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turbine wake and blockage effects for a VAWT in wind tunnel,
but further investigations may be needed [11,12].

In the present research, also the wake–tunnel interaction and the
tunnel blockage effects are considered. As a matter of fact, no cor-
relations are available for wind tunnel blockage correction specifi-
cally developed for VAWT, and in general a substantial lack of
methods is found for rotating objects with variable volume wakes.
Among them, the early works of Glauert [13,14] and more recently
the model proposed by Mikkelsen and Sørensen [15,16] have been
considered for comparison purpose in the present research.

The paper is structured as follows. At first, the experimental
techniques and the tested model are briefly described, and then an
analysis of the turbine performance is presented alongside a quan-
titative discussion of the blockage effect and its correction. The
time averaged and time-resolved flow field are finally presented for
two different traverses downstream of the turbine in three different
operating conditions.

Experimental Methodology

The present paper provides a comprehensive experimental study
performed on a VAWT in a wind tunnel environment, car-ried out
by applying several measurement techniques including mechanical,
structural, and aerodynamic devices. In this way, both the integral
performance of the machine and the detailed flow field upstream
and downstream of the model are experimen-tally determined. In
the following, a review of the experimental setup, of the turbine
model, and of the test plan is reported.

Wind Tunnel. Experiments were performed in the Politecnico di
Milano large-scale wind tunnel, which consists in a closed loop
facility developing along two floors of a dedicated building. Within
the facility, two different test sections are available: a low-speed
test section (14 m width � 3.84 m height) allowing a maxi-mum air
velocity of about 15 m/s, and a high-speed section (4 m � 3.84 m)
allowing a maximum velocity of 55 m/s. The wind generator is
composed by two rows of seven fans, each of them driven by an
inverter controlled electric motor. The overall installed electric
power is approximately 1.4 MW.

Tests were performed in the high-speed test section, located
immediately upstream of the diffuser leading to the fans, and char-
acterized by a very low turbulence level (<1%).

Tests can be carried out in confined environment, here defined as
Closed Chamber (CC) configuration, by positioning the models
inside of a removable test room of 4 m width and 3.84 m height; as
an alternative, unconfined or Open Chamber (OC) configura-tion
can be achieved by removing the test room and installing the
models directly facing the upstream tunnel tube. The same VAWT
was tested in both the CC and OC configurations in order to analyze
the influence of the model blockage for different oper-ating
conditions.

Figure 1(a) reports a sketch of the experimental setup in the OC
configuration, alongside the locations of the aerodynamic mea-
surement planes; a dashed line is also provided to show the CC
trace when operating in confined environment. A picture of the
turbine and of the probe traversing system in CC is reported in
Figure 1(b). The model was centered in both configurations. A solid
blockage ratio a ¼ 0.10 results in the closed room, where the frontal 
section of the model is given by AD ¼ 2H � D.

VAWT Model. The tested real-scale VAWT is a three bladed H-
shaped Darrieus; blades are made with a wood core and a car-bon
fiber reinforced polymer (CFRP) shell. Two aluminum spokes joint
blades to the support steel pole, as shown in Fig. 2. The rotor has
swept area of 1.5 m2 (2H � D, 1.5 m � 1.028 m), and it is equipped 
with dihedral blades composed by unstaggered NACA0021 profiles
(c ¼ 0.086 m). The rotor prototype was designed by the Company
Tozzi-Nord Wind Turbines, while the test stand and the data
acquisition system were designed by the staff of University of
Trento.

H-blades, V-Blades, and Gorlov type-blades) further complicates the
formulation of general design guidelines for this class of machines.
These difficulties have historically prevented the system-atic
optimization of VAWTs [1,2], thus limiting the widespread use of
this technology on a large market scale; however, the VAWT
architecture exhibits a number of advantages such as: insensitivity
to yaw, ability to withstand rapid changes of wind direction, and
low noise emissions due to low tip-speed ratios. In this scenario,
experimental investigations on VAWT are crucial to provide new
insights on the turbine flow physics, to achieve reli-able estimates
of the turbine performance, and to support the vali-dation of
numerical models [2].

In recent years, the renewed interest on community VAWTs
(i.e., small-scale turbines [3]) has produced several academic and
industrial projects in which novel configurations, or revisited
established solutions, are investigated from the performance and
structural point of views. Community VAWTs offer, due to model
sizes and operating envelope, the possibility of real-scale testing in
wind tunnels. In the wind turbine development phase, R&D costs
are remarkably reduced, and many safety issues and basic
operating procedures (control system, brake, start-up, shutdown,
etc.) can be tested. On the other side, limits of such tests are the
near zero turbulence level experienced by the turbine, the steady-
state environmental conditions, and the tunnel wall interference.

Although controlled and repeatable, wind tunnel testing is
affected by the difficulty in evaluating the blockage effects on the
turbine performance. As the wind turbine is an extended turboma-
chine, the stream-tube forming past it deforms dynamically as the
wind condition and the wind turbine settings change. Addition-
ally, the wind turbine is a rotating body and considering in partic-
ular the VAWT architecture, the resulting wake can be deflected
crosswise downstream [4] and depends on the rotor tip-speed ratio
[4,5]. Furthermore, due to the inherent unsteadiness of VAWT
aerodynamics, the far and near wake are highly time-dependent,
even for stationary upwind inflow conditions. These features
exhibit a complex combination with the wind tunnel flow and,
consequently, a variable wall interference establishes during wind
tunnel tests. Experiments in open test-section (unconfined envi-
ronment) alleviate these problems, because the flow can expand
around the objects and in a certain sense resemble the conditions
expected in an open environment; however, specific correlations
are often applied to predict the wind turbine behavior in open field.

An experimental research program on VAWTs was carried out
by the authors in the frame of an Italian National founded project
(“PRIN 2009—Fluid dynamic analysis of vertical axis wind
turbines,” 2011–2013). Two wind turbines (troposkian-blade and
H-blade) operating in several flow conditions were considered in
the project, with the aim to give insights into the different aerody-
namics of the investigated architectures and to compare the results
with that of similar projects. This paper presents part of the results
obtained for the H-type turbine, as an extension of a preliminary
research previously performed on the same turbine configuration
[4]. The turbine was tested in real-scale setup, thus satisfying the
full dynamic similitude in terms of tip-speed ratio and Reynolds
number. Integral turbine torque and power measurements were
obtained by dedicated onboard instrumentation. Detailed aerody-
namic measurements were performed with conventional five-hole
probes and miniaturized hot wires for time-resolved velocity
measurements. The local unsteady flow field resolved in phase with
the rotor position was derived by hot wire measurements per-
formed for the near and far field downstream of the turbine. The
streamwise turbulent velocity component was also extracted and
analyzed.

By applying the present technique, clear pictures of the 3D tur-
bine wake can be achieved; in the few works available in literature
about flow measurements in VAWT [6–10], PIV is used to obtain a
similar flow representation and to investigate the vortex genera-
tion and shedding during the blade revolution. As an alternative
way, computational fluid dynamics can be used to investigate the

Based on a completely different working principle with respect to
the widespread horizontal axis wind turbine, the VAWT is charac-
terized by inherently unsteady aerodynamics, resulting in a highly
distorted and time-dependent wake downstream of the machine.
The existence of different VAWT architectures (troposkian blade,
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Mechanical Measurement Techniques. The H-shaped Dar-
rieus rotor (blades and tower, Fig. 2(a)) was connected to the 
power and measurement train as shown in Fig. 2(b), and the 
turbine performance was measured by applying:

• two axial accelerometers mounted in the upper part of the
supporting mast to monitor the streamwise and longitudinal
vibrations of the structure;

• two whole strain gauge bridges installed on the rotor mast in
order to measure streamwise and longitudinal aerodynamic
thrusts;

• an absolute encoder to provide the rotational speed and the
rotor phase (azimuthal position of the reference blade);

• a precision torque meter mounted between elastic joints to
measure the torque transmitted through the shaft.

Data were acquired by a Compact-RIO (National Instruments, 
Austin, TX) device, setting a sampling frequency of 2 kHz. 
Recorded time series lasted 3 min for each working condition, in 
order to guarantee a sufficient amount of data for ensemble aver-
aging on the rotor azimuthal position. The reversible electrical 
machine mounted on the power train (see Fig. 2(b)) was con-trolled 
by an inverter to guarantee constant rotational speed during the 
tests.

The data reduction process was performed by combining
several operations, according to the procedure described below:

• each measurement time series is first divided into 20 s bins in 
order to compute the mean values, i.e., 3 min record is divided 
in six bins represented by their mean values; in this way, 
standard deviation of each bin contains information about 
possible unsteadiness in the machine operation;

• the power and thrust curves are then computed starting from 
the bin averaged values;

• the standard deviation of the measurements is computed over 
the averaged bin values and then the measurement error (Type 
A) is determined according to the standard proposed in Ref. 
[17] for a confidence interval of 95% (standard deviation is 
hence computed between the bin averaged values);

• the sensor uncertainties (Type B) are taken by the datasheet 
of the sensor manufacturers;

• the reference wind speed value and its uncertainty were pro-
vided by the wind tunnel manager before each test;

• the derived measurement error propagation is computed 
following the guidelines provided in Ref. [17]. 

Aerodynamic Measurement Techniques. To determine the
flow field upstream and downstream of the model, both aerody-
namic pressure probes and hot wire anemometers were traversed
on several measurement planes.

In particular, a directional pneumatic five hole probe was
applied to detect the total and static pressure and the 3D velocity
vector. The probe was calibrated on a low-speed jet over an angu-
lar range of 624 deg in both the flow angles, here defined as: the
yaw angle, measured on the XY plane, i.e., the one normal to
the turbine axis; the pitch angle, measured on the XZ plane, i.e.,
the one between the axial and the streamwise directions. Uncer-
tainty in total and static pressure measurements resulted within
10 Pa, while the uncertainty on the flow angle measurements was
evaluated as 60.2 deg.

To measure the time-resolved velocity field, two single-sensor
hot wire anemometers were applied. The sensor wires, mounted
normal to the probe stem, have a diameter of 5 lm and are oper-
ated in constant temperature mode. Uncertainty in the velocity
measurements resulted about 2% after calibration in a low-speed
jet. The first hot wire probe was mounted in streamwise (X) direc-
tion, so to minimize the wire sensitivity to the flow angles (which
anyhow are expected to be small in this application). Hence, no
specific directional calibration is required and the output of this
first probe is the velocity magnitude. The second probe was
mounted in axial (Z) direction, so the wire was exposed to the
flow in transversal (Y) direction. Mounted in this way, the probe is

Fig. 1 (a) Sketch of measurement section and (b) picture of the VAWT and the traversing system in CC configuration

Fig. 2 (a) H-shaped Darrieus rotor tested in wind tunnel and 
(b) sketch of the power train



sensitive to both the streamwise and transversal velocity compo-
nents; to determine the velocity components and thus the yaw 
angle a dedicated angular calibration was performed and the probe 
was rotated around its axis in three angular positions, namely, 
þ45 deg, 0 deg, and �45 deg with respect to the transversal direc-
tion (one in excess to improve the accuracy in the reconstruction).

Hot wire data allowed to define, for each point of the measure-
ment grid, the time averaged and the time-periodic fluctuation of 
the flow velocity, as a function of the rotor angular position. The 
time-periodic component was obtained by ensemble averaging, 
using the encoder mounted on the rotor as key-phasor. The turbu-
lence intensity was also determined, by extracting the unresolved 
unsteady component from the hot wire data.

Test Plan. To determine the performance curve of the turbine, 
several operating conditions were simulated. The fairly large range 
of conditions investigated in the current tests was obtained by 
keeping constant the rotational speed of the rotor at 400 rpm, and 
by modifying the wind speed ranging from 6 to 16 m/s. The 
maximum rotational speed was limited to avoid structural prob-
lems of the turbine rotor, while the minimum wind speed was lim-
ited by the measurement accuracy. The wind tunnel was set at a 
given operating condition, and, once stable flow configuration was 
established, experimental data were taken. The tunnel wind speed 
was then increased, with steps of about 1 m/s, to the next operat-
ing point. At every 3–4 operating points, the wind tunnel flow and 
the rotor were stopped in order to acquire the sensor offsets.

Aerodynamic measurements were performed on three different 
planes (as previously shown in Fig. 1(a)) normal to the stream-wise 
direction, located, respectively, 1.5 D downstream of the VAWT 
(called far), 0.75 D downstream of the VAWT (called near), and 
0.75 D upstream of the VAWT (called upstream). Thanks to the 
symmetry with respect to midspan, the planes cover the upper half 
of the rotor and exceed the tip of the blades by 25%of the half-
blade span, so to investigate the wake enlargement also in 
spanwise direction. The measurement grids in transversal (Y) 
direction also largely exceed the machine dimension (�3 times the 
rotor diameter), so to properly capture the wake enlargement 
downstream of the rotor. The flow on these planes was investi-
gated for three wind speeds, corresponding to three relevant val-
ues of tip-speed ratio (k):

• kffi 3.5 (high-load condition)
• kffi 2.5 (maximum CP condition)
• kffi 1.5 (low-load condition)

The k¼ 1.5 condition is in the ascending branch of the CP–k
curve, where the blades are expected to stall for a significant por-
tion of the rotor revolution, while for k¼ 2.5 the rotor works near
the maximum CP condition.

Turbine Performance and Blockage Effect

In this section, the overall turbine performance is discussed in 
detail, on the basis of thrust and power measurement data; a com-
parison between the confined and the unconfined configurations is 
also proposed to quantify the impact of blockage.

Turbine Performance in Unconfined Environment. Figures 3 
and 4 show the curves of streamwise thrust and power coeffi-cients 
versus the tip-speed ratio k for the OC configuration, also including 
the measurement uncertainty. The power coefficient curve is 
limited to k ¼ 4.5 because above this limit the power becomes 
negative. Three sets of data are provided in each figure, 
corresponding to the three different positions of the traversing sys-
tem for aerodynamic measurements. The trends show that the 
position of the traversing system does not influence the turbine 
performance measurements. The uncertainty tends to reduce as the 
wind speed increases (and the k decreases).

The maximum of thrust coefficient occurs at �7–8 m/s, while 
the maximum power coefficient is achieved at �8–9 m/s, corre-
sponding to k ffi 2.5: in this condition, the power coefficient results 
0.28. For lower velocities (or higher k), a relatively steep reduc-
tion of power coefficient occurs, while for higher velocities (or 
lower k) the reduction is more gradual.

Influence of Blockage in Unconfined Environment. As solid 
walls are removed from the test section, an open-jet flow is gener-
ated; a certain degree of blockage might, however, remain, pre-
venting the direct extension of open-jet results to the actual open-
field operation. Following the analysis proposed in Ref. [18], the 
open-jet blockage results from several sources: air stream pertur-
bation into the nozzle, perturbation into the jet expansion region, 
lateral jet deflection, and perturbation into the collector placed 
downstream the tested model.

Even though the blockage estimation in open-jet configuration 
was investigated for bluff body flows only [18], a quantitative 
estimate of this effect is proposed here for the present rotating 
body. Nozzle blockage effect is evaluated with a simple potential-
flow model, which consists of a point source exposed to a parallel 
flow with stagnation point placed as close as possible to the stag-
nation point of the real model [18]. In this way, the half-infinite 
body represents the test body plus its mirror image; however, in the 
present case, the mirrored body is not used because the rotor is 
placed just in the wind tunnel center. According to this adaptation 
of the model, the overall open-jet blockage correction coefficient 
can be evaluated as

V00
V0

¼ 1þ �S þ �N þ �C (1)

Fig. 3 Streamwise thrust curve coefficient in OC Fig. 4 Power coefficient curve in OC



�N¼ 0.0034, and �C¼ 0.0135, yielding an overall blockage correc-
tion coefficient of V00/V0 ¼ 1.015. The negative induced velocity 
estimated for the jet expansion term (�S) implies that a lower 
upstream wind speed would be required to recover the open-field 
configuration; the opposite stands out for the other two effects, 
whose coefficients are both estimated as positive. Eventually, the 
overall open-jet blockage factor is positive and amounts to 1.5%; 
since, as discussed later, the blockage factor evaluated experimen-
tally in CC configuration is about one order of magnitude larger 
than the open-jet one, no correction was applied to OC 
measurements.

Turbine Performance in Confined Environment. Figures 5 
and 6 show the streamwise thrust and power coefficients measured 
in CC configuration. By comparing these curves to their OC coun-
terparts, a very significant blockage effect appears, as the maxi-
mum CTX in confined environment rises up to 1.1 from 0.9 in 
unconfined condition and the maximum CP exceeds 0.35 in con-
fined environment while remaining below 0.3 in unconfined con-
dition. This indicates that for 10% solid blockage, proper

correction methods have to be considered to achieve reliable esti-
mates of VAWT performance in wind tunnel tests.

The increase of force and power exchanged by the machine can 
be easily explained by considering that the confinement imposed 
by the tunnel walls accelerates the flow in the turbine region. The 
impact of blockage is further highlighted by the change in turbine 
performance observed when the traversing systems are moved. As 
well visible in Figs. 5 and 6, when the traversing system is installed 
relatively close to the turbine (upstream and near down-stream 
traverses are at 0.25 D from the closest blade), it introdu-ces a non-
negligible disturbance on the turbine aerodynamic behavior. 
Apparently, the traversing system introduces a further speed-up 
across the rotor, resulting in an additional blockage effect that also 
contributes to enhance the force and power exchanged. For this 
reason, only mechanical measurement data performed for the 
traversing system in the far downwind plane are considered for the 
blockage quantification discussed in the following.

Influence of Blockage in Confined Environment. Once 
experimental thrust data are available for CC and OC configura-
tion, the experimental blockage coefficient can be determined. 
Following Glauert [13], the blockage can be expressed in the form 
of an overspeed in the upstream wind that in OC yields the same 
thrust measured in CC for a specified wind speed. The upstream 
overspeed in OC compensates the overspeed induced by the walls 
in the CC environment, so that the same flow configuration is 
established on the turbine between CC and OC conditions.

To determine the overspeed ratio, the thrust curves in OC and 
CC configurations were first analytically interpolated with a sixth 
degree polynomial, as shown in Fig. 7 (quadratic error R2 ffi 
0.9998). The experimental blockage correction coefficient was 
then computed according to the following procedure:

• a number of wind speed VCC was preliminarily selected and 
the corresponding CC thrusts were evaluated;

• by inverting the V–TX relation for OC, the equivalent wind 
speeds VOC that yields the same CC thrusts previously 
selected was determined;

• the ratio between the computed VOC and the selected VCC 
yields the experimental blockage correction coefficient as a 
function of the upstream wind speed, shown as error bars in 
Fig. 8. 

Figure 8 indicates that the blockage factor of the VAWT 
increases as the tip-speed ratio k rises (or as the velocity of the 
wind reduces). This indicates that, as the rotor speed increases rel-
atively to the wind speed, the machine becomes more “solid”; as a 
result, the amount of flow that is ingested within the virtual cylin-
der traced by the blade motion reduces, and a larger amount of

Fig. 5 Streamwise thrust coefficient measured in CC

in which �S is the induced velocity due to jet expansion, �N is the 
induced velocity at model position due to nozzle effect, and �C is 
the induced velocity at the model position due to collector effect.
The induced velocity ratio V00/V0 allows to determine the open-field 
wind speed (V00) that would induce on the turbine the same flow 
configuration established in the open-jet configuration for a
specific wind speed (V0).

For the present wind tunnel setup, the nondimensional parame-
ters appearing in Eq. (1) can be evaluated by resorting to the 
expressions proposed in Ref. [18] and result �S ¼�0.0016,

Fig. 6 Power coefficient measured in CC
Fig. 7 Experimental thrusts measured in open and closed
chamber with their interpolating curves



V00
V0

¼ 1þ a
CTX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� CTX

p (2)

in which a is the turbine solid blockage, defined as

a ¼ AD

AT

(3)

The Mikkelsen–Sørensen velocity correction model reads

V00
V0

¼ bþ 1

4

CTX

b
(4)

in which the coefficient b is defined as

b ¼ � a
2a� 1

a2r� 1

rað3a� 2Þ þ 1
¼ � a

2a� 1
Fðr; aÞ (5)

and the coefficients r and a are the blockage of the downstream
wake (Aw,d) and the solid blockage, respectively, defined as

r ¼ Aw;d

AD

a ¼ AD

AT

(6)

Since the function F(r, a) is always greater than one, the disk 
velocity in confined environment is higher than that established in 
unconfined environment. As visible in the above expressions, the 
Glauert model only resorts to the solid blockage and thrust coeffi-
cients, while the Mikkelsen–Sorensen model also requires infor-
mation on the wake area (Aw,d) downstream of the turbine.

The trends reported in Fig. 9 show that both the models cor-
rectly predict the increase of blockage at higher thrust, but they 
tend to underpredict the experimental blockage correction (the 
unique exception being the Glauert model which has a singularity 
as CTX approaches 1); the Mikkelsen–Sørensen model seems to 
better capture the trend below CTX ¼ 1, but it significantly under-
estimates the experimental values. Moreover, the Mikkelsen–
Sørensen model does not capture the steep increase of blockage 
observed in the experiments for very low wind speed (lower than 
5.9 m/s), visible from the sharp hook found for CTX > 1.

Considering two operating conditions in particular, whose 
details are provided in Table 1, the Mikkelsen–Sørensen model 
predicts wake areas of �2.06 m2 at 5.9 m/s (k ffi 3.5) and of
�1.83 m2 at 13.7 m/s (k ffi 1.5); experimental data reported in the 
following (see Figs. 11 and 14) indicate wake areas of �2.4 m2 and 
�1.26 m2 for 5.9 m/s and 13.7 m/s, respectively (assuming that the 
wake starts when the wind deficit exceeds 10%). It is apparent that 
the Mikkelsen–Sørensen model also fails in estimat-ing the 
disturbed area. This leads to infer that the theoretical blockage 
models for VAWT need improvement, especially to introduce a 
realistic evolution of the wake inside the tunnel. In the following, 
the time-mean and time-resolved wake shed by the VAWT is 
discussed. 

Time-Mean Analysis of VAWT Wake

In this section, the characteristics of the wake measured down-
stream of the turbine are presented and discussed for the three 
operating conditions recalled in the “Experimental Methodology” 
section, namely, for k ffi 1.5, 2.5, and 3.5. Hot wire anemometer 
data were processed to determine the velocity magnitude and the 
yaw angle; the velocity was then made nondimensional using the 
upstream wind speed.

Prior to analyze the flow downstream of the turbine, a recall of 
the machine operation is provided by referring to the schematic 
depicted in Fig. 10. During a full revolution, the interaction of one 
blade with the wind can be roughly divided in a “downwind” phase 
(0 < Y/D < 0.5), and in an “upwind” one (�0.5 < Y/D < 0); the 
blade works with different ranges of angles of attack in the

Fig. 8 Experimental blockage correction coefficient V0
0/V0 ver-

sus tip-speed ratio k

Fig. 9 Blockage correction coefficient V0
0 /V0 versus CC thrust 

coefficient CTX

flow is forced to move around the turbine. Experimental data show 
that even at very low k, for that the blockage effect is mini-mal, the 
blockage correction coefficient is greater than 1.04.

Since the experimental blockage correction coefficient was 
found to be quantitatively significant in this configuration, a com-
parison was carried out against two of the most classical correc-
tion models available in literature for wind tunnel testing.

Figure 9 shows the streamwise thrust coefficient versus the 
experimental blockage correction compared with the blockage 
models of Glauert [13,14], see Eqs. (2) and (3), and with the model 
of Mikkelsen–Sørensen [15,16], see Eqs. (4)–(6). According to 
Glauert, the blockage correction coefficient can be computed as

Table 1 Comparison between experiments and prediction with Mikkelsen–Sørensen [15,16] blockage model

VCC (m/s) K CTX,exp A3,exp (m2) (V00/V0)exp A3,M-S (m2) (V00/V0)M-S

5.9 3.5 1.165 2.4 1.110 2.065 1.091
13.7 1.5 0.623 1.26 1.041 1.83 1.028



two phases, the downwind phase being the most critical for the 
aerodynamics of the profiles.

Figure 11 reports the distributions of flow velocity magnitude 
downstream of the turbine for different measurement traverses and 
operating conditions in OC configuration; a rectangular line is also 
added to trace the turbine cross section. The velocity field clearly 
shows the trace of the wake, which strongly changes its shape and 
extension as the tip-speed ratio is altered. In particular for the 
highest k (Fig. 11(a)), the wake extends well beyond the turbine 
cross section and further enlarges passing from near to far 
traverses. In the same operating regime, the wake has a nearly 
symmetrical shape up to �60% of the half-blade span, with almost 
null velocity in a wide region around the turbine axis. In the blade 
tip region, a complex wake border is observed, with two regions of 
velocity defect on the turbine sides.

As the tip-speed ratio is reduced, the aerodynamic loading 
reduces as well and for the lowest k (Fig. 11(c)) the extension of 
the wake region approaches the dimension of the model cross sec-
tion; at low loading the wake loses its symmetrical shape at mid-
span, as a larger velocity defect is found all along the span in the 
region �0.5 < Y/D < 0.0. This feature amplifies as the wake 
develops downstream, resulting in an inclined tip border at the far 
traverse position. The yaw angle distribution, reported in Fig. 12 
for k ¼ 1.5, adds further elements to the severe asymmetry in the 
flow configuration. In particular, in the region �0.5 < Y/D < 0.0, a 
large-scale structure is observed across the tip of the blade, char-
acterized by high spanwise gradient in yaw angle. This structure is 
consistent with the time-mean trace of the tip vortex and disap-
pears on the right side of the turbine.

The asymmetry in the wake and tip vortex depends on the time-
dependent aerodynamics of the blades as they undergo a full rotor 
revolution. As depicted in Fig. 10, the blades traveling in the 
region �0.5 < Y/D < 0.0 move upwind, namely, “against” the 
wind speed; in this portion of the revolution, aerodynamic stall is 
limited or inhibited even at high tip-speed ratio, resulting in a high 
lift established on the blades; this leads to a more stable flow in the 
mid region and to the onset of a strong vortex at the blade tip. In 
the downwind phase of the revolution, dynamic stall nor-mally 
occurs (especially at medium-low tip-speed ratios, see Ref.[19] for 
a schematic of the flow configuration in the different phases of the 
blade revolution in a VAWT); in this condition, very small lift 
establishes on the blade and, hence, the vortex generated at the tip 
of the blade results negligible on a time-mean basis. The additional 
tip losses connected to the vortex on the upwind side of the turbine 
are responsible for the inclined wake border at the tip.

The double peak in the wake tip border observed for k ¼ 3.5 can 
be explained by considering that, as discussed in the following 
when considering the wake unstediness, dynamic stall is avoided in 
this condition for most part of the revolution. This reduces the 
periodic evolution of the blade tip vortex, which now holds for the 
whole period. However, higher aerodynamic forces are still 
induced in the upwind phase of the revolution, leading to a stron-
ger tip vortex in the upwind part of the machine; this justifies the

Fig. 11 Turbine wake for different loading conditions in OC
configuration: (a) high loading case: k 5 3.5, (b) midloading
case: k 5 2.5, and (c) low loading case: k 5 1.5Fig. 10 Schematic of VAWT operation



ratio, the blockage factor increases as well, inducing a higher 
acceleration of the flow in the stream-tube outside the wake.

VAWT Wake Unsteadiness. VAWTs are characterized by an 
inherent aerodynamic unsteadiness as a result of the periodic evo-
lution of the angle of attack on the profiles. For this reason, blade 
wakes and tip vortices shed in the stream-tube downstream of the 
turbine undergo periodic fluctuations phase-locked to the rotor. 
Depending on the Reynolds number and the operating conditions, 
the variation of angle of attack on the blades during the revolution 
can be sufficiently large to exceed the stall limit of the profile, 
triggering separation for a significant portion of the revolution; in 
these conditions an even higher unsteadiness is generated in the 
turbine wake.

Time-resolved velocity measurements performed with hot wire 
anemometry are now presented to characterize the wake unsteadi-
ness of the VAWT studied in this work. To better highlight the 
different dynamic components of the velocity field downstream of 
the turbine, the unsteady velocity signals were first phase-locked 
on the rotor passage, and then ensemble-averaged using the rotor 
revolution as fundamental period. The unresolved component of 
the velocity fluctuation, defined as the difference between the 
instantaneous signal and its periodic component, was then used to 
obtain the turbulence intensity for each phase on the revolution 
period.

Figure 15 reports the phase-resolved velocity magnitude and 
turbulence intensity for two operating conditions in OC configura-
tion, in the form of two-dimensional space–time diagrams at mid-
span. These diagrams allow to distinguish the time-dependent 
structures, appearing as vertical gradients, from the time-averaged 
ones, characterized by horizontal gradients. Both the near and far 
downstream traverses are considered, to highlight the effect of the 
mixing process on the rotor viscous structures.

The distributions reported in Fig. 15 show a significant depend-
ence of the wake unsteadiness on the operating conditions. For 
high tip-speed ratio (Fig. 15(a)), no unsteadiness appears in the 
velocity field at midspan, as indicated by the negligible vertical 
gradients observed in both the traverses. The flow is dominated by 
the transversal gradients found at the edges of the turbine wake,

Fig. 12 Flow angle distribution at low loading conditions (k 5 
1.5, V0 5 14.2 m/s) in OC configuration

nonsymmetric wake shape observed at the tip also in this operat-
ing conditions.

Figure 13 shows the velocity and flow angle distributions on the 
near traverse for k ¼ 1.5 in CC configuration. As expected, due to 
the blockage effect an overspeed of the flow with respect to the 
upstream wind is found outside of the wake. The wake, instead, 
retains most of the features observed for OC configuration, exhibit-
ing a nonsymmetric shape both at midspan and in the tip vortex 
region. In fact, the time-mean tip vortex appears slightly stronger 
than that observed in OC configuration and not extended above the 
turbine tip section; this is probably due to the higher momentum of 
the flow outside of the wake with respect to the OC flow field.

Figure 14 shows the comparison between the wake measured for 
high and low tip-speed ratio at the far traverse in CC configu-
ration. As found for OC, the wake reduces significantly in both 
velocity defect and extension as the tip-speed ratio reduces. It is 
interesting to note that the overspeed outside of the wake almost 
doubles when the k raises from 1.5 to 3.5; this is consistent with the 
findings of the blockage analysis: by raising the tip-speed

Fig. 14 Turbine wake for different loading conditions in CC
configuration (far traverse only): (a) high loading case: k 5 3.5
(V0 5 5.9 m/s) and (b) low loading case: k 5 1.5 (V0 5 13.7 m/s)

Fig. 13 Turbine wake for low loading (k 5 1.5, V0 5 13.7 m/s) in 
CC configuration (near traverse only)



which appear as nearly uniform vertical bands just beyond the
geometrical limits of the machine (marked in the figure by two
black dotted lines). These high-gradient regions are also charac-
terized by a very large turbulence intensity, due to the significant
turbulent transport activated in the shear layer generated between
the turbine wake and the external flow. In fact, the high turbulence
band centered at Y/D¼ 0.5 shows, for the near traverse, traces of
blade-periodic phenomena in the form of three peaks of turbu-
lence intensity; on the contrary, no unsteady traces appear on the
other side of the wake. This feature can be explained by

considering that the right side of the wake results from the interac-
tion between the turbine and the flow in the downwind blade
motion, where the largest fluctuations of angle of attack occur;
however, the weak periodic traces observed at the near traverse
are rapidly mixed-out and disappear in the far measurement posi-
tion, where an almost steady wake is measured.

The steady velocity field in the turbine wake indicates that the
wakes of the profiles are completely mixed-out and also suggests
that no relevant dynamic stall phenomena occur at high tip-speed
ratio. Time–space plots for maximum power coefficient (k¼ 2.5),

Fig. 15 Space–time wake representation at midspan for different operating conditions in
OC configuration: (a) high loading case: k 5 3.5 (V0 5 6.5 m/s) and (b) low loading case:
k 5 1.5 (V0 5 14.2 m/s)



not reported for sake of brevity, still show a steady wake at mid-
span. The oscillation in angle of attack is indeed highly dependent
on the tip-speed ratio, reducing as the tip-speed ratio increases;
further experiments in intermediate operating conditions suggest
that, for this machine, large-scale dynamic stall is not relevant for
k> 2.1.

For the lowest tip-speed ratio, a completely different flow con-
figuration is found. Figure 15(b), which provides the velocity and

turbulence evolution for k¼ 1.5, shows significant unsteady fea-
tures on both the traverses. The asymmetry between the two sides
of the wake appears also greatly amplified. In particular, the
upwind side of the wake (�0.5< Y/D< 0) shows a relatively lim-
ited unsteadiness and is dominated by the shear layer between the
turbine wake and the outer flow. Conversely, the downwind side
of the wake (0< Y/D< 0.5) exhibits large unsteady fluctuations,
both in terms of velocity and turbulence intensity, characterized

Fig. 16 Space–time wake representation at the turbine tip section for k 5 1.5 in OC
configuration

Fig. 17 Space–time wake representation at midspan for k 5 3.5 (top) and k 5 1.5 (bottom) in CC
configuration



measurements; tests covered a wide range of operative conditions,
so to include configurations characterized by dynamic stall, peak
efficiency, and very high load. Both open and closed chamber
configurations were investigated to quantify experimentally the
wind tunnel blockage.

The curves of aerodynamic power and axial thrust coefficient
measured in both a confined and unconfined environment have
been presented and have been used to compute the experimental
blockage factor between closed and open chamber configurations.
Results show that that the solid blockage of the rotor and the hull
(almost 10%) introduces a non-negligible interference with the
wind tunnel walls. The blockage correction factor is found to
strongly depend on the operative regime, increasing as the aerody-
namic load (and tip-speed ratio) increases. The comparison with
well-established blockage models, not satisfactory from both the
qualitative and quantitative point of views, indicates the need of
specific blockage correction models for VAWTs.

The wake downstream of the turbine was investigated using
time-resolved hot wire data in three operating conditions, namely,
low load, maximum CP, and high load for two traverses down-
stream of the machine. The velocity fields show that the wake
strongly depends on the operating condition, progressively enlarg-
ing as the load level increases.

For low aerodynamic loading (k¼ 1.5), a significant asymmetry
in the wake shape is observed, both at midspan and at the tip;
time-resolved velocity measurements reveal that dynamic stall
occurs in the downwind part of the revolution, resulting in a large-
scale blade-periodic wake unsteadiness; at the blade tip, the tip
vortex dominates the flow field, showing a dramatic asymmetry
between the upwind and the downwind portion of the wake as
well as large time-dependent fluctuations. As the loading
increases, no traces of dynamic stall appear in the downstream
flow field; for peak efficiency (k¼ 2.5) and high loading condi-
tions (k¼ 3.5), the level of unsteadiness reduces and steady flow
in the wake is found; a more symmetric wake shape is also
observed.

Wake measurements were also performed in the confined
environment; in these tests, the upstream wind speed was set
in corresponding conditions with open tunnel experiments, by
applying the velocity correction coefficient determined from
thrust measurements. A remarkable similarity in the velocity and
turbulence fields was found between the confined and the uncon-
fined environment, suggesting that the blockage correction pro-
cedure here used, only based on integral data, allows to preserve
also the detailed flow morphology. This further demonstrates the
importance of reliable blockage correlations for the present
technology.
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Nomenclature

AD ¼ model swept area (m2)
AT ¼ closed tunnel area (m2)

Aw,d ¼ downstream wake area (m2)
A3,exp ¼ experimental wake area (m2)

A3,model ¼ predicted wake area (m2)
c ¼ blade chord (m)

CP ¼ power coefficient
CTX ¼ streamwise trust coefficient
CC ¼ closed chamber configuration

CFRP ¼ carbon fiber reinforced plastic
D ¼ turbine diameter (m)

by a deterministic blade-periodic evolution. The space–time 
turbulence field indicates that the unsteadiness is caused by large-
scale, highly turbulent structures that periodically reach the down-
stream traverses. The scale (too large for being consistent with the 
blade wake), the blade-periodic character, and the position of these 
structures suggest to identify them as separated regions peri-
odically detached from the profiles as the blades undergo period 
excursions under stalled conditions. The onset of dynamic stall is, 
therefore, responsible for the nonsymmetric shape of the time-
mean wake observed at midspan for k ¼ 1.5 in Figs. 11(c) and 
14(b).

An even larger asymmetry features the wake in the tip region, as 
shown by the space–time diagrams reported in Fig. 16. Due to the 
inclined shape of the wake observed in the time-mean plots (see 
Figs. 11(c) and 14(b)), no wake traces appear on the down-wind 
side of the wake at the tip section. On the contrary, and dif-ferently 
with respect to what observed at midspan, the upwind side of the 
wake now shows a significant periodic unsteadiness; this probably 
marks the time-evolution of the tip vortex observed in the time-
mean flow. The unsteady character of the tip vortex can be 
explained by resorting to the working principle of VAWTs; as 
confirmed by the unsteady measurements at midspan, stall is 
inhibited in the upwind portion of the revolution, resulting in a 
significant lifting force established on the blades. This leads to a 
stronger tip vortex on this side of the wake. The periodic oscilla-
tion in angle of attack that anyhow occurs during the upwind blade 
motion affects the generation of the tip vortex, which even-tually 
appears as a time-dependent structure in the wake down-stream of 
the turbine.

The time-mean wake properties have been observed to be 
weakly affected by the wind tunnel confinement; to investigate the 
effect of turbine blockage on the time-resolved wake features, Fig. 
17 reports the space–time diagrams at midspan for the CC 
configuration in both the highest and the lowest tip-speed ratio 
considered. These plots, compared with the corresponding ones of 
Fig. 15, indicate that the confinement does not significantly affect 
the wake also on a time-resolved basis; as found for OC tests, also 
in the CC configuration the midspan velocity field is virtually 
steady for the highest tip-speed ratio, while significant blade-
periodic oscillations arise for the lowest tip-speed ratio. The very 
similar unsteady features observed in this operating condition for 
OC and CC configurations suggest that the physics of dynamic stall 
is not significantly affected by the turbine blockage, at least for the 
low level of loading in which dynamic stall is triggered in this 
machine.

The turbulence intensity plots also confirm that most of the fea-
tures observed in unconfined environment are retained in the CC 
configuration. The only visible difference is a slightly larger blade-
periodic unsteadiness for k ¼ 3.5 on both the wake sides; this 
might be due to either a larger fluctuation of angle of attack or a 
reduced mixing rate between the wake and the outer flow occur-
ring in confined environment; the quantitative impact of this 
feature is, however, very weak.

The similarity in the velocity and turbulence fields between 
confined and unconfined configurations represents a relevant find-
ing of the present study; when setting the operating conditions in 
the CC configuration, the upstream wind velocity was indeed 
selected considering the blockage correction factor evaluated 
experimentally (and reported in Fig. 9 of the present paper). The 
experiments confirm that, by applying a reliable blockage correc-
tion procedure, not only the integral quantities but also the flow 
features are retained when passing from the confined to the uncon-
fined configuration.

Conclusions

In this paper, the results of wide experimental study on a small-
scale VAWT have been presented. The experimental campaign, 
performed in the large-scale wind tunnel of Politecnico di Milano, 
considered both turbine performance and wake aerodynamic



H ¼ half-blade height (m)
ITU ¼ turbulence intensity (%)

N ¼ number of blades
OC ¼ open chamber configuration
PIV ¼ particle image velocimetry

t ¼ time (s)
TX ¼ streamwise thrust (N)

Trev ¼ rotor rotation period (s)
V0 ¼ upstream wind velocity (VCC or VOC) (m/s)
V00 ¼ corrected upstream wind velocity (m/s)

V00/V0 ¼ blockage correction coefficient
VCC ¼ closed chamber wind speed (m/s)
VOC ¼ open chamber wind speed

V3,dist ¼ downwind disturbed wind velocity (m/s)
VAWT ¼ vertical axis wind turbine

Greek Symbols

a ¼ AD/AT¼ solid blockage ratio
b ¼ Mikkelsen–Sørensen coefficient
�C ¼ induced velocity at the model position due to collector

effect
�N ¼ induced velocity at model position due to nozzle effect
�S ¼ induced velocity due to jet expansion
k ¼ (xD/2/V0)¼ tip-speed ratio
q ¼ air density (kg/m3)
r ¼ Aw,d/AT¼ downstream wake blockage ratio
X ¼ rotor rotational speed (rpm)
x ¼ rotor angular speed (rad/s)

Coordinate System

X ¼ streamwise axis
X/D ¼ dimensionless streamwise coordinate

Y ¼ transversal axis
Y/D ¼ dimensionless transversal coordinate

Z ¼ vertical axis
Z/H ¼ dimensionless vertical coordinate
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