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Mechanisms of Transonic Blade-Vortex Interaction Noise

H.-M. Lent,* G. E. A. Meier,7 K. J. Miller,z F. Obermeier,§ U. Schievelbusch,i and O. Schiirmanni
Max-Planck-Institut fiir Stromungsforschung, 3400 Gottingen, Germany

Experimental investigations of aerodynamic sound generation due to vortex-airfoil interaction in two-dimen-
sional transonic flow were performed using two different experimental set ups—a vacuum-operated transonic
wind tunnel and a shock tube. Flow visualization was accomplished by a Mach-Zehnder interferometer as well
as by a holographic interferometer. The interferograms obtained were evaluated by an image processing system.
In addition, pressure measurements were carried out in the shock tube which allows for a correlation of time-
dependent pressure distributions and the density distributions evaluated from the interferograms. Two mech-
anisms of aerodynamic sound generation are identified. These are different from the dipole-like mechanism
known for subsonic flowfields. The newly found sound waves are called ‘‘transonic waves’” and ‘‘compressibility ’
waves.”” For both of them simple models have been suggested which can partly explain their occurrence and

their strengths.

I. Introduction

HE blade-vortex interaction (BVI) noise! is a primary

component of helicopter noise and consists of periodi-
cally emitted, impulsive-like signals which are caused by the
transonic interaction of rotor blades with the tip vortices shed
from preceding blades. To reduce this kind of noise it is nec-
essary to understand the physical mechanism of the interac-
tion and identify the important parameters affecting the sound
generation.

Until now, there seems to be no analytical description avail-
able in literature which gives sufficiently reliable results for
the radiated sound field, especially if flow separation at the
rotor blades affects the flowfield. One of the main difficulties
is due to the fact that in transonic flows the actual source
region cannot be regarded as a compact one. Therefore, the
ordinary theories valid for subsonic compact flow cannot be
applied (e.g., Mohring et al.?). Furthermore, the equations
of a generalized theory developed independently by Ffowcs
Williams and Hawkings® and Mohring et al.* are of no real
help here as they have to be regraded as integral equations.
Their actual solution requires detailed knowledge on rotor
aerodynamic loads and flowfield information.

There are, however, numerical calculations on compressi-
ble BVI noise known in the other studies.’~® References 7
and 8 validate our experimental work set forth in the present
article.

On the experimental side of the problem there are the
measurements which were performed in a full three-dimen-
sional, compressible flow.!? They are useful to get an overall
estimation of the radiated noise but are less-suitable to dis-
cover and understand the basic mechanisms of BVI noise. In
addition, visualization techniques were applied to investigate
BVI in low-speed tunnel flows (e.g., Haertig et al.'?).

To our knowledge, Meier and Timm!! performed the first
experiments that accounted for compressibility and simulta-
neously measured sound emission. A similar experiment was
later performed by Mandella and Bershader'> but they did
not measure any sound emission.
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During the last few years the authors have been interested
in compressible BVI and in the different sound generation
mechanisms which occur in such an unsteady flow.

Because the actual flow geometry is highly three-dimen-
sional and unsteady and it seems to be nearly impossible to
separate the different mechanisms of sound generation in this
very complex flowfield, we have confined this investigation
to simplified, two-dimensional flow geometries (Fig. 1).

The main experimental difficulty of these investigations has
been the generation of a well-defined vortex in a compressible
high-speed flow. Since it seemed impossible to generate the
vortex with any mechanical devices—such as a sudden in-
crease of the angle of attack of an airfoil—two other concepts
were employed. First, the vortices of a von Karmain vortex
street were used for the BVI in a vacuum operated, contin-
uously running transonic wind tunnel and, second, the starting
vortex of a lifting airfoil was used in a shock tube. Both setups
have got their advantages and disadvantages. The wind tunnel
allows measurements of long duration and the quality of the
interferograms obtained is superior to the one from the shock-
tube experiments. On the other hand, one does not get exact
single vortex airfoil interactions; the interactions are some-
what spoiled by the preceding and following vortices, re-
spectively. In addition, due to the special shape of the side
walls of the wind tunnel (Fig. 2), it is not quite clear how to
define an unambiguous characteristic Mach number of the
steady mean flow. The shock-tube experiments allow mea-
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Fig. 2 Test section of the transonic wind tunnel.
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surements with single vortices. Their cores are rather small,
therefore, they behave similarly to line vortices. Unfortu-
nately, the flowfield of interest is blurred by shock wavelets
resulting from reflections of the primary shock. In balancing
both experiments we regard them in some ways as compli-
mentary, and by means of both experimental setups we were
able to improve the understanding of the generation of sound
waves. ’

From experimental and theoretical investigations at least
four different possible mechanisms of airfoil—vortex inter-
action noise are known:

1) The vortex noise when vortex filaments pass the airfoil
at low Mach number: the generated sound field is well under-
stood by means of a nonviscous, subsonic theory.3+13

2) Stalling and reattachment of the flow due to a varying
effective angle of attack while a vortex passes an airfoil: the
corresponding theoretical investigation requires inclusion of
viscous as well as boundary-layer separation effects.’*

3) Shock development due to compressibility effects when
at high subsonic Mach numbers vortices cause an unsteady
displacement of the stagnation point of the flow at the leading
edge of an airfoil and generate an enlarged high-pressure
region there: this high-pressure region then propagates up-
stream and steepens to shock waves. These shock waves will
be called “compressibility waves.”

4) Shock development due to unsteady and locally confined
supersonic flow regions along the shoulder of the airfoil: the
emitted shock waves will be called ““transonic waves.”

In the present article we will concentrate mainly on the
latter two mechanisms.!>:'¢

II. Experimental Setup

A. Wind Tunnel

The test-section dimensions of the transonic wind tunnel
used in this study (Fig. 2) are: 100-mm span and 300-mm
height, the length can be varied between 600—1200 mm. The
tunnel side walls contain 230-mm-diam windows of interfer-
ometric quality for observation purposes. Most experimental
data were obtained by using a Mach-Zehnder interferometer
with a field-of-view of 160 x 110 mm?®. Since the flow is
unsteady, either a high-speed drum camera or a Cranz-Schar-
din camera were used. The drum camera takes 200 pictures
with a framing rate of 10 kHz. Since this framing rate is not
high enough to resolve some fast effects during the transonic
BVI, a Cranz-Schardin camera was built!” which allows eight
pictures to be taken with a framing rate of up to 200 kHz.
This camera consists of eight CCD cameras connected with
an eight-image storing device which provides quick access to
the pictures. As a light source, for both the drum camera and
the Cranz-Schardin camera, pulsed LEDs were used. Meas-
uring plates with an array of pressure transducers could also
be mounted in place of the windows in the tunnel walls.

The vortices were generated as a von Karméan vortex street
behind a rectangular cylinder. They interact downstream with
an airfoil. Here, in most of our experiments, vortices of the
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upper row of the von Karman vortex street (clockwise-rotat-
ing vortices) moved below the airfoil. To approximately con-
fine these interactions to single vortices, a sufficiently large
distance between two oncoming vortices is needed. For that
purpose the height of the tunnel section in which the vortices
are generated has been enlarged. This allows for a vortex
separation from the cylinder at a rather small local Mach
number which implies small separation frequencies. In ad-
dition, the flow is accelerated ahead of the test section to
stretch the vortex row even further. Finally, a very well-
developed von Karmén vortex street with a constant sepa-
ration frequency is obtained for discrete Mach numbers by
an acoustic feedback, due to a standing sound wave normal
to the mean flow direction; this is very much like a Parker
mode. 1819

In the experiments the flow Mach number was varied be-
tween 0.4-0.9, the circulation of the vortices was between
5-40 m?s, and the clearance distances at which the vortices
pass the airfoil were between 10-40 mm. In addition, the
shape and the size of the airfoil were varied as well. In the
wind tunnel, test-run duration of up to 20 s (depending on
the flow Mach number and the cross section) can be achieved.

B. Shock Tube

To investigate the interaction of a single vortex with an
airfoil, a special shock tube (Fig. 3) was used. For flow vis-
ualization purposes, the shock-tube test section was designed
to have parallel side walls while the upper and lower walls
are slightly curved to minimize effects due to reflections of
the primary shock. Its cross section in the low-pressure side
is 100 x 700 mm?. The pressure ratio (p,/p,) between the
driving section and the test section can be varied between
1-40; most experiments were performed with p,/p, = 13
which leads to a shock strength of p./p, = 3.2 and a flow
Mach number M, behind the shock of 0.76.

For flowfield observation, a real-time holographic inter-
ferometer was constructed. The holograms themselves were
taken by a thermoplastic film camera for instant recording
and reconstruction.?® A larger field-of-view (400 mm) was
used in this setup since Plexiglas® (acrylic glass) windows of
ordinary quality were acceptable. Pressure measurements were
made simultaneously with the interferograms using pressure
transducers mounted into the plexiglas window. This enabled
a direct comparison between the pressure signals and the
interferograms.

In the shock tube, first a strong shock wave moves into a
medium at rest. Behind the shock a flow is induced. If the
shock wave moves over a lifting airfoil the flow will create a
circulation around it. In addition, a vortex is generated at the
trailing edge of the airfoil to compénsate for the circulation
around it. By using different airfoils with different lifts the
strength of the created vortex can be varied. A favorable
feature of such a vortex is the fact that its core radius is rather
small and that it may approximately be regarded as a potential
vortex. After the vortex is generated at the trailing edge it
moves in a manner close with the velocity of the flow induced
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by the primary shock wave, and later interacts with a second
airfoil. First, however, it interacts with the weak shock wave
caused by the reflection of the primary shock at the second
airfoil. Even though the vortex will be slightly affected by this
interference we did not account for it in the evaluation of the
experimental data.

III. Experimental Results

In the transonic flow regime at least two new mechanisms
of aerodynamic sound generation by BVI could be identified.
They seem to be fundamentally different from the dipole-like
sound known from subsonic flows.

A. Compressibility Waves

The so-called compressibility waves caused by BVI have
first been observed in the transonic wind tunnel. A typical
time sequence of interferograms and the corresponding den-
sity distributions (which were evaluated semiautomatically by
an image processing program developed in our institute?!) are
shown in Fig. 4. The parameters were: Mach number M =
0.66, a SC 1095-airfoil with chord length ¢ = 120 mm, cir-
culation of the incoming vortex ' = 26 m?/s, and a framing
rate of the drum camera 7.7 kHz.

On the first interferogram the vortex is directly below the
leading edge of the airfoil (white arrow}); the stagnation point
has moved to the upper side. As the field-of-view is rather
small, the vortex, which normally is represented by a system
of concentric fringes on an interferogram, can only be seen
at the lower edge of the picture. On the second picture the
stagnation point has snapped back to its normal position,
while in the flowfield a density maximum ahead of the leading
edge becomes visible. Finally, on the third picture the density
maximum starts to move upstream (black arrow), it becomes
steeper at its front and weaker at its back.

/density

To investigate the influence of the airfoil’s shape on this
wave generation different airfoils were used. No significant
differences could be observed and it seems primarily that the
wave does not depend on the geometry of the leading edge
as long as its thickness remains the same. By increasing the
vertical distance between the vortex path and the profile, the
wave becomes weaker. In contrast, at increasing Mach num-
bers the wave seems to get stronger. Below a Mach number
of about 0.6 the wave is no longer visible on the interfero-
grams. Since only the compressibility of the flow seems to
govern the generation of this wave, it is called “‘compressibility
wave.”

Unfortunately, Fig. 4 shows only the near field of the BVI.
Therefore, to get at least some idea on what may happen in
the far field, the original airfoil was replaced by a smaller one
(60-mm chord length). The corresponding interferograms shown
in Fig. 5 were taken by the Cranz-Schardin camera with a
framing rate of 35 kHz. The Mach number was M = 0.9 and
the circulation I' = 16 m?/s. Here the experiment was carried
out at a higher Mach number as the steepening effects get
more pronounced with the increasing Mach number. The pic-
tures demonstate that the compression waves steepen up to
weak shock waves which propagate upstream. The arrows
included in the first interferogram point from right to left to
the shock which corresponds to the leading edge of the high-
pressure region separated from the nose of the airfoil, to the
shock which is the steepened front of the compression wave
caused by the preceding vortex, and to the shock which was
generated by an even former vortex. Unfortunately, as these
waves are partly disturbed by the vortex generator and by the
incoming vortices, their directivity pattern cannot be obtained
completely.

The compressibility wave has also been observed in the
shock-tube experiments. A series of typical interferograms
are shown in Fig. 6. Here, the flow Mach number is 0.76, the
circulation of the vortex 19 m?/s. Thermal effects already yield

Fig. 4 Generation of a compressibility wave: Airfoil SC 1095, M = i ;
0.66, I' = 0.26 m?*s, ¢ = 120 mm, framing rate 7.7 kHz; a) density Ed 5
distributions obtained by image processing; and b) interferograms. :
The arrow in the first interferogram indicates the location of the vortex
and the arrow in the third one indicates the separated high-pressure
region.

th =Tl

Fig. 5 Far field of compressibility waves: NACA 0012 airfoil, M =
0.9, I" = 16 m?¥/s, ¢ = 60 mm, and a framing rate 35 kHz. The arrows
in interferogram (a) indicate the locations of compressibility waves.

-
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Fig. 6 Compressibility wave observed in the shock tube: M = (.76

and I' = 19 m/s, blunt body. The arrow in (4) indicates the vortex,
in (8) the pressure transducer, in (12) the reflected wave, and in (16)
the compressibility wave.
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Fig. 7 Typical pressure signal measured by the pressure transducer
(Fig. 6) just ahead of the blunt airfoil. M = 0.76, I' = 19 m%/s.

some fringes on the interferogram where the flow is still at
rest.

On the first picture of the interferograms the primary shock
moves from left to right in front of the airfoil. On the fourth
picture the vortex becomes visible (marked by an arrow), and
on the seventh the shock is reflected from the airfoil. The
interaction at the leading edge takes place only on the tenth
and eleventh picture where a high-density region in front of
the leading edge can already be observed. Although sepa-
ration occurs at the lower side of the airfoil, and probably a
secondary vortex is generated, this does not seem to affect
the wave generation. On the fifteenth picture the compress-
ibility wave passes a pressure transducer. The corresponding
time-dependent pressure signal measured just ahead of the
airfoil by the pressure transducer is shown in Fig. 7. Clearly
seen are the pressure decreases when the incoming vortex
passes the transducer (Fig. 6.7) and the pressure increases
when the reflected shock (Figs. 6.8 and 6.9) and .when the
compressibility wave (Figs. 6.14 and 6.15) reach the trans-
ducer, respectively.

In additional experiments, the vertical position and the an-
gle of attack of the airfoil generating the vortex were changed
to vary the circulation of the vortex and vertical distance
between the vortex path and the airfoil. We will come back
to these results in Sec. IV.A.

B. Transonic Waves

A second mechanism of aerodynamic sound generation can
be identified when due to the blade vortex interaction a locally

airfoil, M = 0.81, I' = 24 m?s, ¢ = 120 m, and a framing rate 10
kHz. The arrow in (c) indicates the cascade of shock waves.

confined supersonic flow region occurs. A typical example is
shown in Fig. 8.

When a clockwise-rotating vortex approaches an airfoil the
stagnation point moves upward (Fig. 8a). Below the airfoil
one sees a locally confined supersonic flow region terminated
by a shock wave which will propagate upstream when the
vortex has passed the supersonic region (Figs. 8d~h). In some
cases, not only single shock waves, but even cascades of shocks
(Fig. 8c) which merge to a single wave when they move up-
stream, were found. A convincing explanation for the occur-
rence of the cascade instead of a simple shock wave could not
yet be found.

To improve the understanding of transonic waves, the flow
Mach number, the circulation of the incoming vortex, and its
lateral distance to the airfoil have been varied. In Sec. IV.A.
these data will be compared with some theoretical estima-
tions.

IV. Theoretical Models

What has been described qualitatively above was also stud-
ied in detail by variation of the parameters involved. This
gives us criteria for the occurrence and some data for the
strength of transonic and compressibility waves.

A. Transonic Waves

From a very simplified point of view (which accounts only
partly for compressibility effects) one might expect that tran-
sonic waves occur if

Viota = Umcun. protile + - > Co

TV
is fulfilled.?” Here, Upean. profe 1S the maximum velocity at the
shoulder of the airfoil in a steady flow without vortices, T is
the circulation of the vortex, y, is the distance between vortex
and airfoil normal to flow direction, and ¢, is the speed of
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sound. Here the second term on the right side accounts for
the real vortex and is approximate for a mirror vortex to
comply with the boundary condition at the airfoil. This very
simple estimation has been confirmed experimentally as can
be seen from Fig. 9. Unfortunately, an estimation of the strength
of the transonic waves could not be given yet.

B. Compressibility Waves

A very simplified model has been developed for the de-
scription of compressibility waves.® It is based on the as-
sumption of the existence of a piston-like source at the leading
edge of the airfoil. In order to fulfill the boundary condition
Unormat = U, it is required that the velocity induced at the
surface of the airfoil be compensated by the piston source.
Therefore, this piston velocity has to be

r

- 2wy,

Upis[on -

If the impedance at the airfoil is given by I = pyc,, one
gets for the radiated pressure field

_pel g d 1
P = 2y V2R V1 — M cos a

which includes also the Doppler effect. Here, p, is the density,
¢, 1s the speed of sound, I is the circulation of the oncoming
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Fig. 9 Transonic waves: A cofnparison between experimental data
and the theoretical prediction.

s
; ’
U =f 1M \;—72‘? A
PcCo s
250- n
! /
Im/sec] N Y
v
v
+ v
200 N e
+ s
Ny < _-piston model
fitted line /
150 4 ™ P
s+ +//
e
PR
100 £ 4.
- ) 4(/*
v/
v
v
50 +//
(4
4
2
0 T T T T 1
[} S0 100 150 200 250
—=— [m/sec]
27y,

Fig. 10 Piston model: Vortex-induced velocity compared with a pis-
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vortex, v, is the distance between the vortex and the airfoil
normal to the flow direction, d is the thickness of the profile,
R is the distance to the observation point, and « is the ob-
servation angle with respect to the mean flow direction.

A comparison of the acoustic particle velocity, estimated
by the model, and the acoustic particle velocity, obtained from
pressure data from the interferograms, is shown in Fig. 10.
The solid line represents a least-square fit to the experimental
data and the dashed line describes the estimation by the sim-
plified piston theory. The general trends of both results agrees,
but there is a systematic deviation of about 30%.

V. Conclusion

Experiments to visualize and help understand the transonic
vortex-airfoil interaction were performed. For this purpose
two-dimensional model flows were investigated by interfer-
ometric techniques and pressure measurements. The exper-
iments were performed in two different experimental facili-
ties. In the first series of experiments the interaction of an
airfoil with vortices of an von Karman vortex street generated
in a transonic wind tunnel was studied. The second series of
experiments were conducted in a special shock tube where
the starting vortex behind a lifting airfoil was used to study
the BVI.

Two different kinds of sound waves were identified which
(at least to our knowledge) have not been discussed before.
They have been called transonic waves and compressibility
waves. Both are different from the sound waves due to or-
dinary subsonic noise generation.

Unfortunately, due to experimental limitations, the direc-
tivity patterns of the two sound waves could not be measured
accurately enough to derive prediction schemes for the ap-
plication to real helicopter noise. Improved experiments and
data evaluation methods should help to overcome these short-
comings in the future.
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