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ABSTRACT

Together with the basis of a time-stepping aerodynamic free wake rotor code, ’retarded
potentials’ allow the calculation of BVI sound pressure generated by the rotor. This is
caused by a strong link between aerodynamics and aeroacoustics within the boundary
element methods (BEM). The aerodynamic computer code is an extended panel method
which develops the free moving rotor wake lattice time-—stepwise. It is able to deal with
strong blade~vortex interaction (BVI) and arbitrary rotorblade motion in every flight
condition. The timestep method allows the storage of the whole space-time moving
history of blades and wakes. This enables us to regard the limited propagation speed of
information in the flow field, which concerns beside pressure signals all singulazity activities
on the panel surface. This is based on the wave equation, formulated in the “airframe of
reference’ coordinate system. The induced potential values, radiated from the singularities
at the retarded panel positions, are determined and directly used for BVI sound pressure
derivation at every timestep. There is no necessity to calculate the sound pressure via
blade surface pressure evaluation. Graphical visuzlization of the retarded rotor position
in relation to the rotorblade wake (tip vortex) position at timesteps of interest is possible
and provides deep technical insight. A further benefit of this BVI mechanism investigation
is the ability of ’influence decomposition’, i.e. the contribution of different blades or blade
sections can be calculated by the postprocesor seperately. In the present paper the applied
retarded potential method is explained in detail and first comparisons with measurements

are included.

1. Introduction

One of the most important fields of current
rotoreraft research includes methods for noise
reduction. To achieve progress in this fleld it is
necessary to use modern computer methods to
predict sound pressure with sufficient accuracy.
The enlargement and refinement of the back-
ground knowledge about the very complex flow
behaviour around a helicopter rotor is the basis
for further improvements and the application of
new concepts such as individual blade control
(IBC). Rotor noise itself is generated by differ-
ent types of sources and one of them is the so-
called ’blade—vortex interaction’ {BVI}, where
the rotorblades hit their own trailing vortices.
Especially the descent flight path is affected by
BVI and its noise emission.

To model the aerodynamic rotor wake system

different methods were developed. One of them
is the "Free Wake Vortex Lattice’ method, based
on an extended panel method and potential the-
ory. Compared to other methods, this panel
method is a very fast method and requires only
limited modern computer resources. This aero-
dynamic method also guarantees a good repre-
sentation of rotorwake activity towards the ro-
torblades and gives a good illustration of vortex
core positions within the rotor flow field. Beside
lift and flowfield calculations the free wake vor-
tex lattice method was already used fo supply
start and boundary conditions for a rotor flow
calculation by EULER method [16], resulting in
a significant computer time reduction.

For several years the author has investigated a
new application of the free wake vortex lattice
method, following some ideas of a fundamen-
tal linkage between aerodynamics and acoustics.

Bo-1



The method of 'Retarded Potentials’ accounts
for the limited speed of informafion propaga-
tion and also limited propagation of singular-
ity activity within the flow field. A lmited
propagation speed of singularity activity within
flow calculation was theoretically introduced by
PranNDTL [12) elready in 1936, where an accel-
eration potential was adressed. The wave equa-
tion for small disturbances given there is also
a fundamental equation in acoustics. In the
acoustic domain the fundamentals and math-
ematical derivations of Frowcs WILLIAMS and
Hawkings [5] and FARASSAT [3, 4] are refer-
enced. There the sound pressure in the flow
field is calculated by evaluation of the unsteady
pressure behavior at the rotorblade surfaces.
Another approach, especially for BVI noise, is
given by [9], where the local BVI incidence at
the blade is regarded as a sound source which
is moving spanwise along the blade. Important
relations between aerodynamics and acoustics
were developed within a large number of pub-
ications by Morivo {10, 6]. To deal with the
time-retarded influence of flow field singulari-
ties such as blade panels, the kinematics and
functions of influence of the moving singulari-
ties are essential. The work of Das {2, 1] devel-
ops the analyiical handling of translatoric and
helical moving singularities.

The goal of the current work is the evaluation
of the aerodynamic rotorblade and wake data
by a 'retarded potential’ postprocessor code to
calculate the BVI sound pressure at arbitrary
observer points. Important aspects are 1) the
determination of the retarded blade and wake
geometry of the fully articulated rotor, 2) the
evaluation of the induced potential which is ra-
diated by the moving panels and 3) the ability
of influence decomposition to locate the areas of
BVI sound emission. All investigations as pre-
sented here were done with an isolated rotor.
No fuselage was included.

Extensive, aerodynamic and acoustic wind-
tunnel data were collected within the research
program of the FEuropean TUnion (IMT~
HELISHAPE) [15], where the Institute was
involved as a partmer. Measurements from
there are used for comparisons.

2. Aerodynamic Code

The applied aerodynamic code, the "Rotor
Free Wake Vortex Lattice Method’ (ROVLM)
was developed at the institute during several
years. Some features are only very briefly de-
scribed here, without giving any formulas. The
mesthod is an extended, inhouse developed panel
code following linear velocity potential theory
and working in a time-stepping manner. The
doublet strength of the new built spanwise wake
tow at the end of each timestep is obtained from
the blade trailing edge panels at every spanwise
section. Basics of this method together with a
lot of extensions and applications have been al-
ready published [13, 17, 18, 14]. In the current
version, the code is working with a thick pan-
eled totorblade model and applies the internal
Dirichlet Boundary condition for the potential
at the control points of each blade panel. For
profound and defailed information about panel
method basics and applications the reader is re-
ferred to [7]. Important features of the code are:

¢ The code runs stable in each flight con-
dition. Ewven local blade penetration by
wake-vortex filaments does not affect the
code run or the results in a negative way.
Of special interest are situations with di-
rect contact of blade and wake lattice, the
so—called strong BVI. This is important in
descent forward flight conditions with se-
vere BVI activity. Such a typical situation
is presented in Figure 1, where the rotor is
partially hidden by the wake lattice.
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Figure 1: Calculated vortex lattice system of a
HELISHAPLE testcase
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e A practicable model to deal with reverse
flow at the inner rotorblade airfoil sections
in forward flight is included.

o Calculated source and doublet strength of
each blade panel and the corresponding
geometrical blade network data are fo be
stored in a datafile to remain accessible for
the ’retarded potential’ postprocessor.

o A variable timestep length strategy is se-
Jected. The start-up wake is calculated
with 15° rotorangle timesteps until cyclic
steady state conditions are achieved, Af
ter an intermediate phase of 5° timesteps,
a decrease to 1° timestep length is done,
especially for those timesteps which will be
allocated by the postprocessor to perform
sound pressure calculation.

o All rotor blade movements such as rotation,
collective pitch, cyclic pitch and blade flap-
ping are code input parameters.

3. The Mathematical Background of
"Retarded Potenials’

Starting with the full potential equation
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and two important assumptions:

s Formulations and calculations are dome
within a non moving coordinate system
which is called the *Airframe of Reference’

o Speed of sound @ = ag is regarded to be
constant, which is a good approximation in
subsonic condition up to Ma =0,7.

we obtaln the wave equation for the velocity po-
tential:
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The solution of this wave equation can be
traced back to KircEEOFF 1883 [8, 3]. An ex-
tended GREEN function (3) is used. It includes
the Dirac function which performs a kind of fil-
tering with respect to the limited speed of pres-
sure wave and singularity activity propagation:

G =

S5t + (3)
&0

Tret
Inserting this formula info:

f/w——Gd5+4 /@mdé‘ (4)

one yields the solution of the wave equation
[11, 4]:
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Including now the elements of classical panel
methods such as sources and doublets at blade
and wake surfaces we get an equation for the
potential value ®p in the flow field, related to
Figure 2:

bp = ds +

e,u Tret ds (5)
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Some explanations about the formula ele-
ments:
1) Tyt Tepresents the vector from the sending
location of the singularity, i.e. retarded position
of the source or doublet panel, to the observer
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Figure 2: Velocity Potential in the Flowfield

P

2) &, is the doublet direction unit vector of the
panel in retarded position, which may be no
longer perpendicular towards the panel surface.
3) The part in the equation underbraced by
"Ratelet’ arises during the difficult differen-
tiation of the Dirac function in formula (3)
and (4) by chain rule. It is not a new kind of
singularity, but the time derivative of the panel
doublet strength is the governing value here.
Influence decrease with respect to distance
goes only by 1/ which is important for the far
field. In the calculations presented later it was
detected that the 'Ratelet’ dominates the BVI
originated sound pressure.

4) Compared with the rotorblades, the wake
doublet strength remains constant i.e. there
is no wake-ratelet activity. In view of the
relatively low wake speed in the airframe of
reference, the doublet vector i is assumed to
remain perpendicular.

4. Calculation of the Retarded Position

The retarded position of moving singularities
is the key of the whole method. Following Fig-
ure 3, the correct sending positions Z. at time
i, of the moving singularity P, towards an ob-
server P, with given observing time %, is de-
termined by the investigation of the space-time
moving history of the singularity. It is regarded
as a sender. The arbitrary movement is already
discreticed hy the time-stepping, aerodynamic
free wake code and stored by the space-time
points Ps(Z;,t:). A simple example of a straight
translatoric movement between the space-time
points ¢ and 7 is illustrated in Figure 3.

Our desired sending position is P{Ze,tc),
which is now determined on the assumption
of translatoric movement and constant speed
between the positions i and 7. A modified

Course of
Sender

Figure 3: Determination of the sending position,
indicated by ‘¢’

MiNkowsKi-Diagram (¥ig. 4) illustrates this
situation, where the function of the distance d
between the points P, and #, versus iime is
given. With the restriction t < i, the distance
function is:

d(t) = |8() ~ Zalta)| (7)

and the condition for transmission time and dis-
tance obeys the equation

tiq - (ta - ze) = i‘f(te) - fa(taﬂ (8)

Using the known points Ps(&;, ;) and Ps(F;,%;)
and assuming a constant, linear movement of
the sender Pg, we obtain the linear, local equa-
tion of movement:

5:"._5.
E(f) = —L——" & (9)
i;— %

which is inserted with ¢t = £, iante (8). Now
we receive a quadratic equation to calculate

d 4 Lines of
3 acoustic Perception
g
[z
'E; \' Distance Funktion
Lo

Figure 4: Modified MiwkowsKI-Diagram, Dis-
tance d( &L, P,) versus Time
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t. and together with {8} the exact location of
emission Z(f.) is determined. Starting with the
youngest’ available position of the Ps moving
history, the method developed here leads di-
rectly to the retarded position, without any it-
eration,

The retarded position of a whole rotorblade
is determined by application of the described
method at every panel nedal point as given in
Figure 5 where the shape of earlier rotorblade
positions is indicated, toc. The observer F; re-
ceives at i, the induction of all the singularity
activities at the retarded retorblade. It is like
to see the rotorblade ’acoustically’.

Rotorblada Position at 4,
Retarded Roterblade at 1,

Observer

pu ta + : ‘ 1 s
: ; L~ Rotorblade Positions
at former Timesteps

May, = 0,6
Advance Ratio = 0,23

Figure 5: Retarded rotorblade, together with
blade positions at current and earlier timesteps

Seeing the completely retarded rotor in
Figure 6 we detect that the retarded panels
have different size, approaching panels appear
to be enlarged, leaving panels seem to be
reduced. This links up to the next chapter.

5. Singularity Activity in Retarded
Position

To evaluate the induction of moving sin-
gularities, the following effects are taken into
account:

1) Sending (retarded) position and real position
are different.

2) The ’volume of emissions’ changes, already
visible by a different panel size. But that is
only one part. If we look for example at a
3-dimensional spatial distributed source there
is also a change in panel thickness from dsg
to ds,, as it is demonstrated in Figure 7. In

Ma"].,p =0,6

Rotor Position at ¢
Advance Ratic = 0,23 Q s *

Observer Point P, t,

Retarded
Rotorblade at t,

Figure 6: Retarded rotor position

this special case the panel moves with subsonic
Macu-nomber Mag parallel to the x—axis.
The model of the infinite $thin panel has been
extendend by a volume factor which accounts
for the change of thickness if the panel influence
is evaluated in retarded position. Changes in
panel aera size like dlp to di, are already
represented by the retarded position of the
panel edge points.

vzt

A

%/
<4,
el

8%
o _r 5
di,

x

X

Figure 7: Variation of panel thickness dsq and
panel length diy. Index » indicates retarded po-
sitions

3) Now we consider a doublet panel which is
orginally built by a pair of source and sink with
distance ds, as it is shown in Figure 8. Thereis
a tilt angle x, which remains unchanged, even
in the case of infinitesimal distance ds, — 0.
Therefore a change of induced doublet activity
occurs. The doublet direction vector in re-
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tarded position is €, instead of 7.

In the current retarded potential code the
effects 2) and 3) are accounted for by additional
geometrical points in the direct vicinity of the
panel. They are treated by the same procedure
as the panel edge points.

Figure 8: Tilt of doublet vector

6. Direct Sound Pressure Calculation

Sound pressure calculations in the farfield are
given by the BERNOULLI formula for unsteady
conditions. With the simplification that the in-
duced velocities V® caused by blade and wake
do not contribute to the sound pressure in the
far field we obtain for the total pressure:

lin
P=po—po-3r (10}
or the sound pressure ps:
0%
= po & 11
Ps = po 51 (11)

Now we are able to determine the signature
of the sound pressure by calculation of the
induced potential, which is radiated from
retarded blade and wake surface positions. To
obtain the induced potential in the far field
of blade and wake panels, it is sufficient to
use the far—field versions of the elements in
formula (7) instead of lengthy integrations.
Time derivatives of the induced potential at
the observer point are possible through simple
central or backward differences.

7. Results and Comparison

A noise intensive windtunnel testcase of the
'HELISHAPE’ project [15] was calculated by
the described aerodynamic rotor code, together
with a follow-on sound signature determination

by the retarded potential postprocessor. Tlight
condition is 6° descent path with strong BVI ef-
fects as already demonstrated in Fig. 1. The re-
sult is shown in Figure 9 where the investigated
microphone position MIC3 is located 2.3 meter
below the rotor disk as indicated in the figure.
To retain the visibility, only the free wake of
blade 2 is ocutlined.

Mikrophone Position (MICS, ze2,3m]  Blade 2 Tip Vertex
Blade 1 in Retarded Pemition

Biade 2in = &537:_‘:::
Rearded Posit i St L
¢ eilion T "m’
ey
LS
‘:‘.‘h .,__-'e;v‘;&c. 1
Blada 2 ! Elp-;_:
4 3
Blade 3in
« Rotardsd Posidon
it =157 Blade 3 Elade 4 in Retanded Position

Figure 9: Retarded Rotor Position at Timestep
it = 137

Mikrophone Poesifon [MIC3, 2--2 3m} Elade 4

Blade 1 in Rotarded Posilion

Blade 1~

Badozin

Retarded Position

b

itw210

N
DR AR
; Q'Q:,\,.%f_;‘,,h

s }l":if? ik é
e

¥

!

Blada 2~

Blade 3in
retardod Peaition

Bladea Blade 4 in Retarded Podition

Figure 10: Retarded Rotor Posifion at Timegtep
it = 210

Figure 9 illustrates the actual rotor position
and the retarded rotor position at timestep
number ¢t = 157. The retarded rotor is given in
relation to the observer at the microphone. All
the wake laftice structures between the real and
the retarded rotorblades are not yef known or
felt at the observer’s location. It is visualized
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here that the retarded rotorblade 1 aligns with
its curved shape along the tip vortex of blade 2.
This indicates a strong sound pressure signal.
We have to expect that the emitted BVI sound
of every spanwise rotorblade location arrives at
the microphone position simultaneously.

The calculated sound pressure contribution of
each blade is given in Figures 11 to 14. From
timestep it = 150 to it = 240 the 4-bladed rotor
performs a quarter of rotation. Around it = 157
Blade 1 {Fig. 11) generates a very BVI-typical
sound pressure line, which was already expected
by the visualisation of the retarded blade at the
same timestep in Figure 9. Blades 2 and 3 seem
to be ’quiet’ contributors during this quarter
of revolution. More activity is sent by Blade
4 around timestep ¢t = 210 while it is in con-
tact with vortices in the rearward rotor disk area
(Fig. 10). Figure 15 shows the completely cal-
culated pressure signal of all four blades as a
superposition of the single contributions. The
curve of 1/4 rotor rotation is now multiplied to
a complete rotation of the 4-bladed rotor within
a fictive timestep range it = 150 to ¢ = 510 in
Figure 16.

The measured sound pressure signal of a com-
plete rotor rotation in Figure 18 fits well in
amplitude but not so well in shape. If the
contribution of blade 4 is not taken into ac-
count, we receive a shape of the line in Fig-
ure 17 which fits very well to the measured
signal. In this case the distance between ob-
server {microphone) and the rotor disk was re-
duced to 1.2 m. The test of the removal of the
Blade 4 influence supports the following expla-
nation: Around timestep it = 210 where the
Blade 4 contribution is strong, the retarded ro-
torblade passes the area of the rotorshaft wake
(Fig. 10). The flow separation behind the rotor-
shaft is not modeled in the aerodynamic calcula-
tion process. Therefore it is realistic to say that
the calculated sound pressure signal around the
0° rotor position provides too strong and sharp
vortex inferactions, together with an overpre-
diction of the sound pressure. Further impor-
tant remarks about the sound pressure predic-
tion are:

e The method is sensitive towards rotor con-
trol angles and local changes of the angle
of attack. Especially the necessary wind-
tunnel correction which deals with the in-
clination of the rotor tip path plane must
be done carefully.

B -7

& The calculations were performed without

any friction losses or friction damping such
as vortex ageing in the flow field. Vortices
keep their strength without any dissipation.
There is only a fixed radius for velocity
damping around each vortex filament, to
ensure aerodynamic code stability.

Probable dynamic deformations of the ro-
torblades are not accounted for. The blade
flapping was measured during the wind
tunnel test and was taken as an input for
the calculation.
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Figure 14: Blade 4 Sound Pressure Contribution
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Figure 17: Calculated Sound Pressure, 'Blade
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8. Conclusions

The reason to use panel methods to investi-
gate design studies at low computer costs still
exists. Extensive aerodynamic rotor wake cal-
culation, 240 timesteps with full time stepping
free wake as done in the example presented here,
needed about 9 hours CPU at a SGI Impact
10000 workstation (desktop!! machine from the
year 1996). The computer time required for the
retarded potential postprocessor takes only a
few minutes for one observer position. One goal
of the whole development done here is to obtain
a relatively fast tool for aerodynamic and acous-
tic investigations at tolerable computer costs.
This presentation is t¢ show the capabilities of
the ‘retarded potential’ idea in conjunction with
free wake vortex lattice calculations.

The benefit of the direct method is the us-
age of the induced potential, which is caused
by sources and doublets at blade and wake sur-
faces. Their source and doublet strength is al-
ready calculated by the aerodynamic code. If is
not necessary to go via induced velocities and
blade surface pressure behaviour to gain sound
pressure.

Another important point is the unigue ca-
pability of influence subdivision or influence
decomposition. It allows a detajled study of
the sound pressure contribution of different ro-
tordisk areas, contributions of single blades or
even hlade sections. An additional powerful tool
is the ability to visualize the retarded rotor po-
sition in conjunction with the rotor wake lattice
system. Every timestep of interest can be se-
lected and is open for graphical investigation.

80.
MIC 3

60,

20,

Sound Pressure [Pa)

i

~-20.

i 1 T
I 0.00 0.25 0.50 ..75 1.00

Relative azimutal Rotor Position

Figure 18: Measured Sound Pressure Signature
at MIC 3, x=0,0 m, from HELISHAPE Project

With the knowledge of the current develop-
ment status it will be possible to achieve con-
siderable code speed—up by simplifications and
neglection of minor sound pressure contribu-
tors. Additional accelerations are possible and
already investigated in the field of the aerody-
namic code. Oue point is the rapid rotor free
wake calculation by a thin paneled blade with a
code internal cross over to a thick panel blade
at later timesteps.

If we look further at higher blade tip speeds
compressible and transonic effects will increase.
An aerodynamic field panel method was already
successfully applied to rotors [14] to handle that.
The evaluation of the field source activity by the
retarded potential method should be possible
and could open the way to include high speed
impulsive (HSI) noise calculations, too.
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