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A B S T R A C T

Two vertical-axis wind turbines (VAWTs) benefit from a power increase when placed side by side in close
proximity. To study the potential of paired VAWTs for integration in wind farms, wind tunnel wake measurements
of lift-driven VAWTs are compared for isolated and three counter-rotating configurations. Because the wake of an
isolated VAWT is deflected, the direction of rotation significantly influences the wake of paired VAWTs. The wake
of counter-rotating VAWTs where the adjacent blades move downwind, exhibits a similar length, width and
replenishment as the wake of an isolated VAWT. The wake of counter-rotating VAWTs with adjacent upwind
moving blades, however, significantly differs from an isolated VAWT wake. While its wake length is similar to an
isolated VAWT wake, its width and replenishment are not. Because of appealing wake characteristics, paired
VAWTs exhibit unique advantages for wind farm applications, and especially for offshore floating wind farms.
1. Introduction

To outperform classic wind farms consisting of horizontal-axis wind
turbine (HAWTs), researchers seek for optimal wind farm configurations
by, e.g. slightly misaligning the HAWT rotors to induce a wake deflection
(Campagnolo et al., 2016; Gebraad et al., 2016; Fleming et al., 2017).
Other approaches aim to outperform current wind farms through colo-
cation of HAWTswith vertical-axis wind turbines (VAWTs) (Kadum et al.,
2020; Xie et al., 2017). To date, most existing wind farms are onshore but
current trends exhibit increasing offshore exploitation (Bilgili et al.,
2011) together with floating applications (Taboada, 2016; Borg and
Collu, 2035; Borg et al., 2014). The platforms for such floating applica-
tions greatly impact the cost of offshore energy and, while being less
efficient than HAWTs, VAWTs could be economically more viable (Tjiu
et al., 2015; Paulsen et al., 2013; Hand and Cashman, 2020; Bull et al.,
2014). Furthermore, placing counter-rotating VAWTs side by side in
close proximity allows them to benefit from an increased power making
such configurations promising for wind farm applications (Dabiri, 2011;
Duraisamy and Lakshminarayan, 2014; Kinzel et al., 2012; Zanforlin and
Nishino, 2016; Vergaerde et al., 2020). This benefit has inspired
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innovative concepts such as the placement of two counter-rotating
VAWTs on a same floating platform (Parneix et al., 2016). Besides the
power increase, such a setup would benefit from a zero-net generator
torque and a means to orient the platform by varying the individual
torques (Kanner, 2015; Kanner et al., Yeung). However, to consider
paired VAWTs for wind farm applications, the characteristics of their
wakes are to be assessed.

The complex aerodynamics of lift-driven VAWTs induces a wake
which is influenced by i.a. unsteady separation, dynamic stall, blade-
wake interaction and flow curvature effects (Rezaeiha et al., 2018a,
2018b). The wake of an isolated VAWT has extensively been studied by
Sim~ao Ferreira (Sim~ao Ferreira, 2009) both numerically and experi-
mentally. To date, it remains one of the most important contributions to
the understanding of VAWT wakes. The experimental study of Tescione
et al. (2014), through the use of particle image velocity, captured the
propagation of shed vorticity in the wake and in doing so it captured the
flow mechanism leading to the typical asymmetric induction field of a
VAWTwake. Boudreau and Dumas (2017) compare the wake topology of
a (single-bladed) HAWT and VAWT up to twelve diameters downwind.
For VAWTs, they find that tip vortices propagate vertically towards mid
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Fig. 1. Main geometric features of the VAWT rotor.

Fig. 2. Experimental setup inside the wind tunnel.
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span height. This results in a spanwise contraction of the wake, which
induces a horizontal expansion of the wake. Bachant and Wosnik (2015)
also point out the important contribution of tip vortices for the replen-
ishment of the wakes. They compare the tip vortices at the top of the
wake to an asymmetrical doublet propelling high-velocity flow down-
ward into the wake. Similarly, Rolin and Port�e-Agel (2018) identify a pair
of counter-rotating vortices in the wake of VAWTs and state that they are
the most important replenishment mechanism. The study of VAWT
wakes was also complemented with a CFD-investigation on the influence
of pitch and surge motions induced by floating platforms (Lei et al.,
2019). In that study, wave motions were found to induce a wake diversity
depending on the period and amplitude of the motions.

Contributions to the understanding of experimental studies on VAWT
wakes have been presented on the similarities of the wake in free stream
and boundary layerflow (Abkar andDabiri, 2017), on the influence on the
wake of the driving method of the rotor (Araya and Dabiri, 2015), on the
Reynolds number effect (Bachant and Wosnik, 2016), on the effect of
confinement (Dossena et al., 2015) and on the possibility of scaling
experimentalwakemeasurements (Kadumet al., 2018). The experimental
study by Hohman et al. (2018), on the effect of inflow conditions, allowed
to conclude that the overall wake structures can be captured in uniform
flow and are representative for wakes in the atmospheric boundary layer.

The wake of paired VAWTs in co- and counter-rotating configurations
has also been studied before. The open-field study of Kinzel et al. (2012)
investigated the velocity field along the centre line of an array of paired
VAWTs. They observe that the flow velocity is recovered to 95% of its
unperturbed velocity at a downwinddistance of 6 diameters (compared to
4 diameters downstream of an isolated VAWT (Dabiri, 2011)). Similarly,
for a HAWT wind farm, they state that minimal spacings of 14 diameters
are necessary for a similar recovery. Numerical studies on the wake of
paired VAWTs have also been reported, e.g. the study of Posa (2019). He
compares thewakeof co-rotatingandcounter-rotatingVAWTs to thewake
of an isolated VAWT. He concludes that counter-rotating configurations
should be preferred because the deflection of the wake of co-rotating
configurations is influenced by the value of the tip-speed ratio. In the
experimental study of Lam and Peng (2016), the wake of paired VAWTs
was studied but interaction between the wakes remained limited because
of a relatively large inter-turbinedistance.More recently, Brownsteinet al.
(2019) have graphically represented identified isosurfaces of the
time-averaged streamwise vorticity depending on the directionof rotation
of the paired VAWTs. This dependence on the direction of rotation results
in very different wake characteristics.

The present study experimentally compares the wake of lift-driven
isolated and paired VAWTs. Three-dimensional velocity measurements
are presented over a range that, to the authors knowledge, remains
unique to date. Based on these measurements, different replenishment
mechanisms are identified. The study is complemented with a quantita-
tive analysis to support and expand the understanding of the wake of
paired VAWTs. A comparison with another experimental study points out
the sensitivity of the wake to different operating parameters.

2. Experimental setup and measurement procedure

2.1. VAWT setup and wind tunnel setup

Two H-type Darrieus rotors with inclined struts are mounted in iso-
lated or paired configurations for the wind tunnel tests. The rotors have a
vertical span, H, of 0.8m, a diameter, D, of 0.5m and a blade chord c of
0.05m (Fig. 1). The tip-speed ratio λ is around 3 and the chord-based
Reynolds number is 110000. The rotors have straight NACA0018 blades
and thicker NACA0024 struts. Because of the symmetry of the rotors, it is
possible to turn the rotors upside-down to reverse thedirectionof rotation.
A floating floor was installed below the rotors to simulate a ground or
water surface, see Fig. 2 (also indicated with the main dimensions). An
extensive description of the experimental setup along with a thorough
characterisation can be found in (Vergaerde et al., 2019).
2

The isolated configuration is compared to three counter-rotating
paired configurations. For the 1.2D and 1.3D inner-downwind configu-
rations (1.2D I-D and 1.3D I-D), the adjacent blades move along with the
wind. The distance between the rotor shafts is 1.2 and 1.3 diameters
respectively. For the 1.3D inner-upwind configuration (1.3D I–U) the
adjacent blades move against the wind.
2.2. Wind tunnel and measuring equipment

This study is carried out in the wind tunnel of the Politecnico di
Milano (GVPM). The test section is 13.84m wide, 3.84m high and 35m
long. The benefit of the large test section is twofold: a large downwind
clearance behind the test setup (11.5m) and a low blockage ratio (� 2%).
Because of the small blockage ratio, no blockage corrections need to be
applied (blockage corrections are negligible for values below 5% (Battisti
et al., Paradiso; Howell et al., 2010; Ross and Altman, 2011)). The un-
perturbed incoming flow velocity U0 is kept at 10.7 m/s with a turbu-
lence intensity of 2% for all further described experiments.

An upwindPitot-static tubemeasures the velocity of the incomingflow
with an uncertainty of 0.13%, see Fig. 2. It is positioned 3.8m upstream of
the turbines. A one-dimensional traverse system is used to measure the
velocity in the wake behind the turbines. This traverse system moves a
verticallymounted arm equippedwithfive sensors: four Cobra probes and
one Aeroprobe Corporation-Standard omniprobe (Fig. 3). The Cobra
probes and omniprobe provide three-dimensional velocity measurements
of the flow field with an uncertainty of 5% and 2% respectively. The
sampling frequency is 2000Hz for the Cobra probes and 500Hz for the
omniprobe. A spectral analysis of the measurements indicated that the
Cobra probes reliably capture frequencies up to 250Hz while the omnip-
robe can measure up to around 40Hz (the rotors turn at 20Hz).



Fig. 3. A mechanical arm equipped with five sensors, is used to measure the
wake behind the rotors.
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2.3. Geometric convention

The linear and rotational coordinate systems are represented sche-
matically in Fig. 4. The streamwise direction corresponds to the x-axis
with the positive direction along with the incoming flow. The horizontal,
lateral direction corresponds to the y-axis and goes from left to right
when facing downwind. The positive z-axis points vertically upwards and
z ¼ 0m corresponds to the rotor mid span. The velocity components in
the x-, y- and z-direction correspond to u, v and w respectively.

Theazimuthal angleθ is consideredzerowhenthe rotor isperpendicular
to the wind direction (independent of the rotational direction). For 90∘ <

θ < 270∘, a blade moves along with the main wind direction, referred to as
downwind moving blades. A blademoving between 270∘ < θ < 90∘ moves
against the wind direction, referred to as an upwind moving blade.
2.4. Characterised wake range

Three-dimensional velocity measurements are carried out at several
downstream vertical planes, i.e. planes defined by the yz-axes (Fig. 5).
For the isolated and 1.2D inner-downwind configurations, measurements
were carried out at the 1D, 4D, 6D, 8D, 12D, 16D and 21D planes
(expressed in rotor diameters). For the 1.3D inner-downwind and inner-
upwind configurations, only the 4D, 6D and 12D planes are charac-
terised. Two types of plane resolutions are used for the measurement
(Fig. 5b) and are indicated with the corresponding lines on Fig. 5a.
Fig. 4. A schematic representation of the linear and rotational coordi-
nate system.
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The wake is represented by the normalised streamwise velocity which
is defined by the ratio of the pointwise measured streamwise velocity, u,
and the unperturbed wind speed, U0. The unsteadiness of the flow is
defined as the ratio of the streamwise velocity fluctuations σu and the
average streamwise velocity (Iu ¼ σu

U0
). Because the wake is characterised

discretely, a spatial representation of the wakes is presented using con-
tour plots based on linear interpolation.

3. Results

3.1. Isolated vs paired

3.1.1. Streamwise velocity deficit
The wake of an isolated VAWT is compared with the wake of the 1.2D

inner-downwind configuration at three heights: z ¼ 0m and z ¼ �0:25m
(Fig. 6). The downwind projected boundaries of the rotors are indicated
with two solid lines per rotor perpendicular to the abscissa.

The isolated VAWT wake is asymmetric and deflects towards the re-
gion behind the upwind moving blade (Fig. 6a to c). This asymmetry is
caused by the variation of the aerodynamic forces along θ. Increasing λ
reduces this azimuthal variation and will in turn induce a more sym-
metric wake (Khosravi et al., 2016). The direction of the deflection de-
pends on operating conditions of the VAWT rotors, such as the
occurrence of dynamic stall (Boudreau and Dumas, 2017; Peng et al.,
2016; Bergeles et al., 1991; Rolin and Port�e-Agel, 2015). The two wakes
of the 1.2D inner-downwind configuration are similar to the isolated
VAWT wake, Fig. 6d to f. A high velocity channel is observed between
these two wakes. At mid-span this high velocity channel persists up to x=
D ¼ 6 and only dissipates after that, Fig. 6e. Some differences with the
isolated wake can be observed further downwind around the middle of
the paired configuration. Two closely-spaced VAWTs influence each
other’s incoming flow field by countering the natural deflection of the
flow around the middle of the pair (as illustrated by the actuator cylinder
(Aagaard Madsen et al., Vita) results in Fig. 7). Paired VAWTs extract
more energy near the middle of the pair and in the downwind part of the
rotation (Zanforlin and Nishino, 2016; Alexander and Santhanakrishnan,
2020). Because of this, and because of the presence of a second wake
(obstructing replenishment), the normalised velocities are lower near the
middle of the pair (Fig. 6d to f).

3.1.2. Streamwise flow unsteadiness
Two aerodynamic characteristics are mainly responsible for shed

vortices in the wakes of VAWTs and induce unsteadiness in the flow:

1. unsteady aerodynamics around the blades leading to a significant
variation of the circulation (also leading to dynamic stall in some
cases). Because of the variation of the circulation and Kelvin’s theo-
rem (stating that the total circulation moving with the flow is con-
stant), shed vortices are induced along the blade span of a VAWT;

2. Tip vortices at the extremities of the blades which vary in intensity
over one rotation due to the varying circulation.

These two characteristics induce distinct unsteady regions and are
visualised with horizontal and vertical cross-sections of the wakes
(Figs. 8 and 9). Similar to Fig. 6, the black lines on Fig. 8 indicate the
downwind projected boundaries of the rotors. Likewise, the frames on
Fig. 9 indicate the position of the rotors.

For the isolated configuration, the first region (on Fig. 8b to d, above
the upper downwind projected boundary of the rotor and on Fig. 9b at y=
D ¼ �1 around z=ðH =2Þ ¼ 0) arises from the unsteady aerodynamics to
which the blades are exposed (Tescione et al., 2014). The reduced fre-
quency, k, allows to estimate the ‘magnitude’ of the unsteady aero-
dynamics and can be approximated for VAWTs by the chord-to-diameter
ratio (Sim~ao Ferreira, 2009). Because k > 0:05 (here k ¼ 0:1), the
aerodynamics of the rotors induce a significant variation of the



Fig. 5. Schematic top-view (a) and front-view (b) representations of the measurement positions. The solid lines/frame and dashed lines/frame correspond to high- and
low-resolution measurements respectively.

Fig. 6. Streamwise normalised velocities in xy-planes at different heights for the isolated configuration (left) and the 1.2D inner-downwind configuration (right).
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circulation around the aerofoil, leading to an unsteady bound vortex.
This vortex is at the origin of the free vortices shed in the wake. The most
significant variation of the circulation occurs for 0∘ < θ < 100∘: the
relative velocity to which a VAWT blade is exposed increases as the blade
moves upwind and the angle of attack becomes more favourable (De
Tavernier et al., 2018). This explains why the highest unsteadiness is
behind the upwind moving blade but, similar to the streamwise velocity
deficit, the location of this region also depends on the operating condi-
tions of the VAWTs (Battisti et al., Paradiso; Bergeles et al., 1991; Rolin
and Port�e-Agel, 2015; Posa et al., 2016). The unsteadiness in the flow is
also the result of sheared flow as this region corresponds to the edge of
4

the wake, Fig. 6. Furthermore, dynamic stall would induce regions of
unsteadiness behind the downwind moving blade. Dynamic stall thus
either occurs for θ < 90∘ or, more likely, the high λ limits the angles of
attack sufficiently as such that dynamic stall does not occur.

Compared to the isolated configuration, the 1.2D inner-downwind
configuration also exhibits this zone of increased unsteadiness (Fig. 8g
to i outside the downwind projected boundaries and on Fig. 9d at y=D ¼
�1 around z=ðH =2Þ ¼ 0). The flow unsteadiness is slightly more sig-
nificant behind the (adjacent) downwind moving blades of the paired
configuration than for the isolated configuration. In this region, the high
velocity channel between the wakes induces significant shear leading to



Fig. 7. Flow field based on the actuator cylinder model to illustrate the differences around (a) a single and (b) paired VAWTs (The used actuator cylinder model is
described in (De Tavernier and Ferreira, 2019), where it is used for a different application.).
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this increased unsteadiness. Some differences may be observed near the
middle of the pair (compare the regions behind the downwind moving
blades on Fig. 8b to d and Fig. 8g to i, and also the region on Fig. 9b
between 0 < y=D < 1 around z=ðH =2Þ ¼ 0 with the region on Fig. 9d,
between �0:60 < y=D < 0:6 around z=ðH =2Þ ¼ 0).

The second region is characterised by the tip vortices. Above and
below the turbine (Fig. 8, at planes z ¼ �0:5m), tip vortices are the most
prominent characteristic in the wake of both configurations (Tescione
et al., 2014). These develop in the streamwise direction (on 8a, 8e, 8f and
8j, the unsteady regions follow the downwind projected boundaries or on
Fig. 9a and c near z=ðH =2Þ ¼ �1). Because z ¼ �0:5m is above or below
the rotors, very little momentum is taken from the flow confirming the
presence of tip vortices. Noticeably, these tip vortices are not as promi-
nent behind the downwind-moving blade as a result of the locally lower
circulation around the aerofoil (De Tavernier et al., 2018).

The wakes of the VAWTs also exhibit central unsteady regions which
are caused by the shaft of the turbine. These are most pronounced at z ¼
0m (Fig. 8c and h), near the top of the shaft. The influence of the shaft is
also distinctly noticeable on Fig. 9a near z=ðH =2Þ ¼ 0 at y= D ¼ 0 or for
the paired configuration on Fig. 9c by the two regions at z= ðH =2Þ ¼ 0.
3.2. Influence of the direction of rotation

The wakes of the VAWTs deflect towards the region behind the up-
windmoving blades and in paired configurations the direction of rotation
thus influences the wake, Fig. 10. Pairs with inner-downwind moving
blades induce and outward deflection: their wake exceeds beyond the
downwind projected boundaries of the rotors (black lines on Fig. 10a).
This is not the case for the wake of paired VAWTs with inner-upwind
moving blades. For this configuration, high-momentum flow is rapidly
retrieved beyond the projected boundaries of the pair (the red region
beyond the upper and lower black lines of Fig. 10b).

Because of the outward deflected wake for the inner-downwind
configuration, interaction between the two individual wakes remains
limited. Unsteady flow regions propagate outwards and allow the pre-
viously identified vortices to develop freely, Fig. 10c. For the inner-
upwind configuration the two individual wakes propagate towards
each other inducing substantial interaction and hence unsteadiness
behind the middle of the pair, Fig. 10d near x=D ¼ 4. This unsteady
region dissipates rapidly and is suggestive of vortex suppression (Chan
et al., 2011; Craig et al., Koseff).

Fig. 11 shows contour plots of the streamwise velocity deficits in
several yz-planes. The lateral velocity components are plotted above by
means of vectors and are discussed in Section 3.3. On Fig. 11a, the two
wakes of the inner-downwind pair remain distinguishable. Each wake
clearly extends higher and lower behind the upwind moving blades,
induced by the more important tip vortices on that side (y= D ¼ � 1). On
the downwind moving part of the rotation, tip vortices are so small that
they barely induce a streamwise velocity deficit. Further downwind (x=
5

D ¼ 12, Fig. 11c), the outwards expansion results in a relatively large
region of reduced normalised velocities. At x=D ¼ 12, the velocity in the
wake is approximately 0:75U0, which covers a region larger than the
dimensions of the rotors. On the other hand, the inner-upwind configu-
ration exhibits a unified wake (Fig. 11d). Further downstream (Fig. 11f),
the wake is centrally contained in a region where u ¼ 0:5U0. This region
migrates downwards behind the centre of the pair, where the floating
floor obstructs replenishment from the bottom. Outside of this low-
velocity flow, the normalised velocities range around 90 of the unper-
turbed flow for the regions beyond y=D ¼ �1.
3.3. Replenishment mechanisms

On Fig. 11, the sums of the v- and w-velocity components are indi-
cated with vectors and illustrate the different wake replenishment
mechanisms. A normalised vector with magnitude 1 is added as a

reference (vector with symbol 1y
�!

). The vectors on Fig. 11a indicate an
important replenishment of the wake of the 1.3D inner-downwind
configuration from the top centre region of the wake. As observed by
Rolin and Port�e-Agel (2018), the upper replenishment is influenced by
the tip vortices (around z=ðH =2Þ ¼ 1). The replenishment from the
bottom is less substantial because of the presence of the floor.

For the inner-upwind configuration, v and w indicate that the wake
replenishment occurs mostly downwind of the upper, outer corners
(Fig. 11d). The flow in the wake contains a downward vertical compo-
nent which explains the bottom-concentrated wake at x=D ¼ 12
(Fig. 11f). Furthermore, vortex-like motions can be identified. For the
1.3D inner-downwind configuration, four rotating motions are identifi-
able at x=D ¼ 6. These are less easily distinguishable for the 1.3D inner-
upwind configuration (Fig. 11e). Here, the horizontal contraction of the
wake induces a central spanwise expansion of the wake.

The general perpendicular velocity components in the wake for both
configurations are presented schematically in Fig. 12. The schematic is
based on the wake at x ¼ 6D, i.e. Fig. 11b and e (it can be noted that the
flow structures are slightly different at x ¼ 4D). Several studies have
identified similar vortex-like motions in studies of the wakes of isolated
(Rolin and Port�e-Agel, 2018; Ryan et al., 2016) or paired VAWTs (Lam
and Peng, 2016; Brownstein et al., 2019).

4. Quantitative wake properties

We define the following nomenclature to ease the quantitative com-
parison of the properties of the wake (Fig. 13):

- The equivalent diameter Deq ¼ 2Dþ s, with s the spacing between the
VAWT rotors. This equivalent diameter is used to normalise distances
for the paired configurations;

- The lowest normalised velocity retrieved per considered velocity
profile is indicated with ðu=U0Þmin;



Fig. 8. Flow unsteadiness in xy-planes at different heights for the isolated configuration (left) and the 1.2D inner-downwind configuration (right).
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- The lateral distance ψ (normalised by Deq) between ðu=U0Þmin and the
lateral centre of the configuration. Note that the position of y= D ¼ 0
differs for the isolated and paired configurations.

- The wake width δ (normalised by Deq) between the points where the
velocity reaches 80% of U0. For paired configurations it includes the
region between the turbines, regardless whether the speed is above or
below 0:8U0. The choice for 80% (as opposed to the customary 99%)
was required to guarantee that end points were found within the
spatial range for all downstream positions;

- The highest retrieved magnitude of unsteadiness per considered ve-
locity profile Iu;max.
6

Note that, for the quantitative comparison of the wakes in different
configurations, the analysis is reduced to a two-dimensional analysis at
the mid-plane z ¼ 0m.

4.1. General development of the velocity profiles

Fig. 14 illustrates the velocity profiles at different downwind dis-
tances of a VAWT rotor in isolation and in paired configurations. The
velocity profiles of the isolated rotor are plotted in order to allow com-
parison with a rotor in paired configuration turning the same direction.
Several observations can be made:



Fig. 9. Flow unsteadiness at two downwind positions behind the isolated configuration (left) and 1.2D inner-downwind configuration (right).

Fig. 10. Streamwise normalised velocities and streamwise flow unsteadiness in xy-planes at z ¼ 0m ¼ H=2 for the 1.3D inner-downwind configuration (left) and the
1.3D inner-upwind configuration (right).
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Fig. 11. The image of the wake of paired VAWTs depends on the direction of the inner moving blades. Left: 1.3D inner-downwind moving blades, right: 1.3D inner-
upwind moving blades. On top of each contour plot, an arrow is added to illustrate magnitude 1.

Fig. 12. Schematic representation of the general replenishment of the wake of
the inner-downwind configuration (a) and inner-upwind configuration (b).
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- At x=D ¼ 1, the normalised velocity for the 1.2D inner-downwind
configuration is higher at y=D ¼ 0 than for the isolated configura-
tion (Fig. 14a).

- The initial high velocity channel between the turbine starts to dissi-
pate from x=D > 4 because of turbulent mixing, Fig. 14a. From x=D ¼
8 onwards, the wake has a relatively uniform shape and at x=D ¼ 21,
a deficit of 20 is still present.

- The velocity profiles in the wake of inner-downwind configurations
are similar to the isolated configuration (blue and orange curve
overlap on Fig. 14a and b).

- For the inner-upwind configuration, the deflection of the wakes is
obstructed because of the adjacent wake and induces different shapes
of the velocity profiles (blue and orange curve do not overlap on
Fig. 14c).



Fig. 13. Schematic of a velocity profile to indicate the nomenclature of the isolated (a) and paired (b) wake properties.
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- The inner-upwind configuration exhibits a small recovery delay in the
far wake, e.g. at x=D ¼ 12 (Fig. 14c).

- Regions where the rate of change of u=U0 is large with respect to y= D
induce significant shear and hence turbulence. The flow in the centre
of the inner-downwind wake will be more subjected to shear than in
the centre of the wake of inner-upwind configurations (compare ve-
locity profiles at x=D ¼ 6 near y=D ¼ 0).
4.2. Velocity deficit

The decay of ðu=U0Þmin is similar for the isolated and paired config-
urations (Fig. 15a). Around x=D ¼ 4, ðu=U0Þmin � 0:07 for all configu-
rations. At x=D ¼ 12, the isolated configuration has recovered to about
0:75U0. This is only 3 higher than for the two inner-downwind config-
urations. The inner-upwind configuration exhibits a recovery of
ðu=U0Þmin to just over 60. Considering D and Deq, the 75% recovery oc-
curs at x=Deq ¼ 5:4 for the 1.2D inner-downwind configuration and x=
Deq ¼ 5:2 for the 1.3D inner-downwind configuration.
4.3. Lateral migration

For x=D ¼ 4, ψ is identical for the isolated configuration and the
inner-downwind configurations, Fig. 15b. From x=D > 4, ψ increases
more significantly for the isolated configuration than for inner-
downwind pairs. For the inner-upwind configuration, ψ continuously
decreases and at x=Deqð1:3DÞ ¼ 5:2, ψ � 0 indicates that ðu=U0Þmin is
located at the middle of the pair. (The large difference of ψ between the
isolated and 1.2D inner-downwind configuration at x= D ¼ 1 is explained
by the different positions of y=D ¼ 0.)
4.4. Width

At x=D ¼ 8, the wakes of the inner-downwind pairs expand up to
1:6Deq while the isolated configuration exhibits an expansion of 1:8D at
x=D ¼ 8 (Fig. 15c). Further downstream the 0:8U0 limit is almost reached
explaining the abrupt narrowing of the isolated wake. The 1.3D inner-
upwind wake barely expands but rather contracts as it develops.
4.5. Flow unsteadiness

Both inner-downwind configurations exhibit levels of Iu similar to the
isolated configuration as these unsteady regions are mostly at the outside
edges of the wake. For the 1.3D inner-upwind configuration the unsteady
region is near the middle of the pair, where the flow also benefits from an
acceleration. The unsteadiness in the flow dissipates rapidly for this
configuration (Fig. 15d).
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4.6. Comparison with literature

Previously, Lam and Peng (2016) reported on wake measurements of
co- and counter-rotating VAWTs. Table 1 compares design and opera-
tional parameters of their study with the present study. The most notable
differences are the tip-speed ratio, rotor solidity σ and inter-turbine
distance. To identify the influence of operational parameters or
geometrical parameters, both studies are compared based on mid-span
velocity profiles at 4D and 6D, Fig. 16.

At 4D, the velocity deficit observed in this study is significantly larger
than the one observed by Lam and Peng. These differences are likely to be
caused by different power coefficients (no power coefficient is reported
in (Lam and Peng, 2016)). Furthermore, the velocity deficit measured by
Lam and Peng appears to be sensitive to the direction of rotation, i.e.
velocities are higher for the inner-upwind configuration than for the
inner-downwind configuration (Figs. 16a and b vs Fig. 16c and d). This
effect is not observed in the present study and the influence is likely to be
caused by the different values of λ. At λ ¼ 1, dynamic stall will be
prominently present. The authors hypothesize here that the azimuthal
angle at which dynamic stall occurs is sensitive to the proximity of a
second VAWT. This sensitivity depends whether dynamic stall occurs
around the middle of the pair or at the outer edges of the pair. For the
inner-downwind configuration, dynamic stall vortices will be shed at the
outer edges of the pair. However, for the inner-upwind configuration,
dynamics stall vortices are shed near the middle of the pair, in the central
high velocity channel. Such differences are believed to induce different
velocities in the wake according to the direction of rotation.

The inter-turbine spacing in the study of Lam and Peng is 2D. In the
inner-upwind configuration (Fig. 16c and d) the minimal velocity is
retrieved at the same absolute y=D-values for both studies. A more pro-
nounced deflection of the wake is thus observed in the study of Lam and
Peng. Different values of λ are again expected to be the cause for the
different deflections. The mechanical power of a turbine is defined by
Pmech ¼ τω (τ ¼ torque, ω ¼ rotational speed). For a slow turning VAWT,
the ratio τ=ω is larger than for a fast turning VAWT (considering similar
power coefficients). This suggests that the deflection of the wake is most
influenced by the reaction to the aerodynamic forces, which engage on
the flow.

Lastly, Lam and Peng conclude that the average velocity in the wake
of the inner-upwind configuration recovers to approximately 80 at a
downwind distance of 2Deq. In this study, an 80 recovery of the average
velocity in the wake is only observed at 5:2Deq.

5. Conclusions

This experimental study demonstrates the influence of pairing VAWTs
on their wakes. Different directions of rotation of paired VAWTs induce
very different wakes. Paired configurations where the middle blades
move downwind induce a similar wake as isolated configurations. This is



Fig. 14. The numerical values of the velocity profiles at z ¼ 0 for several downwind positions where the isolated configuration (orange) is compared to the paired
configurations (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 15. Comparison of the wake properties for the isolated configuration and the paired configurations. The three abscissa scales correspond to downwind distances
normalised with D or Deq.

Table 1
Comparison of the design and operation parameters between the rotors of Lam
and Peng (2016) and the present study.

Lam and Peng Present

Rotor type H-Darrieus H-Darrieus
Number of blades 5 2
Diameter, D [m] 0.300 0.500
Height, H [m] 0.300 0.800
Blade chord, c [m] 0.060 0.050
Solidity, σ [-] 1.0 0.2
Tip-speed ratio, λ [-] 1.0 3.0
Unperturbed velocity, U0 [m/s] 12.8 10.7
Turbulence intensity, I0 [-] 1.11 2.0
Blockage ratio, ε [-] 3.6 2
Reynolds number, Rec [-] 1:7� 105 1:0� 105

Inter-turbine distance [-] 2D 1.2–1.3D
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because the deflection of the wake is directed outwards. For inner-
upwind pairs, the wake is unified and centred. In such a configuration,
the wakes deflect towards each other inducing a centrally narrow wake.

The lengths of the wakes of the studied paired configurations are
similar to the isolated configuration but the wake of the inner-upwind
configuration exhibits a small delay of the recovery. The wake width of
inner-downwind configurations is also comparable to the isolated
configuration while the inner-upwind configuration induces a much
smaller wake. Finally, the replenishment mechanisms also differ signifi-
cantly based on the direction of rotation. Similar to previous observations
on isolated VAWTwakes, tip vortices appear to play an important role for
11
the replenishment of the wake of inner-downwind configurations. This
replenishment mechanism seems to be influenced for inner-upwind con-
figurations. Here, the horizontal contraction of the wake induces a central
spanwise expansion of the wake.

Pairing VAWTs exhibits advantages with regards to the performance
(e.g. (Vergaerde et al., 2020)) and can potentially be used for applica-
tions in wind farms. For floating offshore applications, the benefits of
paired VAWTs can be complemented with benefits for the floating plat-
forms. Two side by side VAWTs placed on a same platform have several
advantages: an increased performance, a narrow wake (considering the
wake of paired VAWTs vs two wakes of isolated VAWTs), the possibility
to induce a zero net-generator torque on a floating platform and the
possibility to orient the platform by varying the torque of each rotor
individually.
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