VOL. 17,NO. 10
ARTICLE NO. 80-4101

J. AIRCRAFT

OCTOBER 1980

CE0- Jz «_/
Effect of Tip Vortex Structure on Helicopter Noise

Due to Blade-Vortex Interaction
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A potential cause of helicopter impulsive noise, commonly called blade slap, is the unsteady lift fluctuation on
a rotor blade due to interaction with the vortex trailed from another blade. The relationship between vortex
structure and the intensity of the acoustic signal is investigated. Unsteady lift on the blades due to blade-vortex
interaction is calculated using linear unsteady aerodynamic theory, and expressions are derived for the direc-
tivity, frequency spectrum, and transient signal of the radiated noise. The inviscid rollup model of Betz is used to
caiculate the velocity profile in the trailing vortex from the spanwise distribution of blade tip loading. A few
cases of tip loading are investigated, and numerical results are presented for the unsteady lift and acoustic signal
due to blade-vortex interaction. The intensity of the scoustic signal is shown to be quite sensitive to changes in

tip vortex structures.

Nomenclature

=reference length, blade semichord

=unsteady section lift coefficient

=speed of sound

=directivity function, Eq. (17)

=nondimensional distance, vortex to blade in
semichords

=nondimensional acoustic wavenumber byw/c

=wavenumber in x, y direction

=lift/unit span

=blade normal Mach number, U/c

=pressure

=Fourier transform of the pressure
=(x2+y2+z2)*, also radial coordinate in
trailing vortex

=Strouhal frequency, §=ab,/U

=Doppler shifted Strouhal frequency

=Dblade interaction length in semichords

=retarded time

=convection velocity along the blade

=blade velocity

=circumferential velocity in trailing vortex

=vertical velocity as a function of £, Fig. 3

=Fourier transform of wvertical velocity in
wavenumber o

=vertical velocity as function of ¢’

=Fourier transform of vertical velocity in
frequency S

X, V.2 =Cartesian coordinate system, y also spanwise
coordinate of Sec. IV

=bound circulation on the blade

=circulation in the trailing vortex

=angle between blade and vortex, Fig. 1

= fluid density

=wavenumber of Fourier transform in &, Fig. 1

=coordinate system of Fig. 2

=aerodynamic frequency, rad/s

=acoustic frequency, rad/s

=blade passage frequency, rad/s
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I. Introduction

HE sound generated by a helicopter rotor can be

categorized as either rotational or broadband noise:
rotational noise is a periodic acoustic signal characterized by
line spectra at the blade passage frequency and its harmonics;
broadband noise is nonharmonic with a continuous spectrum.
Sources of rotational noise include steady and periodic blade
loading, and at high blade Mach numbers, volume
displacement and nonlinear aerodynamic effects; broadband
noise arises from randomly varying blade forces, due for
example to atmospheric turbulence. !

Under certain flight conditions, helicopter rotor operation
produces an impulsive, highly directional noise, repeated at
the blade passage frequency, commonly referred to as blade
slap. At least two mechanisms are thought to be responsible
for blade slap: shock formation due to local transonic flow on
the advancing blade side; and unsteady lift fluctuations on a
blade caused by interaction with the tip vortex trailed from
another blade. Blade-vortex interactions are more likely to
occur for the case of the tandem rotor, although recent ex-
perimental evidence? indicates that such interactions can be
an important source of noise for single rotor helicopters as
well.

Widnall® developed a theoretical model for blade-vortex
interaction in which the unsteady lift distribution computed
on a two-dimensional airfoil passing obliquely over an infinite
line vortex was taken as the boundary condition on a finite
blade in the calculation of the acoustic farfield. This was
refined by Chu* to incorporate sweep and fluid motion (as for
a rotor in a wind tunnel). In these previous investigations, the
tip vortex was modeled as a potential vortex; the viscous core
was taken into account by locating the center of the vortex an
“‘effective distance’’ below the blade, defined by

= h2 2
heff - hactual +rcore

where r . is the radius of the vortex core.

The potential vortex allows an analytical treatment of the
problem and gives good agreement with experiment for
square tipped blades. For a blade cutting through the vortex
core, experimental results show a plateauing of both pressure
fluctuation on the blade and radiated noise. This effect is
accurately predicted by the theory, provided r,. has been
selected appropriately. Also the peak-to-peak pressure and
general shape of the transient signal agree with experiment.

In the present study we examine the relationship between
vortex structure and the acoustic pulse to identify features of
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the tip vortex that make the most significant contribution to
the noise signature by using the previous model to compute
both the unsteady lift on the blade and the farfield acoustic
signal associated with a vortex of arbitrary vorticity
distribution.

The problem of predicting vortex structure given the
distribution of blade loading has received considerable at-
tention in the study of aircraft wake turbulence, where at-
tempts have been made to predict the trailing vortex structure
in the wake of an arbitrarily loaded aircraft wing. Donald-
son® has shown that the model of Betz® can be successfully
applied to the problem. This model is easily adapted to a
numerical scheme. We apply it here to a few different loading
configurations, holding the location and magnitude of the
maximum blade loading constant for all cases. The choice of
loading configurations is somewhat arbitrary, as little is
known about the precise distribution of tip loading on
helicopter blades. The examples have been selected to
illustrate salient features of the model and to suggest general
guidelines for design to minimize noise.

II. Unsteady Aerodynamics of Blade-Vortex
Interaction

The geometry of blade-vortex interaction is depicted in Fig.
1, the blade-vortex separation is 4 and the angle of oblique-
ness A. All quantities are nondimensionalized by blade
velocity U and semichord b,.

We define the spatial coordinate ¢ measured perpendicular
to the vortex in the plane of the airfoil. Then given the
distribution of circumferential velocity in the vortex, along
with & and A, the upwash induced at the airfoil location at a
given instant can be written as w,(£). Using Fourier trans-
forms, w,(§) is represented as a distribution, in spatial
wavenumber o, of sinusoidal gusts.

w0(£)=g W,(o)e tdo
0))
1 ¢~ ot
Wo(o)=5- | wo(bemiat
T J—»
As the blade passes over the vortex, the upwash pattern is
convected along the span with nondimensional convection

speed U.=1/tanA. We define the nondimensional
aerodynamic (Strouhal) frequency

5= %
U

where we have used the tilde to distinguish the aerodynamic

frequency from the acoustic frequency that appears in Sec.
I1I.

! k
:.) § 2b, X
i x

s ;

3
Fig. 1 Geometry of blade/vortex interaction.
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The unsteady upwash w(¢’) in blade fixed coordinates is
represented as a distribution of sinusoidal gusts of frequency
S.

w(t’)=§j w(S)es d§
()
W(S):ir w(t' Ye " de’

— oo

where ¢’ =f—y. We can express the upwash spectrum, W (S)
of Egs. (2) in terms of the spatial upwash wavenumber
spectrum W,(g) of Eq. (1). An airfoil passing over a
sinusoidal gust of spatial wavenumber and experiences
velocity fluctuations of frequency S=ocosA. This relation is
used in Eqs. (2) to give the upwash spectrum W(S) in terms of
the wavenumber spectrum W, (o).

1 1
—_— = —W, 3
cosA/  cosA o) ()

WS =5 |7 wobremtag(

where, from geometry, d¢’ =d&/cosA. A gust of frequency S
causes a sinusoidal lift variation along the span

L(x,t:8)=L,(5,A)ei*xx=50 =L, (§,A)e 5 @

where L, (§,A) is the complex lift amplitude and k,=osinA.
Since the purpose of this work is to determine the effects of
tip-vortex structure upon the acoustic signature, we will use
the incompressible theory of Filotas’ to calculate the un-
steady lift, as was done in Ref. 3. We are currently in-
vestigating the acoustic radiation from blade-vortex in-
teraction at higher frequencies in a compressible flow using
the more complex unsteady aerodynamic theory of Amiet.?

The Filotas theory gives the unsteady lift due to an oblique
sinusoidal gust as

Ly(§,A) =2mpU?bJ[ (S/cosA,A) W(S) ] ®)

where W(S) is the amplitude of a given frequency component
of the input gust.

The unsteady lift at a spanwise station x in blade-fixed
coordinates is found by integrating Eq. (4) over all
frequencies

L(t')y= S:, L,(§,A)e-3"dS 6)

III. Acoustic Radiation from
Blade-Vortex Interaction

We now analyze the acoustic field due to blade-vortex
interaction. The unsteady spanwise lift distribution previously
calculated is now taken as a boundary condition on a blade of
finite length in the solution of the acoustic wave equation.
Fourier transforms and the method of stationary phase are
used to obtain a compact expression for the acoustic farfield.
This is an improved derivation over that of Ref. 3 and may be
useful in similar applications.

We assume that the blade chord is smaller than a
wavelength, so that the unsteady lift may be modeled as a line
of acoustic dipoles, moving with velocity U in the y direction.
The acoustic model is shown in Fig. 2.

The governing equation for the unsteady pressure is

1d%p
a2 Q)]

vip=
P=2 5
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pir,8.y)
observer

Fig.2 Geometry of acoustic model.

We assume that the aerodynamic forces are given by Eq. (6)
inside an effective blade/vortex interaction length s, and zero
for Ix!=s,. The boundary condition may then be written

p- (X:yxo) _p+ (X,)’:o) =L(t_x/Uc)6[b0 (y—t) ] Ix| Sso

=0 x| >s, ®)

The form of the boundary condition in Eq. 8 shows the lift
singularities translating through the still fluid in the y
direction with unit velocity and the lift pattern convecting
along the span with the trace velocity U,, dropping abruptly
to zero for x| >s.

We introduce the Fourier transform pair in x, y, and ¢

1 b _

= - . i i —iSi

p(xy,z,t) = )’ S_m S SP(kx)kny)z)ekxX+ kyy —iSt
xdk,dk,dSP(k,,k,,S;2)

= [ [ [peranesoirrisarayar ©

where § is nondimensional frequency, wb,/U in the acoustic
reference frame.

By application of standard Fourier transform techniques,
we obtain the following expression for the pressure field?:

p(x,y,zt) = (—27—:—)—13—1)—0 S: S SLO(S)

sin(s, (S/U.—k,) )
(S§/U,~k,)

Nk kZ-k2, px+ikyy~ist 4k dk ,dS
(10

One interesting feature of Eq. (10) is that an unsteady lift of
frequency S will be perceived as sound at frequency S—the
familiar doppler shift.

The pressure in the farfield is obtained by performing the
integrations indicated in Eq. (10) in the limit of Vx2 +y? +2z?
— o0, We take advantage of the farfield aymptotic behavior of
the integrand to carry out the integrations over &, and k,,
using the method of stationary phase.?

In general the method of stationary phase utilizes the self-
canceling oscillation of an exponential factor in an integrand,
allowing the contribution of the integrand to be neglected
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everywhere except in the neighborhood of one or more critical
points.
The phase of the integrand in Eq. (10) is

¢>=z{kx’—;+ky3z+ k7 —kZ—kZ) (1)

In the limit x,y,z—oo, the oscillations in e become
mutually self-canceling, so that contributions to the integral
occur only in the vicinity of points at which the phase is
stationary with respect to k, and X, that is

9% _% _, (12)

ok ok,
Application of Eq. (12) leads to the result

—— ek ?
ki=k o ky=k .
where asterisks have been used to identify &, and £, evaluated
at the stationary point.

From geometry, k; and k; describe a wave that propagates
radially outward from a point source. Physically, the method
of stationary phase tells us that only these waves are present in
the farfield limit.

Whitham® presents the result for application of the method
of stationary phase to multiple integrations; application of
this formula leads to

il ~ (27 AW \-%
ploran=|" Fg k3 () (det )
X eik;x+ik3,y—izW(k;,,k;,,k) —in/2sgn W” ds (13)

where
< -1 = sin{sy(S/U,~k,))}
Pl = Gy ol O™ 50—k
W(ky.k,k)=—-vVk?=kZ-k2
aZW .y ZZ
det ) =k %
(e ko, Vi, 12
and

S~=S—k;=S(1—M}—;)

where the relation kK =MS has been used.
After some algebra, we obtain

I (= . y
peonan= st (7 fs(i-s42)]

sin[SoS[ta“A<1—M}—;) _M)_i]}

s[tanA(I—MX)—M’-‘]
r r

x %MSe"S(M"‘) ds (14
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In the coordinate system of Fig. 2, § and S are related by
§=S(1—M-cosbcosy) as)

and Eq. (14) becomes

M: ® . -
PUrbYn = 20 S iLy(5)D(6,,5)
ar J—o

% SeilS/ (1 ~Meosbeos¥) ] (Mr/bg 1) 4§ 16)
where D(0,V¥,S) is the acoustic directivity:
D(6,4,5)

sin{s,S[tanA — Mcosfsiny/ (1 — Mcosfcosy) | }sinf
"~ — Mcosfcosy) 2 5,5 [tanA — Mcosbsiny/ (I — Mcos6cosy) |
an

The directivity is expressed as a function of aerodynamic
frequency §, in conformity with the conventional in-
terpretation of the directivity factor as a representation of the
acoustic field due to a source of prescribed frequency. For a
given value of S, observed frequency S varies throughout the
field, so that writing the directivity in terms of S would have
been misleading. For the case of the source dimension much
smaller than a wavelength (MSs,<1), Eq. (17) is seen to
reduce to the directivity factor associated with a convected
point dipole

sinf
D@b,y) = (1 — Mcosfcosy) 2 a0

which applies in cases where the important blade-vortex
interaction is confined to the tip region.

For effective blade-vortex interaction lengths of the order
of the blade length (MSs,» 1), more likely to occur for
tandem rotor blade-vortex interactions, the directivity pattern
becomes highly concentrated about the ©, ¥ combination, for
which

tanA _ cosfsin¥ _
M 1—Mcoscos¥

(19)

and the acoustic power is beamed strongly forward?; D(6,¥)
of Eq. (17) reduces to D(0,¥) of Eq. (18) whenever Eq. (19)
is satisfied. Note that the direction (O,¥) of maximum
directivity is independent of frequency so that all wavenumber
components of the input vortex will radiate maximum level to
the same point in space.

The pressure field of Eq. (16) represents the signal from a
single blade-vortex interaction. The helicopter signal is a
repeat of this transient at the blade passage frequency. For a
repeated transient, the integral of Eq. (16) is replaced by a
sum at harmonics of the blade passage frequency.? Expressed
in the frequency S heard by the acoustic observer, the pressure
signature is given by

,Msq
p,(r,0,¢,t) =i(1—Mcosbcosy) 2ur

x 7 Y, Ly(S,, (1—Mcosfcosy) Y D{6,4,S,, (1

m=—o

— Mcosfcosy) } S,,eSm (Mribg =0 (20)

where S, =m (2b,/U).
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IV. Application to Helicopter Noise Due
to Blade-Vortex Interaction

The analysis presented in Secs. II and III will be applied to
blade interactions with the tip vortices shed by three different
assumed blade loading distributions. For the tip vortex
corresponding to each of these cases, numerical results were
calculated for the unsteady lift experienced by a blade in-
teracting with the tip vortex and the associated acoustic signal
over a range of interaction geometries. Helicopter parameters
used to perform the computations were those of a Bell model
UH-1H. Relevant specifications are (from Ref. 10): number
of blades, 2; rotor diameter, 48 ft; blade semichord, 10.5 in.;
average tip speed, 780 ft/s; average gross weight, 8000 lb;
blade passage frequency, 65 rad/s.

Vortex Structure

It is well known that the peak levels of noise due to blade-
vortex interaction are sensitive to vortex structure. Therefore,
to apply Eq. (20) requires a realistic model of the tip vortex
structure for a helicopter blade. We will use the Betz® model
to predict the structure of the tip vortex.

The Betzé model predicts the approximate structure of a
fully rolled up trailing vortex given the spanwise lift
distribution on a flat wing. The model does not treat the
intermediate stages between the initially flat trailing vortex
sheet and the rolled up vortex; this is appropriate to the study
of helicopter rotors in light of experimental evidence that
vortex rollup occurs within a distance of a few blade chords.

Donaldson’s results 5 suggest that only the vorticity situated
between the helicopter blade tip and the position of maximum
spanwise loading rolls up into the tip vortex. We assume that
the maximum loading occurs at 68% of blade span,!! and
that the loading falls off monotonically to zero at the blade
tip, so that only the outer 32% of blade radius contributes to
tip vortex structure. The forward velocity of the blade is taken
to be uniform over this length.

With reference to Fig. 3, the spanwise coordinate on the
blade is y, with y=0 at 68% span and y =L at the blade tip.
The radial coordinate in the fully rolled up trailing vortex is r.
We denote the spanwise distribution of bound circulation as
I', (») and the radial distribution of circulation in the vortex
asT,(r).

The result of the Betz method is the determination of a
function r=r(y) such that I',(y) =T, (r) at corresponding
values of r and y, subject to the constraint that I', and T, be
related by three conservation relations for two-dimensional
systems assumed to apply piecewise beginning at the wing tip,
to successive portions of the sheet in toward the wing root:

1) The circulation is conserved

Sy/ dr', (») dy= S;I dI‘zlr(r) dar

L dy

68 Ry,
Ty (YT,

v

> “\N

Fig. 3 Geometry applied to Betz vortex rollup model; maximum
loading is assumed at 68 % span, so that vorticity shed from outboard
32% span rolls up into trailing vortex.
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2) The centroid of vorticity remains at a fixed spanwise
location

1 dar
y) = S” p () dy

Ty(yy) JL dy

3) The second moment of vorticity is conserved
Yoo dr, (») 1 dr, (r)
[ von-n2 =L a={" el

L dy 0 dr

The latter two conditions cannot be derived from fun-
damental theory but seem to give reasonable results for the
simple situations to which they have been applied.

Rossow !2 uses the above equations to obtain the relation
between r and y as

1
r'y()

r=| s | reonay, @y

The circumferential velocity in an axially symmetric vortex
is then

_T,(r) _Tyly(r)]}
o= 2zr 27 @2

Using Egs. (21) and (22) it is quite straightforward to
develop a numerical procedure to predict the structure of the
trailing vortex, given an assumed form for the spanwise
distribution of bound circulation on the blade I', (¥) : Eq. (21)
is integrated numerically from y=0to y=L; for each pair of
values (r,y) thus found, Eq. (22) is used to evaluate the
circumferential velocity vy (7). The vortex is assumed to be
irrotational for r>r,,,, so that v, ~I'/r for this region; v, is
always taken to be zero at r=0.

To obtain an approximate value for I, maximum loading
was assumed at 68% blade radius, with spanwise loading
taken to fall off linearly from a maximum (L) to zero at
the blade root and tip. For two 24 ft blades supporting an
8000 1b helicopter, this gives L, =333 Ib/ft. Denoting
maximum circulation by T, the relation L, =pUTI'; from
the lifting line theory (with U at 75% radius) gives I'; =238
ft2/s (this estimate can of course be refined).

For a coordinate system y =0 at the 68% span and y=L at
the blade tip, three spanwise distributions of bound circula-
tion were assumed: elliptical, I'(y) =T,vI1— (y/L)?; linear,
T'(y)=Ty(1—y/L); and cos?, I'=Tycos2(my/2L). T, was
taken to be the same for each.

The structure of the trailing vortex, as predicted by the Betz
theory, is profoundly influenced by the slope of the loading
function at the blade tip. In the case of the elliptical load
distribution for which the loading falls off with infinite slope
at the blade tip, a square-root singularity in circumferential
velocity is predicted at r=0. For the cos? load distribution,
zero slope at the blade tip leads to v, =0 and d/v,/dr=0 at
r=0, and the maximum circumferential velocity occurs at a
finite distance from the vortex center. The linear load
distribution has a finite nonzero slope at the blade tip, giving
a discontinuous velocity at »=0. The circumferential velocity
vg (r) is shown for each vortex in Fig. 4a. Although viscous
effects would remove these discontinuities, even in the in-
viscid case a finite value for the transient acoustic signal was
obtained and this is presented as a worst case.

Aerodynamic Forces and Acoustic Transients

The distribution of circumferential velocity in the trailing
vortex represents the upwash encountered by a blade at zero
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blade-vortex separation. With an increase in blade-vortex
separation, we expect two effects: the amplitude of the up-
wash signal is decreased as circumferential velocity falls off
with an increase in distance from the vortex center; and the
high frequency content of the upwash transient is diminished.

The blade would experience the most concentrated, sharply
peaked upwash signal through interaction with the trailing
vortex for the case of elliptical loading. A more gradual
variation in upwash is experienced for the cases of linear and
cos? loading distributions. The peak-to-peak amplitude of the
upwash signal is largest for elliptical loading, less for the cos?
case, and smallest for the case of linear loading.

To calculate unsteady lift and acoustic signal given the
circumferential velocity distribution and blade-vortex
separation h, we first evaluate the upwash in the plane of the
airfoil w, (§£). The Fourier transform W (o) is then computed
numerically, using a fast Fourier transform (FFT)
subroutine.!® Given blade-vortex interaction _angle A, the
upwash spectrum at the airfoil location W(S) is obtained
from Eq. (2) and used in Eq. (5) to give the spectrum of the
unsteady lift L,(S). The inverse transform indicated in Eq.
(6) is then evaluated through the use of the FFT subroutine to
give the unsteady lift due to a single blade-vortex interaction,
L(t’).

The character of the unsteady lift signal would be expected
to resemble that of the upwash signal; we found that the peak-
to-peak amplitude of the unsteady lift signal was largest for
the case of elliptical loading, less for the cos? case, and
smallest for linear loading, corresponding to the relative
amplitudes of the upwash signals (Figs. 4b,c,d). An increase
in sweep angle A decreases the unsteady lift signal. The degree
of harmonic distortion in the unsteady lift signal (relative to
the upwash signal) is seen to increase with an increase in the
high frequency content of the upwash signal, particularly
evident for the case of elliptical loading at small values of 4.

For the acoustic calculation, the helicopter blade is modeled
as a short section of length 2s,b,, representing the tip, in
uniform motion with velocity U. This acoustic model was also
used in Ref. 3. Although more complex acoustic models could
be introduced, such as a semi-infinite blade with the unsteady
loading multiplied by a tapering function to drop it to zero a
short distance from the tip, the previous simple acoustic
model is used since the main point of this work is to compare
the effect of vortex structure on acoustic signature. At the
point of maximum amplitude, these two models should differ
very little. The effective blade-vortex interaction length s, is
taken as 1/6 of the blade length (or s,=4 ft). Effective blade
velocity is taken as 0.75U,;,, or U, =585 ft/s, corresponding
to a Mach number of 0.53. Calculations were performed for
blade-vortex angle A=0, 15, and 30 deg, and with blade-
vortex separation distance A=0, 0.2, 0.5, 1, and 2 blade
semichords investigated for each value of A. Typical results
are presented.

Observer coordinates were selected to yield the most intense
acoustic signal for each case [6,,, corresponding to D, from
Eqs. (17) and (19)]; r=1000 ft was used. To obtain the
acoustic transient signal, the inverse transform of the farfield
spectrum [Eq. (20)] is evaluated using the FFT subroutine to
give the farfield signal of a series of transients repeated at the
blade passage frequency .

The acoustic signal due to blade-vortex interaction is shown
in Fig. 5 for various vortex structures. For each case, the
acoustic field is evaluated at the 6,y point for which the
directivity is a maximum. The time required for the acoustic
signal to travel from the origin to the observer has been
subtracted from the time coordinate. Figure 6 shows the peak-
to-peak levels for a variety of parameters in dB re 0.0002ub.

These results indicate that the peak acoustic signature is
quite sensitive to changes in vortex structure when the blade-
vortex separation distance is smaller than half the blade
chord. We find, for example, that at #=0 the amplitude of
the upwash signal associated with elliptical loading is about
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twice that for the cos? case, but that the acoustic signal is 34
dB higher. This dramatic difference (corresponding to a fifty-
fold increase in acoustic pressure) can be attributed to the
abrupt (high frequency) character of the unsteady lift signal
of the elliptical case relative to the gradual (low frequency)
character of the cos? case. Similarly, for small values of A,
cos? loading gives a signal that is 10 dB down from the
corresponding linear-loading case, even though the amplitude
of the unsteady lift signal for the cos? case is larger. Of
course, it must be remembered that these calculations are
based upon an inviscid vortex rollup model. The presence of a
viscous core would tend to diminish somewhat the high
frequency content of the unsteady lift signal at very small
blade-vortex separation.

The introduction of sweep causes a substantial reduction in
radiated noise, as demonstrated in Figs. 5 and 6. As already
indicated, an increase in A diminishes the high frequency
content of the unsteady lift signal. A more subtle effect is the
relationship between A and the convection speed of the lift
pattern through the fluid. Since the convected Mach number
of the wave along the moving blade is M/tan A, the effective
Mach number of the wave through the still fluid is

M, =VM? + (M/tanA) 2 = M/sinA

so that M=sinA is the boundary between supersonic and
subsonic wave speeds.

For M <sinA the only sound that is generated is due to the
finite dimensions of the source: and infinite blade would
radiate no sound. For this case, values of (0,¥ ;) satisfying
Eq. (18) do not exist; thus, no concentration of the acoustic
signal occurs. As a result, the radiated noise is greatly
reduced. Conversely, disturbances moving at supersonic
speeds are efficient acoustic radiators, and the intensity of the
peak acoustic signal increases with Mach number.

V. Conclusions and Suggestions for Further Work

Theoretical analysis of blade-vortex interaction, through
the application of linear aerodynamics and acoustics of a
moving source, can account for the essential role played by
many of the parameters that govern the occurrence of blade
slap. The extension to tip vortices of arbitrary structure
provides some insight into the sensitivity of the noise
signature to changes in blade tip loading and tip vortex
structure. The present study indicates substantial reduction in
the intensity of the acoustic signal results from control of the
distribution of vorticity in the tip votex, particularly at the
small blade-vortex separation.

Control of the tip vortex by alteration of blade tip shape is a
potentially important method of blade slap minimization. The
most significant result of this investigation with regard to tip
design is that the slope of the spanwise loading distribution at
the blade tip strongly influences tip vortex structure and the
associated intensity of noise due to blade-vortex interaction.
This result is consistent with recent experimental findings !4
that show substantial reduction in blade slap intensity through
the use of a tapered (ogee) blade tip.

The present model is applicable primarily to blade-vortex
interactions at small oblique angles, for which the interaction
occurs over a large portion of the blade span. Such in-
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teractions are possible for tandem rotor helicopters. For
single rotors, blade-vortex interactions are likely to occur at
large angles for which the interaction is confined to the blade
tip region. Additional theoretical modeling is required to
account for the three-dimensional aerodynamic effects
associated with this case.

The aerodynamic theory used here to model blade-vortex
interaction applies strictly to the case of a low frequency gust
in an incompressible fluid: with the low frequency assumption
that the blade chord is smaller than a wavelength, we neglect
chordwise pressure variation in the unsteady lift calculation
and model the blade as a moving line of acoustic dipoles. At
higher gust frequencies or higher Mach numbers, com-
pressibility becomes important, and a more powerful
aerodynamic model should be used for the essential details of
the relationship between vortex structure and the acoustic
pulse. The additional refinement obtainable from con-
sideration of compressibility and high frequency effects was
felt to be unnecessary for this initial study. The extension to
include the full effects of compressibility is currently un-
derway.
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