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Abstract

We present results from a combined experimental and numerical investigation of the flow
around a rectangular NACA 0012 wing, whose tip geometry is modified by the addition of a
perpendicular fin. The purpose of this modification is to generate a system of two closely-spaced
concentrated tip vortices, instead of the familiar single trailing vortex. Experiments were carried
out in a water channel, where velocity measurements were made in the near wake of the wing
using Stereoscopic Particle Image Velocimetry, in order to determine the characteristics of the
tip vortex pair. Various configurations were tested by changing the position, dimensions and
angle of attack of the fin. It was found that the fin could generate a strong and concentrated
secondary vortex only when placed on the pressure side of the wing. Visualisations of surface
streamlines using oil painting in a wind tunnel, as well as numerical simulations of the flow
in the wingtip region, show that separation occurs with the fin on the suction side, even at low
angles of attack. Both experiments and simulations were used to determine the influence of fin
parameter variations on the tip vortex pair, with respect to its circulation ratio and separation
distance. Whereas co-rotating vortex pairs of similar circulation could be generated easily, the
fin’s ability to produce counter-rotating secondary vortices is rather limited. The current results
have relevance in the context of reducing the impact of concentrated tip vortices, which for rotor
configurations can lead to strong blade-vortex interactions, causing fatigue and aerodynamic
noise.

Keywords: Wingtip vortex, Vortex formation, Vortex pair

1. Introduction

The presence of vortices in flow fields containing finite-span lifting surfaces, such as aircraft
wings, rotor blades and propellers, is a well-known phenomenon. As a direct physical conse-
quence of the generated lift, the occurence of vortices trailing downstream of a finite wing is
inevitable [1]. These wake vortices represent a possible threat to following aircraft, inducing a
downwash and strong rolling moments, as well as large structural loads on the wing. Rossow
[2], Gerz et al. [3] and Breitsamter [4] present detailed reviews of the research on fixed-wing
aircraft wakes. In systems containing rotors, the blade tip vortices form a helical structure, due to
the combination of free-stream velocity and rotational motion. Regarding helicopters in certain
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flight regimes, the interaction of a tip vortex with a following blade is responsible for unwanted
noise and structural vibrations. Considering these negative effects of trailing vortices, numerous
studies have been carried out to investigate the temporal and spatial evolution of these systems
regarding their strength and possible mechanisms to accelerate their decay. Gerz et al. [3] divided
the strategies to reduce the wake vortex hazard for fixed-wing aircraft into two categories. The
first one approaches the problem by attempting to modify the vortex properties, e.g. by reducing
the vorticity peak in the centre and increasing the core diameter (low-vorticity vortex design).
One way to achieve this goal is to enhance the spreading of the vorticity field by means of modi-
fied wing control surfaces, as described e.g. by Coustols et al. [5]. In the 1970s, another approach
to influence the strength of the wingtip vortex was proposed, the modification of the circulation
distribution on the wing, since the spanwise loading has a direct impact on the vortex formation
process. Rossow [6] presented a theoretical study deducing wing loadings resulting in a weaker
tip vortex, and Corsiglia et al. [7] showed a reduction of the induced rolling moment by reshaping
the spanwise loading.

Besides the formation of a “modified” vortex, a rapid decay presents the other approach
to minimize wake danger. The enforcement of three-dimensional vortex instabilities leads to a
quicker decay of the concentrated vortex structure. Jaquin et al. [8] describe the most eminent
instabilities present in aircraft wakes. One way to trigger these instabilities is by interaction with
other vortices. Leweke et al. [9] provide a detailed review of the dynamics and instabilities occur-
ring in vortex pairs, covering both long- and short-wavelength instabilities. An enhancement of
these phenomena can be achieved by either active or passive devices. Crouch et al. [10] presented
a system of active control surfaces, e.g. ailerons and flaperons. Active Gurney flaps have been
studied by Greenblatt et al. [11]. Passive elements, such as spoilers and fins, can also be used to
modify the wake vortex. A highly turbulent flow zone is created by means of spoiler elements;
it influences the roll-up and merging processes, resulting in a reduction of axial peak velocity
and viscous core diameter [4]. The impact of a fin mounted on the wing, producing a secondary
vortex for wake alleviation, was first investigated by Rossow [12]. An increased dispersion of the
wake caused by the vortex injection was shown theoretically and verified experimentally. Özger
et al. [13] presented a similar study, observing a remarkable effect of the injected fin vortex on
the wake. However, a detailed analysis concerning the initial vortex properties as a function of
the parameters defining the fin geometry was not provided. The knowledge of the initial vortex
characteristics would enable a better prediction of the subsequent vortex interactions and the
potential for wake alleviation.

In systems consisting of rotating blades, e.g. helicopter rotors or wind turbines, wake alle-
viation has been an active research topic over the past decades. The reduction or modification
of blade-vortex interactions (BVI) as sources of unwanted noise and high structural loads has
been of particular interest. Widnall [14] provided a theoretical model for the radiated sound level
caused by BVI due to fluctuating lift characteristics. Schmitz & Yu [15] deduced the vortex core
diameter as a decisive parameter for noise emission. Concepts for noise reduction based on a sim-
plified model for BVI were provided by Hardin & Lamkin [16]. Comparable to the fixed wing,
Yu [17] divides BVI reduction methods into active and passive systems. Active systems com-
prise concepts using higher-harmonic pitch control (HHC) and individual blade control (IBC)
and showed promising results in terms of noise and vibration reduction [17, 18]. The passive
concept targets an optimised blade geometry, especially in the tip region, in order to influence
the vortex formation and vortex characteristics after the completed roll-up. Various concepts for
blade tip geometries and their influence on the vortices have been investigated, aiming at splitting
or diffusing the tip vortex [19]. Yu [17], Brentner & Farassat [20] and Brocklehurst & Barakos
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[19] give detailed reviews on a variety of tip shapes investigated by experimental and numerical
methods. The geometry proposed by Brocklehurst & Pike [21] leads to the formation of two
distinct vortices instead of a single one. Splitting the vortices results in a noticeable reduction
of BVI noise emissions, implying a modification of the vortex structure before it encounters the
following blade. An explanation for this phenomenon may be found in the interaction process
between the two distinct helical vortices, which can involve three-dimensional instabilities, lead-
ing to the eventual merging into a single vortex. Similar to straight vortices, Leweke et al. [22]
divide the instability mechanisms for helical vortices into two groups, according to the resulting
effects. The fist mechanism causes displacements of the whole vortex, with minimal effects on
the internal core structure. These perturbations are described as long-wavelength instabilities,
since their scale is large compared to the vortex core diameter. Theoretical and experimental
studies regarding long-wavelength instabilities in helical vortices can be found in Refs. [23–25].
The other type of instabilities, referred to as short-wavelength instabilities, arises inside the vor-
tex core, with perturbation wavelengths of the order of the core diameter. An analysis by Moore
& Saffman [26] deduced the resonance of Kelvin modes by virtue of an external strain field as
the origin of the instability. A review of this mechanism, known as elliptic instability since the
base flow streamlines are ellipses, is given by Kerswell [27]. Blanco-Rodríguez & Le Dizès [28]
demonstrated that curvature and torsion existing in helical vortex systems act as further sources
for elliptic instabilities. An additional short-wavelength instability appears in helical vortex sys-
tems, the curvature instability. An analysis of this phenomenon was performed by Fukumoto &
Hattori [29] for a vortex ring and extended to helical vortex systems in Refs. [30, 31].

In the present study, we focus on the concept of creating two distinct vortices at the tip of a
fixed wing. Following an earlier study by Buffo et al. [32], we use the simple geometry of a rect-
angular wing and propose a method of generating a secondary vortex by adding a perpendicular
fin on one side of the wing near the tip. Water channel and wind tunnel experiments, together
with numerical simulations, are used to investigate the initial formation of the vortex system
for this new wingtip geometry, and to determine the relation between the fin parameters (size,
position, orientation) and the properties of the resulting vortex pair. In §2 below, details about
the experimental methods and numerical simulations are given. The results are presented in §3,
focussing on the qualitative effect of the fin in various positions and the conditions that produce
a pair of tip vortices with similar circulation, which represents a favourable configuration for
merging processes. Concluding remarks are given in §4.

2. Experimental and numerical methods

2.1. Experimental set-ups

The flow around the novel wingtip geometry was studied experimentally in two facilities
located at the Institute of Aero-space Systems. The first is a recirculating water channel, with
a closed test section of dimensions 100 cm (length) × 54 cm (width) × 54 cm (height) and a
free-stream velocity range up to U = 4 m/s. The inflow velocity field within the test section has a
turbulence level of ∼1.5% and is uniform to within less than 2% outside the wall boundary layers.
The wing model was mounted vertically on the ceiling of the test section. A motorised crossbeam
and rotation axis allowed for adjusting its spatial position and angle of attack (α). The majority of
experimental results were obtained in this setup. In addition, oil painting visualisations of surface
streamlines were made in a low-speed open-section wind tunnel, using the same wing model (see
below).
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Fig. 1. Schematic side and end views of the wingtip geometry equipped with a fin.

The model itself consists of a rectangular half-wing of semi-span B/2 = 29 cm and chord
c = 10 cm, giving a nominal aspect ratio B/c = 5.8. The cross-section has a NACA 0012 profile,
and the wingtip is rounded with a body-of-revolution cap. The main wing body is manufactured
from anodised aluminium. The tip geometry is interchangeable, it is attached using magnets and
dowel pins to guarantee shape accuracy. In order to generate a secondary vortex, the wingtip
was modified by adding a perpendicular fin located either on the suction or the pressure side.
The fin geometry with its various parameters is shown schematically in Fig. 1. Like the main
wing, it has a NACA 0012 cross-section and a rounded tip. Its chord is cf = 8 cm = 0.8 c for all
cases investigated in this study. Its position (d), height (h) and angle of attack (αf) were varied,
in order to explore the effect on the trailing vortex system. The various tip configurations tested
were manufactured by rapid prototyping (3D printing). The blockage ratio of the model within
the water tunnel for the highest investigated angle of attack (α = 12◦) was 2.3%.

The Reynolds number based on the chord was kept constant at Re = Uc/ν = 100, 000 (ν:
kinematic viscosity) in all experiments. This was achieved by adjusting the free-stream velocity
as function of the temperature-dependent viscosity of the fluid, i.e. in the range U = 98–102
cm/s for the water channel measurements.

2.2. Velocity measurements

The properties of the tip vortex system were determined from measurements of the velocity
field in various downstream cross-sections of the flow. These fields were obtained in the wa-
ter channel by Stereoscopic Particle Image Velocimetry (SPIV), which gives access to the three
velocity components in a two-dimensional field of view. The lower and side walls of the test
section are made of glass, allowing for the necessary optical access. Fig. 2 presents a schematic
view of the measurement setup and the general coordinate system. The flow was seeded with

4



y

Test section

SPIV plane

Camera

Wing

U
z

x

(b)(a)

Fig. 2. (a) Experimental setup for SPIV measurements in the water channel (view from below). (b) Sketch
defining the coordinate system.

cubic polyamide particles of mean diameter 50 µm and density 1.016 g cm−3 ensuring a good
tracking of the fluid motion. The measurement plane was illuminated from below by a double-
pulsed laser (Quantel Twins Ultra), with a pulse energy of 120 mJ, operating at an effective
wavelength of 532 nm. The optics mounted in front of the laser provided a light sheet of 2–3 mm
thickness, minimising the detection probability of unwanted particles located outside measure-
ment plane. Particle images were recorded by two CCD cameras (PCO.2000) with a resolution
of 2048 × 2048 pixles, placed on each side of the test section. The cameras were oriented at an
angle of approximately 30◦, matching the recommendation of Lawson & Wu [33] to minimise
measurement errors in both the in-plane and out-of-plane velocity reconstruction. Adapters ful-
filling the Scheimpflug criterion and water-filled prisms, as suggested by Prasad and Jensen [34],
were used to minimise the aberrations due to the change of the optical medium. Two objectives
with a focal length of 85 mm and f -number equal to 11 were used to record a 10 cm × 12 cm
field of view. To avoid peak-locking errors, the particle diameter on the recorded images were set
to approximately 3 pixels by adjusting the focal distance [35].

Calibration, image acquisition, synchronisation of light source and cameras, as well as image
processing, were performed using the DaVis 8.4 software developed by LaVision. Calibration
was achieved with a dual-plane calibration plate with circular markers (LaVision); the calcu-
lated calibration coefficients were within the satisfactory range. It was possible to use a single
calibrated plane for all measurements, since the wing model could be traversed in the down-
stream direction. The double-frame/single-pulse technique was used for image acquisition. For
each case, 350 images were recorded at a frequency of 3 Hz. A delay time of 380 µs between
two subsequent images resulted in a satisfactory pixel shift and an acceptable loss-of-pairs. The
subsequent stereo cross-correlation was a two-stage process, using first an interrogation window
size of 64 × 64 pixels with an overlap of 50%, and then a smaller size of 32 × 32 pixels with
an overlap of 75%, resulting in a final spatial resolution of 10–12 vectors within the vortex core
radius. For both window sizes, 4 calculation passes were carried out. Further data analysis, in-
cluding vortex identification, the calculation of vortex properties and statistical post-processing,
were conducted with in-house Matlab routines.

A first survey was carried out with measurements in 4 planes at equidistant downstream
positions (x/c =1–4) behind the trailing edge of the wing. In a second campaign, a reduced
number of configurations was investigated in more detail, with an improved field of view and an

5



0 0.05 0.1
r=c

0

0.1

0.2

0.3

0.4

0.5

u
3
=
U

Tip Vortex (averaged)

0 50 100 150 200 250 300 350
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

!!"!
!

Fig. 3. (a) Instantaneous swirl velocity profiles of the tip vortex; the black line represents the profile obtained
from the averaged velocity field. (b) Convergence ratio of the streamwise vorticity component ω at a point
within the tip vortex core.

additional plane at x/c = 6.

2.2.1. Uncertainty analysis
The determination of vortex parameters is influenced by a variety of effects. Detecting the

core centers is usually done by localising the maximum of a suitable flow field operator within the
velocity field. This method requires valid information about the flow characteristics close to the
core regions. However, due to the large centrifugal forces, the regions close to the vortex center
are often affected by a lack of seeding particles, causing data voids that represent a drawback
for tracer-based measurements of vortices, especially in wind tunnels. Water tunnels, in contrast,
provide suitable conditions for the analysis of vortex-dominated flows for comparable Reynolds
numbers, due to the reduced tangential velocities in the core regions. All measurements presented
in this study exhibit a sufficient seeding density within the vortex cores, allowing the detection
of the centers without the need of special filter techniques, e.g. the one proposed by van der
Wall & Richard [36]. Another aspect which has to be considered is vortex wandering, see e.g.
[37]. These irregular motion of the vortices between the recorded frames can cause a biased
averaged swirl velocity profile, which affects the determination of the core radii and velocity
peaks. Wandering is usually addressed by techniques such as conditional averaging [36], where
the individual vortex centers are aligned before the averaging process. However, this technique
is not feasible for our data, since two individual vortices are present within the flow field which
both move separately. To identify the effect of wandering within this study, the instantaneous
swirl velocity profiles are compared with the profile obtained from the averaged velocity field,
an example is given in Fig. 3a) (The corresponding averaged vorticity contourplot of the example
is shown in Fig. 10a, the profiles are obtained for the tip vortex). The calculation procedure of
the swirl profiles and the center detection method is described in 3.1. The result shows a good
agreement between the averaged and the instantaneous profiles with regard to the maximum
value and the distance to the center. Deviations of the individual center positions compared to
the average are found to be smaller than 1% of the wing chord, in accordance with the findings of
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Devenport et al. [37]. Based on the analysis, the error within the core radius detection is estimated
to lie in the range of 5-10%. To evaluate the uncertainty of the determined circulation values, the
convergence of the streamwise vorticity component within an exemplary vortex core is shown in
Fig. 3(b). Despite the expected high fluctuations within the core region, the vorticity converges
to within well below 1% for less than 200 frames. The analysis of the instantaneous circulation
values yields an uncertainty for the averaged value of 7-10%.

2.3. Visualisations

A closed-circuit low-speed wind tunnel with an open test section and a nozzle diameter of
1.5 m was used for surface streamline visualisations with the oil-painting method. The wing
model with a fluorescent coating was positioned at the bottom of the open test section, with the
tip pointing upwards. Two high-resolution cameras of 2048 × 2048 pixel resolution were used to
capture the streamline formation and final steady-state condition. One camera covered a side view
of the wing, recording the suction or the pressure side, depending on the fin position. The other
camera was mounted above the model, with a field of view capturing the wingtip region and the
outer side of the fin. All visualisations were performed at a Reynolds number of Re = 100, 000.

Only selected configurations, chosen on the basis of previous SPIV results, were tested. Par-
ticular attention was paid to the differences in flow behaviour when the fin was positioned on
either the suction or the pressure side.

2.4. Numerical methods

The numerical simulations in the present study were carried out using the TAU code of DLR
[38]. This code is an unstructured finite-volume solver for the compressible Reynolds-averaged
Navier-Stokes (RANS) equations. Central discretisation schemes are used to compute the spatial
derivatives in the RANS equations. To formally achieve second-order accuracy, an artificial ma-
trix dissipation is applied [39]. The turbulence equations are discretised by a simplified Roe up-
wind scheme with second-order reconstruction from limited gradients. An implicit lower-upper
symmetric Gauss-Seidel (LU-SGS) scheme with a three-step multigrid acceleration is applied to
the RANS equations for the integration in pseudo-time. The turbulence equations are integrated
on the finest grid levels only. Turbulence modelling is done with the SSG/LRR-ω Reynolds stress
model [40], which directly builds on the modelled transport equations for the Reynolds stress ten-
sor. Braun et al. [41] showed that this model provides good agreement with experimental data
when simulating vortices and their formation process. The model is here improved with a recent
modification to increase numerical robustness. A transformation of the length-scale equation al-
lows an accelerated convergence even in regions with the finest mesh [42]. The dimensions of
the computational domain are: 50c in the streamwise direction x, 20c in the spanwise direction
y and 40c in the “vertical” direction z. No-slip boundary conditions are applied at the wing sur-
faces. The outer surfaces of the computational domain are implemented with far-field conditions,
except for the one containing the wing root, where a symmetry condition is applied. The wing is
centered on this symmetry plane.

The hybrid computational grid, consisting of prisms, hexahedrons and structured regions,
was generated using the CENTAUR software. 55 structured prismatic layers are utilised in the
direction normal to the wing and fin surfaces, in order to resolve the boundary layer region. The
thickness of the first prism layer is chosen so that the normalised distance between the surface
and the first node is less than unity in the entire domain, which guarantees the resolution of the
viscous sublayer everywhere. Structured hexahedron blocks are used in regions where the vortex
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Fig. 4. Streamwise vorticity distribution at two downstream positions behind the bare wing at α = 10◦. The
dashed circle in (b) has a diameter of 0.2c.

formation process occurs, in order to resolve the rolled-up vortices with sufficient accuracy and
minimise numerical dissipation. A grid step of 10−3c is obtained in the structured regions, pro-
viding a resolution which is an order of magnitude higher than the one recommended by Dacles-
Mariani et al. [43]. The grids of all investigated cases have approximately 26 million points. In
order to allow comparability to the experimental measurements, the chord-based Reynolds num-
ber for all numerical calculations was set to the same value as in the experiments: Re = 100, 000.

3. Results and discussion

3.1. Tip vortex of the bare wing
In this study, the reference configuration (without fin) consists of a rectangular wing of aspect

ratio B/c = 5.8, having a symmetric NACA 0012 cross-section profile and rounded tips. Previous
experimental studies [44, 45] and numerical simulations [46, 47] of this geometry have shown
that it generates a single concentrated tip vortex, whose strongly rotating core becomes axisym-
metric and almost laminar within about one chord length behind the trailing edge of the wing.
Fig. 4 shows examples of streamwise vorticity distributions obtained in the present experiments
from SPIV measurements at two downstream positions. At x/c = 1 a high-vorticity vortex core
is formed, connected to the low-vorticity vortex sheet shed behind the entire span of the wing.
This sheet continues to roll up around the core as it moves downstream.

The vortex structure can be characterised by swirl velocity and circulation profiles. These
were obtained by first transforming the velocity components in the cross-sectional y-z plane to
a polar coordinate system r-θ around the vortex centre, which is determined with the λ2-method
proposed by Jeong and Hussain [48]. The resulting azimuthal velocity uθ is then averaged on
circles of radius r, and integrated along these circles for the circulation. The results for the field
measured at x/c = 6 (Fig. 4b) are presented in Fig. 5 for angles of attack ranging between 4◦

and 12◦. The circulation is normalised by the theoretical value Γ0 = παUc for a thin airfoil in
8
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two-dimensional inviscid flow, and the swirl velocity by Γ0/c. The velocity profiles are similar
for all angles of attack, with a maximum of order unity located at a radial distance rm ≈ 0.05c,
which defines the core radius. The rescaled circulation profiles are identical up to about twice
the core radius (shaded region in Fig. 5b and circle in Fig. 4b). For an untwisted rectangular
airfoil in inviscid flow, the spanwise distribution of non-dimensional bound circulation, as well
as the radial circulation distribution of the resulting tip vortex which can be deduced from it [49],
depend only on the aspect ratio [50]. The total circulation for B/c = 5.8 is predicted as 0.82 Γ0.
The fact that the profiles in Fig. 5(b) depend also on the angle of attack is due to the non-linearity
of the lift curve of the NACA 0012 airfoil for Re = 105. Theoretical calculations using a lift
curve based on recent experimental results [51, 52] predict total circulations between 0.94 Γ0
(for α = 4◦) and 0.68 Γ0 (for α = 12◦), and reproduce well the profiles measured in the present
study.

3.2. Effect of a tip fin placed on the suction or pressure side

The desired secondary vortex is generated by means of the additional fin placed on either the
suction or the pressure side of the wing. It is expected that the fin has a significant impact on
the flow behaviour close to the wingtip due to the three-dimensional flow characteristics in this
region. Oil flow visualisations provide an insight into the flow near the wing surface, an example
is given in Fig. 6. The wing is mounted vertically on an adjustable rotating plate, with gravity
directed towards the wing root. Both suction and pressure sides are shown for the reference case
without fin (Fig. 6a,b) and a modified configuration with fin (Fig. 6c,d). The flow pattern for
the reference case in Fig. 6(a) indicates the presence of a small separation bubble on the suction
side close to the leading edge for the investigated flow conditions. The cross flow caused by the
pressure difference between the two wing surfaces, and the subsequent vortex formation process,
can clearly be identified in the tip region of the bare wing. In comparison, the flow patterns of
the modified wing reveal some remarkable effects related to the presence of the fin.
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a) Bare wing,
suction side

b) Bare wing,
pressure side

c) Modified wing,
suction side

d) Modified wing,
pressure side

Fig. 6. Oil flow pattern for the reference case and a modified configuration at Re = 100, 000 and α = 10◦.
For a better comparison, the pressure sides are mirrored. Fin geometry for (c,d): d/c = 0.5, h/c = 0.3,
αf = 10◦, flow is from left to right.

a) Bare wing,
suction side

b) Bare wing,
pressure side

c) Modified wing,
suction side

d) Modified wing,
pressure side

Fig. 7. Flow pattern obtained from simulation results, created by the LIC method, for the same cases as in
Fig. 6.

The observed flow behaviour is very different when the fin is mounted either on the suction
or the pressure side. In the former case (Fig. 6c), a large separation region above the fin’s suction
side is visible, similar to corner flow separation, inducing a recirculation region adjacent to the
trailing edge of the wing. This phenomenon was also observed in preliminary visualisations in
the water channel and was expected to have a negative impact on the vortex formation at the fin
tip and possible mutual interactions downstream. A decrease of the fin angle down to αf = 6◦

does not lead to a reattachment of the flow, giving the impression that the inflow conditions on
the suction side are prone to corner flow separation, irrespective of the geometric specifications
of the fin. Also, a variation of the spanwise position d yields no notable differences concerning
the separation, implying that the influence of the cross flow in the tip region is not decisive for
the detected effect. Potential explanations for this flow behaviour include interactions with the
separation bubble close to the leading edge and a blocking effect of the main wing, causing
non-uniform inflow conditions for the fin.

Several numerical simulations of selected configurations were performed to analyse in more
detail the observations obtained from the oil painting visualisations. For comparison, an image
equivalent to the oil painting pattern can be generated by the Line Integral Convolution (LIC)
method. The result, displayed in Fig. 7 for the same configurations as in Fig. 6, shows good
agreement with the experimental observations. The differences between simulation and experi-
ment concerning the flow patterns close to the trailing edge of the wing can be explained by the
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a) Suction side b) Pressure side

Fig. 8. Illustration of the separation tendency close to the fin root at an angle of attack of α = 10◦ for a fin
position on (a) the suction and (b) the pressure side of the main wing. Fin geometry: d/c = 0.5, h/c = 0.3,
αf = 10◦.

influence of gravity on the oil film; resulting from the wing positioning in the wind tunnel.
Fig. 8 shows isosurfaces of the streamwise velocity vx, in order to illustrate the size of the

separation regions for both fin configurations (for visual clarity, the isosurfaces within the prism
layers of the numerical mesh are not displayed). With the fin placed on the suction side (Fig. 8a), a
significant flow separation region appears close to the fin root, even at moderate angles of attack.
Although the numerical results show that, despite the presence of partly separated flow regions,
a secondary vortex is generated at the fin tip (see below), an influence of the separation on the fin
vortex formation, which might cause undesired perturbations prior to possible interactions with
the wingtip vortex, cannot be ruled out.

The experimental and numerical results indicate that the impact on the surrounding flow field
of a fin mounted on the pressure side of the wing is notably smaller. The flow pattern obtained by
oil painting (Fig. 6d) shows no evidence of flow separation, similar to the LIC pattern in Fig. 7(d).
Contrary to the suction side, the flow around the fin is well attached over the entire wingspan,
providing favourable conditions for the formation of a secondary vortex. These impressions from
the flow pattern are supported by the numerical results in Fig. 8(b) which show no evidence of
separation regions close to the fin. The generation of the primary wing vortex appears not to be
influenced by the presence of the fin or the secondary vortex.

Based on these findings it was decided that further SPIV investigations in this study should
focus on configurations with the fin mounted on the pressure side of the wing. For this arrange-
ment, a positive fin angle αf (see Fig. 1) results in a co-rotating vortex system, whereas negative
fin angles produce a counter-rotating secondary vortex. Considering the effects of the cross flow
on the lower surface close to the wingtip, a slight deflection of the free stream approaching the fin
occurs, causing a de- or increase of the effective angle of attack, depending on the fin orientation.
A numerical parameter study, including a variation of αf for constant d/c = 0.3 and h/c = 0.3,
was performed to investigate this hypothesis. For all configurations, a constant angle of attack
α = 10◦ was chosen.

The result is shown in Fig. 9. Several cuts along the chord display the normalised stream-
wise vorticity ω to qualitatively illustrate the vortex generation process. The parameter variation
reveals that the neutral position of the fin, indicated by the absence of a secondary fin vortex, is
located between αf = −4◦ and αf = −6◦ for the chosen fin configuration. It is expected that the
influence of the cross flow decreases for greater values of the fin distance d. As a consequence of
this asymmetry in the fin vortex formation, with respect to the fin angle value, it is expected that
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a) αf = −10◦ b) αf = −8◦ c) αf = −6◦ d) αf = −4◦

e) αf = −2◦ f) αf = 0◦ g) αf = 2◦

h) αf = 4◦ i) αf = 6◦ j) αf = 10◦

Fig. 9. Vortex formation at the fin and wingtips for different fin angles, illustrating the effect of the cross flow
close to the wingtip. The neutral position (no fin vortex) is shifted to αf ≈ −5◦. d/c = 0.3 and h/c = 0.3 for
all cases.

counter-rotating fin vortices are weaker than co-rotating ones, for the same absolute values of the
fin angle. If strong interactions with the wingtip vortex are likely to occur when the fin vortex
has a comparable strength, the co-rotating configurations, with positive αf , therefore appear more
promising.

3.3. Co- and counter-rotating tip vortex pairs

The experimental investigation of the effect of the fin is again carried out using SPIV mea-
surements in the near wake of the wing. In this section, two representative configurations are
analysed in detail. In the first, the wing/fin geometry generates a co-rotating pair of vortices of
approximately the same circulation, which is expected to be favorable for the development of
vortex interactions and instabilities, as well as merging. The second fin configuration creates
a counter-rotating secondary vortex, whose strength is significantly lower than the one of the
wingtip vortex, for the reasons discussed above. Figures 10 and 11 present the distributions of
streamwise vorticity for the two configurations, measured in different cross-sections of the flow
downstream of the wing. The fields were obtained by averaging 350 instantaneous distributions.
In both cases, the wing angle of attack is α = 10◦.
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a) x/c = 1 b) x/c = 2 c) x/c = 3 d) x/c = 4 e) x/c = 6

Fig. 10. Vorticity fields in different planes behind the wing, illustrating the development of a co-rotating
vortex system. The fin parameters are: d/c = 0.3, h/c = 0.3, αf = 10◦.

a) x/c = 1 b) x/c = 2 c) x/c = 3 d) x/c = 4 e) x/c = 6

Fig. 11. Vorticity fields illustrating the evolution of a counter-rotating vortex system. The fin parameters are:
d/c = 0.5, h/c = 0.3, αf = −12◦.

The co-rotating vortex system is generated by a wing equipped with a fin located on the
pressure side at a distance d/c = 0.3 from the tip, and having a height h/c = 0.3 and angle of
attack αf = 10◦. Figure 10 reveals that at one chord length behind the trailing edge of the wing
(x/c = 1) two concentrated vortices have formed from the wingtip (upper vortex) and fin tip
(lower vortex). Both vortices exhibit a stable core structure, and they rotate around each other
while propagating downstream, as expected for the co-rotating configuration.

The averaged SPIV velocity fields can again be used to determine the vortex characteristics
(radius, circulation), with the procedure described in section 3.1 (Fig. 5). The evolution of the
core radii is shown in Fig. 12. For a better comparison with theoretical results, the equivalent
Gaussian core size a = rm/1.12 is displayed. The initial radius of the wingtip vortex is practically
unchanged by the presence of the fin. The fin vortex has a comparable, slightly smaller size. The
downstream evolution of the core radii shows good agreement with the theoretical predictions
for two-dimensional viscous Gaussian vortices of similar initial size, which can be deduced from
the temporal evolution based on the diffusion of vorticity: a2(t) = a2(t = 0) + 4νt. The latter
are shown as dashed lines in Fig. 12. The apparent laminar viscous growth of the vortex cores
suggests the absence of interaction and instability phenomena at this early stage, which would
typically lead to a faster core growth. In the observation interval (x/c ≤ 6), the rescaled core
radius a/b, where b is the distance between vortex centres, remains well below the critical value
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of a/b = 0.24 for the onset of merging [9], so that the formation of a single vortex through this
process is only expected much further downstream.

The circulation values for the co-rotating vortex system are plotted in Fig. 13. They were
obtained by integrating the streamwise vorticity in a circular area of radius 0.15c around the
given vortex centre. The same radius was also used for all other circulation measurements shown
in the following, to allow for a better comparison. It is large enough to capture the core vorticity,
and at the same time small enough not to include circulation from the low-intensity vorticity
sheet shed behind the wing, nor circulation that may be attributed to the other vortex of the
pair, i.e. it is less than b/2 for all cases considered. For the chosen co-rotating configuration, the
wingtip and and fin vortex circulations are almost identical, and they vary little in the observation
interval. It should be noted that the total circulation of the two vortices is about 20% larger than
the circulation of the tip vortex without fin and otherwise identical wing parameters.
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Fig. 12. Vortex core radii for the co-rotating system. The dashed lines show the expected viscous evolution
for a laminar Gaussian vortex.

w

Fig. 13. Vortex circulations in the co-rotating system.

Thus it appears that the additional fin does not only split up the single vortex, but also influ-
ences the amount of bound circulation (see also Fig.16), and therefore the lift and induced drag
characteristics of the wing.

The geometric fin parameters for the counter-rotating vortex pair case shown in Fig. 11 are
d/c = 0.5, h/c = 0.3 and αf = −12◦. Two vortices of opposite-signed vorticity are generated
by this configuration. Despite the high fin angle, the (lower) secondary vortex is notably weaker
than the (upper) tip vortex, in agreement with the results from the numerical simulations.
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Fig. 14. Vortex core radii for the counter-rotating system. Dashed lines: viscous evolution.

Fig. 15. Vortex circulations in the counter-rotating system.

Whereas the tip vortex core remains fairly unchanged up to x/c = 6, the core of the fin
vortex is being stretched by the strain induced from the much stronger tip vortex. One can see in
Fig. 11(e) that it starts getting wrapped around the latter, suggesting that it is likely to get ripped
apart later on. This process is reflected in the evolution of the core size in Fig. 14. Contrary to the
tip vortex, which again evolves approximately like a two-dimensional laminar vortex, the radius
of the fin vortex increases much faster. The measurements of the circulation in Fig. 15 confirm
that the strength of the fin vortex is only about 20% of the one of the wingtip vortex. Compared
to the reference case, the total circulation is significantly diminished by the addition of the fin.
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Reference wing

Fig. 16. Spanwise circulation distribution for the co- and counter-rotating cases shown in Figs. 10 and 11,
compared to the reference wing without fin.

Figure 16 displays the spanwise distributions of the normalised circulation for the two fin
configurations, as well as for the reference wing without fin. They were deduced from the span-
wise vorticity field immediately downstream of the trailing edge of the wing, obtained by numer-
ical simulation. The result obtained for the reference wing is in good agreement with the Prandtl
model for a finite-span rectangular wing [50], the small deviation (kink) in the tip region can
be explained by the incipient roll-up of the tip vortex. The circulation profiles of the modified
configurations reflect well the presence of the additional secondary vortices. They manifest them-
selves through an additional sharp decrease or increase of the radial distribution, their amount
corresponding to the circulations seen in Figs.13 and 15. Further away from the tip region (for
y/B < 0.3), the circulation distributions for all cases converge.

For both co- and counter-rotating systems, the influence of the additional fin on the generated
lift or drag has not been analysed experimentally within the scope of this work. The circulation
distributions obtained from the numerical simulations in Fig. 16 reveal that the fin has an effect
on the bound circulation which is directly related to the lift distribution. In addition, the drag
characteristics of the wing are likely to be affected by the presence of the fin as well. A more
detailed analysis of the effect of the fin on the aerodynamic performance of the wing is planned
for future work.

3.4. Parameter study

The geometry and position of the fin which generates the secondary tip vortex are deter-
mined by the parameters shown in Fig.1. We now discuss how the variation of these parameters
influences the characteristics of the resulting vortex pair, using the results from a series of SPIV
measurements. For this analysis, the following parameter values were considered: wing angle
α = 6◦, 10◦; fin angle αf = ±6◦, ±10◦; fin height h/c = 0.3, 0.5; fin position d/c = 0.2, 0.3, 0.5.
The tip vortex pair is characterised by the circulation (Γ) and core size (a) of each vortex, as well
as the distance between the vortex centres (b).
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Fig. 17. Vortex separation b, measured at x/c = 1, as function of the geometrical distance b0 between wing
and fin trailing edge tips, for all tested configurations.

Fig. 18. Gaussian core radius a for all configurations.

The initial vortex separation is determined by the wingtip/fin geometry; it was found to be
close to the distance b0 between the tips of the trailing edges of the wing and the fin, as illustrated
in Fig. 17. The initial core radii of the wing and fin tip vortices depend mainly on the respective
chord lengths, which were not varied in this study. For all tested co-rotating configurations, they
were found to lie in the range 0.03 ≤ a/c ≤ 0.04 (see Fig. 18). The configurations equipped with
fins having negative angles αf generate fin vortices significantly weaker than the corresponding
wing vortices, compare Fig. 15. Hence their geometry is stretched and deformed by the presence
wing vortex immediately after emerging from the trailing edges, explaining the outliers in Fig. 18.

18



Fig. 19. Variation of the circulation ratio with fin position, for various combinations of angles of attack. The
fin height is h/c = 0.3 for all cases.

Fig. 20. Variation of the fin vortex circulation with fin position, for various combinations of angles of attack.
h/c = 0.3.

The remainder of this section focusses on circulations Γw (wingtip vortex) and Γf (fin vortex),
and their ratio, whose variation as function of the geometric parameters is less straightforward.
We consider mostly co-rotating configurations, since these are more relevant for possible ap-
plications in aeronautics. In these cases, maximum spreading of the vorticity is obtained for
circulation ratios Γf/Γw close to 1. In the following, a single circulation value is used for each
vortex of a given configuration. It is determined by averaging the measurements made in the near
wake of the wing up to x/c = 6, as shown e.g. in Figs. 13 and 15.
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Fig. 21. Variation of the wingtip vortex circulation with fin position, for various combinations of angles of
attack. h/c = 0.3.

Fig. 22. Circulation ratio immediately behind the wing trailing edge as function of the fin angle. Data ob-
tained from numerical simulations for α = 10◦, d/c = 0.3 and h/c = 0.3 (see also Fig. 9).

Error bars indicate the minimum and maximum values found in this interval. Figure 19 shows
the experimentally determined circulation ratios as function of the fin position, for four combi-
nations of wing and fin angles. A slight decrease of the ratio is found in all cases, as the distance
to the wingtip increases. As expected, the highest values (approaching Γf/Γw = 2) are found for
low wing angle and high fin angle. The strength of the fin vortex alone depends little on the fin
position, but exhibits a non-trivial variation with the angle-of-attack combinations (Fig. 20). It
increases with the fin angle, but also by increasing only the angle of the main wing.

20



Fig. 23. Effect of fin height on the fin vortex circulation in co-rotating systems. The fin angle is constant
(αf = 10◦).

Fig. 24. Effect of fin height on the circulation ratio of co-rotating systems. αf = 10◦.

The circulation of the tip vortex is roughly proportional to the wing’s angle of attack, as ex-
pected (Fig. 21), but its value is also significantly influenced by the position of the fin: it increases
as the fin moves further away from the tip. These results show that the tip and fin vortices have
a mutual influence on each other, and that their strength is not determined independently by the
characteristics of the respective wingtip and fin geometries.

The previous results suggest that is it possible to control the circulation ratio Γf/Γw by ad-
justing the fin angle αf , when the fin is placed near the wingtip. Figure 22 displays the relation
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Fig. 25. Effect of fin position on the circulation ratio of counter-rotating systems. The fin height is constant
(h/c = 0.3).

between both quantities, as determined from the numerical simulations, using the set of configu-
rations shown in Fig. 9. The circulations are here determined in a plane immediately behind the
wing trailing edge. For positive angles, the dependency is approximately linear, resulting from
the increase of the fin vortex circulation with fin angle (Fig. 20) and the almost unchanged circu-
lation of the wingtip vortex (Fig. 21). Negative fin angles exhibit a different behaviour, with the
generated fin vortices being much weaker in comparison. The circulation ratio (absolute value)
remains small and increases slightly only at large negative fin angles. As discussed in section 3.2,
this asymmetry can probably be linked to the three-dimensionality of the flow in the wingtip re-
gion, which modifies the effective angle of attack of the fin. Overall, the result in Fig. 22 confirms
the qualitative impressions from Fig. 9.

An increase of the fin height h/c has several effects. It makes the fin geometry less three-
dimensional and moves the fin tip further away from the wing surface into the free stream. This
is expected to lead to an increase of the fin vortex circulation, which is confirmed by the mea-
surements shown in Fig. 23. At the same time, a larger fin further prevents the spanwise cross
flow near the main wing surface and therefore disturbs the formation of the tip vortex. Both ten-
dencies lead to a significant increase of the circulation ratio with h/c, as shown in Fig. 24. The
effect is enhanced when the fin moves closer to the wingtip. For the configuration with α = 6◦,
αf = 10◦ and h/c = 0.5, a circulation ratio larger than 3 is found with the fin located at d/c = 0.3.

A smaller set of counter-rotating configurations with different parameter values was also
investigated. As already noted in Fig. 22, the (absolute) circulation ratios are generally signif-
icantly smaller. In addition, Fig. 25 shows that there is a tendency for the ratio to increase as
the fin moves away from the wingtip, which can be related to the diminishing influence of the
tip vortex on the flow near the fin for increasing d/c. The effects on the circulation ratio of a
variation of the fin height or of the wing angle of attack were found to be qualitatively similar to
the ones observed for co-rotating configurations.
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4. Conclusion

Through a combined experimental and numerical study, we have analysed the influence of a
perpendicular fin, mounted close to the tip of a rectangular wing, on the generation of the trail-
ing vortex system. This work was motivated by certain rotor blade tip geometries investigated in
the past, aimed at splitting the concentrated tip vortex into two distinct vortices, which then un-
dergo a mutual interaction and merging process resulting in a modified final vortex with altered
characteristics (core radius, maximum swirl velocity). In the present study, a particular concept
of generating two distinct tip vortices is explored for a fixed wing, in order to understand the
fundamental mechanisms involved. The vortex splitting is achieved by adding a fin on the wing
surface. When the fin is placed on the suction side of the wing, the experimental and numer-
ical visualisations of the near-wall flow reveal a strong tendency for flow separation, which is
detrimental to the formation of the secondary fin vortex. Most of the study therefore focussed
on configurations with the fin on the pressure side, where no separation occurs. By adjusting the
geometrical parameters defining the fin, it was possible to generate a variety of co- and counter-
rotating vortex systems. These were characterised by the respective vortex circulations and radii,
and the separation distance. The three-dimensional characteristics of the flow near the wingtip
affects the performance of the fin. The cross flow on the wing surface in this region modifies the
effective fin angle, which favours the generation of co-rotating vortices. An extensive parame-
ter study has shown that it is possible to generate vortex systems with circulation ratios close
to unity, resulting in an efficient spreading of the tip vortex vorticity. In addition, such pairs of
nearly equal circulation are prone to develop strong mutual interactions and merge into a less
concentrated final vortex, leading to less severe interactions with other structures (e.g. blade-
vortex interactions generating noise in the case of a rotor). In the current investigation using a
fixed-wing geometry, instabilities and merging of the tip and fin vortices were not observed in the
near-wake region considered. In a related study [53–55] involving a rotating wing equipped with
a similar fin, designed using the results presented here, a strong three-dimensional short-wave
instability, followed by a rapid merging, was found. This interesting new behaviour appears to
be related to the difference in the spanwise circulation distributions between fixed and rotating
wings. It suggests that the wing tip modification using a fin may hold promise for reducing the
level of undesired blade-vortex interactions in rotor flows.
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