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Abstract

This paper presents the results of an experimental study of two closely spaced vortices generated by a rotating blade with
a modified tip geometry. The experiments are carried out in two water channel facilities and involve a generic one-bladed
rotor operating in a regime near hover. It is equipped with a parametric fin placed perpendicular to the pressure surface
near the tip, which generates a co-rotating vortex pair having a helical geometry. Based on previous results obtained with a
fixed wing, a series of small-scale experiments is first carried out, to validate the method of vortex pair generation also for
a rotating blade, and to obtain a qualitative overview of its evolution going downstream. A more detailed quantitative study
is then performed in a larger facility at three times the initial scale. By varying the fin parameters, it was possible to obtain
a configuration in which the two vortices have almost the same circulation. In both experiments, the vortex pair is found to
merge into a single helical wake vortex within one blade rotation. Particle image velocimetry measurements show that the
resulting vortex has a significantly larger core radius than the single tip vortex from a blade without fin. This finding may
have relevance in the context of blade—vortex interactions, where noise generation and fatigue from fluid—structure interac-
tions depend strongly on the vortex core size.
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1 Introduction
1.1 Background and objective

The flow around rotors is characterised by the existence
of helical vortices in its wake. Rotating blades, like fixed
wings, cause the formation of concentrated vortices at
their tips, due to the pressure equalisation in the blade tip
region, and the combination of axial velocity (free-stream
and/or rotor-induced) and rotational motion of the blade
leads to their characteristic helical shape. Helical vortex
wakes and their dynamics are of significant importance for
many practical issues. Regarding helicopters, the helical
tip vortices and their interaction with a following blade
(blade—vortex-interaction, BVI) can generate unwanted
noise and cause vibrations of the structure in certain flight
regimes [1]. The fatigue load incurred by a wind turbine,
as well as its performance, can be affected adversely by
the wake of another turbine placed upstream [2]. In both
cases, the strength of the local velocity gradients, with the
corresponding rapid changes in local rotor blade air loads,
is a crucial parameter. The circulation and core radius of
the tip vortices, which both influence these gradients, are
therefore vital elements affecting the strength of the inter-
actions between these vortices and the following blades
[3].

Minimising the negative effects of BVI has been tar-
geted in several studies over the past years, generating
a variety of both active and passive solutions. Concepts
involving active rotor control systems are presented in
the review by Yu et al. [4]. The governing approach of
passive systems is to influence the vortex parameters, to
decrease the interaction with the following blade. Various
concepts for blade tip geometries and their influence on the
vortices have been investigated, aiming at splitting or dif-
fusing the tip vortex [5]. One operating principle of those
tip shapes is to create multiple vortices that interact and
merge, resulting in a larger final vortex with lower gradi-
ents, which is beneficial for mitigating BVI. The present
study is also based on this idea: we here consider splitting
the blade tip vortex into two separate co-rotating vortices.

The objective of this work is to gain a deeper physical
understanding of the interaction phenomena occurring in
such a closely spaced helical vortex system, which may
involve instabilities of the individual vortices and of the
vortex system, as well as merging of the vortex cores. A
special blade geometry is utilised to generate a tip vor-
tex pair of almost equal circulations. The concept of gen-
erating a second vortex by a perpendicular fin had been
successfully tested and analysed in previous fixed wing
experiments [6]. Building on these results, a rotor blade
with a similar outer circulation distribution as the fixed
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wing is designed and investigated first in a small-scale
experiment. To allow for a detailed quantitative analysis of
the generated vortex system, including the core structure,
and the effect on the rotor far wake, a second larger-scale
experiment is built in a different facility. The spatial and
temporal evolution of both vortices, as well as their merg-
ing process is then analysed in detail using dye visualisa-
tion and particle image velocimetry.

The paper is organised as follows. After recalling cer-
tain theoretical results concerning relevant vortex interac-
tion mechanisms for the current configuration in Sect. 2, we
discuss in Sect. 3 the design of the single-bladed rotor used
in this work and present the two experimental facilities in
which it was tested. Section 4 contains the results from these
measurements, which first validate the concept of the new
tip geometry for a rotating wing, and then show details of
the helical tip vortex evolution and merging. Conclusions
are given in Sect. 5.

2 Theoretical aspects
2.1 Instabilities of vortex systems

The physics of vortex systems has been investigated in
numerous studies. A review regarding the two-dimension-al
dynamics and the three-dimensional instabilities of co- and
counter-rotating straight vortex pairs is presented in Ref. [7].
The instability mechanisms can be divided into two groups
(despite the geometrical differences, this distinction can also
be made for helical vortex systems [8]). The first involves a
local displacement of the whole vortex with minimal effects
on the internal structure. Considering the associated wave-
length of the perturbations in comparison to the vortex core
diameter, the interactions are described as long-wavelength
instabilities. Widnall [9] investigated the stability of a sin-
gle helical vortex filament using self-induced velocities
governed by the Biot—Savart law. An extension of this work
to multiple interlaced helical vortices was made in the theo-
retical analysis by Gupta and Loewy [10]. The limitation
of these studies is that the Biot—Savart integral for the flow
induced by a helical filament does not have a closed form.
An analytical solution for the velocity field induced by a
helical filament was presented by Kawada [11] and Har-
din [12]. Okulov [13] used these results and provided the
analytical solution of the generalized stability problem for
multiple helical vortices. An experimental study focussing
on the long-wave instability of helical vortices was presented
by Quaranta et al. [14, 15], involving the investigation of a
single vortex and a configuration consisting of two interlaced
helical vortices.

A second type of instability arises inside the vortex
core, with perturbation wavelengths of the order of the core
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diameter. Moore and Saffman [16] identified the resonance
of Kelvin modes due to an outer strain field as the origin of
the instability. The present term used to describe this phe-
nomenon, the elliptic instability, was introduced by Kerswell
[17]. Leweke and Williamson [18] provided experimental
evidence of the elliptic instability in straight counter-rotating
vortex pairs without axial core flow. Meunier and Leweke
[19] extended this work by studying the effect of three-
dimensional instabilities on the vortex merging process of
co-rotating vortices. The effect of an axial core flow was
investigated numerically and experimentally by Roy et al.
[20, 21].

In helical vortex systems, Blanco-Rodriguez et al. [22]
identified curvature and torsion as additional sources of
short-wavelength instabilities responsible for internal core
deformations. In a later study, Blanco-Rodriguez and Le
Dizes [23] proved analytically that the curvature adds a con-
tribution to the elliptic instability growth rate. Besides the
elliptic instability, another short-wave phenomenon is found
in vortices with a curved axis, the curvature instability. A
comprehensive analysis of this instability phenomenon is
presented by Fukumoto and Hattori [24] for a vortex ring.
They extended their work to helical vortex systems, also
including axial core flow [25, 26]. Blanco-Rodriguez and
Le Dizes [27] presented an analytical investigation of the
curvature instability in a helical vortex using the Batchelor
model. A comparison between both short-wavelength insta-
bility mechanisms is provided by Hattori et al. [28], deduc-
ing that the vortex swirl parameter has a crucial influence.
Experimental work regarding short-wavelength instabilities
in helical vortices can be found in Ref. [8]. It is shown that
the interaction between short-wave instabilities and the long-
wave deformation modes leads to a rapid disruption of the
concentrated helical vortices, similar to the observations
made for straight vortex pairs [18].

All the above phenomena are potentially relevant for the
helical vortex pair configuration considered in the present
study.

2.2 Vortex merging

In addition to mutual interaction phenomena, two like-signed
vortices in a viscous flow eventually merge to form a single
vortex. Vortex merging and the underlying physics have been
the topic of numerous studies in the past, e.g. in the context of
decaying turbulence, where it can lead to larger structures. The
merging process affects the vortex characteristics between the
two separate initial vortices and the final merged vortex. The
vortex core radius a,,,,, defined as distance from the vortex
centre where the maximum swirl velocity occurs, is increased,
whereas both the peak vorticity in the core region and the max-
imum tangential velocities are decreased [29]. Leweke et al.
[7] provide an analysis of the two-dimensional dynamics of

the merging process, showing that two co-rotating vortices of
circulations I'; and I', and separation distance b rotate around
each other at an angular velocity Q = (I"; + I',)/(27b?*). The
relevant parameter for the onset of vortex merging is given
by the ratio between core radius and separation distance. For
an equivalent Gaussian core radius, given by a = a,,,,/1.12,
it was shown that the critical ratio indicating the beginning
of the merging procedure is approximately 0.24. The initial
characteristics of the vortex system have an influence on the
properties of the final merged vortex. Experimental dye visu-
alisations and numerical results for the two-dimensional evolu-
tion are provided by Meunier et al. [29]. They showed that the
final core radius is proportional to the initial vortex separation
distance and exhibits maximum values for circulation ratios
I', /T, = 1. Consequently, the objective of the modified blade
design in our study is the formation of two vortices of nearly
equal strength.

Detailed studies of the physics of vortex merging involving
experimental, numerical and theoretical methods are presented
in Refs. [30-33]. In laminar flows, the vortex core radius grows
by viscous diffusion, which induces only moderate growth
rates. The evolution of the core radius as function of time ¢ in
a fluid of kinematic viscosity v is given by

a=\a*t=0)+4vr. €))

Merging is strongly affected by the presence of short-wave-
length instabilities. Meunier et al. [19, 31] pointed out that
the criterion for onset and the characteristic parameters
of the final merged vortex are modified by the instabili-
ties. The critical ratio a/b initialising the process for three-
dimensional merging was found to be smaller than the cor-
responding value for the two-dimensional case. In addition,
the instability influence leads to a larger core size than in
the absence of instability, and to a greater decrease of the
maximum tangential velocity. Meunier et al. [19] trace this
observation to the large decrease of the maximum vorticity,
which is almost unmodified in the two-dimensional case.
The development of the instabilities depends on the initial
parameters of the vortex system. The growth rate is propor-
tional to b2, indicating that a rapid evolution would require
a small value of b, which is contra-productive regarding the
dependency of the final core size on b. These findings sug-
gest the existence of an optimal separation distance for the
initial vortex system, concerning the objective of a rapid
merging process before the encounter with a following
blade, at least when considering the short-wave instability
mechanism.
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3 Experiments
3.1 Blade design

The concept of splitting the blade tip vortex of a lifting
surface into two separate vortices using a fin had previ-
ously been tested experimentally on a rectangular fixed
wing with a NACA 0012 cross-section profile and an
aspect ratio B/(2c¢) = 2.9, where B is the (full) span and
c the chord [6]. An extended parameter study lead to the
identification of promising configurations producing vor-
tex pairs of similar circulations. In order to use the find-
ings of this initial validation for the case of a rotating
wing, one has to take into account the differences in the
relative flow conditions along the blade in these two con-
figurations. The fixed wing is subject to a constant free-
stream velocity, whereas the apparent velocity due to the
rotation of the blade varies linearly in the radial (spanwise)
direction. This leads to qualitatively different distributions
of bound circulation along the blades. For a fixed wing of
constant chord, this circulation is maximum at the root and
decreases, first gradually and then more rapidly, towards
the tip. For a constant-chord rotating blade, it increases
from zero at the hub to reach a maximum near the tip,
before a sharp drop back to zero.

Figure 1 shows the spanwise/radial distributions of
bound circulation, as well as the corresponding effective
angles of attack, for the fixed wing of Ref. [6] and two
rotating blades designed for the present experiments. They
were obtained by employing lifting-line models of these
wings, in which the trailing vorticity in the wake is rep-
resented by straight line vortices (for the fixed wing, see
e.g. [34]) or by helical vortex filaments (for rotating wings,
see [35]). These models use as inputs the chord and geo-
metrical twist distributions (see Fig. 2), as well as the lift
curve data for the given blade cross-sectional shape, and
the rotation frequency f and free-stream velocity U. The
rotating blades in this study have a constant chord, and
their twist was designed in a way to produce distributions
of bound circulation and angle of attack that are similar
to those of the previously employed fixed wing, at least in
the tip region. It can then be expected that the considered
modification of the tip geometry used to split the vortex
will perform in a similar way in the two configurations. In
practice, a first design stage was carried out using a proce-
dure based on the Blade-Element Momentum Theory [36,
37], aiming for an effective angle of attack comparable
to the fixed-wing case for a single rotating blade of the
same aspect ratio. In a second stage, the obtained twist
distribution was optimised by trial and error to produce
the desired circulation distribution. Figure 1 shows that
a satisfactory match between the fixed and rotating wings

@ Springer

0.5 T T T T !
I (a) |

I/ (Uc)
o o
w EAN
I I

021

I/ (2nRfe)

- o (b) -

I fixed wing i
2 rotating blade 2
------ rotating blade 1
0 L | L | L
3 2 1 0
(R-r)/c (B2-y)/c

Fig. 1 Distributions of bound circulation (a) and effective angle of
attack (b) along the fixed and rotating blades used in this study, plot-
ted as function of the non-dimensional distance from the blade tip.
Predictions based on lifting-line models with trailing vortex filaments

can be obtained in a spanwise interval of about 50% of the
chord from the tip. This largely covers the region where
the additional fin was placed.

With respect to previous work on lifting rotors (helicop-
ters, drones), the initial reference condition for operation
was hover. Since the measurements were carried out in
water channels with test sections of finite size, it was found
necessary to add a certain minimum free-stream velocity,
leading to finite values of the tip speed ratio 4, to obtain a
stable asymptotic flow and avoid large-scale unsteady recir-
culations. The final blade design took this into account.
The parameters of the blades used in the two experiments
described below, as well as the reference flow conditions, are
listed in Table 1 and compared to those of the fixed wing in
Ref. [6]. Both have an aspect ratio R/c = 3, a cross-section
shape given by a NACA 0012 profile and a rounded tip. The
Reynolds number based on tip speed and chord was around
10°. The final twist distributions are shown in Fig. 2; they
correspond to the result from the design procedure described
above in the outer 75% of the blade. Near the rotor axis,
adaptations were necessary, to fix the blade to the hub.
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Fig.2 Radial twist and chord distributions of the IRPHE (a) and ILR
(b) blades

Table 1 Parameters of the base configurations used in the two experi-
ments (IRPHE: small-scale; ILR: larger-scale), compared to the fixed-
wing case of Ref. [6]

IRPHE ILR Fixed wing
R [cm] 8 24 B2 =29
¢ [cm] 2.67 8 10
Aspect ratio 3 3 2.9
U [cm/s] 5.0 11.5 100
f[Hz] 6 1
Re [107] 0.8 1.2 1.0
A 60 13
Hub @ [cm] 1.5 6

In all cases, the cross section has a NACA 0012 profile and the tip is
rounded

The overall blade geometries can be seen in Fig. 3, which
also shows the fin used to generate a second vortex and the
various parameters defining its size, position and orientation,
with respect to the blade tip. The fin consists of a short rec-
tangular airfoil, which like the main blade has a NACA 0012
profile of constant chord and a rounded tip. As determined
in [6], it works most efficiently when placed on the pressure
side of the blade.

The smaller-scale validation experiment was carried out
at the IRPHE institute, whereas the larger-scale tests (3
times bigger), allowing for a better resolution of the vor-
tex core structure, were conducted at ILR. In the follow-
ing, the two experiments are referred to by the respective

()
1 cf 1

Fig.3 Overall blade geometry for the IRPHE (a) and ILR (b) experi-
ments. ¢ Tip geometry and fin parameters

institute acronyms. In the IRPHE experiment, the fin con-
figuration was varied by manufacturing a complete blade,
including fin and hub, through rapid prototyping (high-res-
olution 3D printing), using a hard resin, for each parameter
combination. For the larger set-up of the ILR experiment,
only the outer 25% of the blade were replaced as a whole,
also through 3D printing, for each new fin configuration.

3.2 Facilities and methods

The two experimental facilities used in this work are
shown schematically in Fig. 4. It was decided to perform
both experiments in water, since this provides favourable
conditions for reliable quantitative investigations of vor-
tex characteristics using tracer-based optical measurement
techniques, such as Particle Image Velocimetry (PIV). In
comparison to air, the balance between centrifugal and
pressure forces on particles in the vortex cores is much
easier to obtain, which ensures a suitable seeding density
in the core region and consequently improves the accu-
racy of the PIV results there. Core seeding was monitored
in both experimental set-ups and found sufficient for the
present analysis.
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Fig.4 Schematics of the two experimental set-ups (water channel test sections). a IRPHE experiment; b ILR experiment

3.2.1 IRPHE experiment

The small-scale validation experiment at IRPHE was carried
out in a hydrodynamic channel with a recirculating free-
surface water flow. The dimensions of the test section are
38 cm X 50 cm X 150 cm. The rotor was mounted on a 1.5
cm diameter carbon shaft driven by a stepper motor placed
outside the test section through a gear box. The rotor wake
and tip vortices were characterised by velocity and vorticity
fields obtained from two-component PIV measurements.
A CCD camera (Roper Redlake) with a resolution of 4000
X 2642 pixels was used to record two-dimensional particle
images in the central plane of the rotor wake. The flow was
seeded with 10 um silver-coated glass particles and illumi-
nated using a Nd:YAG pulsed laser (Quantel Twins Ultra
190), positioned below the shaft axis. Measurements were
performed for 19 different phases ¢ of the blade position.
60 images were recorded for each phase and averaged for
further evaluation. The PIV image analysis and subsequent
post-processing were performed with in-house MATLAB
codes (see Meunier and Leweke [38]). The final correlation
window size was 32 X 32 pixels, with an overlap of 50%.
The resulting spatial resolution was adequate for the overall
survey of the velocity field, but not sufficient for a valid
determination of the vortex core characteristics (only 2 vec-
tors inside the vortex core expected for this configuration,
see also Fig. 17). A median filter with a 0.1 pixel threshold
was used to detect and replace outliers and spurious vectors.

3.2.2 ILR experiment

The experiment at ILR is scaled to be 3 times bigger than the
one at IRPHE, to ensure a sufficiently large core size of the
tip vortices for resolved velocity measurements in the core
region. The rotor blade is mounted at the end of a shaft of
diameter 6 cm, in the centre of a water channel test section
of dimensions 1 m X 1.5 m X 6.5 m. The positions of both
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the rotor and the laser for PIV velocity measurements (see
below) are controllable by a variety of linear axes.

Dye visualisations were carried out to examine the spatial
evolution and interactions of the initial vortex system. Two
internal channels in both blade and fin were used to inject
the dye into the flow. The rotor was designed with a hollow
shaft to allow the dye feed through internal tubes. A control-
lable linear axis was used to adjust the volumetric flow rate
to the rotational speed of the rotor. Images were recorded
at a frame rate of 70 Hz using a 12 megapixel XIMEA
CB120xG-CM camera.

Stereoscopic PIV images of the rotor centre plane were
recorded by two CCD cameras (PCO.2000) with a resolution
of 2048 x 2048 pixels. Following the recommendation of
Lawson and Wu [39], both cameras had a collective angle of
approximately 30°. To prevent aberrations due to the change
of fluids in the optical path, water-filled prisms were used,
as suggested by Prasad and Jensen [40] for optical measure-
ment techniques in water channels. The flow was illuminated
by a double-pulsed laser (Quantel Twins Ultra) providing
a pulse energy of 120 mJ operating at an effective wave-
length of 532 nm. Cubic polyamide particles of mean diam-
eter 50 um and density 1.016 g/cm?® were used to seed the
flow. To prevent peak-locking errors, the foci were adjusted
to secure a mean particle diameter of 3 pixels in the recorded
images [41]. The recordings for each plane were synchro-
nised with the rotor frequency via an optical encoder, com-
bined with a micro-controller to ensure exact triggering
of the cameras and laser. Both the entire rotor wake and
a close-up field of view containing the vortex interaction
with high spatial resolution were investigated with stereo-
PIV. In a first step, a wide field of view (FOV A), mapping
a 30 cm X 22 cm region of the flow was used to evaluate the
spatial evolution of the vortex core positions. For a higher
resolution, a second field of view (FOV B) with an edge
length of 8 cm was captured. In Fig. 5, the positions of both
fields of view relative to the rotor are displayed. They were
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Camera 2 Camera 1

Fig.5 Coordinate system and fields of view (FOV) for the PIV meas-
urements in the ILR experiment

processed using a final correlation window size of 48 X 48
pixels, with a 75% overlap, providing 2 vectors/mm for FOV
B, which yields a sufficient resolution of 8-10 vectors within
the radius of the smallest vortex cores measured in these
experiments. No additional filter for false-vector detection
and replacement was applied. For the analyses presented in
this paper, only the two velocity components lying in the
plane of measurement were used.

For calibration, image acquisition, synchronisation of
light source and cameras, as well as for image processing,
the DaVis 8.4 software developed by LaVision was used.
The light sheet was positioned directly below the axis of the
rotor shaft. Using the spatial information from FOV A, the
rotor was adjusted in its x- and y-positions, so that the vorti-
ces were always well-centred in the frame. Phase-averaged
measurements using 250 frames were performed in 18° steps
of the rotor angle ¢ (wake age) to give an insight into the
temporal and spatial evolution of the interaction process.

In the following, the discussion of the observed phenom-
ena is mostly based on data obtained from phase-averaged
velocity fields: vortex velocity profiles (core radius, maxi-
mum swirl velocity) and circulation. In both experiments,
measurements were carried out in a plane containing the
rotor axis. The flow in this plane is primarily contained
within the plane; out of plane velocities appear only in
the vortex cores. Precise vortex characteristics were only
deduced from the stereo-PIV measurements, where any
perspective distortion errors are taken care of through cali-
bration. Instantaneous PIV velocity measurements have
an expected uncertainty of 2-3%, whereas phase-averaged
velocities converge to within well below 1%. Based on the
observed variability, the circulation uncertainty can be esti-
mated as 5-7%. The determination of vortex core radii and
maximum swirl velocities is affected by the phenomenon
of vortex wandering (see [42] and Sect. 4.2). The resulting
uncertainty for these parameters is of the order of 5-10%.
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Fig.6 Phase-averaged vorticity in the centre plane of the small-scale
rotor. Blade without fin (a), and with fin at angle a; = 6° (b) and
a; = 14°(¢)

4 Results and discussion
4.1 Small-scale experiment (IRPHE)

In this section, the results obtained from the small-scale
experiments performed at IRPHE are presented. The fin
parameters are ¢;/c = 0.8,d/c = 0.2, h/c = 0.3 for the con-
figurations discussed below, and the fin angle is varied in the
range 6° < a; < 18°. A qualitative impression of the wake
generated by the different blade configurations is given by
the phase-averaged vorticity fields shown in Fig. 6, where
the black lines represent the trailing edges of the rotor and
the fin. The reference case without fin is shown in Fig. 6a,
exhibiting the characteristic wake development of a rotating
blade, with a concentrated helical tip vortex, which trav-
erses the centre plane of the rotor at regular intervals, and
a vorticity sheet of opposite sign in the inner part. In com-
parison, the wakes generated by the modified rotor blades
show remarkable differences, displayed in Fig. 6b, c. The
additional fin indeed generates a secondary vortex which
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interacts with the primary tip vortex. After one rotor revo-
lution, the secondary vortex cannot be detected anymore,
implying that a vortex merging process has taken place,
which has a significant effect on the final vortex character-
istics. This is particularly visible in Fig. 6¢. The strength of
the secondary vortex, and consequently the circulation ratio,
is affected by the fin angle a.

As anticipated from theoretical considerations, a pair of
vortices of approximately equal strength is favorable for
the desired result. The fin vortex in Fig. 6b (a; = 6°), has a
noticeably weaker effect than the one in Fig. 6¢ (a; = 14°).
Merging processes involving vortices of unequal strengths
have been analysed in the work of Dritschel and Waugh [43]
and Brandt and Nomura [44]. The asymmetry leads to a
stretching and ultimate collapse of the weaker vortex in the
strain field generated by the stronger vortex. In compari-
son to a complete merging process, the effects on the core
radius and the tangential velocities of the remaining vortex
are much smaller.

To evaluate the strength ratio of the vortex pair and the
final vortex, the circulation is obtained from suitably chosen
line integrals of the velocity around vortices (see Sect. 4.2
below). The unmodified blade is used as a reference, and
the circulation of each distinct vortex, along with the total
circulation, is calculated for all blades. The results for the
cases shown in Fig. 6 are depicted in Fig. 7. Increasing the
fin angle a; results in a stronger fin vortex, while the cir-
culation of the tip vortex is slightly decreasing. Fin-to-tip
circulation ratios (I';/I",) close to one, favourable for a com-
plete merging, are achieved with higher fin angles. The time
scale of the merging process is also influenced, it increases
as the circulation ratio, gets closer to the desired value of 1.
In the case of Fig. 7b, the merging starts at a wake age of
¢ = 200°. From this point on, the distinct vortex centres can-
not be detected anymore. For unequal vortex pairs (Fig. 7a),
the deformation and straining of the weaker vortex is much
faster, but the effects on the final vortex are hardly visible.
For all investigated cases, the merging process was com-
pleted at the latest at ¢p =~ 290°.

It should be noted that the total circulation of the tip vor-
tex system generated by the rotor blades equipped with a fin
is always higher than the the one of the unmodified blade,
which indicates an increase in total lift. The presence of
the fin has also an effect on the rotor performance (thrust,
power). A first estimate of this influence is given in Sect. 4.3
below.

The influence of the fin angle a; on the total circulation
and the circulation ratio I';/T", can be seen in Fig. 8. As men-
tioned before, the total circulation I' ; is larger than the refer-
ence value I'; for cases with fin, increasing almost linearly
with increasing fin angle. The circulation ratio of the initial
vortex pair shows a similar trend, and I'; /I, even exceeds 1
for the highest considered fin angle of a; = 18°.
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Fig.7 Vortex circulations for the cases with fin at angle a; = 6° (a)
and a; = 14° (b)

The velocity fields measured in this series of experiments
can be used to obtain a first qualitative assessment of the
outcome of the merging process, as function of the circula-
tion ratio of the initial vortex pair, which is here considered
as the relevant parameter. Figure 9 depicts the observed
relation between I';y/I"; and the core radius of the merged
vortex, normalised with the value for the reference blade.
These radii were deduced from the velocity profiles of the
vortices, using the procedure described in more detail in the
following section. They represent the core sizes after about
one rotor revolution. The variation is almost negligible for
unequal vortex pairs prone to incomplete or partial merging.
For ratios closer to 1 (I';/T", > 0.75), more likely to undergo
a complete merging processes, the radius of the merged vor-
tex is significantly larger than for the reference blade without
fin. A somewhat unexpected behaviour was found for a fin
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Fig.9 Variation of the final core size (merged vortex) as function of
the circulation ratio

angle of a; = 18°, which generated a circulation ratio greater
than 1. The resulting core radius was even larger than for the
case closest to the theoretical optimum of I';/T", = 1.

Due to the small scale of the experiment performed at
IRPHE, the velocity measurements in the regions of the vor-
tex core lack the required spatial resolution. Thus, the results
concerning the core size and its variation should be inter-
preted only as as qualitative estimate of the effects achieved
by the modifications of the blade tip geometry. To obtain
valid quantitative results with an appropriate PIV resolution

and to analyse correctly the scalability of the blade design,
the measurements from the larger-scale ILR experiment have
to be considered.

4.2 Larger-scale experiment (ILR)

The IRPHE experiment has shown that the generation of a
tip vortex pair using a fin is also possible for the case of a
rotating blade, and it permitted to identify configurations
for which the desired core size increase is significant. In
this section we focus on one of these configurations, which
produces a pair of co-rotating tip vortices whose circula-
tion ratio is close to one, to obtain more precise information
about the core evolution. The fin parameters for this case are:
¢i/c=0.8,d/c=02,h/c=0.3and a; = 14°.

A qualitative analysis of the vortex structure can be
obtained from dye visualisations. Information about the
initial position and spatial evolution of the vortex system
provides valuable information for the subsequent PIV meas-
urements. Figure 10a shows the helical vortex generated by
the unmodified blade. The formation of a concentrated, sta-
ble tip vortex is visible, its core dimensions seem to grow
slightly after two revolutions. Considering the core evolu-
tion, a disturbance affecting the overall helix geometry is
visible in the later stages. The low free-stream velocity used
in this case is affected by non-uniformities over the rotor
diameter. Parts of the vortex are transported with slightly
higher velocities, causing the visible deformation of the
helix. This disturbance is not related to any long-wavelength
instability phenomenon.

In comparison to the unmodified blade, the rotor wake of
the modified blade shows clear differences. The correspond-
ing visualisation obtained with the same flow parameters
is displayed in Fig. 10b. In addition to the primary vortex
generated at the blade tip, a secondary vortex emerges from
the fin tip. This secondary vortex appears to be less stable
than the primary one, indicated by the disturbed dye fila-
ments in the core region. After one revolution, the two initial
vortices have merged into a single one. Visually, the core of
the final vortex appears to be strongly widened, compared to
the unmodified case in Fig. 10a. Due to the rapid diffusion
of the dye, a quantitative analysis of the core dimensions is
not feasible. Nevertheless, these images clearly show the
effect of the tip modification concerning the formation of
two distinct vortices, and indicate that a strong and rapid
vortex interaction takes place.

The PIV analysis provides detailed quantitative infor-
mation supporting the visual impressions. The measured
velocity fields were used to determine the base flow prop-
erties of the rotor wake. In the close-up field of view B
(see Fig. 5), the vortex evolution is recorded over one rotor
revolution in steps of 18° in the rotor phase ¢. In Fig. 11a,
the phase-averaged vorticity in a plane containing the rotor
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Fig. 11 Phase-averaged vorticity in the centre plane of the rotor for
the unmodified (a) and modified (b) blade at ¢p = 18°. The black lines
represent the positions of the trailing edges of the blade and fin at

axis, obtained from 250 instantaneous fields, is plotted for
the unmodified rotor at ¢ = 18°. The single, concentrated
vortex emerging from the blade tip is clearly visible, the
roll-up process is completed. This represents the refer-
ence case. Regarding the initial vortex system, the wake
generated by the modified blade differs significantly. Two
distinct vortices of similar size are formed at the tip and
the fin, which create a co-rotating vortex pair prone to vor-
tex merging. The corresponding vorticity field is shown in
Fig. 11b. This figure also illustrates how the circulation of
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each individual vortex was determined: the vorticity field
is separated into two distinct regions, marked by the blue
and red polygons. Each vortex centre is determined using
the A,-criterion defined by Jeong and Hussain [45]. A sep-
aration line is drawn orthogonally to the line connecting
the centres, defining the border of the line integrals for
the respective region assigned to the tip or the fin vortex.
Figure 12 shows the circulations calculated in this way for
an entire rotor revolution. The individual quantities and
the total circulation based on the entire field of view are
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Fig. 12 Vortex circulations for the modified blade

plotted over the rotor phase ¢. In comparison to the refer-
ence blade, represented by the dashed line, the averaged
total circulation is increased, indicating that the additional
fin is enhancing the circulation generated by the blade.
This is consistent with the results obtained in the IRPHE
experiment. Both vortices possess almost the same circula-
tion, as expected, making this configuration suitable for a
complete merging process. The ratio of the average circu-
lations of the two vortices is I';/I', & 0.9. At a rotor phase
of ¢ = 270°, the merging process is almost completed, and
two distinct vortex centres cannot be detected anymore.
The evolution of the tip vortex pair with wake age is
shown in Fig. 13, illustrated by phase-averaged vorticity
fields. Meunier et al. [29] found that for two-dimensional
co-rotating vortices, merging sets in when the ratio a/b of
the Gaussian core radius a and the vortex separation dis-
tance b exceeds approximately 0.24. Below this value, one
observes a slow increase of this ratio, due to the growth of
the core radius on a viscous time scale (see Eq. (1)), whereas
the separation distance b remains essentially constant. Fig-
ure 13a—c show the vortex system before the critical ratio
is reached at a rotor phase of ¢ ~ 130°. Both vortices have
similar circulation (Fig. 12), and rotate around each other
while moving downstream. The rapid growth of the core size
is qualitatively visible. Meunier et al. [29] pointed out the
significant influence of the elliptic instability on the merging
process. Considering the high Reynolds number at the blade
tip (Re = 120, 000), mutual instabilities affecting the growth
rates of the radii might in principle occur during the initial
stages of the flow, as discussed in Sect. 2.2 above. An esti-
mate of the corresponding growth rates, based on the initial
vortex pair characteristics and available theory suggests that

it would not be high enough to explain the observed rapid
destabilisation.

A closer analysis of the circulation profiles of the tip and
fin vortices hints at the possibility of a centrifugal instability,
related to the presence of opposite-signed vorticity, which is
visible in Figs. 11b and 13a. This aspect has been analysed
in more detail elsewhere [46, 47]. The presence of this insta-
bility accelerates the core growth and in consequence the
onset of the merging process. Figure 13d—f show vorticity
fields during merging. A deformation of the vortex struc-
ture combined with a decrease of the core separation occurs,
resulting in the combination of both vortices into a single
one. During this process, the vortex centres and core radii
cannot be accurately detected in the experimental measure-
ments. After completion of merging (at ¢ =~ 290°), the final
vortex exhibits a strongly widened core radius compared to
the initial state. From this point onwards, only a slow growth
is observed, which is in accordance with theoretical predic-
tions for the viscous diffusion of vorticity.

The velocity fields obtained from the PIV measurements
allow a detailed analysis to further extract the relevant vortex
parameters. After identifying the vortex centres, the distance
between the vortices can be determined. A projection of the
velocities onto a local polar grid (p, ) is made to calcu-
late the radial profile of the (average) swirl velocity v; the
maximum of this profile is used to determine the core radius:
Vimax = V(P = ap,y)- It was shown, e.g. in Ref. [42], that the
phenomenon of vortex wandering could lead to errors in the
determination of core velocity profiles (radius, maximum
velocity) from phase-averaged fields. Estimates based on the
results in [42] show that these effects are small compared to
those induced by the fin. They were therefore neglected in
the present analysis.

In Fig. 14a, these profiles are plotted for the modified and
the reference cases at a rotor phase ¢ = 18°, the dashed line
indicating the core radius for the reference case. Tip and
fin vortex exhibit an almost identical structure. After the
merging process is completed, the peak tangential velocity is
considerably reduced, and the core size is much larger, com-
pared to the reference case (Fig. 14b). The evolution of the
maximum tangential velocity for the tip and fin vortices for
all measured rotor phases ¢ is plotted in Fig. 15. An abrupt
decrease is notable in both vortices, indicating an immedi-
ate interaction between them. The maxima decrease down
to 25% of their initial values at a rotor phase of ¢p ~ 180°.
Once the vortices have merged, the peak velocity of the final
vortex remains essentially constant. The single vortex from
the unmodified blade shows only a slight decrease during the
first rotor period. After one revolution, the peak velocity of
the merged vortex is about 3.5 times lower than for the refer-
ence case. A visual illustration of the differences between
both final vortices is given by the vorticity fields in Fig. 16,
emphasising the effect of the fin on the rotor wake.
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Fig. 16 Phase-averaged vorticity fields of the (merged) tip vortex
after one blade revolution. a Without and b with fin

Regarding the evolution of the vortex core radius in
unperturbed laminar flow, the growth is dominated by a
viscous diffusion law (Eq. (1)). In Fig. 17, the evolution of
the normalised Gaussian core radius with the rotor phase is
plotted. Comparison between the predicted growth rate and
the experimental data shows good agreement. This indicates
that, despite the fairly high Reynolds number, the inner core
region appears to be laminar.

The development of the core radii in the modified case
is displayed in Fig. 18, which shows strong differences to
Fig. 17. Both vortices exhibit an immediate rapid growth
of their core radii, visible from ¢ = 18° up to ¢ = 180°.
The conglomeration of the vortices, starting at approxi-
mately ¢ = 180° inhibits a valid detection of the core radii,
since a precise peak in the tangential velocity cannot be

Fig. 17 Core radius evolution for the tip vortex of the unmodified
blade, dashed line represents the theoretical growth rate
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Fig. 18 Core radii evolution leading to the eventual vortex merging
for the modified blade

detected anymore. This explains the missing data in the
merging region in Fig. 18. After completion of the merg-
ing process (at ¢ ~ 290°), the final vortex has a normal-
ised core radius a/c ~ 0.245. From this point onwards, the
growth follows again the viscous diffusion law in Eq. (1).
In relation to the initial state, the core size is multiplied
by a factor of about 5. One may note that for the reference
blade without fin, the tip vortex would reach a comparable
radius only at a wake age of roughly 50 rotor revolutions.
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The development of the ratio a/b characterising the onset
of merging is shown in Fig. 19. The rapid increase observed
well before reaching the critical value a/b = 0.24 indicates
again the presence of a perturbation or instability having a
significant influence on the growth of the core radii.

Whereas the presence of the tip fin strongly modifies the
core size, the vorticity and the swirl velocities of the rotor
wake vortices, the large-scale spatial structure of the vor-
tex system is nearly unaffected. The positions of the vortex
centres after one blade rotation are almost identical for both
cases.
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Fig. 19 Evolution of the ratio between Gaussian core radii and core
separation distance
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The above results relate to a single promising fin con-
figuration. Variations of the fin parameters, such as its angle
a; and position d (see Fig. 3c), were also carried out in the
ILR set-up, confirming the qualitative observations made in
the small-scale IRPHE experiments. Some of these further
results can be found in Ref. [46].

4.3 Effects on rotor performance

The presented modification of the blade tip geometry
showed interesting results with regard to changing the char-
acteristics of the rotor wake vortices. However, besides
generating a secondary tip vortex, the additional fin is also
expected to have some effect on the performance of the rotor.
Force measurements were not carried out in the present
experiments, but some indications can be obtained from the
measured wake velocity fields. As shown above (Figs. 7, 8,
12), the total circulation generated by the modified blade is
increased with respect to the reference case, which indicates
that the aerodynamic characteristics of the blade are affected
by the presence of the fin. The measured velocity field at
¢ = 18° for the ILR rotor was used to deduce the radial dis-
tribution of bound circulation on the blades; the result is dis-
played in Fig. 20a. It is notable that the fin has an impact not
only on the maximum value close to the tip region, but also
on the distribution in the inner region of the blade: the entire
curve is raised, in comparison to the unmodified case. Con-
cerning rotor performance, this higher overall circulation
profile may indicate a modification of the generated thrust
and the necessary power. To further evaluate this aspect,
we analysed the time-averaged velocity fields downstream
of the rotor in the IRPHE experiment. Figure 20b shows
the profiles of mean induced axial velocity at x/R = 2.44
for the reference case and the modified blade. Over most of
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Fig. 20 Effect of the blade tip fin on the rotor performance. a Radial distributions of bound circulation for the ILR rotor (U = 5.7 cm/s in this
case). b Profiles of mean induced axial velocity at x/R = 2.44 for the IRPHE rotor
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the wake cross-section, the induced velocity is higher in the
presence of the fin. In idealised hover conditions, the rotor
thrust and power are proportional to the square and the cube
of the induced velocity, respectively. Using these relations,
one can estimate that the addition of the tip fin in its optimal
configuration results in a thrust increase of roughly 10-15%,
with a corresponding power increase of roughly 15-20%.
Given the relation between fin angle and total circulation
(Fig. 20), these values are expected to increase for larger
fin angles. These estimates do not take into account viscous
losses and the additional drag caused by the the presence of
the fin. Furthermore, the lift vector generated by the fin has
a component in the direction opposite to the blade motion,
causing an additional induced drag. These effects further
increase the power consumption. More experimental and
numerical investigations, including direct force measure-
ments, are planned to provide more detailed information on
the impact of the fin on the rotor performance characteris-
tics. One may note that in situations where a constant thrust
(or power) is required, such as helicopter flight, it is possible
to balance the increase induced by the fin by lowering the
collective pitch of the main blades.

5 Conclusion

We have presented the results of an experimental study of
two closely spaced helical vortices, created by a generic
rotor blade equipped with a parametric fin. The objective
was to modify the properties of the rotor wake vortex sys-
tem, to reduce negative effects of blade—vortex interactions
that may appear in certain regimes of rotor operation. Split-
ting the single concentrated blade-tip vortex into two sepa-
rate co-rotating vortices was expected to produce a final
merged vortex with a larger core size and lower gradients,
which reduces the strength of these interactions. The present
study has shown that this goal can be achieved with the pro-
posed new blade tip geometry. When a perpendicular fin is
placed on the pressure side of the blade, a strong secondary
vortex appears. A series of water channel experiments with
a small-scale single-bladed rotor confirmed that this method,
first developed for a fixed wing, is also suitable for rotors.
Variation of the fin position and geometry allows to change
the vortex parameters, and in particular to produce pairs of
vortices having almost the same circulation. Details of the
evolution of such a tip vortex pair were obtained by further
experiments at a larger scale, which included dye visuali-
sations and velocity measurements. They revealed that the
merging of the co-rotating vortices proceeds surprisingly
fast, indicating the presence of an instability causing an
early rapid core growth in this configurations. The merged
vortex after one rotor rotation is found to be 5 times larger
than the one shed without a fin, with a significantly reduced

peak tangential velocity, which means that the initial objec-
tive of this study was achieved. Since the relevant scale for
the evolution of the tip vortex system is the blade chord,
one can expect that the merging will occur at a much lower
wake age for blades with higher aspect ratio, e.g. those of
helicopter rotors, and that the presented blade modification
could therefore have potential for reducing blade—vortex
interaction noise.

Further work includes a systematic parameter study con-
cerning the variation of the optimal fin geometry as func-
tion of the rotor characteristics (tip speed ratio, thrust), as
well as a thorough investigation of the instability mecha-
nism responsible for the rapid initial core growth. For this,
volumetric PIV measurements and supporting numerical
calculations are also planned. Additional force and power
measurements to further analyse the influence of the added
fin on rotor performance are intended.
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