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Abstract. The wake generated by a vertical axis wind turbine is investigated experimen-
tally and numerically. The experiments were conducted in an open-jet wind tunnel. The
selected velocity is 4.83 m/s. In this study, a model of a commercial turbine developed
by KLIUX energies company was tested. The turbine has 8 twisted blades. The diame-
ter and height are 40 cm and 50 cm, respectively. In order to analyse the wake, smoke
visualization and numerical simulations were carried out. The analysis shows different
structures generated by the rotation of the blades, the wake separation between the axis
and the blades and the introduction of smoke into the axis wake. The 2D unsteady nu-
merical simulations were performed. The domain of the grid is separated in two zones to
control the number of nodes in the mesh: rotating mesh (1,600,000 nodes) and fixed mesh
(50,000 nodes). The computational fluid dynamics (CFD) results are compared with the
experimental flow visualization.

1 INTRODUCTION

The energy efficiency of cities and homes has had a great development due to economic
and environmental importance. In the last years, the studies of vertical axis wind turbine
(VAWT) have advanced to develop new turbines. The advantages of the VAWTs are the
possibility of carry electricity to isolated zones without necessity of spend high amount of
money in infrastructures and/or saving energy in certain systems. The principal studies of
wind energy are concentrated in horizontal axis wind turbine, but several studies showed
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that small scale VAWT are more versatile for cities and isolated zones. Small scale VAWT
are studied in a low speed wind tunnel or open suction-type wind tunnel [1, 2] to obtain
different data.

The present research is focused in the study of the flow in the wake of a VAWT to
improve the design of the turbine. Smoke is used to visualize the flow the structures ge-
nerated inside the turbine. The experimental results allow us to determine the influence
of the instantaneous flow structures generated in the wake of the blades and the axis [1].
This information is essential, first, to determine strategies oriented to optimize the per-
formance and, second, to create an experimental database to validate and tune numerical
simulations of the flow around the turbine.

The CFD investigation focuses initially in the selection of the most suitable mesh for
numerical simulations, namely, the best configuration of domain and the number of nodes.
The simulations were carried out using the k-ε model which is one of the most used for
the simulations of the flow around VAWT [2–5]. The last step of this investigation is the
comparison of the experimental and CFD data to analyse results. The experimental and
CFD data allow obtaining relevant information about the VAWT (drag and lift coefficient,
performance coefficient or torque) to try improve the performance [2, 4, 5].

2 EXPERIMENTAL SETUP

The experiments were conducted in an open-jet wind tunnel [6]. The tunnel has a
work section of 1.5 x 1.5 m2 with a maximum wind velocity of 17 m/s. In this study,
the selected velocity is 4.83 m/s. This wind speed allows the turbine to rotate at 73 rpm
approximately. The turbine has a conical shape with a bottom diameter of 40 cm and top
diameter of 30 cm, the height is 50 cm. This turbine has 8 twisted blades. At the bottom
the chord is 10.8 cm and at the top the chord 8.5 cm. The two different shaped blades
are alternatively distributed along the turbine periphery. Two pictures of the VAWT are
shown in Figure 1.

(a) Lateral. (b) Top.

Figure 1: Kliux turbine views.
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The images of the flow were recorded using two cameras running at 1000 frames per
second corresponding to a 1280 x 1024 pixels2 window size. The plane captured by the
cameras is generated by two lasers of 532 nm and 3W. A sketch of the experimental
arrangement is shown in Figure 2.

Figure 2: Sketch of experimental setup.

In this case, the operation velocity is 4.83 m/s and the distance between the turbine
and the wind tunnel is 1.2 m. The smoke generator is located between the VAWT and
the nozzle of wind tunnel, and has a power of 1350W with a flow around 9.5 m3/s.

3 CFD

The CFD solver employed is ANSYS Fluent 14R©. The preliminary 2D simulations were
based on the resolution of the Reynolds Averaged Navier Stokes (RANS) equations, using
the standard k-ε model.

The mesh employed is composed of a fixed and rotating mesh (Figure 3). The rotating
domain has a diameter of 6 chord lengths (6 x 10.8 cm), see Figure 3a. The rotating mesh
has an interface which is delimited and allows it to interact with the fixed mesh.

The fixed domain width has 6 times the diameter of the rotating domain. From the
axis of the turbine, the domain length upwind has 5 times Dr and downwind 14 times Dr,
see Figure 3b.

Wind direction is parallel to the x-axis. An uniform and constant velocity is imposed at
the inlet and outflow boundary conditions are used at the outflow. Symmetry boundary
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condition are used at the top and bottom boundaries.

(a) Rotating domain. (b) Domain and boundary conditions.

Figure 3: Domain and boundary conditions (Dr = rotating mesh diameter).

Figure 4: Mesh independence test.

In order to find the equilibrium between accuracy of the mesh and the time of com-
putation, a mesh independence test was carried out. Figure 4 shows the forces generated
in the two types of blades (α-blade and β-blade) in the directions of the coordinate axes
(shown in Figure 3b). The x-axis represents the azimuthal angle, namely, one revolution
correspond to 360◦. It can be seen in Figure 4, the mesh with about 1.6 million of nodes
separated in two zones: rotating mesh (1,600,000 nodes) and fixed mesh (50,000 nodes)
gives similar results than those obtained with the finest mesh with 2 million nodes.
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4 EXPERIMENTAL RESULTS

4.1 Influence of the smoke generator

The influence of the smoke generator on the flow was analysed by measuring the flow
velocity with a pitot tube at different heights with and without smoke generator. The dis-
tance between the pitot tube and wind tunnel nozzle is 1 m and 1.5 m, which corresponds
to the region of uniform flow in the test section [6].

Figure 5: Velocities profile at 1 m of distance of the wind tunnel nozzle.

Figure 6: Velocities profile at 1.5 m of distance of the wind tunnel nozzle.

Figures 5 and 6 show the wind speed with and without smoke generator at different
heights ”A”, ”B”, ”C” and ”D” and at 1 m and 1.5 m of distance, respectively. The height
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”A” represents the turbine base (0 cm). The heights ”B”, ”C” and ”D” correspond to 14
cm, 29 cm and 40 cm, respectively. These figures show that the variation of velocities at
heights ”B”, ”C” and ”D” with and without smoke generator are small. The difference
between the velocities with and without smoke generator is between 0.8 - 2 %.

4.2 Smoke visualization

The smoke visualization allows us to observe the different structures and vortices
formed in the internal wake of the VAWT. As an example Figure 7 shows a series of
snapshots and Figure 8 sketches of the flow corresponding to the experiments.

(a) t = 0 s, (I). (b) t = 0 s, (V).

(c) t = 0.003 s, (I). (d) t = 0.003 s, (V).

(e) t = 0.009 s, (I). (f) t = 0.009 s, (V).

Figure 7: Set of snapshots of different cameras; (I) = Inclined cam, (V) = Vertical cam.
The arrow indicates the location of a large vortex.
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Figures 7a, 7c and 7e show the vortex displacement between initial instant (t = 0 s)
and a time of 0.009 s recorded by the inclined camera. Figures 7b, 7d and 7f show the
interaction of the wake of the axis with the blades in the same time interval recorded by
the vertical camera.

Analysing the different snapshots and videos recorded, a series of repeated patterns
can be obtained. In essence, there are 4 repeated patterns with the alternance of α and β
blades. These patterns are shown in Figure 8. The blue lines correspond to flow patterns
following the streamwise direction, the red lines indicate flow reversals and green zones
represent entrainments flows.

(a) position. (b) position.

(c) position. (d) position.

Figure 8: Flow patterns observed in the turbine. The large vortex in (b) is indicated with
arrows in Figure 7a, 7c, 7e.

All the patterns depicted in Figure 8 show the appearance of a vortex near the axis of
the turbine. Figure 8a shows the position (a) of the blades, 1-α blade is located in parallel
to the x-direction position with respect the axis of turbine. In this figure, the appearance
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of reverse vortex and an entrainments flows is mainly observed. In next position (Figure
8b), the 1-α blade rotates 45◦. A large vortex between the 1-α and 1-β blades can be
observed. Figure 8c shows the 1-β blade in parallel to the x-direction position. In this
position the previously generated vortex (Figure 8b) starts to disappear near the 1-β
blade. On the other hand, between the 1-β blade and the 2-α blade a new vortex is
generated. Two entrainments flows zones in 1-α and 2-α blades are observed. Finally, in
last position (Figure 8d), the 1-β blade rotates again 45◦. Last figure shows the vortex
between 1-β and 2-α blades and new entrainments flows can be observed. In the following
position of the blades (Figure 8a), the vortex generated in Figure 8d between 1-β and
2-α blades is countered by the reverse vortex generated by the 4-β blade in Figure 8a.
These structures and vortex are continuously repeated when the blade coincide with the
positions of the patterns.

5 ANALYSIS OF THE EXPERIMENTAL AND CFD RESULTS

In order to validate the experimental visualizations, CFD results are compared with the
experimental visualizations. Figure 8 and Figure 9 show the experimental and numerical
streamlines.

Figure 9 shows, that in all positions analysed, the flow separation around the axis of
the turbine is clearly identifiable as indicated by the points “A” is this figure. Also, it can
be observed that near the trailing edge of the blades a vortex which rotates in clockwise
direction is generated, indicated by the arrows in Figure 9 (points “B”). In all the blades
end, there are displacements of the streamlines due to the rotation of the turbine (points
“C”).

The comparison between the experimental patterns (Figure 8) and the numerical re-
sults (Figure 9), shows that the patterns do not fit exactly, except for the flow near the
axis. In this point, it can be seen the formation of vortices both experimentally and nu-
merically. The helical shape of the turbine facilitates the interaction between the vertical
and horizontal flow and this fact cannot be captured by the 2D simulations. Therefore,
taking into account these results, the 2D simplification is not a perfect representation of
the flow around the wind turbine considered in this study.
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(a) position. (b) position.

(c) position. (d) position.

Figure 9: Streamlines obtained by numerical results.

6 CONCLUSIONS

The study of the flow in the internal wake of the VAWT has important challenger both
experimentally and numerically. Experimentally, the flow visualization is not straight for-
ward because of the position of the blades and the turbine rotation velocity. Numerically,
The large number of nodes needed for the simulation, specially in blades and axis surface,
allow us to represent the 2D theoretical flow with precision, regardless of the vertical
interactions, taking into account the complex design of the turbine. In 2D simulations,
the vortices created by the trailing edges of blades and the displacement of streamlines
caused by the rotation of VAWT can be observed clearly.

The comparison of the experimental and numerical results, shows that the 2D simu-
lation cannot represent all the flow features the full 3D of VAWT. This is due to the
horizontal and vertical interaction at the flow generated by the helical shape of turbine.
Therefore, it is necessary to perform 3D simulations in order to gain further insight into
the influence of the instantaneous flow structures in the internal wake of the turbine on
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overall performance.
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