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This paper presents the development and validation of 3 algorithms 
for the identification and quantification of the actually radiated BVI 
noise of a helicopter rotor in flight. The main principles of the signal 
processing for the algorithms handling the data in the time domain, 
in the frequency domain and by continuous wavelet transforms will 
be described. A validation of the analysis methods will be given, 
using wind tunnel data. Finally some results of IBC flight tests will 
be shown. Besides the description of the flight condition analysis, the 
single time history output of the different BVI analysis methods from 
the flight tests will be compared with the data from microphones, 
which were mounted at the fuselage of the helicopter. The noise 
measurements on ground for the phase variation of the 2/rev IBC 
input will be refered to the mean values of the BVI analysis outputs. 
After all the results of rotor simulations will be related to the flight 
test data. 
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Cn 
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normal force coefficient 
thrust coefficient 
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BVI Blade Vortex Interaction 
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Eurocopter Deutschland 
Fast Fourier Transform 
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HHC Aeroacoustic Rotor Test 
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Individual Blade Control 
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co speed of sound, mj s 
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Continuous Wavelet Transforms 
frequency, Hz 
sampling location 
intrusion index 
force on the fluid per unit area 
in observer direction, N jm2 

mid-frequency noise level, dB 
A weighted noise level, dB 
helicopter weight, kg 
Mach number 
rel. Mach number (source--+ observer) 
number of blades 
number of pressure transducers 
number of samples 
sound pressure, Pa 
blade pressure, kPa 
quality criterion 
radial coordinate, rotor radius, m 
blade surface, m 2 
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max 
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time, s 
time period, s 
airspeed of the helicopter, rn / s 
blade normal velocity disturbance 
wavelet function 
weighting function 
kartesian coordinates, rn 
angle of attack, deg 
tip path plane tilt angle in pitch 
direction, deg 
angle between leading edge and vortex 
axis, deg 
shaft tilt angle, deg 
flight path angle, deg 
advance ratio 
rotor azimuth angle, deg 
control angle, deg 
pitch attitude, deg 
phase angle, deg 
roll attitude, deg 
air density, kgjm3 

wavelet scaling factor 
hover 
frequency domain approach 
ma..ximum value 
retardet 
rotor revolution 
rotor shaft 
time domain approach 
tip path plane 
wavelet transform approach 

1 Introduction 

The reduction of vibration and BVI noise are still 2 
of the most important aspects in helicopter research. 
Hence, the 3 partners ECD, ZFL and DLR are just 
performing some flight tests, using IBC to reduce the 
vibration and noise levels in flight. As already intro­
duced in [3], the flight tests concerning the BVI noise 
investigations subdivide in a first phase, where some 
open loop tests accompanied by noise measurements on 
ground were performed, while the second phase that is 
planned for the end of this year focuses on closed loop 
control. 

For this purpose a suitable feedback signal is re­
quired, which is able to provide information about the 
actual BVI noise condition. Body microphones have 
proven not always to be suitable, since they are out­
side the BVI related noise directivity [4]. Taking into 
account the results and experiences of [1] and [5], it 
was found that it is best to measure and quantify the 
effects that occur at the rotor blade itself, which are 
responsible for the radiated BVI noise. Thus, pressure 
transducers seem to be the most suitable sensors for 
the application of a realtime BVI noise identification. 

Within the IBC flight tests 3 different algorithms, 

which are based on the leading edge pressure time his­
tories of the rotat,ing blade, will be examined with re­
gard to their realtime capability and the correlation to 
the microphone measured noise level at the fuselage of 
the helicopter as well as on ground. These BVI analysis 
methods were developed in order to create a feedback 
signal for closed loop control of BVI noise. 

2 The choice of a suitable sensor 
for BVI noise identification 

If one thinks about the identification of the actual 
BVI noise condition for a helicopter in flight, the first 
thing is to choose a sensor, which is capable to provide 
enough information. 

2.1 Measurement of the sound pressure 
with microphones 

The direct measurement of noise is normally done with 
microphones. In the case of rotor noise the resulting 
signal consists of various portions, corresponding to dif­
ferent sources. The part of noise that has its origin in 
BVI is restricted to a typical frequency range, so that it 
can be extracted from the less interesting parts of the 
microphone measured sound pressure signal. One pos­
sibility for this extraction is to compute the so called 
mid-frequency noise level [1]. 

( 1) 

The coefficients ai and bi are the real and imaginary 
parts of the Fourier coefficients, corresponding to the 
ith blade passage frequency. Hence, a signal processing, 
which performs the FFT of the sound pressure signal, is 
indispensable. As one can see in the frequency spectra 
of the sound pressure signals measured in the BL and 
MN trim conditions from [2], Fig. 1, the amplitudes of 
the spectral lines reach their maximum in the range of 
the 36th rotor frequency, if there is BVI on the rotor. In 
addition, the multiples of the blade passage frequency 
are the dominant parts in the spectrum. For the mea­
surement in Fig. 1 the microphone was arranged at the 
position x/R = 0 and y/R = 0.82, see Fig. 2. 

Wind tunnel tests [2] have shown that the BVI noise 
has a strong directivity. For this reason the value of 
L Mid, determined from a sound pressure signal, de­
pends strongly on the position of the microphone with 
respect to the rotor. In Fig. 2 the variation of the mid­
frequency noise level within a plane below a model ro­
tor is depicted for the BL and MN cases of [2]. The 
measurement was performed at a vertical distance of 
zj R = 1.5 to the rotor hub. Obviously there are two 
surfaces in which the BVI noise reaches its maximum 
for the BL case, one on the advancing and one on the 
retreating side of the rotor. Taking into account the 
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Figure 1: Noise characteristics from FFT of a sound 
pressure signal for thetrim conditions of the 
BL and MN cases of [2] 
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Figure 2: Mid-Frequency (BVI) noise directivities for 
the BL and MN cases of [2] 

directivity of the noise emission, these surfaces are re­
lated to the regions on the rotor disk with the most 
intensive BVI. The positions of maximum BVI noise 
varies strongly with the trim condition and the HHC 
input, as can be seen from the comparison of the plots 
for the BL and MN cases in Fig. 2. 

The directivity effect leads to the following conclu­
sion concerning the BVI noise measurement in flight. If 
the noise is measured directly at the helicopter struc­
ture with body microphones, the measurement is at the 
edge of the noise radiation directivity, in a region that 
shows a strong noise gradient. Variations in flight con­
dition or rotor control conditions due to IBC inputs 
may affect the noise measured on the fuselage differ­
ently to the noise measured on ground, as the direc­
tivity of the noise changes as well. The helicopter fuse­
lage noise often gives an indication of the relative BVI 
noise changes, corresponding to a certain flight condi­
tion, however, the absolute amount of BVI noise heard 
on ground can not be estimated accurately. 

Nevertheless, it is possible to derive the BVI noise 
intensity, perceived by an observer on the ground, from 
the near field mid-frequency noise level averaged over a 
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Figure 3: Blade surface pressure histories at different 
chordwise sensor locations for the BL case of 
[2] 

plane, like in Fig. 2. Getting a representative feedback 
signal for closed loop BVI noise control from a sound 
pressure signal measured close to the rotor, one has to 
mount the corresponding microphone at the position 
of the maximum BVI noise emissions. As can be seen 
for the BL case in Fig. 2, these positions lay in the 
outer parts of the rotor, so that it seems difficult to 
fix a microphone to the fuselage of a helicopter, which 
would be able to provide useful data for a BVI noise 
controller. 

2.2 Identification of BVI by blade pres­
sure transducers 

A more promising way to get fast information on rotor 
blade vortex interaction, is to measure the aerodynamic 
effects that are responsible for the radiated BVI noise 
directly on the rotor blade. As the interaction of the 
rotor blade with a vortex affects the pressure distribu­
tion on the blade itself, pressure transducers mounted 
on the rotor blade surface seem to be well suited for 
the detection of BVI. The chordwise position of the 
pressure transducer is crucial for the purpose of BVI 
noise identification by this sensor type. Fig. 3 shows 
the time history plots of blade pressure signals for one 
rotor revolution at different chordwise sensor locations 
for the BL trim condition of [2]. As one can see, every 
single BVI event is resolvable, using a pressure trans­
ducer mounted on the upper side at the leading edge of 
the blade. BVI events are visible in all of the pressure 
signals, but they are most clearly to be identified at the 
leading edge in the vicinity of the airfoils suction peak. 

The main characteristic of BVI that can be observed 
in the pressure histories, is a strong negative gradient, 
which originates in a sudden rise of the pressure distri­
bution on the upper side of the blade, when it passes 
the core of the vortex. On the retreating side of the 
rotor the corresponding gradient of the pressure sig­
nal has a positive sign due to the different interaction 
geometry. Usually in this region the gradients of the 
pressure time histories are stronger, compared to the 
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Figure 4: High pass filtered blade surface pressure for 
the BL case of [2] 

advancing side) because of a higher value in the circu­
lation of the interacting vortices. This originates from 
the increased angle of attack at the rotor blade during 
the vortex creation, 

A high pass filtering even allows the detection of 
weak BVI events. The elimination of the low frequency 
parts in the pressure histories, which originate from the 
aerodynamic loading of the rotor, facilitates the iden­
tification of the gradients due to BVI. Fig. 4 shows the 
form of the resulting signal using the input of one of 
the time histories plotted in Fig. 3. Furthermore, the 
high pass filtering performs a normalization of the pres­
sure history, so that it can be compared to signals that 
were recorded under different trim conditions. This is 
essential for a quantification of the BVI state and the 
development of a control algorithm for BVI noise, as 
described later. 

The number and the optimum radial positions of the 
pressure transducers used for these algorithms will be 
defined later as well, after the sensor instrumentation 
of the rotor blades, available for the flight tests, has 
been introduced. 

3 Instrumentation & hardware 

Since the purpose for closed loop control of BVI noise 
in flight was the reason for the development of the pre­
sented algorithms, the instrumentation and the hard­
ware environment of the used helicopter will be de­
scribed in this chapter. The testbed for the open loop 
investigations, performed in march and april of this 
year, as well as for the planned closed loop tests, is 
the B0105 Sl of ECD. 

The instrumentation in the rotating system consists 
of 19 pressure transducers on one blade, 3 accelerom­
eters at the rotor hub, 3 accelerometers at the tip of 
one blade and 2 strain gages on each blade for flapping 
and lead-lag moment. The arrangement of the pres­
sure transducers on the instrumented rotor blade can 
be seen in Fig. 5. There are pressure transducers at 5 
different radial positions r/ R = 0.6, 0.7, 0.8, 0.87 and 
0.97 at the leading edge on the upper side of the blade 
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Figure 5: Arrangement of the pressure transducers on 
the instrumented rotor blade for the IBC 
flight tests 

that were found out to be well suited for BVI identi­
ficntion. Consequently, these 5 sensors can be used as 
input for the estimation of the actual BVI state. 

The signal processing for the data acquisition begins 
with an A/D conversion of the signals in the rotat­
ing system, which is performed by a transputer based 
data acquisition system mounted on the rotor hub. The 
scanning of the signals for the digitalization is triggered 
to the rotor azimuth angle with 512 samples per rotor 
revolution. This sampling rate was a compromise of 
the computing time for the data acquisition and an ad­
equate resolution for the identification of BVI from the 
pressure histories. 

Afterwards, the digitalized data are sent to a second 
computer in the fuselage of the helicopter, called IBIS, 
being responsible for the recording of all the data mea­
sured in the rotating system as well as for the data of 
the basis instrumentation. This unit executes also the 
communication with the ground station via telemetry. 
For the closed loop tests, the data necessary for noise 
and vibration control will be provided to the control 
computer. The real time estimation of the instanta­
neous BVI state of the rotor is performed by IBIS as 
well, so that the developed algorithms had to be imple­
mented on this platform. 

The demands for the BVI algorithms, concerning the 
real time capability, are principally determined by the 
performance of the processing unit, which executes the 
estimation of the BVI state. The T805 transputer in 
IBIS that is used for this purpose, is able to perform 2 
MFLOPS, which is comparable to a 25M Hz 386 unit 
with coprocessor. As only one rotor blade is instru­
mented with pressure transducers, the used BVI algo­
rithm has to be performed once per rotor revolution. 
With regard to the rotor frequency of the B0105 heli­
copter the resulting computation time is 143ms. This 
computation is done in parallel to the acquisition of the 
blade pressure data for the next rotor revolution. 

In addition to the pressure transducers on the ro­
tor blade, 3 microphones were mounted at the fuse­
lage of the helicopter for the measurement of the radi­
ated noise due to BVL The corresponding signals were 
recorded in analog form, independent of the data acqui­
sition in IBIS. For the synchronisation of the two data 
sets, the rotor azimuth angle as well as the beginning 
and the end of an IBIS measurement were also stored 
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on this analogous tape. 

4 Signal processing for the real 
time estimation of BVI noise 

After discussing the suitability of the different sensor 
types for the BVI identification as well as the most fa­
vorable location for the pressure transducers, it is useful 
to know that the sound pressure time history at any 
observer position x can be calculated from the blade 
pressure distribution, using the equation of Ffowcs­
WilliamsiHawkings [6]. 

41rp(x, t) 1 a J { [PVnCo + 1,] dS 
eo at Js r(l- M,) ,·ct 

+ j r [ 2 

1
' ] as J s r (1 - M,) ret 

(2) 

It consists of the thickness noise term, the loading 
noise term and the quadrupole noise term. The BVI 
only affects the loading noise term, which can be found 
as the second term of the sum in the first integral, so 
that this term will be described in detail. 

lr -is the force per unit area pushing on the fluid in 
the observer direction. In this equation the variable r 

describes the distance from the source of noise on the 
rotor blade to the observer position, while M, repre­
sents the Mach number of the source in the observer 
direction. As one can see, for the exact calculation of 
the sound pressure signal, using Eq. 2, a large number 
of pressure transducers is required to get an adequate 
numerical integration over the rotor blade surface S. 
Consequently, it is not suited for the real time appli­
cation of a BVI noise evaluation, because neither the 
number of the instrumented pressure transducers on 
the rotor blade, nor the performance of the used com­
putation unit, available for the IBC flight tests, can 
meet the requirements for solving Eq. 2. Nevertheless, 
it contains the information about the dominant param­
eters for the estimation of BVI noise from the blade 
pressure histories. 

4.1 The estimation of BVI noise in the 
time domain 

Looking at the FWH equation, the following issues have 
to be considered. The gradients of the pressure histo­
ries are the dominant indicators for BVI and describe 
their intensity. A further parameter) important for the 
intensity of the radiated noise) is the simultaneous rise 
in the pressure history over a wide radial blade section. 
The Mach number due to the sensor location is a sup­
plemental factor for the noise relevant weighting of the 
BVI events. With regard to these facts an algorithm has 
been developed, working in the time domain, which es­
timates a quality criterion for the radiated noise due to 
the BVI events, occuring on the advancing side of the 
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Figure 6: Block diagram of the signal processing for the 
real time BVI noise identification in the time 
domain 

rotor. It consists of 3 parts for the signal processing, 
depicted in Fig. 6. 

At first the blade pressure histories of 3 leading edge 
pressure transducers) mounted at the radial positions 
r I R = 0.8, 0.87 and 0.97, are high pass filtered to elim­
inate the low frequency parts. The 2 inboard sensor 
locations at r I R = 0.6 and 0. 7 were found to be less 
important for the estimation of the radiated noise. Af­
terwards, the BVI events can be identified from the 
resulting signals. Therefore the gradient t.P I t,.,p is cal­
culated at any sampling location i in the first quadrant 
for all of the used sensor locations j, using the following 
equation: 

i:lPii _ Pii - Pi-l,i 
t,.,p - t,.,p (3) 

If t.P;; falls below a specified threshold, baring in 
mind that it is negative for the advancing side BVI, its 
value is taken to define the intensity of the correspond­
ing BVI event. 

For the resulting share to the quality criterion it has 
to be weighted due to its significance for the radiated 
BVI noise. This is done by the introduction of the 
weighting factors WM and w~. The Mach weighting 
W M is derived from the FWH equation. Since neither 
the quality criterion is related to a defined observer po­
sition, nor the exact Mach number of the incident flow 
at the sensor position can be measured in flight, only 
the share of the blade tip Mach number for the hover-
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ing rotor due to the radial sensor location is considered. 
Thus, the derived weighting factor is only a function of 
the radial position ri of the regarded pressure trans­
ducer. 

(4) 

From Laser Light Sheet measurements in wind tun­
nel tests [2] it is well known that even BVI events of 
strong intensity can be less relevant for the noise radia­
tion, if the angle of intersection f3Bvi between the a..xis 
of the vortex and the leading edge of the rotor blade is 
more than fJBvi = 30°. For this reason a second factor 
w~ has been introduced to the algorithm, which con­
siders the angle of intersection for any identified BVI 
event. W~ is a function of the rotor azimuth angle 1/J;, 
thus it can be related to the sampling location i, and 
the radial position of the pressure transducer ri. The 
course of curve for vv/3ij is derived from a simple ana­
lytical model that determines the angles of intersection 
f3BVI to any position on the rotor disc as a function of 
the helicopter advance ratio f.L· 

Simplifying the conditions at the rotor, it is assumed 
that the vortices are created at the blade tip over the 
whole region of the azimuth angle in the second and 
third quadrant of the rotor. Furthermore, it is stated 
that the increments of the vortices do not change their 
orientation, if one looks at their projection to the ro­
tor plane, so that the horizontal trajectories looks like 
Fig. 7. The rotor blades are assumed to have a rectan­
gular shape. 

Finally the estimation of the BVI noise from the 
blade pressure histories can be written in the follow­
ing form: 

(5) 

The fraction 1/ N p expresses the averaging of the al­
gorithm over the number of pressure transducers, used 
for the estimation. 

4.2 The estimation of BVI noise in the 
frequency domain 

In accordance with the statements of Sect. 2.1, there 
was the idea to find some characteristics in the fre­
quency spectra. of the blade pressure data that can be 
related to the effects, observed in the frequency spectra 
of the sound pressure signals, depicted in Fig. 1. Thus, 
the spectra of the high pass filtered blade pressure data 
for the BL, the MN and the MV cases of [2], which con­
tain the multiples of the blade passage frequency, are 
compared in Fig. 8. 

But there is no characteristic tendency for the spec­
tral lines in the range of the 36th rotor frequency, which 
can be observed, comparing the spectra of the differ­
ent trim conditions. Taking notice of the fact that the 
used blade pressure data contain the information of the 
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Figure 7: Simplified model of the vortex trajectories 
projected to the rotor plane 
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Figure 8: Frequency spectra for the high pass filtered 
blade pressure data from [2] 

parallel interactions as well as the BVI events, less rel­
evant for the noise radiation, a second effort was made. 
Therefore, the blade pressure data were high pass fil­
tered and subsequently weighted due to the BVI noise 
relevance, using the function l-V,Bij, which was intro­
duced in Sect. 4.1. The resulting frequency spectra in 
Fig. 9 show the rise in the amplitudes of the spectral 
lines in the vicinity of the 36th rotor frequency for the 
BL and MV trim conditions, well known from the fre­
quency spectrum of the sound pressure signal for the 
BL case in Fig. 1. For the MN trim condition the ampli­
tudes of these spectral lines are decreased, while the low 
frequency part of the 4th rotor frequency is increased, 
what can be seen in the sound pressure spectrum as 
well. 
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Figure 9: Frequency spectra for the high pass filtered 
and noise relevant weighted blade pressure 
data from [2] 
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Figure 10: Block diagram of the signal processing for 
the real time BVI noise identification in the 
frequency domain 

Consequently, an algorithm has been developed, 
working in the frequency domain and using the rep­
resentative spectral lines for the estimation of the radi­
ated BVI noise. The block diagram of the correspond­
ing signal processing is shown in Fig. 10. 

The algorithm is similar to the one, working in the 
time domain, except for the fact that the noise relevant 
weighting is performed previously to the identification 
of the BVI in the frequency domain. For this algorithm 
the same 3 leading edge pressure transducers are used 
as input as for the time domain approach, described 
in Sect. 4.1. The resulting quality criterion is the sum 
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Figure 11: Change of the wavelet form with the varia­
tion of the scaling factor a 

of the identified amplitudes of the representative rotor 
harmonics indexed Nk. 

(6) 

For the BVI identification in the frequency domain, 
the averaging over the number of the used pressure 
transducers j is performed as well. 

4.3 The estimation of BVI noise by 
wavelet transforms 

A third approach for an algorithm to estimate the radi­
ated BVI noise from blade pressure data was performed 
by a continuous wavelet transform. This algorithm was 
developed within a cooperation of Daimler Benz, ECD 
and DLR. Compared to the algorithm in the time do­
main, it differs only in the form for the identification 
of the BVI events. While the time domain approach 
searches for BVI, looking for a rise in the pressure gra­
dients, the wavelet transform compares the pressure 
signal with a wavelet that has a typical form of a blade 
pressure history during BVI. Although the shape of 
the wavelet is fixed, it can be extended, using differ­
ent values for a scaling factor a. This purpose allows 
the adaption of the used wavelet signal to the varying 
azimuthal extensions of the BVI events in the blade 
pressure histories. Fig. 11 shows the variation of the 
wavelet signals with the scaling factor a. 

The correlation of the pressure history and the 
wavelet at any sampling location i in the first quad­
rant is checked by performing the convolution of the 
signal and the wavelet. 

= 
CWTa(t) = Jwa(T)P(i- T)dT (7) 

-= 
As can be seen in Fig. 12, a negative peak in the 

resulting signal CWT gives the information about the 
azimuthal position of a BVI event i 8 v1 in the blade 
pressure history. 
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Figure 13: CWT for the high pass filtered pressure his­
tory of the BL case of [2], using a scaling 
factor a = 3 for the wavelet 

But as the identification of the BVI events depends 
strongly on the scaling factor a, chosen for the used 
wavelet, i.e. the interaction in the vicinity of the sam­
pling location i = 70 can only be resolved, using a 
smaller scaling factor of a = 3, see Fig. 13. 

As the wavelet transform looks for an event, which 
extends beyond several sampling locations, it is less 
susceptible to any background noise in the blade pres­
sure signal than the identification described in Sect. 4.1. 
Compared to the algorithm, working in the frequency 
domain, it is advantageous that the information of the 
azimuthal BVI locations is retained. As well as for the 
estimation in the time domain, the value of the gradi­
ent in the pressure history defines the intensity of the 
BVI event. In opposition to Eq. 5 this algorithm looks 
for the maximum value of 6.?, at the adjacent sam­
pling locations 6.i = ±3 of the identified BVI location 
i BV 1. Consequently, for any BVI event only one value 
of the corresponding pressure gradient is added to the 
quality criterion. The following signal processing, per­
forming the noise relevant weighting, is equal to the 
one, used in Sect. 4.1. 

But as the BVI locations are predictable with an 
accuracy that corresponds to the sampling rate, it is 
imaginable to determine the BVI location with the min-
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Figure 14: Block diagram of the signal processing for 
the real time BVI noise identification by 
CWT 

imum in the angle of intersection 1/!(f3min), using the 
information of at least two blade pressure transducers. 
This azimuthal position of the most parallel BVI, oc­
curing in the first quadrant of the rotor, could be used 
for an azimuthal shifting of the weighting curve W;3;;. 
In this way, the analytical model for the BVI angles 
of intersection /3BVI can be adapted to the changes in 
the wake geometry, according to the flight condition of 
the helicopter. The described signal processing for the 
estimation of BVI noise by wavelet transforms can be 
seen in Fig. 14. 

5 Validation of the BVI analysis 
using wind tunnel data 

For the development and adaption of the 3 presented 
BVI analysis methods by blade pressure signals, espe­
cially the data of the measurements in [2] were used. 
There are a few reasons for this decision. First, in these 
wind tunnel tests extensive measurements of the radi­
ated noise due to BVI below the rotor were performed 
that could be used for a correlation test of the BVI 
analysis output to the measured noise level. Second, 
the blade pressure data with a high resolution of 2048 
samples per revolution were available and well suited 
as input for the analysis methods. Third, the measure­
ment implied the effect of HHC inputs on the BVI noise 
emissions, what is useful with regard to the planned 
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Figure 16: Noise Level and output of BVI analysis in 
the time domain for the 4/rev phase varia­
tion of [2] 

IBC flight tests. 
For the correlation test with respect to the phase 

variation, corresponding to 3/rev and 4/rev HHC in­
puts with amplitudes of 83 = 0.85" and e, = 0.85°' 
the averaged time histories of the blade pressure data 
were employed. Fig. 15 shows the results of the BVI 
noise estimation in the frequency domain for the 3/rev 
phase variation from [2]. Besides the HHC phase angle 
of ¢3 = 270", a good correlation of the BVI analy­
sis output with the measured noise level was achieved. 
The most important feature for an adequate curve fit­
ting was the adaption of the weighting function w~ 
due to the BVI angles of intersection. As the quality 
of the correlation is similar for the approaches in the 
time domain and by wavelet transforms, these curves 
are not depicted explicitely. 

For the IBC flight tests it was planned to investigate 
the effect of a 2/rev IBC input on BVI noise. As for 
the HART tests no measurements for this input could 
be performed, the analysis outputs were tested to proof 
the correlation to the noise measurements for the 4/rev 
phase variation, just to show that the application of the 
algorithms is not limited to the estimation of BVI noise 
at higher harmonic inputs of 3/rev. The curve of the 
analysis in the time domain in Fig. 16 gives good cor-

t 
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Figure 17: Single time histories for the output of the 
BVI analysis by wavelet transforms for the 
BL, MV and MN trim conditions of [2] 

relation with the microphone measured noise level as 
welL Especially the HHC phase angle for the minimum 
noise condition can be well fitted by the analysis out­
put. 

Finally Fig. 17 shows the quality criterion, estimated 
by wavelet transforms~ using different single time his­
tories of the blade pressure data, as the instantaneous 
variation of the analysis output is most important for 
the closed loop tests that are planned for the end of 
1998. The curves for the BL and MV cases with in­
tensive BVI exhibit large variations, although the trim 
condition of the rotor is thought to be steady in the 
wind tunneL Nevertheless, the differences of the mean 
values for the chosen trim conditions are confirming the 
corresponding noise levels in Fig. 15. 

6 Results from the flight tests 

After the different approaches for the BVI analysis were 
validated in Sect. 5, using wind tunnel data, finally the 
results from the IBC flight tests shall be discussed. At 
first, the analysis of the flight conditions for the time 
intervals of the data recording in the helicopter will 
be described. Furthermore, the correlation for the sin­
gle time histories of the BVI analysis outputs with the 
noise measurements of the microphones~ mounted at 
the helicopter fuselage, will be shown. The mean val­
ues of the different quality criteria QC,, QC1 and QCw 
for the phase variations with 2/rev IBC input will be 
compared to the noise measurements on ground. In ad­
dition, the results of rotor simulations with IBC input 
will be presented in order to encourage the understand­
ing of the observed phenomena. 

6.1 The analysis of the flight condition 

The angle of attack of the tip path plane cttpp is the 
most important parameter for the origin of BVI noise 
on a helicopter rotor~ which is a well known fact from 
wind tunnel tests. In [2] it is stated that even for flight 
tests CKtpp is a function of the rotor thrust coefficient 
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Cr, the advance ratio Jl and the flight path angle "f. 

(8) 

Hence, for constant values of Jl and Cr the tip path 
plane angle of attack should be a linear function of 
the flight path angle 'Y. For a helicopter in a steady 
descent flight condition the rotor thrust coefficient Cr 
can be related to the helicopter weight m, while Jl is 
proportional to the helicopter speed V. Consequently 
the tip path plane angle of attack Cttpp for a helicopter 
rotor in steady flight, must be a linear function of 'Y as 
well, if m and Cr are constant during the time interval 
of the measurement. 

For the analysis of the IBC flight test data with re­
gard to the important parameter O:tpp, it is assumed 
that it can be derived from the following equation. 

IY.tpp = -"( + 8 - E - f31C (9) 

The variable 8 is the pitch angle of the helicopter, 
while E = 3° is the constant tilt angle of the rotor shaft 
to the vertical axis of the fuselage. f3w describes the 
distortion of the tip path plane to the rotor shaft in 
pitch direction and is derived from the cosine part of 
the first rotor harmonic in the mast bending moment. 

Comparing Eq. 8 and Eq. 9 it must be assumed that 
the last 3 terms in Eq. 9 are constant for a descent 
flight with fixed speed and of course constant weight of 
the helicopter during the time interval of one landing 
approach. In Fig. 18 the results of the IBC flight tests 
from the variation of the flight path angle 'Y are com­
pared to the theoretical curve of [2]. As there is a good 
correlation of the flight test data with the theory, for 
most of the data points it should be sufficient to look 
at the value of the flight path angle 'Y to get a first ap­
proximation of the rotor trim condition with regard to 
the BVI noise emissions. If the trim condition shall be 
examined in detail, the additional parameters of Eq. 9 
have to be considered. 
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Figure 19: Single time history output of the different 
BVI analysis methods for the BL case of the 
IBC flight tests 
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Figure 20: Fourier spectrum of the sound pressure level 
at the body microphone 2 for the Bl case of 
the IBC flight tests 

6.2 Correlation ofthe BVI analysis out­
puts with noise measurements 

As already shown for the wind tunnel data in Fig. 17, 
the single time history output of the BVI analysis varies 
strongly over the duration of several rotor revolutions. 
A similar behaviour can be observed looking at the sin­
gle time histories for the quality criteria, corresponding 
to a BL case of the IBC flight tests. As the analysis out­
puts in Fig. 19 show large variations over the duration 
of the measurement, the data recorded at the 3 body 
microphones are used to check the relative shape of the 
curves. 

In Fig. 20 one can see that the Fourier spectrum of 
the data recorded at one of these microphones show the 
rise in the parts close to the 36" rotor frequency, which 
is typical for the occurence of BVI and could already 
be seen in Fig. 1. 

The comparison of the quality criteria with the time 
history plots of the mid-frequency noise levels from the 
body microphones gives a good correlation, see Fig. 21 
and Fig. 19. For this reason all of the 3 BVI analysis 
algorithms seem to be well suited to identify the in­
stantaneous changes in the BVI noise emissions of the 
rotor. 
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This can be emphasized by looking at the sound and 
pressure histories, depicted in Fig. 22 and Fig. 23. The 
difference in the amplitudes of the sound pressure sig­
nal from revolution 19 and 26, corresponding to the 
minimum and maximum values of the noise level from 
the body microphone 2 in Fig. 21, as well as for the 
analysis outputs in Fig. 19, can be related directly to 
the intensity of the BVI in the blade pressure signals. 
As the distances from the BVI locations on the rotor 
blades to the microphones at the fuselage of the heli­
copter are small, the transit-time effect is negligable. 

But there is still the question, where the differences 
in the BVI intensities derive. The analysis of the flight 
condition for the considered BL case in Fig. 24 shows 
small variations for the pitch angle 0 as well as for f3w 
over the time duration of the measurement. But the 
BVI analysis output QCJ seems to give a good correla­
tion with the helicopter bank angle il'. This correlation 
can be observed principally in the time history plots of 
the BL cases at flight path angles of -6' > 'Y > -9', 
where the blade vortex misdistances in the critical re­
gions of the rotor are small, and consequently, the BVI 
noise emissions are high. In this case a dynamic excita­
tion of the helicopter in the roll axis seems to affect the 
blade vortex misdistances during BVI, what can be re-
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Figure 23: Blade pressure time history for the mml­
mum and maximum value of QC inFig. 19 
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Figure 24: Analysis of the flight condition for the BL 
case of the IBC flight tests 

sponsible for the instantaneous changes in the radiated 
noise. 

The time history plot of QC f for a trim condition 
with a smaller flight path angle of 'Y = -5.2' shows 
that a comparable excitation in the roll axis of the 
helicopter, like in the BL case in Fig. 24, does not af­
fect the quality criterion QC! in a comparable manner, 
see Fig. 25. One possible interpretation of this phe­
nomenon could be that the blade vortex misdistances 
in the critical ranges of the first quadrant of the rotor 
are increased due to the decreased value of O:tpp, what 
is confirmed by the decreased mean value of QC1 for 
this measurement. Thus, even a strong excitation in 
the rolling motion shows no visible effect on the noise 
emissions. 

After the BVI analysis methods were proven to indi­
cate the instantaneous changes in the noise emissions 
of the rotor in flight, their suitability for the identifi­
cation of the changes in the BVI noise due to the IBC 
inputs on the rotor will be examined. Therefore, the 
mean values of the analysis outputs will be compared 
to the results of the noise measurements on ground for 
the phase variation of the 2/rev IBC input with an 
amplitude of 82 = 1.0'. In Fig. 26 the variation of the 
maximum noise level on ground with the 2/rev phase 
angle is compared to the BL case. It is important to 
know that the noise measurements on ground exhib-
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Figure 26: Variation of the uncorrected maximum noise 
level on ground with the 2lrev phase angle 
from the averaging over 11 microphones [7] 

ited large variations for the noise levels at constant IBC 
trim conditions of the rotor, which are described in [7]. 

There are 2 local minima in the ranges of <h = 60° 
and <h = 210°. In addition, the BVI noise can be re­
duced over a large range of the 2lrev phase angle. 

The variations of the BVI analysis outputs with the 
2/rev phase angle are depicted in Fig. 27. As the out­
puts of the different analysis methods have different 
ranges, all the values are related to the value of the BL 
case. 

The local minima can be found at the same phase an­
gles as for the noise measurements on ground in Fig. 26, 
but there are differences in the absolute values. Es­
pecially, the increased value of the quality criteria at 
¢ 2 = 120°, which is higher than the value for the BL 
case, can not be confirmed by the noise measurements 
in Fig. 26. In addition, the minimum of the quality cri­
teria extends over a larger range of the 2lrev phase 
angle than the curve of 6.LAmax. 

As one reason, it can be supposed that the different 
durations of the data recording for the measurements 
on ground and in the helicopter can be responsible for 
the differences in the curves of Fig. 26 and Fig. 27. 
Whereas the measurement in the helicopter bases on 
a recording time of 5 - 6s, the duration of the noise 
measurements on ground for one approach of the heli-
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Figure 27: Variation of the quality criteria with the 
2lrev phase angle from the blade pressure 
analysis in the helicopter 

copter lasts about 25s. During this time interval, the 
trim condition of the helicopter could have changed 
substantially, so that for the moment of the noise radi­
ation, corresponding to the value of LAmax on ground, 
the data recording in the helicopter could be inactive. 
I.e. the extension of the second minimum to the 2/rev 
phase angle of ¢ 2 = 300°, which can be observed in the 
curves of Fig. 27, is assumed not to match the reality. 
The reason for the small values of the quality criteria 
can be found in the flight path angle "!. It was analysed 
to be 1 > -5° for all of the 3 data points, correspond­
ing to </>2 = 300°, during the time interval of the data 
recording in the helicopter. The nominal value for the 
measurements was 'Y = -6°, so that the flight condition 
for these measurements are not acceptable. 

6.3 DLR Rotor Code S4 

The DLR rotor code 84 originally was developed to 
compute effects of HHC onto dynamic rotor forces of 
a hingeless rotor in the nonrotating frame [8, 9]. With 
time, it evolved into a comprehensive rotor code with 
lots of features in an aerodynamics, structural dynam­
ics and control sense. It is nowadays mainly used to 
compute high resolution blade loads for acoustic post­
processing of rotors under active control of HHC or IBC 
[10], but also for investigations of dynamic stall [11 J and 
for parametric rotor optimization. It mainly consists of 
3 modules: the aerodynamics, the structural dynamics 
and the induced velocities module. They are embedded 
in a trim algorithm and comprise: 
a) The aerodynamic module (Literature in [12, 13, 14]), 
either: 
- linear aerodynamics [no aerodynamics I steady model 
/ unsteady model (incl. varying velocity effects) J or: 
- nonlinear aerodynamics (incl. Mach effects) [steady 
model (incl. steady stall) I unsteady model (incl. dy­
namic stall and varying velocity effects) I both with or 
without yaw influence] 
b) The structural dynamics module is able to deal with 
articulated or hingeless rotors of arbitrary blade num­
bers. In both cases, the rotor blades are described by 
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Figure 28: Computational scheme for rotor simula­
tion/acoustic emission 

their mode shapes in flap, lead-lag and torsion sepa­
rately. Their dynamic behaviour is represented by their 
rotating natural frequencies as a function of the rotat­
ing speed. Both the mode shapes and the natural fre­
quencies are taken from either experiments or usually 
from finite element computation. Within the rotor code 
the generalized coordinates of each mode are computed 
by time integration of their differential equations of 
motion, having the generalized aerodynamic forcing on 
the right hand side of the equations. For this purpose, 
a Runge-Kutta 4'" order scheme is used. This mod­
ule features the following options: [no modes (=rigid 
blades, propeller case) /flap, lag, torsion modes (indi­
vidually or together) /prescribed or free motion of the 
modes] 
c) The third important module is associated with the 
induced velocities. These are either: [constant (either 
prescribed or thrust related) / trapezoidal / nonuni­
form (Mangler /Squire, [15]) / prescribed tip vortex 
wake (Beddoes geometry, [16]) / free-wake [18] / rotor­
body interactions and wind tunnel-body interactions 
[17]]. 

The overall handling is done with a trim module [no 
trim / manual trim / automatic trim] for specified non­
rotating hub forces/moments. As degrees of freedom 
to trim to the desired values, the collective and cyclic 
controls are used; optionally the rotor shaft angle of at­
tack can be taken as additional means of control. There 
also is an interface for any HHC controller. Acoustic 
postprocessing is done at the DLR institute for design 
aerodynamics, where the load distribution of the S4 
program is used as input for the FWH equation. The 
program scheme is sketched in Fig. 28. 

For simulation of the IBC cases the following com­
bination is used: nonlinear unsteady aerodynamics in­
cluding yaw; hingeless blades with 3 flap modes, 2 lead­
lag modes and 1 mode in torsion; prescribed wake ge­
ometry including HHC effects; trim to thrust, pitch and 
roll moment at given airspeed and shaft angle of attack 
(the latter values taken from the flight tests). 

6.4 Computation of IBC effects 

For analysis of the IBC effects on the B0105 main rotor 
noise emission the S4 code is used in the following form. 
First, from the experiments a typical rotor condition 
is chosen. This provides data for the rotor operating 
condition like Cr, p., as and rotor roll and pitch mo­
ments Mx and My. Then, the S4 code is run for the BL 
case first, trimming for the desired values of thrust and 
moments under constant global conditions (p., as). It­
eratively, the wake geometry and blade dynamics sim­
ulation is done. Typically, 2 iterations are enough to 
obtain convergence. Afterwards, the IBC variations are 
done in the same way: prescribing the IBC control to 
82 = 1' and </!2 = 0', 30', ... , 330' and trimming again 
to thrust and moments of the BL condition, as the pilot 
did when flying the helicopter. 

Since the S4 code essentially is based on lifting line 
theory, no pressure distribution is available from the 
code. On the other hand, due to scarse instrumentation 
of the B0105 rotor blade, no local loading nor blade de­
flections are available for direct comparison. However, 
the blade leading edge pressure distribution can be ob­
tained from the transducers at xfc = 0.03 on the upper 
surface. They are very sensitive to changes of oncom­
ing flow conditions and thus are a useful indicator of 
where BVI occurs, where the vortices are flying on top 
of or below the rotor disk, and where they penetrate 
the disk. When applying a high pass filter suppress­
ing the lowest 6/ rev frequencies that contain mainly 
dynamic pressure and blade motion components, the 
remaining pressure distribution is originating princi­
pally from BVI events, i.e. the upwash and downwash 
of individual vortices coming close to the blade leading 
edge. This can be compared to the induced velocity 
distribution of the simulation, filtered in the same way. 

In Fig. 29 the BL case pressure distribution of an 
individual revolution of the flight test at nominal 6' 
descent is compared to the BVI locations in the sim­
ulation, also trimmed for 6' descent flight. The simu­
lation obviously predicts the vortices to penetrate the 
rotor disk at the most critical locations for BVI noise 
emission, i.e. where the vortices are parallel to the ro­
tor blade leading edge. The flight test, however, does 
not show this in that detail. Here, the vortices do pass 
the disk earlier, i.e. at azimuths of about 1/J = 70' on 
the advancing and at 1/J = 280' on the retreating side. 

Changing the flight path to only ? = 4' descent in 
the simulation gives the BVI locations of Fig. 30, which 
compare much better to the flight test, especially on 
the advancing side. A reason for this behaviour may 
be found in the wind conditions during the test: prob­
ably the effective flight path was not the same as the 
geometrical flight path due to head wind. Another pos­
sibility of this discrepancy may be in the assumptions 
of the basic wake geometry with rotor moments near 
zero, a trim condition that has been used for the wind 
tunnel tests of [2]. In the flight test, a strong pitch mo­
ment in the range of 2000N m was measured, and the 
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Figure 29: Comparison of BVI locations in the rotor disk for the BL case (6° descent, Cr = 0.0059, p = 0.15) 

Figure 30: BVI locations from simulation at 4° descent, 
Cr = 0.0059, p = 0.15 

lift for that moment must have been created about 80° 
earlier in azimuth. Following the assumptions of mo­
mentum theory, this will cause extra downwash on the 
advancing side and some upwash on the retreating side 
relative to the condition with zero moments. Tip vor­
tices thus will be convected more downwards on the 
advancing side and the penetration of the rotor disk 
will shift to higher azimuth positions. 

The implementation of steady aerodynamic moments 
into the prescribed wake geometry will be done in the 
near future. However, as a reference for the simulations 
the 6° descent was chosen and the changes of the wake 
structure relative to the BL case due to IBC are the 
important features to represent. 

The quality criterion in the time domain used for 
analysis of the blade leading edge pressure as an indi-

cator for the noise emission of the rotor can also be 
applied to the unsteady simulated rotor blade load­
ing, either based on the local forces dLfdr(r, 'lj;) or 
their nondimensional equivalent CnM2 (r, 'lj;). This is 
done for the phase sweep of the 2/rev IBC and de­
picted in Fig. 31(a). Here, as in the quality criterion 
applied to the pressure time histories, only the advanc­
ing side is taken into account. It can be seen that 
in most of the IBC control settings a reduction of 
the quality criterion is achieved, with a minimum at 
¢2 = 180° and a second minimum at ¢2 = 30°, while 
a slight increase is indicated at ¢2 = 90° and between 
270° ~ ¢2 ~ 330°. Compared to the quality criterion 
from the blade pressures, this curve appears to have 
a shift of about C;.¢2 = 30°, but the essential features 
are very similar. In terms of rotor azimuth, this shift 
reduces to half the value and is within the uncertainty 
of the HHC wake deflection algorithm used for the pre­
scribed wake. Nevertheless, the important features are 
represented. 

Also shown is an intrusion index 11 , based on the 
4(rev component of the vertical hub force in the simula­
tion results, which is compared to the appropriate hub 
acceleration from the flight tests (Fig. 31(b)). Again, 
a difference in the IBC phase is observed between ex­
periment and simulation, but the general behaviour is 
represented. In contrast to the HART test with 3/rev 
HHC, where vibrations are large when the noise is low 
and vice versa, here, an IBC phase area is present, 
where noise and vibrations simultaneously are reduced 
in the range of 330° ~ ¢2 ~ 45°). 

At the minimum of the quality criterion for BVI 
noise, the measured pressure distribution will be com-
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Figure 31: Variation of the quality criteria for BVI noise and vertical vibrations with IBC phase. 82 = 1°, condition 
as in Fig. 29 

pared again to the BVI locations from simulation. This 
is given in Fig. 32. Compared to Fig. 29, the tip vor­
tices appear to penetrate the rotor disk earlier, at az­
imuth angles of 1/J = 90° on the advancing side and at 
1/J = 270° on the retreating side. The entire area down­
stream is free from BVI, because the vortices are far be­
low the disk there and this is the reason, why the noise 
emission is reduced so much. The same behaviour was 
found at 3/rev HHC control in the wind tunnel [5]. In 
the simulation result, also compared to the BL case of 
Fig. 2g, it is clearly visible that the important parallel 
BVI occuring at 'ljJ = 50° has no effect anymore, since 
this vortex now is far below the rotor. The essential 
behaviour of the vortex flight path, namely to pene­
trate the rotor disk at 1/J = goo, where the blade vortex 
interaction angle !3sv 1 is large, is computed well. 

Next the local loading of the simulation will be ana­
lysed. For noise emission, the time derivative of the 
local loading is important, and this is the basis for the 
quality criterion. In Fig. 33 the time derivative of the 
loading 6.CnM2 in the first quadrant of the BL case is 
given before and after multiplication with the weighting 
functions WM and W~. It can be seen that important 
blade parallel BVI exists, and the weighting function 
reduces all non-parallel BVI to a lower level. The pos­
itive weighted gradients are summed up to form the 
quality criterion. 

\Vhen the quality criterion is minimum, then these 
loading gradients at blade parallel BVI are reduced, 
while they are increased at locations that are not im­
portant for noise emission. This can be seen in Fig. 34, 
where the same procedure is applied to the loading of 
the 2/rev IBC case with 82 = 1" and </!2 = 180°. Com­
pared to Fig. 33, the loading gradients at the blade par­
allel BVI (around 45°) are reduced significantly, while 
they are increased at larger values of 1/J. 

The reason for this behaviour of the vortex flight 
path can be analysed by the basic rotor loading dis-

tribution, given in Fig. 35 for the BL and MN qual­
ity criterion case. Here, only the frequency content up 
to the 6th harmonic is included in order to separate 
the BVI induced loading from the basic rotor loading. 
The 2/rev IBC control produces additional lift around 
1/J = goo and 1/J = 270°, thus increasing the local down­
wash there. The tip vortices, created at the front of 
the disk, have to pass these additional downwash ar­
eas and therefore are pushed down to a lower flight 
path within the rotor disk, compared to the BL case. 
The same functionality has been observed in the wind 
tunnel tests of the HART program at 3/rev HHC, see 
[10, 5]. 

7 Conclusions 

In this paper, the development and validation of analy­
sis methods for a realtime BVI noise identification from 
blade pressure data are described. The conclusions can 
be summarized as: 

• Pressure transducers were found to be suitable sen­
sors for a realtime BVI analysis in flight, being lo­
cated at the leading edge on the upper side of the 
rotor blade. 

• On the basis of these sensors, 3 different BVI ana­
lysis methods were developed, which handle the 
data in the time domain, the frequency domain or 
by continuous wavelet transforms. 

• The analysis methods could be validated, using the 
data for the phase variation of the 3/rev and 4/rev 
HH C input from wind tunnel tests. 

• The single time histories of the analysis outputs 
can be correlated with the noise, measured at 
the body microphones of the helicopter in the 
IBC flight tests. Hence, the algorithms are proved 
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(a) Flight test: leading edge pressure distribution, h.p. fil­
tered at 6/rev. 

(b) Simulation: BVI locations. Vortices are above the disk 
{solid symbols) or below (open). Symbol thickness indicates 
closeness to the blades 

Figure 32: Comparison of BVI locations in the rotor disk at the minimum of QC, in Fig. 31, condition as in Fig. 29 
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(a) original data (b) multiplied with l-VMW13 . 

Figure 33: Time derivative of the simulated loading distribution (dCnM2 /d1/J) for the BL case, h.p. filtered at 
6/rev, condition as in Fig. 29. 

to identify the instantaneous changes in the BVI 
noise emissions of the rotor. 

• The changes in the single time histories of the noise 
emissions were found to originate from variations 
in the trim condition of the helicopter. Especially 
for the BL cases with strong BVI noise emissions a 
correlation of the analysis outputs, as well as of the 
noise measured at the body microphones, with the 

rolling motion of the helicopter can be observed. 

• The mean values of the analysis outputs for the 
phase variation of the 2/rev IBC input with an 
amplitude of 82 = 1.0° gives good correlation 
with the noise measurements on ground. Above 
all, the local minima in the measured noise levels 
on ground at the phase angles for ¢2 = 60° and 
¢2 = 210°- 240° can be found in the curves of the 
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Figure 34: Time derivative of the simulated loading distribution (dC,M2 /d'lj;) for the minimum of QC, in Fig. 31, 
h.p. filtered at 6/rev, condition as in Fig. 29 
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Figure 35: Loading distribution from simulation (C,M 2 , harmonics 0-6/rev; white=O, black=0.24), condition as 
in Fig. 29 

quality criteria as well. 

• The application of the BVI analysis in the 
time domain to the simulated rotor blade load­
ing, respectively to its nondimensional equivalent 
C,M2 (r, 'lj;), leads to results, which are compara­
ble to the quality criterion from the blade pres­
sure time histories in the flight tests. Although the 
curve of the phase sweep with the 2/rev IBC in-

put of e, = 1.0° from the simulation has a shift of 
.!:l¢2 = 30° to the curve derived from the pressure 
histories, the essential features are similar. 

• The reason for the noise reductions in the simu­
lations at the phase angle ¢2 = 180° was found 
in an increase of the local downwash in the area 
around 'lj; = 90° due to the 2/reu IBC input. This 
affects the vortices to be pushed to a lower flight 
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path within the rotor disk. 

The presented analysis methods seem to be well suited 
for an approximate estimation of the radiated BVI 
noise emissions in flight. But as the analysis outputs, 
as well as the radiated noise 1 vary strongly with time 1 

the quality criteria have to be averaged or low pass fil­
tered in a suitable way, before they can be used for the 
application of a feedback signal for closed loop control. 
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