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Abstract In order to investigate the development of blade tip vortices under different rotor conditions like
thrust and rotational speed, both two- and three-component PIV measurements were performed on a 40%
Mach scaled Bo105 model rotor in hover condition. The vortices were traced from their creation at the
trailing edge of the blade up to half a revolution behind the blade with azimuth steps between 1° to 10° and
different spatial resolutions. In addition, a sequence of three-component measurements was performed just
after the vortex creation at finer azimuth steps of 0.056° in order to generate a three-dimensional volumetric
data set of the blade tip vortex.
The influence of the PIV image analysis parameters on the vortex parameters derived -in particular sampling
window size and window overlap- has been investigated. The measurements presented are part of the HOTIS
(HOver TIp vortex Structure) project.

Nomenclature
c
chord, m
CT
coefficient of rotor thrust, = T/ρπΩ2R4
fl
focal length, mm
Nb
number of blades
R
blade radius, m
r
radial distance, m
rc
core radius of the vortex, m

T
Vz
Vθ
σ
ρ
Ψ
Ω
ω

thrust, N
axial velocity of the vortex, m/s
swirl velocity of the vortex, m/s
solidity, Nbc/πR
density, kg/m3
blade azimuthal position, deg
rotational speed of the rotor, rad/s
vorticity, rad/s

1. Introduction
Within the last decade a large number of experimental investigations were performed in order to
better understand and to model the development of rotor blade tip vortices. Most of these studies
were done in hovering condition, because the flow field is azimuthally axisymmetric under this
condition, the vortices are convected below the rotor plane and are isolated in early stage in
comparison to forward or descent flight where the vortices are entrained downstream and might
interact with blade wake, other vortices and/or with the following blades. Blade vortex interactions
are responsible for the so-called blade-vortex interaction noise. While earlier velocity measurements
were obtained using intrusive techniques such as hot-wires, more recent flow measurements rely
exclusively on optical techniques, mainly Laser Doppler Velocimetry (LDV) [1], [2] and Particle
Image Velocimetry (PIV) [3], [4].

-1-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
Paper No. 1122

Within the HOTIS (HOver TIp vortex Structure) project velocity field measurements were
conducted using two-component (2C) and three-component (3C) PIV on a four-bladed rotor in
hover condition in ground effect inside the rotor preparation hall at DLR Braunschweig. In order to
investigate the aging process of the blade tip vortex and the influence of the rotor parameters on the
vortex characteristics measurements were made at different vortex ages from 1° to 150° for several
rotor parameters: rotation speed (200, 540 and 1041rpm) and thrust (from 0N to 3500N). The blade
tip vortex was measured with different spatial resolutions: low and very high spatial resolution in
case of 2C-PIV measurements and with high spatial resolution for 3C-PIV. The spatial resolution,
defined by the field of view and the size of the interrogation window, is an important parameter
when looking for vortex properties such as maximum swirl velocity or core radius [3].
In addition to these measurements, 3C measurements were performed for vortex ages between
3.4 and 7° using very fine age increments of 0.056° in order to generate an averaged volumetrically
resolved velocity data set of the vortex.

2. Experimental model
2.1 Rotor model
The rotor is a 40%, dynamically and Mach-scaled Bo105 main rotor with a diameter of 4m. It is
composed by four hingeless blades that have a pre-cone of 2.5° at the hub, rectangular plan form, 8°/R linear twist and a solidity of σ=0.077. The model was installed in the center of the
12m*12m*8m rotor testing hall of DLR Braunschweig as shown on Fig. 1.
The rotor was operated in ground effect – the hub center located 2.87m (1.437R) above the
ground – at different rotation speeds of 200, 540 and 1041rpm, corresponding to tip Mach numbers
of 0.122, 0.329 and 0.633, and with different thrust coefficients varying from CT=0 to 0.0049. Due
to the closed hall, recirculation existed and generated an inherently unsteady flow field.

Fig. 1. Sketch of the DLR-Braunschweig rotor testing hall

2.2 PIV
The illumination source of the PIV setup consisted of a double oscillator, frequency-doubled
Nd:Yag laser (320mJ/pulse at 532nm) and light sheet forming optics which were bolted to the
ground below the rotor. The light sheet was oriented vertically upward and parallel to the trailing
edge of the rotor blade and had a waist thickness of 1-2mm at the measurement plane and a width of
around 30cm. Three thermo-electrically cooled CCD-cameras (1 PCO Sensicam, 1280 x 1024
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pixels and 2 PCO Sensicam QE, 1360 x 1076 pixels) were used: one camera for 2C PIV and for
recording the position of the blade tip and the two other cameras in stereo arrangement for 3C PIV.
The cameras were mounted on a support structure consisting of X-95 rails which was bolted to the
wall of the testing hall.
The complete PIV setup is shown on Fig. 2. The camera support can be seen on the left hand side
of the figures. The cameras were located at 4.5m from the rotor hub and the stereo cameras were
mounted with a stereo viewing angle of 47°. Laser and camera were synchronized according to the
one per revolution signal given by the reference blade of the rotor. This signal was delayed using a
phase-shifter [5] in order to measure at a desired blade azimuth angle.

light sheet

Fig. 2. Photo and sketch of the PIV setup and of the rotor model

Two component PIV measurements were performed using the middle camera which was first
equipped with a fl=85mm lens and later with a fl=600mm yielding field of views of 281mm x
357mm (low spatial resolution) and 58mm x 45mm (high spatial resolution). The stereo system was
equipped with a pair of fl=300mm lenses with a common field of view of 126mm x 96mm.
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Fig. 3. The different fields of view and one instantaneous velocity and vorticity result

Fig. 3 (left hand side) shows the different fields of view measured during the campaign as well
as instantaneous velocity and vorticity flow fields (Fig. 3, middle and right hand side). The time
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delay between the two laser pulses was between 2 and 40µs depending of the size of the field of
view and of the velocity to be measured. The number of repeats per measurement point was 160 and
around 300 measurement points were taken.
The flow seeding was introduced to the measurement area by Laskin nozzle particle generators
filled with DEHS fluid producing particles with a mean diameter below 1µm.

3. PIV evaluation and analysis
3.1 Processing
Using calibration grid images recorded by the stereo cameras image back-projection coefficients
were determined to map the PIV recordings onto a common grid. To account for possible
misalignment between the calibration target and the light sheet plane a so-called disparity correction
[6] was applied as well using the actual PIV recordings. This correction is performed by crosscorrelating simultaneous recordings from the two views (upper and lower camera view). Ensembleaveraged correlation on up to 400 images was used to obtain a vector map that corresponds to the
misalignment between the two camera views which is mainly due to the fact that it is not possible to
perfectly align the calibration grid within the light sheet. This misalignment was found to be on the
order of 100px corresponding to a few millimeters in the object space. The resulting vector map is
then used to correct the original image back-projection coefficients which are then used to dewarp
the raw PIV images prior to PIV interrogation.
All the images obtained during the measurement were first pre-processed using high pass filter
(σ=3px), then binarized and finally low-pass filtered (σ=0.7px) in order to increase the signal to
noise ratio. A multi-grid PIV algorithm based on pyramid grid refinement and full image
deformation was applied to process the image by starting off with large interrogation windows on a
coarse grid and refining the windows and the grid with each pass. A sampling window of 64x64px
was used in the initial step gradually refining down to 24x24px as final window size at 75% sample
overlap which represent an interrogation area of 2.3mm x 2.3mm for the 3C measurements and
1.05mm x 1.05mm for the 2C measurements with very high resolution. Sub-pixel peak position
estimation was performed by means of Whittaker reconstruction. All the processing was done using
the PIVview software. More details about the software and its algorithms can be found in [7] and
[8].

3.2 Effect of PIV parameters
The primary aim of these measurements was to gain a better understanding of the development
of the blade tip vortex, especially in its early stages of development. The velocity vector fields are
used to extract vortex characteristics such as the maximum swirl velocity, the core radius or the
peak of vorticity. Prior to the full processing of the PIV image, the influence of the PIV
interrogation window size and overlap on these characteristics was investigated.
Sampling window size: One of the most important PIV parameters is the size of the
interrogation or sampling window which, in terms of other measurement techniques, defines the
probe volume. In case of vortex characteristic investigation, the decrease of window size results in
an increase of maximum swirl velocity and a decrease of vortex radius [6].
Sampling window overlap: Numerical investigations of the effect of correlation window
overlap on vortex characteristics (maximum swirl velocity and core radius) were performed in [3]
using a Vatistas model [13]. The same investigation was reproduced using a real PIV image (Ψ=5°,
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Ω=56.55rad/s and T=550N) which is shown on Fig. 4 with the velocity vector and vorticity contour
fields (32x32px 50%).

Fig. 4. Instantaneous PIV image and the resulting velocity and vorticity contour fields.

First this image was processed with 96x96px and 128x128px windows sizes with overlap
between 2px (98% overlap) to the window size value (0% overlap) in X direction whereas the
overlap in Y direction was kept constant at 50% of the window size. Fig. 5 shows the maximum
tangential (swirl) velocity and core radius extracted from the horizontal velocity profile (one
dimensional analysis).
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Fig. 5. Maximum tangential velocity and core radius versus overlap

The curves obtained are in good agreement with the numerical simulation mentioned before.
They converge to different values depending of the window size and are oscillating with values
which are decreasing when the overlap increases. The swirl velocity values are always equal or
below the value obtained with the maximum sampling whereas the core radius oscillates around it.
Maximum swirl velocity is reached when the center point of an interrogation window falls onto the
maximum in the velocity profile which has an increased probability as the overlap is increased.
In a second step the same image was processed using window sizes of 48, 64, 96, and 128px size
with overlap between 2px and the window size value. The maximum swirl velocity and core radius
were computed by averaging circularly the tangential velocity profile over r (two dimensional
analysis), the radial distance from the vortex center. This radial averaging method is known to be
more robust [9]. The curves obtained are presented on Fig. 6.
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Fig. 6. Maximum tangential velocity and core radius versus overlap.

The effect of the window size is still noticeable but the curves are smoother and the oscillations
which were observed in Fig. 5 are nearly completely damped. This investigation shows that the
overlap parameter can play an important role when looking for vortex characteristic and that in
order to avoid random effect an overlap as large as possible should be used in order to avoid these
sampling artifacts.
PIV software improvement: While interrogation window size depends on experimental
parameters like seeding distribution, in-plane loss of image pairs (mainly compensated by multigrid algorithms) and image background noise, the overlap parameters do not have such limitation.
The only limitation for the use of large sample overlap is the processing time and the size of the
resulting data set. In effect the processing time and the size of the resulting data set increase by a
factor of 4 when the overlap is increased by 50%. The processing on a Pentium IV (3.06 GHz, 1GB
RAM) of a 1360x1076px 2C-PIV image using multi-grid algorithm with 64x64px initial window
size and 24x24px final window size with an overlap of 22px (91% overlap) requires 2.5min and
generates file of 14MB. Under these conditions it is not realistic to use such parameters for a large
number of images: the processing of the images recorded during HOTIS campaign would require
few months requiring nearly one terabyte to store the result. In order to overcome this problem and
to be able to use larger sample overlap a new feature is now being implemented within the
processing software which allows using multi-region interrogation parameters based on physical
properties.
The procedure consists of:
1. Processing of the PIV image using a large window size and small overlap, for example
64x64 px window size with 50% overlap, the vector field obtained is used to compute
differential operators. In case of vortex flow: the vorticity and the λ2 operator.
2. The vorticity or/and the λ2 operator are used to estimate the location of the vortex center
which is used to define the position of the new region of interest. This region is then
processed using finer window size and larger overlap, for example 24x24px window size
with 90% overlap.
3. The vortex characteristics are extracted from this region (red curve in Fig 7).
In the example, Fig. 7, less than a sixth of the PIV image area was processed using small window
size optimizing in this way the time and storage requirements.
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Fig. 7. Multi region principle for vortex flow analysis.

3.3 Post-processing
Differential operator: Two differential operators were computed based on the velocity flow
field:
The vorticity defined by:

 dv du 
− 
dx
dy 


ω z = −

and the λ2 operator [10] which represents the second Eigenvalues of the tensor S2+Ω2 where S is the
strain tensor and Ω the vorticity tensor. This operator is defined by:

1  du
 dv 
λ2 =    +  
2   dx   dy 
2

2

 dv du
+ ⋅
 dx dy


This operator is much less sensitive to shear flow than vorticity and thus more appropriate for
vortex detection [14].
Blade tip position: Prior to the PIV measurements, the cameras were calibrated and the location
of the blade tip at rest was measured on the calibration grid. Then this location was recorded using
the middle camera for all the different rotor settings in order to correct the origin of the vector
fields. For every rotor configuration, 50 images of the blade tip were recorded. Fig. 8 shows two
instantaneous recordings and the location of the tip of the blade relative to its location at rest for
different thrust at Ω=109rad/s (1041rpm).
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Fig. 8. Instantaneous blade tip position measurement for T=0N and T=2500N at 1041rpm, blade tip position for the
different thrust settings at 1041rpm.
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The blade tip at rest is located at the origin of the coordinate system, that is at X=Y=0 m, whereas
the hub center is located at Y=–0.04 m. It has a cone angle of 2.5° at the root and on the outside it
bends down due to its weight and gravity forces. During rotation and zero thrust the blade tip is
located about 6 mm outside and 30 mm lower due to centrifugal forces that stretch the blade and
confine most of the bending to the blade root area. With increasing thrust the blade tip rises by
about 70 mm (approximately 2° flag angle) at 3500N (which is the scaled representative for a
2400kg Bo105) and moves a little inboard as expected. The vertical scatter is caused by dynamic
blade flapping response to the unsteady aerodynamic environment including circulation and
turbulence, and by some vibratory motion of the test rig. Thus the blade tip position is slightly
different from revolution to revolution.
Mean flow average: In order to obtain vortex characteristics such as core radius or maximum
swirl velocity, averaging based on sums of evaluated PIV recording can not be used because of
vortex wander. Due to flow instability, recirculation and to non perfect periodicity of the rotor
behaviors, e.g. the position of the blade tip as mentioned before, the location of the vortex is
changing from one result to the other which implies that conditional averaging is mandatory in
order to avoid smoothing. This conditional averaging is performed by locating the vortex center
using a wavelet detection method described in [14]. The resulting positions are used to shift every
instantaneous vortex center to a common point prior to performing the average. Fig. 9 (left) shows
the location of the vortex for a complete series at Ψ=5°, Ω=56.55rad/s and T=550N. The right hand
side of Fig. 9 shows the averaged vorticity fields where each instantaneous vortex center was
relocated to X=0 and Y=0.
The spatial instability observed in Fig. 9 is mainly due to the non periodicity of the blade tip
position similar to that shown in Fig. 8. Indeed the scatter of the blade tip displacement for this
configuration is equal to 0.011m which represents more than 75% of the vortex position scatter
observed here.
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Fig. 9. Vortex center locations and conditional averaged velocity and vorticity fields.

3D results: As introduced before, in addition to azimuth steps of 1° to 10°, sequences of 3C
measurements were performed with vortex age increments of about ∆Ψ=0.056° for vortex ages
from 3.4° to 7° for different rotor conditions. These small increments allow reconstructing a 3D
volume of the vortex due to the azimuthally axisymmetric behavior of the flow field.
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Fig. 10 shows the different planes measured for a vortex age between 1° and 50° and the 65
planes used to generate the volume, the azimuthal space is similar to the in-plane resolution within
each image and thus the flow gradients are of the same accuracy as those compute from the single
flow field itself.

Fig. 10 3C-PIV planes and zoom view of the volume plane

The resulting volume allows the computation of the two missing components of the vorticity
vector (ωx and ωy), based on out-of-plane derivatives of u, v and w.
The reconstruction of the volume can only be done using averaged results because every plane
forming the volume was recorded at different instants of time. After conditional averaging, the
orientation of each plane was corrected as shown in Fig. 10, in order to take the step angle into
account.
Fig. 11 shows the volume after merging all the 3C PIV vector fields, with the contour of out-ofplane component on the left hand side and the magnitude of the three vorticity components on the
right hand side. The vortex tube as well as the blade wake is clearly visible on these graphs.

Fig. 11. Volume reconstruction of the out-of-plane component and of the vorticity magnitude
(3.4° < Ψ <7.04°, Ω=109 rad/s and T=2000N)

4. Analysis
Vortex flight path: Fig. 12 shows one instantaneous PIV image (left hand side) and the
corresponding vorticity and velocity fields (right hand side) obtained with the large field of view
camera (fl=85mm lens) where the vortex generated by each blade can clearly be seen. Due to the
strong centrifugal force near the vortex core, the particles are driven outward from the vortex center
giving it the appearance of a “void” which increases with age.
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The simple (ensemble) averaged vorticity field (2000 samples at free run), Fig. 13 (left hand
side) allows estimating the vortex path. This vortex path as well as the velocity magnitude (right
hand side) is characteristic for a hovering rotor, biased here by ground effect and recirculation.

Fig. 12. Instantaneous PIV image and the corresponding velocity and vorticity fields (Ω=109 rad/s and T=2000N)

The vortices are released few millimeters inboard of the blade tip and some millimeters on top of
the upper surface of the blades [15] and are convected inboard and downward along the slipstream
visible in the velocity magnitude field. The contraction of the wake boundary is clearly visible with
a mean velocity field outside this region close to 0.

Fig. 13. Averaged vorticity (based on 2000 samples) and velocity magnitude field (Ω=109 rad/s and T=2000N)

Vortex aging: The vortices were traced from an age of 1° up to 150° – Fig. 14 shows an
example of conditionally averaged velocity and vorticity fields obtained for Ψ=5°, 25° and 100° for
Ω=109rad/s and T=2000N. The development of swirl velocity, axial velocity and core radius
extracted from the vector fields are presented in Fig. 15. The swirl velocity decreases with age from
72 m/s (33% of the blade tip speed) at Ψ=1° to 31m/s at Ψ=140°. In parallel, the core radius
increases from 2.7mm up to 3.75mm which represents 2.2% and 3.1% of the blade chord,
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respectively. The axial velocity in the center of the vortex is directed towards the blade and is
limited to values between 15 to 20% of the tip speed.

5°

25°

100°

Fig. 14. Development of vorticity field (Ω=109 rad/s and T=2000N)

The vector fields used to extract the vortex characteristics were not corrected in term of inclination
angles (5 to 10°) between the measurement plane and the vortex axis which might bias the out-ofplane [3],[9].
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Fig. 15. Development of swirl velocity, axial velocity in the center and core radius (Ω=109 rad/s and T=2000N)

In addition to the results obtained using the stereo PIV measurements, results of the 2C PIV with
the very high spatial resolution were added on the graphs (red cross for Ψ=1°, 4° and 5°). While the
3C measurements seem to be able to resolve the swirl velocity properly, the core radius is however
over estimated. At Ψ=1°, the core radius is found to be 2.3 mm (1.9% of the chord) using the 2C
result at high resolution which is 15% smaller than the result obtained with the 3C result. This
suggest that despite the high resolution used for the 3C measurements, higher resolution like the one
used for the 2C measurements would be required.

5. Conclusion
In this paper, the HOTIS (HOver TIp vortex Structure) test performed in the rotor testing of DLR
Braunschweig using 2C and 3C-PIV was described. This test was done on a 40% Mach scaled
model rotor of the Bo105 in hover condition at different rotary speeds and thrust. The blade tip
vortices were traced from their creation up to half a rotor revolution with small age (=rotor angle)
increments. A parametric study of the two main PIV parameters – the correlation window size and
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the overlap – was performed and showed that the overlap parameter, which is often set by default to
50% of the window, should be as large as possible in order to avoid random sampling artifacts and
to improve the accuracy of vortex characteristic which can be extracted from the result. Stereo PIV
recorded with an azimuthal spacing (0.056°) similar to the in-plane resolution allowed a volume
reconstruction, for the first time in case of helicopter rotor, of the flow field and to visualize the
vortex as well as the wake shed behind the blade.
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