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Abstract

The biade-vortex interaction (BVI), which is a major
problem of helicopter rotor aerodynamics, causes the
typical impulsive noise and vibration. The present
study is intended to show that the impulsive noise
and also the vibration can be reduced significantly by
an individual blade control (IBC). In order to deter-
mine an effective control movement, the interaction
of a vortex with a moving airfoil has been calcula-
ted numecrically for several different movements. A
two-dimensional model problem which approximates
a parallel BVI is considered.

Because of the rotor-blade’s elasticity, there has to be
a time lag between the introduction of the control mo-
vernent at the blade’s root and the BVI which is most
intense close to the blade’s tip. Furthermore, the in-
troduced control movement differs from the movement
close to the blade’s tip due to dispersion.

"The calculations are performed using the SOFIA
{SOUd-Fluid-InterAction) code. A short validation of
the numerical method is included: the head-on colli-
ston of a vortex and the eigenvalues of a rotor-blade
are caleulated and compared with experimental re-
sults.
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1 Introduction

The interactions of the rotor-blade with the tip vor-
tices of the preceding blades can cause a significant
increase in noise and vibration, see Fig, 1. Especially

blade tip vortex
Figure 1: Technical problem

during descent flight conditions at advance ratios of
0.1 - 0.2, BVI is the major source of noise and has a
tremendous effect on vibratory airloads because of the
small vertical distance between the tip vortex of the
previous blade and the rotor-blade itself. In the past
many efforts have been made to explain the BVI me-
chanism. Experiments were carried out by Meiler et al
(1, 2, 3], Caradonna et al 4, 5], Bershader et al [6, 7],
Galbraith et al [8] and van der Wall [9]. Numerical
methods were applied by Caradonna et al [10, 11, 12],
McCroskey et al {13], Ballmann et al {14, 15, 16, 17, 18]
and Schmitz [19]. These investigations show that the
fundamental BVI phenomenona are understood fairly
well.

During the last two decades active control systems
like Higher Harmonic Pitch Control [20] and Indivi-
dual Blade Control (IBC) [21] have been developed.
The control movements of the active control devices
are additional pitch motions which are introduced via
the pitch horn at the blade’s root and influence the
angle of attack in an appropriate way to mintmize
vibration and BVI neise. When applying the active
control devices the question arises: which active con-
trol movement (amplitude and time history} leads to
a reduction of noise and vibration?

A major problem arises from the fact that the rotor-
blade is elastic and that its torsional wave speed 1is
only about 500 m/s (by comparison: the torsional
wave speed in steel is approximately 3000 m/s). Du-
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ring a parallel BVI whick takes place within about 10
degrees azimuth {5 milliseconds} a torsional wave can
travel only about 2.5 m (less than the rotor’s radius).
Thus, there has to be a time lag between the introdu-
ction of the control movement at the blade’s root and
the BVI which is most intense close to the blade’s tip.
Furthermore, the movement at the blade’s tip differs
from the introduced movement at the blade’s root due
to dispersion.

Tigure 2: Model problem

Iizst of all, we investigated the interaction of a vor-
tex with an clastic rotor-blade. The rotor-blade’s ma-
terial properties (distribution of stiffness and mass,
location of the torsional center, bending center and
center of gravity) were varied in order to find out if
the fundamental BVI pheromena can be influenced by
the blade’s elastic motion. Although this seems to be
possible, the necessary material properties cannot be
realized in a realistic rotor-blade [22]; therefore, ac-
tive control devices are required. The major task of
the present study is to show tha$ the BVI noise and
vibration can be reduced by IBC. For this purpose
she two-dimensional model problem of a parallel BV
is considered, see Fig, 2. Numerical simulations of the
interaction of & vortex with a moving airfoil were car-
ried out, where the movements of the alrfoil were given
solely functions of time. An elfective movement has
been identified and will be discussed in detail later.
At this point two questions arise: 1) How should the
rotor-blade’s reot move in order to get the previously
determined movement at a cross-section close to the
blade's tip where the BVI is most intense? 2) When
shouldl this control movement be introduced at the
rotor-blade’s root? A satislying answer to these ques-
tions cannob be given yel, since it requires an inverse
numerical method. Therefore the movement close to
the biade’s tip has been caleulated for several control
movements introduced at the blade’s root - taking into
account the static and dynamic coupling of the torsio-

nat and bending modes but neglecting the asroelastic
coupling.

The numerical investigations have been performed
using the SOFIA code (SOld-Fluid-InterAction) {23],
which was developed to model and analyze aeroelas-
tic phenomena. A very brief description of the two
modules - INFLEX for the flow analysis and ODISA
(One-Dimensional Structural Analysis) for the strue-
tural analysis - that are required to accomplish BVI
computations for rigid and especially elastic rotor-
blades is given. The well-known code INFLEX was
developed by Eberle and Brenneis [24]. A comprehen-
sive evaluation was carried out based on the Two- and
Three-dimensional AGARD Standard-Configurations
(25].

2 Physical Model

Flowfield

Unsteady flow phenomena like strong acoustic waves
and moving shock waves occur on the advancing side
of the rotor where the intensive BVI takes place at
azimuthal angles between 20 and 70 degrees. As the
flow is attached in this regime, viscosity effects are
neglected. For the computation of the unsteady, com-
pressible flow about the elastic rotor-blade the Euler
equations
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are solved for time-dependent non material balance
volumes. 8{...)/§¢ is the time derivative in a balance
volume fixed frame. In the above equations the velo-
city of the surface of the balance volume is denoted
by A. This velocity takes the rotation of the rotor-
blade, the cyclic pitch variation as well as the blade’s
deformation into account. The gas is assumed to be
thermally and calorically perfect.

Deformation of the Rotor-Blade

As the aspect ratio of a rotor-blade is high it is mo-
delled by a Timoshenko beam with generally non-
coinciding centerlines of mass, bending and torsion.
Six functions of the spatial co-ordinate along the beam
axis and the time are introduced which tepresent the
three Lranslational and the three rotational degrees
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of freedom of each cross—section and determine the
location of the beam in space and time. For many
engineering purposes the number of independent fun-
ctions 1s reduced by neglecting the shear deferma-
tion; the bending angles and the corresponding irans-
lational degrees of freedom are then coupled by ki-
nematic constraints. Furthermore, in many applica-
tions the rotatory inertia of the hending modes are
neglected; this results in the well-known Euler and
Bernoulli beam theory [26]. Although the results of
this model do not differ very much from results with
the Timoshenko approximation in case of static pro-
blems of slender beams, computations of dynamical
problems may show remarkable discrepancies, as the
Euler-Bernoulli beam theory leads to a phase velo-
city which increases with decreasing wavelength out
of bound. Moveover the group velocity with which
the energy Is transported is twice as fast as the phase
velocity (anomalous dispersion).

The calculation of the structural deformation is per-
formed in the rotating frame. Assuming the rofating
rotor-blade with constant angle of attack as the re-
fevence configuration, the deformations in the rota-
ting frame are small and the governing equations can
e Hnearized, The centrifugal stiffening effect is ta-
ken into account in the usual way [27, 28] The axial
force 1s divided into two parts. One part depends on
the longitudinal deformation whereas the other part
is independent of the deformation and can be caleu-
lated from the axial force equilibrium equation for an
unloaded rotating beam by spatial integration. This
second part leads to an additional term in the varia-
tional equation or in the partial differential equation
for free vibration of a rotating beam out of its plane of
rotation. A detailed description can be found in [23].

3 Solution Strategy

Concerning acroelastic applications, the equations
desceibing the flowficld and the structural deformation
are integrated with respect to time simultaneously,
The fow-chart in Fig. 3 illustrates the solution stra-
legy.  The main time loop consists of three funda-
mental parts: ODISA calenlates the deformation of
she rotor-biade, which depends on the current airload.
Tke points at the inner boundary of the nwmerical grid
of the flow golver representing the surface of the rotos-
hlade are moved according to the caleulated deforma-
iion ol the rotor-blade and the cyclic pitch variation.
This is done by GRIDGEN (GRID GlENerator). All
gridd points are rotated about the helicopter’s main
rotor axis. Finally, the grid points within the flow-
field are rearvanged by GRIDGEN. Tn the third part
of SOTTA the flowfield is caleulated for the actual con-
liguration. This means that the flow velocity perpen-
dicular to the moving roter-blade’s surface has to be
sero consistently.
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Figure 3: Solution strategy

Numerical Method: Caleutation of the Flowfield

For the numertcal integration of the strong conserva-
tion form of the Buler equations an implicit relaxa-
fion scheme is used. The unfactored Tuler equations
are solved by applying a Newton method. Relaxa-
tion i performed with a point Gauss-Seidel algorithim.
The combination of a Newton method with a point
(iauss-Setdel algorivhm leads to a robust numerical
scheme.  Concerning the resolution of pressure and
shock waves a characteristic variable splitting tech-
nique is employed.

Numerical Method: Grid-Generation

An elliptic grid generator is employed to caleulate the
grid at each time step. A system of 3 elliptic differen-
tial equations { DEs } of second order (Poisson- and
Laplace- equation) is solved. The DEs are approxi-
mated by central difference schemes. The resulting li-
near equation system is solved iteratively by applying
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a Gauss- Seidel- algorithm. As each grid deviates only
slightly from the grid at the preceding time step, only
few iterations are necessary.

Numerical Method: Calculation of the Structural De-
formation

A finite element method has been developed for the
Timoshenko beam: a system of ordinary differen-
tial equations (ODEs) which is second order in time
to determine the generalized deflections is derived
by applying Hamilton’s principle and the method of
Ritz/Kantorowitsch. Discretization is done by isopa-
rametric, two-noded elements. Shear locking is avoi-
ded by a reduced integration scheme [29]. The set
of ODEs is integrated by Newmark’s method, where
the resulting linear system of equations is solved di-
rectly with a LU-decomposition. The external forces
are assumed to vary linearly during a time-step.

4  Results

Mechanisin of BVI and Validation

The comparison of the predicted pressure wave pro-
pagation phenomena during BVI with experimental
results is a good accuracy test for a CFD-method. Ca-
radenna’s experiment concerning parallel and oblique
BVI obtained in NASA Ames’ 80 by 120 foot Wind
Tunnel is ideal for such a validation. An extensive des-
cription of the test stand and the experimental results
can be found in [5]. Fig. 4 illustrates the experimental
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igure 4: Experimental configuration
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configuration. The vortex is generated separately by a
wing tip placed upstream of the rotor. This makes an
independlent control of the interaction parameters hike
vertical miss distance, vortex strength ete. possible,
The two-bladed rotor itself operates at zero thrust to
avold any influence of the rotor’s wake. The head-
on collision {(no vertical distance belween vortex and
rotor-blade) for a Mach number of 0.63 and a dimen-
sionless vorticity of (.25 has been calculated. This
corresponds to the fow conditions at a radial position
of #/1 = 0.9 and a tip Mach number of 0.7 in Cara-
donna’s experiment. The computation is initiated by
introducing a Lamb-Oseen vortex four chord lengths
i front of the airfoil’s leading edge. Figure 5 shows
the time histories of the pressure coefficient at diffe-
rent positions on the lower side during the parallel
BVI. The comparison with the experimental results
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Figure 5: Comparison of measured and computa-
ted pressure coeflicient at the lower side during BVI
(Moo = 0.63, T = 0.25, 2, = 0., NACA0012)

show that all the important flow features, especially
the propagative and convective events are captured
well by the numerical method. The most significant
pressure variations are observed at positions x/¢=0.02
¢lose to the leading edge: when the vortex approaches
the leading edge, the stagnation point moves first to
the upper surface causing a pressure increase there.
The staghation point moves then very fast to the lo-
wer side when the vortex passes the leading edge. This
causes decreasing pressure values on the upper side
and results in a separation of a region of high pres-
sure, which propagates upstream above the airfoil’s
axls. This wave is referred to as the compressibi-
lity wave [3] and its development is a result of the
so-called leading edge effects. The movement of
the stagnation point and the development of the com-
pressibility wave can be recognized in Fig. 6 where the
pressure field is depicted for a sequence of time steps.
‘Fhe movement of the stagnation point onte the up-
per side has another consequence: a negative angle of
attack is induced and the flow on the lower side is ac-
celerated. This causes decreasing pressure values on
the lower side, see Fig. 5, at ¥ a2 180°. When the sta-
gnation point jumps to the lower side because of the
passing vortex, a positive angle of attack Is suddenly
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Pigure 6: Pressure contours for a sequence of time steps during BVI for the rigid case (Mo, = 063, =

0.25, #, = 0., NACADDI2)




induced and a wave propagates downstream with a
speed of the local flow velocity plus the local speed of
sound, see Iig. 5 at ¥ ~ 185° (“primary BVI-wave”).
Fig. 7 shows the history of the Mach number during
the BVI for the complete lower side of the airfoil in
a three-dimensional plot. The downstream travelling
primary wave is obvious, When approaching the air-
foil the vortex and the airfoil act as some kind of a
convergent nozzle, where the flow is accelerated. This
nozzle effect is pronounced in case of no head-on col-
lision [18] and depends strongly on the free flow Mach
number and the strength of the vortex:

s In the case of head-on collision no supersonic
pocket bounded with a shock wave has been ob-
served.

¢ If the relative free flow Mach number and the
strength of the vortex exceed a certain level,
the reduction in pressure may be strong enough
to produce a transient supersonic pocket which
is bounded downstream by a shock wave, see
Fig. 19 (¢ = 16.3ms in the figure) and Fig.
8. When the vortex passes the shock wave,
the acceleration of the flow is reversed and the
region of overexpansion on the lower side col-
lapses. The shock wave moves upstream dimini-
shing continuously and leaving the leading edge
as a pressure wave in a downwards inclined di-
rection. This wave is often called the transonic
wave.

e For a high relative free flow Mach number the
steady state flow about the airfoil can have a
supersonic pocket which is bounded by a shock
wave. Then the nozzle effect leads to a pulsation
of the shock wave.

The first two cases seem to be most important for
realistic flight conditions.

The three-dimensional plot of the history of the Mach
number for the whole lower side, Fig. 7, shows a
second wave which starts at the trailing edge and pro-
pagabes upstream with the local speed of sound minus
the local flow velacity. This corresponds to Caradon~
na’s results, see [ig. 5 and for more details [5]. In
this reference two possible reasons for that secondary
wave, named Kutta wave, are discussed: it can ei-
ther be in response to the primary wave or to the
passing vortex. In accordance with [5] we helieve also
that the latter wave is a response to the primary wave.
This trailing edge wave was first detected nume-
rically by Kocaaydin and Ballmann [14] and it was
ohserved in (Gottingen’s shock tube by Meier et al
[3]. In Fig. 10 the pressure field is depicted for a
sequence of time steps; one can see very clearly that
a region of high pressure i1s separated at the trailing
edge (¥ = 194.525° in the figure). This upstream
propagating region of high pressure arises also in case
of a higher Mach number and a stronger vortex, see
Fig. 19 {t = 20.8ms in the figure).

| secondary BVI-wave

primary BVl-wave

Figure 7@ Mach number at lower side during BVI
(Mo =063, T = 0.25, z, = 0., NACA0012)

upstream moving shock wave sacondary BVi-wave

primary BVi-wave

Figure 8: Mach number at lower side during BVI
(Moo =073, T =04, z, = —0.26, NACA0012)

Due ko the high resolution of the H-type grid the wave
propagation is predictable up to five chords ahead of
the airfoil. Figures 9, 10 and 11 show time histories of
the pressure coefficient at nine different observer po-
sitions depicted in the corresponding figures. In Fig.
9 three observer locations along a ray at 30 degrees
below the airfoil axis are shown. 'The first peak stems
from the vortex itself which is even more obvious in
Fig. 10 where the vortex core passes through the ob-
server points 3, 2 and 1 respectively. In figure Fig. 9
one detects three major waves which travel upstream.
The first wave (w1) is the compressibility wave which
occurs due to the sudden motion of the stagnation
point when the vortex passes the leading edge (see
above). The second wave (w2) or transonic wave can
hardly be recognized at the first observer location but
shows up significantly at position 2 and 3; this second
wave can be attributed to the high pressure region
which has been separated at the trailing edge. The
final third wave phenomenon (w3) is the trailing edge
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Figure 10: Pressure variations due to BVI at three
different observer locations in front of the leading edge
(Moo = 0.63, T = 0.25, 2, = 0., NACA0012)

wave which can hbe ohserved in Fig. 11 as well.

Here the following problem arises: In Fig. 9 three
major waves can be detected {denoted wl, w2 and
wl), whereas in Fig. 5 and 7 only two BV{-waves tra-
veling along the airfoil are visible (termed “primary
BVl-wave” and “secondary BVI-wave™). As mentio-
ned carlier, the first wave (wi} in Fig. 9 accurs due to
the sudden motion of the stagnation poins and is not
a result either of the “primary BVI-wave” or of the
“secondary BVi-wave” visible in Fig. 5 and 7, res-
pectively, In Fig. 7 depicting the pressure field for a
sequence of time steps, one can see that the wave w2
originates [rom a high pressure region which has been
separated by the vortex at the trailing edge. This has
been a Mindamenial insight for the development of an
effeciive control movement and witl be discussed in
the chapter after next. The third wave (w3) in Fig.
9 originates from the upstream moving trailing edge
wave denoted “secondary BVI-wave” in Fig. 5.

The amplitudes of the three waves wl, w2 and w3 in
Pig. 5 depend strongly on the free flow Mach number
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Figare L1: Pressure variations due to BVI at three
different observer locations above the airfoil { My, =
0.63, I' = 0.25, 2, = 0., NACA(0012)

and the strength of the vortex. The second wave (w2)
is much stronger compared to the other two, if the
free flow Mach number and the strength of the vortex
are high enough to produce temporarily a downstreem
closed shock-bounded supersonic pocket at the lower
side of the airfoll. This can be seen in Fig. 21. The
figure shows the time histories of the pressure coeffi-
cient. during BVI at two different observer positions
for M = 0.73, T = 0.4 and a vertical miss distance
of z, = —0.26. In the rigid case the second wave {w2)
predominates. (The results concerning the IBC-case
will be discussed n the chapter after next.) Fig. 8
shows the history of the Mach number for the whole
lower side in a three-dimensional plot. The primary
and the secondary wave and also the supersonic po-
cket, which exists temporarily, can be seen. These
wave phenomena are even more obvious in Fig. 12,
This figure presents the isolines of the history of the
Mach number for the whole lower side in a plan view.
The corresponding results for the computation of Ca-~
radonna’s experiinent are shown in Fig. 13, The ups-
trearn moving shock wave, which does not occur in
the computation of Caradonna’s experiment, leads to
a strong wave w2 below the airfoil; therefore the wave
w2 is sometimes referred to as the fransonic wave. But
obvicusty the upstream moving shock wave is not re-
auired for the occurrence of the wave w2, since this
wave oceurs in both cases discussed here.

Por bhe validation of the structural model and the f-
nite clement method the eigenfrequencies of the first
modes of a model rotor have been calculated. This
model rotoer was built and tested at NASA [30]. Fig.
4 shows the eigenfrequencies as a function of the ro-
tor’s frequency calewlated by ODISA. In Fig. 15 the
corresponding eigenfrequencies taken from [30] are gi-
ven. The last figure contains calculated and measured
values,
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Pigure 12: Isolines of the history of the Mach number
at lower side during BVI (Mo = 073, 1 =04, 2, =
—0.26, NACA0012)
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Pigure 13: Isolines of the history of the Mach number
ab lower side during BVI {Me =068, 1'=0.25, 2, =
0., NACADOL2)

Noise Reduction by the Blade’s Elastic Motion

The rotorblade’s material propertics {stiffness, mass
and the locations of the torsional center and the cen-
ter of gravity } were varied in order to analyse wethoer
the fundamental BVI phenomena can be influenced
by the blade’s elastic motion. We considered the Lwo-
dimensional model problem of a parvallel BVI, where
thie airfoil has only a rotatory degree of freedom. The
ig. 16 shows a comparison of the upstream propa-
gating waves, which occur during the interaction of a
vortex wilth a rigid and with an elastically suspended
airfoil (M., = 0.73, ' = ¢4, z, = —0.26). The com-
pressibility wave (wl) is much weaker in case of the

clastically suspended airfoil, The Fig. 7 presents the

time history of the angle of attack of the elastically
suspended alrfoil during the BVIL As described in the
previous chapter for the rigid case the passing vortex
causes the stagnation point to move first on the upper
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Figure 15 Figenfrequencies of a model rotor-blade
versus the rotor’s rotational frequency, taken from [30]

and then on the lower side of the aivfoil. Thereby a
negative angle of attack is induced by the vortex until
the vortex approaches the leading edge. Then having
passed the leading edge the vortex induces a positive
angle of attack. In the elastic case the rotatory defle-
ction compensabes partly the angle of attack induced
by the vortex and the displacement of the stagnation
point relative to the airforl i1s reduced. This effect
is responsible for the reduction of the compressibility
wave (wl). However [rom an aeroacoustic point of
view the reduction of the wave w2 - or transonic wave
- 18 more important, since this wave is radiated in a
downward direction,

Noise Reduction by IBC

Approaching the leading edge the vorlex induces a
negative angle of attack; as a resull the low on the
lower side is acceterated and a shock-closed superso-
nic pocket is produced (for My, =0.75, I'=04, 2z, =
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Figure 16: Calculated pressure distribution at ¢t =
34.0ms during BVI for the rigid and elastic case
(Moo =073, T = 0.4, 2, = —0.26, NACA0012)

—0.26). First we looked for a control movement that
would reduce the vortex-induced acceleration of the
flow on the lower side in order to avoid the appearence
of the shock wave. Therefore we choosed a control mo-
vement stinilar to the elastic motion, discussed in the
previous chapter, but with a higher maximum angle
of attack in order to improve the compensation of the
vortex-induced angle of attack. In fact this led to the
desired reduction of the acceleration of the flow and to
a further reduction of the compressibility wave (wl).
However, a significant reduction of the transonic wave
(w2) was not obtained.

Then we searched for a control movement that would
reduce the region of high pressure that is separated
by the vortex at the trathing edge. A very impor-
tant parameter concerning this separation is the dis-
tance between the trailing edge and the passing vor-
tex. To reduce this distance we choosed a control
movement such that the angle of attack is negative
when the vortex passes the trailing edge. The best re-
sults were obtained when the minimum angle of attack
was attained before the vortex approached the trai-
ling edge. Fig. 19 and Fig. 20 depict the pressure field
for a sequence of time steps during BVI with (IBC-
case) and without (rigid case) the control movement
(Moo = 075, T = 0.4, 2, = —0.26). As can be seen,
the control movement leads to a significant reduction
of the transonic wave {w2). The time history of the
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Figure 17: Time history of the angle of attack during
BVI in case of an elastically suspended airfoil (M =
0.73, T = 04, 2, = ~0.26, NACA0012)
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Figure 18: Time history of the angle of attack du-
ring BVI in the IBC-case (Mo = 0.73, [' == 0.4, 2, =
4.26, NACA0012)

angle of attack is shown in Fig. 18. In the figure Fig.
21 the time history of the pressure coefficient at two
observer points below the airfoil are compared for the
rigid case and the IBC-case. The tremendous reduc-
tion of the transonic wave (w2) is obvious. Fig. 22
presents a three-dimensional plot of the history of the
Mach number for the whole lower side and T'ig. 23
shows the isolines of the history of the Mach number
in a plan view. The corresponding figures for the rigid
case are Pig. 8 and Fig. 12, respectively.

5 Conlusions and Perspectives

The time dependent flow fleld about a rotor—blade du-
ring BVI has been stmulated for a 2D model using
the Euler equations. The comparison with experi-
mental results shows 2D-model is suitable to describe
the pressure wave generation and propagation pheno-
mena during BVI. Calculations performed for elasti-
cally suspended rotor-blade segments have revealed
that BVI-noise and vibrations can be reduced. The-
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Figure 19: Pressure contours for a sequence of time steps during BVI for the rigid case {M,, = 0.73, 1 =
0.4, z, = —0.26, NACA0012)
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Figure 20: Pressure contours for a sequence of time steps during BVI for the [BC-case (Mo = 673, 1 =
04, 7, = 0,26, NACAQOQL2}
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Figure 21: Time history of the pressure coefficient
at two observer points below the airfoil for the rigid
(dotted curve) and the IBC-case (solid curve). Mg =
0.73, T = 0.4, 2, = —0.26, NACA0012

refore research has been concentrated on detecting ap-
propriate active control movements of the rotor-blade
segment: the time history of a BVI-noise diminishing
pitching control motion (IBC) has been determined
and is discussed in detail. Since the results are very
promising, further computations will be performed fo-
cussing on the pitch horn movernent that generates
the desired pitching control motion at the tip region
of the elastic rotor-blade where the BVI is most in-
tense. Due to tho rotor-blades’s torsional wave speed,
its elasticity has to be taken into account and leads
to a significant time lag between the pich horn mo-
tion at the rotor-blade’s root and the motion at the
tip region. Furthermore the pitch horn motion differs
from the motion at the tip region because of disper-
ston. The computer code ODISA will be used for the
structural analysis. A short validation of ODISA is
ineluded.

Figure 22: Mach number at lower side during BVI
for the IBC-case (Mo = 0.73, T = 0.4, z, = —0.26,
NACA0012)

002 003 004 005
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Figure 23: Isolines of the history of the Mach number
at lower side during BVI for the IBC-case (M =
0.73,T =04, z, = —0.26, NACA0012)
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