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Flow field measurements of the blade tip vortices at a 
rotating helicopter rotor model were performed by three 
component laser-Doppler velocimetry (3D-LDV) and 
conventional (two component) particle image velocimetry 
(PIV). The results are in good correspondence in general, 
but also illustrate the different properties of both 
techniques, such as the three-dimensional measurement 
capability of LDV and the unsteadyness of the flow 
captured by the PIV method. 

Introduction 

With increasing use of civil helicopters the problem of 
noise emission of helicopters has become increasingly 
important within the last decades. Helicopter noise has 
been subject of many research projects (Lawson 1991). 
Blade vortex interactions (BVI) have been identified as a 
major source of impulsive noise. As I3VI-noise is 
governed by the induced velocities of tip vortices, it 
depends on vortex strength and miss-distance, which itself 
depends on vortex location, orientation, and convection 
speed relative to the path of the advancing blade. Blade 
vortex interaction can occur at different locations inside 
the rotor plane depending on flight velocity and 
orientation of the blade tip path plane. It has to be 
distinguished between parallel blade vortex interaction, 
the angle between leading edge of the blade and vortex 
axis is about 0°, and orthogonal blade vortex interaction, 
where the angle between leading edge and vortex axis is 
close to 90°. The noise emission of parallel blade vortex 
interaction is considerably larger (Cardonne et al. 1988, 
Sp!cttstOBer ct a!. 1990). Investigations of the accoustic 
ncar and farfie!d (Ehrenfried et a!. 1991, Burley et a!. 
1991) were based on the interaction of the blade with 
vortices, which were described by mathematical models. 
Information about the structure and strength of the real 
rotor tip vortices and their interaction with the blade were 
not available. It is understood, that the study of these 
phenomena is of particular interest for progress towards 
quieter helicopters. 
In our investigations the vortical structures of the flow 
field of helicopter rotor model in a wind tunnel has been 
studied by optical measurement techniques, since only 
non-intrusive techniques arc capable to obtain velocity 
data within the rotor plane. Measurements of local flow 
vectors at positions close to the rotor blade tips were 
performed by three component laser Doppler velocimctry 

(3D-LDV) and conventional (two component) particle 
image velocimetry (PIV). Par the first time a comparison 
of LDV and PIV data acquired in a wind tunnel from the 
same rotor model has been performed. The blade position 
has to be chosen where vortex positions and their 
orthogonal interactions with the blade are well known and 
easily reproducible (sec Fig, l, position B). 

R_otor and. test matrix 

The LDV and PIV measurements have been performed on 
the helicopter rotor model of the Department of 
Aerospace Engineering (!LR) of R WTI-I Aachen, 
developed and instestigated in detail by Bees ten (I 994), 
The rotor model had a radius of 0.5 m and four NACA 
0015 blades (chord length= 54 mm) with rectangular tips 
and was driven by a toothed belt and an electric 65 kW 
engine. The rotor model was fully articulated and had 
flapping hinges, The rotor was installed in the open test 
section of the JLR Aachen low-speed wind tunnel. 

Figure 1: 3D-LDV and helicopter rotor model in the 
open test section of the ILR Aachen low-speed wind 
tunnel. 

The free stream velocity was set to tJ = 15.7 rn/s and the 
rotor speed to f = 25 rcv/s resulting in an advance ratio of 
)1. :o:: 0.2. The tip path plane was tilted by an angle of 

O:rpp = -3° against the mean flow (forward flight), the 

collective part of the angle of attack was "Ucon = 10°, and 

the cyclic pitch was Dcycl :::: ±3.5° resulting in trimmed 
condition, The Reynolds number, based on the main chord 

length and blade tip velocity, was Re ""278.000. 
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Figure 2: PIV set-up and helicopter rotor model in the 
open test section of the ILR Aachen /ow-speed wind 
tunnel. 

For the investigation of the blade tip vortex itself 3D-LDV 
measurements have been performed at an a?.imuth angle of 
\jf ~ 0° in a plane outside the rotor (sec Fig. 3, position A). 

At this position the blade tip vortex, generated at \jf = 0°, 
is about 3 ms old and has rolled up completely so that 
there is no temporal change in the vortex structure itself. 
The blade load, and therefore the vortex strength is at this 
azimutal position simular to that at \jf = 90°. 
For the investigation of orthogonal blade vortex 
interaction LDV and PIV measurements have been taken 
at an azimuth angle of 'Iff'::: 90° (advancing blade side) in a 
plane perpendicular to the free stream velocity (see Fig. 3, 
position B). 
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Figure 3: Sketch of the pathes of the tip vortices at an 
advance ratio of ~ = 0.2, viewing direction parallel to 
the rotor axis, according to Beesten ( 1994)- not to scale. 

3D-LDV set-up 

The new 3D-LDV of the DLR Institute for Fluid 
Mechanics brought major improvements concerning 
sensitiVIty, data rate and the resolution of the insight 
velocity component (Seelhorst et a!. 1993). As can be 
seen in Figure 4, the system was operated in a back 
scatter, off-axis mode. A 6 Watt argon-ion laser was used 
as a light source of which the three most intensive laser 
lines (476.5 nm, 488 nm, 514.5 nm) were utilized to 
distinguish the different velocity components. Each of the 
laser beams was divided into two individual beams with 
similar intensity, one superimposed with a Bragg shift of 
40 Mhz for ambiguity removal. The beams were coupled 
into single mode glass fibres and were launched into the 
probe volume with individual transmitting optics. In order 
to provide a good resolution of the insight velocity 
component the angle between the optical axes was set to 
30°. The effective size of the probe volume was 
approximately 0.25 mm in diameter and 1 mm in length. 
The tracer particles used were the same for both the LDV 
and PIV measurements: oil droplets, with an average 
diameter of less than 1 J.lm. As the receiving optics of the 
system operated in back~scatter mode, a sufficiently high 
data rate requires the f-number of the receiving optics to 
be as small as possible. In this case a modified Schmidt
Cassegrain telescope with an aperture of 350 mm (f = 12) 
was used in order to gather enough scattered light from 
the particles. The received light, containing information of 
all three velocity components, was coupled into a multi
mode glass fibre, which transmited the light to a prism 
system, in order to separate the different wavelengths. 
Than the light was converted into an electrical signal by 
three separate photo-multipliers. 

laser 

Figure 4: Sketch of the 3D-LDV system, 

After digitization of the signals a fast fourier analysis 
yielded the desired Doppler frequency. Only if the signals 
of the three components coincided the velocity data was 
stored together with the actual time and measuring 
position. 
Based on the assumption of a periodic flow field with 
respect to the rotor revolution, conditional sampling was 
used to get time dependent information of the flow field. 
A trigger signal from the rotor axis was shifted with a time 
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delay to any preselected azimuthal position of the rotor 
blade with an accuracy of 0.3% with respect to the rotor 
revolution. At this position the clock of the data 
acquisition system was set to zero. Data acquisition was 
then started for a time win dow, corresponding to an 
azimuthal window or a time interval needed for the flow 
structure to pass through the probe volume. Usually data 
were acquired just within a small azimuthal window of 
20° to 60°. 
Converting time information into spatial information can 
be done in different ways. In this case the transformation 
of the time information into an equivalent azimuthal angle 
was done by the following equation: 

\}1 = \}10 + 2n · f · t, where jis the rotor frequency. 

The transformation of the time dependent information into 
a spatial information of the flow structure as for example 
the length I was done by analysing the convection speed 
of the flow structure: 

I= u CO !IV • t. 

Using the conditional sampling mode to acquire time 
resolved velocity data, which is later converted into 
spatial velocity data, leads to an inaccuracy due to the fact 
that How structures may change during the time interval t, 
corresponding to the equivalent azimuthal angle. This has 
to be balanced against the significant reduction of 
measuring time. 
A 'position monitoring system' gave access to blade 
motion parameters (lead-lag motion, pitching motion and 
angle of incidence) at a preselected radial position of the 
blade. 

Ef_Y"_r_es_QI.Qi.ng system_ 

During the last decade PIV has increasingly been used to 
measure instantaneous flow velocity fields. This 
technique, in contrast to LDV, requires no conditional 
sampling. PIV allows to capture the flow velocity in a 
two-dimensional plane of the flow within a few 
microseconds. It therefore enables to obtain data of the 
entire velocity field even in case of large cycle-to-cycle 
variations. The fact, that the recording time, necessary for 

the application of PIV (~ 12 Jls), is small compared to the 

time required for one revolution cycle (~ 40.000 f.l.S) 
makes PIV an idea! tool for the investigation of the 
unsteady flow fields associated with rotor aerodynamics. 
During the last years a PIV system has been developed at 
DLH which can be operated under rough environmental 
conditions in wind tunnels (Kompenhans ct aL 1994). 
This system utilizes a two-oscillator Nd:YAG pulse laser 

system with a pulse energy of 2 X 70 mJ for illumination 

of an area of up to 20 x 30 cm2 of the flow field. The 
recordings are taken with a 35 mm photographic camera 
and are analyzed by a fully digital evaluation system 
(Willert 1995). The tracer particles used were the same as 
for LDV. 

Figure 5: Synchrortization scheme of P!V data 
acquisition. 

Using the synchronization scheme shown in Figure 5 the 
recording of the PIV images could be performed phase 
locked with the motion of the helicopter rotor model. 
Therefore cycle-to-cycle variations of the flow field at the 
same azimuthal angle of the reference blade could be 
investigated by analysing up to l 00 recordings each of 
which contained more than 2000 independent velocity 
vectors. However, only the two in-plane components of 
the velocity vectors could be measured by means of the 
photographic PIV system. Examples of fully digital, non-
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photographic 2D~PIV measurements performed during the 
same measuring campaign are presented by Willert et aL 
(1996). 

LDV results 

In Figure 6 the tangential velocity profile of the tip vortex 

at 'V::::: 0° is shown along a line through the vortex center. 
For the measurement of the profile, the resolution was 
adapted to the extention of the vortex to be able to resolve 
the flow field gradients. From this data the vortex core 
diameter has been estimated to be 4.8 mm, respectivily 
8.9 % of the blade chord, and a maximum tangential 
velocity of 18 m/s, corresponding to Vtan I Uoo::::: 0.21, 
when referenced to the free stream velocity. 
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Figure 6: Tangential velocities along a line through the 
vortex center obtained by 3D-LDV. 
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Figure 7: Axial velocities along a line through the vortex 
center obtained by 3D-LDV. 

Figure 7 depicts the axial velocity profile of the tip vortex 
along the same line through the vortex center as for the 
tangential velocity profile given in Figure 6. For the axial 
velocity component there is an increase in velocity of 4 

percenttoUax/U.,.,:::: 1.04. 
As shown in Figure 8, LDV measurements in a 
conditional sampling mode were collected in a plane 
perpendicular to the free stream velocity at the advancing 

blade at an azimuthal angle of 'V ""' 90°. This yielded in a 
three dimensional measurement grid, with the two 
coordinates obtained from traversing the LDV and the 
third coordinate derived from the transformation from 
time resolved velocity data to spatial velocity data. Thus, 
associated with each of these grid points is a local three 
dimensional velocity vector. The measurement plane 0.2 
chord length behind the blade tip is shown in Figure 8 
together with the locations of the tip vortices as predicted 
after the analysis of flow visualization data as obtained by 
MUller and Staufenbiel (1987). The origin of the 
coordinates was set to the point of intersection of the tip 
path of the blade (without aerodynamic load) and the 
observation area. The displacement of the tip path under 
load condition as measured by the position monitoring 
system was Y = 10 mm. By taking three dimensional 
velocity data at each grid point for a time of 1.75 ms, 

corresponding to an angular window of .6.~ = 10°, leads, 

with a resolution of 0.5', to a number of 20 measuring 
planes behind the rotor blade. 
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Figure 8: Measurement grid and expected position of 
vortices. 
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Figure 9: Velocity vector plot (2D) in a plane 0.2 chord 
length behind the blade tip as measured by LDV. The 
vorticity contours were obtained from the velocity data 
using finite differencing. 
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First, vector plots were computed from velocity data to 
give a general impression of the flow velocity field. 
Figure 9 clearly shows the vortex locations inside the 
measurement grid. At this azimuthal position a vortex can 
be observed, which has just been generated (age ::::: 0 ms, 
position corrected by the tip displacement X = 5 mm, 
Y = 2.5 mm). The vortex generated by the 90° advancing 
blade (age ::::: 10 ms, position corrected by the tip 
displacement X = 40 mm, Y = 5 mm) was located closer 
to the reference blade than expected (see also Fig. 9). Due 
to the location of the vortex generated by the advancing 
blade an interaction with the blade occures , which results 
in an additional vortex of opposite rotational direction 
(X= 25 mm, Y = -15 mm). Since there was only little 
time elapsed between the generation of the tip vortices 
and their measurement (max. 10 ms) the cycle-to-cycle 
variations can be expected to be small. 
From each of the 20 planes the maximum of vorticity of 
the newly generated blade tip vortex can be derived. This 
will give information on the temporal development. Due 
to conditional sampling also 10 additional planes in 
advance of the rotor blade are available, which include the 
information of the maximum vorticity of the 90 degree old 
vortex. Figure 10 shows the temporal development of the 
maximum vorticity of the blade tip vortex from t = 0 ms 
up tot= 12 ms. The vortex formation (I) can be described 
by a second order polynome, while its strenght decreases 
inversely proportional to its age, i.e. 1/t (II). 

(I) ,· 

3000 

:'1 
-: 2000 
p c. 

!000 

0 -.. -~~·--·--·~-----
0 2 4 10 12 

time {ms) 

Figure 10: Temporal development of maximum 
vorticity of the blade tip vortex as measured by LDV. 

E_lY_result~ 

PJV measurements of orthogonal blade vortex interaction 

(position B) were taken at an azimuthal angle of 'V "" 90° 
again on the advancing blade side. The observation area 
was nearly parallel to the trailing edge of the blade and 
orthogonal to the axis of the vortices. Figures 11a,b show 
tw) different instantaneous velocity vector fields from a 
set of 100 PIV recordings obtained at this angle. The 
origin was fixed to the tip of the trailing edge of the blade 
as it passed through the image plane with fu(J 
aerodynamic load. Figure llc is the velocity field 
obtained by averaging all l 00 PIV data sets, and below 
(Fig. 11 d) an estimate for the mean out-of-plane vorticity 

component is given. The tip vortex (A), which has just 
been generated (age~ 0 ms), was located at Y = 7.5 mm, 
Y = 2.5 mm. A tip vortex (B) previously generated by the 
90° advancing blade (age == 10 ms), is now located at 
X= 22 mm, Y = 25 mm. 

d) " 
10· 

( ____ ) 
0 c = 

-10-

" " 40 

{mmJ 

Figure 11: Two examples (a,b) of 100 instantaneous 
velocity vector fields as obtained by PIV at 'V ::::: 90°. 
Below (c) the averaged velocity field and (d) the 
corresponding vorticity estimate, (1) 1 , is shown. (Contour 
levels spaced at 1000/s, dashed contours indicate 
negative values). Only portions of the 210 mm by 150 mm 
fields are shown for clarity. 
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The cycle~to~cycle variations of these two vortices were 
small enough such that they are properly resolved in the 
average velocity field. Close inspection of Figures 11 a 
and 11 b does however show some variations in the shape 
of the vortices. Also, a third vortex structure (C), 
generated by the 180° advancing blade, can be observed. 
As this vortex intersects the rotor plane at the same time 
the blade intersects the image plane, it is sliced by the 
blade (i.e. orthogonal BVI) such that only its remnants can 
be observed in the velocity field of Figure 11. 

Due to small cycle~to~cycle variations this third vortex is 
sliced differently each time which results in the structure 
to be essentially lost in the averaged velocity field (Figure 
11 c)' 
In Figure 12 the tangential velocity profile of a tip vortex 
(age :::o 0 ms) from a single PIV velocity data set has been 
plotted along a line through the vortex center. 
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Figure 12: Tangential velocitiy along a lirze through 
the vortex center as obtained by a single PIV recording. 

From these data the vortex core diameter has been 
estimated to be 7.4% of the blade chord, compared to 
8.9% by the LDV method. The maximum tangential 
velocities (:t_24 m/s) are 30% higher than those obtained 
by LDV (±_18 m/s). This discrepancy indicates the result 
of the averaging nature of the LDV method. 
To investigate the uncertainty occuring by averaging the 
velocity field, the data of a number of instantaneous 
velocity vector fields (fig. 11 a,b) have been averaged. By 
this way, the amount of decreasing maximum tangential 
velocity and increasing vortex core size due to the 
averaging process can also be determined. 

Figure 13 shows the tangential velocity profile along a 
line t~uough the vortex center obtained by a spatial 
average over 36 PIV recordings. The maximum tangential 
velocity has been estimated to be ±19m/sand the vortex 
core size is 10.1 % of the blade chord. The maximum 
tangential velocity and the vortex core size are in the 
range of the results derived from the LDV data. 
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Figure 13: Tangential velocitiy along a line through 
the vortex center as obtained by an average over 36 PIV 
recordings. 

In analogy to the available LDV data, the calculation of 
the temporal development of the maximum vorticity for 
the newly generated tip vortex can be performed. In this 
regard PIV recordings were obtained at different azimutal 
positions of the rotor blade. Prom these the maximum 
vorticity in relation to the rotor azimuth was derived 
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Figure 14: Temporal development of maximum 
vorticity of the blade tip vortex as measured by P!V. 

Similar to the results derived from the LDV mesurements, 
the roll up process can be described by a second order 
polynome, while the vortex dissipation is governed again 
by a 1/t dependence. 

The 3D~LDV measurements yielded fundamental results 
concerning the structure of the blade tip vortices. In 
addition to geometric parameters like location of the 
vortex relative to the rotor plane and orientation of the 
vortex axis in space, the vortex core size, axial velocity, 
vortex strength, and vorticity distribution had been 
derived . Although blade motion and local velocity had 
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been measured simultaneously, phase averaging and the 
rearrangement of the pointwise measured velocity data to 
form a complete velocity field causes some problems. 
Aperiodic flow phenomena, even of small amplitudes, can 
lead to the loss of cycle-to-cycle variation and thereby 
underestimate the actual vortex strength, and overestimate 
the core size of the vortex. 
However, recent LDV measurements in huge 
aerodynamic facilities show that 3D-LDV data of high 
quality can be obtained with good spatial resolution 
(SplettstoBer eta!. 1995). 

But also in spite of the difficult experimental conditions 
high quality PIV data were obtained with sufficient sp~tial 
resolution. Compared to LDV measurements the time 
needed for data acquisition can be consider~bly 

decreased. A specially developed synchronization scheme 
atlowed the capture of instantaneous flow fie\d 
measurements at exactly the same phase angle of the rotor 
revolution and therefore the study of aperiodic features of 
the flow. Also with PIV the location of the vortex relative 
to the rotor plane, vortex core radius, convection speed, 
vortex strength and vorticity could be measured. However 
since conventional PIV measures only two velocity 
components, data, like the orientation of the vortex axis in 
space and axial velocity of a vortex, cannot be derived 
without changing the viewing direction. In future. using a 
second camera in stereoscopic arrangement would allow 
the measurement of all three velocity components without 
averaging data of different cycles. 

Prom the comparison of the LDV and PIV data the 
differences in averaging and instantaneous data 
acquisition can be illustrated. By averaging a number of 
momentaneous PIV records a similar results for the LDA 
results is obtained especially regarding the vortex core 
size and the maximum tangential velocity. The temporal 
development of vortex formation and its dissipation can 
be obtained from both the LDV and PIV results and can 
be described by the analytical functions. 
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