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Blade wake interaction is defined as the broadband noise generated by the interaction of helicopter rotor
blades with their own wake. Experimental observations have shown that this is a strong function of advance ratio
and tip-path plane angle. This paper describes how this noise source can be associated with the blade vortex
interactions in the forward sector of the rotor. Measured levels of turbulence in the vortex core are used to predict
the broadband noise levels with some success. However, more detailed information on the turbulence spectrum
and the trajectory of the shed vortices is required before more accurate noise predictions can be made.

I. Introduction

RECENT experimental investigation of helicopter rotor
noise conducted in the Duits-Nederlandse aeroacoustic

wind tunnel (DNW) has identified a new source of broadband
rotor noise.! The tests were carried out on a 40% scale MBB
B0-105 helicopter main rotor and considered a range of opera-
tional conditions, including variations in thrust, advance ratio,
and tip-path plane angle. The results showed that the mid-fre-
quency broadband noise was strongly affected by changes in
tip-path plane angle (o) at constant thrust and advance ratio
(Fig. 1). This led to the conclusion' that this source mechanism
was the result of the interaction of the rotor blades with self-
generated wake turbulence, which moves relative to the rotor
disk with changes in tip-path plane angle and has been termed
blade wake interaction noise (BWI). The time histories of
BWI-dominated signatures' clearly indicated that this mecha-
nism is quite distinct from impulsive blade vortex interaction
noise (BVI) and persists at an almost constant level during each
blade passage interval.

The results from the DNW test have been used to estimate
- the dominant contributors to the dB(A) and perceived noise
levels (PNL) during a helicopter flyover.? These show that
BWI is the most important noise source during level flight and
mild climb conditions for this type of rotor. An understanding
of this source mechanism is therefore crucial to the design of
quiet helicopters. In particular, it may be that this mechanism
is not significant in some rotor configurations, and hence,
careful design of the rotor may eliminate this noise source.

In an earlier investigation, Munch et al.’ identified broad-
band noise generated by local blade stall when the rotor passed
close to trailing vortices. However, this only occurred at high
rotor thrust levels and sudden increases of noise correlated
with increases in drag. The tests in the DNW considered a
range of rotor operating conditions including both low and
high loadings, but changes in thrust caused relatively small-
variations in noise levels. These observations were not consis-
tent with the local blade stall effects described by Munch et al.
and so this possibility is not included in the prediction method
described here. '

Brooks et al.! suggested that BWI is caused by the interac-
tion of the rotor blades with the turbulence associated with the
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trailing vortices of the preceding blades. This paper considers
this concept in more detail and develops a prediction method
based on this idea. Good agreement is obtained with experi-
mental measurements, within the limitations of the unknown
aerodynamic parameters associated with the nonlinear mo-
tions of the trailing vortices.

The first part of this paper will consider the details of the
blade wakes and how these interact with the rotor as a function
of advance ratio, thrust, and tip-path plane angle. This shows
that the blade vortex interactions that are responsible for im-
pulsive (BVI) noise are concentrated in the rear sector of the
rotor disk, and their axial displacement from the path of the
blades is very sensitive to changes in ay,. The blades also
intersect vortices in the forward sector of the rotor, but this
does not cause BVI impulses since the intersections are normal
to the direction of blade motion, and so do not cause sudden
changes in lift. These intersections are less sensitive to changes
in oy, and it is postulated that the turbulence gssociated with
these interactions is responsible for broadband BWI noise.
This concurs with the directional microphone observations,*
which show BWI noise to be located in the forward sector of
the rotor on the advancing side.

A noise prediction scheme based on this concept is derived
in Sec. II1. For this, it is necessary to have a detailed knowl-
edge of the turbulence associated with the vortex, in particular,
the spatial variation of the turbulence intensity and the integral
length scale. Information on this is found in wind-tunnel tests
on nonrotating airfoils, described in Sec. IV, and gives the best
available estimates of the correct order of magnitude of these
variables, since at this time the effect of blade rotation on
vortex core turbulence has not been measured. In Sec. V, the
noise prediction scheme given in Sec. 111 is combined with the
wake predictions described in Sec. II and the estimated turbu-
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Fig. 1 Measured spectra from the rotor noise test in the DNW for

advance ratio g =0.173. Frequency resolution = 17.5 Hz.
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Fig. 2 Potential blade vortex intersections for a four-bladed rotor
with an advance ratio of p=0.173.
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Fig. 3 - Radial locations of blade vortex intersections in rectilinear
format as a function of azimuthal location i 4 for a four-bladed rotor
(p=0.173).

lence parameters. The results are then compared with the ex-
perimental measurements, and conclusions drawn about the
accuracy of the method and its sensitivity to the estimated
parameters.

II. Rotor Wake

When a helicopter is in forward flight, the rotor operates in
the proximity of its own wake, and this would appear to be the
most significant cause of inflow velocity fluctuations. The
wake behind each blade is composed of two parts, namely, the
velocity deficit behind each blade and the tip vortex. It is well
known that the tip vortex is responsible for strong BVI im-

pulses in certain flight regimes, but the cause of broadband -

blade wake noise is not well defined, and the purpose of this
section is to consider the different aspects of the rotor wake
that may be responsible for this noise source.

First, we will consider the tip vortex wake close to the rotor
disk since this part of the flow is expected to be associated with
the largest velocity fluctuations encountered by the blades.
When a helicopter is in forward flight, the tip vortices are
ingested into the rotor and blade vortex interactions occur.
These interactions will depend on the local aerodynamics and
the vortices will be displaced from their mean flow location by
the passage of the blades. To first order, the potential blade
vortex intersections can be estimated from the mean flow and
the unsteady induced downwash.® A typical chart illustrating
blade vortex intersections is shown in Fig. 2, for a four-bladed
rotor with an advance ratio of x=0.173. Strong blade vortex
interactions occur in the rear sector of the rotor on the advanc-
ing side, where the vortex intersection lines are normal to the
direction of blade motion. It is also important to note that
weak blade vortex interactions occur in the forward sector of
the rotor, and that in this sector the vortex from the preceding
blade is approximately parallel to the blade motion. This inter-
action will not cause an impulsive acoustic signature, but may
be responsible for a persistent source of unsteady flow, which
can generate broadband noise.

One of the important features of BVI and BWI noise is its
dependence on the rotor tip-path plane angle. This strongly
affects the axial displacement of the vortices from the rotor

~.25 -
Fig. 4 Axial location of blade vortex intersections at oy =0.4 deg as

a function of azimuthal location 4. The corresponding radial loca-
tions are shown in Fig. 3.

plane, and hence the strength of the blade vortex interactions.
The axial displacement of the vortices may be calculated, using
the mean axial flow and a distorted wake correction. The axial
displacement z is given by

2/R, = Ay, + AZ/R, (1)

where R, is the blade radius, A7 is the rotor inflow ratio, ¢, is
the wake age of a particular vortex specified in radians and
represents the time since the vortex was shed. The correction
factor Az/R, allows for the induced flow from the shed vortic-
ity and is defined by

AZ/R; = EWwp, Cr)G(a) (0]

where E(Yw,u, Cr) is the generalized wake envelope function,
G (Y 4) is the generalized wake shape function,® and ¢, speci-
fies an angular location in the rotor disk plane.

The rotor inflow ratio can be obtained from

Ar = psinay, — (Cr/2) [(# cosatp)? + )\%_] - 3)

and is the only parameter in Eq. (1) that depends on the cor-
rected tip-path plane angle oy, . (Note that the actual tip path
plane angle oy, must be corrected for mean flow distortion
effects that occur during wind tunnel testing.)

The axial displacements of the vortex intersections as a func-
tion of blade azimuthal location ¥ 4 are shown in Figs. 4 and
5, for a four-bladed rotor with an advance ratio of p=0.173
and a thrust coefficient of Cr=0.0044, at two different tip-
path plane angles. By using the method next described, the
strength of these BVIs can be evaluated from Fig. 3, which
gives the radial location of the vortex intersections as a func-
tion of azimuth angle for the same conditions in a rectilinear
format. The blade may be considered a vertical line moving
linearly from left to right in Fig. 3 parallel to the ¥ 4 axis. Note
how the intersections in the range 0<y 4 <w/2 give vertical
lines in Fig. 3 and so are almost parallel to the leading edge of
the blade and hence cause strong BVIs, whereas those in the
range n/2<y 4 <3w/2 are nearly normal to the leading edge of
the blade and so cause weak BVIs. The axial displacements of
these intersections (Figs. 4 and 5) show how the strengths of
the BVIs will change with rotor tip-path plane angle. Figure 4
shows that when o, =0.4 deg, the strong BVIs at Y4 = w/4 lie
close to the tip-path plane (z/R, =0), and so a strong interac-
tion that generates an impulsive acoustic signature is expected.
However, as o, is reduced to — 11 deg, the axial displacement
of these BVIs becomes significant, and since the amplitude of
the acoustic BVI signatures decays rapidly with the vortex
displacement from the blade path, strong acoustic signatures
will not be generated in these regimes. The intersections in the
forward sector of the rotor 7/2<y 4 <37n/2 are less sensitive
to changes in tip-path plane angle. When «, =0.4 deg (Fig. 4),
these intersections are clustered close to the tip-path plane
(z/R, =0), but when o, = — 11 deg (Fig. 5), the intersections
occur at larger axial displacements. The minimum axial dis-
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Fig. 5 Axial location of blade vortex intersections at agp= —11.1
deg as a function of azimuthal location 4. The corresponding radial
locations are shown in Fig. 3.

placements at 4 =« are 0 and 0.8¢ (where c is a typical blade
chord length) for «y;, = 0.4 deg and — 11 deg, respectively, and
so the blades will clearly be affected by the flow in the vortex
core in each case.

The acoustic measurements shown in Fig. 1 are consistent
with these observations. First, the BVI noise is 2 maximum for
the smallest value of oy, and is eliminated at larger angles.
Second, the BWI noise is much less sensitive to changes in ayp,
with the highest levels occurring when ¢, =0.4 and —5 deg
and lower levels at ay, = — 11 deg. It would therefore appear
reasonable to develop a noise prediction scheme based on the
premise that BWI is generated by weak blade vortex interac-
tions in the forward sector of the rotor where the vortex axis
is nearly normal to the leading edge of the blade. However, to
do so, it is first necessary to consider in detail the turbulent
velocity fluctuations associated with trailing tip vortices, and
how these generate broadband rotor noise.

III. Acoustic Analysis

To estimate the spectra of BWI noise, a prediction scheme
has been developed based on the methods given by Amiet,°
Paterson and Amiet,” Glegg,® and Glegg et al.? The noise is
assumed to be produced by the interaction of the blade with
the turbulence in the core of the trailing vortices of the preced-
ing blades. The scale of this turbulence is taken to be much
smaller than the rotor diameter so the resulting acoustic spec-
trum will be broadband!® in nature and periodic components in
the flow, which can cause noise at rotor harmonics, are as-
sumed to be slowly varying so that they have an insignificant
effect at the frequencies of interest. The purpose of this predic-
tion scheme is to calculate the power spectral density of the
acoustic pressure measured in the farfield of the rotor. To this
end, we will use the method given by Paterson and Amiet’ and
Glegg,® which computes the broadband noise spectrum from
the instantaneous power spectrum generated by the blade as it
moves over the rotor disk plane. These references,’® however,
consider the blade to be immersed in a region of turbulence
that is larger than the blade span, whereas here we are con-
cerned with a blade that is only partially immersed in turbu-
lence. This leads to some important simplifications in the anal-
ysis that predicts the noise field, and consequently the
complete analysis will be given here.

Consider a blade of chord ¢ and infinite span that is moving
uniformly with velocity U. The blade encounters turbulence
that has a velocity distribution w;(£), and the observer is taken
to be at yin a stationary frame of reference. The blade surface
may be specified in the moving coordinate system y=§¢— U,
where 7 is source time, so that the unsteady velocity encoun-
tered by the blade as a function of time is w;(y+ U7). The
distance between the surface and the observer at source time 7
is given by r = |q—&] = ro—9-(y + U7)/ry, where ro=|y]|.

The acoustic field that results from the interaction of the
blade with inflow turbulence may be specified in terms of
unsteady lift and unsteady thickness noise.? The unsteady lift
component is described by the Ffowcs Williams and Hawkings
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equation for a blade that lies in the £;=0 plane as

I e e Ap(r,v)

where the terms in square brackets are evaluated at source time
T=1—r/cy, Ap(7,y) is the unsteady surface pressure jump
applied to the blade on the airfoil planform surface, and M, is
the Mach number of the blade in the direction of the observer.

The unsteady surface pressure jump may be specified in
terms of the two-dimensional wave number spectrum of the
inflow gust velocity, defined as

1
@ry?

where R, and R, define the turbulent region. To obtain the
unsteady surface pressure, this must be convolved with the
airfoil gust response function g(vy;,ks,k2) as specified by
Amiet. For an airfoil moving with velocity U =(— U,0,0) so
that El =Y1— Ur and £2=72, we obtain

R R2
Wi(ky, ko) = S R j R wi(§1,£2,0)e ~Fiti—kb g dE, (5)
- A

Ap(ry) = g_J_m(wpocv)%(kl,kz)gm,kl,kz)

x etkm=ikUr 4k, dk, 6)

This specifies the loading on the surface as a function of y; and
v2. When the observer lies in the acoustic farfield of the blade,
we may use the approximation that

7= [1 = (/) +n-v/(roco)] /(1= M)

When this is used ia Eq. (6), it is found that the dependence of
Ap(7,y) on v, is given by expli(ky—w'n2/roco)y2], where
w =k, U/(1-M,). Consequently, when Eq. (6) is substituted
into Eq. (4) and the integral over the span is evaluated between
the limits — oo <7y,< o0, the result'is given by 278(ky— w1,/
roCo). This is an approximation that is valid, providing the span
of the blade b is very much larger than the region of turbu-
lence, b >2R,. Then integrating over k, gives in the acoustic
far field

AT (e /)3’ ro) e
pi(n,7) = ng arro|1—M,| —M,| exp[ in'(t ro/co)]

X Ru)(mpocU) W3(ky, ka)xs Ak, )
where

W =kU/(1-M,), kr=w'n2/10C,

and
x3(k1, k) = jog(’h,klskza)e —Hemirocam gy, (3

The unsteady lift noise (7) must be added to the unsteady
thickness noise term that is specified by Glegg et al.’ as

az " o ‘e POhWB
[ _— 9
azanﬂj_mjo[47rr|1—M,| dnidv. O
where tensor notation with §=1,2 is used, and # is the thick-

ness distribution over the airfoil planform. Replacing w; by
the inversion integral of Wg(k,,k>), defined as

pﬁ("’t) =

wy(§) =

s Welky, kpelkti+ikt dk dk, (10)

and then integrating Eq. (9) over the span give the unsteady
thickness noise component in the same form as Eq. (7). The
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sum of the unsteady lift and unsteady thickness noise terms is
then given by the sum of the three terms j =1,2.3, defined as

- H // / .
pi(n.t) = j_w (l—w—:g—:i—:’—ro) exp| —iw’' (f —ro/cy)]
X 2m)(wpoc) Wyx; do’ an

where the variable of integration has been changed to ', x; is
given by Eq. (8), and

i e
Xg = tw S <ﬁ>ei(kl_w,ﬂl/r000)71 dy; 8=1,2 (12)

U Jo \c

The power spectral density of p;(y,¢) for a blade in linear
motion is

Shpne) = lim ZE[|5r(n)|?] (a3

where
1 T
5 — R —dwt
Brinw) = 5 ; _ paneitde (14

and T is a finite period in observer time. Substituting Eq. (11)
into Eq. (14) and integrating over ¢ in the limit 7 — oo gives the
Dirac delta function 276(w+ ). Then integrating over o’
gives

N —(iw/co)(n;/r ) .
Brinw) = & LU —irsaamympoe) iy, (15)
J Tl

where W; and x; are evaluated at k= —w(l-M,)/U and
k2= —wﬂz/Coro.

Incorporating this in Eq. (13) gives

S ) = E E [ wPoC] “Ub <"’:’>x,x,-

dmcgr,
R
x \Irij(kl,kz)[U‘T—} (16)

where b, is defined as the effective span and ¥,; the effective
wavenumber spectrum given by

Wi (ki k) = ——E [Wik, ko) WF (ko ko) a7

R\b,

The quantities ¥;; and b, will be discussed in more detail in
Sec. V.

In practice, the power spectrum defined by Eq. (16) can only
be measured over a finite period — 7'<t¢ < T. In source time,
the length of this time interval is A7=27/(1-M,), during
which the blade will move through the distance 2R, = UAr.
Consequently, the factor R,/UT in Eq. (16) is

Ur - =(1-M,)" | (18)

The power spectrum given by Eq. (16) applies to a blade in
linear motion with velocity U through a region of turbulence
with effective width b,. If the turbulence is of uniform inten-
sity over this region then b, =2R,. However, in practice this
will not be the case and so the effective span b, has been
introduced to normalize the wavenumber spectrum in Eq. (17).

The analysis can be extended to a rotating blade using either
the approach given by Paterson and Amiet,” for turbulence
with a length scale that i$ much shorter than the rotor diam-
eter, or the approach given by Glegg? when wideband data
analysis is used. Both methods show that the observed instan-
taneous power spectrum is nonstationary as a result of the
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relative motion of the blade and the observer. However, if
either of the aforementioned conditions apply, then the instan-
taneous power spectrum S, (x,w, ) measured at time 7, by an
observer at x is given by the power spectrum of a blade in linear
motion at source time 7, located at the appropriate position
on the rotor disk plane. Consequently, Sj,(x,w,5)=SL (1,w),
where 7 is evaluated at the rotor position for source time 7,. It
should be noted here that Glegg’ ® approximation applies
when the averaging time T used in Eq. (13) is much shorter
than the rotor time period T, =Q/2x, whereas Paterson and
Amiet’s’ approximation applies when T'» T, and the averag-
ing in Eq. (13) is carried out, in principle, at fixed rotor posi-
tions over many rotor revolutions. A stable estimate of the
power spectrum is achieved by averaging the instantaneous
spectrum S}, (x,w,#;) over observer time as

1 Ta
Spp(x,0) = ?A &0 S,fp(x,w,tl) dr (19)

However, since the instantaneous power spectrum is periodic,
a stable average is achieved if T4 = T,,. Also since S,fp(x,w,tl)
is most easily defined by source position, the averaging in
Eq. (19) will be carried out in source time using Sy, (,0) at the
appropriate location

1|7
Spp(x,0) = = jo [85 (1,0)] ., (1 — M) dr; (20)
D

or alternatively in terms of the azimuthal location ¥,

27
Spp(x,0) = 517; L [Se )], (1 - M,) dyy @1)

This result has assumed that the effective span of the blade
immersed in the turbulence &, is small compared with the rotor
diameter. This is reasonable for BWI noise if the blade only
intersects a single vortex. If multiple vortices intersect the
blade, then the contribution from each should be included
independently at the appropriate location on the disk plane
as shown by the loci in Fig. 2. Also notice how the Doppler
factor (1-M,) in Eq. (21) cancels with the Doppler factor
given by R/UT in Eq. (16).

The parameters required to evaluate the measured acoustic
spectrum S, (x,w) and the spectrum S,,Lp (y,w) are all specified
by the rotor design and operating conditions, with the excep-
tion of the effective span b, and the effective turbulence spec-
trum ¥;; (ky,k,). If the turbulence is isotropic and uniformly
distributed over the span b,, then ¥;; may be defined in terms
of the energy spectrum of the turbulence. In previous work on
rotor noise,®%a Von Karman-type energy spectrum has always
been assumed. However, before making these assumptions,
the turbulence associated with a turbulent tip vortex will be
discussed in more detail.

IV. Turbulent Tip Vortex

Turbulent velocity fluctuations associated with tip vortices
have been studied with reference to aircraft wake turbulence,
and so most of the available information pertains to lifting
surfaces in linear motion with well-defined tip loadings. The
structure of the tip vortex and how it rolls up is described by
Moore and Saffman'' for a wing with a laminar boundary
layer. The vortex core grows with time ¢ and its radius a, is
approximated by Govindaraju and Saffman'? as

ag=k(V2CrcUt)" (22

where C, is the lift coefficient of each part of a wing of chord
¢, and U the freestream velocity. The constant & is estimated
experimentally to be between 0.1 and 0.3.

The structure of the turbulent vortex is described by
Phillips.”* This differs from the laminar vortex discussed by
Moore and Saffman!! inasmuch that the turbulent boundary
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layer shed by the wing is rolled up into the core of the vortex
and causes turbulent rather than viscous diffusion to occur.
Viscous effects are important in an inner region, but turbulent
mixing dominates in the outer region of the core. It has been
postulated that it is the turbulent mixing in this region that
causes blade wake interaction noise, and to develop a noise
prediction scheme based on this premise, it is necessary to
evaluate the wavenumber spectrum of this turbulence. The
only measurements of the turbulence in a vortex core that have
been found in the literature are those by Phillips and Gra-
ham.!¥ Measurements of this type are difficult since a trailing
tip vortex will move in the presence of a velocity-measuring
probe. A more stable vortex can be generated using a split-
wing arrangement,'* and this enables more consistent velocity
measurements to be obtained. The split-wing arrangement
causes a discontinuity in the circulation in an infinite vortex
sheet, which rolls up as a double spiral.'®. This is in contrast to
a trailing tip vortex that is caused by the rolling up of a semi-
infinite vortex sheet. Therefore, the turbulence intensities mea-
sured by Phillips and Graham!* are expected to be larger than
would be found in a trailing tip vortex.

These measurements showed that the maximum turbulence
intensities occurred on the centerline of the vortex core and
were ~2 to 3%. Also the rms velocities were found to be
approximately equal in each orthogonal direction, suggesting
that the turbulence was approximately isotropic. The turbu-
lence intensities closest to the airfoil were usually larger than
those further downstream that correspond to a self-preserving
turbulence model, in which the intensity is inversely propor-
tional to the square root of the distance from the vortex gener-
ator. The radius of the turbulent vortex core was found to be
about 2 to 3 chords, which is 15% larger than prediction by
Eq. (22).

For noise-prediction purposes, it is necessary to specify the
distribution of the turbulence intensity within the vortex. To a
first approximation, this can be evaluated using

. {uo(l—r/RV)(Ut/xo)"/z r<Ry

23

0 r >RV ( )
where u, is the rms turbulence velocity on the centerline of the
vortex at Ut =x,, r is the distance from the center of the
vortex, Ry is the effective radius of the vortex, and x; is a
constant =45c¢ where c is the blade chord. These parameters
are unknown for the trailing vortex from a helicopter rotor
blade, but u, is expected to be smaller than those just de-
scribed, and it will be assumed to be in the range of ~0.01U
to 0.02U. Also, we will approximate Ry by a.

The wavenumber spectrum of the turbulence is also required
for noise prediction, but unfortunately this was not measured.
However, studies of wake turbulence!®!” show that this can
often be modeled using a Von Karman-type energy spectrum
with the appropriate turbulence intensity and length scale. The
turbulence intensity may be specified using Eq. (23), but no
measurements of the length scale are available. It is argued by
Phillips'? that the turbulence in the vortex core is generated in
the blade wake, which suggests that the order of magnitude of
the turbulence length scale in the vortex core can be estimated
from two-dimensional wake measurements.” For example,
measurements by Wygnanski et al.!” on a two-dimensional
wake from an airfoil at zero angle of attack give the length

scale as
L x—xo\"”
—9——2.1A0< 5 > (24)

where x is the distance downstream from the trailing edge, x,
is the virtual origin of the flow (x,= — 3800 in this case), O is
the blade boundary-layer momentum thickness, and A, is
found experimentally as 0.32 for this type of wake. The
stretching of the turbulence as it is rolled up into the vortex will
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cause the turbulent eddies to form elliptical shapes that are
wrapped around the vortex core. Consequently, the length
scale measured azimuthally in the vortex core will exceed the
free wake scale given by Eq. (24), whereas the length scale
measured radially will be compressed and be less than Eq. (24).
Since there are no measurements of the length scale in the
vortex core, it will be estimated using Eq. (24) with an empir-
ical correction factor v ~0(1) that allows for the stretching of
the eddies. Estimates of the turbulence length scale using this
approach show that it is very much less than the core size of the
vortex given by Eq. (22).

In conclusion, an exact model of the turbulence associated
with a trailing vortex has not been found in the literature.
However, the order of magnitude of the turbulence intensities,
vortex core size, and length scale have been estimated from
measurements on a vortex from a split wing, and these will be
used to help develop a noise-prediction method using a Von
Karman-type energy spectrum.

V. Noise Predictions

To estimate the spectra of BWI noise, a prediction scheme
has been developed based on the methods given in Sec. I11. The
noise is assumed to be produced by the interaction of the blade
with the turbulence in the core of trailing vortices of the pre-
ceding blades. The locus of the blade vortex intersections,
which are shown in Fig. 2, is calculated at equal increments of
the wake age angle ¥y. This specifies the radius and azimuthal
angle at which the wake interaction occurs at unequally spaced
intervals of ¥ 4. The instantaneous noise power spectrum at
each location is specified using Eq. (16) and then averaged as
a function of azimuth angle by approximating Eq. (21) as

1
Spp(X,0) = o LS5 w)AY.(1-M,) 25)

where S,fp(n,w) is the instantaneous spectrum at the azimuth
angle ¥4, and Ay 4 is the increment in azimuth angle between
each location in the disk plane. This properly accounts for the
change in directionality of the noise caused by the relative
position of the blade and the observer and allows for smooth
changes in the BVI location. This method cannot be used to
calculate impulsive BVI noise levels. These only occur when
the trace velocity of the vortex over the blade is supersonic,
and so these interactions were eliminated from the calcula-
tions. Consequently, only vortices that can be associated with
turbulent vortex interaction noise are included.

The effective blade span b, required in Eq. (16) is evaluated
using the model illustrated in Fig. 6. The blade passes through
the vortex core at a distance z below the axis. The rms turbu-
lence velocity at a distance x from the mid-point of this inter- .
section is given by Eq. (23), with r = (x?+z%". If we assume
that R, > L, the effective span of the blade immersed in the
vortex core is

R2 < r>2d
b= 1-—
e R, Ry X

=2RV[hZS+%S3—h2&<I|thS>] (26)

where Ry=(R% —29"%, §2=1-h?, and h=z/Ry.

The size of the vortex core is defined using Eq. (22) with C,,
approximated by o27R,Cr/Bc, where « is an empirical con-
stant of order 2~ 3, B is the number of blades, R, is the blade
tip radius, and Ur = R,y,,, where ¢, is the wake age; hence,

Ry = BR,(x,Cr/B)" @n
where 8 = k. Equation (27) should be used with caution as Cr

approaches zero, since for a twisted blade a tip vortex with a
core of finite size may still be generated. The purpose of
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Vortex Core

Fig. 6 Interaction of the blade with the vortex core. The blade passes
through the core at a distance z below the axis. The rms turbuience
velocity is given by u.(1—r/Ry), where r =~/ x2+2z2,

Eq. (27) is to identify the scaling of the vortex core radius with
thrust, in the absence of more detailed information on the
rotor aerodynamics. Also note that 8=k« is the combination
of two empirical constants, where £ is used to estimate the
vortex core size from Eq. (22) and is ~0.1 to 0.3, and « is
used to relate the thrust coefficient to the sectional lift coeffi-
cient and is ~2 to 3. Consequently, the constant 8 is expected
to be 0(1).

The wavenumber spectrum of the turbulence required in
Eq. (16) is given by a Von Karman spectrum with the turbu-
lence length scale estimated using Eq. (24). The downstream
location of the vortex intersection is given by x = R,y,,; hence,

Va
L =0.672v0 <ﬁg—w + 380> (28)

where O is the momentum thickness of the boundary layer
given by ©=0.037cRe ~ /5 (Re is the Reynolds number based
on the chord).

Finally, the turbulence intensity on the centerline of the

vortex is given by
-
Ue _ Yo (Riba
U U X0

The experimental measurements described in Sec. IV show
that we can expect uy/U to be ~0.01 and the two constants 8
and v to be ~0(1). In Sec. VI we will discuss the sensitivity of
the spectral predictions to each of these parameters.

,Finally, it should be noted that Eq. (25) gives the two-sided
power spectral density per unit rad/s for a single blade,
whereas the results presented by Brooks et al.! give the spec-
trum level for a B bladed rotor. The levels computed using
Eq. (25) are therefore corrected by a factor of 4Bxf,, where
S is the frequency resolution used in data analysis.

V1. Sensitivity of the Results
to the Turbulence Parameters

The noise-prediction method described in the preceding sec-
tion is based on known rotor parameters and four inflow
turbulence parameters. The inflow turbulence parameters are

T PR V|

-1 % 7 RY L

Fig. 7 Sensitivity of BWI noise generation to variations in z/Ry.
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the location of the blade vortex intersection (z,R,y,), two
nondimensional constants of 0(1) that define the vortex core
radius and the turbulence length scale, and the turbulence
intensity at the center of the vortex core.

The radial locations of the blade vortex intersections are
claimed?® to be accurately located using the method described in
Sec. II, but the axial locations z are known to be imprecise.
The ratio z/R , specifies the effective immersion of the blade
in the vortex core, as defined by Eq. (26), and the importance
of this parameter to BWI noise generation is illustrated in Fig.
7, which shows 10 log,o(3b./2Ry) as a function of z/R . It is
clearly seen that small errors in the value of z can cause large
dB errors, especially when |z/Ry | >0.4. It would therefore be
fortuitous if the spectra computed using this method gave the
correct levels for all values of x and o, . However, by rewrit-
ing Eq. (1) in the form

z = Rephu (i ~ o)

where aq is a constant that depends on the rotor operational
parameters and using Eq. (27), we find

By, \* _20

for Cr =0.0044 and B =4. This scaling is proportional to both
the advance ratio p and the tip-path plane angle oy, and is in
line with the trends shown in Fig. 1. Choosing 8=0.6 and
increasing { oy, — ato| from 0 to 6 deg with u=0.173 gives a 9 dB
reduction in the predicted level, which is of the same order as
that in Fig. 1. In the noise-prediction code, a value of 3=0.8
was found to give a better fit to the experimental data, but this
may be a result of errors in estimating the axial displacement
of the vortex, which will cause incorrect estimates of oy in Eq.
(29). Choosing 8=0.8 may only be applicable to the data set
used and the calculation procedure for the vortex locations.
However, the arguments just given suggest that although the
values of the axial location of the blade vortex intersections
cannot be predicted accurately, the scaling with aj, and p
corresponds with the observed trends in the experimental data.

The turbulence length scale is estimated using Eq. (28) with
the unspecified constant 4 ~0(1). This parameter affects the
spectral shape and can be adjusted to give the best fit to the
experimental data. It was found that values of y= 1.5 overpre-
dicted the low-frequency part of the spectrum and that values
of y=<0.5 gave spectra that had the wrong slope at high fre-
quencies and underestimated the low frequencies. The best fit
was found using y=0.8. In Sec. IV it was assumed that the
turbulence was self-preserving and so the turbulence intensity
decayed with the square root of the wake age. However, it may
also be argued that following the first cutting of the vortex
core by a blade, the turbulence is dispersed and subsequent
interactions will not be as intense as predicted by this model.
This does not have much effect on the predictions of the higher
advance ratios (e.g., u =0.173) since there are only two signif-
icant vortex interactions in the forward sector at this speed.
However, at lower advance ratios (u = 0.086), up to 12 interac-
tions occur and the effect of vortex dispersion tends to reduce
the low-frequency content of the spectra. The main effect of
introducing vortex dispersion to the model is to reduce the
sensitivity of the spectra to variations with tip-path plane angle
aip- As shown by Eq. (29), vortices with larger wake ages Yw
will move more with changes in oy, ; hence, if these are elimi-
nated from the model, larger changes in «y;, are required to
give the same reductions in level. However, these differences
were only found to be of the order of 1 to 2 dB and so the
self-preserving model was used.

Finally, the overall level of the spectra will depend on the
turbulence intensity. Measurements suggest that this should be
in the order of 1 to 2% of the blade tip speed. Comparisons
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Fig. 8 Comparisons of predictions and measurements of BWI noise.

with experimental data show that the best fit is obtained with
a turbulence intensity model given by

Uc YR\ "
=0.011{ —
QR, < X0 >

Xo=45¢

which corresponds to a measured value of 1.1% at 45 chords
from the blade tip.

VII. Discussion of Results

An example of the comparison of the predicted results with
the measurements presented by Brooks et al.!® is shown in Fig.
8 for the advance ratio and tip-path plane angle illustrated in
Fig. 1. There is a reasonable fit between the measurements and
the predictions between 2 and 8 kHz, where BWI dominates.
Over the complete data set,'® errors of up to 4 dB between the

predictions and measurements were found in the 3 to 4.5 kHz

range for advance ratios of u=0.086 and 0.173. However, for
the highest advance ratio, u=0.283, the scaling of the data
with variations in oy, and p was not completely consistent with
the aerodynamic model described in Sec. II. The predicted
noise levels were of the correct magnitude when oy, was small,
but were in error by up to 10 dB at large tip-path plane angles.

The major inconsistency of this prediction method is well

illustrated by Fig. 8. This shows that the measured spectrum of
BWI noise has a distinct peak at 2.5 kHz, which is not pre-
dicted. This peak is often hidden in spectra that include signif-
icant levels of BVI, but is clearly identifiable at the larger
tip-path plane angles. The shape of this spectrum cannot be
modeled using a Von Karman energy spectrum for the turbu-
lence in the vortex core. Better results could be obtained at low
frequencies by significantly reducing the turbulence length
scale, but if this is done, the high-frequency part of the spec-
trum is almost flat and grossly overpredicts the measurements.
This suggests that a turbulence model with less energy at high
frequencies may be expected to give a more accurate fit to the
spectral shape. These types of energy spectrum are found in
boundary-layer flows, but are inconsistent with the measure-
ments of wake turbulence described by Wygnanski et al.!” It
has been assumed here that the turbulence spectrum is the
same over the complete vortex core. However, this may not be
the case and large-scale structures may be the dominant feature
of the flow when the blade passes through the edge of the
vortex and may be responsible for the observed trends.

BLADE WAKE INTERACTION NOISE BASED ON TURBULENT VORTEX 1551

The purpose of this paper has been to show that a model for
BWI noise based on the concept of blade vortex interactions in
the forward sector of the rotor can reproduce the experimental
observations. The turbulence associated with the vortex has
been estimated from wind-tunnel measurements, and only
small adjustments to these have been required to give the cor-
rect radiated noise levels in the mid-frequency range. This
suggests that the model is reasonable, but more detailed exper-
imental observation, including flow visualization, would help
to confirm these ideas. The major limitation of the method is
the accuracy with which the vortex intersections can be calcu-
lated and the model used for the spectrum of the turbulence in
the vortex core. More information about these quantities is
required before better noise predictions can be obtained.
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