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Abstract. Vertical-axis wind turbines (VAWTs) are gaining research attention in offshore energy due to their ability to operate
in omnidirectional wind, simpler design characteristics, and potential for faster wake recovery. As part of this interest, a novel
X-shaped VAWT (X-Rotor) has been proposed to minimise the levelised cost of energy by minimising capital and operational
expenditures. While existing studies on the X-Rotor rely on numerical tools to analyse rotor performance, experimental vali-
dation remains limited, making it essential to assess the accuracy of these models in predicting the flowfield around the rotor.
This study compares a free-wake vortex model (CACTUS) against stereoscopic particle image velocimetry (PIV) results for a
scaled X-Rotor. Both qualitative and quantitative comparisons are performed, examining flowfield features with and without
blade pitch offsets. Additionally, the study provides insights into the three-dimensional aerodynamics introduced into the wake

by the turbine’s coned blades. Results indicate that CACTUS effeetivelyreplicates-the-flowfield-is able to predict the flowfield
to a reasonable extent within the rotor volume and in the very near wake when no pitch offsets are applied, with discrepancies

attributed to the uncertainty of the polars at the low Reynolds numbers. However, with pitch offsets, significant deviations from
experimental data are observed, suggesting the need for careful model tuning for full-scale X-Rotor analysis. Furthermore, the
introduction of coned blades enhances three-dimensional effects, generating notable upwash and downwash in the wake. These
findings highlight the importance of using 3D aerodynamic tools over 2D approaches in future X-Rotor analyses to accurately

capture vertical flow components.

1 Introduction

Over the last decade and a half, vertical-axis wind turbines (VAWTSs) have been considered an attractive alternative to horizontal-
axis wind turbines (HAWTS). This is due to their omnidirectional operation, simpler mechanical systems, lower centre of mass,
and potential for better performance in urban and offshore environments (Dabiri, 2011; Ishugah et al., 2014; Tjiu et al., 2015;
Su et al., 2020; Lee et al., 2022). According to Lee and Zhao (2021), the rate of wind energy deployment needs to increase
threefold by 2030 to meet our climate goals. In this context, several novel VAWT designs are currently being developed and re-
searched. Among these, an X-shaped VAWT configuration, named X-Rotor, has been designed to lower the LCoE for offshore
applications (Leithead et al., 2019).
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Figure 1. A geometric render of the X-Rotor with the different components.

The X-Rotor geometry (Figure 1) consists of two main components: an X-shaped VAWT (primary rotor) and two tip-
mounted HAWTs (secondary rotors). The primary rotor has a distinctive X’ shape, with a set of coned upper and lower blades
connected by a cross-beam that serves as a strut. The secondary rotors are attached at the lower blade tips and experience a
significantly increased inflow speed due to the relative velocity at the primary rotor blade tips. The thrust of the secondary
rotors determines the rotational speed of the overall turbine, and all electrical power is extracted from them. These rotors are
connected to high-speed direct-drive generators instead of using gearboxes, which substantially reduces the turbine’s capital
expenditures (CapEx). Additionally, the low altitude and reduced mass of the generators eliminate the need for jack-up vessels
for maintenance, potentially lowering operations and maintenance expenses (OpEx) (Flannigan et al., 2022). The upper blades
of the X-Rotor are pitch-controlled and designed to shed aerodynamic power in above-rated conditions (Recalde-Camacho
et al., 2024). The lower blades are not pitch-controlled, as any adjustment to them would disrupt the operation of the secondary
rotors. A recent study on the operational expenditure of the X-Rotor concept by Flannigan et al. (2022) demonstrated significant
savings in the CapEx and OpEx compared to a HAWT. Similarly, a feasibility study by (Leithead et al., 2019) showed up to
26% overall cost savings compared to HAWTs. Furthermore, the coned angles of the X-Rotor blade allows it to use less
material per surface area compared to other traditional VAWTSs, significantly reducing CapEx costs compared to VAWTs.

Existing aerodynamic studies on the X-Rotor geometry are quite limited. Morgan and Leithead (2022) provided an initial
characterisation of the X-Rotor using a double multiple streamtube (DMS) method. Later, Morgan et al. (2025) demonstrated
the power gains achieved by coned blades compared to non-coned blades for a given blade span using a 2D Actuator Cylinder

approach. In our earlier work, we systematically compared aerodynamic models—ranging from low-fidelity BEM models to
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high-fidelity blade-resolved URANS CFD models—on the power, thrust, and load characteristics of a full-scale X-Rotor at
various operational blade pitch offsets (Giri Ajay et al., 2024). We concluded that low-fidelity BEM models, such as DMS and
2DAC, are unsuitable for modelling the X-Rotor across its full operating range due to vertical induction from coned blades
and stronger tip vortices under pitch-offset conditions. Furthermore, by comparing with high-fidelity models, we showed that
free-wake vortex models are a promising alternative, offering a relatively cost-efficient approach while capturing the effects
of vertical induction. Therefore, it is essential to use models that are able to capture the 3D aerodynamics of the X-Rotor
geometry to be able to predict the aerodynamic behaviour accurately. However, in all these existing studies on the X-Rotor,
the models were only compared against higher-fidelity simulations in limited operational cases and could not be validated with
experimental data due to the full-scale rotor size.

Free-wake vortex models have previously been experimentally validated in the near wake for HAWTs (Sant et al., 2005;
Gupta and Leishman, 2006; Van Den Broek et al., 2023). Similar validations have been conducted for H-type VAWTs (Ferreira
et al., 2010; Meng et al., 2014; Tescione et al., 2016), demonstrating that free-wake vortex models are highly effective in
accurately capturing the VAWT’s near wake.

Recently, two experimental campaigns of a 1:100 scaled X-Rotor geometry (Figure 1) were conducted. Bensason et al.
(2023) obtained phase-locked PIV data of the induction field of the rotor with no pitch offsets. The dataset consisted of planar
slices at different locations inside the rotor volume to examine the influence of the coned blades on the vorticity field. Later,
Bensason et al. (2024) captured additional phase-locked data in the near wake of the turbine with pitch offsets, focusing on
their impact on the near-wake flow.

This study aims to validate the aerodynamic characteristics of the scaled X-Rotor predicted by CACTUS by comparing
numerical simulations with wind tunnel measurements for both non-pitched and pitched cases. Furthermore, it examines the
influence of the coned blades on blade loads and the flow field as a function of rotor height. Since wake and vortex struc-
tures depend on blade loads, this study strengthens confidence in using free-wake vortex models for unconventional turbines.

Additionally, it provides valuable insights into the X-Rotor’s aerodynamics, supporting its future development.

2 Experimental approach

In this section, we provide a brief description of the rotor model used in the experiments and the experimental setup. Detailed

information on setup and measurement techniques can be found in Bensason et al. (2023) and Bensason et al. (2024).
2.1 Scaled X-Rotor model

The test geometry is a purely geometrically scaled model of the full-size primary rotor, reduced by a factor of Wlo‘ The top
and bottom blades have a tip diameter of D = 1:5 m and cone angles of 30 and 50 , respectively, resulting in upper and
lower spans of 1 m and 0.65 m, respectively. Aside from scaling, the primary difference between the full-scale turbine and the
scaled model is that the latter consists of four straight NACA0021 airfoils with a constant chord of ¢ = 0:075 m, attached to a

stiff crossbeam of length 0.5 m with the same profile and chord. The blades are clean, without any vortex generators and are
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mounted at=2. The rotor is supported by a tower with a diameter of 0.06 m. The model operates at a constant tip-speed ratio
=4:0atU; =4 m/s, yielding a chord-based Reynolds numbeRef =8:1 10* at the tip. The operating conditions are
determined to obtain a thrust coef cient to be as close as possible to the optimal v&lwe=dd : 7, without compromising the
structural integrity of the rotor.
A visualisation of the tip-trajectory is provided in Figure 2. A constant in ow velocityJef = 4 m/s is assumed, neglecting
the in uence of induction. Blades (B) 1 and 2 represent the blades at azimuth and180 , corresponding to the rotor's
perpendicular position to the ow (maximum frontal area), as labelled in Figure 2. The top (t) and bottom (b) blade pairs
follow the same convention. The structures associated with each blade (B1t, B2t, B1b, B2b) are distinguished by colour. As
the blades progress over time, the resulting ow structures from each blade convect downstream, eventually overlapping and
interacting with others. Visualisations of each phase are provided here as a reference for analysing the ow elds at the speci ed

streamwise locations within the volumes.

Figure 2. Top-view schematic of tip-trajectory of the top blades at azimuthO . The tip-trajectory are mapped to each blade, in this
instance labelled B1t and B2t, for the two blades in the top-half (t). Corresponding blades in the bottom half would be referred to as B1b and

B2b respectively. No wake expansion or induction is assumed.

2.2 Experimental set-up

The experiments are conducted in the Open Jet Facility (OJF) at TU Delft Aerospace Engineering, as illustrated in Figure 3.
A controlled streamwise velocity af; =4 m/s is maintained throughout the experiment. The resulting in ow has reported
turbulence intensities of 0.5% within the testing region Lignarolo et al. (2014). The measurement system captures phase-
locked ow eld measurements at various locations within the X-Rotor induction eld. Normalised cross-stream locations
x=D = 0:435 0:265 0:065 0;0:065 0:265 0:435 were measured at azimuthss f0 ;45 ;90 ;135 g. At each cross-






