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ABSTRACT
Recent studies have revealed the large potential of vertical- axis wind turbines (VAWTs) for high- energy- density wind farms due 
to their favorable wake recovery characteristics. The present study provides an experimental demonstration and proof- of- concept 
for the wake recovery mechanism of the novel X- Rotor VAWT. The phase- locked flowfield is measured at several streamwise 
locations along the X- Rotor's wake using stereoscopic particle image velocimetry (PIV) with fixed- pitch offsets applied to the 
blades. The streamwise vortex system of the upper half of the X- Rotor is first hypothesized and then experimentally verified. 
The induced wake deformations of the vortex systems are discussed in comparison with previous studies concerning traditional 
H- type VAWTs. The results suggest that positive blade pitch is more favorable for accelerated wake recovery due to the dominant 
tip- vortex generated on the upwind windward quadrant of the cycle. Utilizing theoretical blade load variations along the span 
explains distinct unsteady flow features in the near wake generated at select quadrants of the rotor rotation, shedding light on 
the potential of the two pitch schemes.

1   |   Introduction

Offshore wind energy research and project development is in-
creasing given the favorable wind resource recognized by sea-
ward turbines [1] as well as the attenuation of social acceptance 
and environmental restrictions for installation [2]. Despite 
this, the installation and development of offshore wind farms 
still face several challenges. These include the high levelized 
cost of energy (LCOE) associated with offshore installations 
driven by the balance of plant costs [3], which are correlated 
with the upscaling of turbines and the requirement for strong 
floating and bottom fixed structures to support the top- heavy 
designs. Additionally, the availability of economically lucrative 
offshore resources, fitting the conditions of preferably shallow 
waters (allowing for cheaper support structures), and proximity 

to power- demanding coastal regions is limited [4]. As a result, 
clusters of turbines in wind farms are often placed in close prox-
imity to each other, which in some cases leads to a reduction of 
performance due to wake losses [5, 6].

Wake losses pose a significant hurdle to farm performance due 
to the region of low momentum generated directly behind the 
rotor [6–9]. Wake steering is an extensively studied and applied 
control strategy for increasing the efficiency of a farm as a whole 
by decreasing the inter- array wake losses [10, 11]. This technique 
utilizes a yaw offset of the rotor disk to deflect the wake away 
from downstream turbines [6, 7, 12]. Although the efficacy of 
wake steering is very case- specific on a farm's layout and wind 
resource [13], increases in the total power production of farms 
have been reported in the range of 4.1%–13% [7, 14].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 

properly cited.

© 2024 The Author(s). Wind Energy published by John Wiley & Sons Ltd.

https://doi.org/10.1002/we.2944
https://doi.org/10.1002/we.2944
mailto:
https://orcid.org/0000-0002-0590-1524
https://orcid.org/0000-0002-3339-6596
mailto:D.Y.bensason@tudelft.nl
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fwe.2944&domain=pdf&date_stamp=2024-08-08


2 of 24 Wind Energy, 2024

Vertical- axis wind turbines (VAWTs) have several established 
advantages over horizontal- axis wind turbines (HAWTs), such 
as lower levels of sound emissions [15] and independence from 
wind direction, to name a few [16, 17]. A further advantage in 
the context of offshore deployment is their lower center of grav-
ity as their heavy instrumentation (gearbox and drive train) can 
be positioned at the bottom of the tower (or even in the water) 
[18]. This yields a more stable structure and simplifies the opera-
tion and maintenance costs. However, perhaps the most crucial 
advantage that addresses the hurdle of wake losses and limited 
offshore space is VAWTs intrinsic ability for an accelerated wake 
recovery and consequently increased power density of a wind 
farm [19–22]. This benefit is supported by numerous studies 
of the wake using lab and full- scale VAWTs [16, 23–25]. These 
investigations generally credit the counter- rotating streamwise 
vortices stemming from the blade tips for a high rate of momen-
tum advection in both the near and far wake and, consequently, 
wake deformation and accelerated recovery with respect to 
HAWTs [26, 27]. The importance of these flow structures on 
the complex wake topology is highlighted by the attempts made 
using simplified objects such as cylinders [28] and mesh disks 
[29–31], which tend to show discrepancies in the near wake. 
However, studies have numerically demonstrated that a static 
actuator cylinder (AC) that mimics the time- averaged three- 
dimensional loading of a VAWT can accurately model the wake 
[32, 33]. A recent experimental study by Huang et al. [26] applied 
the aforementioned 3D AC model on a scaled VAWT geometry, 
providing an in- depth explanation and experimental demonstra-
tion of the trailing vortex system and its impact on wake topol-
ogy. Further, recent studies [26, 34] have begun to demonstrate 
promising proposed wake- deflection strategies for VAWTs that 
utilize blade and strut pitching, which boasts significant gains in 
performance for closely spaced turbine clusters.

In response to this and the desire to decrease the LCOE of off-
shore wind and capitalize on the benefits of VAWT technology 
for high- energy- density wind farms, a novel offshore wind tur-
bine concept known as the “X- Rotor” has been introduced [35], 
illustrated in Figure 1. The X- Rotor is a radical rethink of the 
traditional VAWT geometry, which relies on an “aerodynamic 
gearbox” working principle for electrical power generation. The 
design includes a coned blade in the shape of an “X,” dubbed 
the primary rotor, accompanied by wingtip- mounted HAWTs, 
dubbed secondary rotors. A majority of the studies so far have 
focused on the structural performance of the primary rotor as 
well as the cost expenditure modeling of the design as a whole 
[35, 36], yielding results that suggest a potential cost of energy 
reduction of 20% [35]. A recent study has experimentally inves-
tigated the impact of the coned blades on the flow field within 
the volume of rotation of the primary rotor [37], concluding a 
potential for the geometry for large- scale farm installation.

The results by Huang et  al. [26] showed massive potential for 
H- type VAWTs for farm installation. Building on the previous 
experimental investigations around the X- Rotor's [37], the ef-
ficacy of fixed pitch settings on the wake control is of particu-
lar interest given the X- Rotors design for offshore applications. 
The present work investigates the impact of fixed blade pitch 
on the near wake of the primary rotor using phase- locked ste-
reoscopic PIV. Numerical studies [39] have investigated the im-
pact of fixed- blade pitch on the blade loads and performance of 

a full- scale X- Rotor VAWT, demonstrating a penalty in power 
performance of the primary rotor of up to 20% depending on the 
tip- speed ratio. However, these studies lacked an analysis of the 
impacts of this strategy on the wake. The present study focuses 
on the wake deflection and deformation mechanism imposed by 
pitched blades while drawing comparisons with previous stud-
ies concerning straight- bladed VAWTs. The results confirm the 
trailing vortex system governs the wake topology. Further, it 
confirms and demonstrates the potential for fixed blade pitch to 
modify the rotor loading and, consequently, the vortex system 
in favor of an accelerated wake recovery for this novel geome-
try. The remainder of this manuscript is structured as follows. 
A theoretical analysis of the X- Rotor vortex system is provided 
in Section 2. A description of the experimental setup and case 
overview is provided in Section 3. The results and key findings 
are presented and discussed in Section 4 and followed by a sum-
mary and conclusions in Section 5.

2   |   Wake Re- Energization Mechanism

The dominant role of streamwise vortices on the wake topology 
and deflection of a VAWT was experimentally demonstrated by 
Huang et al. [26]. This phenomenon can be demonstrated by sim-
plifying the loading of a VAWT using the AC approach, as shown 
numerically by Tavernier et al. [40]. A top- view of the loading on 
this idealized cylinder is shown in Figure 2. The sectors of the 
VAWT cycle are upwind windward (UW), upwind leeward (UL), 
downwind leeward (DL), and downwind windward (DW). The 
vectors indicate the normal loading direction and magnitude of 
the blade throughout the cycle. For simplicity, the load is assumed 
to be uniformly distributed in the upwind and downwind halves 

FIGURE 1    |    Rendering of the X- Rotor concept adapted from Morgan 
and Leithead [38]. The primary rotor comprises of the upper and lower 
blades connected to a crossbeam. The direction of rotation of the 
primary and secondary rotors is marked.
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Crossbeam
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and dominated by the normal load contribution of the blade [40], 
with the upwind half loaded more heavily for the zero pitch case. 
A detailed overview of the streamwise vorticity generation as a 
function of the AC loading is provided by [26]. A representation 
of the streamwise vortices is shown in Figure 3. The upper half 
of the X- Rotor VAWT is shown at a phase- locked position of � 
= 0° with a gray shaded cone to represent the actuator surface. 
The upper tips are shaded red and blue to mark areas where pos-
itive (+ �x, counter- clockwise) and negative (− �x, clockwise) 
streamwise vorticity is generated by the blade, respectively. The 
generation and shedding of streamwise tip- vortices are an in-
trinsic feature of VAWT aerodynamics. The tip- vortex strength 
is proportional to the phase- dependent load of the blade. As this 
is constantly changing throughout the cycle [41], the circulation 
of the shed vortex is also continually changing. The direction of 
rotation of these vortical structures is a function of the loading 
direction of the blade in the inertial frame of reference and the 
sign of this bound circulation. This sign flips in the direction at 
� = 0° and 180° as the pressure and suction sides of the blades 
flip, and at � = 90°  and 270°  [23]. Note that the spanwise vor-
ticity generated by the blade is not presented in this schematic, 
as it is not a dominant feature in the wake recovery mechanism 
[30]. Idealized streamwise vortices generated from each AC 
quadrant are shown with their respective idealized propagation 

paths shaded. The intersection of these vortices with an arbitrary 
cross- stream plane (shaded trapezoid section) in the near wake is 
visualized on the right side of Figure 3 with the quadrants from 
the AC labeled. The vortices generated in the upwind half of the 
cycle induce an inboard flow on the upper section of the rotor as 
opposed to the downwind vortices, which induce an outboard 
flow. The vortices marked with A and B represent the dominant 
streamwise vortex in the leeward and windward halves of the 
rotor, respectively. Consistent with the zero pitch AC shown in 
Figure  2, these are the vortices generated in the UL and UW 
quadrants, respectively.

Along with the idealized load distribution of the baseline 
zero pitch case, the cases for fixed pitch settings of � = − 10

°  and � = 10°  are shown in Figure  2. For the fixed pitch case 
of � = − 10°, the load on the AC is shifted towards the down-
stream half of the rotor. This can be attributed to the system-
atically higher magnitudes in normal loading experience by 
the blade. As a result of this increased load, the strength of the 
streamwise vortices increases, consistent with lifting line theory 
[25]. Following the same reasoning, the positive fixed pitch case 
of � = 10° systematically increases the AC load in the upwind 
half of the rotor, strengthening the streamwise vortices gener-
ated in these respective quadrants.

FIGURE 2    |    The first row shows a schematic of the simplified force fields over the rotation cylinder of the X- Rotor adopted by Huang et al. [26]. 
The schematics include blades (exaggerated in size) at azimuths � = 0° and 180° for fixed pitch settings � = − 10°, 0°, and 10°, respectively. The 
curved arrows indicate the anti- clockwise direction of rotation. The second row illustrates the frontal area of the rotor (shaded) along with the 
dominant streamwise vortices labeled A and B as defined in Figure 3 with the rotation directions when in the inertial frame of reference.

FIGURE 3    |    An isometric schematic of the upper half of the X- Rotor at blade pitch � = 0°. Dominant tip- vortex filaments are color- coded based 
on the quadrant in which they are generated (blue and red) matching the colored blade tip trajectory. The intersection of these vortical structures 
on a streamwise plane (shaded) is shown on the right. The vortices are labeled based on the quadrant in which they are generated, where U and 
D correspond to upwind and downwind, respectively, and W and L correspond to windward and leeward, respectively. The dominant streamwise 
vortices are labeled A and B for the leeward and windward sides, respectively.
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To understand the impact of these streamwise vortices on 
the wake topology of the rotor, we assume that the aforemen-
tioned structures marked A and B are the dominant sources of 
induced flow. Hence, although the edges of the rotor wake in-
clude counter- rotating vortex pairs (CVPs), it is assumed that 
the weaker vortices stemming from the less loaded quadrants 
will merge with the dominant structure. This assumption has 
been experimentally and numerically validated [26, 40]. These 
vortices are visualized in Figure 2 on the bottom row when in-
tersecting a cross- stream plane in the near wake of the rotor. 
Blue and yellow vectors are added to visualize the movement 
of perturbed flow (wake) and freestream flow, respectively. 
For the baseline case of � = 0°, the dominant vortices are 
those from the UW and UL. These vortices induced a down-
wash, where freestream flow is injected from above the actu-
ator while the wake is ejected out from the side. The mode of 
operation is similar for the positive pitch case of � = 10° with 
higher magnitudes in downwash. Finally, the negative pitch 
case � = − 10° has dominant vortices stemming from the DL 
and DW quadrants of the cycle. As a result, free- stream flow 
is injected from the sides of the rotor while the wake is ejected 
from the top of the actuator.

For the simplified cases shown in Figure 2, the loads gener-
ated in the upwind and downwind halves are perfectly bal-
anced between the leeward and windward sides; as a result, 
lateral forces generated in the upwind and downwind are 
null. Hence, there would be no net lateral deflection of the 
wake, which would deflect symmetrically about the vertical 
axis. This theory holds for an infinite number of blades [42]. 
However, in practice, the loads generated in the leeward and 
windward halves of the rotor are not symmetric in magnitude, 
and hence, a lateral deflection is also expected [26, 43]. This 
level of asymmetry increases as the number of blades on the 
rotor decreases.

3   |   Methods

3.1   |   Wind Tunnel

Experiments are performed in the Open Jet Facility (OJF) at 
TU Delft Aerospace Engineering Laboratories, illustrated in 
Figure 4. The atmospheric closed- loop wind tunnel has an oc-
tagonal exit section of 2.85 m × 2.85 m with a contraction ratio 

FIGURE 4    |    Experimental setup in the OJF. A visualization of the measurement plane is provided (green cone) along with labeled key components 
of the measurement system.
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of 3:1. A controlled streamwise velocity of U∞ = 4 m s−1 is used 
throughout the experiment. The resulting jet stream is bound by 
shear layers with a semi- angle of 4.7° with turbulence intensities 
reported to be 0.5% within the testing region [44].

3.2   |   Scaled X- Rotor Model

A 1:100 scale X- Rotor model is mounted in the center of the test 
section, as illustrated in Figure  4. The model consists of four 
straight NACA0021 airfoils with a constant chord of c = 0.075 m 
attached to a stiff crossbeam with the same profile and chord 
and length of 0.5 m. The top and bottom blades have a tip diam-
eter of D = 1.5 m and coning angles of 60° and 40°, respectively. 
The upper and lower blade lengths are 1 and 0.65 m, respectively. 
The rotor is supported via a tower with a diameter of 0.06 m. The 
model is mounted on a base frame with instrumentation such 
as a motor, rotary encoder, torque sensor, and load cells. A de-
tailed overview of the instrumentation is provided by LeBlanc 
et al. [45].

3.3   |   Flow Measurement System

A stereoscopic particle image velocimetry (PIV) system is used 
to measure several velocity fields at discrete cross- stream lo-
cations in the wake of the X- Rotor. Seeding is generated via a 
SAFEX smoke generator with an average particle diameter of 
1 μm and particle density 103 kg m−3. The particles are illumi-
nated with a Quantel Evergreen double- pulsed Nd:YAG laser 
with a sheet thickness of approximately 4 mm. Dual pulses with 
a wavelength of 532 nm and 200 mJ of energy are generated. 
Finally, images are captured at a frequency of 15 Hz using two 
LaVision sCMOS cameras shooting from opposing sides of the 
laser sheet. With a focal length of 105 mm, numerical aperture 8, 
and stereoscopic angle of 74.8° between cameras, the resulting 
field of view (FOV) is approximately 43 cm × 30 cm, yielding a 
digital image resolution of 6 px/mm. A time of 320 μs between 
images is used. Based on the numerical aperture of the lenses 
and the image magnification M = 0.01, the diffraction diameter 

of the particle images can be calculated using Equation  (1) as 
10.3 μm. This is 1.5 times the pixel size (6.6 μm), resulting in lim-
ited peak locking errors [46]. 

The resulting images are processed with a cross- correlation- 
based image interrogation algorithm with window deformation, 
with window sizes of 256 px × 256 px and 96 px × 96 px and an 
overlap factor of 75%. A total of 120 vector field images were 
captured for each measurement plane and phase averaged. The 
camera and laser systems are rigidly connected and mounted on 
a traversing system, enabling a translation range in the stream-
wise and lateral direction of 1.5 and 0.5 m, respectively.

3.4   |   Case Overview

The aforementioned measurement system captures phase- 
locked measurements of the flowfield across cross- stream lo-
cations in the X- Rotor's wake, as visualized in Figure 5. The 
origin of the coordinate system is taken as the center of the 
crossbeam, with the y and z defined as the lateral and axial 
directions, respectively.The cross- stream planes measured 
range from distances of 0.39–2.4 m from the crossbeam center, 
corresponding to normalized distances of x∕D = 0.26 and 1.6, 
respectively. The measurements from the three cross- stream 
planes x∕D = 0.26, 0.90, and 1.6 are predominantly used in 
Section 4. However, an extended set of cross- stream planes was 
measured, with a complete overview provided in Appendix B. 
At a given cross- stream location, several planes are measured 
in the y- axis and z- axis directions via the traversing system 
described in Section  3.3 and stitched together when post- 
processing the results. Three fixed pitch settings were tested, 
namely, � = 10°  (pitched in), � = − 10°  (pitched out), and 
� = 0° (baseline). These fixed pitch settings were realized by 
modifying the blade connection point to the crossbeam. The 
wake is measured at a constant rotor rotational frequency of 
� = 21.3 rad/s, corresponding to a tip- speed ratio � = �R∕U∞ 
of 4 and chord- based Reynolds number of Rec = 8. 1 × 104. Due 
to time constraints, the measurement focuses on the wake 

(1)ddiff = 2. 44 × f# × (M + 1) × �

FIGURE 5    |    Schematic of the top view of the setup (left). Enlarged blades are shown at azimuths � = 0° and 180° with primary measurement 
planes (green) for the subsequent analysis marked. A magnified view of the blade orientation at fixed pitch settings � = − 10° (blue) and � = 10

° (brown) is provided. Frontal view of the measurements planes (right) for the example of x∕D = 0.9 and pitch � = 10°.
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behind the upper blades of the X- Rotor, spanning from z∕D = 
0.15 to 0.8 for the pitched cases � = 0° and 10°, and z∕D = 0.35 
to 0.8 for the pitch case � = − 10°.

3.5   |   Numerical Demonstration of Rotor Load 
Distribution

As explained in Section 3.2, load cells at the base of the rotor are 
used to measure the streamwise and lateral thrust components 
of the rotor over its rotation. However, this does not yield blade- 
level loading nor an integrated load for each blade. Hence, to sup-
port the arguments made in this work, simulations of the scaled 
X- Rotor model were run using the vortex lattice approach of the 
Code for Axial and Cross- flow Turbine Simulation (CACTUS) 
[47]. The upper blades of the X- Rotor are discretized into 18- 
blade sections and run for 13 revolutions to attain convergence 
with a second- order predictor time advancement scheme. The 
simulated load data of the final revolution is used in the subse-
quent discussion. The crossbeam and tower were not modeled in 
this numerical setup. A freestream flow of U∞ = 4 m s−1 is used 
for the simulation, with an XFOIL [48] statically simulated polar 
for a NACA0021 blade at Reynolds number 15 × 104.

The numerical results of the effective angles of attack of the top 
blades at each spanwise location and rotor azimuth are shown 
in Figure 6 for each of the fixed pitch cases. The quadrants as 
defined in Figure 2 are labeled along with a black contour line 
indicating the static stall angle of the NACA0021 blade. In this 
case, the static stall angle is simulated to be �ss = 9. 1°.

For the baseline pitch case of � = 0°, the region in which the 
stall angle gradually narrows in the upwind half of the cycle 
towards the tip of the upper blade. Below this, the blade expe-
riences a large stall in the UL quadrant, initiated towards the 
end of the UW quarter. In the downwind half of the cycles, the 
flow remains attached for a larger section of the span while ex-
periencing stall on the lower 60% of the span up to an azimuth 
of approximately � = 330°. Consistent with the description in 
Section  2, a negative pitch offset (� = − 10°) to the blade re-
duces the angles of attack experienced in the upwind half of the 
rotor significantly and, consequently, reduces the loads of the 
blades. However, the magnitudes in the angle of attack are in-
creased drastically in the downwind half. As a result, the blade 

is stalled for a majority of this half of the cycle, with sections 
falling within the stall limit for the upper sections of the span. 
Similarly, the positive pitch case (� = 10°) systematically lowers 
the angles of attack experienced by the blade in the downwind 
half of the cycle, with a very small region of spans falling within 
the stall limit. However, the angles surpass the stall limit in the 
upwind half of the rotor across all spanwise locations, starting 
at an azimuth of approximately � = 16°.

Although large regions of separated flow across all pitch cases 
for span- wise locations near the root section are evident, the 
most significant contribution of aerodynamic load stems from 
the regions closer to the tip. Hence, to further understand the 
impact of blade pitch as a function of rotor azimuth for the 
blade as a whole, the blade integrated normal load is shown in 
Figure 7 for each fixed pitch case. The blade integrated loads CN 
are shown similarly to Figure 2. Furthermore, the percentage 
difference with respect to the pitch case of � = 0°  for the inte-
grated load over the area of each quadrant is shown for the posi-
tive and negative pitch cases. The numbers are color- coded, with 
green and red signifying an increase and decrease, respectively.

Consistent with the angle of attack magnitudes in Figure  6 
and the discussion in Section  2, the loading of the X- Rotor is 
higher in the upwind half for the baseline pitch case of � = 0°. 
As mentioned in Section 2, the symmetric loading between the 
windward and leeward halves of the rotor is a simplification of 
the system. In reality, the loading in the windward half of the 
rotor is higher due to the asymmetric angle of attack variation 
and induction of the rotor, highlighted in Figure 6. For the pos-
itive pitch case � = 10°  the normal load of the blade increases 
in the upwind half of the cycle, most significantly in the UW 
quadrant. Consequently, the load decreases in the downwind 
half of the cycle, consistent with Figure  6. Finally, the nega-
tive pitch case increases the normal loading of the blade in the 
downwind half of the rotor while reducing that in the upwind 
half. Not only does the action of pitching the blades alter the 
magnitudes of blade loading in the respective quadrants, but 
also the percentage of time spent in each quadrant with positive 
and negative normal loads. In the inertial frame of reference, 
depending on if the blade is in the windward or leeward half 
of the cycle, the normal load direction governs the direction 
of vorticity generated at the tip, described in Section 2. For the 
negative fixed pitch case, the blade experiences a negative load 

FIGURE 6    |    Effective angle of attack � of the top blades as a function of azimuth locations � and normalized blade span position for each fixed 
pitch case. The black contour line indicates the static stall angle of the NACA0021 airfoil of �ss = 9. 1°. Vertical dashed lines separate the different 
quadrants of the rotor as described in Figure 2.
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coefficient (inward) for a larger percentage of the cycle in both 
the leeward and windward halves of the cycle compared to the 
zero pitch case. This confirms the dominance of the streamwise 
CVP generated in the download half of the cycle, as highlighted 
in Figure 2. Similarly, the positive pitch case increases the per-
centage of time the blade experiences a positive (outward) nor-
mal load in both the windward and leeward halves of the cycle, 
ascertaining the dominance of the upwind- generated vortices. 
Similar behavior was experimentally observed by LeBlanc and 
Ferreira [43] for a straight- bladed VAWT model.

3.6   |   Uncertainty in Flowfield Analysis

Given the relatively high complexity of the flow measurement 
system, we aim to quantify certain sources of uncertainty in the 
flow measurements. Following the work of Sciacchitano and 
Scarano [49] and Huang et al. [26], the standard uncertainty of 
the phase- locked velocity field can be calculated as 

where �U∗ is the standard deviation of the average phase- locked 
velocity components Ux, Uy, and Uz over N images. The ratio is 
multiplied by a coverage factor k = 1.96 to expand the standard 
uncertainty to a 95% confidence interval. As described in 
Section 3.3, the number of images collected for each FOV is N = 
120. For the streamwise flow component, the highest magnitude 
in �U∗ is for the � = 0° case is 1.2 m s−1, resulting in a standard 
uncertainty of UUx∗

 = 0.21 m s−1. Following the same procedure, 
the maximum standard uncertainties in the lateral and axial di-
rections are UUy∗

 = UUz∗
 = 0.18 m s−1, respectively. These rela-

tively high standard deviations are attributed to large regions of 
separated flow in the near wake of the X- Rotor due to the coned 
nature of the blades, as further described in Sections 3.5 and 4.4. 
When considering regions of the wake outside these regions, the 
�U∗ are the order of magnitude of 0.12 m s−1 for the three flow 
components, resulting in UUx∗

 = 0.02 m s−1.

In addition to the standard uncertainty of the phase- locked 
flow components, the standard uncertainty of the phase- locked 
streamwise vorticity component U�x

 is calculated as 

where UU∗ is the standard uncertainty in the axial (UUz∗
) or lat-

eral (UUy∗
) direction [50]. The grid spacing of the integration 

window is denoted as d, and the cross- correlation coefficient of 
the spatially correlated velocities is denoted as �(2d). Given a 
camera scaling factor of 7.27 px/mm and correlation window 
size of 96 px × 96 px, the dimensional grid spacing is calculated 
as d = 13.2 mm. The cross- correlation coefficient adopted for 
this work is �(2d) ≈ 0.45 [50], yielding a standard uncertainty in 
the streamwise vorticity in the regions of separated flow as U�x

 = 
10.1 s−1. When adopting the standard uncertainty in the velocity 
outside this region, the value is computed as U�x

 = 1.1 s−1.

A further source of uncertainty when dealing with phase- locked 
measurements is phase unsteadiness in the system. This can be 
attributed to either vibration in the measurement system or er-
rors in the time delay for the triggering of the cameras and laser 
system. When the wake has low magnitudes in velocity and 
gradients, the unsteadiness in the system will have a minimal 
impact on the average value. However, in cases where there are 
large flow gradients, such as regions near the tip- vortex of the 
rotor, the impacts of this unsteadiness can be larger on the com-
puted average.

The percentage error in the velocity magnitude |U | with re-
spect to the mean value |U120| is shown in Figure 8. Rather than 
showing the convergence over the entire range, the analysis is 
performed for two subsets of N = 60 cycles. The convergence 
of randomized acquisitions are denoted as |U1−60| and |U61−120| 
for the two subsets, respectively. The convergence is tested for 
two representative cases where we expected lower and higher 
gradients. For the low gradient representative case, the con-
vergence at the center of the wake with pitch � = 0° at x∕D = 
0.26 is shown, as illustrated by the subfigure in Figure 8. The 
curves for both subsets of acquisitions fall consistently below 
a 1% difference with respect to the average over the full range 
of acquisitions |U120|. For the high gradient representative case, 
the the convergence near the windward vortex for a pitch case 
� = 10° at x∕D = 0.4 is shown. The difference with respect to 
the mean of the full range is higher compared to the � = 0° case 
for both subsets of acquisitions. Both fall within a 1% difference 
beyond a sample size of N = 20. The percentage difference � 

(2)UU∗ =
k�U∗√
N

(3)U�x
=
UU∗

d

√
1 − �(2d)

FIGURE 7    |    Numerical results of the blade integrated normal load CN as a function of blade azimuth for each fixed pitch case. The solid circular 
line indicates the case where the normal load is zero. Flow comes from left to right. The percentage differences for each quadrant with respect to the 
zero pitch case � = 0° for the fixed pitch offsets are shown, with red and green signifying a decrease and increase, respectively.
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8 of 24 Wind Energy, 2024

between the converged subsets of values for the two pitch cases 
are computed as follows: 

Using the final converged values for the subsets, the percentage 
difference for the pitch cases � = 0° and 10° are computed as 
0.03% and 0.40%, respectively. This analysis has been performed 
for several other locations in the wake across all pitch cases to 
confirm a converged data set.

Finally, uncertainty associated with the traversing and sub-
sequent stitching of measurement planes is addressed. As de-
scribed in Section  3.4, a traversing system is used to acquire 
several measurement planes at a given streamwise location be-
fore being stitched together when post- processing the results. 
Uncertainties in this process may arise in the stitching from 
random and human errors in the traversing system operation as 
well as the accuracy of the system itself. The root- mean- square 
error (RMSE) for the velocity magnitudes is computed for the 
overlapping regions of planes as follows: 

where |U1| and |U2| are velocity magnitude values at a given 
index i in an overlapping regions between two planes and N is 
the number of overlapping indices. The RMSE for overlapping 
acquisitions in the same regions as discussed with Figure  8 
are computed as 0.23 m s−1 and 0.13 m s−1 for the pitch cases � 
= 0° and 10°, respectively. Once again, the same analysis was 
conducted for overlapping acquisitions at different locations in 
the wake of all pitch cases to ensure the accuracy of the stitching 
process.

4   |   Results

4.1   |   Velocity Fields

The phase- locked streamwise, lateral, and axial velocity con-
tours are shown in Figures  9–11 for each of the fixed pitch 
cases at cross- stream locations x∕D = 0.26, 0.90, and 1.60. All 
velocities are normalized by the free stream velocity U∞ with a 
black contour of the wake at Ux∕U∞ = 0.9. The frontal area of 
the rotor at an azimuth of � = 0° is shown via a gray line with 
quivers showing the in- plane velocities in black. An extended 
set of measurements at more cross- stream planes is shown in 
Appendix B.

The measurements do not extend towards the upper blades' roots, 
so the pitch case's wake � = − 10° does not display streamwise 
flow deficits below 0.6U∞. The wake shape shows an elongation 
in the axial direction that extends when moving along in the 
streamwise direction, with a more pronounced extension on the 
windward half of the rotor. This axial stretching of the wake is 
confirmed by the strong presence of axial flow Uz in the upper 
section of the wake, shown in Figure 11. In addition to the axial 
expansion, a radial contraction is also evident on the leeward side 
of the rotor, shown in Figure 10. This is consistent with the strong 
positive radial flow of 0.3U∞ in the leeward half of the rotor 
throughout the wake. This is complemented further by the neg-
ative radial flow components on the windward side of the rotor.

The measurements for the pitch case � = 0° extend further to-
wards the roots of the upper blades and feature higher stream-
wise flow deficits of up to 0.3U∞ than the aforementioned case. 
Minimal expansion has occurred in the near- wake region; 
hence, the wake profile follows the coned shape of the rotor. 
Similar to results reported by Tescione et  al. [23], a differ-
ence in the flow deficits between the windward and leeward 
halves of the rotor is visible due to the asymmetric loading of 
the rotor, which is further highlighted by heavier radial wake 
extension on the windward side of the rotor. This asymmetry 

(4)� =
|||U1−60| − |U61−120|||

|U1−60|+ |U61−120|
2

× 100

(5)RMSE =

� ∑N

i=1 (�U1,i�− �U2,i�)2

N

FIGURE 8    |    Statistical convergence of the difference in phase- locked velocity magnitude |U | with respect to the average over N  = 120 acquisitions 
|U120| for subsets 60 data acquisitions. The convergence of a case near the center of the wake for pitch case � = 0° at x∕D = 0.26 is shown in red and 
that for � = 10° at x∕D = 0.4 is shown in blue. The respective color- coded wake shapes for the two cases are shown with red dots indicating the point 
for which the convergence is presented.

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2944 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [15/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



9 of 24

has also been observed by Huang et  al. [26] and can be fur-
ther justified by the vorticity distributions in the wake, dis-
cussed in Section 4.2. Unlike the negative pitch case, there is 
minimal axial flow with magnitudes around 0.1U∞ in areas 
distant from tip- vortices. A change in magnitude and location 
of local upwash and downwash in the near wake across the 
cross- stream locations is evident. This is due to the coherent 
shed and tip vortical structures within the rotation volume in 
the rotor having periodic induced velocities. The radial flow 
suggests a general wake expansion with positive and negative 
magnitudes of Uy on the windward and leeward sides of the 
rotor, respectively.

Finally, the positive pitch case � = 10°  shows a significant 
radial deflection of the wake towards the windward side of 
the rotor, similar to the results reported by Huang et al. [26] 
for straight- bladed VAWTs. The positive pitch case features a 
more significant flow deficit than the aforementioned cases 

directly behind the rotor. This can be attributed to the higher 
lift generated by the advancing blades on the windward side 
of the rotor. This further translates to an increased lateral 
force induced on the flow, as confirmed by Figure 10, leading 
to a wake expansion radially outward on the windward side. 
Starkly different from the negative pitch case, the wake shape 
suggested an axial contraction that extends in the streamwise 
direction. This is concentrated mainly on the windward half 
of the rotor and is visible via the large vertical downwash on 
the order of 0.3U∞ shown in Figure 11. This is accompanied by 
a strong presence of positive radial flow on the windward side 
and negative on the leeward.

4.2   |   Verification of the Vorticity System

The measured streamwise vorticity at cross- stream locations 
x∕D = 0.26, 0.90, and 1.60 is shown in Figure 12 for the fixed 

FIGURE 9    |    Normalized streamwise flow (Ux∕U∞) at cross- stream locations x∕D = 0.26, 0.90, and 1.60 for fixed pitch cases � = − 10°, 0°, and 
10°. The gray solid line shows the frontal area of the rotor at an azimuth of 0° with a black contour line showing where Ux∕U∞ = 0.9. Quivers show 
the in- plane velocity vectors.
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10 of 24 Wind Energy, 2024

pitch cases � = − 10°, 0°, and 10°. In- plane velocity vectors 
are illustrated to help locate the vortical structures labeled 
based on the convention proposed in Section 2. The black con-
tour line indicates where Ux∕U∞ = 0.9, and the gray enclosed 
curve indicates the frontal area of the rotor. An extended set 
of measurements at more cross- stream planes is shown in 
Appendix B.

For all pitch cases, the vortical structures are clearly present at 
the x∕D = 0.26. As this plane is still within the volume of rota-
tion, the presence of shed vorticity of the blade is visible, specif-
ically for the � = − 10° and 10° cases. For the pitch cases � = 
10°, the vortex generated in the UW quadrant (B) creates a dom-
inant downwash of the wake, contracting the wake perimeter 
to within the frontal area of the rotor. Due to the high strength 
of this vortex, that of the previous blade is also visible, which 
has convected downstream. The UL vortex (A) is also present 
but visibly weaker and hence induces a similar axial contraction 

of the wake on the leeward side of the rotor but to a lesser de-
gree. The negative pitch case � = − 10° exhibits a similar CVP 
with opposite direction to the aforementioned case as predicted 
in Section 2. The vortices generated in the DW (B) and DL (A) 
quadrants are dominant and induce an axial expansion of the 
wake. Once again, the windward vortex is seemingly stronger 
in magnitude. The upwind vortex, albeit weaker, has convected 
inward towards y∕D = 0 and includes a regional upwash of the 
wake. Finally, the case with no pitch � = 0° exhibits three vor-
tical structures towards the windward side of the rotor with 
alternating rotation direction. As this plane is still within the 
volume of rotation and these are phase- locked measurements, 
the tip- vortices of the passing and previously passed blade are 
visible. In this case, the DW- generated vortex (B) stems from the 
blade, which has just passed and is now at phase- locked position 
� = 0°. The surrounding vortex pairs (B) were generated in the 
UW quadrant by the two blades in the previous cycles that have 
convected downstream.

FIGURE 10    |    Normalized streamwise flow (Uy∕U∞ ) at cross- stream locations x∕D = 0.26, 0.90, and 1.60 for fixed pitch cases � = − 10°, 0°, and 
10°. The gray solid line shows the frontal area of the rotor at an azimuth of 0° with a black contour line showing where Ux∕U∞ = 0.9. Quivers show 
the in- plane velocity vectors.
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11 of 24

The impact of the vortex system on the wake increases in the 
next cross- stream plane x∕D = 0.90. For the case of � = 10° the 
size of the UW vortex (B) has grown and convected slightly 
downward towards z∕D = 0. The surrounding shed vorticity 
of the blade has dissipated as we exit the volume of rotation of 
the rotor. The induced downwash of the vortex has increased 
due to the larger size of the structure, causing a larger degree 
of wake deformation and region of high- speed flow within the 
frontal area of the rotor. The UL vortex (A) is not labeled at this 
cross- stream location, as it has seemingly diffused. However, its 
impact on the wake is still present at this location, with a slight 
axial contraction on the leeward side of the rotor. For the pitch 
case � = − 10°, the DW vortex (B) has diffused and convected 
upward above the AC surface. In contrast, the DL vortex (A) 
has increased in strength while continuing to induce a strong 
axial contraction of the wake. The zero pitch case � = 0° once 
again exhibits two tip- vortices generated in the UW quadrant 
(B) of the cycle, which have convected downstream, as well as 

the vortex generated in the DW quadrant (A) of the blade which 
has just passed.

Finally, the most downstream plane x∕D = 1.60 suggests that 
the vortical structures across all pitch cases are still present but 
have diffused and mixed substantially. For the positive pitch 
case � = 10°, the UW vortex (B) has diffused to a degree where 
no clear core is identifiable. However, the structure continues to 
induce a local downwash on the windward side of the rotor, with 
freestream flow being injected from the upper surface of the AC. 
Little difference in the wake structure on the leeward side of the 
rotor is notable compared to the previous cross- stream location 
presented. The negative pitch case � = − 10° still displays two 
coherent vortex structures, which have both convected above 
the actuator surface. The zero pitch case � = 0°  shows no co-
herent vortex structures due to the mixing process of the closely 
spaced CVP in the near wake. This mixing and turbulent diffu-
sion is intrinsic to VAWTs [23, 37]. The outward motion (above 

FIGURE 11    |    Normalized streamwise flow (Uz∕U∞) at cross- stream locations x∕D = 0.26, 0.90, and 1.60 for fixed pitch cases � = − 10°, 0°, and 
10°. The gray solid line shows the frontal area of the rotor at an azimuth of 0° with a black contour line showing where Ux∕U∞ = 0.9. Quivers show 
the in- plane velocity vectors.
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12 of 24 Wind Energy, 2024

the AC surface) of the vortex structures generated on the wind-
ward side of the rotor has been observed experimentally [23, 37] 
and numerically [51] and can be attributed to the interaction 
of the tip- vortices of the blade in quadrant UW and the second 
blade generated in the DW quadrant.

To further highlight the relative impact of blade pitching on the 
strengths of the tip- vortices, Figure  13 shows the maximum 
streamwise vorticity strengths max(�x) of the vortices in the 
windward (W) and leeward (L) halves of the rotor as a function 
of the cross- stream location. The maximum vorticity is normal-
ized by the highest vortex recorded, which is that of the positive 
pitch case on the windward side max(�x,+10) at x∕D = 0.26.

Across all cases, the maximum vorticity magnitude tends to de-
crease when moving further downstream in the wake. This is 
consistent with the observations made of Figure 12 and can be 
attributed to the mixing and diffusion process of the tip- vortex 

structures. A deviation from this trend is evident at x∕D = 0.5 for 
the vortex of the negative pitch case on the leeward side, where 
there is an increase in strength from the previous plane. As ex-
plained in Section 2, negative blade pitch causes greater loads to 
be applied to the downwind half of the rotor. Hence, the gener-
ation of a strong tip- vortex occurred in the DL quadrant of the 
cycle and has a delayed appearance in the flowfield compared to 
the heavily loaded upwind case of the positive pitch. The peak 
vorticity at the most upstream plane x∕D = 0.26 corresponds to 
the vortex generated in the UL quadrant of the cycle, and that at 
x∕D = 0.5 in the DL quadrant, as labeled in Figure 12.

The maximum vorticity strengths on the leeward side of the 
rotor for the positive pitch case remain low in magnitude across 
all streamwise planes. As described in Section  2, positively 
pitching the blade increases the blade loading in the upwind half 
of the rotor with an increase in relative angle of attack across 
the span. As shown in Figure 6, the angles of attack eventually 

FIGURE 12    |    Streamwise vorticity contours at cross- stream locations x∕D = 0.26,0.90, and 1.60 for fixed pitch cases � = − 10°, 0°, and 10°. 
Vortices are labeled for clarity corresponding to markings presented in Figure 2. The black contour line indicates where Ux∕U∞ = 0.90. The gray line 
represents the frontal area of the rotor.
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13 of 24

exceed the stall angle towards the end of the UW quadrant of the 
cycle. Hence, the blade is stalled for a large portion of the cycle's 
UL quadrant, leading to a weaker tip- vortex structure. A similar 
phenomenon occurs for the negative pitch case in the DW quad-
rant of the cycle. With the higher angle of attack magnitudes in 
the downwind half of the rotor, the blade stalls in the DL quad-
rant of the cycle, leading to a separated flow majority in DW 
quadrant of the cycle and, hence, a weaker tip- vortex structure.

4.3   |   Rotor Induction

The proposed vortex system was verified in Section  4.2. The 
subsequent impacts of these structures on the distribution of 
streamwise flow deficits ((Ux − U∞)∕U∞) are presented more 
clearly in Figure 14 for the wake positions of x∕D = 0.26, 0.90, 
and 1.60 for the three pitch cases. The frontal area of the rotor is 
represented with a gray line.

For the baseline case of zero pitch � = 0°, the region of flow 
deficit remains within the frontal area of the rotor for the most 
part as we are in the near wake, and minimal expansion has 
occurred. At the cross- stream location x∕D = 0.9 the wake has 
expanded beyond the frontal area of the rotor both laterally and 
axially due to the average expansion of the wake. At the most 
downstream location x∕D = 1.60 the wake has convected above 
the actuator surface on the windward side of the rotor, consis-
tent with the vortex system discussed in Section 4.2.

For the positive pitch case � = 10° an immediate effect at x∕D = 
0.26 of the dominant vortical structure in the UW quadrant is 
visible on the windward half of the rotor, with the flow deficit 
of the wake contracted below the frontal area of the rotor. This 
axial contracting is complemented by a lateral expansion, with 
regions of flow deficit evident outside the frontal area of the rotor 
on both the windward and leeward halves of the rotor. A notable 
region of flow acceleration is evident on the windward half of the 
rotor due to the convection of the tip vortex from a previous blade 
passage. As these results are phase- locked and still in the near 
wake of the rotor, the coherent tip- vortices from previous cycles 
intersect the measurement plane at instances where the vortex 

tube is not perfectly perpendicular to the plane [37]. Hence, the 
out- of- plane flow acceleration on the upper part of the vortex is 
captured and evident in regions of dominant vortical structures. 
A similar structure is evident on the leeward side of the rotor as 
well due to the acceleration of flow over the large- scale vortex 
generated in the UL quadrant of the cycle. At the cross- stream 
location x∕D = 0.90 the wake has ejected further out laterally 
while contracting even further in the axial direction. The flow 
deficit stemming from the large- scale vortex has grown in size, 
consistent with the observations in Section  4.2. Furthermore, 
the region of flow acceleration stemming from the previous 
shed tip- vortex on the windward side appears lower compared 
to the previous plane. This is consistent with the vortex system 
described in Section 2 and the downward convection of the UW 
vortex. Finally, at the most downstream location x∕D = 1.60 the 
wake has ejected further laterally while leaving a large region of 
high- speed flow within the frontal area of the rotor. The region 
of flow acceleration enclosed between the large- scale vortex and 
the wake has dissipated.

The negative pitch case � = − 10° shows a minimal flow defi-
cit on the most upstream location of x∕D = 0.26, with dom-
inant regions following the shed vorticity of the blades. As 
described in Section  2, the load is shifted downstream for 
this pitch case. Hence, the wake has had less time to develop 
compared to the positive pitch case, where the load is shifted 
upwind and shows a weaker flow deficit compared to the zero 
pitch case. As in the positive pitch case, the presence of flow 
acceleration is evident on the leeward side of the rotor due to 
the high- strength tip vortex. At the cross- stream location x∕D 
= 0.90, the wake has had more time to develop with a more 
pronounced flow deficit structure. Consistent with the vortex 
structures, the wake contracts laterally while ejecting axially 
above the actuator surface. This is clearly visible on the lee-
ward half of the rotor, where a region of high- speed flow is 
present within the frontal area of the rotor while the wake 
is stretched above the surface. The magnitude of the flow 
acceleration on the leeward side of the rotor has seemingly 
grown as described in Section 4.2, the weaker UL vortex has 
convected inward, and the high- strength DL vortex has had 
more time to develop, making it the dominant feature on the 

FIGURE 13    |    Maximum streamwise vorticity max(�x) strength as a function of cross- stream location for the positive and negative pitch cases. 
Solid lines indicate vortices on the windward side (W) and dashed on the leeward (L). Values are normalized by the maximum vorticity of the inward 
vortex in the positive pitch case at x∕D = 0.26 (max (�x,+10)).
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leeward side. Similarly, the wake on the windward half of the 
rotor is ejected above the frontal area due to the DW quad-
rant, consistent with the discussion in Section 2 and results in 
Section 4.2. Due to this upward convection of the tip- vortex, 
the flow deficit on the windward side of the rotor at heights 
around z∕D = 0.4 is not contracting axially to the same degree 
as on the leeward side of the rotor. At the downstream loca-
tion x∕D = 1.60, the vortex on the DL quadrant has deformed 
the wake more with a larger area of high- speed flow present 
within the frontal area of the rotor. Contrarily, only a small 
region of high- speed flow is present on the windward side of 
the rotor near the blade tip.

4.4   |   Phase- Locked Flow Fluctuations

The normalized standard deviation (SD) magnitude 
|�| =

√
�2u + �2w + �2v∕U∞ where � denotes the standard- 

deviation of the phase- locked velocity component, is plotted in 
Figure 15. Previous work [52] relied on a combination of phase- 
locked and time- averaged data to isolate mean, periodic, and 
random velocity terms. As no time- averaged results are avail-
able, the standard deviation term encompasses the quality of the 
phase- lock as well as local turbulent flows in the wake. The lack 
of time- averaged data hinders the isolation of these two compo-
nents as done in previous works [26, 53]. However, as turbulent 
flow would lead to higher standard deviations, this approach 
succeeds in giving a relative indication of regions with unsteady 
flow separation and turbulence.

The first row shows |�| for the cross- stream plane x∕D = 0.26. 
For the zero pitch case, SD magnitudes are highest at the edge 
of the wake. Large magnitudes are evident in the regions 
where coherent shed vorticity is present from the blade that 
has just passed, with slightly weaker values than those gen-
erated by the previous blade. A clear transition from attached 

FIGURE 14    |    Velocity deficit contours at cross- stream locations x∕D = 0.26, 0.90, and 1.60 for fixed pitch cases � = − 10°, 0°, and 10°. The gray 
line represents the frontal area of the rotor.
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to separated flow is visible on the windward side of the rotor 
at around z∕R = 0.37. This corresponds to a local tip- speed 
ratio of � = 3.0. A similar separation region is evident on the 
leeward side of the rotor. For the positive pitch case � = 10°, 
moderate intensities are evident at the edges of the wake. The 
tip vortices have high magnitudes of SD, indicating some me-
andering of the vortex structures and hence smearing in the 
phase- lock. Furthermore, a large region of high SD is evident 
on the windward side of the rotor. This region corresponds 
to the intersection of the measurement plane of the generated 
shed vorticity from the blade passing through the UL quad-
rant of the cycle. As expected, the blade is heavily stalled in 
this region due to high magnitudes in relative angle of attack, 
specifically in regions moving towards the blade's root where 
the local tip- speed ratio decreases. For the negative pitch case, 
high magnitudes in SD are evident on the windward side of 
the rotor following the blade's trajectory. This is generated by 
the blade that just exited the DW quadrant of the cycle, where 
the angle of attack magnitudes are increased through the 

pitching action, presumably leading to stall. The shed vorticity 
of the previous blade generated in the UW quadrant appears 
at a lower magnitude and more inboard towards y∕D = 0, as 
seen in Figure  12. The shed vorticity on the leeward side of 
the rotor is generated in the UL quadrant, where the angles of 
attack are systematically reduced through the pitching action, 
leading to more attached flow along the span of the blade.

The second row is at a cross- stream plane of x∕D = 0.9. The 
zero pitch case shows peaks in SD at the tip vortices. Once 
again, moderate streaks of SD are apparent at the edge of the 
wake as well as along the shed vorticity of the blades. As this 
is now further in the wake, these structures have begun to 
diffuse and deform compared to the previous plane. The posi-
tive pitch case shows high standard deviation on the tip vortex 
as before, which has grown in size. As in the zero pitch case, 
high SD is not only concentrated along the perimeter of the 
wake but also quite dominant within. This can be attributed 
to shed vorticity structures that have convected downstream 

FIGURE 15    |    Normalized standard deviation magnitude, |�|, contours at cross- stream locations x∕D = 0.26, 0.90, and 1.60 for fixed pitch cases 
� = − 10°, 0°, and 10°. The gray line represents the frontal area of the rotor.
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generated by the blade in the UW quadrant. As in the previ-
ous plane, the blade is expected to be stalling here due to the 
systematic increase in the angle of attack across the span. The 
negative pitch case shows moderate intestines in SD along the 
deformed edge of the wake. The windward side of the rotor 
shows a presence of high SD within the wake, which can be 
attributed to the stalled blade of the DW quadrant that has 
convected downstream.

Finally, the third row shows the SD at cross- stream plane x∕D 
= 1.6. The zero pitch case has moderate SD concentrated along 
the perimeter of the wake with high magnitudes concentrated 
around the mixing and diffusing tip- vortex structures. At the 
edge of the measurement domain, a path of high SD is evident 
where the edge of the open jet is reached. For the positive pitch 
case, the distribution looks the same as in the previous plane, 
with a decrease in magnitude due to diffusion. The negative 
pitch case shows similar behavior to the previous plane as well 
as the positive pitch case. Given the convective speed of U∞ 
(without considering rotor induction) and the rotational fre-
quency of 21.3 rad/s, the wake structure has convected approx. x 
= 0.8D in one cycle, explaining the similarity between the flow 
fields at x∕D = 0.9 and 1.6.

4.5   |   Momentum Recovery

The previous sections have described the vortex system of the 
X- Rotor as well as the subsequent impact on the wake shape. 
Previous studies [26, 52, 53] have highlighted the mechanism 
of streamwise momentum recovery in the wakes of rotors by 
considering the time- averaged Reynolds averaged Navier- 
Stokes equation. As the presented results in this study are 
phase- locked, the unsteady RANS equation for streamwise 
flow is presented in Equation (6) for a single phase in the peri-
odic cycle of the wake. 

As in the aforementioned studies, the viscous terms are ne-
glected due to the sufficiently high Reynolds number. The 
overlines and primes are the phase- locked means and fluctu-
ating components, respectively. For this simplified analysis, 
the streamwise derivative terms (�Ux∕�x, �u�xu�x∕�x) and pres-
sure term are not presented as they are not measured. Hence, 
in Equation (6), we consider only the instantaneous contribu-
tions of the advection and Reynolds stress terms in the lateral 
and axial directions to the streamwise advection in the wake. 
The advection terms in the lateral and axial direction are kept 
on the RHS to evaluate their impact on the streamwise advec-
tion (LHS).

The aforementioned terms of Equation  (6) at a cross- stream 
plane x∕D = 0.9 for the three fixed pitch cases are shown in 
Figure 16. The black contour line indicates where Ux∕U∞ = 0.9, 
and the gray line indicates the frontal area of the rotor. All terms 
are normalized by the turbine diameter and freestream flow 
component. Following the style of Huang et  al. [26], positive 

(red) values have a favorable contribution to the wake recovery 
process and visa- versa.

The first row shows the lateral advection of streamwise mo-
mentum. For the baseline case of � = 0°, blue regions are pres-
ent around the circumference of the wake edge, specifically on 
the windward side. This can be attributed to the expansion of 
the wake where low momentum flow is transported laterally 
outward from the wake center. Similarly, a large region of blue 
is evident at the edge of the wake for the positive pitch case due 
to the transport of low momentum flow from the wake, latterly 
outward. This is complemented by a red region on the wind-
ward side where the high momentum flow is injected laterally 
from the free stream flow above the rotor. The negative pitch 
case shows a similar trend of closely spaced red and blue regions 
on the leeward side of the rotor. The blue corresponds to low 
momentum flow being pushed axially inward from the edge of 
the wake, while free stream flow is injected laterally from the 
side of the rotor (red). The same mechanism is also present on 
the windward side of the rotor, albeit at a lower degree.

The second row shows the axial advection of streamwise mo-
mentum. For the baseline case, high magnitudes are mainly 
concentrated around the coherent tip- vortex structures, which 
are convecting downstream. For the positive pitch case, a large 
region of red is present along the upper edge of the wake and 
on the windward side of the rotor. This can be explained by the 
axial contraction of the wake due to the injection of free stream, 
that is, high momentum flow from above the rotor. The leeward 
side of the rotor shows lower magnitudes of vertical advection 
as expected by the lower strength tip- vortex and, subsequently, 
a lesser degree of wake deformation. The � = − 10° case shows 
a large presence of blue on the edge of the wake above the rotor. 
This indicates an advection of low momentum streamwise flow 
from the center of the wake axially outward. This is present on 
both the windward and leeward sides of the rotor and compli-
mented by regions of red on the lateral edges of the wake. This 
indicates the high momentum flow is attributed to the vertical 
induction of the large- scale tip vertical structures.

The third and fourth rows present the Reynolds stress term 
distributions in the lateral and axial directions, respectively. 
Evident from a visual comparison between the top and bottom 
rows, the advection terms play a more dominant role in redis-
tributing momentum in the wake, consistent with the results of 
Huang et al. [26].

To further highlight the impacts of fixed blade pitch on the wake 
re- energization, the axial advective component of the mean- kinetic 
energy (MKE) flux above the rotor is shown in Figure 17. The im-
portance of vertical fluxes towards the replenishment of energy 
in farm arrays has been highlighted by Stevens and Meneveau 
[54]. A control volume approach is taken, as proposed by Hezaveh 
and Bou- Zeid [55], where the vertical fluxes above the rotor at z∕D 
= 0.7 within the diameter of the rotor (− 0. 5 < y∕D < 0. 5) are 
computed. For typical HAWT farms, the dominant term is typi-
cally the turbulent- induced vertical flux. However, as concluded 
above, the advective component is more dominant in the wake 
re- energization procedure of the X- Rotor with pitched blades. As 
such, only the, only the advective flux of MKE − 0. 5UzU

2
x  is pre-

sented, normalized by the freestream flow. The profile is extracted 

(6)
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over all cross- stream locations of the rotor. The mean profile is 
presented via a solid line with the shaded region representing the 
standard deviation across all cross- stream planes.

The axial MKE flux above the rotor does not change drasti-
cally as a function of cross- stream location across all pitch 
cases in these near- wake measurements. The pitch � = 0° case 
shows a relatively flat curve around a zero magnitude flux, in-
dicating minimal energy deleted[id=DB]momentum transfer 
above the rotor. Despite this, the mean curve does fall above 
zero on the leeward side due to the downwash of the vortex in 
the UL quadrant. Due to the asymmetry in the wake discussed 
in Section  4.3, the flux magnitude becomes negative on the 
windward side of the rotor. In this region, there is a higher 
magnitude of variety between the different cross- stream 
planes, as evidenced by the larger shaded area. As discussed 
in Section 4.1, the aforementioned asymmetry grows between 
the windward and leeward sides of the rotor when moving 
downstream.

The negative pitch case � = − 10° exhibits a predominantly neg-
ative axial flux magnitude across the entire diameter of the rotor. 
This is consistent with the impact of the vortex system on the 
wake topology, described in Section 4.2. The magnitude increases 
at the edge of the windward side due to the strong DW vortex 
which has convected above the rotor. Similarly, the magnitude is 
positive for a small portion on the leeward side of the rotor due 
to the DL vortex which has convected inward towards y∕D = 0. 
More significant variations as a function of cross- stream location 
are apparent at the regions near the dominant vortices due to the 
time taken for the structures to form, as discussed in Section 4.2.

Finally, the pitch case � = 10° shows a consistent positive mag-
nitude in flux, signifying a downwash. The downwash magni-
tude is significantly higher on the windward side of the rotor due 
to the UW vortex's higher strength than the UL, as highlighted 
in Figure 13. As a result, the flux magnitudes on the windward 
side are high before decreasing when moving towards the lee-
ward side of the rotor. Unlike the aforementioned pitch cases, 

FIGURE 16    |    Terms of Equation (6) for each fixed pitch case at wake position x∕D = 0.9. For each case, the value is normalized by the ratio 
between turbine diameter and free stream velocity (D∕U2

∞
).
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minor variation as a function of cross- stream location is appar-
ent. As the positive pitch case is an upwind phenomenon dis-
cussed in Section 4.2, the vortex system is already established 
when measuring downstream. The positive pitch case has a 
higher magnitude in axial MKE flux on average across the rotor 
diameter, with < − 0. 5UzU

2
x ∕U

3
∞
> = 0. 05 compared to −0.03 

and 0 for the negative and zero pitch settings, respectively.

5   |   Conclusions

The role of the X- Rotor's loading on the wake topology is defined 
using the AC theory and further validated using the CACTUS 
numerical model. The numerically obtained angle of attack dis-
tribution across the X- Rotor's upper blades and subsequent az-
imuthally resolved loading confirm the impacts of fixed blade 
pitch on the load distribution of the X- Rotor. This working princi-
ple is further validated and demonstrated through an experimen-
tal study of the near wake of a scaled X- Rotor using stereoscopic 
PIV measurements. The results confirm the theoretical load dis-
tribution modifications realized by fixed- blade pitch and align 
with previous works that theoretically defined and demonstrated 
the impact of fixed- blade pitch on an H- Type VAWT.

The velocity components and the streamwise vorticity in the 
wake reveal two distinct modes of operation. For the positive 
pitch case (pitched in), the strength of the upwind vortex is dom-
inant, leading to flow entrainment axially from the free stream 
complimented by an ejection of the wake in the lateral direction. 
Conversely, for the negative pitch case (pitched out), the strength 
of the downwind vortex is dominant, leading to an opposing di-
rection of rotation and, subsequently, a wake ejection axially 
upward and flow entrainment laterally from the sides. The 
standard deviation of the phase- locked flow fields shed light on 
regions where the blade is presumably stalling along the coned 
span due to the local differences in tip- speed ratio. Further, the 
change in effective angle of attack through fixed- blade pitch also 
triggers stall onset in certain quadrants of the rotor's motion as 

the stall angle is surpassed. A comparison of the flowfield with 
the theoretical blade integrated load distribution confirms this 
behavior. Finally, an analysis of the in- plane advection terms of 
the streamwise velocity confirms the wake re- energizing mech-
anism of the X- Rotor, highlighting the constructive induction of 
the large- scale tip vortices on momentum recovery.

The presented results highlight the streamwise vorticity system's 
critical role in the momentum transfer in the wake of the X- Rotor 
VAWT. Further, this mechanically simple wake control mecha-
nism of fixed blade pitch would yield huge potential for farm- scale 
installation of X- Rotor VAWTs due to the aforementioned bene-
fits in wake recovery. Future work will focus on studying the far 
wake of the X- Rotor with fixed blade pitch to further demonstrate 
the potential for farm- scale installation. Furthermore, an array 
of X- Rotor VAWTs will be tested to investigate the wake- wake 
and wake- rotor interactions with fixed blade pitch. Additionally, 
studies will be conducted to quantify the trade- off between wake 
recovery and subsequent increased power capture of downstream 
turbines versus the performance loss of individual turbines with 
fixed blade pitch. Finally, the presented results serve as a bench-
mark for the validating numerical models being developed in 
parallel for the X- Rotor. These models need to capture the strong 
three- dimensionality of the flowfield resulting from the coned 
nature of the blades and the complex vortex system generated by 
the blade tips and root regions of the geometry.
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FIGURE 17    |    Normalized axial advective MKE flux − 0. 5UzU
2
x
∕U3

∞
 through a line at z∕D = 0.7 within the diameter of the rotor (− 0. 5 < y∕D < 0. 5) 

at cross- stream locations 0. 26 < x∕D < 1. 6 for the three pitch cases. The mean profile across all cross- stream locations is shown via a solid line and a 
shaded area signifying the standard deviation. The icon at the bottom left of the figure illustrates the line through which the flux is considered, with 
the respective positive and negative directions marked.
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Appendix A

Airfoil Polar
The XFOIL statically simulated polar for the NACA0021 blade used in 
the numerical demonstration of the load distribution in Section 3.5 is 
shown in Figure A1. The tabulated data for the polar is made available 
in the data repository Section  5. In this case, the static stall angle is 
taken as the point where the linear behavior between the lift and angle 
of attack ends, at �ss = 9.1°, with CL =1.02. Beyond this point, the lift 
continues to increase in a non- linear fashion, reaching a maximum lift 
of CL = 1.1 at �ss = 17°.

Appendix B

Isometric View of Velocity and Vorticity Fields
As discussed in Section  4.1, an isometric view of the complete set of 
measured fields in the wake is provided in Figures  B1–B3. The fron-
tal area of the rotor is shown with a gray line at azimuth � = 0° with 
a black contour line outlining the wake at Ux∕U∞ = 0.9. The cross- 
stream planes for the pitch case � = 0° are x∕D = [0.26, 0.4, 0.5, 0.6, 
0.7 0.8, 0.9, 1.0, 1.1, 1.2, 1.4,1.6]. The cross- stream planes for the pitch 
case � = − 10° are x∕D = [0.26, 0.5, 0.6, 0.7, 0.9, 1.0, 1.2, 1.4, 1.6]. The 
cross- stream planes for the pitch case � = 10° are x∕D = [0.26, 0.4, 0.5, 
0.7, 0.9, 1.0, 1.2, 1.4, 1.6].

The normalized streamwise vorticity fields are shown in Figure  B4. 
Consistent with the results of Huang et al. [26] and the wake mecha-
nism described in Section 2, the streamwise vorticity is dominated by 
the tip- vortices. Within the rotor's rotation volume (x∕D ≤ 0. 5), there 
is also the presence of shed vorticity of the coned blade [37]. For the 
� = 0° pitch case, coherent vortical structures are evident in the near 
wake shed from the respective blade and quadrants before mixing and 
diffusing around x∕D = 1. The rotation directions of the tip- vortices for 
the pitched cases are consistent with their induced flows discussed in 
Section 4.1.

FIGURE A1    |    Simulated NACA0021 polar using XFOIL at a 
Reynolds number of 15 × 104. The lift and drag coefficients CL and CD
, respectively, are presented between angles of attack − 20 ◦ ≤ � ≤ 20 ◦.
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FIGURE B1    |    Normalized streamwise flow (Ux∕U∞) 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 Ux∕U∞ = 0.9. The scale in the streamwise direction is doubled to have the planes more spaced 
apart for observation.
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FIGURE B2    |    Normalized lateral flow (Uy∕U∞) 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 Ux∕U∞ = 0.9. The scale in the streamwise direction is doubled to have the planes more spaced 
apart for observation.
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FIGURE B3    |    Normalized axial flow (Uz∕U∞) 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 Ux∕U∞ = 0.9. The scale in the streamwise direction is doubled to have the planes more spaced apart 
for observation.
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FIGURE B4    |    Normalized streamwise vorticity (�xD∕U∞) 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 Ux∕U∞ = 0.9.
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