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Abstract

The blade tip vortex of a full-scale MBB Bo 105 Helicopter is investigated experimentally un-
der simulated hover flight conditions in ground effect by means of stereoscopic Particle Image
Velocimetry. Based on the three-component velocity field of azimuthal vortex ages of ψ=1◦, 3◦,
5◦, 10◦, 20◦ and 30◦ vortex core radii, peak velocities, and vorticities are quantified and compared
to model-scale experimental results available in literature and Vatistas’ low-order model for con-
centrated vortices. The vortex velocity profiles are found to be in satisfactory agreement with
the model whereas the experimentally limited spatial resolution of the velocity fields results in a
slight overestimation of the core radii and an underestimation of peak velocities as compared to
model-scale investigations. Finally, an attempt has been made to cross-validate full-scale blade
tip vortex parameters derived from Background Oriented Schlieren measurements using natural
formation backgrounds.

Introduction

The blade tip vortices shed from the main rotor
of a helicopter might be considered the domi-
nant coherent structures of the rotor wake, es-
pecially, with a view to fluid–structure interac-
tion, aeroacoustics, etc. As such the blade
tip vortex has drawn considerable attention in
terms of analytical, experimental, and increas-
ingly numerical investigations during the past
decades [1].

Due to the inherent complexity of the heli-
copter flow field, experimental as well as numer-
ical investigations are usually rather intricate,
time-consuming, and, cost-intensive. There-
fore, it is appealing to think about the adaptation
of available experimental methods capable of
probing the blade tip vortex characteristics of
full-scale helicopters in situ, i.e. in flight. Ob-
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viously, such full-scale experiments could pro-
vide validation data for numerical simulations
or model predictions for a larger range of flight
attitudes than typically accessible in wind tun-
nel testing and issues of e.g. blade–vortex or
structure–vortex interactions could be directly
addressed even during prototyping. It should be
noted that both design and flight parameters are
equally interesting to consider as the strength
of the tip vortex strongly depends on thrust and
the blade tip geometry [2].

There are at least two methods at hand
which have already been integrated and em-
ployed for ground independent full-scale mea-
surements. Those are Light Detection and
Ranging (LIDAR) based on portable fibre lasers
measuring local velocities, and Background Ori-
ented Schlieren (BOS) imaging density gradi-
ents within the flow field. The former requires
the scanning of tip vortex cross-sections while
the latter has recently been employed to de-
rive core density estimations of “young” blade
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tip vortices (ψ≤3◦) in hover conditions in ground
effect [4]. The core radius and core density de-
pression in this study have been found to be
consistent with the Scully vortex.

However, in order to experimentally verify
the validity of a particular vortex model or the
vortex parameters determined, the velocity field
of the blade tip vortex has to be quantified.
In continuation of the feasibility study by Raf-
fel et al. [9] we report on three-component ve-
locity measurements by means of stereoscopic
Particle Image Velocimetry (PIV) at vortex ages
ranging from ψ=1◦ to 30◦ in azimuth.
The simple rectangular rotor blade geometry of
the test helicopter allows for a comparison with
a variety of available experimental model-scale
data (see [10] and references therein).

The paper is organised as follows. In the
next section the experimental details will be
specified along with the data evaluation method-
ology. The discussion of the results will com-
prise the derivation of the vortex parameters
and a comparative view on recent laboratory
and full-scale BOS results followed by the con-
clusions and some possible future directions.

Experimental Methods

For this study DLR’s MBB Bo 105 experimental
helicopter was lashed to the ground and oper-
ated in simulated hover flight in ground effect.
The fixation of the helicopter is experimentally
most favourable and the development of tip vor-
tices within the range of azimuth relevant to this
study can be anticipated to be well defined. The
experimental conditions are similar to those pre-
viously employed for first full-scale monoscopic
PIV measurements of blade tip vortices [9] and
full-scale BOS measurements [4].

Measurement Configuration

The main rotor of the test helicopter has four
hinge-less, rectangular plane form blades with a

radius of R=4.91m, a chord length of c=0.27m.
The angular velocity of the main rotor was
Ω=14πs−1 yielding a blade tip Mach number
of Ma=0.64. During simulated hover flight, the
helicopter generated approximately T = 20000N
thrust and the thrust coefficient solidity ratio is
estimated as CT/σ'0.07 at ca. −8◦ blade twist.

The measurement plane was located on the
port-side, parallel to the trailing edge of the
blade (cf. figure 1). The PIV acquisition sys-
tem consisted of two 10.5Mpx CCD cameras
equipped with f =300mm objectives in a stereo-
scopic configuration. The cameras were posi-
tioned on a vertical support ca. 1.5m above and
2.1m below the rotor plane in idle condition at
a distance of 10m off the blade tip. Illumina-
tion of the flow field was provided by means of
a laser light sheet fed by a double cavity Nd:Yag
pulse laser with a wave length of λ=532nm and
an energy of E=280mJ per pulse. The spatial
resolution of the image acquisition system was
4px/mm for a field of view as large as 1×1.2m2.
The PIV system was synchronised with the main
rotor taking advantage of an inductive rotor posi-
tion indicator permanently installed for rotor bal-
ancing purpose.

With a view to off-laboratory PIV applica-
tions, the provision of a homogeneous and suffi-
ciently dense tracer particle distribution is a de-
manding task. Especially the atmospheric back-

Figure 1: Experimental set-up of the MBB Bo
105 test helicopter for stereoscopic PIV mea-
surements in simulated hover flight in ground ef-
fect.

A
ut

ho
r’

s
ac

ce
pt

ed
M

an
us

cr
ip

t

K
in

d
le

r
K

,
M

u
lle

n
er

s
K

,
R

ic
h

ar
d

H
,

R
a

ff
el

M
(2

0
0

9
)

A
F

u
ll-

S
ca

le
P

ar
ti

cl
e

Im
a

g
e

V
el

o
ci

m
et

ry
In

ve
st

ig
a

ti
o

n
o

f
“

Y
o

u
n

g
”

R
o

to
r

B
la

d
e

T
ip

V
o

rt
ic

es
.

In
p

ro
c.

o
f

th
e

6
5

th
A

m
er

ic
a

n
H

el
ic

o
p

te
r

S
o

ci
et

y
A

n
n

u
a

l
F

o
ru

m
,

G
ra

p
ev

in
e,

T
ex

a
s.



ground conditions, i.e. even moderate cross-
winds, might strongly alter the optimal injection
point and, therefore, the tracer density within
the field of view. Hence, the tracer genera-
tion and supply including an injection nozzle
reaching approximately 3m above the rotor disk,
were chosen to be realised on a mobile plat-
form which could be relocated in response to
the outer conditions at a distance of one rotor
radius apart from the rotor disk.

Evaluation Methodology

The stereoscopic PIV data is evaluated accord-
ing to standard procedures [7]. The intensity im-
ages acquired were high-pass filtered and nor-
malised using the series minimum image prior
to further processing. A camera view misalign-
ment correction was computed for each time se-
ries as part of the image de-warping to com-
pensate for small image offsets which would be
greatly amplified due to the large scale geome-
try of the set-up [6].

Optimising the interrogation window size
and overlap the scheme of Richard & van der
Wall [8] was followed. The interrogation window
size was minimised with respect to acceptable
signal-to-noise ratios while the window overlap
was maximised, to avoid artificial smoothing of
steep velocity gradients. In this case yield-
ing 322 px windows with an overlap of approxi-
mately 94%. Additionally, a multi-grid evalua-
tion scheme is used within the correlation anal-
ysis, further increasing the resolution of regions
of strong shear.

However, the data quality of the full-scale
PIV measurements was found to strongly vary
for subsequent time steps. The measurement
noise level was considerably larger than those
typically observed in laboratory experiments.
Obviously, these variations are primarily due to
varying or intermittently inhomogeneous tracer
concentrations within the region of interest. Ve-

locity fields without any or with an apparently
strongly dysmorph vortex structure were dis-
carded, corresponding to ca. 10% of a time
series of 120 image pairs acquired at each az-
imuthal position.

Prior to any further analysis the averaged
background velocities were subtracted from the
instantaneous velocity fields. Subsequently, the
vortex centres were identified using the scalar
function introduced by Graftieaux et al. [3]

Γ(P) =
1
S

Z
M∈S

(PM∧UM)êz

‖ PM ‖ · ‖UM ‖
dS (1)

where S is the two dimensional neighbourhood
of any point P in the x, y plane, M lies in S, êz
is the unit vector in z, and the maximum of Γ
is identified with the vortex centre. Note that
Gamma is not to be confused with the vortic-
ity. Unlike alternative criteria for vortex centre
identification such as vorticity peak detection or
the like, the Γ function does not require velocity
field derivatives or the out of plain component
reconstructed during evaluation and, therefore,
it is less susceptible to experimental noise.

The inclination of the vortex axis with respect
to x and z spanning the measurement plane was
found to be smaller than 3.5◦ for the data rele-
vant to this study which was considered negligi-
ble rendering a transformation in the vortex sys-
tem unnecessary [10].

Results and Discussion

Figure 2 depicts the conditionally averaged ve-
locity and vorticity field of the blade tip vortex at
ψ=5◦1 wherein the velocity is scaled by the

1The term conditional average denotes alignment of the instantaneous velocity fields with respect to the vortex centre
location prior to averaging and is not to be confused with axial averaging.
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Figure 2: A representative conditionally aver-
aged velocity field (top) and the corresponding
in-plane vorticity component (bottom) at ψ=5◦.

blade tip speed ΩR while the in-plane compo-
nent of the vorticity ωz is scaled by the angular
velocity of the main rotor Ω. Consistent with the
resulting velocity fields for the other azimuthal
ages recorded (not shown here), the in-plane

Figure 3: An example of the tracer density and
distribution within the region of interest.

velocity field indicates a clean spherical vortex
cross-section while the z-component, i.e. the
out-of-plane component, exhibits a noticeable
dilatation. It is understood that this is an effect
of a virtually unavoidable tracer density gradi-
ents within the region of interest. In figure 3 an
example of the tracer distribution within the raw
image is depicted in order to illustrate the par-
ticular challenges of full-scale PIV applications.
Due to the unsteady nature of the flow field dis-
sociated tracer patches of variable size are most
commonly found. Furthermore, injecting trac-
ers from above the rotor plane, the down wash
tends to induce higher tracer concentrations in-
boards the blade tip while the fluid from the re-
circulation region outboards features stronger
“patchiness” and on average lower tracer con-
centration.

The local tracer density can be thought of as
the intrinsic limit of measurement resolution as
it defines the minimal interrogation window size,
i.e. the probe volume of the PIV. At the same
time the correlation analysis of the interrogation
windows represents a low pass filter
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Figure 4: The blade tip (top) and vortex centre
position for the different azimuth measured (bot-
tom); larger symbols indicate series mean val-
ues while the dashed circles depicted the stan-
dard deviation.

limiting the peak velocities accessible [8]. As a
measure of physical resolution, the ratio of mea-
surement volume to chord length in this case is
Lm/c=0.0296 which translates to Lm/rc=0.593
using rc=0.05c as an estimate of the vortex core
radius. We note that this value is close to recent
model-scale investigations [10] but, however, at
least factor of 3 coarser than the commonly ac-
cepted resolution requirement of Lm/rc<0.2 [5].

With regard to the distribution of vortex po-
sitions figure 4, it can be seen that the blade
tip position itself (top of figure 4) scatters in the
range of δy=±0.007R, i.e. a variation of the flap-
ping angle of δαmax=±0.5◦ with a standard de-
viation of δα=±0.2◦. The distribution of vortex
positions at ψ=1◦ is analogous to the blade tip
behaviour and the standard deviation even de-
creases mildly for ψ=3◦ and 5◦. In consistence
with the findings for recent model-scale investi-
gations of comparable rotor geometry and so-
lidity [8] the scattering increases for larger az-
imuth where the horizontal distribution in the
full-scale case appears to be broadened without
constraining the comparability for ψ≤30◦.

Vortex Characterisation

Analysing the velocity fields Vatistas’ vortex
model [11] is considered which is reproduced
below for convenience. The normalised tangen-
tial, radial, and axial velocity take the form

V Θ =
r

(1+ r2n)1/n , (2)

V r =−
2(1−n)r2n−1

1+ r2n , (3)

and

V z =
4n(1+n)r2(n−1)

(1+ r2n)2 , (4)

where V Θ=VΘ/VΘ,0 with VΘ,0=Γ∞/2πrc, r=r/rc,
V r =Vrrc/ν, V z=Vzrc/ν, and z = z/rc. Γ∞ is the
circulation, ν is the dynamic viscosity and the
core radius rc and VΘ,0 were determined by
least-square fitting. Initially, treating n as fit pa-
rameter, values very close to n=1 are found for
which reason the Scully vortex model was ap-
plied in the remainder of the evaluation reducing
the degree of freedom of the fit.

In figure 5 the fitted velocity profiles of the
conditionally averaged data fields are shown.
For these, the tangential, radial, and axial ve-
locity profiles have been averaged
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Figure 5: Three-component velocity field of the
blade tip vortex at ψ=3◦ (top) and ψ=30◦ (bot-
tom); lines represent the best fit to equation 2,
3, and 4 using n=1.

with respect to the vortex axis prior to condition-
ally averaging the time series which then were
fitted with the model. Of course, this approach
implies axial symmetry of the vortex itself a pri-
ori.

Most prominently, the tangential and ax-
ial velocity components are consistent with the
model of equation 2, and 4 while the radial com-
ponent exceeds the predicted slope. The rela-
tively weak radial velocity component is partic-
ularly sensitive to effects of lateral vortex con-
vection and lacking cross-sectional symmetry.
The former is determined from the background,
therefore, it is reasonable to associate the poor
performance of the radial component partly with

the tracer inhomogeneity. Additionally, as is
generally known, the down wash depresses the
radial velocities inboard of the tip which trans-
lates into the velocity profiles by the axial aver-
aging applied.

Comparative Analysis

As the most convenient parameters for a com-
parison to the model-scale investigations avail-
able, the average and time series extrema of
the core radii and tangential velocity are sum-
marised in table 1 and 2. The results are
consistent with the findings of van der Wall &
Richard [10, 9] for a Mach-scaled model of the
MBB BO 105 main rotor in hover condition with
regard to the order of magnitude. Nevertheless,
the average core radii in this study are by a fac-
tor of approximately 1.5 smaller and the max-
imum tangential velocities are by a factor of 3
larger than the values reported here. It should
be noted that the measurement resolution of the
above mentioned study ranges from Lm/c=0.51
to as high as Lm/c=0.0124 which is accountable
for the differences in rc and VΘ.

The particular method of averaging appears
to have only little effect while time series ex-
trema indicate rather large differences of individ-
ual velocity fields. Clearly, the majority of the ve-
locity fields is incompletely symmetric. Although
based on on a limited sample size of ca. a hun-
dred evaluated fields per azimuth, the distribu-
tion of the core radii (cf. figure 6) exhibits a no-
ticeable tale towards larger rc. The confluence
of the various uncertainties in the PIV evaluation

ψ[◦] rc/c rc/c rc,max/c rc,min/c

1 0.070(11) 0.055(11) 0.094 0.039
3 0.055(11) 0.057(11) 0.096 0.036
5 0.059(15) 0.063(15) 0.106 0.041

10 0.059(11) 0.060(11) 0.102 0.042
20 0.067(15) 0.069(15) 0.127 0.043
30 0.066(14) 0.067(14) 0.120 0.042

Table 1: The conditional average rc/c and aver-
age instantaneous core radius rc/c and minimal
and maximal series values.
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ψ[◦] V Θ/ΩR VΘ/ΩR VΘ,max/ΩR VΘ,min/ΩR

1 0.138 0.130 0.205 0.067
3 0.149 0.148 0.231 0.051
5 0.145 0.142 0.215 0.069

10 0.145 0.142 0.223 0.084
20 0.128 0.125 0.182 0.063
30 0.123 0.121 0.192 0.070

Table 2: The conditional average V Θ/ΩR and
average instantaneous peak tangential velocity
VΘ/ΩR and minimal and maximal series values.

attenuates the velocity gradients tending to
overestimate rc.
In the range of azimuthal age considered here
from both the maximal tangential velocity and
the core radii at this point no consistent trend
is observed, i.e. effects of vortex ageing are
below the measurement noise level. However,
provided averaging effects can be reduced by
an extended post-processing which is currently
being implemented effects of vortex ageing will
be dissected.

Comparing the averaged instantaneous vor-
tex radii determined from three-component
velocity measurements with the correspond-
ing values derived from BOS measurements,
rc/c=0.049 and 0.060 for ψ=1◦ and 3◦ respec-
tively, the deviations are negligibly small (0.002
and 0.007/c). Not surprisingly, the BOS results
compare best with the averaged core radii as
Schlieren are an integral measurement tech-
nique and, secondly, the reconstruction algo-
rithm used in [4] implicitly assumes axial sym-
metry.
Despite the uncertainties mentioned above the
BOS results are sufficiently validated to pro-
ceed to studying blade tip vortices under further
flight conditions. Furthermore, a refinement of
the PIV evaluation scheme is continuously be-
ing worked on which can be expected to further
improve the vortex parameter results.

rc/c

p
d
f

°
ψ = 1°
ψ = 3°
ψ = 5°
ψ = 10°
ψ = 20°
ψ = 30°

0.04 0.06 0.08 0.1 0.12
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Figure 6: The probability density of the core radii
for the different vortex ages. The Gaussian dis-
tributions are intended to illustrate the width of
the distribution, serving as a guide to the eye.

Comments on Full-Scale PIV Testing

As we noticed an increasing interest in full scale,
off-laboratory, non-intrusive velocity measure-
ments both from the scientific as well as, at least
partly, from the industrial community a few con-
siderations shall be added here.
As pointed out above, the tracer density defin-
ing the signal to noise ratio and the resolution
of the velocity field is clearly the limiting fac-
tor in terms of the data quality. More precisely,
the homogeneity of the measurement volume
tracer density distribution is the crucial param-
eter for which reason we believe that mea-
surement techniques accepting lower absolute
tracer densities than PIV such as Laser Doppler
Anemometry (LDA) or LIDAR are equally ef-
fected. As fluid entrainment, environmental ef-
fects, and turbulence generate a constant large
scale fluid exchange one can think about em-
ploying atmospheric aerosols or particles in or-
der to avoid artificial tracer injection and distri-
bution issues. However, the corresponding at-
mospheric conditions remain to be defined and
true in-flight PIV applications are rather intricate
to implement.

Therefore, we chose to concentrate on the
integration of an airborne BOS system which is

A
ut

ho
r’

s
ac

ce
pt

ed
M

an
us

cr
ip

t

K
in

d
le

r
K

,
M

u
lle

n
er

s
K

,
R

ic
h

ar
d

H
,

R
a

ff
el

M
(2

0
0

9
)

A
F

u
ll-

S
ca

le
P

ar
ti

cl
e

Im
a

g
e

V
el

o
ci

m
et

ry
In

ve
st

ig
a

ti
o

n
o

f
“

Y
o

u
n

g
”

R
o

to
r

B
la

d
e

T
ip

V
o

rt
ic

es
.

In
p

ro
c.

o
f

th
e

6
5

th
A

m
er

ic
a

n
H

el
ic

o
p

te
r

S
o

ci
et

y
A

n
n

u
a

l
F

o
ru

m
,

G
ra

p
ev

in
e,

T
ex

a
s.



much less demanding concerning its technical
as well as legal, i.e. certification, aspects. In
conclusion, to date, regarding viscous vortical
structures BOS appears the more efficient ap-
proach.

Conclusions

Three component velocity fields of the blade
tip vortices of a full-scale BO 105 helicopter
have been presented and discussed in relation
to Vatistas’ vortex model. The vortex param-
eters derived from the PIV measurements are
found to be consistent with recent model-scale
investigations and, coincidentally, these results
confirm earlier full-scale BOS measurements of
“young” blade tip vortices. Further pursuing this
approach an airborne, rotor synchronised image
acquisition system is currently being developed
and certified which will be utilised to study tip
vortex characteristics in situ under various flight
conditions.
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