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DIRECTIONALITY OF BLADE VORTEX INTERACTICON NOISE

Chris Open and John Patrick, University of Bristol.

Summany

A simple computational model has been developed to predict the phase speed of the blade
vortex interaction process. Intense Blade Vorfex Interaction (BVI) noise is related to supersonic phase
speeds along the blade. A, George has pointed cut that such radiation produces noise which will be
localised in @ Mach cone asseociafed with the phase speed, Thus each BVI process is associated with g
particutar direction of radiation. and localised effects af the ground. The directionality of such BV!
interactions has also been computed.

Inifial work-was undertaken using @ simple kinematic model. Fuiler studies have also been
undertaken using the Beddoes model of the free distorted wake from the rotor, The results demonstrate
the strong directiondlity of the noise under BV conditions at mederate and high advance ratic. The
results indicate test points for examination during fuller computational studies of the probiem, and shoudd
be ofimmediate value to determine ground locations which could be particutarly impacted by BV!
neise, and to examine the possibility of choice of rotor parameters which might minimise the effects,

1Intreduction
" L1 Backaround

The cperation of helicopters over urban areas is limited by the high levels of noise they can
produce during certain flight conditions. This is a major disadvantage to heiicopter flight and it prevents
wider application of civil helicopters. Blade Vortex Interaction (BVD noise is the most intense source of
noise occuning during nelicopter operations. The appearance of this form of noise is sensitive to
operating conditions, and it is also found that the noise can be highly locdlised. The certification
requirements for a helicopter include noise level tests at three maodes of flight. including flyover,
appreach and landing. It is the aim of the designer to ensure that the heiicopter will meet the
certification requirements. Few rules or methods of design are available to the designer to predict and/or
minimise the noise levels that will be produced by a particuiar helicopter design. Different fypes of noise
in terms of intensity and frequency are produced by a varety of sources around the helicopter, including
the engines and main and tail rotors, A greater understanding of the various noise mechanisms present
shouid enable development of design methods which reduce noise, making the wider use of helicopters
much more atfractive. A fuller review of present understanding and developments in meihods to reduce
helicopter noise is given by Lowson (1992),

BVI noise is both intense and in the frequency range of the human ear. Reducing this type of noise
would considerably lower the Percieved Noise Level. Redesigning the rotor blades or avoiding operating
conditions that cause the highest levels of noise are seen as the most likely methods of reducing this type
of noise from helicopters.

Mest studies of BVI noise have centred, for olvious reasons, on establishing the levels of the noise
as a funcfion of roter parameters. There have dlso been a variety of theoretical and experimental studies
which modet BVI noise as a two dmensional interaction process, However the key features of the BV
process are three dimensional, and it is possible to obtain information about features of the noise field by
a simpie approcach which retains the key three dimensional features of the situation,

1.1 First Prinei

It is assumed that vorticity shed by ¢ blade rolls up into a concenfrated vortex at the fip by the
time the following blade gets to the same pesifion. from a viewpoint perpendicular to the rotor disc,
there is a distinctive cycloidal geometry to the wake. The basic two-dimensional kinematics of the
interaction process between the main rotor biades and wake are alse described by Figure 1. As the
blades rotate, a biade may intersect a wake vorfex in such a fashion that the two are either nearly
arthogenal or nearly parailel, or at some skew angle in between. The geometry of the wake is very
sensitive to flight conditions and this is covered in Theory. However, there is always some interaction
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between the blades and the wake in the manner described above. "Blade Slap” is the term used to
describe when the interaction is of the more parallsl type. since the intensity of noise produced is high.

Beddces Free Wake Mode! (Beddoes (1985)) is a three-dimensional modei that approximates the
main features of the wake geometry. The cycloidal pattern of the x and y coordinates of the vorfices is
displayed by the model. Also, the axial displacement companent of the wake geomefry is determined.
This displacement is in the z-direction, perpendicluar to the plane of the rofor, With a three-dimensionat
wake model, the three-dimensional interaction process between the blades and the vortices can be
anaiysed. In other words, dlthough a blade and vortex may intersect when viewed perpendicular to the
rotor disc plane. the vortex may actually pass above or below the blade.
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Figure 1 Formulation of BVI for a four-bladed rotor Figure 2 / I ‘
{from Schlinker and Amiel (1983)) Schematic Geometry qf Mach Cone Formation

There is a change in the velocity of flow over the biade as a consequence of the induced velocity
from the vortex. This may be to either decrease orincrease the total flow velocity at the blade section,
depending on whether the vortex passes above or below the blade at the point of infersection. The
mathematical mode! of the vortex used is due to Scully (1975). The focal iiff force produced by a section
of the blade is proportional to the square of the velocity of flow over that section. If there is a sudden
change in the magnitude of the local flow velocity, as would be the case with the infersection of a
blade with a vortex then there would be a sudden and considerable change in the local blade loading.
The three-dimensional geometry of the interaction process between the blade and the vortex is
anaiysed to implicitly predict the increased local loading. In ofher words, the change in local loading
causes A pressure pulse to be emitted from the point of infersection. The static pressure at the leading
edge of the blade changes rapidiy from a steady value to some peak value and back again to the
steady value as the vortex passes the aerofoit. 1t is this pressure pulse that is radiated from the observed
peint of interaction. if the interaction process causes a pressure pukse of such magnitude that there is
release of sound energy. then this energy. or noise, is radiated in dll directions from the observed point of
interaction.

The point where the inferaction of the blade with the vortex is most intense is called an intersection
point, since the blade and the wake intersect here. As the blade continues to rotate. it may confinue to
interact with the same wake. If the geometry of interaction is observed af discrete time steps, a string of
intersect points is created along the biade. See Figure 2. The rate at which these intersect points ccour
along the blade may be termed the ‘phase speed’. In other words. as the fime step between
observations gets very smadll, the intersect point effectively moves continuously aleng the blade leading
edge with the phase spead. When the phase speed of the intersection point is supersonic, the resulfis
highly efficient acoustic radiation process. This noise mechanism was first identified by Lowson and
Ollerhead (1968) and investigated in detail by Widnail {1971}, The propagation of the pressure pulse
along the blade is such that the wave fronts from a series of intersections combine to form an
‘envelope’. This *envelope” is physicadlly similar to a Mach cone. The interaction process described above
was first termed the "Mach cone’ noise mechanism by George and Chang (1984). The resuit is very
intense noise which is highly directional to the far field as a result of the kinematics of the interaction,

1.2 A { this B :

[t was hoped that this study should give a better understanding of the kinematics of the three-
dimensional Mach Cone noise mechanism that produces intense BVI noise. The detailed physics of the
interaction process are not modelled, to keep computation time low. The accuracy of the results. it was
hoped, should be good since the dominant feature of the interaction process under study is the
kinematics, rather than the detailed physics of the event af the blade. The locations of the intersections
in the rotor disc area will be associated with locations in the far field where the intfense noise is directed,
Various operating condifions will be studied to assess the effect of varying certain parameters on the
resulting directions of noise propagation,
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2Theory

Blade Vortex Interaction is @ complex phenomenon that can only be fully described by firstly
solving the Navier-Stokes equations which exactly define the air flow through the rotor {Srinivasan et al
{19923, In this paper, assumptions and generalisations will be made to greatly simpiify the situation, while
retaining the most important features of the interaction process,

! nat , ,

As dready suggested, the wake geometry has a cycloidal pattern. The rotation of the main rotor
blades through the wake will cause interactions betweaesn the two, The interaction may be nearly
orthegenal, parailel or at some skew angle in between, The points of intersection can be plotted in the
disc plane and the significant regions are approximately

iy for the advancing bilade, 30-90°,

i’ for the refreating blade. 270-330°
since this is where the more parallel interactions occur, The more parailefl intersections occur at various
radial positions throughout the range of azimuth angles. The location of biade vortex interactions is very
sensifive fo operating conditions. Most fail within the ranges of blade azimuth angle, as above.
Considering the angle of interaction alone, the sirength of the BVIs is shongest when the interaction is
paraliel. ,

2.2 The Three-Di . : -

The geometry of the wake has been described as being cyclsidal in nature. in short, the "wake
geometry is defined by the ccordinates of the vorfices trailed from the blade fips® (Beddcees (1988)). The
density of the individual wakes left by the rotafion of the blades is dependant on the forward speed
(advance ratio) and the number of blades on the rotor. With time, it has been shown that there is a
marginal confraction of the wake. For this research, the contraction of the wake was assumed
negligible. This assumption is reasonable for our purposes, since only the wake within the rotor disc area is
of concern.

The downward compeonent of air flow through the rotor, gives the wake an axidl, or z-,
displacement. The loading ciong the biades (or across the disc) is not constant, since the air flow rate
through the rotor disc is not constant across the disc. Therefore, the axial displacement of individual
wake elements is not constant across the disc. Indeed. the axial dispiccement of the wake is complex,

Any accurate 3-dimensional wake model will fake account of the fundamentals of helicepter
flight mechanics. if this is done. then the structure of the wake model will be dependent on operating
conditions described by parameters such as helicopter mass. advance ratio and tip-path plane angle of
incidence, for example. Beddoes' free wake maodel is one such model that approximates the principal
three-dimensional features of the wake geometry. This wake mode! is based on the blade ioading
concept.

2.3 The Mact BV noj .

If the interaction of a blade with a vortex is observed at discrete ime steps, a series of pressure
pulse sources is crected along the blode (see Figure 2). The pressure pulse signal that is generated
radictes away from the emission point at the speed of sound. If the rate of propagation of the point of
intersection is greater than the speed of sound, then o Mach cone is effectively formed. interaction
between a blade and a vortex has been deemed of interest when the two are almost parallel. The
induced velocity normal to the blade leading edge will be high in this case. giving a high level ¢of neoise.
Further to this, the kinematics of such an interaction are more likely to produce an intersection paint
propagating at supersonic speed. The significance of the pardilel interaction process is therefore
twofold, and much experimental work has involved the study of an aerofoll interacting with a vortex with
such an {aimost) parallel geometry, The envelope formed is the same fundamentad principle in the
formation of a Mach cone. The wave front of the Mach cone is simply made up of the continuous siting
of radiated pressure puke wave fronts from the continuous stling of sources. Therefore, the wave front
signal is the same as that of the pressure puise,

It is possible that the detailed physics of the process would revaal some abiguity in determining

the exact position of the pulse, specifically whether or not it is exactly af the position of the infersection.
However, it is reasonable to assume that the pulse is effectively at the intersection point.
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Taking observations of the interaction process at discrete rofation (or fime) intervals, reveals the
simple principle behind the formation of the Mach cone. as described above. Howsver. the cone may
‘bend’ i.e. the pressure pulses causing a cone may not lie clong a straight line. This will, of course, be due
to the geometry of the interaction process. The more parallei the blade and vortex length are, the
‘straighter the Mach cone will be, There is no streteh of the wake that is perfectly siraight and so there
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Figure 3 Growth of the Mach Cone The Mach Cone and the Radiation Cone s\ | |
{from George, Ringler and Steele (1991)} ™ Ny

wiill aiways be some curve to the Mach cone. The effects of this curve are seen when the locations of BVi
noise on the ground are determined.

While the point of intersection continues to move atf supersonic speed, the cone continues to be
formed as the envelope of sources continues to grow in length. As scon as the propagation of the
pressure pulse is at a subsonic speed, the Mach cone ceases 1o be formed. Figure 3 describes how the
cone formed then "grows' as the wave fronts that form the surface radiate in a direction which is normal
to the centre-line of the Mach cone. The centfre-line of the cone remains stctionary in space as the
helicopter moves forwards, and as the wave fronts propagate.

24F tion of the Radigt

Returning to the idea of the Mach cone breing made up of a series of circles, each coresponding
to an earlier intersection between a blade and a vortex. The parabolas marked out on the ground are
the loci of points from the intersections between each of the individual circles and the ground plane. A
circle will radiate nomal to the wavefront, and describe g 'Radiagtion cone’. See Figure 4, The
intersections of the radiation cones with the ground mark out parabolas. The direction of the noise
becomes asymptotic fo two directions in the far field from a single Blade Vortex interaction.

2 5 Vortex Induced Yelocil { Relative Noise Intensli

The sudden change in pressure at the blade section (due to the velocity induced by the vortex)
causes a change in the local blade loading, or locdl liff force produced. Before the interaction. the local
lift,

Lo (U)

where Uis the flow normai to the blade section. When there is a BVI. there is a velocity induced by the
vortex, u, such that the local iiff becomes,

Lo<(U +u)?
Therefore, neglecting small terms, the change in local fift is proportional to ul. Caiculation of this term,
ul, is andlogous to determining the magitude of the pressure pulse, or acoustic signal.

The vortex induced velocity is determined using the method below. This caicuiation involves a
more detailed study of the vortex structure which can be modelied mathematically. The vortex
circulation strength (TN is given by:

I'= 2.4CcRE2
o]

where Cyis the thrust coefficient, ¢ the blade chord. R the blade radius, Q the rate of rotation, o the rotor

solidlity. :

This equation was used by Beddoes (1985), and therefore consistency is maintained in the approach fo

the analysis of the wake. For a circular vortex, the circuiation is given by,

@.n

I'=q- 2= where qis the velocity. i’ the radidl distance from the vortex centre,  (2.2)
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A widely used model for the structure of the vortex, which gives the variation of circulation with
radius, is that of Scully (1975%

b

o’

Feﬁ, (x)="T . where x = radial distance /10 2.3
l+x”

The effective radius of the vortex. rg. is then given by (Glegg (1991))

r, = BRJ(my ,C,/B) 2.4)
where B is the number of blades, v, the wake age angle and p a constant in the range 0.15 to 0.5, An
sstimate of 0.5 was used for §. This was satisfactory as we were only looking at the reiative and not

absclute noise strength.

Asingle equation is derived for the velocity induced by the vortex af a particular radius,

2.4cRQC. Y «° .
q= > 2.5)
2nor 1+x%°

The velocity of flow at the surface of the blade will change by a finite amount as a result of the
interaction. The static pressure will also change. either decreasing for accelerated flow or increasing for
deceierated flow. Only the magnitude of this change is of inferest, and it does not matter whether the
pressure has decreased or increased. This gives the magnitude of the pulse signal that is radiated from
the point of emission,

It is now possibie Yo calculate the total velocity of flow at the blade during the interaction. The
change in the velocity of flow is solely due to the vortex induced velocity and this changes the dyncamic
pressure at the blade. The change in static pressure at the intersection point can be assumed feo be of
an equal magnitude. Therefore, the change in the velocity of flow at the point of intersection is
angiogous to the change in the static pressure here; where the two differ only by a constant factor. An
estimate of the relative level of noise emitted can therefore be hased on the relative change in velocity
at the blade, induced by the vortex, This assumption bypasses the need for an accurate analysis of the
magnitude of the pressure pulse signal from the point of emission,

The strength of the noise deteriorates with distance from the point of emission. As the Mach cone
grows, the sound energy on the surface, i.e. the wave front, is disfributed over a wider surface area. The
drop in noise strength Is inverssely proportional to the square of the distance from the emission point at the
blade. However, the relative strengths of noise between wavefronis remains the same since the
deterioration factor is constant for all wavefrents. As a result, if only the relative strengths of noise are to
be predicted. there is no need for a noise deterioration factor to be included in the analysis. This method
was simply designed to faciitate comparison of the relative magnitudes of noise from Blade Vortex
Interactions,

2 Proceduie
31 i fhe | f

The method used for finding the positions of blade-vortex interactions invoived approximating the
vortices by g series of straight lines, projecting these lines info the rotor plane, and then finding the
intersection points between the biades and these lines. This not oniy simplified the geomefry involved,
but also made it easy fo try different woke modets. Equations describing the wake explicifly were not
needed, only the x. v, z coordinates of enough points on the vortices to describe the geometry
sufficiently accurately.

The biade was defined in terms of centre coordinates, xec and ye, and an angle from the positive
x-direction, 8. (See Figure §). The wake element was defined in terms of its end poinfs (wy). wy1. wz1)
and (wyo. Wy n, Wy9). However, the z coordinate becomes zero when the wake element is projected into
the rotor piane. - .

First of all @ simple check was caried out to see if either end of the wake element fell into @
rectangle defined by the ends of the blade, as shown in Figure 5. if neithar end of the element was
within this rectangle then there could not be anintersection between the element and the blade, and
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further calculation for this element and blade was unnecessary. This speeded up the calcuiation process
considerably by aveiding long calculations for a large number of the wake elements. If either or both
ends of the element were within this rectangie. the caiculation proceeded as follows (see Figures 5 and

& for definitions of the notation):

w.o—-w -m_ -y +X_ -tanf
! 1 w e
X = - @0
tan - m
W o, — W
where m,, = L2t
W o, — W

x2 xl
Once x; has been found. it is checked to see if it is an actual intersection, or just cne between the

extensions of the wake element and biade. If x; is between x. and x,, and also between wy 1 and wys.
then it is an actual intersection.

yi=m, (X ~w )+t wy 3.2)
y =
"-.B (wx2.wy2)q\ / blade
f oy
] ‘_..:._3 section of wake blade
| wxlwyl)
} {xc.ye) /;ti‘
Figure 5 Intersection of a Blade with a section of wake
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Figure &6 Radiation of Noise from an Infersection

3.2 Caleulating the Pl Velogli

Tne phase veiocity of a biade-vortex interaction is the veiocity at which the point of interaction
moves due to the relative moftion of the biade and the wake. As mentioned eariier, the highest velocities
will cceur when the vortex and the blade are nearly pardiiel (theoretically, if they were parallel then the
phase velocity wouid be infinite). The velccity at which an intersection moves is found as follows,

Differenfiating Equatfion 3.1 w.r.t. fime gives

i’,.ze {tan Q-mw).zc-wy}+yc+wx;._m_w-xc.’rgn g - Vm,, whereVisthe free stream velocity.
((tang-m,,Jcos 8)2 (ton 6-m,,0 (3.3
Note that Equation 3.3 above dees not apply when 8 = = r/2, This case is avoided in our computation
by having a finite nurmber of steps of the blades per revolution, and starfing the calculation with the
blades rotated from the axes by half the angle they move in each step. This ensures that the biades will
never become dligned with the axes, and hence 8 will not be = /2.

_ Differentiating Equation 3.2 w.r.t. fime gives )
y,=m, (% =V) @.4)
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The resultant velocity is therefore

w= T+ 3.5)

at an angle to the positive x-direction of
& =tan (y,/x;) (fory,>0and x, <>0); ¢ =tan™} (y./ x)+n {for y <0 and x; <> 0}

4 =m/2 (for y,>Cand x;, =0 ¢ =-n/2 {(for y<Cand x, =0). (3.6

3.3 Finding the Noise f o Direcli

Cnce the phase velocity is known, the geometry of the Mach cone associated with it can be
determined, The noise from this infersection will propagate perpendicular to the surface of this cone as
shown in Figure 6.

In order to find the areas on the ground affected by the noise, the following method was used.
Imagine a circle on the surface of the Mach cone which is the part of the cone produced by a
parficular point intersection, This is the circle where the sphere of radiated noise from the intersection is
tangentiaf to the Mach cone. Ses Figure 6. The'centre of this circle will move in the direction of the
phase veiocity, w, with a speed asin a, and expand its radius af rate a.cos «. Therefore at a fime At after

the interaction has taken place, this circle will have a radiusr of

r =alt-cosq, (3.7)
and a centre at (x.y) where

x=x, +alt-sinoL-cosd+ VAr 3.8

y=y +aAt-sino-sind 3.9

The VA? expression in Equation 3.8 is to allow for the distance which the dir will have moved downstream
of the rotor in the fime since the interaction occurred.

Therefore, the position and size of this circle are known as a function of At The next step is ta find
where this circle intersects the ground plane as shown in Figure &. In general, there will be two points of
infersection
between the circle and the ground (xq.y1) and (x9.y9) where

(xpLy=(x—~d-sind,y+d-cos¢)  (3.10) (x,.y,)=(x+d-sin¢gy—d-sing) G311
d= (7 ) (3.12)
D) ion of §

In this discussion the term "noise’ will be used to refer to that part of rofor noise produced by BV
Mach cone radiation. Figures 7 to 18 are results for arange of fight conditions.

The main window has the rotor disc at the centre. Each fine in this window is the intersection
between the radiafion cone from a paricular blade-vortex interaction and the ground. in other words
egch line is the path taced out on the ground by the wavefront from an infersection. A plan view of the
wake geometry s displayed in the top right window. The locations of the intersections within the rotor
disc area are given in the botfom right screen. The location of the intersections moving with supersonic
phase speed and the location of the corresponding BVI noise at the ground are of most interest,

4.1 Effect of Advance Ratio

For low advance ratios the advancing blade causes inferactions with supersonic phase speed
between approximately 30° and 60°, and the similar inferactions for the retreating blade are from
approximately 300° to 330°. {See the intersection windows in the bottom right of Figures 7 to 18). As the
advance ratio, p. increases. the locations of the intersections in the disc area chonge. The consequence
of this is that at some of the higher advance ratics. the region of critical intersections extends towards the
centre of the rotor. Physically this means aff of the intersections from the root to the fip of the advancing

tlade have supersonic phase speeds, In other words'the enfire length of the blads is creating Mach
cone radiatfion.

With regard to the location of the noise on the ground as u increases, fwo effects are noticed; the
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BVI noise becomes much more directional due to the fewer Mach cones formed, and louder becouse
the wake gets closer to the blade, The exiremes of this effect are illusirated in Figures 7 and 12 which

- show resulfs for the lowest and highest advance ratio presented respectively. The advancing biade
inferacts with up to seven sacticns of wake at the lowest advance ratio dispiayed, p=0.10, increasing p
means that the advancing blade intersects fewer wakes. Figure 7 shows that there is a lot of reiatively
low intensity noise, almost alt around the rotor. There are a large number of interactions in the rotor disc
areq, causing this rather complex pattem of neise. In Figure 12 (at high advance rafio) the biade reacts
with more recently formed wake, This is because the wake i moving back faster relative to the rotor, For
the same reason. the wake is closer to the blade in terms of axial displacement. However, there are
fewer interactions. causing the noise fo be more directional.

The advancing and refreating blades may interact with wakes such that the point of intersection
may move inwards or cutwards aleng the blade, Also, both of these effects may be observed on the
sdme blade at once: the advancing biade may react with the same wake at the root and the tip
simultaneously. When this occurs, the intersection point at the tip moves inwards and the intersection
point at the root moves cutwards aiong the biade, When the blade and the wake intersect such that
locally they are pardllel, the phase speed of the intersection point is theorefically infinite (many
intersections are created cver alength of the blade at once). Since the model moves the rotor in finite
steps, and because the phase speed is so high at this point, subsequent intersection points are ¢ long
way apart. This produces @ 'gap’ in the intersections plot. The positions of parallel interactions can
therefore be identified by the positions of these gaps. These gaps are located at an azimuth of
approximately 45° for the advancing side and 300° for the retreating side.

A repetifive pattern can be cbserved in the directivity of the advancing bladse noise as
increcses, Figures 8-11 illustrate “His recurring pattern. Initiclly, refer to the bands of noise curving from
approximately 180° to 270%in ° e 8, There are basically two bands of noise in this region; one is
relatively joud (bold solid lines . .aghly directional ond close to the rotor, while the other is much guieter
(dotted lines) and further out.

Moving to Figure 9. the band closer to the rotor becomes louder and more directional. Meanwhile
the outer band (dotted lines in Figure 8) *spreads’, becomes louder and moves inwards towards the rotor,
When u is increases further (Figure 10} the inner band moves *across’ the rotor and joins the band curving
from 90° to 0° on the noise plot. At the same time, the cuter band becomes louder and moves towards
the rotor.

in Figure 11, what was the relatively guiet outer band in Figure 8 has become the loud, highly
directional (bold) band. Meanwhile a new reiatively quiet (dotted) outer band has formed. By
comparing Figures 8 and 11 it can be seen that there is arepetifive cycle hare.This cycle confinues fo
repeat as advance ratio is increased.

The noise bands discussed above come from advancing side interactions which are moving
inwards along the blade. As uincregses, this ine of intersections moves backwards in the disc area and
the phase speed of the intersections increases. This causes the outer band to spread and become
louder. The spreading is due to alonger strefeh of the infersections locus having supersonic phase speed.

The outer band of noise comes from a region of intersections with higher phase speeds As
increases, the gap in the intersections moves outwards, and the number of intersections outwards of the
gap is reduced. As mentioned earlier, these intersections outwards of the gap are moving inwards
(towards the rotor centre). Eventuaily, one the gap reaches the blade fip radius. there will be no more
points moving inwards on this line of intersections. Instead, the intersection point will be moving outwards
along the whole length of the biade. This causes what was originally the inner band in Figure 8 to move
*across’ the rotor and join the group of lines cunving from 90° to 0°. As | increases further, the noise band
will move progressively to the top right of the noise plot, and eventually disappear. This is because the
section of wake responsible for this band will be swept downstream of the blades before any intersection
can take place.

The retreating blade alse produces noise. This is represented on the noise plof by lines curving from
about 45° to 180° and 0° to 270°. With reference to the intersections plots, the intersection peoints inwards
of the gap move inwards while those outwards of the gap move outwards. This is the opposite of what
happens for the advancing blade (see above), The lines on the noise plot from 45° fo 180° are from @
point of infersection moving outwards, while those from Q° t¢ 270° are from a point of intersection moving
inwards along the retreating blade. The majority of noise from the retreating blade is relafively quiet.
Certainly, the noise produced is secondary to that produced by the advancing blade. However, this
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refreating blade noise is not of negligible intensity and cannot be ignored. At high advance roﬁos' {e.g.
Figure 13) there is no BVI noise from the retreating blade. This is because the wakes are swept behind the
rotor disc before the retreating blade con infersect with them.

4.2 Ettect of Tip-Path Plane Anagle of Incidence

Figures 12 to 14 show results for different angles of tip-path plane to the freestream velocity,
at u=0.3. Positive and negative angles were investigated, but only posifive angles are presented here.

The directivity of the noise does not vary significantty with . This is because the positions and
phase speeds of the intersections remain unchanged. However, the intensity of the noise does vary, and
is loudest at 0°-2° . At negative oy o {nose down) the wake passes beneath the blades. As @RP is
increased, some sections of the wake move from being beneath the rotor disc to above the disc. Note
that the noise level! deteriorates as %p increases and the vortices involved in interactions get further
above the blades. The noise generated by a BVl s loudest when the velocity induced on the blade by
the vortex is highest, This is not when the blade cuts through the centre of the vortex, but rather when the
blade is at an ‘optimum’ distance from it. figures 12 to 14 illustrate how this effect. In Figure 13 there is a
relatively foud band of noise curving from 180° to 270°. The noise is caused by a section of wake passing

advancing blade, due to the change in O but the band of noise produced is quister. In Figure 14, at
relatively high Stpp, the wake passes further above the blade and the relative intensity of this band of
noise reduces,

13C ing & Different Numi (Bl

Figures 12 and 1& to 17 show the effect of increasing the number of rotor biades for constant
operating conditions at 4=0.30. it can be seen from these figures that the number of crifical intfersections
increases with number of blades. This has the effect of making the BVI noise less directional. The intensity
of the noise from each intersection decreases with increasing number of blades. This is because for a
larger number of blades, each blade is preducing less lift. and so each tip vortex is weaker,

The overall effect of increasing the number of biades is to produce relatively low intensity Mach
cone radiation in ol directions rather than relatively loud noise in specific directions.

{4 Elfect of Chanaing the Rotor Hel

Figure 18 shows ¢ result with the rotor height above the ground, h=0, but otherwise the same
operating conditions as Figure 9. Effectively, the ground plane is now in ithe plane of the rotor. It can be
seen from Figure 18 that in the plane of the rotor, the noise radiates out in straight lines. The “slices’
through the radiation cones made by the ground plane are now along the central axes of the cones. At
h=0 (Figure 18). it can be seen that the lines of infersection of the radiation cones with the ground are
densest close fo the rotor. This is where the noise wilt be loudest, However, h=150m (Figure 9) the
maximum density of ines does not occur directly beneath the rotor, but some distance away from it. This
implies that the loudest noise is not directly below the rotor when the rotor is af altifude.
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5 Conclusions

A computational model has been developed to predict the phase speeds of blade vortex
interactions. The model also predicts the directivity of BVI noise due to the Mach cone radiation process,
Further, a simple model was used to predict the relative strengths of the BVI nolse produced by each

interaction. The model can be used to support and explain resulls obtained from experimental and
anaiytical research.

The model was used to study the directivifies of 8Vl Mach cone radiation for a variety of fight
conditions. Particular directivities were atiributed to specific areas of blade-vortex interaction. The
geometry of interaction and cormresponding noise drectivities were found o be strongly dependent on
operating conditions. The peositions of the blade vortex interactions with supersonic phase speeds for the
advancing blade were between approximately 30° and 60°. Those for the refreating blade were
between approximately 300° and 330°.

The dadvaneing blade causes the majerity of the crifical interactions since there are clways wakes
present in the disc section from 0° to 90°, The refreating blade causes fewer interactions due fo the fewer
number of wake points present. The retreafing BIadd mdy just miss a wake, and the quantity of Noise
from this blade wili drop significantly. The directivity of noisse from the advancing blade is located from
approximately 96° o 190°, and 270° to 360° in the far field. The refreafing biade produces noise from
approximately 0° to 70° and 160° o 270° in the far field.

As the advance ratio increases, BV noise becomes more directional and louder, The advancing
and refreating biades may interdact with wakes such that the peint of intersection may move inwards or
outwards along the blade. Both of these effects may be observed on the same blade at once as it
interacts with the same wake at two poinis. The directivity of the noise is different for each of these
cases, A repetitive paftern in the noise directivity is observed as m increases, This was aftributed fo
repetition in the corresponding positions and phase speeds of interactions.

Tne noise was found to be loudest at 0° fo 2° tip-path plane angle.

The overdll effect of increasing the number of blades is to produce reiatively low intensity Mach
cone radiation in all directions. rather than relatively loud neise in specific directions.
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