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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 topology5

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 a10

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 Introduction15

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 of20

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 horizontal-axis wind turbines

(HAWTs) is a counter-rotating vortex pair (CVP) that enhances the vertical and lateral momentum flux and deflects the wake25
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(Howland et al. (2016); Bastankhah and 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,30

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 power35

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 and40

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 results45

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 named XROTOR (2020) has been assembled to advance the aforementioned concept further.50

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)). The upper and lower blades of the primary rotor are coned to form the "X"-shape,

which is intended to increase the swept volume and hence the extracted energy from the wind, as described by Morgan et al.55

(2025). The upper blades are pitchable to regulate the performance, whilst the bottom blades are fixed while housing the

secondary rotors. 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)) and60
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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 to 20% for �xed-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 1:10065

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 �ow 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 e�ects on wake topology,

trailing vorticity, power availability, and recovery, downstream measurements of the complete wake are necessary.70

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 secondary rotors are omitted from this study to focus

on the role of the "vortex generator" mode on the recovery of the primary rotor wake. 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 tunnel75

using a stereoscopic particle image velocimetry setup up to six diameters away from the rotor, described in Section 3. The wake

topology at di�erent 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 veri�ed in Section 4.3 and linked to the modi�ed wake shapes. The

dominant role of the vortex system is further elucidated in Section 4.4 by predicting the wake recovery modes using a simpli�ed

point-vortex model. Finally, the mean kinetic energy replenishment process is detailed in Section 4.5. The main conclusions80

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 (AC) 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 demonstrated85

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 direction90

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 pro�les

vary along the span, introducing unsteady e�ects. Quadrants are color-coded (red and blue) to indicate counter-clockwise and
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Figure 1. Schematic representation of the simpli�ed force �elds of the actuator cylinder for the three pitch cases (V) adapted from Bensason

et al. (2024a). The blades are exaggerated in size and are located at\ = 0� and180� . Each quadrant of the cylinder is labeled with0� Ÿ \ Ÿ 90� ,

90� Ÿ \ Ÿ 180� , 180� Ÿ \ Ÿ 270� , and270� Ÿ \ Ÿ 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 �ow, with low momentum wake and high-speed

�ow disguised by grey and black arrows, respectively. The streamwise dependent circulations of the windward and leeward vortices from the

top blades are denoted as� W ¹Gº and� L ¹Gº, respectively, for the pitched cases.

clockwise trailing vortex rotation, respectively, linked to blade loading and bound circulation, which reverses at\ = 0� and

180� . This cyclic trailing vorticity variation has been observed experimentally (Tescione et al. (2014); Bensason et al. (2023)).95

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 �ow, stemming from the free stream and wake, respectively. Each case is described as follows:

Baseline caseV= 0� : For the baseline pitch case, the blade will operate in its own wake in the downwind half of the cycle, leading100

to an intrinsic higher load in the upwind half (LeBlanc and Ferreira (2022b)). However, in the near wake, both vortex structures
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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 di�erent angle, they will experience a

di�erent cyclic �ow variation and, subsequently, loading pro�le. Following Helmholtz's theorem, the instantaneous circulation105

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

di�erences in the peak loads close to\ = 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.110

Pitched-in V= 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 �ow 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 to115

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 con�rmed via blade load measurements of LeBlanc and Ferreira (2022b). This phenomenon is intrinsic to

VAWTs as the e�ective 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 out120

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 V= � 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 �ipped 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 �ow being ejected out125

from above the rotor while high-speed free stream �ow 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.130

The exploratory work of Bensason et al. (2024a) suggest a signi�cant 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 �ow component

at the top of the rotor as a function of downstream location. At a discrete downstream measurement plane (G), the vortex cores

(HW–L ¹Gº– IW–L ¹Gº), point-vortex circulations (� W–L), and viscous length scale ([ W–L) are considered for both the windward and

leeward vortices, denoted with subscriptsW andL, respectively. The induced axial velocities by the windward and leeward135

vortices are denoted as* I–W ¹H– Iº and* I–W ¹H– Iº, respectively, and are expressed as (Anderson (2011)):
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Here, the radial distance from the vortex core to the measurement point isAW ¹Gº =
p

¹H� HW ¹Gºº2 � ¹ I � I W ¹Gºº2 and

AL ¹Gº =
p

¹H� HL ¹Gºº2 � ¹ I � I L ¹Gºº2 for the two vortices. The net-induced axial �ow component is the sum of the two and is

denoted as* I ¹H– Iº.140

* I ¹H– Iº = * I–W ¹H– Iº ¸ * I–L ¹H– Iº (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))145

and features an octagonal outlet with a cross-section of 2.85� 2.85 m2, 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 �ow extends 6m beyond the outlet of the tunnel,

which encompasses the measurement area for this experiment. The tunnel houses a 2m� 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 is150

mounted on the adjustable table as shown in Figure 2. The rotor solidityf =
Í

2! # • � is 0.15, where
Í

2! # is the sum of the

products of the blade height and chord for each of the four blades, and� = 0.2057m2 is the projected frontal area of the rotor.

This solidity is close to that of the full-scale model which isf = 0•17(Giri Ajay et al. (2023)), with the di�erence 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 external155

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 de�ections. 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 �ow�eld measurements, the scaled rotor model thrust performance was

tested as a function of the tip-speed ratio in the OJF using this balance. Details of the balance design are provided by Huang160

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� = 0•6m on both the bottom and top halves. The blades on the upper and lower halves of the rotor are

0.375m and 0.238m with coning angles of60� and40� , respectively, yielding a total length of 0.4m and 0.26m when including

the extruded pro�le of the adapters at the root. All blades are made in-house using a carbon-�ber hand layup technique. They165
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