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WINGLETS ON ROTORBLADES IN FOR WARD FLIGHT 
A THEORETICAL AND EXPERIMENTAL INVESTIGATION 

Reinert H. G. MUller 

ABSTRACT 

While several investigations have shown the favourable influence of downward pointing 
winglets on rotor aerodynamics in hover flight there has still been the question of 
winglet behaviour in forward flight. This paper presents a discussion of the influence 
of an optimized winglet arrangement on the rotor aerodynamics under forward flight 
conditions. Using combined experimental and theoretical methods it will be evident 
that there are advantages of winglets even in forward flight. Up to high values of 
the advance ratio the influence of blade-vortex-interactions (BY!) could be decreased 
considerably. This results in lower blade stress and lower noise emission. However, 
problems occur at high advance ratio on the winglet itself due to the variation of the 
angle of attack produced by the forward flight speed. 

I. INTRODUCTION 

Interactions of tip vortices with rotorblades are known to have an adverse influence 
on rotor aerodynamics. These blade-vortex-interactions (BY!) result in large unsteady 
induced velocities on the blades (Fig. 1), causing unsteady pressure fluctuations, blade 
stress and noise emission. It 
could be shown /1/, that special 
winglet arrangements with Different types of Blade-Vortex-lnleraclions 
downward pointing winglets at 
the blade tips result in a 
vertical displacement (Fig. 2) 
and a diffuse core of the tip 
vortex, leading to lower induced 
velocities at BY! (Fig. 3). While 
the results presented in 
reference I 1/ show the influence 
of preliminary winglet versions, 
this paper will briefly discuss 
the influence of an optimized 
winglet under forward flight 
conditions. A more detailed 
explanation and additionally a 
closer look at the advantages of Fig. I Blade-Vortex-Interactions 
the same optimized winglet 
shape in hover flight conditions will be published in reference /2/. 

The winglet arrangement used is shown in Fig. l!. Several demands led to this 
relatively exotic looking shape. First of all it was necessary to form a very smooth 
downward bending. This reduces the danger of aerodynamic losses by disturbances like 
secondary vortices or flow separation. This is very important in forward flight 
conditions, because of the very large variations the angle of attack can have on the 
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outer winglet part. The 
swe.ep angle gives a good 
behaviour at transonic 
velocities, which occur at 
the ljJ = 90° position. 
According to Desopper /3/ 
there is a decreasing effect 
on the effective sweep 
angle in the second 

0 0 
quadrant ( ljJ = 90 to 180 ). 
lt is important to notice 
that this effect is -- due to 
the special bent down shape 
of the winglet -- almost 
completely eliminated. To 
reduce the torsional forces 
produced by the swept back 
part there is a small 
forward swept part just at 
the start of the downward 
bending. Due to the centri
fuga·l forces on the winglet 
there is a large blade stress 
at the bending. A given 
limit of the blade stress 
requires a large thickness in 
this region, which interferes 
with the demand of thin 
profiles for transonic tip 
speeds. Therefore a rela
tively thin airfoil with a 
wide chord has been chosen, 
which results in a good 
compromise and has advan
tages even at the retreating 
side of the rotor. The twist 
of the outer winglet part 
determines the amount of 
circulation on the winglet, 

Vortex posilion below rotor blade 
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which leads to a more or less strong gradient of the circulation distribution at the 
very tip. A larger angle of attack results in a larger vertical displacement of the 
vortex·, but at the same time in a more concentrated vortex. In my investigation I 
have made experiments with a nontwisted winglet (0°) and a twisted winglet with a 
positive twist angle of 7° at the downward pointing part (Fig. 5). There is an 
additional angle of !J..fJ = 2° in Fig. 5 due to the basic angle of attack of the blade. 
Calculations in hover case showed an optimum of the twist angle at about 4° 
(see /2/). For forward flight experiments and comparisons between theory and 
experiment I have preferably used the twisted winglet (7°) (Fig. 6). 

I made a theoretical and experimental investigation providing the opportunity to make 
comparisons with experiments at every important step of the calculation. First of all 
I decided that it is not necessary to develop a new theoretical wake determination 
method like the free wake analysis. I have determined the wake position by smoke 
experiments. It is very important to get an exact wake position, because the vertical 
position or displacement of the vortices in the wake is responsible for the strength of 
BVI. Any inaccuracy would influence all further calculations. While this experimental 
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technique can be used for the investigation with the model rotor, it will be necessary 
to implement a full theoretical free wake analysis method for the extension to larger 
rotors. But I am sure that it is possible to adapt and extend the methods of 
Scully /4/ or Bliss /5/ to the problems of winglets. 

2. EXPERIMENTS 

As mentioned, the first and most important experiment was the determination of the 
rotor wake position. With an experimental setup (Fig. 7) equipped with two cameras 
and the visualization technique already shown in /1/ -- blowing vapour out of one of 

Fig. 7 

Fig. 8 

Rotor lest facility 
Camera position 

came1a fo1 
side view 

(x-z- plane) 

3,1 m 

Visualized wake - without 

the blade tips -- it was possible to obtain 
vapour-photographs like Fig. 8. The 
quality of these photographs is not as 
high as shown in /1 I due to the higher 
rotor speed of 1500 RPM. Nevertheless it 
was possible to reconstruct the vortex 
path very accurately over 1.5 revolutions 
of the vortex spiral. Very helpful for this 
task was the observation of the wake 
development at different rotor azimuth 
(photographs were taken at I 0° -steps) and 
a simultanuously recorded video tape. The 
measured vertical wake displacement was 
considerably (allmost the winglet height). 
By means of digital picture processing 
methods it was possible to extract the 
center lines of the vapour filaments in 
the photographs and to obtain the position 
of the vortex core (Fig. 9). The super
position of the vortex spirals of all four 
blades shows the full wake (Fig. I 0). This 
wake serves as an input for all further 
calculations of induced velocities, bound 
circulation, blade pressure and blade 
forces and finally the emitted sound 
pressure. 

with wingtet 
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For the measurements of the un
steady blade pressure a rectangular 
reference blade and a rotor blade with 
winglet were equipped with pressure 
probes (Fig. II and 12). These probes 
are located. in the tip region at 90%, 
95% and 97.5% radius and at different 
chord stations (5%, 20%, 1!0%), partly on 
the suction side and on the pressure 
side. 

Rotor blades with pressure probes 

Fig. 12 
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Fig. 13 

The test rotor (Fig. 13) is equipped with a swashplate. So it was possible to perform 
the measurements at trimmed flight conditions. Actually it was not possible to set 
the trim absolutely correct during the measurements as can be seen from the 
pressure courses, but at least the trim was the same for both configurations with 
reference tip and winglet. Several measurements are shown in Figs. II! and 15 for a 
descent flight condition at an advance ratio of IJ. = 0.2 and in Figs. 16 and 17 for a 
level flight at an advance ratio of IJ. = 0.3. In these and all the following figures 
there is always plotted the unsteady part of the pressure course. It is evident that 
the pressure fluctuations at 90% radius are considerably lower for the winglet 
configuration due to the larger distance between vortex and blade and due to the 
diffuser vortex core at BVI near the 90° and 270°-position. This is true up to a 
radius of 95%. At 97.5% radius there are strong pressure fluctuations due to the 
forward flight speed, which causes large variations of the angle of attack on the 
outer winglet part. But again the peaks caused by BVI at 90° and 270° are lower. 
This behaviour is similar at an even higher advance ratio of up to ll = 0.1!. 

The measurements of the noise emission conducted in the farfield show the power 
spectrum of the noise due to the characteristic of the windtunnel room (noise 
reflecting walls). By measurements in the nearfield of the rotor, however, it was 
possible to get information of the sound pressure. In this nearfield, which depends on 
the frequency measured, the direct sound pressure of the rotor outweighs the 
reflected noise from the windtunnel walls. 
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An example of the farfield 
measurements is plotted in 
Fig. 18 for a very fast descent 
flight condition (A-weighted). 
The noise harmonics are 
considerably lower for the 
winglet configuration. A near
field measurement for a 
similar flight condition is 
shown in Fig. 19. Here the 
sound pressure is plotted in the 
time domain and in the 
frequency domain. The strong 
pressure peaks with the 
reference tip due to B VI are 
again considerably reduced by 
the winglet. In the frequency 
domain it is evident that most 
harmonics are up to I OdB(A) 
lower for the winglet con
figuration than for the rect
angular reference tip. 

3. THEORY 

As mentioned in the intro
duction, the wake position (tip 
vortices) was determined with 
vapour photographs. The first 
step in the calculation was the 
determination of the induced 
velocities at the blade and the 
bound circulation distribution 
on the blade. To do this, the 
circulation distribution in the 
wake had to be known. Under 
the assumption that the tip 
vortices have the main effect 
within BY!, the circulation 
distribution in the tip vortex 
spirals could be calculated in 
an iterative process. Fig. 20 
shows a flow chart of the 
program. In this process the 
blade is simulated by a vortex
lattice (Fig. 21). All induced 
velocities are calculated 
according to Biot-Savart. With 
these induced velocities and 
the boundary condition on the 
blade (profile contour) the 
vortex-lattice on the blade 
gives a set of equations. The 
solution of these equations is 
the bound circulation. The 



calculation is done in 
azimuthal steps of ll(j!= 5°. 
The circulation of the just 
developping tip vortex 
corresponds to the maximum 
bound vorticity on the blade 
(minus some loss of few 
percent). With this new 
circulation for the tip 
vortices a new iteration 
starts. The result at a 
moderate advance ratio of 
IJ. = 0.2 is plotted in Fig. 22. 
The circulation fluctuations 
at 90° and 270° azimuth are 
lower with the winglet. 
Fig. 23 shows the induced 
axial and tangential 
velocities at 80% radius. 
Again the distribution is 
smoother with the winglet. 
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With these induced veloci
ties an unsteady pressure 
calculation has been per
formed using the approved 
method already shown in 
I I I and 161. In this theory 
the profile is represented 
by a 2-dimensional con
tinuous circulation distri
bution (Fig. 24), which is 
influenced by the distur
bing velocities u and v. 
These velocities again are 
influenced by variations of 
the angle of attack of the 
airfoil (cyclic control and 
flapping of the blade) and 
by B VI. Changes of the 
circulation distribution 
cause the development of 
free vorticity floating 
away with the free stream 

velocity. Using this circulation distribution the velocities on the profile can be 
calculated according to Biot-Savart. With the one dimensional Euler equation, set up 
for the profile contour, integral equations for the unsteady pressure distribution can 
be constructed. 
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Resvlts of this calculation are shown in Figs. 25 - 27 for the advance ratio of 
11 = 0.2 and a radius of 80%, 95% and 97.5%. The examples show the unsteady 
pressure course over one revolution for 5% and 20% chord. At 80% and 95% radius 
the influence of BV! is remarkably decreased by the winglet. At 97.5% radius -- on 
the winglet itself --, however, the influence of the strong variations of the angle of 
attack induced by the forward flight speed has an adverse effect. In Figs. 28 and 29 
a comparison is made for theory and experiment for 95% and 97.5% radius. The 
agreement is only qualitatively good -- peaks caused by BV! have the same azimuthal 
positions. The calculated values however are too large by a factor of 1.5 to 2. There 
are two explanations to this problem: 

- Only the determination of the BV!-induced disturbing velocities is 3-
di mensional. The final calculation of the unsteady pressure is 2-dimensional. This 
theory is not necessarily very good especially at the bending of the winglet near 
97.5% radius. It is interesting that just there the errors are at a maximum. 

- There may be a vortex breakdown at B VI. Some visualization photographs 
showed such a vortex bursting (see I I/). A similar vortex bursting is assumed by 
Scully /4/ in his calculations. 
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Calculations of the noise em1sswn show a relatively good agreement up to the lOth 
harmonic with the reference tip (Fig. 30) and up to the 7th harmonic with the 
winglet (Fig. 31). These calculations use the Monopol and Dipol terms of the Ffowcs
Williams and Hawkins equation /7/, which was first adapted for the helicopter rotor 
by Schmitz and Yu /8/ and Schultz and Splettstoesser /9/. Schultz and Splettstoesser 
only use measured and interpolated pressure distributions on the rotor blades. On the 
other hand I have the possibility to use the measured and additionally -- at the 
locations where no measurements exist -- the calculated pressure distributions for this 
calculation of the sound pressure emitted by the rotor. 

1+. SUMMARY 

With both experiments and calculations the favourable influence of downward pointing 
winglets on the aerodynamic of helicopter rotors could be shown. Due to the 
increased vertical distance between tip vortex and rotor blades at BVI and due to a 
spreading of the vortex the unsteady pressure fluctuations on the blade are lower 
with the winglet. This results in lower blade stress and lower noise emission. 
Problems at higher forward flight speeds occur due to the strong azimuthal variations 
of the angle of attack on the winglet. These problems however can be overcome up 
to an advance ratio of 11 = 0.3. With these results a winglet arrangement will be very 
useful for heavy lift helicopters, where the increased efficiency of about 7% and even 
more (see /2/) will be substantial. Another important application of these winglets 
could be the tilt rotor helicopter. In this field there is no adverse influence of the 
winglets at higher forward flight speeds due to the symmetric flow conditions of the 
tilted rotors. 
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