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A B S T R A C T   

The use of vertical-axis turbines in marine-current applications for electric energy generation is still in early 
developments, and one of the key factors for assessing the applicability of such technology is the power coef-
ficient. To contribute towards the highly competitive market of renewable energy conversions, the turbine 
system requires good outcomes in terms of energy yield. In this scenario, one of the main challenges regarding 
the design process to improve the blade performance is to find the best trade-off between the maximization of the 
power output and the minimization of the structural loadings. 

In the current work, the influence of blade pitch angles on the hydrodynamics of a vertical-axis five-blade 
water turbine has been studied. The pitch angles from − 5◦ to +5◦ were investigated using Computational Fluid 
Dynamics (CFD). The simulations were validated against experimental data for the power coefficient collected in 
a river. Overall, a good agreement was found in terms of computed power between simulations and experiments 
for a wide range of tip speed ratios. The CFD model was proven to be suitable for exploratory analyses and an 
optimized design was found, providing a 2.3% higher power coefficient by adopting a pitch angle of +2◦

compared to the zero-referenced pitch angle. Besides validating with the experiment, the CFD simulations were 
compared with the results of a vortex model. The effect of different pitch angles on the performance prediction 
and on the blade and turbine loadings was also discussed. It is becoming vital to develop an understanding of the 
complex interaction of vertical-axis turbines, especially in tidal-current areas where there is a lack of detailed 
experimental data.   

1. Introduction 

1.1. Background 

The global community, and more locally Europe, aim to be climate- 
neutral by 2050 (Council, 2050). To this end, marine-current energy 
extraction has gained a greater interest as a possible alternative energy 
resource. Various types of marine-current energy converters have been 
developed to extract electrical energy from the tidal energy resource. In 
general, three technologies are utilized to convert tidal currents into 
mechanical energy to produce electricity: horizontal axis turbines, ver-
tical axis turbines, and oscillating hydrofoils (Energy, 2019; Maldar 
et al., 2020; Yuce and Muratoglu, 2015). Among these technologies, the 
horizontal axis marine current turbines (HAMTs) are more developed 
and can be utilized to obtain a large quantity of energy from marine 
currents. This technology accounts for 76% of R&D efforts in the 
development of tidal devices worldwide (Government, 2015). By 
contrast, the vertical-axis turbines in marine-current applications are in 

primary developments. Fig. 1 shows the number of publications 
involving vertical-axis tidal turbines and compares it to the corre-
sponding wind projects. The results were achieved by searching Elsev-
ier’s abstract database in Scopus and show that the published papers 
currently on the vertical axis marine current turbines (VAMTs) are 
approximately 7% compared to the vertical axis wind turbines (VAWTs), 
although vertical axis tidal machines and wind machines have a similar 
working principle in generating electricity. 

A specific challenge in setting up experimental facilities to assess the 
turbine performance when using man-made environments (i.e. tanks, 
tunnels) is related to the interaction between flow and boundaries in 
constrained conditions. The boundaries can alter the characteristics of 
the flow field, therefore, the result of experimental water tanks data may 
lead to errors that cannot be neglected. A few studies have indicated that 
tank tests lead to solid blockage effects as well as scale problem due to a 
spatially restricted domain (Garrett and Cummins, 2007; Whelan and 
GrahamJP, 2020; Bahaj et al., 2007; Kolekar and Banerjee, 2015). To 
address these limitations, experimental performance should be 
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characterized at real sites without blockage effects. For one type of 
vertical-axis turbines, a real-scale field test was conducted by Sandia 
National Laboratories in 1981 that investigated the effects of blade pitch 
for wind turbines (Klimas and Worstell, 1981). For tidal applications, an 
open-site test was carried out by Nihon university in 1996 and it still 
represents a useful benchmark for validating numerical works (Kiho 
et al., 1996). Therefore, there is a lack of validation data to support 
numerical simulations of straight-bladed Darrieus tidal turbines. 

The challenges in the marine current application mentioned above 
have become one of the motivations for the marine-current research 
group at Uppsala University to create a project to perform experiments 
in a river (Yuen et al., 2007; Lundin et al., 2015; Grabbe et al., 2013a). In 
2013, a prototype of the vertical-axis water turbine was deployed in the 
open research site of the river Dalälven. The flow range of the river was 
suitable for research purposes and allowed to characterize the turbine 
for a wide range of tip speed ratios. The full-scale test has been per-
formed for the turbine with the zero reference pitch in 2016 (Lundin 
et al., 2016). The possibility of enhancing the turbine performance will 
be investigated in the current study, with the main focus of finding the 
optimal balance between power output and blade loadings due to hy-
drodynamic forces acting on the rotor. 

1.2. Previous studies on pitch optimization 

Vertical-axis turbines have been facing major challenges in estab-
lishing themselves in the renewable energy scenario if compared to 
horizontal axis turbines. The main reason is related to the relatively 
lower efficiency due to the intrinsic functioning principle, as they can 
reach power coefficients up to 30–50%. Moreover, the turbine is not 
always capable of self-starting and often relies on a starting mechanism. 
According to the current standard regarding the performance optimi-
zation of Darrieus rotors, the main geometrical design parameters 
typically involved are the airfoil (De Tavernier et al., 2019), the blade 
pitch angle (Bianchini et al., 2015), the number of blades (solidity) 
(Rezaeiha et al., 2018), the turbine aspect ratio, as well as the use of 
external components such as deflectors and ducts (Alidadi, 2004). 
Among these options, the pitch angle optimization seems the simplest in 
terms of constructions. 

Within the present study, a detailed review on blade pitch optimi-
zation for vertical-axis turbines was carried out by the authors. Upon 
examination of the several works (22 publications) identified in the 
technical literature, some general considerations can be outlined as 

follows:  

• Pitch optimization is usually carried out by focusing the analysis on 
the maximization of the turbine efficiency, while the modification in 
terms of aerodynamic/hydrodynamic loadings is mostly neglected. 
This can be tolerable for VAWT since, when dealing with a low- 
density fluid at high rotational speeds, the centrifugal force is 
dominant for the structural resistance of the machine. Conversely, 
when dealing with water, the situation becomes more critical since 
the hydrodynamic loads become more relevant and particular 
attention must be paid to the analysis of the forces acting on both the 
blades and the central shaft.  

• An active control of the pitch angle throughout the revolution is 
theoretically the most effective solution (Paraschivoiu et al., 2009; 
Kirke and Lazauskas, 2011), however, it implies a significant in-
crease of the turbine complexity. Particularly, the authors believe 
that fixed pitch for underwater applications is most realistic since a 
pitching mechanism is complicated, combined with problems such as 
biofouling, and subject to much larger stresses than in case of air. 
Operation and maintenance of the pitch mechanism would also be 
more complicated for an underwater application. 

• The optimal fixed pitch angle will depend on multiple design pa-
rameters, such as blade profile, Reynolds number, turbine solidity, 
number of blades, etc., still making it an open question and the 
outcome may be different for different turbines.  

• The difficulty of performing underwater tests has led to a lack of 
experimental data as well as optimization of water turbines, which 
limit further development and application of such devices. 

A more extensive overview of the selected studies is given in Table 1, 
where the works are classified in terms of main geometrical features of 
the turbine, optimal pitch, and type of application. Upon examination of 
Table 1, it is apparent that:  

• Most of the works have been carried out for turbines having 2 or 3 
blades and operating at low Reynolds (below 106) since the working 
fluid is usually air and the radius of the rotor is usually less than 1 m.  

• The validation studies for vertical axis turbines, especially in marine 
current application are mostly from man-made environments, such 
as tanks.  

• The common range of investigated pitch angles is up to 8 values, and 
the optimum is case dependent. 

Fig. 1. Number of publications in different types of turbines.  
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It can be finally concluded that there is room for further investigation 
on the impact of the blade pitch for different geometrical and operating 
conditions, as well as to further increase the knowledge concerning the 
fluctuating loadings, which are essential to assess the life expectancy of 
the turbine. 

1.3. Validation data and motivation for the current study 

The present activity aims at analyzing the case of a five-blade marine 
turbine operating at high Reynolds (above 106), thus representing a not 
commonly studied solution, according to the formerly published works. 
A full-scale reference rotor was investigated in a river by the marine- 
current research group of Uppsala University. All the details can be 
found in Refs. (Yuen et al., 2007; Lundin et al., 2015; Grabbe et al., 
2013b), in which an extensive collection of experimental data is also 
provided. The main features of the project, however, are summarized as 
follows. A prototype of the vertical-axis water turbine with a rated 
power of 7.5 kW was deployed in 2013 at the open research site of the 
river Dalälven, which has a 7 m depth and is located at a distance of 70 
km north of Uppsala University (Fig. 2). The five-blade turbine was 

placed 800 m downstream of a conventional hydropower plant that 
could keep the water velocity constant during the test. The turbine was 
equipped with a 112 pole direct-drive permanent magnet synchronous 
generator that has an 87% efficiency at nominal condition (Grabbe et al., 
2013a). The generator was mounted on a tripod foundation of the tur-
bine in water, while the control system consisted of starting circuits and 
resistive loads was placed in an inland cabin. 

The river water velocity was suitable for research purposes, which 
allowed to investigate the turbine operation for a wide range of tip speed 
ratios. The water speed was measured at 2–3 turbine diameters up-
stream and downstream of the turbine by acoustic doppler current 
profiles (ADCP). The collected values during one year, which mostly 
varied between 0.7 and 1.5 m/s are shown in Fig. 3a. The velocity profile 
in the vertical direction against the river depth is presented in Fig. 3b. It 
should be noted that the ADCP only is reliable up to 1 m from the sur-
face, hence the shape seen close to the surface can be attributed to 
measurement errors. The largest portion of the blade span operates at 
nominal speed, while only in proximity of blade tips the velocity 
reduction is larger than 10%. Such reduction is supposed not to have a 
big impact on the performance, due to the intrinsic tip loss experienced. 

Table 1 
Pitch angle optimizations in the literature.  

Blade number, 
N 

Radius, r Pitch number, n Optimal pitch, β Output Validation Application 

N ≤ 3 (Bianchini et al., 2015;  
Rezaeiha et al., 2017; Kavade 
and Ghanegaonkar, 2018; Zhao 
et al., 2018; Kirke and Paillard, 
2017; Kiwata et al., 2010;  
Erfort et al., 2020; Sagharichi 
et al., 2016; Abdalrahman 
et al., 2017; Mohamed et al., 
2015; Li et al., 2016; Lee and 
Lim, 2015; Guo et al., 2019;  
Yang et al., 2018; Li et al., 
2018; Paillard et al., 2015;  
Zhang et al., 2021) 

r ≤ 1 m [17,20, 
33–37,22, 
26–32] 

n ≤ 8 [17,27–30, 
32,38] 

β = + 0 ( 
Abdalrahman 
et al., 2017;  
Mohamed et al., 
2015) 
β = +1 (Guo et al., 
2019) 
β = +2 (Rezaeiha 
et al., 2017; Lee 
and Lim, 2015) 
β =+3 (Sagharichi 
et al., 2016) 

Cp [17,21,30,32, 
22–29] 

Tanks, tunnel 
[17,20,36,24, 
26–28,30–33] 

Wind [17,20, 
29–33, 
35,37,38, 
21–28] 

3 < N (Hwang et al., 2009; Zhao 
et al., 2017) 

1 m < r (Kavade and 
Ghanegaonkar, 2018;  
Kirke and Paillard, 2017;  
Kiwata et al., 2010;  
Erfort et al., 2020) 

8 < n (Rezaeiha 
et al., 2017;  
Sagharichi et al., 
2016; Guo et al., 
2019) 

β = +6 (Li et al., 
2016; Yang et al., 
2018) 
β = − 7.8 (Fiedler 
and Tullis, 2009) 

Cp, Fn, Ft (Rezaeiha 
et al., 2017; Guo et al., 
2019; Li et al., 2018;  
Paillard et al., 2015;  
Zhang et al., 2021; Zhao 
et al., 2017) 

Field test (Kirke 
and Paillard, 2017;  
Li et al., 2016; Zhao 
et al., 2017) 

Marine currents 
(Paillard et al., 
2015; Hwang 
et al., 2009) 

*note: the direction of optimal pitch is re-defined the same as Fig. 4. 

Fig. 2. Study turbine. [Marine-Current Group, Uppsala Univ].  
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Lateral variation of flow velocity was considered negligible, since the 
velocity component along the main channel direction was dominant 
with respect to the transversal one. 

The field experimental data was collected from 30-min runs and 
time-averaged values of rotational speed, water speed, and output 
power were calculated. The turbine power was evaluated in (Lundin 
et al., 2016). Performance results were presented for cases of inflow 
speed range from 1.2 m/s to 1.4 m/s and tip-speed ratio values in the 
range between 3.0 and 4.0. The turbine was able to self-start if the 
average water speed was greater than 1 m/s, otherwise, the generator 
had to run as a motor. The best data was obtained at higher flow speeds, 
as too much energy was lost due to different losses in the system for low 
flow speeds. 

In the present study, experimental data on the performance of a 
vertical-axis turbine system tested in the Dalälven river were used as a 
benchmark to validate a two-dimensional CFD approach by ANSYS 
Fluent and to compare it to a three-dimensional low-order approach by a 
vortex model. The CFD model can be used as a “virtual test bench” for 
optimizing the turbine efficiency by easily modifying the geometrical 
parameters such as the number of blades, the airfoil shape, the turbine 
solidity, and the blade pitch angle. In particular, several attempts to 

assess the effects of blade pitch angles have been done in the past, but 
mainly for wind applications, as previously pointed out. For marine 
current applications, the majority of the studies are focused on the 
optimization of the performance of horizontal axis turbines (Ren et al., 
2017; Wang et al., 2019; Zhu et al., 2020). The goal of the work pre-
sented here is to identify the optimized pitch angle for a five-blade 
vertical axis turbine by means of numerical simulation tools. Improve-
ments in the performance predictions over low-order modelling, typi-
cally used in the design phase of the turbines, will be shown. With 
respect to the present technical literature, the novelty of the current 
study can be summarized with the following highlights: 

• Most of the existing works have pertained to the tidal turbine per-
formance under laboratory conditions and very little experimental 
information is available for marine-current turbine systems that were 
carried out in real operating conditions, especially for vertical-axis 
turbines. As the results, current achievements from measurements 
apply to validate numerical works. In fact, it should be noted that a 
correct prediction of the turbine efficiency and operations can have a 
strong industrial relevance, being the most relevant component to 
account for in the structural design processes. 

Fig. 3. (a) A year velocity profile; (b) Reference vertical profile [Marine-Current Group, Uppsala Univ].  

Fig. 4. Direction of pitch angles and forces.  
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• A wide range of pitch angles from β = − 5◦ to +5◦ with increments of 
1◦, see Fig. 4 for the definition of the pitch angle, is investigated and 
includes the optimized pitch angle. This provides a more detailed 
insight into the effect of blade pitch on the performance of the tur-
bine and the acting hydrodynamic forces on the rotor blades and 
shaft. The minimization of fluctuating loadings is indeed crucial to 
maximize turbine longevity. 

• The current study presents a comparison of two-dimensional simu-
lations by ANSYS Fluent and three-dimensional ones by vortex 
model. The provided information can evaluate the accuracy among 
different numerical approaches and significantly support on deciding 
which numerical approach should work better in similar conditions. 

In this work, the numerical analysis will focus on the primary source 
of instantaneous forces and turbine power as a function of the azimuthal 
angle (Fig. 4). 

The normal (Fni) and tangential force (Fti) acting on a single blade are 
calculated by Eq. (1): 

Fi  =(Fni  ,  Fti  )=H
(

Fxi 
Fyi 

)(
− sinθ + cosθ
− cosθ − sinθ

)

. (1)  

Where i: index of blade numbers, H: blade height. 
The thrust and lateral force acting on the whole turbine are calcu-

lated as: 

∑
Fx =H

∑N

i=1
Fxi. (2)  

∑
Fy =H

∑N

i=1
Fyi. (3) 

The total torque acting on the whole turbine is: 

∑
T(θ)= r

∑N

1
Fti = rH

∑N

1

(
− Fxicosθ −  Fyisinθ

)
. (4) 

The average outputs of torque and power are calculated as: 

Tav =
1

2π

∫2π

0

∑
T(θ)dθ. (5)  

Phydro =
1
2π

∫2π

0

Ω
∑

T(θ)dθ. (6) 

Finally, the power coefficient of the turbine is calculated by Eq. (7): 

Cp =
turbine  power

total  power  of  flow
=

Phydro − Ploss
1
2ρV3HD

. (7)  

2. CFD numerical model 

2.1. Test case and operational characteristics 

The selected VAMT was designed with five blades to obtain a higher 
uniformity in instantaneous outputs (i.e forces, torques), compared to a 
lower number of blades such as a three-bladed one. Table 2 describes the 
five-straight-bladed turbine with geometrical and operational charac-
teristics. The turbine has a 2.94 m radius, 3.5 m height and the blade 
profile is a symmetric NACA0021 airfoil with a 0.18 m uniform chord. 
The two-dimensional computational domain employed in the simulation 
is a rectangle of 325 m × 529 m where the turbine centre is set at a 
distance of 30R from the inlet boundary and 60R from the outlet. Having 
a large width helps to reduce the effect of blockage in the lateral di-
rection. The 2D assumption can be considered suitable for the present 
case study since roughly 80% of the blade span was operating in a region 

of the flow profile with a ±3% variation of incoming velocity. 

2.2. Modelling approach 

To predict the fluid flow around the turbine, numerical simulations 
have been carried out using the commercial CFD software package 
ANSYS Fluent 19.0 with the finite-volume method (Guide, 2018). The 
authors have already assessed the main numerical settings during pre-
vious activities carried out both for the specific case of vertical-axis 
water turbines (Bianchini et al., 2017) as well as for vertical-axis wind 
turbines (Balduzzi et al., 2016; Nguyen et al., 2020). The incompressible 
Unsteady Reynolds-Averaged Navier-Stokes (URANS) set of equations 
was solved using the COUPLED pressure-velocity coupling scheme. A 
second-order scheme was adopted for the finite differencing of mo-
mentum, energy, and turbulence equations, as well as the bounded 
second-order implicit for the transient formulation. 

Turbulence was modelled using the k-omega SST turbulence model. 
The boundary conditions at the inlet and outlet are uniform velocity and 
Gauge pressure, respectively. The inlet velocity was kept constant at 1.4 
m/s for all numerical simulations, while the outlet was defined with 
pressure equal to 0 Pa. The top and bottom boundary were free-slip walls 
that had shear stress equal to zero. On the blade surfaces, the flow moves 
with zero relative speed, therefore, the surfaces had no-slip walls. 

2.3. Mesh properties 

The computational domain is divided into two distinct zones: a 
rotating zone and a stationary zone (Fig. 5). A sliding interface connects 
the rotating zone, having a radius of 1.5 times the turbine radius, with 
the surrounding stationary area. To create a finer mesh for particular 
regions of the computational domain, different “influence bodies” were 
defined in the model geometry to generate designated-size meshes. Such 
influence bodies have no physical effect during the simulations. Five 
circular influence bodies applied for every single blade and one 
enclosing the rotating area are employed in the numerical simulations. 
The circular bodies are located with the origin at their airfoil centres 
(0.5c) and have a radius equal to the chord length. The influence body 
over the rotating zone is stretched towards the downstream region of the 
domain to better catch the velocity gradients in the turbine’s wake. 

The computational grid is created with quadrilateral cells for the 
boundary layer grid close to the walls (Fig. 6). The first layer is defined 
to guarantee that the maximum y+ in the simulations is less than 5 in 
order to resolve the viscous sublayer. Three grid resolutions are tested 
where the grid is non-uniform and refined. Refinement with a factor of 2 
is employed, leading to a fine grid with 1.1 × 106 cells, a medium grid 
with 5.0 × 105 cells, and a coarse grid with 2.5 × 105 cells (Table 3). 

The mesh independency with respect to the refinement levels was 
evaluated in terms of instantaneous torques of a blade against azimuth 
during the last turbine revolution, as reported in Fig. 7 for the TSR of 3.1. 
The difference between medium and fine grids in terms of average 
power coefficient is 0.35%, which satisfies the grid convergence 
requirement. Therefore, all the CFD results shown in the present work 
employed the medium-mesh. 

Table 2 
Geometrical parameters of VAMT.  

Water speed [m/s] 1.4 

Solidity factor, Nc/D [-] 0.15 
Pitch angle, β [◦] ±5, ±4, ±3, ±2, ±1, 0 
Blade profile NACA0021 
Number of blades, N [-] 5 
Radius, r [m] 2.94 
Swept area [m2] 10.29 
Chord length, c [m] 0.18 
Shaft radius [m] 0.15  
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Fig. 5. Schematic of the computation domain.  

Fig. 6. Computational grid: a) turbine with influence body; b) turbine; c) airfoil with influence body; d-f) computational grid near airfoil (d), leading edge (e), 
trailing edge (f). 
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2.4. Convergence criterion 

To evaluate the convergence of the simulations, the revolution his-
tories of the average power for different TSRs are shown in Fig. 8. Data 
are reported as the relative change against the value achieved at the last 
revolution. A smaller variation is observed when approaching the 20th 
revolution since the difference between the average power coefficient at 
the 19th revolution and the final revolution (20th revolution) is roughly 
0.1%. Based on this sensitivity analysis, 20 revolutions were considered 
suitable for reaching a periodic condition and it was adopted for the rest 
of the simulations. 

2.5. Azimuthal step size 

The instantaneous torque profiles with three different steps of Δθ1 =

0.2◦, Δθ2 = 0.15◦, Δθ3 = 0.1◦ were examined to evaluate the impact of 
the azimuthal discretization on numerical predictions. According to the 
results, shown in Fig. 9, a significant part of the torque extraction is 
independent on the choice of the timestep. In some parts of the graph (θ 
= 90◦–135◦ and θ = 230◦–270◦), the instantaneous torques show slight 
differences, which can be explained by two reasons. The first one is 
related to the high value of the angle of attack (AOA) reached during the 
upstream half of the rotation (θ = 90◦–135◦), causing the flow around 
the blade to become unstable. The second one is related to the interac-
tion between the blade and the wake of the central shaft, occurring 
around θ = 270◦, and leading to an earlier downstream stall, as also 
confirmed in Section 6.3. Therefore, in these two aforementioned con-
ditions, the hydrodynamics of the airfoil is more complex than the rest of 
the rotating cycle. Due to the complexity of the hydrodynamics 
involved, the difference in the instantaneous torques predicted using 

Table 3 
Details of the computational grids for the VAMT.  

Grid size Number of cells [-] ΔCP [%] 

Fine 1110 000 – 
Medium 500 400 0.35 
Coarse 250 000 4.23  

Fig. 7. Mesh dependency.  

Fig. 8. Variations of power coefficient against a value at the 20th revolution.  
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Δθ1 = 0.2◦ and Δθ3 = 0.1◦ is big. In order to capture the flow charac-
teristics with high accuracy, the azimuthal step Δθ = 0.1◦ is selected for 
all of the following simulations. 

3. Validation of CFD model 

To ensure the accuracy of the CFD results obtained in the present 
work, validation studies were performed. Since the output of a CFD 
simulation only accounts for the hydrodynamic forces, the power losses 
due to iron losses and mechanical losses in the generator are not 
computed. Therefore, CFD results must be corrected to be consistent 
with power measurements. The experimental resistant torque was esti-
mated in (Forslund et al., 2018) by means of the following equation: 

Tres =
(
350+ 1000 ⋅ Ω2).

Such empirical correlation, which was accounting also for the 

hydrodynamic drag due to the turbine struts, was applied to the hy-
drodynamic CFD torque output to compute the predicted efficiency. 

The numerical results of the two-dimensional (2D) simulations car-
ried out with Fluent for TSRs from 2.0 to 4.0 are compared with 
experimental measurements in Fig. 10. In addition, the 2D CFD results 
are compared also to the predictions of a low-order numerical model 
based on a three-dimensional (3D) vortex method simulation, which is 
described in (Mendoza and Goude, 2020) and only a brief description is 
provided here. The vortex method, in general, is a modelling technique 
where the vorticity is used as a discretization variable instead of the 
velocity. The presented method is a free vortex method where the flow 
velocity is reconstructed from the vorticity using Biot Savart’s law. With 
this approach, the simulation domain will be infinite, while only the 
regions with vorticity (i.e. the turbine wake) will be discretized. The 
current work uses a 3D vortex filament method, where the vortices are 
discretized by a vortex lattice. Here, one creates a grid of nodes and adds 

Fig. 9. Azimuthal step dependency.  

Fig. 10. Power coefficient against TSR at β = 0◦.  
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vortex filaments between neighbour nodes (i.e. each node connects to 4 
filaments in the general case). For each time-step, the grid points are 
moved with the same speed as the flow velocity. 

The vortex method is based on the use of an external force model to 
obtain lift and drag forces. The vortex method splits the blades into 
segments and uses a flat panel method with the Kutta condition to 
calculate the circulation around each segment, which then can be con-
verted into the corresponding angle of attack for the attached flow case. 
This is the angle of attack that will be used to calculate blade forces 
according to the method described in (Dyachuk and Goude, 2015), 
which is a combination of a table of lift and drag coefficients with a 
Leishman Beddoes dynamic stall model. The vortex method then cal-
culates the new circulation according to Kutta Joukowski’s lift formula 
to get the bound circulation. The released circulation is then obtained as 
the change in bound circulation, combined by the condition that the 
vorticity field needs to be divergence-free. For the vortex propagation 
step, it is assumed that the blade can be approximated by a single lifting 
line (this approximation is verified in (Dyachuk et al., 2015). The in-
clusion of the potential flow solution for the angle of attack calculation 
allows the model to account for both the flow curvature effects and the 
tip effects without any additional correction models. 

The turbine was discretized into 26 blade segments for each blade, 
and 15 segments for each strut. At the connection point, it was ensured 
that the tip of the strut connected to the edge between two blade seg-
ments. All simulations were performed for 25 revolutions to ensure 
convergence for all cases (actual convergence occurred much earlier), 
and each revolution consisted of 90 time-steps. All these parameters 
have been tested earlier to ensure that they are sufficient for converged 
results. 

There is a suitable agreement between the numerical predictions and 
the experimental data, in which the 2D CFD results exhibit the much 
better agreement with experimental values than the 3D vortex model 
outcomes. It is apparent that the trend of CP as a function of the TSR is 
captured reasonably well. Particularly at moderate TSRs (TSR =
3.0–3.5), the difference between 2D results and measurements is small 
and at high TSRs (TSR = 3.5–4.0) the CFD slightly underpredicts the 
measured turbine power output. Second, the turbine reaches its 
maximum power coefficient at a design TSR of 3.0 according to Fluent 
estimations, while the vortex method predicts the maximum efficiency 
for TSR = 2.8. To quantify the relative error between measurements and 
numerical results, the difference between the experimental torque and 
the 2D CFD simulations that occurs at TSR = 3.1 and at TSR = 3.5 is 
1.7% and 8.7%, respectively. Such discrepancies can be related to 
different aspects, such as the instantaneous variability of the water 
speed, the actual turbulence conditions of the real flow or the geomet-
rical simplification in the 2D model. Based on the aforementioned 
considerations, the numerical approach was properly replicating both 
the trend and maximum values of Cp, thus being able to provide a 
satisfactory insight of experimental data. Therefore, CFD simulations 
were assumed to be predictive of the phenomenology related to a pitch 
angle variation. 

The focus of the study presented in the following sections is on the 
analysis of the turbine power and loadings under the influence of the 
blade pitch angles. As the CFD model is two-dimensional and the vortex 
method cannot handle velocity shear, both cases will assume that the 
incoming velocity is uniform. While this is true in the horizontal direc-
tion (was confirmed through measurements with a horizontally moun-
ted ADCP in front of the turbine), there will be a slight error as to the 
vertical shear shown in Fig. 3 is not taken into account. This limitation is 
present due to limitations in computational resources. 

4. Impact of blade pitch angle on power coefficient 

To evaluate the pitch effect on the VAMT performance, the variation 
of the power coefficient for pitch angle values ranging from − 5◦ to +5◦

at a TSR = 3.1 is depicted in Fig. 11. This TSR was selected because it 

corresponds to the maximum power coefficient for the tidal turbine at 
the zero-referenced pitch according to the experimental data. In the 
detailed analysis of Cp as a function of β obtained in Fig. 11, two nu-
merical approaches were investigated; the solid line corresponds to the 
2D Fluent simulations, the dashed line is from 3D vortex simulations. 
Fig. 11 reports that the average CP increases as the pitch angle is pro-
gressively increased from − 5◦, reaching the maximum value for β = +2◦

in case of CFD predictions, while for β = +1◦ in case of vortex model 
predictions. By further increasing the pitch angle, the CP gradually de-
creases. In general, at positive pitch angles, the turbine has a higher 
efficiency than at the negative angles. Moreover, the decreasing trend is 
steeper for negative pitch angles than for positive angles. Indeed, the 
blade loading is increased for negative β values, thus increasing the risk 
of reaching stalled conditions. This can be seen in Fig. 12, where the 
instantaneous torque trends as a function of the azimuthal position are 
shown for all the CFD cases. The more negative β, the more the upstream 
torque peak is anticipated. As a result, the onset of the dynamic stall 
phenomenon can be observed, as the blade experiences large torque 
fluctuations between θ = 50◦–180◦, resulting in a greater power loss of 
the turbine. 

The azimuthal position for which the blade generates the maximum 
torque is θ = 78◦, 74◦, 68◦, 63◦, and 59◦ for β = − 1◦, − 2◦, − 3◦, − 4◦, and 
− 5◦, respectively, while for almost all positive pitch angles it occurs 
constantly around θ = 90◦. 

The effect of the central shaft can be seen when the torque suffers 
from a sudden drop between θ = 255◦ and θ = 290◦. The amplitude of 
the drop is deeper for lower pitch angles, being the greater power loss 
obtained for β = − 5◦. 

It can be concluded that, when adopting negative pitch angles, a 
higher torque extraction is obtained only in a small part of the upstream 
region (15◦ < θ < 75◦), while the positive β can enhance the torque 
output over a large portion of the revolution, i.e. 75◦< θ < 140◦ and 
270◦< θ < 360◦. For the present test case, the designed pitch angle of 
+2◦ is established as the optimal angle to be adopted for the vertical-axis 
turbine in the tidal application, which ensures a balanced and high 
torque extraction during both the upstream and the downstream halves 
of the rotation. 

5. Optimized pitch analysis 

5.1. Power coefficient 

Once the optimized pitch has been defined, the turbine power as a 
function of the tip speed ratio was also evaluated for the β = +2◦ case. 
From a perusal of Fig. 13, it can easily be seen that the large variation of 
the angle of attack occurring at a low tip-speed ratio leads to the onset of 
the dynamic stall. The turbine hydrodynamics is unstable and some 
fluctuations appear in the simulation results (TSR = 2.0 and 2.5). The 
explanation of the magnified ripples in the CFD prediction can be related 
to two reasons: on one hand, CFD is thought to have low accuracy in 
capturing the evolution of deep stall separation and vortex shedding 
with a two-dimensional approach, which usually leads to vortical 
structures being more coherent and less prone to breakdown. On the 
other hand, due to vertical velocity shear and turbulence, one can also 
expect that the oscillations predicted by CFD can likely disappear due to 
an intrinsic averaging along the height of the blade, as the oscillations 
will not be synchronized at different blade heights. At high tip-speed 
ratios, the torques stretch down deeply in drop areas θ = 273◦–300◦, 
particularly, at TSR = 4.0 the torque has significant change at the drop 
peak. Overall, however, the high average of the torques was noticed at 
moderate tip speed ratios, and the optimum tip-speed ratio is a TSR =
3.0. 

Fig. 14 shows the power coefficient of the turbine with blade pitch β 
= − 5◦, − 2◦, 0◦, +2◦, +5◦ and the optimal pitch turbine has the 
maximum efficiency of 27% that is 2.3% higher than the turbine having 
blade pitch β = 0◦. 
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Upon examinations of the results, some observations can be made for 
Fig. 14:  

• The variation of the CP max is very coherent for all pitch angle. The 
CP max is more sensitive to the negative pitches than to the positive 
ones.  

• For too negative pitch values, the power output is strongly reduced at 
all TSRs. In these conditions, the efficiency drops down to almost 
zero due to the massive presence of stall conditions.  

• The optimal TSR is slightly different among the various blade 
pitches: TSRopt = 2.9 at β = − 5◦, − 2◦ TSRopt = 3.0 at β = +0◦, 
+1◦,+2◦, TSRopt = 3.1 at β = +5◦. 

The characteristics of power generation according to TSR are 
important factors in constructing an optimal turbine system for con-
necting with a proper electric generator. The power output increases as 
the rotating speed becomes faster, however, it decreases after the peak 

point because, at high TSR, the variation of the angle of attack is reduced 
and the effect of drag becomes more prominent. It can be the crucial 
input for electricity controlling systems and helpful for designers. 

5.2. Blade and turbine loadings 

To assess the sensitivity of the results in terms of fluctuating forces 
acting on a single blade and on the whole turbine, the average and 
instantaneous forces are analyzed in Figs. 15 and 16. The trend of 
tangential force (Ft) on the blade in Fig. 14a is consistent with the trend 
of power against pitch angles of Fig. 11, reaching the optimized value at 
β =+2◦. The optimal average Ft is 2.8% higher than the tangential force 
at β = +0◦, similarly to the trend of the power coefficient. In the radial 
direction, the instantaneous normal force (Fn), which is representative of 
the main structural loads on the blades, is shown in Fig. 14b. In case of 
negative pitch, fluctuations of Fn appear in the upstream region (θ =
65◦–160◦), while it only happens at β = +5◦ in the downstream region 

Fig. 11. Power coefficients against pitch angles at TSR = 3.1.  

Fig. 12. Instantaneous torques of a single blade at different pitch angles.  
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for positive pitch. The central shaft has an impact on the normal force at 
all pitch angles, and it is marked by the drop happening analogously to 
the torque trend at around θ = 270◦. It is apparent that the optimal pitch 
angle allows for reducing the maximum normal load on the blade with 
respect to the baseline zero pitch since the maximum negative Fn peak is 
delayed by roughly 6◦, with the amplitude being 11% lower. It can be 
generally stated that the upstream peak of Fn, as well as the total 
amplitude of oscillation is progressively reduced as the blade pitch is 
increased, thus resulting in a reduced and more balanced fatigue 
loading. 

Fig. 16 presents the sum of the instantaneous force trends acting on 
all the blades along the x- and y-directions, being representative of the 
global loadings acting on the whole turbine. For Fx, it is always positive 
for all different pitch angles, since the turbine is pushed backwards. Fx is 
the main force on the shaft and on the foundation, and it is pivotal for 
dimensioning the entire machine because it has to resist to the thrust in 
order not to bend. From a perusal of Fig. 16a, it can be noticed that the 

optimal pitch allows reducing the maximum value of the instantaneous 
Fx by roughly 3%, which implies a reduction of the maximum stress 
acting on the foundation. Fy force is responsible for the lateral oscillation 
of the shaft, but since the contribution of each individual blade 
constantly changes in sign during the rotation, the effect of different 
blades can compensate each other. Increasing the number of blades 
could help in reducing Fy oscillation and, in the present case with the 
five blades, the total instantaneous Fy is almost constant (Fig. 16c) and 
negligible with respect to the x-component, especially for the reference 
and optimized values of β. 

Finally, Table 3 reports the averaged values for the global torque and 
force components, in order to quantify the benefits already pointed out 
from a qualitative point of view in Figs. 14–16. In particular, it is worth 
pointing out that the average thrust for the optimal pitch case is 1.9% 
lower than the reference zero-pitch case. 

Fig. 13. Instantaneous torque response at β = +2◦.  

Fig. 14. Power coefficient against TSR.  
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5.3. Flow field visualization 

To further clarify the effect of pitch angle on the hydrodynamics of 
the VAMT, some useful insights regarding the flow field around the 
turbine are visualized. In this section, the vorticity field at TSR = 3.0 has 
been analyzed for three different pitch angles β = +2◦, 0◦, − 2◦ (Fig. 17). 
Fluctuations in case of β = +2◦ are less retained than those of pitch 
angles of 0◦ and − 2◦. The leeward part is clearly affected by the wakes 
shed during the upstream part. In the streamward zone, the blades move 
towards the water at higher relative velocities and generate much nar-
rower wakes. On the other hand, on the leeward side of the rotor, 
vortices are shed from the blades and roll up before being convected. 
This results in more intricate flow patterns, where the new vortices shed 
from the incoming blades are convected across traces of vortices shed by 
the previous blades. The flow becomes blurry, nevertheless, it is still 
possible to associate each wake to its corresponding blade. This can be 
an explanation for the oscillatory behaviour of the torques and forces at 
the negative pitches on the blade in Figs. 12 and 15. These results add 
more evidence to the confirmation about the optimal operation of the 
turbine and identify the pitch angles leading to poor turbine 

performance, which need to be avoided. 

6. Conclusions 

In this paper, the influence of the blade pitch angle on the power 
output, structural loadings and hydrodynamics of an H-Darrieus 
vertical-axis turbine for marine current applications was investigated 
through numerical calculations using a 2D URANS approach. The power 
coefficient trend resulting from the 2D CFD simulations was compared 
to the outcomes of a lower-fidelity 3D vortex model, showing a better 
agreement with experimental data collected in the open-field site for the 
reference turbine. The reliability of the optimization analysis through 
CFD simulations was assessed and validated by the field test considering 
the reference case of a zero pitch angle. Therefore, a wide range of blade 
pitch angles was tested on the VAMT and the results were analyzed in 
terms of instantaneous forces (Fn, Ft, Fx, Fy) during its revolution and 
average loadings on the single blade and the whole turbine. A sudden 
drop area in the downstream region was observed in both the radial and 
tangent direction of the forces, caused by the presence of the wake of the 
turbine shaft. These effects were critical factors during the design 

Fig. 15. (a) Average normal force; (b) instantaneous normal force acting on a blade.  
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process for such the blade pitch and rotor shaft, particularly in case of 
highly pitched blades or large shaft radius in comparison to the turbine 
radius (i.e. the radius ratio of 5% in this study). 

The main finding of the study was the assessment of the optimal pitch 
(β = +2◦), ensuring a 2.3% higher CP and a 1.9% lower average thrust if 
compared to the zero-referenced pitch. Also in terms of instantaneous 
fluctuating loadings, the optimal pitch allowed reducing both the 
maximum peak of the normal force acting on a single blade by 11% and 

the maximum peak thrust force by 3%. This finding can represent a 
practical solution, being at the same time simple and inexpensive, in 
considering an optimal fixed pitch for maximizing the performance, 
while at the same time reducing the hydrodynamic loads on the struc-
ture. Moreover, transient CFD analysis showed that the pitch angle has 
an impact on the strength of the shed vorticity by VAMT blades, sug-
gesting that a moderate positive pitch (i.e. β = 0◦, +2◦) guarantees a 
smoother and more stable operation. 

Fig. 16. (a) x-force for β ≥ 0; (b) x-force for β < 0; (c) y-force; (d) torque acting on the whole turbine.  

Fig. 17. Vorticity of the turbine at different blade pitches.  
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Nomenclature 

Acronyms 
CFD Computational Fluid Dynamics 
VAMTs Vertical Axis Marine Current Turbines 
HAMTs Horizontal Axis Marine Current Turbines 
VAWTs Vertical Axis Wind Turbines 
HAWTs Horizontal Axis Wind Turbines 
TSR Tip Speed Ratio 
SST Shear Stress Transport 
URANS Unsteady Reynolds-Averaged Navier-Stokes  

Greek symbols 
Ω Angular Velocity [rad s− 1] 
θ Azimuthal Angle [deg] 
β Pitch Angle [deg]  

Latin symbols 
Fxi, Fyi Vertical and Horizontal Force of Blade [N] 
Fn, Ft Normal and Tangential Force of Blade [N] 
VT Actual Relative Speed of Blade [m/s] 
Vw Incoming Speed of Flow [m/s] 
Phydro Net Turbine Power [W] 
Ploss System Losses [W] 
Tres Experimental Resistant Torque [Nm] 
Tav Average Torque Acting on Turbine [Nm] 
CP Turbine Power Coefficient [-] 
i Index of Blade Numbers [-] 
N Number of Blades [-] 
D Rotor Diameter [m] 
H Turbine Height [m] 
r Rotor Radius [m] 
c Blade Chord [m] 
V Water Velocity [ms− 1] 
y+ Dimensionless Wall Distance [-] 
W Domain Width [m] 
di, do Domain Length [m] 
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