30 and L/c=50. For the mid frequency range corresponding to

fc/U_,l greater than 0.3 the lateral motions are isotropic and the spectra

can be estimated using kaL=15 and L/c=0.6 and _ = 0.00275c.

1.3.2 THE TURBULENCE IN THE WAKE SPIRAL

If it is assumed that the turbulence in the wake spiral is generated by the
blade boundary layers, it may be considered as a distorted form of two

dimensional wake turbulence. Wygnanski et al (1986) have shown that the
turbulence in the wakes of many different types of body can be scaled on ttle

wake width Lo which can be defined in terms of the momentum thickness
O of the boundary layer on the blade as

Lo = 0.32e v"(x/e + 380) (1.16)
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Oneoftileunexpectedresults of this study was the remarkably good scaling
which this type of normalization gave to the turbulent spectrum of the

velocity fluctuations in the wake spiral. Figure 1.9 shows the collapse of

the Gwto(f) spectra when they are normalized as G,,,,o(f)Urd/w2Lo and
plotted against f Lo/Urd. An empirical fit to these spectra can be obtained
based on the Von Karman interpolation formula as

= 4 Lo(1+4.66:-,,) (1.17)3ur,j (1 +

where k_ = 4wTL/3U,._! and s = 0.9248 (c/7_R¢c0)

where 7 is defined as tile ratio of the integral lengthscale of the turbulence

to the wake width and is determined from the measurements to be 7=0.2.

The parameter _: is proportional to the turbulence intensity and is found
to be 0.2 and tile constant C ensures integral closure and is 1.36. This

normalized spectrum is shown in figure 1.9, and gives remarkably good
agreement with the measurements in this part of the wake.

1.4 Noise Predictions

Blade wake interaction noise is generated by the unsteady blade loads which

result from the passage of the blades through their own wake. To calculate

BWI noise we must define tile mean properties of the inflow turbulence

at each location of the rotor, and use this as an input to an aeroacoustic
model, Amiet [I], Glegg [6], to calculate the broadband noise level in the

acoustic far field. The turbulence in the wake is assumed to be dominated

by tile flow near the trailing tip vortices, and so it is first necessary to

define the loci of the blade/vortex interactions, Glegg [6], and then to

use a model of the turbulence associated with the vortex to calculate the

unsteady flow encountered by the blades. The experimental results suggest
that there are two dominant features of the unsteady flow which must be

considered. The first is the turbulence in the spiral wake, and the second

is the unsteady upwash caused by the small lateral displacements of the

vortex. In this section we will consider the noise levels generated by each
of these mechanisms.

1.4.1 NOISE GENERATED BY THE SPIRAL WAKE

The turbulence in the spiralwake was found to collapseusinga Von Kar-

man energy spectrum which gives a simple formulation for the wavenum-

ber spectrum of tile turbulence, and was used in the original BWI noise
prediction method, Glegg [6]. llowever, the measurements show that the

turbulence intensities and integral lengthscales are smaller than used in the

original model. Tile modification of the prediction method to incorporate
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themeasuredspectra is therefore relatively straightforward, tile major dif-
ficulty being to estimate the geometry of immersion of the blade in the

spiral wake. This will affect both the local turbulence intensity distribution

and the spanwise length of the blade which is exposed to turbulent veloc-

ity fluctuations, and will be a function of the displacement of the vortex

center from the blade. The "vortex displacement can be calculated from the

wake code, but the functional dependance of the turbulence intensity dis-

tribution on this displacement is complex, ttowever it will only affect the

intensity of the radiated noise and will have a minor affect on the spectral
shape. Consequently a relatively simple model of the blade immersion in

the wake is sumcient to give first estimates of the BWI noise spectrum.

Figure 1.10 shows the calculations of the radiated noise spectrum using the
wake spiral model in comparison with experimental noise measurements

given by Brooks et al [3]. It is seen that the levels are of tile correct order

of magnitude at the high frequencies, but do not predict tile low frequencies

well. Tile peak of tile broadband noise in the measured spectra occurs at

1500 Hz, while the peak in the predicted spectra occurs at 4500 tlz. This in-

dicates that the turbulence lengthscales in tile spiral wake are significantly
shorter than required to predict BWI noise, and so the turbulence in the

wake spiral is not the dominant contributor to the acoustic source levels.

1.4.2 UNSTEADY MOTIONS OF THE VORTEX

Tile blade vortex interactions which cause BWI noise occur when the vortex

core is perpendicular to the blade span, and so if tile vortex is stationary

there are no velocity fluctuations which occur as the blade passes through
the vortex with a constant displacement from the vortex center. Itowever

if the vortex has a random lateral displacement from its mean position

then there will be unsteady velocity fluctuations on the blade, since the

velocity distribution will move relative to tile blade surface. The upwash will
be anti-symetric about the instantaneous spanwise location of the vortex

core, and the spatial location of the distribution will be time varying in

blade based co-ordinates. The anti-symetric feature of the upwash gives an

anti-symetric unsteady load distribution which is acoustically inefficient,
since it is equivalent to a quadrupole source mechanism. Also the lateral

motions of tile vortex are predominantly of low frequency, and so it would
appear that this mechanism of generating unsteady loads on tile blades is

not acoustically important. Ilowever, since the spiral wake turbulence does

not account for tile measured BWI noise spectrum, calculations have also

been carried out to evaluate the noise generated by the lateral motions of

the vortex. The acoustic field from a blade moving through a vortex with
lateral motions the flow can be modelled as described in section 3.1. The

wavenumber spectrum of tile velocity fluctuations on the blade are defined

using the spectrum of the lateral displacements G,(/) and the velocity
distribution given by equations 1.2 and 1.8. To obtain tile wavenumber
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spectrum it is necessary to evaluate tile Fourier transform of the upwash

velocity as function of span, which is difficult using tile distribution given
by equation 1.8 unless the viscous core is ignored. However since the mean

flow about the blade will displace the vortex core from its ideal trajectory,
it is unlikely that the blade will split tile core. The dominant feature of

the upwash will therefore be the outer region of the vortex which has an

azimuthal velocity distribution which is inversely proportional to tile ttle

distance from the core. An upwash field which has this velocity distribution

can be easily integrated to give the wavenumber spectrum required by the

noise prediction scheme. The main difficulty therefore comes in estimating
the Ge,(f) spectrum, which is currently not well understood, since it could

be caused by many different mechanisms. However using the spectrum given
by equation 1.14 an estimate of tile importance of the lateral motions of
the vortex can be obtained.

The analysis shows that the acoustic efficiency will have a quadrupole
type directionality, given by Zo yo / Ixol2 for an observer at

Xo= (=o,yo, (1.18)

in blade based co-ordinates,and wiU scalewith frequency as

_4 exp(_i:,.,UoA Ico Ixol) (1.19)

where A is tile displacement of tile vortex from the blade in the z direction,

and co is tile speed of sound. This demonstrates that as A increases, there
will be a change in the spectral shape of the radiated noise. When A be-

comes comparable with the acoustic wavelength the exponential term will

reduce the noise levels at high frequencies, (A >> A), while not affecting
the levels at low frequencies (A << A ). The minimum distance between

the vortex core a'nd the blade is therefore an important parameter and it is

assumed that this must be at least one core radius. Using the parameters

given in section 1.3 for the mid frequency region of the turbulent spectrum
and calculating the wavenumber spectrum as described above enables a

prediction to be made of tile BWI noise caused by this mechanism. This

prediction will depend on estimates of the circulation in the vortex core

and the radius of the core, which are difficult to estimate for a helicopter

rotor which has a continuously varying angle of attack. Using reasonable

estimates of these parameters enables a best fit to the measured noise spec-

trum to be obtained as shown in figure 1.10. The results compare favorably,
but the predictions are significantly less than the measured levels. At the

present time the scaling of the mid frequency turbulence spectrum on the

flow parameters is not completely defined, and so applying the results to a
helicopter rotor configuration can only give crude estimates of the radiated

noise levels, tIowever, based on the approaches described above it appears

more likely that the mid frequency turbulence spectrum, which is currently

considered to be caused by isotropic lateral motions of the vortex, is the
main contributor to the BWI noise spectrum.
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1.5 Conclusion

This paper has described wind tunnel measurements of tile unsteady flow

about a trailing tip vortex and how they may be applied to the predic-
tion of helicopter BWI noise. Tile flow measurements have identified three

different frequency regions'of the flow. A low frequency region caused by

variations of the mean flow in the wind tunnel which causes anisotropic lat-

eral motions of the vortex, and induce large unsteady velocities at a point

due to high velocity gradients in the vortex core. A mid frequency region in

which the vortex is displaced isotropically from its mean value and a high

frequency region which occurs in the spiral wake which is wrapped around
the vortex core. The turbulence levels in the spiral wake fall as the core is

approached and flow in tile core itself appears laminar. Estimates of the

noise produced by these different frequency regimes of the turbulence show
that it is the mid frequency region of isotropic vortex motions which is tim

most important mechanism for noise production.
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FIGURE 1.2. Schematic of the Stability Wind Tunnel test wing, traverse gear
and coordinate system
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FIGURE 1.3. Velocity profiles measured with tile cross-wire probe at x/c=30
normalized on Ur_l. Baseline case. Mean velocities.
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FIGURE 1.8. The predicted normal stresses based on the isotropic lateral vortex
motion model.

101

2

1 0 o

-_ 2

-.._.t 0-1

(.9 2

10-2

2

10-3 i .......

10-2 2
1 02

,,,,,,,,,,-,..,,,,.,,., ,1',_,,
2 2 2

10-_ 10 o 101

iL/Uref

FIGURE 1.9. Autospectra of W-component velocity fluctuations measured in tile

spiral wake and the estimated spectrum (solid line) using equations 1.10 - 1.12.
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FIGURE 1.I0. Comparison between measured and predicted BWI noise levels

using the wake model and the lateral vortex motion model. The turbulent wake

model lateral vortex motion model total predicted measurements.


