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Abstract

The distortions of tip vortices because of blade-vortex-
interactions (BVI) are investigated experimentally, Basic
wind tunnel tests were performed to simulate BVI for the
conditions of helicopter forward flight. For the interaction
with rotor blades, a strong vortex was generated as tip
vortex of a special wing arrangement. The relative
position between rotor and interacting vortex could be
varied by moving the wing system. Two kinds of
investigations were carried out: a flow visualization
technique to obtain the deformations of the vortex
trajectory and velocity measurements, using split fiber
probes, to estimate the influence of BVI on the axial and
tangential velocity profiles of the vortex. For
investigating the influence of vortex strength and
structure, tests with different vortices were conducted.

The results of the various tests are presented and some
basic explanations of the observed phenomena are given,
As a main result, it was found that, under certain
conditicns, the vortex trajectory was turned into a
corkscrew or spiral shape. The influence of various
parameters on the geometry of the spiral is presented.
Concerning the velocity profiles, the maximum
tangential velocity and the axial velocity defect are of
special interest. For very close interactions, the flow
visualization shows a vortex bursting in form of a short
spiral. A special investigation of this bursting is planed
for the futuare.

ncl x
A amplitude
CR chord of rotor blade
Cow chord of vortex generating wing
R rotor radius
T radial position
T vortex core radius
s dimensionless span position
t time past interaction

Vax axial velocity

Vian  tangential velocity
Voo freestream velocity
X, ¥, z Cartesian coordinates

Ky lateral vortex position

Zy interaction distance

o angle of attack

oppp rotor plane angie of attack

b angle of deflection

'y blade-bound circulation

Ty vortex circulation

Ty maximum blade-bound circulation
) axial velocity defect

A wave length

i advance ratio

Og collective pitch angle of rotor
¥ rotor azimuth

Q rotor rotational speed

1. Introduction

Helicopter aerodynamics are mainly dominated by
unsteady effects. Among these effects, blade-vortex-
interactions (BVD) of tip vortices with rotor blades (Fig.
1} play a major role because of the emission of high
impulsive noise and the generation of dynamic blade
loads. Therefore, BVI is at present a main subject of
helicopter research,

Parallel Interaction

Rectangidar Interaction

Fig. 1 BVI of different type

Incorporated in a research program on helicopter noise
reduction, several experiments on BVT were conducted at
the RWTH Aachen, University of Technology, since
1981 (Ref. 1, 2). Within this program, also theoretical
models and computer codes were developed in order to
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calculate rotor flow, tip vortex strength and position,
unsteady blade loads and noise emission.

The intention of this paper is to understand the effects of
BVI which cause a deformation of the vortex path and a
modification of the vortex structure. The knowledge of
these effects seems to be important because the distorted
vortex segments may interact several times with the
main rotor Mades as well as with the tail rotor blades. In
some tests even a vortex bursting was observed, an effect
which increased the interest in appropriate investigations.
Since there are nearly no significant publications on this
subject, some basic wind tunnel tests were performed for
analyzing the influence of the governing parameters,

To simplify the BVI for a helicopter in forward flight, it
was decided to generate the interacting vortex by an
external vortex generating device. This experimental
setup was chosen because vortex location, structure and
strength are easy to control and to measure before and
after the interaction. There is a remarkable amount of
experience with comparable setups in the team (Ref. 1)
angd other scientists also used such methods successfully
{Ref. 3). The own tip vortex system of the main rotor
also exists, but it is expected that it has at most for
lifting rotors a notable influence on the investigated
phenomena.

rimen
2.1, Vortex arrangement

The interacting vortex was generated by a special
arrangement of fixed wings. Normally, the structure of
wing tip vortices may be different from that of a main
rotor tip vortex, which has a small core radius and is
highly concentrated. To model a main rotor tip vortex, a
special vortex generator was built (Fig. 2), which
permitted some variations like using 1 to 4 wings to
merge their tip vortices in the center, using different
wing shapes, varying the angle of attack and the distance
between the wing tips. The generator was fitted in front
of the 1.5 m diameter wind tunnel nozzle and could be
moved in vertical and horizontal direction. The wings had
a 0.1 m chord with a NACA 00135 profile and no twist,

A large number of vortices were investigated. Their
tangential and axial velocity profiles were measured by
split fiber probes and constant temperature hot wire
ancmometers to select the vortices which are most
helicopter-like. Special chord extensions at the trailing
cdge of the generator wings have been adapted for creating
a suitable spanwise circulation distribution at the wings
(Fig. 3). As a resalt, two vortices (vortex 1 and vortex 2
in table 1) werc selected as basic vortices with small
symmetric cores combined with a high strength (Fig.
4).Their main difference was the amount in axial velocity

IT.

defect & (Fig. 4b). The circulation distribution of these
vortices showed acceptable agreement with the helicopter
vortex model of Ref. 4 Fig. 5).
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Fig. 5 Vortex circulation distribution
To analyze the influence of the vortex strength, two
further vortices were used in some test runs (vortex 3 and

vortex 4 in table 1).

Tab. 1 Investigated vortices

o Chordext.  T'y/Velw
Vortex 1 10° yes 0.94
Vortex 2 15° no 0.83
Vortex 3 g yes 0.69
Vortex 4 10° no 0.74

Here, o is the angle of attack of the vortex generator
wings. Applying the theory of Leibovich (Ref. 5,6) on
the measured profiles of the tangential and axial
velocities of the vortices, it turned out that vortex 2
should be unstable while the other vortices are stable.

2.2, Rotor test facility

Following these vortex measurements, a model rotor was
installed in the open test section of the wind tunnel. It
was a two-bladed rotor of 1.05 m diameter equipped with
collective and cyclic pitch control. The untwisted blades

had a NACA 0015 profile with a chord length of 0.054
m and were made out of glass fiber composite.

The distance between the generaior wing trailing edge and
the blade tips (at y = 180°) was set to 1.15 m to ensure
that the vortices of the generator have merged and rolled
up completely. The rotor plane was adjusted parallel to
the wind tunnel flow direction (cepp = 0%) and the rotor

was operated with zero cyclic pitch.

23 M remerl

Two kinds of investigations have been carried out:

- a flow visualization technique for observing the
influence of BVI on the vortex trajectory and

- velocity measurements, using split fiber probes, to
obtain the changes in vortex velocity distributions
after BVI.

To visualize the vortex trajectory, vapor was emitted
from the tips of the vortex generator wings. For
measuring the displacements of the vortex center,
simultaneous photographs of the visualized vortex core
were taken from the side view and a downstream view
(Fig. 2). In addition to that, stroboscopically flashed
video recordings were taken simultaneously. For
analyzing the photographs, a digital image processing
unit was used. By extracting the center of the vapor
filaments (line with less vapor for example in Fig. 7),
the positions of the vortex core were obtained and could
be analyzed.

Velocity measurements, using a split fiber probe
(DANTEC 55 R 53) and a constant femperature
anemometer, were made with and without the influence
of the rotating rotor downstream of the generator wings
at several planes normal to the wind tunnel flow
direction. The velocity data were digitized and stored on-
line on a micro computer. A number of values was
accumulated and averaged. Without running the rotor the
vortex position showed only negligible fluctuations, so
that it was concluded that this averaging process could be
applied for the undisturbed vortex. But, when BVI
occurred, the center of the vortices winds up to a spiral.
This phenomenon demanded a special measuring
procedure where the velocity data had to be triggered by
the rotor revolutions. In this way up to 30 triggered
values have been collected and averaged to get one
velocity. The probe position was computer controlled and
the measured axial and tangential velocities were plotted
automatically versus the position.
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3. Results

At the measurements, the influence of several parameters
was investigated. So, rotor rotational speed, wind tunnel

advance ratio of 0.4 as standard, gave more time to
observe the fluctuations before a second interaction ook

place,

Tab, 2 Parameter variation

velocity and vortex strength were varied, Measurements Test Vortex Ve  rpm i YR Xy

with a non lifting rotor (zero collective angle) and a No.  No.
lifting rotor (collective pitch of 5° and 10°) were m/s  min-! ° m
performed. As Fig. 6 shows, tests were conducted for two 1 i 20 018 0.4 0 0
distances xy in lateral direction. For xy=0 the vortex 5 1 20 1377 0.3 0 0
trajectory is parallel to the leading edge of the interacting 3 3 20 918 04 0 0
blade, which is called parallel interaction; xy=-0.6R is an 4 2 20 918 0.4 0 0
example of an oblique inferaction where in this case the 5 4 20 918 0.4 0 0
angle between the leading edge of the blade and the vortex 6 2) 10 918 02 0 0
is about 50°. In all cases, the interaction distance zy 7 @ 30 1377 04 0 0
between the rotor area and the vortex was enlarged in 8 9 20 918 0.4 10 0
steps until no distortion could be recognized anymore. 9 2 20 1377 03 10 0
Measurements with the vortex located above the rotor (zy 10 1 20 918 0.4 10 0
negative) were conducted currently only up to an 11 1 20 1377 03 10 0
interaction distance of (.37 ¢g. A survey of the parameter 12 1 20 018 0.4 5 0
variations gives Tab, 2. 13 1 20 918 0.4 10 0.3
14 1 20 1377 0.3 10 03
To restrict the number of combinations, two reference 15 1 20 018 04 0 0.3
tests (No. 1 and No. 4 in Tab. 2) were chosen to which 16 2 20 918 0.4 10 0.3

all parameter variations were related. Choosing an
Y
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As the first step of analyzing the test results, the video
and photographic pictures were used to get a qualitative
survey of the trajectory deformation. it was found that in
all test cases the straight vortex trajectory was more or
less turned into a spiral or corkscrew shape due 0 BY1
{Fig. "7y 1t is remarkable that the spiral was extended 10
those parts of the vortex which had no direct interaction
with the blade {"passively distorted” segments, see Fig,
63, even if the hit of the blade mainly destroyed the

“actively distorted “vortex segments,

it was found that the spiral form was flattened in case of
an pblique interaction, That means that the amplitude of
the motion is bigger normal io the rotor area than
parallel 1o i, which gives the spiral an elliptical cross
section. Fig. 8 shows a typical visualization of Such a
“flat spiral”.

Fig. 7 Vortex spiral

Fig. 8 'Flat spiral”
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Fig. 9 Spiral growing

For parallel interactions of vortices passing below
(downstream) the rotor, it was found that the actively
distorted segments were moved in the direction of the
rotating blade motion, Fig. 9 shows in its upper part an
cxample of this displacement, which is followed by the
beginning spiral formation. But, for vortices passing
above the rotor, the actively distorted segments showed a
movenent against the rotation. An explanation for that
behavior is illustrated in Fig. 10 for the non-lifting case.
The interacting vortices rotate anti-clockwise according to
the experimental setup. In the beginning of the BVI
{blade position 1) the vortices induce positive angles of
attack at the passing blade. That causes a variation of the
bound vorticity at the blade as marked in. When the blade
has passed by (blade pesition 2}, the vortices induce
negative angles of attack causing a bound vorticity in the
opposite direction to that of blade position 1. This
phenomenon is the same for the vortex passing above or
below the blade. The variation of bound vorticity
generates a trailing vortex sheet which induces velocities
at the position of the interacting vortices, This leads toa
movement of the vortices, whose direction is shown in
Fig. 10. If the rotor blades are generating lift, the
described phenomena are principally the same.
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Fig. 10 Vortex delocation

It is an important point, that this induced displacement of
the interacting vortex was the starting point of a forced
meandering motion in form of a spiral. The spiral was
caused by self-induction; every segment of the vortex
induced velocities mainly in radial direction at the
position of each other segment.
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Fig. 11 ‘Long spiral”

In lifting cases, an additional axial displacement of the
actively distorted vortex segments took place by the rotor
downwash, especially for higher axial distances zy
between the vortex and the rotor area. The wave length of
the spiral was larger than in the non-lifting case as can be
seen in Fig. 11; we call this a “long spiral”,

To get quantitative data of the trajectory disturbances, the
flow photographs were analyzed by the image processing
unit, The spiral wave length A and its amplitude A (or
spiral radius) were measured as comparable parameters,
Fig.12 gives a scheme of the analyzing technique. The
limited number of computer screen dots led to errors up
to 8% for the amplitudes and 5% for the wave length.

X

Fig. 12 Analyzing scheme

The discussion of the influcace of the various test
parameters starts with the axial distance z, between the
vortex axis and the rotor area, Fig. 13 shows the decrease
of amplitades A of the voriex spiral with increasing
interaction distances zy,. It is remarkable that negative z-
valucs (vortex above the rotor) show the largest
amplitudes, Unfortunately, measurements above the rotor

1 1.5 2

0.8 ZV/CR

— Vortex 1 —— Vortex 3 % Vortex 4

Fig. 13 Spiral amplitudes (nonlifting case)

e Vortex 2

e Vortex 3

= Vortex 2 = Vortex 3 —*= Vortax 4

Fig. 14 Spiral wave lengths (nonlifting case)

were made only for smail distances z,, up to now; the

results require some more investigations in this
configuration. While the amplitudes decrease with zy, the
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wave lengths increase (Fig. 14). In ail cases, a maximum
wave length can be found which is constant for larger z,,.
The wave lengths and amplitudes show only small
differences for the various vortices. Only the weak vortex
3 had relatively high wave lengths and amplitudes for
larger distances (zy/cr>1). For z,~values larger than 0.5
Cr» the wave length can be so large, that parts of it were
affected by the second blade too. This is indicated by a (2)
in the figures 13 to 16, Fig. 15 and 16 show the
amplitedes and wave lengths in the lifting rotor case.
Comparing these resulis with those of the non-lifting
case (Fig. 13 and 14), it can be scen that for close
interactions {zy/cg<1) the thrust does not influence the
vortex trajectory very much. But, for larger interaction
distances, the amplitudes and wave lengths are higher.
Additionally the trajectory distortions are extended to
larger distances z,, (up to z,/cg=4) in case of a lifling
rotor. This can be explained as an effect of the rotor
downwash. The more stable vortex 1 shows smaller
amplitudes than vortex 2. Investigating the other
parameters, it was found that smaller advancs ratios cause
smaller amplitudes and wave lengths, while a higher
rotor speed is connected with longer wave lengths and
stightly smaller amplitudes.
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Fig. 15 Spiral amplitudes (lifting case)
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In the oblique interaction case it was not possible to
examine the wave length with the required accuracy.
Therefore, the angle of deflection v (see Fig. 17) and the
amplitude A were chosen as the scale of distortion.

Fig. 17 Analyzing scheme for oblique case

Fig. 18 shows that the angle v decreases rapidly with
increase of the interaction distance z,,. The amplitudes are

reduced as well with larger z,, (Fig.19); z,/cp=-0.37
shows maximum values (for larger distances above the
rotor further measurements have to be conducted in
future). The trajectory distortions are mainly caused by

Y
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Fig. 18 Angle of deflection
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Fig. 19 Spiral amplitudes (oblique case)
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rotor downwash, especially close interactions are strongly
influenced in this case. As the non-lifting case (Fig. 15)
shows the lowest values for A and v, there are reasons for
the assumption that the tip vortices of the rotor blades
have an important influence in the oblique interaction
case with a lifting rotor. The blade tip vortices induce
velocities in the downwash direction. This induction acts
for the oblique case over a longer period of time on the
interacting vortex and can cause the “flat spiral” with a
higher amplitude normal to the rotor area.

Only a slight influence of the rotor speed could be found
(test 13 compared to 14). The vortex stability seems to
have more influence (the unstable vortex 2 in test 16 has
the highest amplitudes).

3.2, Velocity profiles

Additionally to the parameters of the spiral motion of the
interacting vortices, it is of interest to get informations
about the vortex velocity profiles. As mentioned above,
the profiles of the tangential and axial velocities have
been measured in several planes by split fiber probes.
The maximum tangential velocity, the axial velocity
defect 3 - equal to (Voo - Vay min) - and the vortex core
radius can be considered as characteristic parameters of
these profiles.

Fig. 20 shows the dimensionless tangential velocity
Vian/Veo Dlotted versus the dimensionless vortex radius

r/cy, for various times t past interaction. Here, a parallel

interaction case of vortex 1 with a lift generating rotor at
Voo = 20 m/s (test 10) and z,, = 50 mm was considered.

t ’/
P , - , - v ; , .
-t -08 -08 -04 -02 © 02 04 o0& 08 1
r/cw

=== Undiatorted * t«10.0 ma 9 te22.6 ma

Fig. 20 Tangential velocity profiles

At the interaction time t = 0 the investigated segment of
the vortex was located at r/R = 0.94 and y = 180°. The
probe was traversed normal to the rotor disc. For the
different times t past interaction, the measurement
position of the profiles was moved with the flow, having
the speed of V., = 20 m/s. That leads, ¢.g, fort = 22,5

ms, to a measurement plane which is 0.04 R upstream

the rotor center; the rotor blade has moved 125° in the
direction of rotation. A substantial reduction of the
tangential velocity connecied with a considerable increase
of the vortex core radius due to BVI could be concluded
from analyzing Fig. 20. But, the fact that the probe is
waversed in a fluctuating vortex leads to a smoothing of
the velocity profiles, which are averaged over about 30
revolutions of the rotor. In this case, the above
mentioned triggering of the plotted velocity data by the
rotor did not work with enough accuracy. By analyzing
unsicady velocity data of Vi, the maximum values of
the tangential velocity reached always nearly the same
high values as for the undistorted vortex. That means that
in Fig, 20 the plotted reduction of Vi, and the increase
of the core radius is caused by the used measurement
technique. In chapter 3.1 was concluded that a forced
meandering of the interacting vortex in form of a spiral
takes place. But this should not influence the velocity
profiles as shown in Ref, 7.
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Fig. 21 Axial velocity profiles

F ta22.6 mas

For the same test number, the profiles of the axial
velocities are given in Fig. 21, With a meandering vortex
these profiles should be similar to the undistorted vortex.
But Fig. 21 shows an increasing deficit 8 with growing
iime t, This takes place obviously on the axis of the
vortex spiral and can not be explained by an averaging
process during the measuremenis as above, Here a
possible explanation is, that the vortex itself induces an
upstream axial velocity in the center part of the spiral
(Ref. 7). This induced velocity grows when the wave
length of the spiral is decreased and the amplitude is
increased. Such a behaviour of the spiral can be seen for
the present test number in Fig. 22 (it shows a
photographic recording of one picture of a video movie),
The probe position for t=22.5 ms is in that region
where the spiral shows the increased pitch.
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Fig,. 22 Vortex deformation

In some cases {all at a low separation distance zy) a local
bursting of the interacting vortex was observed, This is
shown in the lower picture of Fig, 9 with a zy = +10
mm. After a sharp displacement of the vortex during
interaction (upper picture of Fig. 9), a strong distortion
can be seen in the middle picture followed by a vortex
bursting in form of a spiral having high pitch. Another
example, showing vortex bursting, is given in Fig. 23
with 2 zy = -10 mm. This bursting has not yet been
investigated in detail, Because such a bursting reduces the
flow distortions downstream, a special investigation of
this effect is planed for the future.

12 068
i4_i2.89

Fig. 23 Vortex bursting

+. Conclysi

I this paper the special effect of BVI on the deformation
of the vortex path as well as a modification of its internal
structure is investigated., The knowledge of these
phenomena scems important because the distorted vortex
segments can interact for several times with the main
rotor blades as well as with the tail rotor blades. To
simulate the BVI for a helicopter in forward flight, the
interacting vortex was generated by a special wing
arrangement. This experimental setup allowed an ecasy
measurcment of the vortex location, structure and
strength before and after the interaction. Vortex trajectory
distortions were recorded by vapor visualization and
photo/video technique. The distributions of the axial and
tangential velocities inside the interacting vortices were
investigated by measuring the velocity profiles using
split fiber probes.

The influence of several parameters has been observed
during a wind turnel campaign. It was found that a forced
meandering took place due to BVI and the straight
trajectory of the undistorted vortex was turned into a
spiral motion. The meandering has different reasons (see
below) and leads to a spiral motion which is generated by
self-induction of the vortex.

- In the case of parallel interaction (vortex trajectory

parallel to the leading edge of the blade, see e.g.
Fig. 7) the circulation at the blade is changed with
time, This causes a trailing vortex sheet whose
induced velocities lead to a displacement of the
interacting vortex segments parallel to the rotor
area (sce Fig. 10), That is the origin of the
meandering and takes place for a rotor with and
without lift.

- If the blades generate lift, the rotor downwash
leads to a displacement of the interacting vortex
normal to the rotor arca.

- Increasing the separation distance zy between the

vortex axis and the rotor disc for a non-lifting
blade, the amplitude A of the generated vortex
spiral decreases and simultancously the wave
length increases. A vortex with a low strength has
larger amplitudes and wave lengths.

- If the vortex interacts with a lifting blade, the

values of the amplitudes and wave lengths of the
vortex spirals are nearly the same as in the non-
lifting case for zy being small (up to about 1.5
blade chord lengths). Downwash, however,
expands the zy-range where the vortex trajectory is
influenced up to values of 4.5 blade chord lengths,
In this range the wave lengths are rather long.
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In the case of oblique interaction (flow
visualization in Fig. 8) the blade tip vortices of
the rotor blades can influence the vortex
displacement in a significant way. The tip vortices
induce velocities in downwash direction. In the
oblique case these inductions act on the interacting
vortex for a longer period of time and can cause a
“flat spiral” with higher amplitudes normal to the
rotor area. In the non-lifting casc the amplitudes
are of the same level as in the case of parallel
interaction, But, when tip vortices are generated in
the lifting case, these amplitudes are increased
with a factor of about 3 (Fig. 19).

The distribution of the tangential and axial
velocities inside the interacting vortex, which is
meandering in form of a spiral, have been
measured by split fiber probes. In such a vortex
the tangential velocity profiles are nearly identical
with those in an undistorted vortex. But, the axial
velocities near the center of the spiral can be
decreased. Ii is assumed, that here the vortex itself
induces axial velocities against the flow direction
especially in those cases where the spiral has
regions with increased pitch.

For very close interaction (zy in the range up to
0.2 cg) not only the vortex trajectory is influenced

by BVI but the vortex structure is also changed,
Flow visualizations show that a bursting of the
interacting vortex may be induced in form of a
short spiral with high pitch (Fig. 9 and 23 show
the vortex bursting).

For the future it is planned to investigate
especially those cases where a vortex bursting is
to be expected. It is known, that the tangential and
axial vortex velocities downstream the burst
become very low. This leads to a decrease of the
unsteady biade pressure fluctuations due to BVL
Therefore these cases are most interesting ones,
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