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Abstract

Wind energy will play a key role in cost-effectively meeting decarbonization objectives as suggested by the continuous growth of
research projects on wind turbines presented in the last decades. Several recent numerical and experimental studies have highlighted
that lift-driven vertical axis wind turbines (VAWTs) are well-suited for the emerging floating off-shore wind market. VAWTs have
the potential to reduce both installation and maintenance costs, while also offering improved wake recovery. Despite VAWTs
advantages, the flow field developing around the rotor is inherently unsteady, fully three-dimensional, and characterized by complex
interaction between blades and vortical structures arising during rotor revolution. High resolution computations are cornerstone in
the design, assessment, evaluation phases. In this work, we present a 3D study on the performance of an optimized straight-blade
H-shaped VAWT. The wind rotor has been designed using results coming from a former study. The blades features are conceived to
better deal with flow characteristics typical of a tilted condition, common in floating offshore applications. The VAWT performance
has been computed at peak power condition, at three different scales, ranging from a small laboratory model towards a large-scale
one. The effective power harvesting capability is a key issue to promote actual installations; the results aim at estimating the
viscous losses due to Reynolds effect. Local and global flow features are deeply discussed to shed light on the wind rotor capability.
Furthermore, the near-wake development is considered in tight connection to the vortices developing within and behind the rotor as a
function of selected design parameter, namely the blade coning angle and the static tilt angle applied. Keywords: Optimized-VAWT,
tilted-VAWT, Scaled-VAWT, Near-Wake, URANS-CFD.

1 Introduction

Offshore wind energy is increasingly recognized as a key so-
lution for renewable power generation. Offshore wind tur-
bines, located far from shore, take advantage of stronger, more
consistent wind conditions while minimizing human impact,
reducing land use, and decreasing both noise and visual pol-
lution. In 2023, 25 new offshore wind farms were brought
online, adding 9.8 gigawatts (GW) to global capacity, bring-
ing the total to 67.4 GW [1]. The majority of this capacity
is supported by fixed-bottom structures in waters shallower
than 60 meters [2]. However, around 80% of the world’s
offshore wind potential exists in waters deeper than 60 me-
ters [3], where only floating platforms are viable, highlight-
ing the need for cost-effective technologies that can operate
in these deeper environments. Currently, all floating offshore
wind turbine (FOWT) prototypes use horizontal axis wind tur-
bines (HAWTs). The Levelized Cost of Energy (LCOE) for
floating wind varies widely, depending on factors such as the
floater typology, wind conditions, seabed depth and charac-
teristics, and distance from shore. Reducing the LCOE of
current floating HAWTs requires overcoming challenges like
scaling limitations, wake effects, and operations and mainte-
nance (O&M) costs [2]. Vertical Axis Wind Turbine (VAWT)
technology offers several advantages that make it particularly
attractive in floating offshore applications. One key benefit is
the placement of heavy components at lower levels, which en-
hances structural stability and reduces costs related to instal-
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lation, operation, and maintenance. Unlike HAWTs, VAWTs
do not require a yaw control system, as their design inher-
ently allows for omnidirectional operation [4]. Additionally,
VAWTs present the opportunity to use a direct-drive genera-
tor (DDG) instead of a complex speed-increasing multistage
gearbox, which is often a source of failure in HAWTs [5].
Field studies have shown that the wakes of an array of counter-
rotating VAWTs can be mitigated, and mixing can occur over
a reduced distance, potentially improving overall power har-
vesting [6]. Moreover, VAWTs can be scaled up for floating
offshore applications with fewer significant obstacles com-
pared to HAWTs. Enabling the construction of substantially
larger rotors than the actual HAWTs. Estimates suggest that
VAWTs’ maximum potential, considering structural integrity
aspects, can reach around 30 MW [7]. As a result, it was
estimated that a well-designed floating VAWT with an opti-
mized platform and efficient mooring system could reduce the
LCOE by more than 20% compared to the traditional floating
HAWTs [8]. It is widely recognized that one of the primary
goals of VAWTs is to improve performance in offshore appli-
cations. To achieve cost-effective and viable VAWT farms,
large multi-megawatt (MW) turbines are essential. How-
ever, scaling up to large turbines presents several significant
challenges: i) the performance of small-scale models must
be carefully evaluated against real-world flow conditions, as
Reynolds number effects can influence the actual energy har-
vesting capability; ii) aeroelastic instabilities may also affect
the turbine’s structural integrity. Addressing these challenges
from both aerodynamic and structural perspectives is crucial
for developing innovative Darrieus VAWT designs and ad-
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vancing the deployment of multi-megawatt wind farms. Sev-
eral studies in the literature have highlighted technical solu-
tions that can facilitate the installation of large-scale VAWTs,
as reported in works such as [9–11].

VAWTs are generally configured in an upright orientation.
However, when installed on spar-buoy platforms, having a
low center of gravity, they can operate in a tilted position.
While the upright configuration has been the focus of exten-
sive research, the aerodynamic and operational characteristics
of VAWTs in a tilted state have been addressed in only a lim-
ited number of studies. Mertens et al. [12] analyzed the ef-
fects of mounting a two-bladed H-shaped VAWT on urban
rooftops, emphasizing the impact of skewed airflow caused
by the non-horizontal wind direction at roof level. Wind flow
at the top of tall buildings often inclines at an angle of 10
to 20 degrees relative to the horizontal plane. This study
observed a performance increase of about 30% for VAWTs
with skew angles ranging from 20 to 30 degrees [12]. Fer-
reira et al. [13, 14] investigated the behavior of two-bladed
H-Darrieus rotors in both skewed and non-skewed flow con-
ditions. They measured aerodynamic thrust and flow veloc-
ity, confirming that skewed flow conditions alter the aero-
dynamic forces, contributing to increased power generation.
This extra power is primarily concentrated in the downwind
section of the VAWT’s rotation, particularly in the area not af-
fected by the wake generated during the blade’s upwind pas-
sage. Extensive experiments were conducted on Troposkien-
shaped VAWTs using the small-scale DeepWind demonstra-
tor, considering various wind speeds, rotor angular velocities,
and a 15-degree tilt arrangement [15]. Unlike the H-shaped
turbine, the Troposkien VAWT showed reduced performance
in skewed flow conditions compared to the upright configu-
ration. In addition to these few experimental results, com-
putational studies have been conducted on skewed or tilted
VAWTs over the past decade. Wang et al. [16] suggested
modifications to the double multiple streamtube model to sim-
ulate the performance of a tilted rotor. Scheurich and Brown
[17] utilized a vorticity transport model to simulate the aero-
dynamic performance and wake dynamics of various VAWT
designs under both skewed and non-skewed flow scenarios.
They observed that in skewed flow conditions, the wake ex-
hibits oblique convection, allowing portions of each blade
to operate undisturbed in the downwind regions. This phe-
nomenon leads to increased power production, especially at
high tip speed ratios. Similar trends were observed in high-
fidelity CFD simulations [18, 19]. More recently, Senga et
al. [20] used a lifting line free-vortex wake code to study the
effect of tilt on VAWTs with different aspect ratios, while
Kouaissah et al. [21] employed high-fidelity CFD to analyze a
tilted H-shaped VAWT, elucidating the physics behind the in-
crease in energy conversion. The majority of studies indicate
that H-shaped VAWTs can achieve improved performance at
a specific tilt angle, despite the complex aerodynamics inher-
ent to this condition. To gain a comprehensive understanding
of their energy-harvesting capabilities and accurately predict
near-wake development, a high-resolution numerical scheme
is needed. With high-fidelity we indicate a detailed modeling
of the fully 3D wind rotor, making use of the URANS equa-
tions to model the aerodynamics, as proposed e.g. in [22].

RANS/URANS are still backbone of modern design, since
their accuracy involves industrially acceptable CPU time at
the expense of preliminary, ad-hoc, testing to assess the relia-
bility of selected set-up. In this case, unsteady blade-resolved
CFD simulations can serve as a good predictive tool, provid-
ing a detailed representation of complex flow fields. Hybrid
RANS/LES will see future growing, already underway, for ex-
ample to deal with flow features within the far wake.

As presented in the open literature, significant advantages
are highlighted regarding the tilted condition, but further ef-
forts are required to enhance to fill the gap with other tech-
nical solutions and foster the attractiveness of the VAWTs
in offshore. This includes a thorough evaluation of poten-
tial optimized designs that can operate effectively under these
conditions. This work aims to further advance in this direc-
tion by presenting a high-fidelity study on a newly optimized
model called HV3, developed based on prior optimization re-
search [23]. Some advantages identified in this previous op-
timization study led to the development of the case study, de-
tailed in the following section. Design and operating rotor pa-
rameters directly determine the flow extraction capability and
wake recovery. In the current investigation, the torque profile
and power coefficient, at different spanwise position, are used
to discuss the performance level. Viscous losses and vortical
structures evolution are examined in detail and related to the
near wake shape and its development. The relevant parame-
ters such as the effective incoming flow, the swept area, lo-
cal suction effects are evaluated to characterize the optimized
HV3 machine. The overall local and global performance is
also discussed for a large scale model under imposed tilt an-
gle. The study is threefold relevant as: i) it quantifies the wind
turbine performance with tight connection to the design, ii)
it shows the potential harvesting capability at high Reynolds
regime, iii) it gives indications of the wake establishment to
be considered in a possible farm installation.

2 Case of Study

In order to facilitate a rapid understanding of the case of
the study, it is essential to define the three H-shaped VAWT
models that were presented and analyzed in the preceding
work [23], reported in left-hand side of Figure 1.

H: is a standard H-shaped VAWT with a 20◦ tilt angle,
which is an optimal angle value obtained in [21]). Analyz-
ing this configuration served as a reference for the subsequent
solutions.

HV1: is a modified design of the reference case by intro-
ducing a 20◦ coning angle in the upper part of the turbine to
counteract the tilt angle, making the blade able to operate al-
most upright despite the overall tilt. The goal was to preserve
the advantages of the lower section (harvesting energy both in
upwind and downwind, as observed in [21]) while reducing
the negative effects of tilt on the upper part, especially in the
upwind region where torque is highest.

HV2: offered a compromise between H and HV1 solutions.
The coning angle is increased by 10 degrees both in the upper
and lower portions of the machine. The angle was introduced
in the lower part to evaluate its impact in this portion, which
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encounters undisturbed air both in upwind and downwind re-
gions.

Building on the findings [23] and integrating the advantages
of both HV1 and HV2, a new model, called HV3, has been
developed and studied in this work. HV1 showed greater po-
tential for energy capture in the upper region, thanks to its
higher coning angle and increased swept area. In contrast,
HV2 demonstrated performance improvements and a larger
swept area in the lower portion, which is attributed to its con-
ing angle there. As a result, HV3 incorporates a 20◦ coning
angle in the upper section and a 10◦ coning angle in the lower
section, see Figure 1.
All models (H, HV1, HV2, and HV3) share identical geomet-
ric parameters, with variations occurring only in their con-
ing angles, as shown in Figure 1. Each model features a
NACA0021 airfoil profile and has a solidity value of 0.3. All
models feature one holding strut due to a reduced aspect ratio
which equals 1.2. The main geometric and operational char-
acteristics are outlined in Table 1.

Figure 1: Previous analyzed wind turbine models [23], and
the new HV3 model

The swept area for the HV3 model is determined using
the same equation applied to the HV2 model, as detailed in
[23]. Following a comparative analysis with the previous
models, to evaluate the impact of the Reynolds number on
the HV3 model and assess its performance at the utility-scale,
three different scales were investigated: the so called small
model (0.5-1kW power target, dimensions reported in 1), the
medium one ( the small model scaled by a factor of 20, power
target of 500KW, Reynolds number around 3.5 Million ), and
finally the large one (scaled by a factor of 60, power target
of 5MW, Reynolds number around 10 Million). The TSR
condition has been selected in agreement to former studies.
The rotating speed of revolution varied accordingly to com-
pare different scalings of the rotor, at fixed free stream wind
velocity.

3 Numerical methodology

High-fidelity simulations were performed on the three scales
of the HV3 VAWT model, using the CFD solver STAR-
CCM+. The flow model assumes the fluid behaves as an ideal,
incompressible gas with constant thermophysical properties.
To capture the fluid dynamics, the governing equations were
discretized using Unsteady Reynolds-Averaged Navier-Stokes
(URANS) modeling with second-order accurate schemes,
supplemented by wall-resolved turbulence models. The k−ω

Small Medium Large
Lower blade part [m] 1.01 20.2 60.6
Upper blade part [m] 1.41 28.2 84.6

Rotor Radius at Strut [m] 1.01 20.2 60.6
Chord [m] 0.101 2.02 6.06

Rotation speed [rpm] 300 15 5
Wind speed [m/s] 9 9 9
Reynolds Number 180 K 3.5M 10M

TSR 3.54 3.54 3.54
Rated Power [kW] 0.5 5·102 5·103

Table 1: The main geometrical and operational parameters

SST turbulence model, developed by Menter [24] was selected
(low-Re version for the small scale and high-Re for medium
and large scales), given its proven capability to accurately pre-
dict complex vortical structures, as demonstrated in prior stud-
ies, including those by the authors [21, 25–28]. Choosing an
appropriate time step is crucial for VAWT simulation accu-
racy. The turbine revolutions were divided into 720 intervals,
a decision aligned with recommendations from other studies
such as [26, 29]. At each time step, the system of govern-
ing equations was solved using an algebraic multigrid solver
until the system reached an accuracy threshold of 10−5. The
simulations were performed on the high-performance comput-
ing cluster provided by the Norwegian Research Infrastructure
Services (Sigma2). Each case required approximately two
weeks hours of computational time relying upon 64 proces-
sors.

Simulations for the three scales continued until a periodic
solution was achieved, typically around the 20th turbine rev-
olution. To ensure time periodicity, the mean torque at the
shaft was recorded and averaged over one revolution. The last
five mean values were monitored closely, ensuring the rela-
tive error remained below 2%. Well-suited domain bound-
aries are essential to avoid artificial blockage effects and mini-
mize computational costs, as suggested in [26]. Following this
study’s guidelines, the 3D domain was defined with an inlet
boundary placed 4.5 diameters upstream of the shaft, an out-
let at 3 diameters downstream, and lateral boundaries located
3 diameters away from the shaft. Vertically, the domain ex-
tended one turbine height above and below the turbine. Even
though, the domain extents may appear to be small, they have
been proven suited to deal with the blockage effects of the ro-
tor in a former work of the authors. This issue is relevant to
get a satisfactory approximation of the flow field, and prevent
possible, undesired, numerical oscillations and not satisfac-
tory performance predictions. Through proper sensitivity pro-
cedure led on a similar model (in terms of overall aerodynamic
behavior and blockage effects), it was shown that the selected
domain can provide a good description of the local and global
flow performance parameters, see also [25] for details on the
agreements of numerics against measurements.

Regarding the boundary conditions, a fixed freestream ve-
locity with a turbulence intensity of 1% and a turbulent vis-
cosity ratio of 1 was applied at the inlet surface, matching
the wind tunnel experimental data used to validate the H-type
model. Static pressure was prescribed at the lateral, down-
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stream, and top boundaries, while a no-slip condition was im-
posed on solid (rotating) surfaces and the ground. For the sake
of description of local flow behavior, the investigation of the
model was carried out by considering spanwise slices defined
along the blades, as illustrated in the right-hand side of Fig-
ure 2: 10 in the lower section and 14 in the upper section. This
segmentation facilitates a detailed local evaluation of the rotor
performance.

The computational grid has been defined following well es-
tablished guidelines already assessed in terms of mesh coarse-
ness ans quality. The sensitivity not reported here for the sake
of brevity, has been carried out to obtain the minimum re-
quired elements number (approx 20 millions elements). The
clustering of elements near solid wall is performed to fulfill
the y+ ≈ 1 imposed by the selected turbulence model. A ro-
tating region is defined through offset of the rotor geometry
and coupled with stator, fixed region through sliding interface
selection. The mesh is defined through polyhedral shaped el-
ements, useful to reduce the overall computational cost, while
preserving the discretization accuracy. Scaling up of the dis-
crete domain followed the same guidelines and constraints.

Figure 2: Domain, boundary conditions, mesh and blade
slices numeration

The validation of the computational set-up presented in this
section has been carried out on a similar wind rotor and re-
ported in [30]. The relative per cent error on the CP value com-
puted near peak power condition, with operating parameters
corresponding to those of the small model HV3, amounts to
nearly 14% against measurements, with an uncertainties level
of experiments of ±7%. The local flow velocity field com-
puted at near wake position were found in very good agree-
ment with measurements, both in terms of shape and width,
and blockage level.

4 HV3 Optimized model: Performance predic-
tion

This section presents the performance of the new HV3 model
in comparison to the results obtained for previous models. Ta-
ble 2 summarizes the findings, including the overall power co-
efficient (CP), the swept area for each model, and the relative
increase compared to the baseline H model. The introduction
of the coning angle leads to an enhancement in the power co-
efficient of nearly ten percent for HV3, in agreement with re-
sults already presented in [23], complemented by a significant
increase in the swept area. The final expected performance
enhancement for the novel HV3 model can be appreciated in
the final power output, reaching an increase of 35%. We no-
tice that the performance enhancement of the designed HV3

model can be related both to the blade coning angle and to
the enlarged swept area. The two issues have a role, the for-
mer affects most directly the aerodynamics and thus the power
coefficient variation. Instead the latter results into a major
impact on overall viscous losses and power harvesting. At
first glance, the HV2 and HV3 models share the same aero-
dynamic efficiency, with the latter taking advantage of larger
active area. To obtain more detailed indications on the perfor-
mance of HV3 against HV2 model, the local parameters of in-
fluence need to be considered separately. In fact, even though
they highlight the same CP value, different effective incoming
velocity of the rotor upper part need to be considered, along
with the increased available swept area. Therefore, deeper un-
derstanding of local flow features is needed. First, the power
coefficient is considered in view of the torque profile as re-
ported by Figure 3; the top part illustrates the local power co-
efficient for the small scale’s HV1, HV2, and HV3 models.
The computation of this parameter has been conducted using
the local reference data pertaining to each spanwise slice. Due
to geometric similarity, the local performance of HV3 shows
good agreement with HV2 in the lower section (slices -10 to
-1) and aligns well with the upper section of HV1. This in-
dicates that HV3 effectively captures the performance char-
acteristics of both HV2 and HV1 across different regions of
the turbine, as intended by the combination of both designs.
The same trends is shared by all the models in the region in
between slice -1 and slice +1, where the viscous losses of the
connecting strut determine expected performance hole. This
CP reduction stems from slices ±2 owing to the actual inclined
position of the wind turbine models.

Table 2: Power coefficient, swept area and gathered power,
small-scale.

Rotor CP CP(%) Asw Asw(%) P [W] ∆(P)%
H 0.232 - 5.59 - 540 -

HV1 0.246 +6 6.73 +20 693 +28
HV2 0.257 +11 6.61 +18 711 +32
HV3 0.255 +10 6.98 +25 729 +35

The observed trend in local CP is inherently linked to the
similarity in the moment coefficient along the span. The
middle Figure 3 shows the slice at -5, representative of the
lower section of the turbine, where a notable similarity be-
tween HV2 and HV3 is evident. In this machine portion, CM
is produced both in the upwind and downwind zones due to
the undisturbed flow conditions. In contrast, the slice at +13
Figure 3(bottom) pertains to the upper section, where HV3 is
equivalent to HV1. The difference observed in the maximum
values of CM-5 and CM+13 in the upwind region (around 90
degrees) is related to the fact that the machine portion at posi-
tion +13 operates in a nearly vertical orientation in this area,
whereas the slice at -5 operates with an oblique angle, which
combines the turbine tilt angle and the coning angle.

VAWT behaviour must be evaluated also in terms of near
wake development and evolution; Figure 4 displays the non-
dimensional streamwise velocity at two selected X/D = const
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Figure 3: Small models: local Cp (top), CM at slices -5 & +13
(middle/bottom).

Figure 4: Near wake streamwise velocity: HV2/HV3 at
X/D = 2.5 (top/mid), minimum velocity defect at X/D =
1.5,2.5 (bottom)
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planes, selected in the near wake region. Even though the
local and global CP of HV2 and HV3 closely resemble one
another, different wake establishment takes place. The ve-
locity maps are reported along with the tracking of minimum
velocity value as a function of the spanwise position. Differ-
ent wake morphology appears: i) the HV3 model stems into
narrower wake, though deeper than the HV2 one, ii) moving
downstream the lower part of HV3 results into a slower evo-
lution trend (see Figure 4 right).

5 HV3: Utility-scale evaluation

This section contains a comparative analysis of the HV1,
HV2, and HV3 models at the large scale, followed by an ex-
amination of the HV3 model across the three previously de-
fined scales: small, medium, and large. Table 3 summarizes
the overall efficiency, swept area, and the final enhanced har-
vested power by comparing the three large models. In addi-
tion, the left side of Figure 5 compares the local CP of the large
models, confirming the similarity of HV3 to the HV2 and HV1
models in the lower and upper portions, respectively. Over-
all, the results align with and support previous findings and
discussions conducted on small scales. However, the 33% in-
crease in the final power of the large HV3 model compared to
a standard H-shaped tilted solution represents an encouraging
achievement to eventually reduce the LCOE, especially con-
sidering that the dimensions remain unchanged, except for the
coning angle.

Table 3: Power coefficient, swept area and gathered power,
large-scale.

Rotor CP CP(%) Asw Asw(%) P [MW] ∆(P)%
m2 x103

H 0.33 - 20.6 - 2.88 -
HV1 0.34 +3 24.2 +20 3.60 +25
HV2 0.36 +10 23.8 +18 3.75 +30
HV3 0.35 +9 25.5 +24 3.83 +33

Understanding how the performance varies with the machine
scale is a key objective of this study. The performance metrics
for both small and large scales have been outlined in Tables 2
and 3, respectively. For the medium model, the achieved
power coefficient is 0.31, with a swept area of 2792 m2 and
a final power output of approximately 350 kW. The bottom
side Figure 5 compares instead the local power coefficients
across the three selected scales. Notice that the reduction of
viscous effects is more pronounced in the lower portion of the
machine and near the holding strut position. In these regions,
the blades engage with undisturbed air in both the upwind and
downwind regions and this fact results into a more effective
incoming velocity. This behavior is linked to the combined
effect of the coning angle and imposed tilt position that deter-
mines higher approaching velocity, and thus a reduced influ-
ence of viscous losses. This outcome suggests the potential of
large scale VAWTs under proper design, scale and operating
conditions.

In contrast, the blades in the upper section interact with
undisturbed air only in the upwind area, while the downwind
blade encounters wake effects, limiting the reduction of vis-
cous effects with an increase in scale. These observations are
more appreciable when analyzing the trend of the moment co-
efficient for slices -7 and +5, which are representative of the
two sections of the turbine, as illustrated in Figure 6. How-
ever, the comparison of the local power coefficient reported on
the bottom-located Figure 5 indicates that the viscous losses
associated with the struts are most effectively reduced by in-
creasing the scale, see the value of the Cp at the slice-1 which
includes the strut itself. The near-wake establishment closely

Figure 5: Local Cp: Comparison of large models (top), HV3
at the three scales (bottom)

depends on the selected design. The width and depth of the
wake, behind the rotors, in the lower and upper parts of the
HV3 machine can be compared to previous H1 and H2 de-
signs. The average contours of the streamwise velocity com-
puted for the three models are displayed in Figure 7 at a cross-
section placed at X/D = 2.5. The wake downstream of the
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Figure 6: HV3: Cm-7 and Cm+5 (left and right) for the three
scales

wind turbine is shaped by both its design and operating con-
ditions, expanding and evolving as the flow progresses.

In our case, the wake predicted by the HV3 model, as ex-
pected by design, combines characteristics from both the HV2
and HV1 models. In the lower region, HV3 closely mirrors
HV2, indicating similar flow dynamics and energy capture po-
tential. Meanwhile, in the upper region, HV3 more closely
resembles HV1, suggesting that the flow behavior and wake
development in that area align with HV1 characteristics. The
spanwise evolution of the wake is shown in Figure 8.

At the strut section, Z∗ = 0 relevant asymmetric distribu-
tion of the velocity defect can be observed. Instead, near the
blade tip position Z∗ = 1 the wake reverted back to a nearly
symmetric condition. These outcomes indicate that the lee-
ward side experiences a faster re-energized wake compared to
the windward side. Upward vertical movements are therefore
suggested in this region. The velocity profiles of the large-
scale rotor closely match those of the small model.

6 Conclusions

This study has numerically investigated the aerodynamic per-
formance and energy-harvesting potential of the newly de-
veloped HV3 VAWT, designed to operate under tilted con-
ditions. The HV3 model incorporates elements from previous
HV1 and HV2 designs, combining features such as modified
stacking lines and an optimized coning angle to maximize en-
ergy conversion. The goal was to leverage the advantages of
undisturbed airflow in the lower section while minimizing the
effects of blade inclination in the upper section during the up-
wind phase. Another objective of the work was the study of
potential capability of VAWTs at large scale applications. Nu-
merical predictions have been presented relying upon three-
dimensional computations performed with well-resolved CFD
unsteady numerical set-up.

Key findings obtained on the investigated HV3 model in-
clude the following topics:

• The HV3 rotor exhibits a combination of advantages
seen in both HV1 and HV2 models, resulting in a well-
balanced design that offers up to a 35% increase in power
generation over standard H-type turbines. These im-
provements are evident both in small and large-scale ap-
plications.

• The reduction of viscous effects (high Reynolds number)

Figure 7: Small-scale models: near wake velocity defect
Vx/Vin f at X/Deq = 2.5 section. HV1 (top), HV3 (middle)
and HV2 (bottom)

Figure 8: Near wake profiles over X/D = 2.5 section, at two
different span positions, for the small and large HV3 models

is remarkable in the zone where the turbine’s blade en-
counters undisturbed air and at the strut region.

• Analogous to HV1 and HV2, the case study of HV3
demonstrates an enhanced vertical air motion, which
could contribute to improved wake recovery, particularly
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in the lower region of the turbine.

These observations could be further extended by means
of an additional design study involving more key parame-
ters complementing the blade definition. Given the complex
and unsteady nature of the flow around the HV3 turbine, fur-
ther multidisciplinary research is recommended to refine and
strengthen the design. Further future investigation aim at
fully exploiting the potential for sustainable energy genera-
tion needs to consider the rotors coupling and interaction.

Nomenclature

a axial induction fac-
tor

Cl ,Cd sectional lift and
drag coefficients

CP power coefficient

p static pressure

T thrust

w relative velocity

Z blade count

Greek symbols

α angle of attack

λ tip speed ratio

ρ fluid density

σ solidity

Ω rotor angular ve-
locity

Subscripts

h hub

Superscripts

̂ dimensionless
quantity

Acronyms

CFD computational
fluid dynamics

FSP front stagnation
point
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