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Abstract 

3D-velocity fields have been measured on a 40% scaled 
B0-!05 modelrotor by Laser-Doppler-Velocimetry 
(LDV) during the HART-test campaign in the open test 
section of the DNW. On both advancing and retreating 
sides of the rotor the flowfields inside and adjacent to 
specified tip-vortices prior to Blade Vortex Interaction 
(BY!) have been measured by DLR (advancing side) 
and ONERA (retreating side). From the measured ve­
locity fields vortex specific quantities like core size, 
strength, location with respect to the interacting blade 
(miss-distance) have been derived and can be used as 
realistic inputs for numerical codes. In the present study 
2D-model calculations at BVI have been carried out to 
study both near field flows during blade vortex inte­
raction as well as farfield acoustic effects utilizing a 
Kirchhoff solution procedure. Calculated acoustic data 
are finally compared with sound pressures from mi­
crophones measured during the HART-test campaign. 

1. I ntroductiotz. 

For the investigation of Blade Vortex Interaction Noise 
(BVI) several test campaigns on a B0-!05 model rotor 
have been carried out recently in the DN\V open test 
section with its excellent anechoic properties. In addi~ 
tion to direct noise measurements by an array of mi~ 
crophones in the far field of the rotor detailed pressure 
time histories have first been measured with as much 
as 124 in-situ pressure transducers on one reference 
blade during the Helinoise Aeroacoustic Rotor Test [I]. 
The pressures have been measured by means of a 
complex measuring equipment of DLR [2]. From these 
preceding tests new insight into the complicated featu­
res of BVI noise generation and radiation could already 
be detected. 

In addition Higher Harmonic Control (HHC-) effects 
were studied during the HART- test campaign [3],[4] 
to investigate also Low Noise (LN) and Low Vibration­
(L V) conditions of the rotor. Up to now the reasons are 
not known why specific HHC parameter settings lead 
to a lower noise or lower vibration level. A much more 
detailed knowledge of the flow structure of the tip­
vortex system just before and during interaction with 
the rotor blade is necessary. 
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1.2.1 

One major objective of the HART-test campaign was 
therefore to include in addition to acoustic- and pres­
sure-measurements also flowfield measurements by 
LDV to be carried out in regions on both advancing and 
retreating sides of the rotor disc prior to blade vortex 
interaction. To limit the amount of measuring time, the 
LDV-measurements were jointly done by LDV set-ups 
of both DLR (advancing side) and ONERA (retreating 
side). 

The present paper is concerned with some selected data 
obtained by the DLR 3D-LDV test set-up [5] on the 
advancing side of the rotor. For this purpose a new 
LDV test rig has been developed by DLR which is able 
to realize a measuring distance of more than Sm and 
thus can be operated in the open test section of the 
DNW. The objectives of the LDV tests were to 

• measure the velocity distributions inside and ad­
jacent to the tip vortex prior to its interaction with 
the blade (BY!), 

• determine the core size of the vortex, 

• find the miss-distance between vortex and blade 
at their interaction. Necessary blade position 
measurements have been done by ONERA 
(TART), 

• determine the circulation of the vortex. 

The LDV-rneasurcments have been can·ied out for five 
different rotor conditions: 

l. Base~ line case with 5.3° shaft angle, 

2. Base-line case with 3.8° shaft angle, 

3. Base-line case with 6.8' shaft angle, 

4. HHC Low Noise (LN) case with 5.3' shaft angle, 

5. HHC Low Vibration (LV) case with 5.3' shaft 
angle. 

The present paper concentrates on case 1: Base-line 
case, a$h<>fl = 5.3° and gives some flow results also for 
case 5: HHC Low Vibration, o..,ho/l = 5.3°. The final 
experimental data obtained from the LOY-measure­
ments are assumed as realistic inputs into numerical 
calculation procedures. 



Fig. I: HART test setwup in the DNW open test section. 
LDV-towers: left ONERA, right DLR. 

In recent years the BVI-problem has been investigated 
in the Max Planck Institut fUr StrOmungsforschung and 
at OLR Gottingen both experimentally [6] and nume­
rically [7] as a two-dimensional model problem. In both 
cases the details of the interacting vortices have been 
estimated. It could not be confirmed that the flow 
phenomena occuring in the model flows are also exsi~ 
stent on real rotors. With the LDV -data it is assumed 
to get more realistic input data and to start calculations 
with the "correct" initial conditions. 

The 20-time accurate Euler code described in [7] is 
proved to be a suitable tool to 

• investigate in detail the time-dependent flow duw 
ring the passage of the vortex 

• determine the noise development and its radiation 
into the farfield 

The latter problem has been solved by means of a 
Kirchhoff solution procedure. Allthough the flow cal­
culations during BVI are limited to two dimensions, 
new considerable insight into the flow prior and during 
interaction between airfoil and vortex have been 
achieved. Sound pressure time histories as well as 
sound directivities can directly be compared with cor­
responding data measured by the microphone array 
during the HART-test campaign. 

2. LDVwMeasurements. 

2.1 Measuring arrangement in DNW. 
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Fig.} shows the BO-lOS model rotor and the 30-LOV 
set-up in the open test section of the DNW. The 
LDV-rneasuring plane was 10.75m above the tunnel 
floor. Transmitting and receiving optics of the LDV~ 
system were installed on top of a special tower with a 
corresponding platform aligned with the rotor plane. 

The DLR measurements took place on the advancing 
side of the rotor disc at '+' :::: 55° azimuth angle and at 
r/R = 0.75 radial position. From Laser Light Sheet 
(LLS) investigations accomplished by DNW [8] as well 
as from numerical calculations the location of the vor­
tex with the most extensive effect with respect to 
BVI~noise generation was known in advance and the 
LOY-probe volume has been adjusted to this vortex 
position. 

From the settling chamber of the windtunne! a small 
tube of seeding particles has been injected into the flow 
using dispersed oil particles with an average diameter 
below I t.J.Jn. The seeding injection set-up could be re~ 

motely controlled from the test stand to find an opti­
mum position of the seeding probe. 

2.2 Set-up of DLR 3D-LDV. 

Fig.2 displays the set-up of the DLR 30-LDV utilizing 
a 6 Watt argon ion laser. The light of the different 
wavelength was fed by mono~mode glass fiber to six 
individual transmitting optics which focus the laser 
light to the common measuring volume in the necessary 
measunng distance of Sm. The dimensions of the 
measuring volume are 0.25mm in diameter and lmm 
in length. 
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Fig.2: DLR 3D LDV set-up 

A 500mm in diameter receiving optics included in the 
mechanical construction between the optical axis of the 
transmitting optics, collected the back scattered light 
from the seeding particles. Further details of the LDV­
system and data reduction procedures are given in [9]. 

I x=x~, I 
LOA- Measuring 

Volume Ur - ~~------~-------+'H-' t 

Fig.3a: LDV Measuring Procedure: Time-History. 

2.3 LOY-Measurement Procedures. 

For the measurement of velocity vectors by LDV two 
different procedures have been envisaged: 

1. Time-history measurement 

2. Velocity mapping. 

In the first case the probe volume is fixed to one spa­
tial position (see Fig.3a). Then the measuring window 
is opened (L'.Ijl ~ 45°) while the vortex is passing the 
probe volume. The corresponding velocity distribution 
(vertical component) as function of \tf (or time t) is 
sketched in Fig.3a. To cover the whole flow fJC!d ad­
jacent to the vortex, the probe is then successively 
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moved in vertical (z-) direction. The measuring time 
for c~ch z-position is about I min. For the total of 60 
z-positions approximately I hour of measuring time is 
necessary. 

To find the core size from this procedure it has to be 
assumed that 

• the convection speed of the vortex can be estima­
ted 

• the convection speed is constant within the mea-
suring window. 

The estimation of the convection speed with compo­
nents in both axial and vertical directions is not 
straightforward. These values have been obtained by 
an iteration procedure described in section 2.4.1. 

To determine the vortex core size independent from 
the convection speed, the velocity mapping procedure 
can be used instead. 

Ur -

Fig.3b: LDV Measuring Procedure: Velocity Mapping. 

Fig.3b shows the principle: Now the probe volume of 
the LDV is not only moved in vertical but also in axial 
direction. For each position a small axial measuring 
window is opened. \Vith reference to a fixed trigger 
signal of the rotor, quasi steady velocity data of the 
periodic flow field are obtained. Thus the vortex posi­
tion is kept fixed with respect to the measuring domain. 
With this procedure the core size of the vortex can di­
rectly be determined. But now a matrix of measuring 
points has to be covered by the LDV-probe volume 
leading to excessive measuring times (approximately 
one measuring day per case). 

To save expensive windtunnel time, the first procedure 
was preferred. Additional effort was put into the post­
processing of the LDV-data to solve the problem of 
determining the correct speed of the vortex (see section 
24.1). 
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Fig.4: Coordinate System 

2.4 Experimental Results. 

LDV fixed 
co-ordinate 
system 

The LDV-data displayed in the following sequences of 
figures have been measured in a LDV-fixed coordinate 
system (Fig.4) and were transformed into a rotor fixed 
system with its origin in the rotor-hub. Fig.S shows the 
measured velocity vector field in a x-z-plane where al­
ready estimated convection speeds of the vortex have 
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been lakcn into account: U,. ::::: 33m/s (,;. tunnelspced), 
We ::::: -!Omls (downwash). A vertical flow is clearly 
visible. In the lower part of the figure a band of in­
creased velocities indicates the location of the wake of 
a preceding blade (starting at the right margin of the 
figure). In the following subsections the characteristic 
features of the vortex will be determined. 

2.4.1 Vortex Convection Speed. 

The velocity field in Fig.S has been obtained with a 
rough estimate of the vortex convection speed. Fig.6 
displays the same flow region, but now areas of equal 
vorticity, defined by 

with 

i=fii.cJs 

I j - -· rot(u) = -. u . ds 
A 

as the circulation around an area A with the path vec­
tor S (U ,;. local velocity vector) are shown. 

700 750 800 850 900 950 
x [mm] 

Fig.S: Measured Velocity Vector Field for Base-line Case, a,"aJ• = 5.3° 
Estimated Convection Speed: U< = 33mls, W< = -10mls 

1.2.4 
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Fig.6: Vorticity Distribution and Selected Streamlines. 
Convection Speed as in Fig.S. 

Except a vorticity increase along the wake the domain 
of the vortex shows only a rather small extension of 
vorticity, which is not appropriate in this case to de­
termine the vortex center. In addition a selection of 
streamlines (the dots indicate the origin of these lines) 
have been calculated from the velocity field. The ver­
tical structure of the flow is obvious. The streamlines 
are originating from a focal point. From vortex kine­
matics it is known that this type of flow structure oc­
curs for a moving vortex, i.e. the convection speed 
estimated before does not correspond to the real vortex 
speed. 

z 

Fig.7: Vorticity Distribution and Selected Streamlines. 
Convection Speed: U< = 31mls 1 W( = -lO.SmJs. 
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Using the postprocessing too\ COMADI l 10\ in a suc­
cessive manner by modifying step by step the compo­
nents of convection speed, the picture displayed in 
Fig.7 is t1na!ly obtained. Now the components are: 

U, = 3Im/s, W, = -!0.5mls. The vorticity is of 
course not affected by this modification. However the 
streamlines show a rather different behavior: now a li­
miting streamline exists around a center. No streamli­
nes can reach the vortex center. But the center can ea­
sily be determined from this plot. Compared to Fig.6 
it has slightly been shifted. 

Due to this distinguished behavior of streamlines and 
due to the fact that the center corresponds to the loca­
tion of a (flat) vorticity maximum the corrected con­
vection speeds of the vortex and its new position were 
taken for further investigations. 

2.4.2 Vortex Core Size. 

Figs.S and 9 show velocity profiles along cuts through 
the vortex center of Fig.?. Fig.8 includes the profile in 
x-direction, Fig.9 gives the corresponding profile in 
z-direction. In Fig.8 the maximum and minimum velo; 
city peaks due to the vortex can easily be detected. A 
dimensionless core size x/c=l.07 (c=0.12Im, blade 
chord) is found as the distance between the two velo­
city peaks. The cut in the z-direction (Fig.9) shows in 
addition to the vortex effect also the influence of the 
wake of the preceding blade as has been discussed be­
fore. Due to this interaction between vortex and wake 
effects the core size can not easily be determined in this 
cut. A value for the core size of zfc=0.70 has approxi­
mately been found in this case. 

The cut along x (z=constant), Fig.8, has to be corrected: 
The interaction between blade and vortex takes place 
at approximately '¥ = 60' azimuth. The LDV -measu­
ring area (x-z-plane) is located at \f' = 55°. If it is as­
sumed that the vortex generator is already parallel to 
the blade leading edge at this position, the cut along x 
has an angle of 35° with respect to the vortex genera­
tor: The core size for this cut is virtually larger and the 
corrected value is therefore: xlc ·cos 35' = 0.88. 

2.4.3 Vortex Miss-distance. 

A rather complicated but straightforward step by step 
procedure has been applied to determine the miss-di­
stance between vortex and interacting blade. For the 
present case 1 the interaction is assumed to occure at 
'V = 60' azimuth angle. The following steps were 
done: 

I. Determine the vortex center from the streamline 
plots with corrected speeds of the vortex (Fig.7). 

2. Express the coordinates of the vortex center in the 
rotor-hub fixed coordinate system (Fig.4). 

3. Take the measured position of the blade tip (at 
'¥ = 60') close to the LDV -measuring plane 
('¥ = 55'). The blade position was measured by 
ONERA using the TART-method (Target Attitude 
in Real Time). 
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Fig.8: Velocity Profile Through Vortex Center in x-direc­
tion of Fig.?. 
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Fig.9: Velocity Profile Through Vortex Center in z-direc­
tion of Fig.?. 

4. Interpolate the position of the vortex center at the 
LDV-measuring position ('¥ = 55') to the inte­
raction position (\f' = 60°) with the assumption 
of an unchanged down wash velocity 
(W, = -JO.Smls). 

5. Determine the location of the blade section at r/R 
= 0.75 from the measured location of the blade tip 
by assuming a linear deflection of the blade from 
tip to root. 

6. In the final step the vertical difference between the 
interpolated vortex center position and the location 
of the r/R = 0.75 blade section is calculated as the 
miss-distance between blade and vortex. 

1.2.6 

Frorn this lengthy procedure a final value of de :::: 
-0.042 has been determined as miss-distance for the 
present base-line case: u. . .-haft = 5.3°. Corresponding 
numerical investigations of ONERA using free wake 
calculations yield a value of x/c = 0 for this case. Due 
to several uncertainties in both experimental and nu­
merical procedures the correspondance between calcu­
lation and measurement is quite good. This holds also 
for most of the other cases of the HART-test campaign. 
(see [5]). 

2.4.4 Vortex Strength. 

Taking into account the vortex center (Fig.7) the cir­
culation distribution can be derived by integrating the 
velocity distribution along boxes surrounding the cen­
ter. The circulation is increased approximately linear 
with increasing distance from the vortex center. It rea­
ches a maximum at about 50% of chord with a maxi­
mum value of r = l.lm2/s. 

2.5 Results of the HHC-Low Vibration Case. 

Fig.JO shows the velocity vector field as measured by 
LDV and corrected with U, = 33m/s, W, = -lOmls 
convection speed of the vortex for the Higher Hanno­
nic Control Low Vibration case with U.shaft = 5.3°. 

In this case some surprising flow structures can be 
detected including a double vortex system with a larger 
but less intensive vortex and a smaller but stronger 
vortex nearly above the first one. The lower vortex is 
rotating in clockwise direction, i.e. in the same sense 
as the single vortex of Fig.5 (Base-line case). The up­
per and stronger vortex however rotates in anti-clock­
wise sense. Applying the same procedure as in the ba­
se-line case a corrected convection speed of 
U,. = 31.5mls, W, = -8.5mls is obtained (see Fig. II). 
With these components the streamlines around the lo­
wer vortex have a limiting value. For the upper vortex 
the streamlines show still a spiral structure. 

Several conclusions can be drawn from these obser­
vations: 

• the existence of two counterrotating vortices indi­
cates a change of sign of the blade loading at the 
tip region where the vortices originate. The coun­
terclockwise rotating tip vortex develops due to a 
negative gradient of bound circulation at its origin. 

• the vortex system is conserved downstream as se­
parated vortices with slightly different convection 
speeds. Possibly the centers of the two vortices 
move around a common center. 
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3. IJ VI-Calculations with Time-accurate Euler Code. 

3.1 Numerical Code. 

For the numerical investigation of Blade-Vortex Inte~ 
raction a finite volume scheme has been used to solve 
the 20-unsteady Euler equations, [7]. The scheme 
works on unstructured grids which consist of triangles. 
The numerical flux is calculated with the flux-diffe­
rence splitting method using Osher's approximate Rie­
mann solver. To improve the accuracy of the solution 
and to avoid excessive numerical dissipation, a higher 
order procedure is applied for spatial interpolation. 
Without this extra numerical effort the vortex as well 
as the generated sound waves would be damped in an 
unacceptable way. 
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Fig.12: Distributions of: Tangential Velocity (top), 
Circulation (middle), Pressure (bottom). 
Dashed Curves: Original Lamb-Vortex 
Solid Curves: Modified Lamb-Vortex 
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The calculation starts with a steady flow around a pro­
file where a vortex is inserted far upstream. At the be­
ginning this vortex is convected downstream. When it 
reaches the airfoil the actual interaction takes place. 
Then the vortex (or the remainings of it) are convected 
further downstream. Meanwhile the generated sound 
waves are propagating into the whole computational 
domain. To minimize the influence of the boundary on 
the inner solution, higher-order nonreflecting boundary 
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conditions arc aprlicd along the out~r boundary. This 
procedure has the effect that sound waves which reach 
the outer boundary simply leave the computational do~ 
main as if the domain would continue to infinity. 

Special emphasis has been placed on a realistic mo­
delling of the incoming vortex. Desirable would be to 
know the complete field data of velocity, density and 
pressure inside the real vortex. But due to experimental 
restrictions informations are obtained only at a limited 
number of points. Thus the experimental data give only 
a rough idea of the vortex strength and extension. To 
determine the exact structure of a compressible vortex, 
a model has to be used. In the present case several as­
sumptions are necessary: 

• The vortex has to fulfill the radial momentum 
equation, i.e. the vortex is really a steady solution 
of the Euler equations. Otherwise the vortex itself 
would be unsteady and generate disturbances al­
ready without any interaction. 

• The radial distribution of the tangential velocity 
and the entropy are prescribed. 

The whole procedure to compute and insert the vortex 
into the flow field is described in detail in [7]. The 
velocity distribution which is used for the present cal­
culations is based on the vortex model of Lamb. For 
the entropy simply a constant value is assumed. 

In Fig.l2 the radial distributions of various quantities 
of the model vortex are shown. Two variants of the 
model vortex are plotted: The solid lines correspond to 
the one actua\ly used in the calculations. The dashed 
lines are for a model vortex using the original Lamb 
formula for the velocity. In the latter case the model 
vortex has an infinite extension. The velocity increases 
from zero in the vortex center to its maximum which 
is at r/c=;Q.35 in the given example. This point is defi­
ned as the core radius. For larger values of r the velo­
city decreases and tends to zero as r goes to infinity. 

To avoid difficulties with the initial conditions at 
boundaries the Lamb formula was modified to give a 
vortex with finite extension (solid curves in Fig.l2). 
Inside the core the variants are almost identical. But 
outside the core the velocity decreases steaper compa­
red to the infinite vortex and reaches zero at the pres­
cribed radius of ric~2.0 (referred to airfoil chord). 
These differences cause also deviations in the distribu­
tions of the other quantities as can be seen in Fig.l2. 

For the finite vortex the circulation has a maximum 
at a certain radius, which is larger than the core radius, 
and the circulation vanishes smoothly when r/c reaches 
2.0. In the original Lamb model the circulation grows 
monotonously with r and reaches its maximum at infi­
nity. But the measurements have shown that the real 
vortex has indeed a distinct maximum circulation at a 
certain radius. It seems that the finite vortex model, 
which has definitely numerical advantages, docs also 
reasonably model the real situation. 



3.2 Calculation of IJVJ~Fiow Fields Usiflg LDV~data 
as Input. 

With the different quantities measured by LDV and 
discussed in the previous sections the characteristics 
of the vortex can now be specified for the numerical 
calculations. The following quantities have to be taken 
as input into the vortex model: 

• height of the velocity peak, corresponding to vor­
tex strength 

• location of the velocity peak, indicating the vortex 
core size 

• extension of circulation into the farfield 

• sense of rotation of vortex 

• Mach number of vortex and undisturbed flow with 
respect to airfoil 

• airfoil shape and its incidence 

• vertical distance between vortex and airfoil at in­
teraction (miss-distance) 

upper surface 

1 

········· 

-1 

lower surface 

-2 
0 1 2 3 4 

t [ms] 

Fig.13: Pressure Fluctuations due to Vortex Passage at 
3% airfoil upper/lower surface. 
Dashed Curves: ±3m/s-peak velocity 
Solid Curves: ± 6m/s-peak velocity 

For the base-line case 1 with 0.._,11afr = 5.3° the follo­
wing quantities have been obtained before and can be 
listed as follows: 

maximum velocity 

vortex core size 

extension of circulntion 

± 3mls 

0.7c 

r/c=2 

1.2.9 

rotation direction 

1\lach number 

airfoil 

miss-distance 

c!od:wi:;c 

0.57 (at r/R=0.75) 

Nt\Ct\23012 

.Q.042c (below airfoil) 

With these parameters the numerical calculations have 
been carried out and as a first check the pressure fluc­
tuations at the blade due to the effect of the vortex are 
investigated and compared with measured pressures, 
[I]. Fig.l3 shows the pressure fluctuations (mean va­
lues subtracted) at 3% lower/upper airfoil surface as 
function of time. The dotted curves show results for the 
± 3m/s-maximum velocity case. A lop of l.SkPa has 
been calculated. The corresponding experimental data 
(Polar/Dpt:99/l333 in [I]) however show a lop of ap­
proximately 3kPa for this BYI-case (see height of the 
BYI-spikes in figure, page 253 of [I]). 

This coincidence between the ± 6nz/s-maximum velo­
city case and the corresponding calculated and measu­
red pressure response at the airfoil indicates that a 
stronger vortex has to be used in the calculations to 
generate the measured pressure fluctuation. 

Fig.14: Instantaneous Pressure Contours (Steady Pressu~ 
res Subtracted) During Vortex Passage. 

The discrepancy may be caused by several reasons: 

• numerical errors 

• 
• 

unexact vortex model 

uncertainties in the ensemble averaging procedure 
of LDY 

The latter effect has been investigated by a simple 
model calculation, [II], which shows the tendency to 
measure a too small peak velocity inside the vortex. 



In the following nurncric;d investigations the 
± 6m/s-vclocity case has been taken. All other parame­
ters were kept unchanged. Fig.J4 shows instantaneous 
pressure contours at the time instant when the vortex 
has passed the airfoil. Only pressure differences (steady 
pressure field subtracted) are indicated. At this time the 
remainings of the vortex are located approximately 
three chord lengths downstream of the airfoil. Pressure 
waves have already been formed almost symmetrically 
propagating towards the farfield. The exact sound wave 
directivity will be determined in the following section. 

3.3 Kirchhoff Solution Procedure for Calculation of 
Noise Radiation. 

For the analysis of the farfield sound generated by the 
parallel blade vortex interaction the pressure fluctua­
tions at certain points in the far field have to be com­
puted. 
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From an acoustic point of view the computational do­
main used for the Euler calculation represents only the 
rnidtield of the generated sound. An extension of the 
computational domain to calculate the pressure also at 
farfield points directly by the Euler code would cause 
an unrealistic high amount of numerical effort. For the 
computation of weak acoustic waves an acoustic for­
mulation is more suitable than a nonlinear code. The­
refore Kirchhoff's method is used to compute pressure 
fluctuations at farfield points. 

A similar approach was used in [12] to calculate 
BVI-noise. The main difference between the present 
procedure and reference [ 12] is the application of an 
Euler code instead of a small perturbation theory. 

A close surface, the so called Kirchhoff surface, is 
defined in the flow field. This surface should cover all 
regions where nonlinearities are important and where 
all sound sources are included. It is assumed that out~ 
side of this surface the acoustic equations describe the 
propagation of sound waves exactly. In our two-di­
mensional case the Kirchhoff surface is a one-dimen­
sional curve which was chosen to be a circle with ra­
dius of three times the chord. The center of the circle 
is the c/2-point of the airfoil. For the actual Kirchhoff 
computations this circle is discretized by 400 points. 
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Fig.16: Pressure Time History in Two Farfield Points at 
Total Energy Maximum. 
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Solid Curve: 121° 
Dashed Curve: 239° 

At these points the pressure and its spatia! derivatives 
are interpolated and stored at each time step of the 
Euler calculation. \Vith these data as input the pressure 
at each point outside the Kirchhoff surface can be cal­
culated by the Kirchhoff method. Numerical experi­
ments have shown that this method is critical with re­
spect to unexact interpolations of the spatial pressure 
derivatives. To achieve more nccurate results the grid 



used in the Euler co111putations is refined specifically 
in the region adjacent to the Kirchhoff surface. 

To analyse the directivity of the generated sound in the 
farfield, a reference frame fixed to the free tlow is 
considered. In this reference fra!lle the vortex is at rest 
and the airfoil is passing it with the prescribed Mach 
number. A small movement of the vortex from its in~ 
itial position is only caused by the disturbance of the 
airfoil. Around the initial position a circle with radius 
R=20c is constructed. The pressure time history and the 
radial derivative of the pressure is computed at 128 
points along this circle. With these values the energy 
is calculated, which is transported at each instant of 
time by the acoustic waves into the radial outward di­
rection of the circle. This energy flux is integrated in 
time over an intervall covering all waves generated 
during the interaction. This total energy flux is plotted 
in Fig. 15a as a function of circular angle where zero 
degree is defined opposite to the direction into which 
the airfoil is moving. 90° is normal to this direction 
above the path of the airfoiL 180° is in moving direc-
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tion and 270° below the path respectively. Fig.15b 
shows the geometric details. 

The curve in Fig.15a displays two distinct maxima of 
total energy flux. The first one is located at 121 o and 
the second one at 239°. Both directions are indicated 
in Fig.l5b. As an example the pressure time histories 
at the two points on the circle which correspond to the 
maximum energy fluxes are plotted in Fig.l6. The 
amplitudes referring to the point above the airfoil path 
(solid curve) are slightly larger compared to their 
downward directed counterpart: More energy is scatte~ 
red into the direction above the airfoil path. Of more 
practical concern however is the energy scattered into 
the region below the path,i.e. noticed by an observer 
at the ground. A strong directivity of emitted sound is 
predicted already from the present 2D-calculations. It 
is pointed out in the next section that these observations 
fit surprisingly good to corresponding experimental 
data measured by microphones in the farfield of the 
model rotor. 
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Fig.17: Sound Pressure Contours Measured by Microphone Array during Helinoise~Test (2.3m below Rotor Disc). 
Location of Calculated Maximum Sound Pressure Level. 
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3.4 Comparison of Calculated NoL\'e Data with ~lea~ 
sured t\ticropltotze Data. 

The calculated sound pressure time histories plotted in 
figure 16 arc comparable with ttle mcm;ured values by 
microphones. At microphone Nr.IO (maximum BVI­
noisc of Polar/Dpt:99!1333 in [1]) the sound pressure 
amplitude reaches a value of 6p = 80Pa compared to 
6p = 86Pa from the calculations (Fig.16). The struc­
ture of the signal: a minimum follows a maximum 
(dashed curve in Fig.16, downward direction) is the 
same for both measured and calculated signals. Fig.l7 
shows sound pressure contours measured by a micro­
phone array at 2.3m distance below the rotor disc. Ta­
king into account the direction of the maximum total 
energy flux (at 239°downwards) the dot in Fig.17 gives 
the corresponding position of the calculated sound 
pressure maximum. A linear correction has been ap­
plied taking into account the wintunnel speed. 

4. Conclusions, Future Actil'ities. 

3D-LDV flowfield measurements have been carried out 
in tip vortices prior to blade vortex interaction (B VI) 
during the HART-test campaign. Details of the vortices 
like core-size, strength, circulation and miss~distance 
could be determined from these measurements and arc 
assumed as realistic inputs into numerical codes to 
cnlcu18tc BVI-noise gencrntion 80d mdiation. 

The different par<Hnctcrs frotTI the LDV-tTlensurcmcnls 
were taken as inpul into a 2D~timc accurntc Euler-code 
combined with a Kirchhoff solution procedure to cal~ 
cul:l!e sound pressures in the fm·field. It was found thnt 
the measured peak to peak velocities inside the vortex 
were too low to produce the measured pressure fluc­
tuntion during BVI. With an increase of the peak to 
peak velocities by approximately a factor of two. kee­
ping all other parameters unchanged, the measured 
pressure fluctuation at the blade and the measured 
sound pressure signature and directivity in the farficld 
matched the calculated data sufficiently. 

One rCflSOn for the discrepsncy in vortex strength mny 
be nttributcd to the ensemble averaging procedure of 
the LDV data. Small movements of the vortex, which 
have been observed from Laser-Light-Sheet (LLS) vi­
sualiz.ation during the test, may be the reason of srnca~ 
ring the velocity peaks. 

For future tests it is therefore envisaged 10 apply a 
different measuring technique. the particle image velo~ 
cimetry (PlY). With this method a 2D- instantaneous 
flow field can be measured and the problems occuring 
with the ensemble averaging procedure arc avoided. 
Efforts are further clone in DLR to extend the PlY­
technique to three dimensions. 
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