
WAKE STRUCTURE OF A SINGLE VERTICAL AXIS WIND TURBINE

Antonio Posa
Department of Mechanical and Aerospace Engineering

George Washington University
800 22nd St, NW, Washington, DC 20052, USA

aposa@email.gwu.edu

Colin Parker
Department of Mechanical and Aerospace Engineering

George Washington University
800 22nd St, NW, Washington, DC 20052, USA

colinparker@gwu.edu

Megan C. Leftwich
Department of Mechanical and Aerospace Engineering

George Washington University
800 22nd St, NW, Washington, DC 20052, USA

mleftwich@gwu.edu

Elias Balaras
Department of Mechanical and Aerospace Engineering

George Washington University
800 22nd St, NW, Washington, DC 20052, USA

balaras@gwu.edu

ABSTRACT
The wake structure behind a vertical axis wind turbine

(VAWT) is both measured using a scaled model in a wind
tunnel and computed by means of large-eddy simulation
(LES). The experiment is done using stereo particle imaging
velocimetry (sPIV) at the mid-plane of the model, allowing
the in-plane velocity field (streamwise uz and cross-stream
ux components) as well as the out of plane velocity (uy) to
be measured. The dependence of the wake structure on the
Tip Speed Ratio, T SR, is studied, showing higher asym-
metry and coherence at the lower rotational speed, due to
stronger dynamic stall phenomena, affecting especially the
leeward side of the wake. This behavior differs from that
in the wake of a spinning cylinder, frequently adopted to
model this class of turbines. Both instantaneous and aver-
aged fields are discussed.

INTRODUCTION
Most of the wind energy around the world today is pro-

duced by horizontal axis wind turbines (HAWTs), which
make up the majority of wind farms. Despite the con-
stant development and design improvements, the spacing
required between HAWTs limits the overall farm efficiency
per unit area. Therefore, large wind farms need signifi-

cant land and wind resources, available in remote rural re-
gions and not near cities, which comprise the majority of
a country’s energy demand, resulting in distribution issues.
VAWTs are attractive small-scale turbines, as they offer var-
ious advantages over small-scale HAWTs for installation in
urban and suburban areas: they are independent of wind di-
rection and can produce power under lower wind speeds;
furthermore their dimensions, aesthetic appeal and virtually
noiseless nature reduce their environmental impact, making
them more acceptable by local communities.

Recent field testing demonstrated that VAWTs can be
spaced closer together, when compared to typical HAWTs,
resulting potentially in higher power densities (Dabiri,
2011). In particular, velocity measurements in an array
of VAWTs revealed that a distance of approximately 6 di-
ameters was required to recover 95% of the upwind ve-
locity, compared to 14 needed by HAWTs (Kinzel et al.,
2012). It was also shown that closely spaced counter-
rotating VAWTs pairs had higher efficiency than two iso-
lated turbines. To understand these phenomena, as well as
optimize the arrangement of VAWTs in a large farm, typ-
ically their wakes are assumed to resemble those of rotat-
ing cylinders (Dabiri, 2011). However, the geometry of
a VAWT is more complex than that of a spinning cylin-
der: unlike a cylinder, the turbine has a cross-section that
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Figure 1. The experiments are conducted with a scale
model of the VAWT in an open wind tunnel. In all cases,
ReD = 180,00 and T SR is either T RS1 = 1.35 or T RS2 =

2.21.

is mostly open, with a smaller solidity. Each turbine airfoil
sheds a leading and trailing edge vortex as the turbine ro-
tates. Also the Reynolds numbers of full-scale VAWT sys-
tems are typically orders of magnitude larger than those of
previous studies in the literature on rotating cylinders (Yoon
et al., 2009; Chan et al., 2011).

In this study we will expand upon current knowledge
using closely coordinated experiments and computations to
characterize the wake behind an isolated VAWT. Both ge-
ometry and working conditions are closely matched to typ-
ical VAWTs applications.

METHODS
This work uses carefully coordinated experiments and

computations. In both the turbine geometry is based on the
design proposed by Howell et al., 2010. Its rotor is com-
posed of three NACA0022 airfoils. The ratio of the rotor
diameter, D, to the the chord length, c, is D/c = 6. The
Reynolds number, ReD, based on D and the free-stream
velocity, U∞, is 180,000 in both computations and experi-
ments. The working conditions of a VAWT are character-
ized by its Tip Speed Ratio, that is the ratio between the
tangential velocity of the turbine blades and the free-stream
velocity, T SR = ωD/U∞, where ω is the rotational speed.
Two Tip Speed Ratios are tested here: T SR1 = 1.35 and
T SR2 = 2.21, to investigate the sensitivity of the wake prop-
erties to this parameter.

Experimental setup
The wind tunnel testing is done using sPIV at the mid-

plane behind a scaled model VAWT. The model is driven at
constant rotational speed to the desired T SR. In an open-
ended wind tunnel the model is mounted 0.6 [m] down-
stream of the inlet of a 0.38 (spanwise) × 0.91 (cross-
stream) × 2.44 [m] (streamwise) test section. The height
of the model along the span is equal to 0.20 [m]. A laser
sheet is directed through optical glass on the side of the tun-
nel in a plane parallel to the free-stream. The roof of the
test section is optically clear, allowing the cameras to cap-
ture the illuminated plane from above. A schematic of the
experimental setup is shown in Figure 1. An infrared sen-
sor is used to measure each rotation of the turbine. That
signal is processed by the programmable timing unit (PTU)
to trigger the sPIV system at specific positions. By taking

Figure 2. Representation of a slice of the computational
grid orthogonal to the axis of the turbine (for clarity, only 1
every 4 nodes is plotted along both directions). The hollow
arrow shows the direction of the free-stream, the solid arrow
that of the turbine rotation.

multiple images at each position we can get phase-averaged
velocity fields. Each phase-averaged image is derived from
100 instantaneous velocity fields.

Computational method

A LES approach is adopted here: the large eddies are
accurately computed without any assumption on the proper-
ties of the large-scale turbulence, which is beneficial to the
accuracy of the solution. All computations are conducted on
staggered Cartesian grids, utilizing central finite-differences
for the discretization of the derivatives in space. The fil-
tered Navier-Stokes equations are advanced in time using a
fractional-step method, as discussed, for instance, by Van
Kan, 1986. To enforce boundary conditions on the rotating
airfoils, which do not conform to the grid, an immersed-
boundary formulation is used. The details on the computa-
tional approach, together with extensive validation in lam-
inar and turbulent flows, can be found in Balaras, 2004,
Yang & Balaras, 2006 and Vanella et al., 2014. The turbine
model is the same as that considered in the experiments.
However in the computations periodic conditions are uti-
lized along the spanwise direction, which implies that the
end effects are not taken into account in the present sim-
ulations. At the inlet of the computational domain a uni-
form velocity, U∞, is enforced; at the lateral boundaries a
slip-wall condition is adopted; at the outflow a convective
condition (Orlanski, 1976) allows the perturbations leaving
the computational domain. The turbine axis is placed at 5D
downstream of the inlet, 10D upstream of the outlet and
5D from the cross-stream boundaries of the domain, whose
spanwise extent is equivalent to 4 chord lengths in the sim-
ulations discussed in the present paper. The Cartesian grid
is uniform in the region spanned by the turbine rotor and is
stretched away from it, but keeping an adequate level of res-
olution up to 5 diameters downstream of its axis, in order to
simulate properly the evolution of the wake structures. The
resolution in the rotor region is equivalent to 0.01c along
each direction in space. A simplified representation of a
slice of the computational grid, orthogonal to the axis of
the turbine, is provided in Figure 2, where also the nomen-
clature adopted in the following discussion is introduced,
together with the adopted reference frame.
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Figure 3. Cross-stream profiles of the streamwise velocity
component uz at 1 (a), 3 (b) and 5 (c) diameters downstream
of the turbine axis. The profiles are extracted from the
ensemble-averaged fields and are non-dimensionalized by
the free-stream velocity and the radius of the turbine. The
lines refer respectively to: higher T SR & smaller domain
( ), lower T SR & smaller domain ( ), higher
T SR & larger domain ( ) and lower T SR & larger do-
main ( ).

RESULTS
The effect of the T SR on the time-averaged streamwise

velocity component is represented in Figure 3 by means of
the cross-stream profiles at 1, 3 and 5 diameters downstream
of the axis of the turbine, extracted from the LES fields.
They have been averaged in time over 10 rotations of the
turbine and across the spanwise periodic dimension of the
domain. The plots in Figure 3 are scaled using the free-
stream velocity and the radius of the rotor, R. In compar-
ison with the simulations reported by Barsky et al., 2014
for a spanwise extent of the computational domain equiv-
alent to 2 chord lengths (smaller domain), the agreement
of the present ones (larger domain), using 4 chord lengths,
is very close. Therefore a displacement of the momentum
deficit towards the windward side (positive x coordinates) is
confirmed, which matches qualitatively the behavior in the
wake of a spinning cylinder. It is remarkable the stream-
wise increase of the momentum deficit in the near wake,
also observed in the recent PIV experiments by Tescione

et al., 2014, which is due to the diffusion downstream of
the structures generated by the stall of the blades during
their downwind trajectory, populating the core of the wake.
These structures are stronger at the lower T SR. They cause
a local peak for T SR1 = 1.35 and a plateau for T SR2 = 2.21
at the first streamwise location, as shown in Figure 3(a):
the angles of attack experienced by the blades are larger at
the lower T SR, which entails stronger separation phenom-
ena and larger coherent structures. The above behavior in
the core of the wake is in well qualitative agreement with
the results of the LDV experiments by Fraunié et al., 1986,
although carried out at a much smaller Reynolds number
ReD = 10,000. They also observed a local maximum of
streamwise velocity, higher at lower values of T SR. Note
also that in Figure 3 the momentum deficit is larger at the
higher T SR, since a higher rotational speed is equivalent to
a higher solidity: in other words, the behavior of the tur-
bine wake gets closer to that of a spinning cylinder. Moving
downstream the wake becomes more symmetric, but keep-
ing an off-set of its axis.

An example of the experimentally measured wake
structure for T SR1 is shown in Figure 4, where the out of
plane component of the phase-averaged vorticity is plot-
ted at the mid-span directly behind the model. Clearly the
large-scale vortices in the wake correlate with the position
of the turbine blades and are associated with the stall during
their downwind motion. As the turbine blades enters the
downstream section of its cycle, there is a strong vortex at-
tached to the blade with a trailing vortex sheet. As the blade
progresses and turns back upstream, the vortex is shed and
moves downstream.

In Figure 5 the ensemble-averaged fields of turbulent
kinetic energy from the simulations at the lower (a) and the
higher (b) T SRs are shown. Again, they are estimated by
means of an average in time and along the spanwise direc-
tion. We see that a lower T SR, associated with larger angles
of attack, implies higher values of turbulent kinetic energy
in the rotor region, due to a stronger stall of the blades, af-
fecting especially the leeward side of the rotor (negative x
coordinates). At both T SRs the wake is characterized by
higher turbulence at its edges. On the leeward side this is
caused by the stall of the blades during their upwind mo-
tion, while on the windward side by the shear layer shed by
the blades when they travel on the upper part of their trajec-
tory, experiencing lower values of angle of attack: therefore
the turbulent kinetic energy is higher at the bottom edge of
the wake in both panels of Figure 5. Once again, we found
this result in qualitative agreement with those by Fraunié
et al., 1986 and the more recent ones by acoustic Doppler
velocimetry reported by Bachant et al., 2015. Furthermore
the lower T SR case highlights the presence of an additional
region of high turbulence in the near wake, populating its
core and produced by the stall of the blades during their
downwind motion. This fades out more quickly than that
on the leeward edge of the wake, since the structures orig-
inated by the downwind stall lose their coherence over a
shorter distance downstream. It is obvious that the pattern
shown in Figure 5 differs from that in the wake of a spin-
ning cylinder: in the present case the main unsteady activity
is observed on the leeward side, while for a spinning cylin-
der the vortex shedding displays the same displacement of
the momentum deficit.

The important role of the downwind stall at the lower
T SR, shown by both Figure 3 and Figure 5, was confirmed
by the PIV measurements in the near wake of the turbine.
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Figure 4. Out of plane phase-averaged vorticity with
ReD = 180,000 and T SR = 1.35. The turbine rotation is
clockwise with the free-stream from top to bottom. One
third cycle is shown, progressing from (a) to (d) in incre-
ments of 30 degrees.

In the present experiments the window was located imme-
diately downstream of the rotor trajectory and spanned a
cross-stream extent equal to approximately 1 turbine di-
ameter; therefore it was especially suitable to identify the
presence of the vortices produced by the downwind stall of
the blades, populating the central region of the near wake.
In the future we plan to extend the experimental window
along both the cross-stream and streamwise directions. In

(a)

(b)

Figure 5. Ensemble-averaged fields of turbulent kinetic
energy sampled in time (10 revolutions) and along the ho-
mogeneous spanwise direction at the lower (top) and the
higher (bottom) values of T SR. The scale ranges from 0
(blue) to 0.1 (red). The fields are non-dimensionalized by
the square of the free-stream velocity. The trajectory of the
blades and the direction of their motion are represented.

(a)

(b)

Figure 6. Phase-averaged fields of spanwise vorticity at
the lower T SR = T SR1 from LES computations (a) and PIV
experiments (b). The scale ranges from -5 (blue) to 5 (red).
The fields are non-dimensionalized by U∞/D.
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(a)

(b)

Figure 7. Instantaneous isosurfaces of pressure, colored
by the vorticity magnitude: (a) lower T SR; (b) higher T SR.
The arrow shows the direction of the free-stream.

Figure 6 a comparison of the phase-averaged fields of span-
wise vorticity is presented between computations and ex-
periments at T SR1 = 1.35. Note that the represented extent
of the domain is larger than the actual one of the experi-
mental window, in order to show the particular rotor con-
figuration relative to the phase-averaged fields in Figure 6.
The qualitative agreement between computations and ex-
periments is good. A pair of structures is distinguishable at
about the center of the turbine near wake in both (a) and (b):
they were produced by the downwind stall of the preceding
blade A. Observe also that from that location up to the bot-
tom right corner of Figure 6 the footprint of the wake of the
same blade A is shown by a region of positive spanwise vor-
ticity. Actually, the strong peak located at the bottom right
corner is reinforced by the upwind stall, as we will discuss
in more details later, looking at additional phase-averaged
fields from the computations. Also in the experimental re-
sults the presence of large structures at the edge of the over-
all wake is detected, which agrees with the upper and lower
peaks of turbulent kinetic energy seen in Figure 5.

Some three-dimensional snapshots from the LES com-
putations are useful to develop a better insight about the

(a) (b)

(c) (d)

Figure 8. Phase-averaged turbulent kinetic energy at the
lower T SR, scaled by the square of the free-stream velocity.
The color fields range from 0 (blue) to 0.1 (red). The 4 rotor
positions are 30◦ apart.

topology of the structures populating the rotor region and
the wake of the turbine. In Figure 7 instantaneous isosur-
faces of pressure, colored by the vorticity magnitude, are
utilized to identify the structures produced by stall phenom-
ena. At the lower T SR in Figure 7(a) the spanwise coher-
ence is much stronger than that at the higher T SR in Fig-
ure 7(b). Large rollers are visible, associated especially
with the upwind stall. Also elongated structures in the
plane of the main flow are detected, connecting the span-
wise rollers. Similar phenomena are observed at the higher
T SR in Figure 7(b), but the vortices are less coherent and
smaller, because of the smaller angles of attack experienced
by the blades. For instance, whereas in Figure 7(a) a large
roller is still visible in the bottom part of the figure, due to
earlier stall phenomena, the level of coherence is reduced
in the same region of Figure 7(b). Especially at the lower
T SR the asymmetry of the field is evident, with larger vor-
tices populating the leeward side of the rotor, compared to
the windward side. This asymmetry is consistent with the
results of the LES study carried out by Li et al., 2013, who
also observed big rollers produced in the same region of the
blades trajectory.

Some more details relative to the wake of each airfoil
and its role in the overall turbine wake have been extracted
from the phase-averaged fields of turbulent kinetic energy,
where the average is again performed along the spanwise
direction and in time, but for specific rotor positions. The
comparison of 4 different configurations in Figure 8 and in
Figure 9 for the lower and the higher T SRs respectively al-
lows us to show the sensitivity to the value of T SR. In Fig-
ure 8 the wake of each airfoil is larger than in Figure 9, since
the angles of attack seen by each blade are larger too. Note
also that in the upwind region the stall is stronger than in the
downwind one. Indeed downwind the induced velocity is
lower than the free-stream, which increases the actual value
of T SR and decreases the angles of attack experienced by
the blades. Again, the asymmetry of the flow field along the
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(a) (b)

(c) (d)

Figure 9. Phase-averaged turbulent kinetic energy at the
higher T SR, scaled by the square of the free-stream velocity.
The color fields range from 0 (blue) to 0.1 (red). The 4 rotor
positions are 30◦ apart.

cross-stream direction is evident, with larger wakes on the
leeward side than on the windward one, affecting substan-
tially the properties of the overall wake of the turbine down-
stream, as discussed above. Furthermore, at the lower T SR
each blade interacts more with its own wake than with that
shed by other airfoils. For instance, in Figure 8(a) and Fig-
ure 8(b) the blade B is traveling through its own wake. This
can be seen also looking at the blade C across the whole
sequence shown in Figure 8: the blade C is “followed” by
its wake, generated by its upwind stall. On the contrary, in
Figure 9(a) and Figure 9(b) the blade B is moving through
the wake shed earlier by the blade A and the entire sequence
in Figure 9 shows that the blade C is approaching the wake
of the blade B. Looking at the turbulence associated with
both the upwind and downwind stall of the blades, it is also
evident that the footprint of the wake of each airfoil in the
overall wake of the turbine is reduced at this higher value of
T SR.

CONCLUSIONS
The wake of an isolated vertical axis wind turbine was

investigated by both LES computations and sPIV measure-
ments for a value of the Reynolds number ReD = 180,000
and two Tip Speed Ratios, equal to T SR1 = 1.35 and
T SR2 = 2.21, respectively. The qualitative agreement be-
tween numerical and experimental results is good, espe-
cially at the lower T SR, for which the blockage generated
by the turbine model spinning inside the wind tunnel was
lower. More quantitative comparisons will be presented in
future papers. The role of the T SR on the wake proper-
ties was studied. Lower T SRs imply higher angles of at-
tack experienced by the airfoils, with stronger dynamic stall
phenomena, in both the upwind and downwind regions of
the trajectory of the blades. As a consequence, although
the momentum deficit of the wake is displaced towards the
windward side, as for a spinning cylinder, the largest coher-

ent structures are produced and move downstream on the
leeward side. Therefore the highest turbulent fluctuations
populate the latter side of the turbine wake. Additionally,
the wake of each single blade was studied, showing that
lower values of T SR cause a reduced interaction among air-
foils and an increased interaction with their own wakes: in
its downwind trajectory each blade moves through the struc-
tures generated by its own upwind stall.
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