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1 | INTRODUCTION

The interaction between wind turbine wakes and downwind rotors is one of the most crucial issues resulting in power losses in a wind farm.
Downwind turbines operating in the wakes of upwind ones suffer from a decelerated and highly turbulent inflow, thus extracting less kinetic
energy and enduring more severe fatigue loads. To alleviate the wake interaction effects, ample interturbine space and wake steering techniques
are required for a wind farm of horizontal axis wind turbines (HAWT).2? However, compared to the “optimal” wind turbine spacing, which could
be as large as 15 diameters in infinitely large wind farms,~> the limitation of site resources and the increasing demand for power production often
lead to a smaller interturbine distance of 3 to 8 diameters.® This in turn intensifies the wake interaction in a wind farm.

Compared to HAWTS, vertical axis wind turbines (VAWTS) are less susceptible to the inflow direction and turbulence,” allowing for closer
deployments without significantly deteriorating the performance of individual turbines. Moreover, reduced interturbine spacing of VAWTSs has
been identified as promising in increasing the wind farm power density. That is attributed to a faster wake recovery rate,® which has been con-
firmed both experimentally? and numerically.' In fact, to further increase the power density of an array of VAWTS, the wake steering concept
has been adapted from HAWTSs. A fixed blade pitch of VAWT is an easy and effective approach to deflect and deform the wake, without any addi-
tional complexity in the manufacturing of the turbine.!* The simplified mechanics means lower construction cost, which is beneficial to reducing

the cost of power generation.
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provided the original work is properly cited.
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The wake characteristics of isolated VAWTSs have been extensively investigated experimentally. Tescione et al*? carried out stereoscopic par-
ticle image velocimetry (PIV) measurements in the near wake of a VAWT, emphasising the interaction of tip vorticity generated upwind and

downwind of the rotor. Ryan et al*® adopted magnetic resonance velocimetry (MRV) to measure the averaged three-dimensional flow field behind

|14

a VAWT, and reported a pair of counter-rotating vortices dominating the wake flow topology. Araya et al** documented the similarity between

the wake of a VAWT and a circular cylinder via planar-PIV. Rolin and Porté-Agel’ examined the kinetic energy and momentum recovery of a
small-scale VAWT in boundary layer flow by means of stereoscopic PIV, confirming that the counter-rotating vortex pairs are responsible for

115 used 3D particle tracking velocimetry (PTV) to measure the wake of full-scale VAWTSs, investigating

|11

a faster recovery. Very recently, Wei et a
the effect of blade geometries on the near wake structure. Huang et al*~ proposed a qualitative model to describe the relationship between blade
loading and wake deflection. The model was verified via stereo-PIV measurements covering the near and far wake regions of isolated VAWTSs
with different pitch angles. Apart from revealing the physics in the wakes of VAWTs, there are studies on isolated VAWTs (e.g., previous
works®7) contributing to validating numerical simulations and analytical models.*®

In a previous work from the authors,*? isolated VAWTSs have been shown to significantly redistribute the available wind power in the wake
and manifest a quicker wake recovery rate via pitched blades. However, the effect of the wake deflection and deformation on downwind wind
turbines was only hinted at and not assessed.
8,19-22

Of the few experimental studies on the wake of VAWT arrays, most have focused on the synergistic effect of VAWT clusters, which is

a kind of rotor-wake interaction. The synergistic effect occurs when multiple H-type VAWTs are placed close enough; in this condition, the per-

122 measured the flow field surrounding a pair of scaled VAWTs with 3D-PTV, concluding

formance of each one can be increased. Brownstein et a
that the increased performance is related to the bluff-body acceleration of the flow velocity around the turbines.

On the other hand, only a few studies have been performed on the wake-wake interaction of VAWTSs, of which the majority are based on
numerical simulations. Among these studies, the wake of VAWTSs placed abreast are mostly investigated.?®"2> A minority has touched upon the
wake interaction between upwind and downwind VAWTSs or in tandem.?¢"22 Likewise, field tests and experiments on VAWT wake interactions

are rare. Kinzel et al?’ investigated the wake of a VAWT array under natural wind conditions, finding the similarity to the wake of a plant or urban

13931 examined the flow characteristics of an array of rotating cylinders via planar-PIV, especially the wake recovery enhanced

canopy. Craig et a
by the vertical flows, indicating a potential analogy to VAWT arrays.

The wake-wake interaction is a critical consideration, especially for wind farm design, where the wakes of upwind wind turbines hit on the
downwind ones and thus affect the overall momentum deficit, turbulence intensity fields and energy recovery rate.>>>* Modelling the wake
interactions via superposition models has been a practical technique to estimate multiple wake effects in wind farms.2>=37 Nevertheless, these
models are subject either to oversimplified governing equations such as linear superposition or to the ill-defined superposition of turbulence
fields.>83? Therefore, inspecting the momentum and turbulence distribution under the wake interaction has been of increasing interest for
HAWTS (e.g., previous studies®”#%4Y) and it would be of similar interest for that of VAWTS, as the wind energy industry is seeing a potential
boost of offshore VAWT farms due to their advantages in floating environments.*%*%

Hence, experimental investigation on the wake interaction of VAWTSs located upwind and downwind is desirable. This work investigates the
wake interactions of VAWTSs placed inline and with offset employing stereo-PIV, focusing on whether the wake deflection of VAWT gives more
energy to an array configuration. In doing so, the upwind VAWT is set to vary the constant pitch angle of the blades to deflect its wake. Addition-
ally, an in-house designed force balance system is adopted to quantify the averaged thrusts on the VAWTS, thus assessing the turbines' ability to
extract momentum from the wind.

The remainder of the article is organised as follows. The methodology, the experiment apparatus and the cases examined are introduced in
Section 2. Then, a section of results and discussion follows (Section 3), where an overview of the wake produced by the upwind VAWT with dif-
ferent fixed blade-pitch-angles is provided first as the control group. Second, the time-averaged thrust performance and wake properties of the
interaction groups, together with a discussion on the available power behind the downwind VAWT, are presented. Finally, the key findings of this

work are summarised in Section 4.

2 | EXPERIMENTAL METHODOLOGY
21 | Wind tunnel facility

The experiments are undertaken in the Open-Jet Facility (OJF) of the TU Delft Aerodynamics Laboratories. The OJF features a contraction ratio
of 3:1 and an open exit of 2.85 m x2.85 m. The stable free-stream, which is not affected by the development of the jet shear layer,** contracts
with a 4.75° semiangle, resulting in an effective test area around 2.35 m x 2.35 m at 3 m behind the exit. The test wind speed is Uy, =5ms 1,

with a free-stream turbulence intensity lower then 2% within the test region (see Lignarolo et al.*°).
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2.2 | The VAWT model

The scaled VAWT model is in-house designed, H-type, with a rotor size of 30 cm x 30 cm.*® The two straight blades are made of aluminium, and
the airfoil of the blades is NACA0012, with a chord length of 0.03 m. The solidity of the model is 0.2. The blades are connected to the tower with
a pair of dedicated struts; the cross-section profile of the latter on the blade side is NACAOO012 and transits to an ellipse with a thickness of 12%
on the tower side, to reduce the drag and flow separation. The blades and the struts are connected with two pairs of bolts, allowing for a quick
release and adjusting the fixed pitching angle; a pair of 3D printed adaptors are used to adjust the pitch angle (see Figure 1A). The pitch conven-
tion is presented in Figure 1B, with pitching towards the tower as positive, and vice versa. The rotor is driven by a brushless motor: MAXON EC
90 flat, and the motor is controlled by a ESCON 50/5 control module. A flexible coupling is used to filter out small vibrations in consideration of

the misalignment due to machining accuracy. The locators at four feet are used to mount the entire VAWT model onto the balance system.

2.3 | The three-component force balance

An in-house designed and constructed three-component balance is employed for the load measurement. The balance is able to measure the
streamwise and lateral forces. It consists of load cells (type: KD40s, max range £50N, max error: <0.1%), with two of them measuring
the streamwise force (drag/thrust) while the other one measuring the lateral force. The overall uncertainty of the force measurement is of the
same level as the load cells, provided that the flexural rods are aligned with the lift and the drag. As illustrated in Figure 1C, the load cells have
one side attached to a stable aluminium frame directly and the other side to a platform via a dedicated flexural rod. The platform is suspended
with four steel strings connected to the aluminium frame. The combination of the strings and the load cells prevents rotation caused by torque.
The flexural rods are designed to solely transmit forces along its span-wise to prevent transmitting a moment and thus improve the measurement
accuracy. The assembly was designed to tolerance levels of +0.05 to £0.15 mm. Additionally, four positioning holes are used to precisely centre
the VAWT on the platform.

24 | Stereoscopic particle image velocimetry

The velocity fields in the wake of the VAWTs were obtained with stereoscopic PIV, which measures three velocity components within two-
dimensional planes. A Quantel Evergreen double-pulsed Nd:YAG laser produced pulses with 200-mJ energy at a wavelength of 532 nm within a
laser sheet of approximately 3 mm width. A SAFEX smoke generator released water-glycol seeding particles of average 1 pm diameter. The
seeding particles were imaged by two LaVision's Imager sCMQOS cameras in successive cross-sections of the wake. The cameras have an image
resolution of 2560 px x 2160 px, a pixel pitch of 6.5 um/px; they were coupled with 50-mm lenses with a numerical aperture of 4. We placed the
cameras about 2.2 m away from the centre of the laser sheet with a stereoscopic angle of 90°, resulting in a camera field of view (FOV) about

80 x 55 cm?, a magnification factor of 0.026, and a digital image resolution of 3.9 px/mm.

©_IE =@
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OVAWT rotor @brushless motor ®motor controller @flexible coupling ®locators ®pitch adapter
@Load cells ®connectors @steel string @positioning hole

FIGURE 1 (A) Schematic of the VAWT model, dimensions in mm; (B) convention of the blade pitch; (C) an in-house designed three
component balance system; (D) assembly of the VAWT and the balance.
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To translate the PIV system precisely, a traversing system is employed whereby the stereo-PIV setup is mounted on, enabling navigation from
0.3 m to 3 m behind the wind tunnel exit with a step of 0.3 m. An overview of the experimental setup is shown in Figure 2. As illustrated, there is

no ground effect accounted for in the measurement.
2.5 | Cases description

Measurements of the isolated VAWT at three different pitch angles (—10°, 0°, and 10°) compose the control group. As illustrated in Figure 3,
measurements take place at 10 planes behind the turbine with 1D spacing, being D = 30 cm the VAWT diameter. These measurements are used

@

7
@ﬁnsideﬁ

(A) (B)
@camera 1 @camera 2 @Evergreen laser @force balance ®laser sheet
®stereo-FoV @traversing system ®wind tunnel exit ® VAWTI @ VAWT2

FIGURE 2 (A) Schematic of the experimental setup; (B) a snapshot of the setup.
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FIGURE 3 Schematic of the coordinate systems for the cases measured.
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as the control group to evaluate the free wake in absence of the downwind turbine. The wake deflection mechanism of the isolated VAWTs and
|11

some velocity fields have already been presented in Huang et al** but are also shown here for the sake of completeness.

Six wake interaction cases with two turbines aligned along the streamwise direction and with 1D lateral offset are investigated. The blade
pitch of the upwind VAWT, indicated with VAWT1, varies as aforementioned to yield different wake deflections; conversely, the downwind
VAWT, indicated with VAWT2, operates at a constant zero pitch. The streamwise distance between the rotor centres is 5 rotor diameters (D).
The VAWTS rotate at a speed of 800 rpm, resulting in a tip speed ratio (1) of 2.5 relative to U..

In addition, two coordinate systems are adopted: one has the origin at the rotor centre of VAWT1, the other at that of VAWT2. The selection
of the coordinate systems is for the ease of discussion on the wake deflection relative to each VAWT. The relationship between the coordinates

is given by the following equations:

ya,inline cases

X1 =X2 +5D,yq =
1o & {nylD,offsetcases

2.6 | Data acquisition and experiment procedures
For the control group, the PIV measurement planes range from 1D to 10D behind the VAWT; for the interaction cases, the PIV measurements are
performed 2D upstream and 1D to 5D downstream of VAWT2. At each acquisition plane, 300 image pairs are taken at a frequency of 15 Hz to
perform an ensemble average over a period of 20s (266.7 rotations) (Table 1).

The time-averaged thrust forces of the control group are measured at free-stream velocities ranging from 3 to 7 ms™2, corresponding to A

from 1.8 to 4.2. Curves of thrust coefficient versus 1 are obtained (Figure 4). The thrusts (Crx and Cr,) are expressed as

TABLE 1 Description of the measured configurations.
Case Description
Control group P-10 Isolated VAWT with pitched blades, —10°

PO Isolated VAWT with zero pitch
P10 Isolated VAWT with pitched blades, +10°

Inline group P—10_0D (ap1 =—10",Y,tfset/D=0) VAWT1 with —10° pitch, VAWT2 with zero transverse offset
PO_OD (ap1 =0°,Yoftset/D=0) VAWT1 with zero pitch, VAWT2 with zero transverse offset
P10_0D (ap1 =10, Yoftet /D =0) VAWT1 with 10° pitch, VAWT2 with zero transverse offset

Offset group P—10_1D (ap1 =—10",yotset/D=1) VAWT1 with —10° pitch, VAWT2 with 1 D transverse offset

1.2
-k~ P-10 P
06f " FO s
—=- P10 7
1.0 o
/'/./
5 =04 P
K & -
o 0.8 ) |
—
0.6 0.2
0.4 0.0

PO_1D ((lpy1 =0 VYOffSet/D: 1)
P10_1D (a1 = 10", Yostset/D=1)

VAWT1 with zero pitch, VAWT2 with 1 D transverse offset
VAWT1 with 10° pitch, VAWT2 with 1 D transverse offset

FIGURE 4  Crx-4(left) and Cry-4 (right) curves of isolated P—10, PO, and P10.
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.
Cr=—, 2
T 05U2A @

where T is the streamwise or lateral force exerted on the flow, which is equal and opposite to the measured force applied to the VAWT. U, is the
free-stream velocity and A is the frontal area of the VAWT, 0.09 m?.

3 | RESULTS AND DISCUSSION

3.1 | Wake dynamics of the control group

Because the presence of an upwind turbine affects the inflow conditions of downwind turbines, in this section, we assess the wake development
of an isolated turbine (corresponding to the upwind turbine, VAWT1, in the interaction cases) with and without blade pitch.

3.1.1 | Force balance measurement results

The variation of the streamwise thrust coefficient (Ct ) with the tip speed ratio 4 in the control group is depicted in Figure 4 (left). With 4 increas-
ing, Crx increases almost linearly. Similar trends within these tip speed ratios have been reported in the literature.*”® Take case PO as the
baseline; it is noticed that a positive pitch shifts the curve upwards, thus leading to a higher thrust coefficient at the same 1. Vice versa, a

negative pitch shifts the curve downwards, resulting in a lower thrust coefficient at the same 1. The shifting of Cr via blade pitching is consistent

with that documented in Ferreira (2009),*” where a VAWT with different pitch axes, rotating at a constant tip speed ratio, was simulated.

I i 0.00

-1.0

0 1.0

10 05 00 05 1.0 205 00 05  -20 1.0 0
y/D y/D y/D
(A) P-10 B) PO (C) P10

FIGURE 5 Contours of streamwise velocity with in-plane velocity vectors, vorticity with in-plane streamlines, and turbulence intensity for the
isolated VAWT P—10, PO and P10 at x1/D = 5. Green contour lines indicate u/Us = 1, showing the outline of the wake; grey schematics: the
isolated VAWT.
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The lateral force coefficient (Ct,) - 4 curves are presented in Figure 4 (right). P10 features much stronger lateral forces causing significant
wake deflection as shown in Section 3.1.2; conversely, for the PO and P—10 cases, Ct,, remain below 0.2. The curves of P—10 and P10 cases fea-
ture monotonically increasing trends. However, the increase is much steeper for the P10 case. In contrast, the lateral force of PO decreases
slightly with increasing 1. The decrease of the lateral force is because as the rotation speed increases, the free-stream has less effect on the blade
angle of attack (AoA) at advancing and retreating sides, and thus the AoA perceived at both sides are similar, such that lateral forces are cancelled

1,46 where the forces of the same VAWT rotor were measured with a different bal-

out at high A. Similar trends have been reported in Huang et a
ance system. On the contrary, for P—10 and P10, the rotor has higher lateral force at high 1. This is due to the fact that the blades in advancing
side operates in exceedingly high AoA at lower 4 and suffers from deep dynamic stall. As 1 increases, the AoA decreases and the stall effects

attenuate. Hence, the blades produce higher lift and thus more lateral forces.

TABLE 2 Measured forces of the isolated pitched turbines or downwind turbines with zero pitch, with available momentum (< U2 /U2 >) and
available power ( < U(S)/Ugo >) calculated from the velocity field of the isolated pitched turbines at 5D downstream the rotor. Shaded cells: inline
cases; red numbers: increment compared to PO_OD.

Case AM = < U2/U2 > [] AP= <U3/U2 > [] Tx [N] T, [N]
Isolated turbines P-10 1 1 0.80 0.12
PO 1 1 0.88 0.19
P10 1 1 1.09 0.52
Downwind turbines P—10_0D (a1 = —10°, Yoftset/D = 0) 0.62 (+9.7%) 0.50 (+13.6%) 0.64 (+4.9%) 0.12
PO_OD (ap1 =0°,Yeftset /D =0) 0.56 0.44 0.61 0.14
P10_0D (ap1 = 10", Yofset /D =0) 0.81 (+44.6%) 0.74 (+68.2%) 0.69 (+13.1%) 0.12
P—10_1D (ap1 = —10°, Yofrset/D = 1) 0.85 (+51.8%) 0.82 (+86.4%) - -
PO_1D (ap1 = 0", Yofrset /D= 1) 0.83 (+48.2%) 0.80 (+81.8%) 0.73 (+19.7%) 0.14
P10_1D (ap1 = 10", Yoftset/D=1) 0.62 (+10.7%) 0.50 (+13.6%) - -

1

| \?ID

FIGURE 6 Overview of the placement of the turbine and measured streamwise velocity contours. Grey squares denote the frontal area of
the upwind turbine (VAWT1) while black squares for the downwind turbine (VAWT2).
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3.1.2 | PIV measurement results

To evaluate the impact of the upwind turbines on the inflow of the downwind ones, the velocity, vorticity and turbulence fields in the wake of iso-
lated VAWTSs with different pitch angles are measured with PIV and illustrated in Figure 5. Data at x1/D =5 is selected in accordance with the
locations of downwind VAWTS' rotor centre. Data at different downwind locations have been published in the previous article®® and are pres-

ented in Appendix A of the present work for the sake of completeness.

x/D=1
x/D=2
x/D=3
x/D=4
EReeT
x/D=5

Y2/ D
(A) P-10_0D (B) PO_OD (C) P10_0D

FIGURE 7 Streamwise velocity contours with in-plane vectors for inline cases, at the near wake of the downwind turbine (VAWT2)
(x2/D=1,2,3,4,5). Black schematics represent VAWT2.
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All the contours are almost symmetric with respect to z/D =0, because of the absence of the ground, except for the region in proximity to the
wake of the tower. P—10 features the minimum lateral wake deflection among the three cases. There is elongation along the span-wise direction
around the centre of the wake. The wake of PO features a trapezoidal shape with concave sidelines, and is slightly deflected towards negative y.
In contrast, the wake of P10 has a significant deflection to the left, and a faster velocity recovery around y/D = 0. The streamwise vorticity fields,
illustrated in the second line of Figure 5, are characterised by a set of counter-rotating vortex pairs (CVPs).”134¢ The wakes of P—10 and PO fea-
ture more than two pairs of counter-rotating vortices, whereas in the wake of P10 only two strong CVPs are present. The turbulence intensity
contours, depicted in the third line of Figure 5, clearly show that the highest turbulence intensity is concentrated along the perimeters of the
wakes.

The isolated VAWTSs with different blade-pitch angles feature different cross-flow thrusts, and thus produce different wake deflections. The
relation between the rotor loading and the wake deflection has been reported in ref-,'* while the amount of deflection is discussed with a wake
centre technique in Section 3.2.3. Additionally, the variation in blade pitches results in completely different structures of streamwise vorticity, as
well as different levels of turbulence intensity (TI), and hence, different wake recovery rates. In particular, the case P10 (with positive 10° pitch)
manifests the strongest counter-rotating vortex pair and the highest Tl level, resulting in the fastest wake recovery even though its initial momen-
tum deficit is the highest.

xp/D=1

=2

x2/ D

3

x2/D

5

x2/D

Yo/ D Y2/ D ya/D
(A) P-10_1D (B) PO_1D (C)P10_1D

FIGURE 8 Streamwise velocity contours with in-plane vectors for offset cases, at the near wake of the downwind VAWT (VAWT2)
(x2/D=1,2,3,5). Grey and Black schematics represent VAWT1 and VAWT?2, respectively.
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3.2 | Wake interactions with the presence of the downwind turbines
3.2.1 | Rotor loading

The measured forces T, and T, of the downwind VAWT are listed in Table 2. The estimation of available power (AP= < U3 /U2 >) introduced in
the previous work? for a hypothetical downwind turbine is adopted here to discuss the wake effect on the performance of the downwind rotor
(VAWT2). Uy is the hypothesised inflow velocity. For VAWT1 it equals to the freestream velocity U, ; whereas for VAWT?2, it is the streamwise
velocity in the wake of the isolated VAWTSs at x1 /D = 5. It is assumed that the VAWT2's effect on the inflow can be omitted, and the cross-flow
velocities in the wake of isolated VAWTSs are negligible compared to the streamwise velocity. The angle bracket denotes a spatial average within
the frontal area of VAWT2, which is a square region located aligned with the upwind turbine (VAWT1) or with 1D offset, at x4 /D = 5. Available
momentum (AM= < U3 /U2 >) estimations are also listed in Table 2.

Taking the case where ap1 = —10",Y,sst/D =0 (PO_OD) as the baseline, for the inline cases, when the upwind turbine has 10° pitch, the AM
increases the most (+44.6%). This is due to the wake deflection and faster wake recovery produced by the upwind VAWT. The AP follows the
same trend of the AM. In contrast, when the downwind VAWT (VAWT?2) is translated 1D laterally, the inflow momentum in cases P—10_1D and
PO_1D increases remarkably (+51.8% and +48.2%), while it increases slightly in P10_1D (+10.7%). This is due to the largely deflected wake
towards the VAWT?2 in the latter case. Moreover, P—10_1D features a higher AM increment than PO_1D, because P—10's wake is deflected
slightly away from VAWT2 compared to that of PO. The wake deflection can be appreciated in Section 3.2.2.

The measured streamwise thrusts confirm that the estimation of AM and AP in the wake of isolated VAWT is in accordance with the perfor-
mance of the downwind turbine. PO_OD features the least AM and AP and thus T, of VAWT?2 in this case is the minimum among all the cases.
P10_0D has the highest AM and AP among the inline cases, proving that the wake deflection due to a positive pitch can be beneficial to the
downwind wind turbines. The AM and AP in the 1D offset cases show that translating the VAWT2 away from the wake centre of VAWT1 will

mitigate the wake effect and gain more power for downwind turbines. The wake centre is discussed in Section 3.2.3.

3.2.2 | Velocity fields

An overview of the placement of the VAWTSs and corresponding measurement planes is given in Figure 6, where the centre of the upwind VAWT
(VAWT1) is selected as the origin of the global coordinate system. The velocity contour 2D ahead of the downwind turbine (VAWT?2) is highly
similar to that measured in the isolated turbine cases at the same location (3D behind VAWT1; see Appendix A). This confirms the assumption
made in Section 3.2.1 that the VAWT2's effect on the inflow is negligible.

Figure 7 illustrates comparisons of the streamwise velocity contours behind VAWT2, where the origin of the coordinate system is the centre
of VAWT2. The black outline of VAWT1 denotes its frontal area and the transverse location, which is the same as that of VAWT1 in this case.
For all the three inline cases, the wake of VAWT2 is embedded into the background wake of VAWT1, and thus the wake deformation is signifi-
cantly affected by the inflow velocity field.

Compared to the control group (see also Appendix A), the wakes of the inline cases remain similar to that of the isolated VAWTS, but the

velocity deficits in the wake centre are increased due to the presence of the downwind VAWT. P—10_0D features a deeper velocity deficit than

0.00 b VAWT1 &G VAWT2.0D P-10
3 ™ P0
—0.25 1 v s A A P10
A DP-100D
—0.50 1 BVAWT2 1D v = P0O0OD
% Ay | v PwoD
> —0.75 1 - A P-10_1D
o o PO1D
—1.00 1 v Y o v P10.1D
—1.25 1 .
0 2 4 6 8 10
iBl/D

FIGURE 9 Wake centre development of all the cases. @ denotes the rotor centre. Missing points for the 1D offset cases due to two reasons:
a) measurement planes at x; /D = 9 are not available for these cases; b) unrealistic estimations due to object reflection in the PIV measurements.
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PO_0OD, because the former exerts a higher thrust against the free-stream while the lateral forces of the two are similar. In contrast, P10_0D exerts
the highest T, and T,, but the lowest velocity deficit. This is due to two reasons: First, a large portion of the extracted streamwise momentum is
transferred to the horizontal deflection, and that explains the largest wake deflection compared with the other two cases; second, its significant

wake deformation yields a faster recovery, by enhancing the entrainment of momentum via the advection and the increased wake-free-stream

interface.!?
x/D=1
x /D=2
x/D=3
x/D =4
x/D=5

-] 0 1 -1 0 1 2 =1 0 1
Y2/ D Y2/ D y2/ D

(A) P-10_0D (B) P0O_0D (C)P10_0D

FIGURE 10 Streamwise vorticity contours with in-plane streamlines for inline cases, at the near wake of the downwind VAWT (VAWT2)
(xo/D=1,2,3,4,5). Green contour lines indicate u/U,, = 1. Black schematics represent VAWT2.
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The velocity fields in the wake of the offset cases are illustrated in Figure 8. The black outline represents the downwind VAWT2 while the
grey outline is for the upwind VAWT1. The origin of the coordinate system in the graphics is the centre of VAWT2. In the near wake region
(x2/D=1), the outlines of the wakes of VAWT2 are similar among the three different configurations. The wake interaction in P—10_1D and
PO_1D occurs at regions where the right edge of VAWT2's wake overlapped with the left of VAWT1's wake; whereas in P10_1D, the wake of
VAWT?2 is bounded by the wake of VAWT1 entirely. The wakes of P—10_1D and PO_1D look like the superposition of two isolated wakes, where
the right and the left parts are the wakes of VAWTSs with and without pitched blades, respectively. However, the wake outline of P10_1D is simi-

lar to the wake of isolated P10, except for a deeper velocity deficit.

3.2.3 | Wake centre
The wake centre is calculated by evaluating the centre of mass of the velocity deficit!>>%:

_ J[yAu(xy,z)dydz
Ye(x) _W’ .

x2/D=1

2

x2/D

3

x2/D

5

x2/D

Y2/ D Y2/ D Y2/ D
(A) P-10_1D (B)P0_1D (C)P10_1D

FIGURE 11 Streamwise vorticity contours with in-plane streamlines for offset cases, at the near wake of the downwind VAWT (VAWT2)
(x2/D=1,2,3,5). Green contour lines indicate u/U,, = 1. Grey and black schematics represent VAWT1 and VAWT2, respectively.
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where Au(x,y,z) = Uy — u(x,Y,2). The integrals are computed over cross-sectional planes, perpendicular to the streamwise velocity. The coordinate
system is based on the isolated VAWT. Only the lateral (horizontal) coordinate of the wake centre is discussed in this article for the sake of
simplicity.

As shown in Figure 9, for the control group (grey), the 10° positive blade-pitch of the isolated VAWT more than doubles the wake deflection,

while the negative pitch slightly decreases the deflection. For the inline cases (black), the VAWT2's wake deflection features a similar trend as the

x/D=5

(A) P-10_0D (B)yPO_OD (C)P10_0D

FIGURE 12 Contours of turbulence intensity magnitude for inline cases, at the near wake of the downwind VAWT (VAWT?2)
(x2/D=1,2,3,4,5). Black schematics represent VAWT2.
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isolated turbine, with positively pitched VAWT1 increasing the deflection, and vice versa. In contrast, when the VAWT2 is translated horizontally

(OD cases vs. 1D cases), the wake centres are translated significantly.

3.24 | Streamwise vorticity

The streamwise vorticity of the inline and 1D-offset cases are shown in Figures 10 and 11, respectively. For the inline cases P—10_0D, PO_OD
and P10_0D, the vortex generated by VAWT?2 interacts directly with that generated by VAWT1. They are eventually merged together and keep
the same macroscopic behaviour as that of the corresponding isolated VAWT. In the wake of P10_0D, the vorticity of VAWT2 is not interacting
with the CVPs of P10 initially at x,/D =1, because their locations are relatively far apart. However, the CVPs of P10 are strong enough to merge
with those of the VAWT?2 as the wake develops further downstream.

A similar phenomenon occurs when the downwind VAWT2 is translated out of the centre of the upwind VAWT1's wake, such that its vortic-
ity does not directly interact with that of VAWT1, and thus a double-layer structure®® remains at its near wake (x2/D=1, P—10_1D and PO_1D).

However, in these two cases, the background vorticity is not strong enough to merge the vorticity of VAWTZ2, resulting in a structure with spread

0.00 0.05 O.Il() 0.15 (].I20 0.25 0.30

y2/D y2/D y2/D
(A) P-10_1D (B)PO_1D (C) P10_1D

FIGURE 13 Contours of turbulence intensity magnitude for offset cases, at the near wake of the downwind VAWT (VAWT2)
(x2/D=1,2,3,5). Grey and black schematics represent VAWT1 and VAWT?2, respectively.
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multi-CVPs. On the contrary, in the wake of P10_1D, the vorticity of VAWT2 interacts directly with the strongest counter-rotating vortex pair of
VAWTY, and is completely merged with it at x,/D = 5. This leads to an almost unchanged wake outline compared to that of P10.

3.25 | Turbulence intensity

The measured turbulence intensity magnitudes are presented in Figure A5 (isolated turbines) and Figures 12 and 13 (wakes interactions). The tur-
bulence intensity in the control group depicts the footprint of the wake, with the turbulence concentrating along the wake perimeter, that is, the
wake-freestream interface.

The presence of the downwind VAWT increases the turbulence in the wake. In Figure 12, the increased turbulence intensity initially distrib-
utes along the wake outline of VAWT2 at xo /D =1, as in a simple overlap with the background turbulence. Merging of the turbulence occurs vig-
orously, and the turbulence intensity is smeared almost uniformly within the wake region at x, /D =5.

When the wake of VAWT2 is shifted out of the wake centre of VAWT1, the turbulence interaction becomes less vigorous, as illustrated in
Figure 13. That is because the counter-rotating vortex pairs are shifted away from each other, as discussed in Section 3.2.4. For example, in cases
P—10_1D and PO_1D, the turbulence is increased at —0.5 <y, /D < 0.5, concentrating on the wake perimeter of VAWT2. At x/D =3 and 5, a mer-
ged wake and a new outline are generated, and thus, the turbulence is distributed along the new edges. On the contrary, in P10_1D, the turbu-
lence intensity around VAWT2 increases dramatically since x,/D=1, due to a direct interaction of the CVPs. As reported in the literature,”>2
higher Tl is beneficial to faster wake recovery. The turbulence fields presented in the section indicate an acceleration of the wake recovery via

enhancing the TI.

3.2.6 | Available power behind VAWT2

The normalised available power distribution behind the downwind VAWT (VAWT2) at x,/D= 3 and 5 is depicted in Figure 14, columns 2 and
3. The procedure for the AP calculation has been briefly introduced in Section 1, and more details can be found in Huang et al.}? In Figure 14, the
AP of isolated VAWTs is presented in the first column for comparison, showing the available power when no downwind turbine is implemented.
x2/D= 3 and 5 corresponds to x1 /D= 8 and 10 in the coordinate system of isolated VAWTSs. In the second and third columns, the vertical axis
denotes the averaged wind power within the frontal area of a hypothetical VAWT (a third VAWT, VAWT3) placed downwind of VAWT2, the lat-
eral location of its rotor centre is presented relative to the upwind VAWT (VAWT1), that is, y4 /D, for the sake of clarity.

Generally, one would extract more wind energy by placing the VAWTS3 out of the valley of AP curves. Inline cases P—10_0D and PO_0D, off-
set case P10_1D exhibit narrower distributions of low AP than the others, because VAWT2 mainly operates in the wake of VAWT1 in these
cases. The narrower distribution means more abundant AP along transverse locations for the hypothetical VAWT. Among the three cases,

P10_1D has the narrowest AP distribution, showing the efficacy of wake deflection.

=== P-10 — PO == P10 =+=- P-10.0D —— P0.0D =v= P10.0D ==-- P-10.1D —— P0.1D == P10.1D

3
o6 =

< udJU;

%/D v/D /D

FIGURE 14 Available power distribution along transverse locations (y4 /D) at x2/D = 3 and 5, corresponding to x; =8 and 10 for the control
group. For two turbine cases, grey dotted lines denote the rotor centre of the downwind VAWT (VAWT2).
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However, in these three cases, VAWT2 has to extract energy in a decelerated and highly turbulent inflow; The wake effect as such will
reduce its power extraction. Therefore, VAWT2 are moved out of VAWT1's wake in the other cases, that is, offset cases P—10_1D and PO_1D,
and the inline case P10_0D. The AP curves feature wider valleys for these cases, indicating more wind power extracted by VAWT1 and VAWT2
than in cases where the upwind turbine's wake entirely bounds the downwind turbine. The trade-off is, however, the reduced high AP region for
VAWTS3.

4 | CONCLUSIONS

The wake interaction of two VAWTSs placed upwind and downwind has been investigated experimentally via PIV and load measurements. The dis-
tance between the two turbines in the flow direction is 5D, and flow measurements cover a region 10D downwind of the first turbine (5D down-
wind of the second turbine).

The VAWT blade pitching is effective in modifying the rotor loading and deflecting the wake. With a positive 10° pitch, the VAWT increases
the lateral force and deflects the wake centre more than twice compared to the zero-pitch case. The deflected wake changes the inflow condition
of the downwind VAWT inline with the upwind turbine (an increment of 44.6% available momentum at 5D downstream the rotor than PO), and
thus increases the overall extraction of streamwise momentum (Cr, of VAWT2 increased 13.1%).

The study also covers in detail the case in which the wake is deflected towards the second turbine, to explore the more complex and undesir-
able situation. The wake of the upwind VAWT has a dominant effect on the wake topology and recovery of the downwind VAWT, provided that
the latter is fully immersed by the wake of the upwind one. The vorticity system plays an important role in the interaction. When the counter-
rotating vortices generated by the VAWTSs are placed close enough, they lead to vigorous interaction and merging, thus increasing the turbulence
intensity and in turn the wake recovery rate. On the contrary, if they are placed far enough but not separated completely, the merging of the
wakes' shear layers takes the lead while the counter-rotating vortices are more effective in deforming the wake instead of increasing turbulence.

Deflecting the upwind turbine's wake and shifting the downwind rotor can both mitigate the wake effect, although wake deflection via blade
pitch is apparently more flexible and easier to control in an array configuration. The wake deflection and the modified streamwise vortical system
retain till the far wake, deflecting the downwind turbine's wake and enhancing the momentum recovery.

The results demonstrate the potential of VAWTSs for enhanced wake recovery and provide a database for model validation. Additionally, they

raise questions for future research on the maximum potential of energy recovery and how it can be achieved.
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APPENDIX A: WAKE OF THE ISOLATED VAWT WITH DIFFERENT FIXED BLADE PITCHES

A.1 | Velocity fields
The time-averaged streamwise velocity contours and in-plane velocity vectors of the isolated VAWT with different pitch angles are presented in

Figures A1 and A2. The velocity contours at x1 /D= 6,8,10 are illustrated. The VAWT's frontal area is represented as grey lines.
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yi/D
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FIGURE A1 Streamwise velocity contours with in-plane velocity vectors for the isolated VAWT P—10, PO and P10 at near wake

(x1/D=1,2,34,5).
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FIGURE A2 Streamwise velocity contours with in-plane velocity vectors for the isolated VAWT P—10, PO and P10 at far wake
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A.2 | Streamwise vorticity
The streamwise vorticity of the control group P—10, PO and P10 are illustrated in Figures A3 and A4, where the in-plane streamlines are plotted

to identify the location of streamwise vortices. The green contour line denotes the wake outline defined by u/U,, = 1.

(A)P-10 (B)PO (C) P10

FIGURE A3 Streamwise vorticity contours with in-plane streamlines for the isolated VAWT P—10, PO and P10 at near wake
(x1/D=1,2,3,4,5). Green contour lines indicate u/U,, = 1.
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(A)P-10 (B) PO (C) P10

FIGURE A4 Streamwise vorticity contours with in-plane streamlines for the isolated VAWT P—10, PO and P10 at far wake
(x1/D=6,7,8,9,10). Green contour lines indicate u/U,, = 1.
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Turbulence intensity

The turbulence intensity in the wake of the control group P—10, PO and P10 are illustrated in Figures A5 and A6,

A3
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