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Abstract. Wake losses are a significant source of inefficiencies in wind farm arrays, hindering the development of high-energy
density wind farms offshore. Studies have demonstrated the potential of vertical-axis wind turbines (VAWTs) to achieve high-
energy density configurations due to their increased rate of wake recovery compared to their horizontal-axis counterparts.
Recent works have demonstrated a wake control technique for VAWTs that utilizes blade pitch to accelerate the wake recovery,
hereinafter referred to as the "vortex-generator” method. The present work is an experimental investigation of the wake topology
using this control technique for the novel X-Rotor VAWT. The time-averaged wake topology of the X-rotor has been measured
by stereoscopic particle-image velocimetry at three fixed-pitch conditions of the top blades, namely a pitch-in, pitch-out, and a
baseline case with no pitch applied. The results demonstrate the wake recovery mechanism linked to the streamwise vorticity
system of the rotor and the mechanisms that lead to a streamwise momentum recovery, where the pitched-in case injects high
momentum flow from above the rotor while ejecting the wake from the sides. In contrast, the pitched-out case operates in a
mirrored fashion, with high momentum flow injected into the wake from the sides while low-momentum flow is ejected out
axially above the rotor. These modes of operation demonstrate a significant increase in the available power for hypothetical
downstream turbines, reaching as high as a factor of 2.2 two rotor diameters downstream compared to the baseline case. The

pitched-in case exhibits a higher rate of momentum recovery in the wake compared to the pitch-out configuration.

1 Introduction

Given the increasing demand for renewable energy, researchers and operators are exploring ways to increase the efficiency of
wind farms. Wake losses are a critical component that contributes to the under-performance of a wind farm, where turbines in
deep array configurations often operate in regions of low-momentum flow imparted by upwind turbines, leading to power losses
on the order of 10%-23% depending on the farm layout and location (Barthelmie et al. (2010); Pryor et al. (2021)). Wake steering
is a popular method for increasing the net efficiency of a wind farm. It entails the intentional misalignment of select turbines with
the incoming wind direction through yaw control, which deflects the wake away from potential downstream turbines (Fleming
et al. (2017, 2019, 2020)). Several experimental and numerical studies have been conducted to understand the underlying
physics of the wake steering strategy to develop effective and efficient control strategies for farm-scale applications (Houck
(2022)). The conclusion is that the driving mechanism for the wake recovery of a yawed HAWT is a counter-rotating vortex

pair (CVP) that enhances the vertical and lateral momentum flux and deflects the wake (Howland et al. (2016); Bastankhah and
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Porté-Agel (2016); Bossuyt et al. (2021)). Additionally, more advanced wake recovery techniques are being developed, such
as the helix (Frederik et al. (2020); van der Hoek et al. (2024)) and pulse (van den Berg et al. (2023)) methods, which rely on
dynamic induction control.

Offshore wind energy has gained attention due to favorable wind resources and fewer social and environmental restrictions
(Wang et al. (2015), Esteban et al. (2011)). However, economically viable offshore spaces are limited, requiring shallow waters,
proximity to coastal demand, and minimal interference with shipping and fishing (Ruijgrok and B.H. (2019)). Additionally,
technical challenges like high installation costs, balance of plant expenses, and upscaling of HAWTs increase the levelized cost
of energy (LCOE), hindering development (Chaviaropoulos et al. (2014)). To maximize offshore wind potential within these
constraints, wake recovery strategies and technologies to enhance wind farm power densities are essential.

In light of this, vertical-axis wind turbines have gained popularity again due to their potential to achieve higher power
densities compared to HAWTs in wind farm settings (Dabiri (2011)). This is primarily credited to their faster wake recovery
(Rolin and Porté-Agel (2018)) and reduced sensitivity to flow turbulence (Chatelain et al. (2017)). Additionally, VAWTs have
advantages in the context of offshore deployment, such as independence from wind direction (Jain and Saha (2019)) and a
lower center of gravity (Griffith et al. (2016)), which can be critical for floating applications. The wake dynamics of VAWTs
have been widely studied, with consensus emphasizing the critical role of the trailing vortex system in wake topology and
recovery rate (Huang et al. (2023b); Tescione et al. (2014); De Tavernier et al. (2020); Dabiri (2011)). Huang et al. (2023b)
demonstrated the link between rotor loading and vorticity, using the actuator cylinder model (De Tavernier et al. (2020)) to define
quadrant-resolved loading and its connection to blade-tip CVPs. Additionally, Huang et al. (2023b) also explored a technique
for enhanced wake recovery beyond their intrinsic benefit, namely through passive blade pitch. By modifying quadrant loading,
this technique strengthens streamwise vortices, accelerating wake momentum flux and re-energization. Experimental results
showed a 13% thrust increase for a downstream turbine using pitch-controlled upwind rotors (Huang et al. (2023c)) and a 40%
improvement in VAWT array power performance via validated numerical models. To overcome the hurdle of high installation
and maintenance costs for offshore deployment while maintaining the favorable wake recovery characteristics of VAWTs, a
novel turbine geometry named the X-Rotor (Leithead et al. (2019)) has been introduced. A consortium funded by a European
Union Horizon 2020 grant has been assembled to advance the X-Rotor concept further, called XROTOR (2020).

The X-Rotor is an innovative VAWT design aimed at reducing the LCOE for offshore applications. Its unique feature is
the integration of blade-tip-mounted horizontal-axis wind turbines, or secondary rotors, on an "X"-shaped primary rotor. This
concept functions as an aerodynamic gearbox, where the primary rotor captures mechanical power, and the secondary rotors
generate electricity (Bensason et al. (2024b)). Early studies indicate a 20% reduction in energy costs compared to traditional
HAWTs (Leithead et al. (2019); Flannigan et al. (2022)), driven by lightweight direct-drive generators, the elimination of
gearboxes, and reduced maintenance costs due to proximity to sea level, avoiding costly jack-up vessel operations (McMorland
et al. (2022); Flannigan et al. (2022)). Studies on the wake dynamics of the X-shaped primary rotor have been conducted
experimentally (Bensason et al. (2023)) and numerically (Giri Ajay et al. (2023)). However, given recent advancements in
using tilt and pitch control for accelerated wake recovery in VAWTs (Huang et al. (2023b); Guo and Lei (2020); Ribeiro et al.

(2024)), similar strategies should be evaluated for the X-Rotor. Numerical studies revealed a power performance penalty of up
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to 20% for fixed-pitch primary rotor blades, depending on the tip-speed ratio (Giri Ajay et al. (2023)), but the wake dynamics
associated with pitched blades were not explored. A recent experimental study (Bensason et al. (2024a)) tested the "vortex
generator" wake recovery concept on a 1:100 scaled X-Rotor in a wind tunnel, demonstrating the feasibility of this method for
the novel geometry. Positive pitch (pitched-in) ejected the wake laterally, drawing free-stream flow axially, while negative pitch
(pitched-out) featured an axial wake expansion and lateral contraction. The study was limited to near-wake measurements (up
to 1.6 diameters) and only the upper section of the rotor, covering about a third of the total wake. To fully evaluate the "vortex
generator" strategy’s effects on wake topology, trailing vorticity, power availability, and recovery, downstream measurements
of the complete wake are necessary.

This work aims to quantify the wake recovery potential and process of the X-Rotor with and without the "vortex generator"
mode. Hence, this study builds on the promising results of Bensason et al. (2024a) by scaling the primary rotor model down
to 1:250 such that the entire wake further downstream can be measured. The vorticity system stemming from the unique
rotor geometry is hypothesized in Section 2. Cross-plane wake measurements are collected in an open jet wind tunnel using
a stereoscopic particle image velocimetry setup up to six diameters away from the rotor, described in Section 3. The wake
topology at different modes of operation is presented in Section 4.1, followed by an assessment of the available power in the
wake in Section 4.2. The aforementioned vorticity system is verified in Section 4.3 and linked to the modified wake shapes. The
dominant role of the vortex system is further elucidated in Section 4.4 by predicting the wake recovery modes using a simplified
point-vortex model. Finally, the mean kinetic energy replenishment process is detailed in Section 4.5. The main conclusions

and outlook on future work are discussed in Section 5.

2 Background on vortex-generator wake control

The load distribution of VAWTs can be modeled using the actuator cylinder approach (Madsen et al. (2014); De Tavernier
et al. (2020); Giri Ajay et al. (2023)). Modifying blade loading through passive or active blade pitch has been demonstrated
experimentally (LeBlanc and Ferreira (2022b); Le Fouest and Mulleners (2024)) and computationally using the actuator cylinder
method (De Tavernier et al. (2020)). Huang et al. (2023b) showed that passive blade pitch can alter actuator loading, trailing
vorticity, and wake topology, enabling faster wake recovery. A schematic for the X-Rotor’s loading characteristics, adapted
from Bensason et al. (2024a), is shown in Figure 1. The rotor cycle is divided into four quadrants: upwind windward (UW),
upwind leeward (UL), downwind leeward (DL), and downwind windward (DW). Arrows represent the magnitude and direction
of normal blade loads, assuming uniform load distribution within upwind and downwind halves, with higher loads upwind
under zero pitch (De Tavernier et al. (2020)). Due to the X-Rotor’s coned blades, local tip-speed ratios and loading profiles
vary along the span, introducing unsteady effects. Quadrants are color-coded (red and blue) to indicate counter-clockwise and
clockwise trailing vortex rotation, respectively, linked to blade loading and bound circulation, which reverses at 8 = 0° and

180°. This cyclic trailing vorticity variation has been observed experimentally (Tescione et al. (2014); Bensason et al. (2023)).
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Figure 1. Schematic representation of the simplified force fields of the actuator cylinder for the three pitch cases (83) adapted from Bensason

= 10°

et al. (2024a). The blades are exaggerated in size and are located at 6 = 0° and 180°. Each quadrant of the cylinder is labeled with 0° < 8 < 90°,
90° < 6 < 180°, 180° < # < 270°, and 270° < 6 < 360° corresponding to upwind windward (UW), upwind leeward (UL), downwind leeward
(DL), and downwind windward (DW), respectively. The rotor cylinder edge is color-coded red and blue based on the direction of the trailing
vortex, counterclockwise and clockwise, respectively, for the upper blade tips. The corresponding frontal area of the rotor (grey-shaded) at a
generic plane in the wake is shown for each pitch case. The dominant trailing vortices (round arrows) stemming from the Top, Bottom, and
Root section of the blades are illustrated along with the induced cross-plane movement in the flow, with low momentum wake and high-speed
flow disguised by grey and black arrows, respectively. The streamwise dependent circulations of the windward and leeward vortices from the

top blades are denoted as I'yy (x) and I'.(x), respectively, for the pitched cases.
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Below the idealized actuator load schematics, the projected frontal area of the rotor is shown via a shaded region at a generic
downstream position. The intersections on the wake plane of the dominant vortex pairs for each pitch case are represented via
circular arrows color-coded by their directions at the upper blade tips. Black and grey arrows correspond to the direction of
high and low momentum flow, stemming from the free stream and wake, respectively. Each case is described as follows:

Baseline case 5 = 0°: For the baseline pitch case, the blade will operate in its own wake in the downwind half of the cycle, leading

to an intrinsic higher load in the upwind half (LeBlanc and Ferreira (2022b)). However, in the near wake, both vortex structures
stemming from upwind and downwind half’s of the rotor will be visible (red and blue), consistent with the observations of
Tescione et al. (2014); Huang et al. (2023b). The directions of rotation of the tip-vortices of the bottom blade will be mirrored
to that of the upper tips with a circulation. As the bottom blades are shorter and coned at a different angle, they will experience a
different cyclic flow variation and, subsequently, loading profile. Following Helmholtz’s theorem, the instantaneous circulation
of the vortex shed at the root will be a function of those shed at the top and bottom tips. For the baseline case, the loads
generated by the upper and lower blades are similar in magnitude between the windward and leeward quadrants, with the largest
differences in the peak loads close to 6 = 90° (Giri Ajay et al. (2023)), and would hence result in a weak root vortex in the
streamwise direction. Further, assuming a symmetric load between the windward and leeward sides of the rotor, the strengths
and directions of the structures will be mirrored.

Pitched-in 8 = 10°: In this case, the load is shifted towards the upwind half of the rotor, as seen by the increase in length
of the vectors on the AC. Subsequently, the trailing vortices generated in the upwind quadrants of the upper blades would be
strengthened, and they are shown as the dominant counter-rotating vortex pair (CVP) on the tip of the projected frontal area.
These induce a downwash in the wake, where high momentum free stream flow is injected from above the rotor, while the low
momentum wake is ejected out laterally from the sides. The idealized symmetric behavior of this wake morphing is linked to
the assumption that the loads on the upwind half of the cycle are symmetric (constant). However, as observed by Bensason
et al. (2024a), the vortex on the windward side of the rotor is more dominant as the blade loading on the UW quadrant is higher
than in the UL, as confirmed via blade load measurements of LeBlanc and Ferreira (2022b). This phenomenon is intrinsic to
VAWT: as the effective angles of attack experienced by the blade in the UW quadrant are higher than in the UL. The resulting
asymmetry in the wake was also observed by Huang et al. (2023b) for an H-type VAWT, resulting in the wake being ejected out
more dominantly on the windward side. Assuming the circulation of the bottom blade remains constant (as it is not pitched),
the direction of the root vortex will be opposite to that of the upper blade tip.

Pitched-out 8 = —10°: In this mode, the load is shifted towards the downwind half of the rotor. As a result, the directions of
the dominant CVP are flipped as the downstream trailing vortices are energized on the upper blades. These are in opposing
directions as the positive pitch case, and in turn, induce an upwash in the wake, with low momentum flow being ejected out
from above the rotor while high-speed free stream flow is injected from the sides. Similar to the positive pith case, the symmetry
is linked to the assumption that the load is evenly distributed along the downwind half of the rotor. However, as observed by
Bensason et al. (2024a), the loads in the DW quadrant are higher in magnitude compared to the DL, leading to a stronger vortex
on the windward side and asymmetry in the topology. As before, assuming an unchanged circulation of the bottom blade, the

root vortices will be in the opposite direction to those generated in the upper blade tips.
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The exploratory work of Bensason et al. (2024a) suggest a significant dependence of the pitched recovery modes on the
dominant CVP of the top blades. Hence, a simple model using Lamb-Oseen vortices is used to model the axial flow component
at the top of the rotor as a function of downstream location. At a discrete downstream measurement plane (x), the vortex cores
(yw.L(x),zw.L(x)), point-vortex circulations (I'w 1), and viscous length scale (77w 1) are considered for both the windward and
leeward vortices, denoted with subscripts W and L, respectively. The induced axial velocities by the windward and leeward

vortices are denoted as U, w(y,z) and U, w(y, z), respectively, and are expressed as (Anderson (2011)):

Uz (y.2) = ey

—r2

MW= (i
277y, (x) 4% (x)

2772 (x) 4 (x)

Here, the radial distance from the vortex core to the measurement point is rw(x) = \/ (y=—yw(x)? = (z—zw(x))? and

rL(x) =/ (y = yL(x))2 = (z — zL.(x))?2 for the two vortices. The net-induced axial flow component is the sum of the two and is

denoted as U, (y, z).

U.(y,2) =U,w(y,2) + U, L(y,2) )

3 Methods
3.1 Wind tunnel and turbine model

The experiments were carried out in the Open-Jet Facility (OJF) of the TU Delft Aerospace Engineering faculty. This tunnel
has been used extensively for scaled VAWT tests (Huang et al. (2023b); Tescione et al. (2014); LeBlanc and Ferreira (2022a))
and features an octagonal outlet with a cross-section of 2.85 x 2.85 m?, as shown in Figure 2. This closed-loop wind tunnel has
a contraction ratio of 3:1 and a jet stream bound by shear layers with a semi-angle of 4.7° and a reported turbulence intensity of
0.5% within the testing region (Lignarolo et al. (2014)). The region of uniform flow extends 6m beyond the outlet of the tunnel,
which encompasses the measurement area for this experiment. The tunnel houses a 2m X 3m table with an adjustable height.
The X-Rotor model is an in-house designed geometrically scaled 1:250 version introduced by Leithead et al. (2019), which
is mounted on the adjustable table as shown in Figure 2.The rotor solidity o = 3, ¢Ly /A is 0.15, where }, cL is the sum of the
products of the blade height and chord for each of the four blades, and A = 0.2057m? is the projected frontal area of the rotor.
This solidity is close to that of the full-scale model which is oo = 0.17 (Giri Ajay et al. (2023)), with the difference due to the use
of a straight blade rather than tapered. A detailed schematic of the rotor system is provided in Figure 3. The X-Rotor geometry
is mounted on a 1.2m long shaft with a diameter of 15mm. This shaft passes through an aluminum tower of constant external
and internal diameters of 50mm and 20mm, respectively. The tower houses a roller bearing with an internal diameter of 15mm
at the top and bottom of the rotor tower to increase the stability of the shaft whilst minimizing any deflections. Finally, this
tower is mounted to a rotor stand, which connects to an in-house designed three-component balance, with a maximum range

of £50N and maximum error of < 0.1%. Prior to the flowfield measurements, the scaled rotor model thrust performance was
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Figure 2. Experimental setup in the OJF from two different views. A visualization of the measurement plane (green triangle) is provided,
along with a representation of the camera viewing direction. The main components are labeled and defined as follows: ©® Camera 1, @ Camera

2, @ field-of-view, @ X-Rotor model, ® OJF outlet, ® Traversing system, @ Laser.

tested as a function of the tip-speed ratio in the OJF using this balance. Details of the balance design are provided by Huang
et al. (2023b) and yield cycle-averaged streamwise and lateral thrust measurements.

The X-Rotor model consists of four blades, which are mounted to a cross-beam at the root, as shown in Figure 3. The rotor
has a tip diameter of D =0.6m on both the bottom and top half. The blades on the upper and lower halves of the rotor are
0.375m and 0.238m with coning angles of 60° and 40°, respectively, yielding a total length of 0.4m and 0.26m when including
the extruded profile of the adapters at the root. All blades are made in-house using a carbon-fiber hand layup technique. They
are untwisted and untapered with a constant NACA0021 profile with a chord ¢ = 0.03m and a hollow section of the same profile
with a wall thickness of approximately 1mm. The cross-beam is 0.2m long and has the same profile and chord as the blades, with
the direction of the leading edge flipping at the center point (connection with the extruded rod) such that it faces the direction
of rotation for a counter-clockwise rotating system. Different fixed-pitch adjustments are realized by interchanging modular
adapter pieces within the root section of the cross-beam, as shown in Figure 3. For this experiment, fixed-pitch adapters for g
=-10°,0°, and 10° are designed to allow qualitative comparison with previous works by Bensason et al. (2024a); Huang et al.
(2023b). As adjustable pitch for the bottom blades was not of interest in this experiment, they are not modular and included
in a design of the cross-beam at a constant pitch angle of 8 = 0°. The cross-beam and modular pitch adapters are 3D-printed
out of Aluminium AlSil0Mg with a layer thickness of 50 um and tolerance of 0.2mm. The surface roughness is on the order
of 1-3 pum after tumbling. All components of the X-Rotor are painted black to minimize the laser reflections. The wind tunnel
blockage ratio is 0.03, considering the project frontal area of the rotor.

The streamwise and lateral thrusts, Cr  and Cr y, respectively, are given by:
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Pitch case S [°] Crx Cr,y
-10 0.662 £ 0.004  0.023 + 0.004
0 0.772 £ 0.005  0.025 + 0.005
10 0.787 £ 0.005 -0.261 + 0.006

Table 1. Measured streamwise (x) and lateral (y) thrust coefficients C

Ty T,
Crx=—75-> Cry=——""->—, (3)
* 050U A Y 0.50U% A

where T, and T, are the measured streamwise and lateral thrust [N], respectively, and p = 1.225 kg/m? is the air density. The
averages and standard deviations measured over five trials (each with 10 seconds at 1600Hz) are shown in Table 1. The behavior
in the cycle-averaged thrusts is similar to those reported by Huang et al. (2023b), with a decrease and increase in streamwise
thrust for the pitch cases 8 = —10° and 8 = 10°, respectively, of +2% and -14%. A decrease in streamwise thrust when applying
a negative pitch is attributed to the decrease in effective angle of attack perceived by the blade in the upwind passage of
the blade, as highlighted by the discussion of Huang et al. (2023b), and by load and flowfield blade-level measurements of
LeBlanc and Ferreira (2022b, a) for lab-scale H-Type Darrieus VAWTs. Conversely, the increase in streamwise thrust for the
positively pitched case is due to the increase in the effective angle of attack in the upwind passage, as commented on by LeBlanc
and Ferreira (2022b). Similar to the trend in streamwise thrust, the lateral thrust for the negative pitch decreases by 8% in
magnitude. However, for the positive pitch case, the force increases by over one order of magnitude. This increase is attributed
to the significant increase in blade load in the UW quadrant and, subsequently, the lateral imposed force of the actuator on the
flow, visualized by the increased normal forces shown in Figure 1.

For the baseline case of 8 = 0°, the lateral thrust is on the order of 30x lower than the streamwise thrust, whereas in the case
reported by Huang et al. (2023b), the lateral thrust was in a similar order to that of the streamwise component, only being 5x

smaller. This can be attributed to the larger tip-speed ratio in this experiment, yielding a higher degree of symmetry.
3.2 Flow measurement system

The velocity fields in the wake were obtained using a stereoscopic particle image velocimetry (PIV) approach. The seeding was
generated using a SAFEX smoke generator, yielding smoke particles with an average particle diameter of 1um and particle
density 10°kgm™3. The particles were illuminated via a Quantel Evergreen double-pulsed Nd: YAG laser with a sheet thickness
of approximately 4mm, using a dual pulse scheme with a wavelength of Ay = 532nm and 200 mJ of pulse energy. Images
were recorded at 15Hz using two LaVision sCMOS cameras with a sensor and pixel size of 2560px x 2160px and 6.5um,
respectively. Images were recorded from the downwind side of the laser sheet, as shown in Figure 2. Both cameras mounted
lenses of 105mm focal length, set at a numerical aperture of fz = 8. The stereoscopic angles of Camera 1 and Camera 2 were

42° and 46° relative to the normal to the measurement plane, respectively, and were positioned approximately 2.3m and 2.4m
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Figure 3. (Left) Rendered schematic of the X-Rotor model mounted to the three-component balance, with the main components labeled.
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(Middle) Dimensioned and labeled schematic of the scaled X-Rotor model. (Right) Rendering of the three pitch adapters with a top-view
representation of the pitch direction convention, with positive and negative pitching in and out towards the tower, respectively. All dimensions

are in mm.

from the plane, resulting in a field of view (FOV) of approximately 31 cm X 30 cm, and a digital image resolution of 7.5 px/mm.
A time separation of 200us between image pairs was used. Given the numerical aperture and the magnification factor of the
images of M = 0.04, the diffraction diameter of the particle images can be calculated using Equation (4) as dgig = 10.8um.

This results in a ratio of particle image diameter to pixel diameter of 1.6, resulting in limited peak locking errors (Raffel et al.
(2018)).

ddiff=2.44Xf#X(M+1)X/lL (4)

The images were acquired and processed using LaVision’s DaVis 8 software. First, background removal was applied to the
image pairs by subtracting a minimum time filter with a length of five images. Next, the image pairs were processed using
a cross-correlation-based image interrogation algorithm used with window deformation, with a window size of 64px and an
overlap factor of 75%, resulting in a vector spacing of 2.1mm (0.004D). Finally, the resulting velocity fields were averaged over
time. A total of 300 vector field images were acquired for each measurement plane. Given the rotational frequency of the rotor

and acquisition frequency, this results in approximately 160 rotor revolutions.
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Figure 4. Top-view schematic of the experimental setup, with the coordinate system at the bottom left. The three positions of the X-Rotor on

top of the OJF adjustable table are shown along with the normalized spacings. The two measurement planes, Plane 1 and Plane 2, are shown
via green solid lines with their respective spacing. The rotor trajectories are shown via solid black lines, with the rotation direction marked.

The blade profile sizes are exaggerated for clarity.

The camera and laser systems were rigidly connected and mounted on a traversing system, as shown in Figure 2. This enabled
a translation range in the streamwise and lateral direction of 1m and 1.5m, respectively. Hence, several FOVs were acquired and

stitched together in post-processing without re-calibrating the acquisition system, as highlighted in Section 3.3.
3.3 Measurement cases

The wind tunnel was operated at a constant wind speed of U, = 2.7 m/s. The rotational frequency of the rotor was maintained
at w = 49.95rad/s, resulting in a tip-speed ratio of A = wR /U = 5.55 and a diameter-based Reynolds number of 1.1 x 10°. The
time-averaged wake of the X-Rotor was measured using the aforementioned measurement system. The wake was measured at
two streamwise positions, Plane 1 and Plane 2, as marked in Figure 4, which are separated by 1D from each other. The X-Rotor
model was shifted between three positions (Positions 1, 2, and 3), each separated by 2D in the streamwise direction. This way,
the wake is measured in the region of 1 <x/D < 6 at increments of 1D, where the origin x = y = z = 0 is defined as the center
of the tower and crossbeam structure, and the y and z directions are defined as lateral and axial, respectively.

As stated in Section 3.2, several fields-of-view were measured at a given streamwise plane by traversing the PIV system
laterally (in the y-direction) using a traversing system, having an accuracy of + 0.0lmm. A total of four lateral planes were
measured at a given height and streamwise wake position. Furthermore, different measurement heights (z-direction) are realized
by adjusting the height of the table to which the rotor is mounted. A total of three heights were acquired for each streamwise
wake position. An overview of the measurement planes at a streamwise location of x/D= 3 is shown in Figure 5 for the three
pitch cases. The overlap between planes is approximately 74mm and 70mm in the lateral and axial directions, respectively. The

measurement domain is more symmetric for the baseline pitch case 8 = 0° whilst those for the positive 8 = 10° and negative
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Figure 5. Measurement planes at a constant streamwise location x/D = 3 for the three pitch cases.

B = —10° the domain is weighted more on the upper half the rotor. This is to capture more of the momentum transfer above
the rotor caused by the adjusted pitch on the upper blades, as highlighted in previous studies by Bensason et al. (2024a). The

velocities in the overleaping regions of the individual measurement planes are treated using a weighted average.
3.4 Measurement uncertainty

Following the work of Sciacchitano and Wieneke (2016) and Huang et al. (2023b), the expanded uncertainty Uz of the velocity

for time-averaged measurements can be expressed as:

Ug=k 5)

VN

where o is the standard deviation of the velocity component in the streamwise (x), lateral (y), and axial (z) directions over N
= 300 samples. This ratio is multiplied by the coverage factor k = 1.96 to expand the standard uncertainty to a 95% confidence
level. Across all pitch cases, the maximum uncertainty occurs at the most upwind measurement plane of x/D = 1 along the
shear layer of the wake, consistent with the observations of Huang et al. (2023b). The maximum standard deviation occurs for
the lateral velocity component of the positive pitch case with oy, = 0.59 m/s, resulting in a expanded uncertainty of UUT =0.07
m/s.

The uncertainty of the streamwise vorticity component U, is calculated as (Sciacchitano and Wieneke (2016)):

U
Ua, = —"\1=p(2d) ©)

where U 7

is the standard uncertainty in either the lateral or axial direction, the grid spacing of the interrogation window is

or z

denoted as d, and the p(2d) is the cross-correlation coefficient of the spatially correlated velocities. Given the final interrogation
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window size of 64px and a scaling factor of 7.454 px/mm, d = 4.3mm. The cross-correlation coefficient is approximated to be
p(2d) ~0.45 (Sciacchitano and Wieneke (2016)). Using the maximum expanded uncertainty of UU—V =0.07 m/s, the uncertainty
of the streamwise vorticity is computed as U,,, = 11.9 s~!. This value drops by a factor close to 10 outside the shear layer of

the wake.

4 Results
4.1 Wake topology

The time-averaged normalized streamwise wake contours are shown in Figure 6 for the three modes. For the baseline case, the
wake maintains the X-shape up to x/D = 1 as it is still expanding, consistent with the results shown in Bensason et al. (2023).
Further downwind, the wake features a lateral contraction near the upper and lower blade tips and expansion near the center of
the crossbeam. Meanwhile, the wake is expanding axially above and below the rotor.

The negative pitch mode shows a distinctly different topology from the baseline case. The wake shape suggests a vertical
stretch and lateral contraction of the wake compared to the baseline case. This deformation is consistent with that predicted
in Section 2, with low momentum flow ejected axially whilst high energy free-stream flow is injected from the sides. An
asymmetry in the deformation is evident, with the wake ejection favoring the windward side of the rotor. This is attributed to
the intrinsically higher blade loading experienced by the blade during its windward passage, leading to asymmetric strengths
and topologies in the streamwise vortices, discussed further in Section 4.3.

For the positive pitch mode, the wake exhibits a substantial deformation, with a large portion of the projected frontal area
of the rotor subject to free stream flow. The wake contracts axially while being ejected out laterally on the windward side of
the rotor, similar to the results of Bensason et al. (2024a). Furthermore, this is consistent with the significant lateral thrust
component shown in Table 1. This substantial downwash of the wake is consistent with the movement predicted in Section 2.
Once again, there is a notable asymmetry, with a larger downwash on the windward side of the rotor. As in the negative pitch
case, this is due to the higher blade load on the windward passage. This asymmetry is linked to the streamwise vortex strength,
discussed further in Section 4.3.

To further quantify the wake deformation of the X-Rotor, the wake center, area, and perimeter are presented in Figure 7 and
Figure 8, respectively. The wake center is computed using the "center of mass" approach in the lateral (y) and axial directions
(z). This approach is widely accepted as an experimental method for tracking the wake center for VAW Ts (Huang et al. (2023b);
Wei et al. (2021)), HAWTs (Trujillo et al. (2011)), as well as low-order models (Howland et al. (2016)). At each streamwise

measurement location, the wake center is defined as:

/fyAU(x,y,z)dydz fszU(x,y,z)dydz
ffAU(x,y,z)dydz ’ ffAU(x,y,z)dydz ’

where AU (x,y,z7) = Uss—Ux(x,y,7). The integrals are computed over the entire available measurement area at each streamwise

Ye (x) = Zc(x) = @)

location. The wake center development in the lateral and axial directions is plotted for each pitch case in Figure 7.
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the rotor at an azimuth of 0° with a black contour line showing where Uy /Us = 0.9. The scale in the streamwise direction is doubled to have

the planes more spaced apart for observation.
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Figure 7. (Left) Normalized wake center development for the three pitch cases computed using Equation (7) in the lateral direction y.(x)/D

and (right) axial direction z. (x)/D.

For the baseline case, a seemingly symmetric axial expansion of the wake is observed, while the lateral flow deficit is
concentrated more on the windward side of the rotor. However, as the wake develops, the wake center moves towards the center.
The axial movement of the wake center is minimal due to the aforementioned symmetry. The center of the wake sits around the
geometric center of the rotor of z/D = 0.15.

For the positive pitch case, the wake center is laterally displaced towards the windward side of the rotor by a factor of
approximately four compared to the baseline case at the most upwind measurement plane x/D = 1. This is consistent with
the discussion above and the significant increase in the lateral thrust coefficient reported in Table 1. This lateral displacement
increases as the wake evolves due to the strong advection imposed by the windward vortex, which moves laterally outward. In
this case, the wake center’s axial position remains constant at a lower position compared to the other two pitch cases. This can
be attributed to the large-scale windward vortex, which remains above the crossbeam height.

Finally, in the negative pitch case, the wake center follows a similar trend to the baseline case in the lateral direction, with a
systematically higher wake center towards the windward side of the rotor. Visually, this is consistent with the discussion above,
where the wake is contracted and pushed more toward the windward side of the rotor. The axial location of the wake center
steeply increases downstream as the wake is ejected out axially above the rotor in a non-symmetric fashion between the upper
and lower half of the rotor, unlike the baseline pitch case.

The wake area and perimeter for the different modes is shown in Figure 8. The wake boundary is defined as U, /Us = 0.9,
as visualized by the black contour lines in Figure 6. The perimeter is computed by taking the sum of the Euclidean distances
between the boundary coordinates. The work of Huang et al. (2022) highlighted the importance of the ratio between the wake
perimeter and area (Pw/Aw) towards the streamwise momentum recovery rate for an actuator surface of generic shape. This

link has been numerically and experimentally observed for both HAWTs and VAW Ts, where turbulent contributions towards the
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Figure 8. The normalized wake area Ay and perimeter Py for the three modes of operation across all measurement planes. The ratio between

the perimeter and area is shown in the final panel. The wake areas are defined as the boundary where Uy /Us = 0.9, as visualized in Figure 6.

energy recovery in the wake are concentrated along the shear layer (Bastankhah and Porté-Agel (2016); Rolin and Porté-Agel
(2018)).

The wake area for the three modes increases moving downstream. The baseline case exhibits systematically higher areas than
the pitched modes of operation. The positive pitch case shows a local maximum at x/D =4, which is an artifact of the wake
movement outside the measurement domain, as shown in Figure 6. Similarly, the wakes for the negative and baseline cases begin
to exit the measurement domain at x/D = 5. The negative pitch case exhibits the smallest areas across the measurement planes,
presumably due to the lower streamwise thrust. In the near wake (x/D < 3), the positive pitch case has the longest perimeter,
which decreases substantially at x/D =4 as it leaves the measurement domain. The negative pitch case has a shorter perimeter
only at x/D =1 compared to the baseline case. As will be discussed in Section 4.3, the onset of the deformation induced by the
streamwise vorticity system of the negative mode is delayed compared to the others as it relies on the loading of the downwind
half of the rotor. The ratio between the perimeter and the wake area is a critical metric as discussed by Huang et al. (2022),
who established the linear dependence between Pw/Aw and the rate of streamwise momentum recovery. Both the negative and

positive pitched modes of operation yield systematically higher magnitudes in this ratio, highlighting their favorable aptitude

towards streamwise momentum recovery.

4.2 Available power

The turbine’s frontal areas at the streamwise locations in the wake shown in Figure 6 visually suggest a significant increase in
the high-momentum flow available for downstream turbines, which are in line with the upstream rotor. The available power in
the wake is quantified at each cross-stream location using the coefficient of available power fap, expressed in Equation (8). A

similar analysis has been performed by Bossuyt et al. (2021) and Huang et al. (2023b).
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Figure 9. Available power for each of the pitch cases calculated using Equation (8) over the projected frontal area of the rotor on the

measurement planes centered at the normalized lateral coordinate yo/D = 0 (directly downstream without any lateral offset).

Fap(x,Y0,20) = // U3 (x0,y,2)/ U2 dzdy (8)
S

The ratio U3 /U3, is the available streamwise wind power at a given measurement plane x. The surface integrated value is
taken within the protected frontal area of the rotor (S) centered at yg, zg. The available power coefficient across all measurement
planes is shown in Figure 9 for each pitch case. The coefficient is computed over a frontal area centered at yo/D =zo/D =0
(directly in line with the upstream rotor) for each case.

For the baseline case, the available power steadily increases as the wake develops due to the inherent recovery and diffusion.
The available power increases by 58% between x/D = 1 and x/D = 6. Both of the wake control strategies increase the available
power across all streamwise measurement locations. For the negative pitch case = —10°, the available power increases by
70% and 31% at x/D =1 and x/D = 6, respectively, compared to the baseline case 8 = 0°. The net increase between the two
extreme measurement planes for the negative pitch case is 22%. Consistent with the previously discussed results, the positive
pitch case 8 =10° exhibits the higher recovery of available power in the wake between the two pitch cases. In this case, the
coefficient increases by 103% and 83% at x/D =1 and x/D = 6, respectively, compared to the baseline case 8 = 0°. The net
gain in available power of the positive pitch case is also higher than its negative counterpart, with an increase of 40% between

the two extreme measurement planes.
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To further understand potential optimal placements of downwind turbines that could have lateral offset to that upwind, the
available power coefficient is computed with a sliding integration window and shown in the form of a contour plot in Figure 10
for each pitch case. Dashed and solid lines indicate the positions where fap = 0.5 and 0.75, respectively.

For the baseline case, the available power deficit is concentrated directly downstream of the rotor with a slight asymmetry,
evident by the availability of fyp > 0.75 across all downstream positions around yg = -0.4 on the leeward side. This asymmetry
is consistent with the discussion in Section 4.1 and can be attributed to the asymmetric loading profile of the rotor. This would
suggest a favorable placement of a hypothetical downstream turbine on the leeward side of the rotor, consistent with the results
of Huang et al. (2023b).

The negative pitch case exhibits a similar shape to the baseline case with systematically higher coefficients in available
power. In this mode, the wake is ejected out above the rotor, as discussed in Figure 7. As the control volume is not shifted in
height (z9 = 0), the available power deficit remains concentrated more directly downstream of the rotor. In this case, coefficients
fap > 0.75 are available on both the leeward and windward sides of the rotor. Similar to the pitch case 8 =0°, there is an
asymmetry in the wake with a more significant deficit on the windward side. The recovery fap > 0.5 is realized across all lateral
positions beyond x/D= 2, once again highlighting the wake recovery re-energizing potential of the negative pitch case.

Finally, the positive pitch case has shown the most significant potential for downstream turbines. In this mode, the wake
is ejected out laterally towards the windward side of the rotor, as discussed in Figure 7. This is also evident by the available
power perceived by potential downstream turbines, where the deficit is skewed towards centers positioned on the windward
side, consistent with the results of Huang et al. (2023b). Coefficients fap > 0.75 are available across all measurement planes
on the leeward side of the rotor, starting at yo = —0.24 atx/D = 1. By x/D =5, all possible locations feature fap > 0.75 across
all leeward positions up to yo = 0.38 on the windward side. Unlike the negative pitch case, fap > 0.5 is realized across all

measurement planes and lateral center locations.
4.3 Vortex system validation

The normalized streamwise vorticity system is presented in Figure 12 for all measurement planes. The most upstream mea-
surement plane of x/D = 1 is isolated in Figure 11 for a comparison to the proposed vorticity system presented in Section 2.
Selected vorticity structures are labeled with the corresponding quadrant in which they were generated based on Figure 1, with
subscripts T, R, and B corresponding to those stemming from the top blade tip, root, and bottom tip, respectively.

Consistent with the results of Huang et al. (2023b); Wei et al. (2021); Tescione et al. (2014), the streamwise vortex structures
are generated predominantly at the blade tips according to Helmholtz theorem. Given that the results are time-averaged, no
coherent vortical structures shed by the blades are visible in the near wake at the baseline pitch case of 5 =0°. Alternating patches
of positive and negative vorticity stem from different quadrants due to the periodic changes in inflow conditions perceived by the
blade (Bensason et al. (2023)). These vortical structures diffuse rapidly in the wake, becoming almost indistinguishable beyond
x/D =3, as seen in Figure 12. The structures stemming from the upper blade tips are as hypothesized in Figure 1. The structures
arising from the downwind quadrants (DWt, DLt) appear above those generated in the upwind quadrants (UWr, ULt) due to

their direction of rotation, where the vortices about the periphery of the rotor induce an inboard and outboard velocity in the
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Figure 10. Available power distribution for each of the pitch cases integrated within the projected frontal area of the rotor (Equation (8))
centered at the normalized lateral coordinate yq/D. Note that within a band for a given wake position x/D the values are constant, with no
interpolation between measurement planes in the wake. The dashed and solid lines correspond to lateral positions where fap = 0.5 and 0.75,

respectively.
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Figure 11. Normalized streamwise vorticity wyD/Us at x/D = 1 for the three pitch cases. The black solid line shows the frontal area of the
rotor at an azimuth of 0° with a black contour line showing where Uy /Us = 0.9. The vectors show the in-plane velocity. The identifiable
vortex structures are marked corresponding to Figure 1, with subscripts T,R, and B corresponding to structures generated by the top, root,

and bottom blade.
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upwind and downwind halves, respectively. The structures stemming from the roots are weaker on the leeward half of the rotor
compared to the windward half, consistent with the intrinsic asymmetric loading of a VAWT. The structures from the bottom
blade tips mirror those in location and direction to the top blades, as hypothesized in Figure 1.

For the negative pitch case, a dominant CVP is visible due to the increased blade load and subsequent circulation on the
downwind passage. These results are consistent with the theorized trailing vorticity system by Huang et al. (2023b) for a
straight-bladed VAWT. However, as the X-Rotor is not symmetric and the bottom blades are not pitching, a complimentary CVP
is absent on the bottom tips. The structure with positive vorticity on the leeward side of the rotor convects inward towards the
center of the rotor whilst both migrate upward. The shift in load towards the downwind half energizes the streamwise vortices
DLt and DWr. This CVP induces an upwash in the wake, evident by the in-plane vectors, while entraining free stream flow from
the sides of the rotor. The in-plane vectors suggest a similar strength between the two structures, indicating a close to idealized
balance between the DW and DL quadrants, as shown in Figure 1 and the minimal measured lateral thrust coefficient in Table 1.
In the root region, both the UL and DL vortices have the same orientation as for the baseline pitch case. The DLg shows a
higher magnitude in vorticity compared to the baseline case, consistent with the shift in load downstream as hypothesized in
Section 2. On the windward side, the upwind vortex UWR shows a similar magnitude to that of the baseline case, while that
from the downwind half DWR shows a notable decrease. This is a discordance with the expected behavior shown in Figure 1,
suggesting a higher load produced on the lower blade compared to the upper blade when pitched. As the bottom blades are not
pitched, the trailing vorticity system stemming from the bottom tips remains similar to the baseline pitch case.

The positive pitch case also shows a dominant CVP stemming from the upper blade tips in a mirrored direction to the negative
case. This is consistent with the results of Huang et al. (2023a) and is due to the shift of rotor load towards the upwind half of
the cycle. The vortex generated on the windward side of the rotor is larger and stronger than that on the leeward side. This is
consistent with the load distribution among the UW and UL quadrants of the cycle, discussed in Section 2. The windward vortex
moves down considerably towards the lower half of the rotor and outward laterally. Meanwhile, the leeward vortex remains
close to the tip of the projected frontal areas, with slight movement in the same direction as the windward vortex. The vortex
stemming from the UW quadrant (UWr) has convected downward and laterally out, while that generated in the UL quadrant
(ULT) remains close to the blade-tip of the projected area. As described in Section 2, this CVP induces a significant downwash
in the wake while convecting high-momentum streamwise flow from above the rotor and ejecting the wake out from the side.
The in-plane vectors suggest that the UWr is stronger than the UL, departing from the simplification made in Section 2
regarding the uniform load distribution in the upwind half of the rotor. This is further highlighted by the non-symmetric wake
deformation, which favors the windward side. This is consistent with the load measurements presented in Table 1, where a
significant lateral thrust is measured for the positive pitch case. Similar to the tip-vortices, the root vortices are also energized
on the upwind passage on the windward (UWR) and leeward side (ULR). As hypothesized, these are in the opposing direction
to that of the upper blade tip. Following the same reasoning as the tip vortex, the root vortex on the windward side is more
dominant than that on the leeward side due to the asymmetric loading between the upwind quadrants. Finally, the trailing

vorticity stemming from the bottom blade tips remains similar to the baseline pitch case 5 = 0° as these blades are not pitched.
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Figure 12. Normalized streamwise vorticity component wy at discrete cross-stream planes. The black solid line shows the frontal area of the
rotor at an azimuth of 0° with a black contour line showing where Uy /Us = 0.9. The scale in the streamwise direction is doubled to have the

planes more spaced apart for observation.

On the windward side, the vorticity stemming from the UW quadrant (UWp) has merged with the root vortex UWy as they are
400 co-rotating.
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Figure 13. (Left) Trajectories of the dominant CVP cores for each pitch case. The arrows show the direction of movement of the vortical
structures in the wake. (Right) Evolution of vortex circulation magnitude integrated over patches identified using the I'; defined by Graftieaux

et al. (2001). Circle and triangle markers correspond to the structures generated on the windward and leeward sides, respectively.

4.4 The role of the dominant CVP

The hypothesized vortex system was verified in Section 4.3 and linked to the wake deformation presented in Section 4.1. This
section demonstrates the strong dependence between the dominant CVP observed for the pitched modes of operation and their
modes of recovery using the simplified point vortex model described in Section 2.

First, the vortex cores are evaluated for the two pitched cases at all downstream locations, shown in Figure 13. The cores are
identified using the maxima I'1, as introduced by Graftieaux et al. (2001). Previous studies have used this method (Bossuyt et al.
(2021)) for vortex tracking of wind-tunnel scale wind turbine models. The arrows indicate the direction of motion of the vortex
cores between the measurement planes. Consistent with the observations in Figure 12, the windward vortex of the positive pitch
case moves the most in the downward and outward direction. The lateral deflection of this vortex is consistent with the high
lateral load of the rotor resulting from the heavily loaded UW quadrant. Similarly, the leeward vortex moves downward and
toward the center of the rotor. For the negative pitch case, the directions of rotation of the vortices are mirrored with respect
to the positive case, as seen in Figure 12. With the flipped direction of the CVP, the windward and leeward trailing vortices
convect above the rotor. The displacement, however, is not as large as in the positive pitch case due to the lack of a strong lateral
force component of the rotor in this mode of operation.

Next, the circulations of the tip-vortices are shown in Figure 13-right, computed by taking the outline of the vortex core

where I, =2/x, as defined by Graftieaux et al. (2001). Across all cases, the circulation decreases slightly when progressing
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Figure 14. (Left) Evolution of the maximum normalized streamwise vorticity magnitude max|wy|D /U at the vortex core. (Right) The

normalized viscous length scale /D as a function of downstream position. The definition is given along with Equation (9).

further downstream due to turbulent diffusion, but is conserved for the most part due to the low inflow turbulence. Consistent
with the induced in-plane velocities discussed in Section 4.3, the circulation of the windward vortex of the positive pitch case is
the largest, around 2.5x greater than the rest, whilst that from the leeward side averages around |I'|/Us D = 0.1. The strengths of
the vortices of the negative pitch case are similar in magnitude across all measurement planes around |I'| /U D = 0.1. However,
those stemming from the windward side of the rotor are systemically higher due to the asymmetric loading of the rotor.

The maximum streamwise vorticity magnitude of the vortex core max|wy|D/Us is shown in Figure 14 for the two pitch
cases. Due to diffusion, the maximum magnitude decreases further downstream in the wake. For the positive pitch case, the
trailing vortex from the windward side has a higher peak vorticity magnitude across all measurement planes, consistent with
the topology shown in Section 4.3. Meanwhile, the opposite is true for the negative pitch case, where beyond the x/D = 2 wake
position, the leeward side vortex demonstrates a larger maximum vorticity magnitude than the windward side. This is visually
consistent with the topology shown in Section 4.3, where the leeward vortex remains more constant in size and strength, while
that of on the windward side diffuses. The magnitude of these two structures stabilizes to a constant value beyond x/D = 2
around max|wx|D/Us =4 and 1.7 for the leeward and windward vortex, respectively.

Finally, n(x) is the viscous length scale of the vortex defined by Shapiro et al. (2020) as the integral of the eddy viscosity.
This length scale is used to quantify how a vortex spreads over time due to diffusion, as demonstrated by Bossuyt et al. (2021).
A similar approach is taken as the aforementioned work by considering the dominant CVP for the vortex generator cases as
idealized Lamb-Oseen vortices, defined as (Saffman (1995)):

r r2
oxte 9= e i ) )
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where T is the circulation of the vortex, r> = (y — y.)?> + (z — z¢)? is the radial location from the vortex core, with y, z.

defined as vortex cores, shown in Figure 13. In this work, the length scale is solved for by re-arranging Equation (9) as:

wx(-xaya Z)

W = k(x)exp (—r2k(x)ﬂ) , (10)

where k(x) = 1/(47n%(x)), and I'(x) is the circulations of the vortex cores as presented in Figure 13. The curve-fitter tool in
MATLAB is used with this pre-described relation to evaluate the constant k£ given the experimental distributions of streamwise
vorticity about the dominant CVP cores using a non-linear least-squared approach. An overview of the curve-fitted distributions
is shown in Appendix A. Given the k(x) values from the curve-fitting procedure, the viscous length scale can be calculated
as a function of downstream location for each of the dominant CVP as n = \/m . The normalized length scale is shown
in Figure 14 for each of the dominant vortices as a function of downstream location. The diffusion rates of the windward and
leeward vortices of the positive and negative pitch cases are similar. The leeward vortex of the negative pitch case has the lowest
length scale, consistent with its shape and strength shown in Figure 12. Meanwhile, the diffusion of the windward vortex for the
negative pitch case demonstrates a large jump in magnitude between x/D =2 and x/D = 3, consistent with the contours shown
in Figure 12. The leeward vortex for the positive pitch case has an outlier at x/D =5 due to the outlier in the input circulation,
shown in Figure 13.

With the vortex core locations, circulations, and viscous length scale defined, the axial induced velocity of the dominant
CVP can be calculated using Equation (2). The distribution of U, (y,z) as a function of downstream plane at the height of the
blade tips z/D = 0.58 is presented in Figure 15. The solid and dashed lines correspond to the experimentally measured and
analytically obtained results for the two pitch settings.

The distributions between the experimental and analytical curves for the negative pitch case have a good match across all
downstream planes. Up to x/D =4 the flow close to the leeward vortex is consistent between the two, reaching percentage
differences of approx. 4% of the free stream flow. The flow close to the windward vortex remains in good agreement throughout
the wake, suggesting an accurate quantification of the vortex circulation and diffusion rate, with differences around 1%. The
average differences within the bounds of the projected frontal area of the rotor denoted by the dashed black lines range from
1% to 3% of the free stream flow at x/D =3 and x/D = 6, respectively.

The positive pitch distributions show higher discrepancies to the analytical model compared to the aforementioned case.
There is a closer agreement on the leeward side of the rotor within the area of the rotor before gradually deviating towards the
windward side. A large discrepancy is visible at x/D =5, again due to the outlier in vortex circulation as discussed concerning
Figure Al. The average difference in velocity normalized by the free stream component ranges from 6% to 3% at x/D = 2 and
x/D =6, respectively. The disagreements between the curves when approaching the windward side of the rotor can partly be
attributed to the quality of the curve-fitted values, and neglect of the root vortex when predicting the induced flow. As shown
in Figure 11, the root vortex from the upwind windward passage for the positive pitch case is more dominant than the negative
pitch operation mode. A further consideration is the importance of the three-dimensionality of the flow of a VAWT, which is

further magnified when the blades are pitched. The windward vortex for the positive pitch case convects the most, as highlighted
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Figure 15. A comparison of the experimental (solid line) and analytical (dashed) axial velocity distribution U; /Us at z/D = 0.58.

in Figure A1. The resulting misalignment between the vortex core and measurement plane is a common feature in experimental
studies of helicopter aerodynamics (van der Wall and Richard (2006); Kato et al. (2003)). A correction angle is applied based
on the swirl and out-of-plane flow derivative component, which is not measured in this study. Nonetheless, the predicted axial
flow components at the top of the rotor match well with the experimental results, highlighting the importance and dominance

of the main CVP towards the wake deformation and deflection and, in turn, the momentum recovery.
4.5 Mean kinetic energy replenishment

Thus far, the ability of the modified vortex system to entrain high energy flow in the wake has been discussed through qualitative
observation in Section 4.1 and the increase in available power in Section 4.2. However, the main contributions towards this
streamwise recovery have yet to be quantified. Previous studies have used the mean kinetic energy (MKE) equation to isolate
the advective and turbulent contributions towards the wake recovery (Hezaveh and Bou-Zeid (2018); Cortina et al. (2016);
Rolin and Porté-Agel (2018)). The MKE equation is written as (Cortina et al. (2016)):

— ok _ OwuiUi) U P ——9U;
= ——— - —— U, — 1D
0x; 0x; p Ox; T 0x;
—— e ——— —
A [ P €
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where K = %(U_,Z(+U_§+U_§) is the mean kinetic energy and P is the mean static pressure. The overbars and primes denote time-
averaged and fluctuating quantities. The time-dependent term (AU; /dr) is omitted as the results are time-averaged. Furthermore,
as in the works of Huang et al. (2023b); Bossuyt et al. (2021), the viscous term is omitted given the sufficiently high Reynolds
number. The terms are grouped by A, ¢, P, and €, which correspond to terms regarding the advection of MKE, the turbulent
flux of MKE, work due to the mean pressure field, and the dissipation of MKE via turbulence, respectively. The MKE equation

is further simplified and expanded as follows:

9K —0K —oK OuuiU) oU;

Uy,— =-U, i w L (12)
0x ay 0z Ox; Y ox;

S~—— —_—— RN _
Ax Ay Az ) €

where the MKE advection terms A is split in each direction x,y,z. As the pressure was not measured in this study, it is
omitted from the subsequent analysis. The terms are arranged such that the contributions towards the streamwise advection of
MKE are isolated, as done in the studies of Hezaveh and Bou-Zeid (2018); Huang et al. (2023b). The terms of Equation (12) are
presented as contour plots at a cross-stream position of x/D = 3 for the three fixed-pitch cases in Figure 16. The in-plane spatial
derivatives d/dy and /07 are calculated using a second-order central difference scheme. Similarly, the term including the
streamwise gradients (9/dx) is approximated using a second-order central difference scheme across all measurement planes.
Given the rearrangement of the terms in Equation (12), red and blue in Figure 16 are sources and sinks in streamwise MKE
contribution.

As the negative pitch case has a lateral contraction and axial expansion of the wake, the wake perimeter shows shades of red
and blue for A, and A_, respectively. This implies an influx of energy from the sides of the rotor, which contributes to an increase
in streamwise MKE A, whilst the wake is being ejected out axially, leading to a decrease in A, above the rotor. Conversely,
the axial advective term A, for the positive pitch case shows a large red region at the top of the wake, are free stream flow is
injected into the wake. Meanwhile, blue-shaded regions are concentrated on the bottom of the wake as local MKE decreases
outside the rotor surface. The lateral advective component A, is predominantly negative in the wake area as flow is ejected out,
with a red region visible close to y/D = 1 coinciding with the core. Nonetheless, the magnitude of K injected axially dominates
the net effect within, as seen by the A, contour. The baseline pitch case exhibits similar behavior to the negative pitch case,
with a lateral contraction near the upper and lower blade tips, leading to a red A, distribution. Unlike the negative case, the
root region shows a local expansion with a blue region. Meanwhile, the A, shows a concentration of blue at the top and bottom
of the rotor as the MKE of the free stream flow is slowed by the ejected wake. The net effect on the streamwise MKE term A,
is similar to that of the negative pitch case, with regions of increased streamwise advection along the lateral perimeter of the
wake and decreases above the rotor.

The turbulent flux of MKE ¢ is concentrated along the wake perimeters. Huang et al. (2023b) observed similar trends for an
H-type VAWT and are due to the turbulent mixing within the shear layer. Although the magnitudes are lower than the advective
MKE terms (A), this highlights the importance of increasing the wake perimeter for accelerated MKE recovery, as discussed in

Section 4.1. Similarly, the dissipation of MKE due to turbulence € is concentrated along the shear layer of the wake perimeter.
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These are an order of magnitude lower than the other terms due to the low inflow turbulence and hence play a minor role in the
wake recovery process.

To condense the relative contributions of the aforementioned distributions to a single number for the three cases across all
measurement planes, the spatial average within the projected rotor frontal area of each term from Equation (12) is shown in
Figure 17. Additionally, a residual term is included, where Residual = A + ¢ — €, in accordance with Equation (11).

Consistent with the contours shown above, the dominant term for the negative pitch case is A, as flow is injected from the
sides of the rotor. Meanwhile, the dominant term for the positive pitch case is A, as flow is injected from above the rotor
plane. A gradual increase is evident in the streamwise advection of MKE for the baseline case. In the near wake, x/D < 3, the
negative pith case has higher magnitudes than the baseline case, reaching a maximum of D /U3, < U,0K/dx >=0.01, before
decreasing. This is likely due to the rapid diffusion of the windward vortex and plateau in maximum vorticity, as discussed in
Section 4.4. Meanwhile, the positive pitch case shows a steadily high magnitude of D /U3, < Uxa—K/ax >=0.02.

Finally, the flux of MKE is evaluated using a control volume approach, with a schematic of the volume shown in Figure 18.
The control volume lateral surfaces on the windward and leeward sides are denoted as Sz and Sy, respectively. Finally, the
bottom and top control surfaces in the axial direction of the control volume are denoted as S5 and Sg, respectively. The top and
bottom surfaces are taken at the heights of the upper and low blade tips z/D = 0.58 and z/D = —0.28, respectively. The lateral
surfaces are taken at the edges of the projected frontal area of the rotor, y/D = +0.5. Note, the surface normals to the inflow
and outflow of the volume (S, S;) are not evaluated.

Upon taking the volume integral of Equation (12), the divergence theorem can be applied to re-write the terms to a surface
integral form (Cortina et al. (2016)). This is simplified as velocity components tangent to the control volume surfaces do not
contribute to the flux. Furthermore, as the streamwise component is the dominant contributor towards the MKE (U > Uy, and
U,), the subsequent analysis focuses on the streamwise budget, as done in Hezaveh and Bou-Zeid (2018). Hence, the fluxes

through the lateral and axial surfaces S as denoted in Figure 18 can be expressed as:

Surface3:[/U_X(O.SUyUx+U;U;)dS (13)
S3
Surface 4 : —‘//U_X(O.SUyUx+U)’CU;)dS (14)
Sy
Surface 5 : —//U_x(o.SUzUx+U;0;)dS (15)
Ss
Surface6:‘//U_X(O.SUZUX+U;U;)dS (16)
Se
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Figure 17. Section averaged term from Equation (12) for the three pitch cases across all measurement planes. Note, the sum of the advective

flux terms A is shown along with the discretized terms in x, y, z. All terms are normalized by D/ U3..

Figure 18. Schematic of the finite length control volume encapsulating the rotor frontal area (grey solid lines). The control volume surfaces
(shaded blue) are denoted with §; where i indicates the surface number (ranging from 1 to 6). The size of the control volume is denoted by

the diameter normalized length, with the respective coordinate system provided and the mean flow direction indicated.
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Positive and negative magnitudes correspond to flux outside and inside the control column, respectively. The distribution
of the flux terms across each surface as defined is shown in Figure 19. The translucent lines are the distributions across each
measurement plane, while the solid thick lines are the mean across each wake position. The vertical and horizontal black dashed
lines denote the edges of the control surface, as defined by the maximum edges of the projected frontal area of the rotor. The
sums are normalized by the free stream flow component.

The baseline case exhibits a negative flux along the upper surface Sg due to the expansion of the wake. There is minimal
flux across the bottom surface S5 given the lack of a dominant CVP. A small negative flux is evident on both lateral surfaces
of the control volume (S53,54), signifying an injection of free stream flow within the volume. The magnitudes are higher on
the windward side (S3) of the rotor due to the asymmetric load profile and subsequent trailing vorticity system, highlighted
in Section 4.3. Furthermore, the mean curves demonstrate higher peak flux magnitudes on the upper half rotor on both the
windward and leeward sides. This mode of operation is consistent with the wake topology in Figure 6, where a substantial
area of the wake is axially contracted while expanding in the lateral direction, and some thinner regions of wake deficit are
expanding above and below the frontal of the rotor, forming a "peanut” shape.

The negative pitch case demonstrates a dominant positive flux along the upper surface Sg, consistent with the large upwash
induced by the CVP. Beyond the frontal area, the flux reverses when crossing the vortex cores. The maximum magnitude of
the average flux is higher on the leeward blade tip (S4), consistent with the accelerated diffusion of the windward vortex shown
in Figure 14. The magnitudes are lower along the bottom surface Ss, following a similar distribution to the baseline case. The
fluxes on the lateral surfaces follow a similar trend to the baseline case with higher magnitudes. On the windward surface S3,
the injection of flow is highest on the upper half of the rotor due to the dominant CVP. Near the root region, the magnitude is
also higher than the baseline case due to the modification of the root vortex, as discussed in Section 4.3, before overlapping
again with the baseline case beyond the lower blade tip. On the leeward surface Sy, the flux reaches a peak magnitude near the
upper blade tip due to the strong trailing vortex, before steadily decreasing in magnitude towards the lower surface.

Finally, the positive pitch case exhibits a significant negative flux along the upper surface S¢ of the control volume due the
injection of free stream flow in the wake induced by the dominant CVP. On the bottom surface Ss, the average flux remains
positive beyond the blade tip on the windward side due to the significant movement of the vortex as highlighted in Figure 13,
exposing the wake to a consistent downwash. Conversely, the distribution of flux near the leeward tip on the bottom surface is
similar to the aforementioned pitch cases due to the lack of a dominant CVP and asymmetric load profile. On the windward
surface S3, the flux is predominantly positive as the wake is ejected out of the control volume. The cross-stream specific curves
show a gradually decreasing maximum magnitude, which occurs lower in the rotor as the wake progresses and the tip-vortex
convects downward. On the leeward surface S4, the flux remains positive as the wake expands laterally, with larger magnitudes
concentrated along the upper half of the rotor due to the induction of the tip-vortex.

Given the lack of volumetric data and the large spacing between the measurement planes, the surface integrals for the axial
and lateral surfaces cannot be computed. Instead, a line integrated value across the surfaces of the projected frontal areas of
the rotor is presented in Figure 20. The line integrals are computed along the defined surfaces, with lengths of D for S5 and

Se6, and 0.86D for S3 and S4. These boundaries correspond to the dashed boundaries shown in Figure 19. The trends confirm
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Figure 19. Axial and lateral components of the time-averaged streamwise MKE equation shown in Equation (11) for the three pitch cases,

normalized by the freestream flow component. The translucent lines show the distributions along the control volume surfaces at each

measurement location in the wake, and the solid thick line shows the mean across all positions. The vertical and horizontal black dashed lines

show the edges of the control volume, as shown in Figure 18. The labels towards the bottom right of the figures correspond to the control

surfaces.
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domain, U3, L1, where the subtext a and [ refer to the axial and lateral surface lengths, respectively. In this case, Ly = D and L; = 0.86D.

the mechanism highlighted above, where the major sources of MKE flux are through the upper surface S¢. The positive and
negative pitch cases exhibit an increased flux by factors of 20 and 10, respectively, compared to the baseline case at x/D = 1.
Meanwhile, along the bottom surface (S5), minimal deviations from the baseline case are present, as discussed above. Consistent
with the distributions shown in Figure 19, the positive pitch case shows a gradual increase of MKE flux starting at x/D =4
as the induced downwash of the downward convecting tip vortex becomes prevalent. Unlike the top and bottom surfaces, the
lateral surfaces (S3 and S4) demonstrate similar magnitudes in flux for each pitch case. Both the negative and positive pitch
cases show the largest differences in flux in the near wake before gradually converging. The positive pitch case demonstrates

larger differences up to x/D =4 due to the significant difference in circulation of the CVP.

5 Conclusions

This study presents cross-plane stereoscopic PIV measurements of the wake of the X-rotor VAWT using the "vortex generator"
wake control strategy using passive blade pitch, elucidating the distinct wake deflections and deformations attributable to the
streamwise vorticity field. The results confirm the formation of a dominant CVP that is mirrored when pitching the blade
in (positive) or out (negative), linked to the shift of the idealized AC rotor loading downwind and upwind, respectively. The
results are consistent with a previous application of this strategy to a straight-bladed VAWT (Huang et al. (2023b)), but are
distinctive to this case due to the X-shaped nature of the rotor, leading to a deeper level of asymmetry in the wake modulation

characteristics between the upper and lower halves of the rotor.
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The available power coefficient for hypothetical in-line turbines shows a systematically higher available power across all
measurement planes for the pitched modes compared to the baseline case. The positive pitch case yields the highest potential
with an increase as high as 117% at x/D = 2, compared to an increase of 74% at the same measurement plane for the negative
case. Furthermore, the available power coefficient for downstream rotors with lateral offsets highlights the asymmetry in the
wake, with a potential for higher power on the leeward side of the rotor for all pitch cases. The authors re-iterate that the power
penalty associated with the pitched turbine was not measured. Hence, the balance between power lost by the rotor and gained in
the wake is not evaluated. Nonetheless, these results demonstrate a proof-of-concept of the vortex generator mode for X-Rotor
and the possible potential of its application on a farm scale.

The trailing vortices system is hypothesized using the AC theory and verified using the experimental results. The baseline
pitch case shows minimal wake deformation due to the lack of dominant CVP pairs in the wake. A dominant CVP is formed on
the upper blade tips which injects high-speed flow from above the rotor into the wake while ejecting low-speed wake out from
the side when pitching the blades inward. Conversely, when pitched outward, the dominant CVP draws high-speed flow from
the sides of the rotor while ejecting the wake axially upward. As only the upper blades are pitched, the CVP is formed only on
the upper half of the rotor, while the trailing vorticity system stemming from the bottom blades remains similar between the
three pitch cases. The strengths of the root vortices are also modified when pitching the upper blade tips as they are a function
of the circulation balance between the upper and lower blades. However, in the context of the wake topology modulation, these
play a minimal role compared to the dominant CVP upper blades. The experimentally derived circulations, trajectories, and
diffusion rates of the dominant CVP stemming from the upper blades are used to model the axial flow component above the rotor
using a simple point-vortex approach. The predicted distributions match very well with the experimental values, highlighting
the dominance of the modified trailing vorticity on the wake recovery modes.

An analysis of the contributions of each term from the MKE equation further highlighted the differences between the
different pitch cases. The contributions of the transport of MKE due to turbulence were minimal for the pitched cases compared
to advective terms, highlighting the dominance of the advective process of the trailing vortices on the wake recovery mechanisms
of the X-Rotor. A spatial average of the terms within the projected frontal area of the rotor across all measurement planes in the
wake demonstrated the importance of the axial advective component for the positive pitch case, whilst the negative case relies
mainly on the lateral contribution. The mechanisms are further highlighted by an analysis of the flux of MKE in and out of a
control volume around the rotor.

It can be concluded that the vortex-generator technique using passive blade pitch applied to the X-Rotor VAWT is an effective
technique to accelerate the wake recovery, which is essential for achieving high-energy density wind farms. Future efforts
should be applied to quantify the trade-offs between the available power in the wake and that forfeited by the upwind rotor. This
could guide several promising research directions, such as the optimum layout for wake control and active pitching schemes
to balance wake recovery and power performance. Finally, the results from this study serve as an experimental benchmark for

ongoing and future development of numerical models for VAWT wake aerodynamics.
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Figure Al. Normalized streamwise vorticity magnitude |wx|D/Us of the windward vortex of the positive pitch case 8 = 10°. The lateral
coordinate is normalized such that y/D = 0 is the center of the vortex core at each measurement plane. Solid lines are the raw data, and the
dashed lines marked with * are the fitted curves using Equation (10). The vertical dash-dotted lines indicate lateral coordinate at 50% of the

maximum |wy|D /Us of the fitted curve.

Appendix A: Curve fitted vorticity distributions

As described in Section 4.4, the diffusion length scale parameter 7 is evaluated by fitting a curve described by Equation (10). A
comparison between the measured and curve-fitted streamwise vorticity distribution through the vortex core for the UW vortex
for the positive pitch case is shown in Figure Al at each measurement plane. The solid and dashed lines correspond to the
measured and fitted data, respectively. For clarity, the centers of the vortex cores as defined in Figure 13 are translated to fall
incident at y/D = 0. Consistent with the trend shown in Figure A1, the peak vorticity decreases when progressing downstream
in the wake. As it decreases, the size of the vortex structure increases, as evidenced by the increasing width of the curves. This
is highlighted by the vertical dashed lines, which correspond to the radial position y from the vortex core where |wy| is 50% of

its peak magnitude. Given the decrease in peak magnitude, this radius increases as the wake progresses.

Data availability. The data that support the findings of this study will be made openly available in 4TU ResearchData.
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