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Abstract—The aerodynamic performances of vertical axis wind
turbines are highly affected by tip vortexes. In the present
work, different tip devices are considered and simulated against
a baseline rotor configuration, with the aim of identifying the
best tip architecture. Three different configurations are tested:
winglets, an elliptic termination and an aerodynamic bulkhead.
A comparative analysis on the most promising architectures is
conducted, focusing also on blade torque evolution during a full
revolution of the rotor blade. The most promising technology is
concluded to be a well designed winglet.

Index Terms—Darrieus Wind Turbine, Tip Devices, Tip
Vortexes, Winglet, Elliptic Termination, Aerodynamic Bulkhead

I. INTRODUCTION

All wind turbines operating by means of the lift force have

blades created with aerodynamic airfoils. When these airfoils

are invested by a fluid, because of the characteristic curvature

of their sections, the flow particles on the suction side are

faster than those on the pressure side. This generates a pressure

difference and a consequent aerodynamic force on the profile

itself.

In the hypothesis of an infinite blade span, the flux is the

same on all the blade sections. This is an ideal situation that is

not representative of reality, where the blade is characterized

by a finite extension. In this case, the pressure difference

between pressure and suction sides generates a flow along the

blade extension: from the high pressure zone, the air flows

around the blade tip to reach the lower pressure side, as

exemplified in Figure 1. As a consequence of the pressure

tendency on the suction side to equate the pressure value on

the pressure side at the tip of the blade, the lifting force per

unit length is lower in correspondence with the profile tips.

The described phenomenon, of course, is related to the blade

tip, being negligible in the central part of the blade.

The adoption of aerodynamic appendixes, finalized to

reduce the above described phenomena, has recently become

quite common in the aerospace industry. Three different

solutions will be presented in this work: an aerodynamic

bulkhead, a winglet and an elliptic termination. The first

solution is very simple and easy to manufacture; winglets
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Fig. 1: Secondary fluxes from the pressure side to the suction one, due to a
finite blade span.

are extensively studied in the aeronautic field [1] and some

studies on their use on horizontal axis wind turbines are to

be found in literature [2], [3]; the elliptic terminations ensure

a reduction of tip effects, too, and have been adopted in the

aeronautic field since the Second World War with the Spitfire

fighter.

II. DOWNWASH AND INDUCED DRAG

The tendency of the flow to wrap around the blade tip leads

to a circulation that is moved downstream, creating the tip

vortex shown in Figure 2.

Fig. 2: Tip vortex rolling up from a wingtip (from: [4])

This vortex downstream the profile generates a small

component of the velocity towards the ground in the vicinity

of the profile itself, called ”downwash”. This component,

combined vectorially with the unperturbed velocity close to
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the profile, causes a reduction in the geometrical angle of

attack, as shown in Figure 3.

Fig. 3: Effect of the downwash on the local flux at the tip of a wing or a
wind turbine blade

The angle between the chord direction and the freestream

flux V∞ is called ”geometrical angle of attack”, α. The local

flux direction results inclined towards the ground with respect

to the free stream flux of an angle αi called ”induced angle

of attack”. The deflection has therefore two effects on the flux

that invest a generic profile section:

• the real angle of attack for the section is lower with

respect to the geometrical one and is equal to the

difference between the geometric angle of attack and the

induced angle of attack, in formula:

αeff = α− αi (1)

• the vector which identifies the lifting force, being normal

to the local direction of the relative velocity, is inclined,

too, of an angle αi. As a consequence, a local drag due

to the deflection, called induced drag Di, is generated.

III. THE CASE STUDY

The numerical analyses are conducted on the same rotor

typology considered in the CFD validation conducted by Raciti

Castelli et al. [5] and successively further investigated in [6],

[7]. A full Computational Fluid Dynamics (CFD) campaign is

performed in order to simulate the operation of a single-bladed

Darrieus VAWT. Table I summarizes the main geometrical

features of the investigated rotor geometry.

Rotor radius, R [mm] 515
Rotor blade number, N [-] 1

Blade profile NACA 0021
Rotor blade chord, c [mm] 85.8

TABLE I: Main geometrical characteristics of the analyzed Darrieus rotor

An analytical code is coupled to a solid modeling

software, capable of generating the desired rotor blade tip

geometry, which is linked to a finite volume CFD code (the

commercial software Ansys Fluent) for the calculation of

rotor performance. CFD results are successively postprocessed

using a second analytical code for the calculation of rotor

main kinematic and dynamic characteristics. All the tested

tip devices are added to the baseline blade profile, whose

spanwise length is concordantly reduced, in order to maintain

the same rotor swept area.

IV. AERODYNAMIC BULKHEAD

A bulkhead is a very simple solution to increase the

aerodynamic efficiency of a rotor blade. It consists of an

enlargement of the blade tip section, for the purpose of forcing

the flux to have bi-dimensional characteristics: as a matter of

fact, the insertion of a bulkhead generates an obstacle to the

secondary vortex that is generated at the blade tip, due to the

pressure difference between suction and pressure sides.

The advantage of this solution is to be efficient for every

azimuthal position of the blade profile along its revolution

around rotor shaft. The analyzed bulkhead is in fact symmetric

with respect to the blade profile and has therefore the same

behaviour independently from the instantaneous pressure side

(varying along with the azimuthal coordinate for a Darrieus

VAWT).

Bulkheads are a very common solution in several

engineering applications and are successfully adopted also in

other technology fields, as can be seen from Figure 4.

Fig. 4: Anterior aileron of a Formula 1 car

The tested model is realized with a bulkhead shape similar

to the aerodynamic profile, characterized by an offset of

around 10 mm, as reported in Figures 5, 6 and 7.

Fig. 5: General overview of the analyzed aerodynamic bulkhead

The application of an aerodynamic bulkhead presents

several advantages:

• it is not expensive;

• it is a simple solution, the variables to be considered for

its shape optimization are limited, mainly the offset and

the tip shape;

• it does not require substantial changes in the turbine

geometry;

• it can be applied even after the blade production and

therefore it does not require changes in the production

chain.
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Fig. 6: Frontal view of the analyzed aerodynamic bulkhead

Fig. 7: Bottom view of the analyzed aerodynamic bulkhead

Among the disadvantages to be considered:

• an additional weight is introduced, even if limited, to the

blade tip, leading to more bending moments due to the

centrifugal force close to blade-spoke connection;

• it is not a good aesthetic solution.

V. WINGLET

Winglets are tip devices that are inserted at the blade

extreme sections in order to reduce tip vortexes and,

consequently, to increase the aerodynamic efficiency of the

blade. Their applications are mainly limited to the aeronautical

field [8], both civil and military.

A. Geometry

The plan view of a winglet can be considered as the

figure obtained by rotating it up to the main profile plan. For

the proposed work, the geometry of the tested blade/winglet

architectures is described by some characteristic parameters:

• Φ the cant angle, defined as the angle between the plan

of the blade and the axis of the winglet;

• lw the length of the winglet;

• b the span of the blade profile;

• s half-span of the blade profile;

The link between the winglet and the main profile can

create a sharp edge or have a curvature to obtain the so-called

blended-winglet, as shown in Figure 8.

In the present work, characterized by symmetrical airfoil

sections (NACA 0021), the trace of the blade profile is

coincident to its leading edge, as shown in Figure 9. It will be

used as a geometrical reference for all the analyzed models,

in order to calculate the rotor swept area, as shown in Figure

10.

Fig. 8: Schematic views of a blended winglet

Fig. 9: Trace of the blade profile

Fig. 10: Rotor swept area estimation

In their simplest realizations, winglets present a reduced

chord length with respect to the main profile. They are

generally not orthogonal to the blade plan, forming a cant

angle comprised between 75◦ and 45◦. In reviewing the

literature, even more complex blade tip devices are registered,

realized by means of two winglets, one pointing downward

and the other upward. Such architectures are not included in

the present work.

B. Analyzed Models

The first analyzed model consists of a classical winglet

driven from literature [1]. It is characterized by a length of

lw = 100 mm and a cant angle of Φ = 60◦. For the connection

to the blade profile, a ratio between winglet root chord and

blade chord equal to 0.6 is considered, being commonly

adopted in the aeronautical field. The tested winglet geometry
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is shown in Figures 11, 12 and 13.

Fig. 11: Geometry of the first analyzed winglet

Fig. 12: Front view of the first analyzed winglet, with a cant angle of
Φ = 60◦

Fig. 13: Detail of the blade-winglet connection for the first analyzed winglet

Considering the same geometrical characteristics of the

junction between the rotor blade and the winglet, a second

model is created, characterized by some modifications. In

particular, the cant angle is increased up to 90◦.

Fig. 14: Geometry of the second analyzed winglet

Considering the high efficiency obtained for the model

characterized by a cant angle of Φ = 90◦, a third model is

developed, characterized by the same cant angle but with a

length equal to lw = 150 mm (50% more than the second

model), as shown from Figure 15.

VI. ELLIPTIC TIP DEVICE

As can be drawn from Figure 16, in this last case the

sections that characterize the blade tip are positioned in

Fig. 15: Geometry of the third analyzed winglet

order to maintain a constant coordinate of the airfoil centre

of pressure. This solution has the advantage of creating no

aerodynamic bending moment in the plane of each external

blade section, acting the aerodynamic force on the same point

for each blade station, as shown in Figure 17.

Fig. 16: Plan view of the rotor blade characterized by an elliptic tip

Fig. 17: Top view of the elliptic blade tip: the coordinate of the centre of
pressure is kept constant along the whole blade span

The considered solution presents the advantage of weight

reduction near the blade tip, with a consequent benefit

regarding the bending moment generated by the centrifugal

forces close to the blade-spoke connection.

VII. SPATIAL DOMAIN DISCRETIZATION

The proposed simulations are based on the wind tunnel

measurements performed in Milan-Bovisa’s low turbulence

facility on a straight-bladed Darrieus rotor, made of three

NACA 0021 airfoils characterized by a chord length of 85.8
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mm, constructed of aluminum and carbon fibers. Before

analyzing the models described in the previous section, a

complete validation work has been conducted [5].

The analyzed models have kept the same main features of

the validation model: a computational domain of rectangular

shape has been chosen, having the same wind tunnel size. The

boundary conditions consist of two lateral walls spaced 2000

mm apart from the wind tunnel centerline (the wind tunnel is

4000 mm wide and 3880 mm high).

As the aim of the present work is to reproduce the

operation of a rotating machine, the use of moving

sub-grids is mandatory. In particular, the discretization of the

computational domain into macro-areas leads to two distinct

sub-grids:

• an external zone characterized by a prismatic shape, with

the same section of the testing room of the wind tunnel

where the experimental measurements were conducted,

with a cylindrical opening centered on the rotation axis

of the turbine, that will be referred to as wind tunnel

sub-grid;

• a cylindrical inner zone rotating with the same angular

velocity of the turbine, that will be referred to as rotor

sub-grid.

A. Wind Tunnel Sub-Grid

The main dimensions of the wind tunnel sub-grid are shown

in Figure 18.

Fig. 18: Main geometrical characteristics of the wind tunnel sub-grid [mm]

Inlet and outlet boundary conditions are placed respectively

10 rotor diameters upwind and 14 rotor diameters downwind

with respect to the rotor test section, allowing a full

development of the wake. The cylindrical surface around

the central opening is set as an interface, thus ensuring the

continuity of the flow field.

B. Rotor Sub-Grid

The fluid area where the wind turbine rotation is simulated

is characterized by a moving mesh, revolving at the same

angular speed of the turbine, as shown in Figure 19. Its

location coincides exactly with the cylindrical opening inside

the wind tunnel sub-grid. The characteristic cell dimension on

both sides of the interface is the same, in order to promote a

rapid convergence [9].

An isotropic unstructured mesh is adopted for both the rotor

sub-grid and the wind tunnel sub-grid, in order to obtain the

same accuracy in the prediction of rotor performance during

the revolution. As a final step, the mesh is fully converted into

Fig. 19: Main geometrical characteristics of the rotor sub-grid [mm]

polyhedra. This option, applicable to unstructured meshes of

tetrahedral type, presents the advantage of reducing the total

number of grid elements, producing in the same time greater

mesh regularity.
All the blade profiles inside the rotor sub-grid are enclosed

in a control cylinder of 400 mm diameter, whose aim is to

allow a precise dimensional control of the grid elements in the

area close to the rotor blade, by adopting a first size function

operating from the blade profile to the control cylinder itself

and a second size function operating from the control cylinder

to the whole rotor sub-grid volume, ending with grid elements

of the same size of the corresponding wind tunnel sub-grid

cells. An interior boundary condition is adopted for the borders

of the control cylinder, thus ensuring the continuity of the cells

on both sides of the grid.
For further details about the validation of the numerical

code, see [5].

VIII. BULKHEAD MESHING

Figures 20 and 21 show some views of the unstructured

mesh adopted for the bulkhead. As can be seen, the adoption

of a rounded corner (1 mm radius for a global thickness of 2

mm for the bulkhead) imposes a reduction of the characteristic

cell size (0.7 mm), in order to correctly reproduce the analyzed

geometry.

Fig. 20: Aerodynamic bulkhead, general overview of the unstructured mesh

Figure 22 shows the size functions which are adopted in

order to link the reduced cell size in correspondence of the

rounded corner to the cell size on the blade profile, while

Figure 23 shows a top view of the aerodynamic bulkhead,

where the different cell size between tip and central elements

can be appreciated.
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Fig. 21: Aerodynamic bulkhead, reduction of the characteristic cell size due
to the rounded corner

Fig. 22: Size functions on the bulkhead

Fig. 23: Aerodynamic bulkhead, top view of the main surface

IX. WINGLET AND ELLIPTIC TIP MESHING

Both winglet and elliptic tip meshing are characterized by

the same size functions adopted for the blade profile, as shown

in Figure 24.

X. TEMPORAL DISCRETIZATION AND TURBULENCE

MODEL SELECTION

As a global convergence criterion, each simulation is run

until the instantaneous torque values show a deviation of

less than 1% with respect to the corresponding values of the

previous revolution. The residual convergence criterion for

each physical time step is set to 10−5.

Fig. 24: Winglet unstructured mesh, created adopting the same cell size
characteristics of the blade profile

The adopted meshing strategy aims at obtaining y+ = 30
over the whole blade span. The selected turbulence model is

the well known k− ω SST, as suggested by Raciti Castelli et

al. [5], [6], [7]. This is considered as a reference model on the

basis of a literature review, in particular because it provides a

better analysis of the flow separation which occurs from rotor

blades.

XI. RESULTS AND DISCUSSION

Figure 25 shows the evolution of the rotor power coefficient,

in formula:

CP = P/(0.5ρAV 3
∞) (2)

as a function of the tip speed ratio, defined as:

λ = ωR (3)

for all the tested tip configurations.

Fig. 25: Power curves for all the analyzed tip configurations

The optimal values of the power coefficient for all the tested

tip architectures are reported in Table II.

The elliptic tip and the winglet characterized by a cant

angle of 60◦ present a lower efficiency with respect to

the rotor without any tip device, while the adoption of

the aerodynamic bulkhead leads to an increase in rotor

performance. Considering the winglets characterized by a

cant angle equal to 90◦, both the configurations determine

an increase in rotor performance, with a higher value for the
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Model Cp [-] λ [-] n [rpm]
Baseline 0.280 3.4 573
Bulkhead 0.283 3.5 584
Elliptic 0.275 3.6 596

Winglet Φ = 60◦ 0.273 3.6 595
Winglet Φ = 90◦ 0.292 3.6 606

Winglet Φ = 90◦ long 0.283 3.6 602

TABLE II: Maximum power coefficient as a function of the rotational speed
for all the tested tip configurations

shorter winglet. The physics of these last two solutions is

investigated more deeply through a comparison between the

two torque contributions (viscous and pressure) provided to

the rotor shaft, as shown in Figures 26, 27 and 28.

Fig. 26: Torque due to the viscous forces as a function of the azimuthal
position for the two rotors characterized by a winglet with cant angle of 90◦

Fig. 27: Torque due to the pressure forces as a function of the azimuthal
position for the two rotors characterized by a winglet with cant angle of 90◦

Fig. 28: Total torque as a function of the azimuthal position for the two
rotors characterized by a winglet with cant angle of 90◦

The lowest increase in rotor performances obtained by the

solution with the longest winglet is due to the increase in the

viscous torque and a contemporary decrease in the pressure

torque on the profile, as highlighted from Table III.

Pressure torque -2.504%
Viscous torque +0.373%

Total torque -3.089%

TABLE III: Percentage variations of the torque components at the rotor
shaft for the long winglet architecture with respect to the short one

A comparative analysis on the performances of the different

solutions is also conducted for the two main portions of rotor

blade revolution (upwind and downwind). As can be clearly

seen, during the downwind revolution, the blade is influenced

by the aerodynamic effect of its own passage in the upwind

section. The results are shown for a rotational speed of 560

rpm in Table IV and for 620 rpm in Table V.

Model Tup [Nm] Incr. [%] Tdw [Nm] Incr. [%]
Baseline 2.050 0.00 0.553 0.00
Bulkhead 2.080 +1.46 0.551 -0.36
Elliptic 1.960 -4.39 0.558 +0.90

Winglet Φ = 60◦ 1.970 -3.90 0.558 +0.90
Winglet Φ = 90◦ long 2.040 -0.49 0.567 +2.53

TABLE IV: Average torques for the different tip solutions during both the
upwind and the downwind passages, 560 rpm

Model Tup [Nm] Incr. [%] Tdw [Nm] Incr. [%]
Baseline 2.050 0.00 0.346 0.00
Bulkhead 2.020 +2.02 0.357 +3.18
Elliptic 1.910 -3.54 0.378 +9.25

Winglet Φ = 60◦ 1.940 -2.02 0.356 +2.89
Winglet Φ = 90◦ 2.070 +4.55 0.387 +11.85

Winglet Φ = 90◦ long 2.006 +1.31 0.374 +8.09

TABLE V: Average torques for the different tip solutions during both the
upwind and the downwind passages, 620 rpm
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XII. CONCLUSIONS

Three different technical solutions (an aerodynamic

bulkhead, a winglet and an elliptic tip device) finalized

to the reduction of the tip effects are analyzed on a

small straight-bladed Darrieus vertical axis wind turbine.

The adoption of the aerodynamic bulkhead increases the

aerodynamic performance of the original model strongly,

while the use of the winglet needs to be carefully investigated:

if correctly realized, it produces a marked increase in rotor

performance but, in a wrong realization, leads to lower rotor

performances with respect to the original model without

any tip device. In particular, a correct design determines

an increase in rotor performance of more than 10% in the

downwind section, where the flow field is characterized by

vortexes generated by the blade itself during the upwind

passage. The application of an elliptic extension determines

a reduction in rotor performance, but the presented analysis

has been limited to a single model. Further work should be

done, in order to investigate the efficiency of an optimized

elliptic tip on overall rotor performances.

NOMENCLATURE

A [m2] Rotor swept area

b [mm] Blade profile span

c [mm] Rotor blade chord

CP [−] Rotor power coefficient

Di [N ] Induced drag

lw [mm] Winglet length

n [rpm] Rotor angular velocity

N [−] Rotor blade number

R [mm] Rotor radius

s [mm] Blade profile semi-span

Tdw [Nm] Average torque produced during the

downwind portion of rotor blade

revolution

Tup [Nm] Average torque produced during the

upwind portion of rotor blade revolution

V∞ [m/s] Freestream wind speed

α [◦] Geometrical angle of attack

αeff [◦] Real angle of attack

αi [
◦] Induced angle of attack

λ [−] Tip speed ratio

Φ [◦] Cant angle

ρ [kg/m3] Air density

ω [rad/s] Rotor angular velocity
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