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ABSTRACT 

Hydrokinetic energy has gained attention recently due to its low environmental impact and 
cost-effectiveness. In particular, Darrieus-type Hydrokinetic Turbines (HKTs) are well suited for 
rivers and small watercourses because of their compact design, simple blade structure, and ease 
of operation, with no need for pitching or yawing adjustments. These turbines also demonstrate 
efficiency improvements when arranged in closely spaced arrays. However, accurately modelling 
their performance remains challenging due to complex hydrodynamics, unsteady flow behaviour, 
and interactions with the surrounding environment, including channel walls and the free surface. 
While analytical models fail to capture these complexities, high-fidelity simulations are 
computationally prohibitive. This thesis addresses these gaps by advancing the understanding of 
Darrieus turbine interactions within arrays and with hydraulic environments while enhancing 
modelling capabilities for real-world scenarios. The thesis is based on a collection of six peer-
reviewed journal articles addressing these challenges. Numerical models with varying fidelity 
were developed using Computational Fluid Dynamics (CFD) in Ansys Fluent©. Initially, two-
dimensional blade-resolved unsteady RANS simulations were employed to investigate 
mechanisms driving efficiency gains in turbine arrays. Results revealed that mutual interaction 
zones suppress inflow deviation, increasing blade angles of attack and enhancing performance. 
The Actuator Line Method (ALM) was then tuned as a medium-fidelity tool for modelling Darrieus 
rotors without resolving blade boundary layers. ALM accurately captured twin-rotor interactions 
at medium and high tip-speed ratios (TSRs), predicting blade loads, torque, and wake structures. 
A comprehensive three-dimensional model was subsequently developed by coupling ALM with 
the Volume of Fluid (VOF) method to simulate free surface effects. Additionally, a more 
computationally efficient model using the Actuator Cylinder (AC) concept was created for quasi-
steady-state analysis. To validate the computational model, an experimental campaign was 
conducted by the industrial partner, HE-PowerGreen. Field measurements were obtained for the 
flow field characteristics and the performance of an array composed of four closely spaced 
turbines. Both the CFD-ALM-VOF and CFD-AC-VOF models were validated against the 
experimental data, showing good agreement in flow velocity profiles, turbine performance, and 
free surface variations. The ALM shows accurate matching with the experimental measurements 
in terms of both flow field and array performance. On the other hand, the AC model provides 
reasonably accurate turbine performance predictions and captures array impacts on the channel 
and flow field, though it overestimates blockage effects and underestimates turbine-to-turbine 
interactions compared to the more precise ALM. Despite this, the AC model achieves a favourable 
trade-off between accuracy and computational efficiency, reducing computational time by an 
order of magnitude. Both models emphasised the critical role of two-way interactions between 
turbines and the hydraulic environment, including variations in water level and inflow velocity. 
The findings of this thesis advance the understanding of Darrieus turbine behaviour in arrays and 
complex hydraulic conditions. The developed models enhance predictive capabilities, offering 
valuable tools for academia and industry to optimise hydrokinetic energy systems. 

Keywords: Darrieus, Computational Fluid Dynamics, Hydrokinetic Energy, Actuator Cylinder, 
Actuator Line Method 
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PROPOSITIONS 

Motivation  

§ Hydrokinetic energy presents a promising low-cost renewable energy technology with 
minimal environmental impact. 

§ Darrieus turbines offer several advantages. However, lack of understanding of their complex 
hydrodynamics, turbine-to-turbine interactions within arrays, and array interactions with the 
channel hinders their widespread implementation. 

 

Original contribution 

§ Investigated the mechanisms of power augmentation in closely spaced Darrieus turbine 
arrays, identifying the role of flow interactions between neighbouring turbines. 

§ Tuned and validated the Actuator Line Method (ALM) model for accurately simulating 
Darrieus turbines in arrays. 

§ Developed a novel three-dimensional CFD model coupling the tuned ALM with the Volume 
of Fluid (VOF) method to simulate the two-way interactions between Darrieus turbines and 
the channel. 

§ Developed a computationally efficient quasi-steady-state model using the Actuator Cylinder 
(AC) concept coupled with VOF, suitable for industrial applications. 

 

Open questions 

§ How accurate can the Actuator Line Method (ALM) be if an appropriate model for unsteady 
forces is implemented? 

§ does the two-way channel interactions impact how HKT turbines and their arrays should be 
designed? 

§ How crucial is it to adopt CFD-based methods for the design of HKT turbine arrays? 
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SYNOPSIS 

Interest in hydrokinetic energy as a non-conventional renewable source has grown 
significantly. Unlike traditional hydropower technologies, Hydrokinetic Turbines (HKTs) require 
minimal civil infrastructure, making them cost-effective with low environmental impact. Darrieus 
turbines are particularly well-suited for applications in rivers and small watercourses, where flow 
is unidirectional, predictable, and sometimes controllable. These turbines offer unique 
advantages: their compact design and simple blade structure make them easier to manufacture 
than horizontal-axis turbines. They are also easier to control during operation, as they do not 
require pitching or yawing adjustments. Additionally, the generator level is adjustable, allowing 
it to be positioned in dry areas above the water. Most importantly, Darrieus turbines benefit 
from a notable efficiency boost when deployed in close proximity to one another. 

Despite their advantages, the hydrodynamics of Darrieus turbines are inherently complex and 
challenging to model. During operation, the blade experiences continuously varying angles of 
attack and relative velocities, making performance highly unsteady and prone to dynamic stall 
effects. Moreover, the complications of this machine extend to the array setups, where there is 
a lack of quantitative analysis on how the performance of a Darrieus turbine improves when 
clustered in a closely spaced array, with most research in this area focuses on improving overall 
performance without addressing the mechanisms behind these efficiency gains. Beyond the 
interactions between turbines within an array, it is crucial in hydrokinetic applications to account 
for the two-way interactions between the turbine array and the channel itself, including the 
channel walls and the free water surface. Thus, the level of complexity associated with modelling 
Darrieus HKT arrays is highly challenging and represents a major issue limiting industrial 
explorations. While achieving the level of simulation fidelity needed to capture all the associated 
complexities is computationally prohibitive, analytical models are inadequate for accurately 
predicting turbine performance across different operating conditions. 

To this end, this thesis aims to bridge key knowledge gaps through two main goals: first, to 
advance the understanding of Darrieus turbine interactions within arrays and with surrounding 
hydraulic environments. Second, to enhance the modelling capabilities for accurately predicting 
Darrieus HKT performance under conditions representative of real-world environments. To 
achieve these goals, various numerical models were developed at different fidelity levels, all 
based on Computational Fluid Dynamics (CFD) using Ansys Fluent©.  

Initially, an extensive investigation was conducted using two-dimensional blade-resolved 
unsteady Reynolds-Averaged Navier-Stokes (uRANS) simulations to examine the physics of 
closely spaced Darrieus turbines, focusing on instantaneous variations in local blade kinematics. 
The objective was to identify the mechanisms responsible for the power augmentation observed 
in turbine arrays. This analysis began with various configurations of a turbine pair and was 
subsequently generalised to arrays with multiple turbines. Despite its crucial role in terms of 
accuracy, conducting blade-resolved uRANS simulations in a three-dimensional domain for an 
array of turbines within an open channel is computationally prohibitive. To address this, a 
comprehensive tuning was applied to the Actuator Line Method (ALM), a medium-fidelity tool 
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developed for simulating Darrieus rotors without explicitly resolving the blade boundary layer, 
by assessing key factors affecting ALM accuracy. Following this, an in-depth analysis evaluated 
the ability of the ALM to replicate the effects observed in closely spaced turbines. Building on 
these foundations, a detailed, accurate, and computationally feasible three-dimensional model 
was created by coupling the tuned ALM tool with the Volume of Fluid (VOF) method to simulate 
the free water surface. Finally, a more computationally efficient model was developed using the 
Actuator Cylinder (AC) concept, which, combined with the VOF method, produced a quasi-
steady-state model suitable for industrial applications. 

Upon investigating the kinematic data of closely spaced Darrieus turbines, the results 
revealed that interactions between adjacent turbines create a mutual interaction zone. In this 
zone, the inflow deviation, typically known as “streamtube” expansion for a stand-alone turbine, 
is suppressed. This suppression leads to an increase in the local angle of attack on the blades, 
which, at higher turbine rotational velocities, results in increased lift and enhanced turbine 
efficiency. This analysis was applied to each rotor in both two- and three-turbine arrays, 
considering all possible rotational configurations. It was observed that the pattern of power 
augmentation remains consistent regardless of the number of rotors and is primarily influenced 
by the location of the mutual interactions along the azimuthal path of the turbines. 

The results of the ALM tuning showed that, in the absence of unsteady effects, the ALM can 
generate a highly accurate wake flow field, nearly identical to that of blade-resolved CFD, 
provided that the aerodynamic forces are correctly modelled. Additionally, the findings 
emphasised that improving the dynamic stall model is a key factor in enhancing the accuracy of 
the ALM. Furthermore, the results demonstrate that the ALM effectively simulates twin-rotor 
Darrieus turbines, particularly at medium and high tip-speed ratios. It provides reliable 
predictions of instantaneous blade loads and successfully captures the torque increase resulting 
from the mutual interaction between adjacent rotors. The ALM also accurately reproduces the 
flow field around the twin rotors, as illustrated by a Proper Orthogonal Decomposition (POD) 
analysis of the wake flow field. 

Finally, both of the developed comprehensive models, CFD-ALM-VOF and CFD-AC-VOF, were 
validated against experimental measurements, showing good agreement in terms of flow field 
velocity profiles, turbine performance, and variations in the free water surface level near the 
turbine array. A code-to-code comparison between the two models revealed that the model 
based on the ALM is more reliable at lower tip-speed ratios, where unsteady effects are relevant, 
while the AC model accurately predicts the mean performance of the turbines at high and 
medium TSRs. Comparison of the flow fields from both models showed almost identical results, 
including variations in the free water surface. In general, the results emphasise the importance 
of two-way interactions between the turbines and the channel, highlighting how variations in 
water level and inflow velocity affect the efficiency evaluation of hydrokinetic turbines. 

The findings of this thesis have contributed to deepening the understanding of how Darrieus 
turbines interact both within arrays and with the surrounding hydraulic conditions. Additionally, 
the two developed models, representing different fidelity levels, are considered an improvement 
in modelling techniques for Darrieus hydrokinetic turbines in scenarios that closely mirror real-
world conditions. These findings could be used by both academic and industrial communities to 
further advance hydrokinetic energy technology in rivers and small watercourses. 

This thesis is structured as follows: 
1. Introduction: Provides an overview of hydrokinetic energy and introduces the specific 

focus on Darrieus turbines. 



Summary 

XIX 

2. State of the art: Presents a comprehensive review of existing research on power 
augmentation in Darrieus turbine arrays, modelling methodologies for Darrieus turbines 
at various fidelity levels, and the application of Darrieus turbines in hydrokinetic energy 
systems. 

3. Original Contribution: Outlines the publications resulting from this research and 
discusses how these publications contribute to the overarching objectives and goals of 
the thesis. 

4. Conclusion: Summarises the key findings, their implications, and outlines 
recommendations for future research direction. 
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1 INTRODUCTION 

1.1 Hydrokinetic Energy 
Climate change has emerged as one of the most significant threats to life on Earth, driving a 

global push toward transitioning from fossil fuels to renewable energy resources. This shift, 
accelerated by the goals set in the 2015 Paris Agreement, has prompted many nations to explore 
sustainable alternatives, including the extraction of energy from water streams, commonly 
known as hydroelectric energy. Hydroelectric power can be harnessed through two main 
approaches: hydrostatic and hydrokinetic. The hydrostatic method exploits the potential energy 
of water by storing it in a reservoir to create a pressure head. In contrast, the hydrokinetic 
method captures the kinetic energy of flowing water, with minimal head loss, similar to how wind 
energy is harnessed [1]. Hydrokinetic turbines can be deployed in in various water environments, 
including tidal zones, ocean currents, waves, rivers, and even small watercourses [2]. 

In general, hydrostatic energy is among the most efficient and reliable renewable energy 
resources. In 2022, the European Union (EU) generated nearly 30% of the total renewable energy 
generation from hydrostatic resources, and 12% of its overall electricity production [3]. However, 
environmental and social impacts, along with limited exploitable resources, have confined its use 
to developed sites, making further expansion unlikely. In contrast, hydrokinetic energy requires 
no large civil structures and has minimal environmental impact [4], though its power output is 
currently lower than hydrostatic turbines. Global interest in hydrokinetic turbines is rising, 
particularly in countries with existing hydrostatic projects or in developing countries with limited 
energy resources. Despite growing interest, detailed data on global deployments remain scarce 
[1], though some case studies provide insight into the current state of hydrokinetic energy 
generation. 

For instance, research is emerging on integrating hydrokinetic systems into existing 
hydrostatic plants in the Amazon and its tributaries, which constitute the largest watercourse by 
discharge volume. In Brazil, a study explored installing hydrokinetic turbines downstream of a 
dam [5], while similar research in Colombia demonstrated promising results [6]. This approach is 
not confined to the Amazon. For example, a study in India proposed deploying 904 hydrokinetic 
turbines at an existing facility, with a potential output of 26.4 MW [7]. In Lithuania, where dam 
construction is restricted due to environmental concerns, hydrokinetic turbines have been 
suggested as an alternative [8]. Similarly, in Ghana and South Africa, hydrokinetic energy is being 
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explored as a solution for off-grid and rural communities [9,10]. However, not all regions offer 
significant potential. In Italy, an analysis of 9,376 small watercourses in the Piemonte region 
found that only 0.7% were suitable for hydrokinetic power generation, with an estimated 
installed capacity of 8.3 MW [11]. 

1.2 Darrieus Turbines  

 
Figure 1.1: Different types of vertical axis hydrokinetic turbines (adopted from [12]) 

Hydrokinetic energy systems come in various designs and architectures, each suited to 
specific applications. Similar to wind turbines, hydrokinetic turbines (HKTs) are categorised based 
on the axis of rotation relative to the flow: horizontal-axis turbines (HATs) and vertical-axis 
turbines (VATs), which may also be referred to in the literature as “crossflow turbines”. VATs are 
further divided into lift-driven machines, known as Darrieus turbines, and drag-driven machines, 
referred to as Savonius turbines. Figure 1.1 illustrates different types of VATs. 

While the selection of turbine architecture based on specific applications and design variables 
is not extensively covered in the literature, HATs are typically employed in large-scale systems, 
particularly for tidal energy. Conversely, VATs are gaining industrial interest for smaller-scale 
projects. For applications in small watercourses, VATs offer a promising and reliable solution 
compared to HATs due to their simpler control mechanisms and the flexibility of positioning 
powertrains in dry spaces [13]. In contrast, HATs require more complex control systems, with 
their generators and powertrains needing to be submerged. In addition, recent studies have 
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demonstrated that clustering Darrieus turbines can enhance overall efficiency compared to 
individual stand-alone turbines [14,15]. However, while clustering addresses efficiency concerns, 
it compromises the omnidirectional advantage of the turbines, as the cluster becomes sensitive 
to changes in inflow direction [16]. Fortunately, this limitation is not a concern in hydrokinetic 
applications in rivers and small watercourses, where the inflow direction remains constant. 

 
Figure 1.2: Schematic illustration for the flow around Darrieus rotor.  

Despite their advantages, the performance of Darrieus turbines is inherently complex due to 
the instantaneous variation in the blade local kinematics. As shown in Figure 1.2, the relative 
velocity, Vrel and angle of attack, α changes instantaneously as the blade moves along its azimuth 
path, θ. This variation leads to an unsteady operational regime, which makes the modelling of 
the turbine forces challenging. In more details, as the tip-speed ratio (TSR), λ, increases, the 
variation in the angle of attack becomes narrower. TSR is calculated using Eq. 1.1, where ω is the 
rotor speed in radians per second, R is the rotor radius, and V∞ is the inflow velocity. This 
relationship plays a crucial role in optimizing turbine performance, as higher TSR values reduce 
the dynamic fluctuations in blade forces. 

𝜆 =
𝜔𝑅
𝑉!

 1.1 

Through a basic kinematic analysis, and assuming a perfectly horizontal absolute flow, α and 
Vrel can be computed as: 

𝛼 = tan"#
sin 𝜃

𝜆 + cos 𝜃 1.2 



1 Introduction 

 

4 

𝑉$%& = 𝑉!01 + 2𝜆 cos 𝜃 + 𝜆' 1.3 

However, it is important to note that the use of Eqs. 1.2 and 1.3 assumes the absence of what is 
known as “streamtube expansion”, and it also ignores the influence of blade-wake interactions 
on the local kinematics. As illustrated in Figure 1.2, streamtube expansion is when the flow onset 
is subjected to blockage effect due to the presence of the turbine rotor, causing a velocity deficit 
and a deviation of the inflow. The blade-wake interaction on the other hand is a phenomenon at 
which the wake of a blade is interacting with the other blades, at which its influence is governed 
by various factors, including the load unsteadiness in the first place. 

One of the important parameters in analysing the aero/hydrodynamic performance is the 
chord-based Reynolds number Rec as described in Eq. 1.4: 

𝑅𝑒( =
𝜌𝑉$%&𝑐
𝜇  1.4 

Where c is turbine chord length in m, ρ and µ are the flow density and dynamic viscosity in kg/m3 
and kg/ms, respectively. The value of the Rec usually plays an important role in determining the 
forces acting on the turbine blade. For VATs, especially those for small scale applications, the 
range of Rec variation might be within small values e.g., 104 – 105, resulting in different 
aero/hydrodynamic phenomenon compared to high Reynolds number operation. 

To describe the turbine performance, a dimensionless parameter known as power coefficient 
CP represents the power efficiency of the turbine and can be computed as Eq. 1.5. 

𝐶) =
𝑃

0.5𝜌𝐴𝑉!* 1.5 

Where P is the turbine power in watt and A is the turbine swept area in m2. Usually, for a 
complete turbine performance description, the power coefficient is plotted against the tip-speed 
ratio. 
The latter performance parameters are similar for both wind and hydrokinetic turbines. 
However, in hydrokinetic applications, the extractable power is limited by interactions between 
the turbine and the water resource. The turbines impose a blockage effect that influences the 
hydraulics of the channel, which, in turn, alters the actual performance of the turbines compared 
to calculations that do not account for turbine-to-channel interactions. This aspect adds an 
additional layer of complexity, making it more challenging to model HKTs under realistic 
conditions, where low-fidelity, so-called engineering models do not provide reliable results and 
could lead to design miscalculations. 
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2 STATE OF THE ART 

This chapter reviews the state-of-the-art of Darrieus-type turbines for hydrokinetic 
applications; in particular, the performance of Darrieus turbine in grouped clusters, its modelling 
techniques with emphasis on hydrokinetic applications. It begins by highlighting the key studies 
on clustering Darrieus turbines in close proximity, drawing insights from wind and hydrokinetic 
research to discuss optimisation strategies and efficiency gains from such setup. The chapter also 
explores modelling approaches for Darrieus turbines, ranging from detailed Computational Fluid 
Dynamics (CFD) to faster, simplified models, and their role in advancing the field. Lastly, it delves 
into literature on modelling Darrieus turbines for hydrokinetic applications, focusing on 
integrating models to address blockage effects and free water surface interactions. 

2.1 Darrieus turbine in arrays 
This section reviews studies on Darrieus turbines deployed in close proximity to form an array, 

covering both experimental and numerical investigations. It focuses on layout optimization, the 
physical mechanisms behind performance enhancement compared to stand-alone deployment, 
key factors influencing performance, and the impact on wake characteristics. A discussion 
follows, highlighting the significance of the findings in the literature, their current and potential 
applications, and identifying research gaps, along with an explanation of how this thesis 
addresses those gaps. 

2.1.1 Experimental Investigations 

Several studies have demonstrated that the aero/hydrodynamic efficiency of Darrieus 
turbines can be enhanced if two or more turbines are deployed in close proximity, with respect 
to a stand-alone turbine. In 2011, Dabiri [14] was the first to report this observation through a 
field experiment that involved six full-scale Vertical Axis Wind Turbines (VAWTs) arranged in 
various configurations to investigate counter-rotating, closely spaced turbines. He concluded 
that the overall efficiency of the turbines could increase by up to 10% if the layout is well-
optimised, particularly when the turbines are placed in-line. Subsequently, another study by the 
same group [17], using field measurements of 18 counter-rotating turbines of the same type, 
focused on examining the wake characteristics of this compact arrangement. The study 
concluded that the wake recovers to 95% of the mainstream flow after a distance equivalent to 
six rotor diameters, which is almost half the recovery distance required for a typical Horizontal 
Axis Wind Turbine (HAWT). 
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The latter two studies paved the way for numerous investigations into optimizing the layout 
of closely deployed Darrieus turbines for improved efficiency and wake recovery. Possible 
configurations for a turbine pair are illustrated in Figure 2.1-a, where the turbines can either co-
rotate in the same direction or counter-rotate. The counter-rotating setup can be classified into 
two distinct configurations, depending on the mode of mutual interaction between the adjacent 
turbines, which can be either on the leeward or the windward sides, as illustrated in Figure 2.1-
b. Moreover, two types of layouts could be used to cluster Darrieus turbines as illustrated in 
Figure 2.1-c; the in-line layout, at which all the turbines are on the same lateral axis, while the 
staggered layout is when the turbines are placed on different lateral axis with a certain oblique 
angle. 

 

 
Figure 2.1: Illustration of terminologies used in clustering the turbines: (a) counter-rotating and co-
rotating schemes, (b) modes of interaction: leeward and windward, (c) different layout types: in-line and 
staggered.  

Vergaerde et al. [18] conducted wind tunnel tests on a pair of VAWTs, identifying an optimal 
centre-to-centre spacing of 1.2–1.3 rotor diameters to achieve maximum efficiency, with a 16% 
increase compared to a stand-alone turbine. Li et al. [19] investigated twin Darrieus turbines in 
an urban environment, examining the effects of rotor solidity (σ = 0.29, 0.441, and 0.588) and 
spacing (1.5D to 3D). They found that higher rotor solidity and closer spacing improved efficiency, 
although higher solidity may reduce stand-alone turbine performance, making lower solidity 
setups potentially more efficient overall in absolute terms. 

Müller et al. [20] experimentally investigated wake dynamics of paired Darrieus HKTs in a 
recirculating flume, finding that wake evolution was more affected by the turbines' rotational 
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direction than their spacing. Slower wake recovery occurred when blades counter-rotated with 
the inflow, while faster recovery was observed when counter-rotating against it. 

More recently, other wind tunnel investigations were carried out for VAWTs in close-
proximity. For instance, Talamalek et al. [21], using wind tunnel tests, compared the wake of 
counter-rotating VAWTs to a stand-alone turbine. They reported that paired turbines showed a 
larger velocity deficit and wider wake area, with minimal differences in overall wake 
characteristics. Paired VAWTs shifted momentum transport from lateral to vertical advection, 
whereas isolated VAWTs exhibited higher lateral turbulent transport and slightly better wake 
recovery. Jodai et al. [22] investigated pairs of VAWTs in both in-line and staggered 
configurations, finding that the in-line setup is more efficient. 

2.1.2 Numerical Investigations 

 
Figure 2.2: Performance mapping for the influence of cluster layout in different configurations of arrays 
of two turbines (adopted from [23]).  

In addition to experimental studies, numerical investigations, in particular two-dimensional 
CFD, offer greater flexibility and reliability for testing multiple designs and configurations, 
enabling deeper analysis. 

By the means of two-dimensional uRANS simulations, several studies investigated 
optimisation strategies for rotor arrangements. Mohamed et al. [24] explored various in-line and 
staggered layouts, concluding that in-line configurations generally enhance efficiency better than 
staggered ones. This finding was further confirmed by extensive analyses for co-rotating pairs 
(Sahebzadeh et al. [16]) and counter-rotating pairs (Sahebzadeh et al. [23]), concluding that 
staggered layouts could be more efficient only if the oblique angle (angle between the adjacent 
turbines) an in-line angle. As can be seen in Figure 2.2, a detailed map is showing the performance 
enhancement/degradation for a Darrieus turbine pair based on the position of the second rotor 
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reference to the first one, showing that almost for all cases, the optimum oblique angle is around 
75° to 90°. Zheng et al. [25] also confirmed the superior performance of in-line setups, 
recommending a spacing of 1.5D to 1.6D for maximizing cluster efficiency. 

Also using 2D CFD, Guilbot et al. [26] examined the performance of twin two-bladed Darrieus 
rotors, investigating how rotor spacing and rotational orientation affected efficiency. Peng et al. 
[27], using the Taguchi method, analysed the influence of aerofoil shape, pitch angle, solidity 
ratio, rotational direction, and spacing on the optimal tip-speed ratio of closely spaced turbines. 
They identified solidity ratio as the most influential factor, consistent with findings for single 
rotors [28], but noted that twin rotors have a higher optimal TSR than single rotors. 

CFD studies have also been used to understand the physical mechanisms behind power 
augmentation in twin Darrieus rotors. Through 2D uRANS simulations, Zanforlin et al. [29] 
proposed two reasons for power enhancement: a favourable deviation in absolute wind velocity 
and wake contraction in the downwind path, which increases available momentum flux. 
Alexander et al. [30] expanded on this, noting that closely deployed rotors increase the 
volumetric flow entering the turbines due to the blockage effect. They also observed that most 
power coefficient gains occur during the mutual interaction zone, while performance may 
decrease in other azimuthal positions. Zhao et al. [31] conducted a similar three-dimensional 
analysis, incorporating a deflector between the turbines. They found that the deflector improved 
performance, increasing the torque coefficient by 23% in the optimal configuration, but it also 
delayed wake recovery due to blocked high-speed flow and stronger tip vortices. 

2.1.3 Discussion 

The concept of closely deploying Darrieus turbines has recently gained attraction in the 
industrial sector, exemplified by applications such as Nenuphar’s Twinfloat concept [32], which 
features two floating Darrieus wind turbines on a shared platform, and HE-Powergreen’s array 
[33], comprising four hydrokinetic Darrieus turbines mounted on a single supporting structure in 
a channel. However, in wind energy applications, this compact arrangement has a key drawback: 
increased sensitivity to inflow direction, which undermines the omnidirectional advantage of 
Darrieus turbines. For HKTs, where water streams are unidirectional, closely spaced 
configurations provide an optimal solution for power generation. 

Based on the reviewed literature, previous works can be categorised into three main areas: i) 
layout optimization studies, ii) wake studies, and iii) studies focusing solely on the physics 
involved when turbines are deployed in close proximity. It is important to note that the majority 
of the reviewed works focused on wind applications, while studies on HKTs often neglect the 
effect of the two-way interactions between the array and the channel, which could impact the 
optimisation of the array configuration. 

Table 2.1 summarises the key studies on clustering Darrieus turbines in recent years. 
However, despite these contributions, there is a lack of quantitative analysis on the kinematic 
behaviour of turbines within the mutual interaction region, which could provide valuable insights 
into maximizing the potential of this compact configuration. Specifically, most existing studies 
concentrate on optimizing the overall power coefficient, with limited focus on the underlying 
physical mechanisms, often relying on qualitative analysis (e.g., Refs. [26,29,30]). In other words, 
while previous works have thoroughly analysed flow fields, none have systematically investigated 
how mutual flow interactions in the small gap between turbines affect the local absolute inflow 
to the blades, thus contributing to efficiency improvements. Advancing the concept of closely 
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spaced Darrieus turbines requires a detailed understanding of local flow kinematics, which is 
critical for optimizing rotor design aspects such as aerofoil selection and pitch control. 
Furthermore, this knowledge is essential for validating and improving low- and medium-fidelity 
simulation tools used to model Darrieus turbine performance. 

Table 2.1: Summery of the studies on deploying Darrieus turbines in close proximity.  

Reference Year Method Main objective Main conclusion 

Dabiri [14] 2010 Experimental Investigate the use of 
counter-rotating VAWTs 

The power coefficient of 
turbines in array can exceed that 
of the stand-alone by ≈ 10% 

Whittlesey et 
al. [34] 2010 Experimental 

and numerical 

Development of Semi-
empirical potential flow 
model for an array of 
VAWTs 

 
VAWT arrays inspired by fish 
schooling achieve compact 
layouts with power density over 
ten times higher than HAWT 
farms. 
 

Kinzel et al. [17] 2012 Experimental 
Analysis of the flow field 
along 9 counter-rotating 
pairs of VAWTs  

 
Pairing VAWTs reduces the flow 
recovery distance to 6 D, 
significantly less than the 14 D 
required for HAWTs, enabling 
closer turbine spacing in wind 
farms. 

Zanforlin et al. 
[29] 2016 Numerical (2D 

CFD) 

Identify the key flow 
mechanisms contributing 
to the enhancement of 
the pairs of counter-
rotating VAWTs 

 
In side-by-side turbine arrays, 
the neighbouring turbine alters 
lateral velocity, making the flow 
direction more favourable for 
lift and torque generation. 
Staggered turbines cannot 
outperform in-line layouts, with 
local flow mechanisms being 
crucial for small VAWT farms. 
 

Mohamed et al. 
[24] 2019 Numerical (2D 

CFD) 

Investigate the effect of 
turbines spacing and 
oblique angle on two and 
three closely spaced 
VAWTs 

The optimum configuration is 
that of in-line arrangement with 
oblique angle of 0° with a 23% 
increase in power coefficient 
compared to the stand-alone 
turbine. 
 

Alexander et al. 
[30] 2020 Numerical (2D 

CFD) 

Examine the physical 
mechanism related to 
the performance 
improvement in closely 
spaced VAWTs 

The 10% improvement in power 
coefficient for double-rotor 
VAWTs is mainly due to reduced 
bypass flow, as the second rotor 
suppresses cross-stream flow, 
redirecting more flow through 
the rotors and lowering interior 
bypass, despite an increase in 
exterior bypass. 
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Vergaerde et al. 
[18] 2020 Experimental 

Wind tunnel tests for the 
performance leeward 
and windward counter-
rotating VAWTs 

Wind tunnel tests show paired 
turbines achieve a 13–16% 
higher power coefficient than 
two individual turbines 
combined, aligning with 
numerical studies. 
 

     

Peng et al. [27] 2020 Numerical (2D 
CFD) 

Investigate the influence 
of aerofoil section, 
solidity ratio, pitch angle, 
rotational direction, and 
turbine spacing on the 
performance of twin 
VAWTs 

The relative importance of the 
evaluated parameters are: 
Solidity > pitch angle > aerofoil 
section > rotational direction > 
turbine spacing. The increase in 
power coefficient observed for 
all evaluated cases ranged 
between 8 – 13%. 
 

Guilbot et al. 
[26] 2020 Numerical (2D 

CFD) 

Study the aerodynamic 
interactions occurring in 
a pair of VAWTs 

The power enhancement in 
double-rotor VAWTs results 
from extended lift generation in 
the upwind path, influenced by 
counter-rotating directions, 
with confined cross-stream 
velocity the increases the angle 
of attack, lift, and torque. 
 

Zheng et al. 
[25] 2020 Numerical (2D 

CFD) 

Optimise the efficiency 
based on the inter-
spacing in clusters of two 
and three turbines 

Lateral constraints and 
upstream blockage significantly 
impact power generation, with 
3-VAWT clusters generally 
outperforming 2-VAWT setups; 
the optimal 3-VAWT 
arrangement achieves an 11.1% 
higher average power 
coefficient than a single turbine. 
 

Sahebzadeh et 
al. [16] 2020 Numerical (2D 

CFD) 

Investigate the effect of 
relative spacing and 
oblique angle in a pair of 
co-rotating VAWTs 

In co-rotating pairs, the 
maximum performance is 
achieved in staggered 
configuration with the minimal 
distance between the turbines 
and an oblique angle of about 
45°. 
 

Li et al. [19] 2021 Experimental  

Investigate the effect of 
solidity and other 
parameters on the 
performance of a 
counter-rotating VAWTs 
pair in urban 
environments. 
 

Closely-spaced VAWTs show 
minimal power output 
differences under low urban 
wind speeds but improve 
slightly with higher rotor 
solidity. 
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Zhao et al. [31] 2021 Numerical 
(2.5D CFD) 

Investigation of the 
performance of a pair of 
VAWTs with a deflector 
in between the rotors 

The deflector might increase the 
favourable angle of attack 
during the areas of mutual 
interaction. Under the optimum 
conditions, the pair with 
deflector can achieve about 30% 
more power coefficient 
compared to the case without 
deflector. 
 

Müller et al. 
[20] 2021 Experimental 

Characterisation of the 
wake developed 
downstream a stand-
alone turbine and a twin 
Darrieus VAWTs at 
different spacings 

Wake dynamics are more 
influenced by turbine rotational 
direction than lateral spacing, 
with counter-rotating forward 
setups showing faster wake 
recovery, while same-direction 
setups yield greater lateral 
expansion and reduced 
velocities. 
 

Sahebzadeh et 
al. [23] 2022 Numerical (2D 

CFD) 

Create a performance 
map on the impact of 
turbine relative 
arrangement in VAWT 
pairs in all configurations 

The performance of VAWT 
arrays varies significantly with 
rotational direction and 
positioning, ≈ 8% efficiency 
increase with counter-rotating 
leeward setups achieving the 
highest efficiency due to 
favourable wake interactions, 
while windward setups perform 
best when co-rotating. 
 

Talamalek et al. 
[21] 2024 Experimental 

Investigate the wake 
replenishment 
mechanisms behind 
paired VAWTs 

Paired VAWTs exhibit minimal 
differences in overall wake 
recovery compared to isolated 
ones, with enhanced vertical 
advection balancing the 
increased lateral advection seen 
in isolated setups. 
 

Jodai et al. 
[22] 

2024 Experimental 

Investigate different 
arrangements of closely 
spaced VAWTs: in-line 
pair, staggered pair, and 
in-line three turbines 

Reducing the inter-spacing 
improves efficiency, with in-line 
setup achieving up to a 6% 
surplus in efficiency, staggered 
pair shows a power drop for 
downstream turbines. 

2.2 Modelling of Darrieus Turbines 
There are several methods available in the literature to simulate the performance of Darrieus 

turbines. This section reviews various modelling techniques, focusing on the basic formulation of 
each method, computational power required, and. Thereafter, a discussion is presented 
highlighting the differences between modelling techniques in terms of accuracy computational 
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cost in the context of identifying the better candidate for modelling Darrieus turbines for 
hydrokinetic applications. 

2.2.1 Double-Multiple Streamtube (DMST) 

 

 
Figure 2.3: Illustration of the Double-multiple Streamtube (DMST) model (adopted from [36]).  

The concept of representing a VAT rotor as two aerodynamically independent rotor halves in 
series dates back to Lapin [35] in 1975. Building on this idea, Paraschivoiu [36] proposed the 
Double-Multiple Streamtube (DMST) model as an analogy to the actuator disk concept. The 
DMST represents the VAT rotor as a series of adjacent streamtubes, each containing two actuator 
disks, as illustrated in Figure 2.3. It is an analytical model that divides the rotor into two parts: 
upstream and downstream halves. The induced velocity is computed separately for each part, 
enabling the calculation of lift and drag forces on each disk and, subsequently, the overall rotor 
performance. The model was later refined [37] to account for the azimuthal variation of induced 
velocities in the upwind and downwind disks. In a DMST-based model, Cacciali et al. [38,39] 
introduced an iterative algorithm to adjust the upstream inflow of a Darrieus hydrokinetic 
turbine based on downstream conditions in a free-surface channel. 
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Despite the low computational cost of the DMST model, it inherently neglects significant 
aspects of VAT rotors that become critical depending on rotor geometry and operating 
conditions. These include streamtube expansion and blade-wake interactions, limiting the ability 
of the DMST models to estimate local performance and confining its accuracy to global 
performance [40]. Furthermore, DMST models are unsuitable for turbines with high solidity and 
tip-speed ratios due to the correlation between rotor loading and the induction factors calculated 
for each streamtube. At high induction factors, the underlying momentum theory breaks down, 
resulting in nonphysical predictions of wake velocity and drag [41]. Such inconsistencies are 
addressed in HAT codes based on Blade Element Momentum (BEM) theory by applying empirical 
corrections for drag. However, these corrections are not directly applicable to VAT codes, as wake 
flow quantities must also be corrected [42]. 

2.2.2 Actuator Cylinder (AC) 

 
Figure 2.4: Actuator cylinder representation of VAT rotors.  

The Actuator Cylinder (AC) model was proposed by Madsen [43] to represent an ideal VAT rotor 
as an extension of the actuator disk method commonly used for HATs. Due to the fundamental 
differences between the swept areas of HATs and VATs, the AC model was introduced as a basis 
for computing the ideal power coefficient, analogous to Betz’s law for HAT rotors. The initial AC 
model was semi-analytical, representing the turbine rotor as volumetric forces distributed along 
a cylinder, aiming to resolve the flow field influenced by these forces. Madsen et al. [44] later 
expanded on this concept by integrating the AC model into an aeroelastic code to simulate the 
performance of a floating vertical-axis wind turbine. 

Shamsoddin and Porté-Agel [45] applied the AC concept, referred to as the actuator swept 
surface model, within an LES (Large Eddy Simulations) framework alongside the ALM. They 
implemented the actuator swept surface by distributing time-averaged forces along the cylinder, 
which were then projected onto the computational domain as volumetric forces, similar to the 
conventional implementation of the actuator disk for HATs. Ning [46] evaluated the capability of 
the AC to predict power augmentation in closely spaced Darrieus turbines, emphasizing the need 
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for further refinements and detailed validations in this context. Shives et al. [47] investigated 
wake interactions and channel blockage effects in HKT arrays, though their analysis did not 
consider the impact of the free water surface. 

Despite the extensive studies and various implementations of the AC model, no studies in the 
literature have validated its application under realistic conditions for hydrokinetic systems. 
Specifically, its capability to capture interactions between turbines within an array, as well as 
interactions between the turbines and the water resource, remains unexplored. 

2.2.3 Lifting Line Theory (LLT) 

 
Figure 2.5: Illustration of the Lifting Line Theory 

Models based on Lifting Line Theory (LLT), also referred to as vortex models, are commonly 
used to simulate lifting bodies. Unlike other models, LLT-based approaches rely on the 
conservation of vorticity rather than mass and momentum. This family of models are considered 
as a compromise between the computationally intensive CFD-based models and the models 
based on the BEM, known also as engineering models. 

As shown in Figure 2.5, in the vortex-based models, the blade is modelled as a lifting line, 
discretised into individual vortex filaments, with the lifting line representing the 
hydro/aerodynamic centre. The lift and drag forces, computed using the Kutta-Joukowsky 
theorem, determine the strength of each vortex source. Kelvin's circulation theorem, which 
governs the conservation of circulation, is applied to evaluate the impact of fluid-structure 
interactions imposed by the turbine blade on the flow field, as expressed in Eq. 2.1: 

𝑑Γ
𝑑𝑡 =

𝑑Γ+&,-%
𝑑𝑡 +

𝑑Γ.,/%
𝑑𝑡 = 0 2.1 

According to Eq. 2.1, temporal variations in the blade aerodynamic loads result in the release 
of two types of free vortex filaments into the wake: trailing and shed vortices (illustrated in Figure 
2.5). The interaction between these vortex systems alters the velocity field, with the resulting 
deformation described by the Biot-Savart law. By incorporating this phenomenon along with the 
turbine's kinematic and geometric parameters, one can compute the average relative flow 
velocity and angle of attack for the aerofoil. These values are then used to estimate the 
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aerodynamic forces, based on pre-tabulated lift and drag coefficients. This process is inherently 
iterative, requiring successive refinements to achieve convergence. 

One of the most widely known LLT-based codes for VATs is the one introduced by Murray and 
Barone [48], implemented in CACTUS. Similarly, Marten et al. [49] implemented their code in 
QBlade, and Shaler et al. [50] implemented theirs in OLAF. Branlard et al. [51] built upon the OLAF 
code and compared it against other models, including DMST-based code and CACTUS, as well as 
experimental measurements. They concluded that blade-vortex interaction is not well 
reproduced when compared to experimental measurements. They also pointed out that 
different lifting-line vortex code implementations, such as OLAF and CACTUS, yield varying loads 
and induction fields due to differences in trailing-edge vortex handling, control point placement, 
and angle of attack calculations. De Tavernier et al. [52] used a two-dimensional vortex model to 
investigate the performance of VAT pairs with different layouts, demonstrating that LLT-based 
models are capable of reproducing the power augmentation effect observed in Darrieus turbine 
clusters. 

2.2.4 Actuator Line Method (ALM) 

 
Figure 2.6: Illustration of the Actuator Line Method.  

The Actuator Line Method (ALM) is a hybrid approach initially developed for simulating HATs 
[53]. In this method, the turbine blade is not explicitly resolved but is instead modelled using a 
lumped parameter approach. As illustrated in Figure 2.6, the blade is represented as an actuator 
line, where the local flow velocity around each actuator line is sampled. Based on this sampled 
velocity, the local kinematic variation around the hypothetical blade is calculated. Using these 
kinematic data, equivalent forces coefficients are retrieved from tabulated polar data, and the 
resulting forces are projected into the CFD flow field as a volumetric flow source. Since the 
geometry of the turbine blade is not explicitly resolved, the overall grid density is significantly 
reduced, resulting in a corresponding decrease in computational cost with respect to blade-
resolved CFD .For HATs, the ALM has reached a satisfactory level of maturity [54]. 

Shamsoddin and Porté-Agel [45] were the first to apply the ALM to study the wakes of VAWTs 
using LES, demonstrating good agreement with experimental flow field measurements. They 
subsequently conducted another study to investigate the effect of the atmospheric boundary 
layer on VAWT wakes [55]. Abkar and Dabiri [56] used the ALM to characterise VAWT wakes and 



2 State of the art 

 

17 

developed an analytical Gaussian wake model for the estimation of VAWT wakes. Mendoza et al. 
[57] applied the ALM coupled with LES to study the near wake of a VAWT, showing strong 
agreement when comparing wake results to PIV measurements. 

Despite the application of the ALM to study VATs, none of the earlier studies properly 
validated its capability to estimate turbine performance. To address this, Melani et al. [58] 
recently developed and validated an ALM code specifically tailored for VATs by incorporating 
additional features and sub-models to account for the unique characteristics of VAT 
performance. As detailed in Section 1.2, VATs are characterised by unsteady and complex 
dynamics, unlike the HATs for which the ALM was originally designed. These enhancements 
included improvements in velocity sampling through the integration of the Line-Average method 
[59]. Additional sub-models were also introduced to capture effects specific to Darrieus rotors, 
such as the blade curvilinear effect [60], the influence of pitching moments on torque [61], and 
dynamic stall [62]. These recent developments open the door for further developments in more 
advanced models that incorporate VATs, making the design process more efficient and 
accessible. It is important to note that the latter ALM code has been further developed and used 
in this thesis. 

2.2.5 Computational Fluid Dynamics (CFD) 

 
Figure 2.7: Example of the mesh details required for a proper blade-resolved CFD for a Darrieus turbine, 
(a) full domain, (b) rotor, (c) aerofoil, (d) leading edge, and (e) trailing edge. Adopted from [63] 

As discussed in Section 1.2, the performance of Darrieus turbines is inherently characterised 
by unsteadiness due to continuous variations in the flow kinematics local to the blade, 
particularly the angle of attack. To capture the effects of this unsteadiness on load and flow fields, 
CFD is commonly employed, with unsteady Reynolds-Averaged Navier-Stokes (uRANS) solvers 
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widely used to study the aerodynamic and hydrodynamic characteristics of these machines [64–
66]. In general, CFD methods vary in their approach, but the most common is known as blade-
resolved CFD, where the blade geometry is explicitly resolved up to the boundary layer. Figure 
2.7 illustrates an example of meshing around a Darrieus turbine blade. The highly refined mesh 
demonstrates the level of detail required, highlighting why such analyses are computationally 
expensive. Moreover, while LES offer superior accuracy, their computational cost is prohibitively 
high, limiting their use in blade-resolved analyses of Darrieus turbines to a few studies. 

Balduzzi [63] conducted a comprehensive analysis of the critical factors to consider when 
modeling Darrieus turbines using blade-resolved CFD. These factors include the turbulence 
model, convergence criteria, domain dimensions, mesh size, and temporal discretization. 
Neglecting these considerations can lead to misleading estimations but addressing them 
significantly increases computational time. As a result, most studies on Darrieus turbines are 
restricted to two-dimensional domains, particularly when investigating multiple turbines (see 
Section 2.1.3). 

In a dedicated study, Franchina et al. [67] compared the performance of 2D and 3D uRANS 
models against experimental measurements, demonstrating that the 3D model imposes fewer 
restrictions due to the fully three-dimensional nature of the flow around the turbine. More 
recently, He et al. [68]  assessed the accuracy of various blade-resolved CFD approaches, 
including 2D uRANS, 2.5D uRANS, 2.5D LES, 3D uRANS, and 3D LES. The 2.5D method differs from 
both 2D and 3D by modelling a limited blade height with periodic conditions at the top and 
bottom boundaries. Their study concluded that 2D uRANS significantly overestimates power 
coefficients due to limitations in vorticity diffusion modelling, whereas 2.5D LES, 3D LES, and 3D 
uRANS provide much more accurate predictions compared to experimental data. 

Despite its accuracy, three-dimensional CFD is unfeasible at the industrial level, particularly 
in the context of arrays of HKTs. This complexity arises due to the need to model not only 
individual turbine blades but also the interactions between turbines in arrays and their 
surroundings, such as channel walls or the free water surface. While two-dimensional 
approaches cannot adequately capture the full scope of these interactions, three-dimensional 
CFD remains computationally prohibitive. To address this gap, lower-fidelity hybrid methods 
have been developed. These approaches use CFD to estimate the flow field around the turbines 
while employing simplified turbine force models to reduce computational effort. 

2.2.6 Discussion 

Table 2.2 summarises the main comparative studies found in the literature assessing different 
modelling techniques along with their main conclusions. In general, it can be said that the 
modelling techniques of Darrieus turbine vary significantly in terms of their capabilities to 
capture complex phenomenon which is always directly related to the computational time needed 
to perform the calculation; methods that include CFD would be computationally more expensive 
than other analytical models, however, more accurate.  

In a comparison between the ALM and AC within a framework of LES, Shamsoddin and Porté-
Agel [44] found that the ALM produced more reliable results compared to the AC when validated 
against experimental measurements. This superiority was attributed to the ability of the ALM to 
resolve the periodic location of blade forces, enabling the modelling of the unsteady periodic 
nature of the wake. However, they identified the AC as a promising tool for modelling groups of 
VATs. In another dedicated comparison, Ferreira et al. [69] evaluated the DMST and AC based 
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models, along with others, demonstrating that the DMST model is inconsistent across various 
operating and geometric conditions. 

 
Figure 2.8: Overview on the numerical models used to simulate the performance of Darrieus turbines 
along with their fidelity level in modelling rotor performance and surrounding flow field. 

Figure 2.8 qualitatively illustrates the difference between the modelling techniques 
commonly used to simulate the performance of Darrieus turbines. It shows the fidelity level of 
each model in predicting either rotor performance or the flow field. The 3D blade-resolved 
uRANS is not considered here due to its impracticality, particularly at the industrial level. It is 
important to note that, in the case of HKTs, the predictions of the flow field are crucial for 
estimating rotor performance, as both are interdependent and influence each other. 

Based on the reviewed literature, it is important to note that the interactions among Darrieus 
turbines within an array, as well as the interaction of the array with its surrounding environment, 
such as an open channel in the hydrokinetic case, can only be effectively studied using CFD-based 
methods. This approach is necessary to capture the complexities involved and their impact on 
both turbine performance and the surrounding flow field. 

Table 2.2: Summery of the comparative studies assessing different modelling methods for VATs.  

Reference Year Main objective Main conclusion 

Shamsoddin and Porté-
Agel [45] 2014 

Simulating the turbulent 
wake behind VAWT using 
ALM and AC 

The ALM surpasses the AC in 
capturing VAWT wake dynamics, 
blade-wake interactions, and 
turbulence intensity, offering better 
alignment with flow physics and wake 
recovery predictions. However, the 
AC remains advantageous for wind 
farm simulations due to its lower grid 
resolution requirements. 
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Ferreira et al. [69]  2014 

Comparison between six 
models: including two 
variations of DMST, three 
variation of the vortex 
methods and the AC 

The models based on DMST show 
significant deviation due to its 
fundamental flaw in predicting pitch 
angle effects, limiting its reliability 
unless empirically corrected. In 
contrast, vortex panel methods 
(U2DiVA, CACTUS, ARDEMA2D) and 
the AC approach align well with each 
others. However, discrepancies in 
angle-of-attack estimates among 
these models raise concerns about 
their design-level accuracy. Further 
research is needed to explore their 
behaviour under gusts and their 
implications for fatigue life 
estimation. 
 

Cheng et al. [70] 2016 

Comparison between a 
developed AC and DMST 
models in modelling floating 
VAWTs 
 

the developed AC model provides 
more accurate predictions of 
aerodynamic power and loads 
compared to the DMST method. 
 

Delafin et al. [71] 2017 

Comparison between DMST, 
free-wake vortex model, and 
3D blade-resolved uRANS in 
modelling Sandia 17 m VAWT 

DMST models are prone to 
inaccuracies in predicting optimal tip 
speed ratios and forces, with limited 
applicability to new designs due to 
reliance on calibrated parameters. 
Free-wake vortex models provide 
better accuracy and balance 
computational cost. CFD delivers the 
most precise results, especially at 
higher tip speed ratios, but is 
computationally expensive and less 
reliable at low tip speed ratios. 
 

Franchina et al. [67] 2019 

Comparison between 2D and 
3D blade-resolved uRANS for 
a turbine with aspect ratio of 
≈ 1.5  

Results from 2D uRANS do not align 
well with its corresponding 3D uRANS, 
as the fully 3D flow around VAWTs 
significantly affects midspan flow 
distribution. 
 

De Tavernier et al. [72] 2020 

Comparison between four 
models in modelling the H-
rotor and φ-rotor (H-Darries 
and Darries in Figure 1.1): 
variations of AC (2D), vortex 
panel method, and ALM 

While AC models lack 3D 
representation, and models like free-, 
fixed-vortex wake and ALM 
incorporate tip corrections but face 
physical or computational limitations, 
the vortex models, particularly with 
fewer assumptions, provide the most 
reliable results. 
 
 

He et al. [68]   2020 Comparison between 3D, 
2.5D, 2D uRANS and LES 

2D uRANS struggles to accurately 
predict VAWT aerodynamic 
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blade-resolved CFD in 
modelling VAWTs 

characteristics, often attributed to 
ignoring blade tip vortices. However, 
2.5D LES results suggest this is not the 
primary issue. Instead, uRANS 
overestimates tangential forces and 
delays dynamic stall, unlike LES, which 
better captures unsteady flows. 
 

Ajay et al. [73] 2024 

Comparison between six 
different models for the 
modelling of the X-rotor 
concept: a DMST model, a 2D 
AC, two variations of the 
vortex panel method, a new 
method based on the Lattice 
Boltzman Method (PFlow), 
and a 3D blade-resolved 
uRANS 

The DMST model deviated 
significantly from other predictions, 
while the AC model was consistent at 
small pitch offsets but struggled with 
blade-vortex interactions due to its 
quasi-steady, 2D nature. QBlade and 
CACTUS showed similar results, with 
QBlade slightly overpredicting power. 
URANS and PFLOW aligned well with 
vortex models for thrust but showed 
lower power due to blockage effects 
and tower modeling, while reduced 
forces on the turbine’s downwind half 
resulted from blade flow separation 
and CFD flow curvature effects. 

2.3 Darrieus turbines in hydrokinetic energy 
This section provides a review of the literature on hydrokinetic turbine modelling and the 

constraints that should be considered when simulating HKTs under realistic conditions, with 
emphasise on the Darrieus HKTs. The section begins with a description of the interaction 
between the water resource and HKTs, highlighting its relevance and importance. It then 
discusses the Volume of Fluid (VOF) method, a commonly used technique in the literature to 
simulate the effects of the free water surface in HKT energy systems, with a focus on studies 
related to Darrieus turbines. 

2.3.1 HKT-Channel Two-way Interactions 

For accurate modelling of HKTs, particularly in arrays where high blockage is significant, 
careful attention must be paid to the interactions between the deployed turbines and the 
resource, in the present case, a small water course. Garrett and Cummins [74] noted that the 
maximum power output of HKTs is constrained by the blockage effect, as excessive turbines 
obstruct the flow and reduce efficiency. Similarly, Nishino and Willden [75] emphasised that 
blockage increases when a turbine array is deployed rather than a standalone turbine. In this 
scenario, blockage can be categorised as either global or local. Global blockage refers to 
interactions between the turbines and the channel resource, while local blockage pertains to 
interactions among turbines within the array (see section 2.1). Consequently, the design of the 
array layout, including turbine spacing and relative positioning, becomes crucial to optimizing 
HKT performance [76]. 
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Figure 2.9: Schematic representations of (a) sloped bed channel without turbine, (b) with turbine, and 
(c) horizontal bed channel with a turbine. 

Kirke [77] criticised what he called “the zero head myth”, which is the common believe among 
the research community that HKT does not result in a drop in the ambient water pressure, in 
another word, the water level. Arguing that in hypothetical uniform and very long channel, there 
must be a global decrease in the water level between far upstream and far downstream the 
deployed HKTs in order to achieve the energy balance between the friction with the channel walls 
and turbulence around obstacles. However, this head drop might be very small and even 
unnoticeable. Indeed, this analysis even relevant, but it is not significant in analysing the HKT 
performance, where what is more relevant is the channel hydraulic performance close to the 
turbines as analysed in details by Kinsey and Dumas [78].  

As depicted in Figure 2.9-a, for a sloped channel with a uniform cross-section, a steady 
equilibrium is maintained between the gravitational force driving the flow due to the channel 
slope and the friction along the channel walls. Under these conditions, the inlet water depth ℎ! 
and flow velocity 𝑉! remain constant as long as the flow remains steady and uniform. Introducing 
HKTs into this system (Figure 2.9-b) disrupts the equilibrium, causing changes in the water level 
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and flow velocity upstream of the turbine. The blockage effect induced by the turbine raises the 
upstream water level to a maximum height ℎ01  while reducing the flow velocity to  𝑉01. 
Downstream, the water level drops before eventually stabilizing back to its original value ℎ!, or 
slightly less, as noted by Kirk [77], a process known as "depth recuperation". The upstream rise 
in water level corresponds to a decrease in hydraulic head, quantified as ∆ℎ = ℎ01 − ℎ!, which 
is a valid assumption when head dissipation is negligible due to its small value. Here, the 
determination of ∆h is crucial to separate the influence of channel blockage on turbine 
performance. Otherwise, the computed power coefficient would be misleading, as the reduction 
in flow upstream of the turbines due to this blockage would make the efficiency appear higher 
than it actually is [79]. The correction power coefficient CP, corr based on the channel blockage can 
be computed as in Eq. 2.2: 

𝐶),(3$$ = 𝐶) C1 +
∆ℎ
ℎ!
D
"*

 2.2 

For instance, an experimental campaign has been carried out by Mayers and Bahaj [80] on a 
HKT operating in a recirculating channel. They observed a rise in water level relative to the free 
surface near the upstream due to blockage, a decrease near the downstream due to energy 
extraction, followed by a subsequent rebound in the far downstream due to wake recovery. 
These observations have been confirmed in other studies [81]. 

Resolving such a system using CFD would necessitate the use of very long computational 
domains, as highlighted by Gauvin-Tremblay and Dumas [79], which might be computationally 
infeasible in many cases. An alternative approach involves employing a simplified channel that 
assumes a horizontal channel bed (referred to as the “horizontal bed assumption”), resulting in 
a water level profile similar to that illustrated in Figure 2.8-c. While this assumption simplifies the 
model by eliminating the need to account for bed slope variations, it limits the analysis by 
preventing the calculation of the distance over which depth recuperation occurs. However, it still 
allows for the estimation of the upstream water level rise, which is the most important factor in 
evaluating HKT performance. 

In order to account for the changes in the free water surface, thus, considering the blockage 
effect due to the presence of HKTs, several methods could be used including analytical models 
and models based on CFD. For example, Cacciali et al. [38,39] developed a DMST-based model 
that iteratively updates the inflow upstream to a Darrieus HKT based on the downstream 
conditions in a free surface channel environment. 

2.3.2 Volume of Fluid (VOF) 

The Volume of Fluid (VOF) method, developed by Hirt and Nichols [83], is a numerical 
technique commonly used in CFD simulations to model free surface flow, where the interface 
between different fluids (e.g., water and air) is dynamic and needs to be tracked. The method 
works by solving the flow fields of water and air using a single set of momentum equations while 
tracking the volume fraction of each fluid across the domain, allowing the computation of the 
two-phase solution. It is based on the principle that two or more fluids cannot penetrate each 
other. The volume fraction of each fluid is introduced as a new variable for every computational 
cell. The volume fraction equation is then solved for the secondary phase, while the primary 
phase is computed in such a way that the total volume fraction sum is unity [84]. 
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Figure 2.10: Free surface variation simulated using VOF compared to corresponding experimental 
results (adopted from [82]) 

Several studies in the literature have used the VOF approach to simulate the performance of 
horizontal axis HKTs [85–88]. However, similar studies on VATs are rare, and when found, they 
often focus on a single stand-alone turbine. For example, Gauvin-Tremblay and Dumas [79] used 
VOF and blade-resolved CFD simulations for a Darrieus turbine and found that immersion depth 
does not significantly affect power extraction, making it independent of the Froude number 
when the free water surface is considered. More recently, Yosry et al. [82] conducted blade-
resolved CFD studies for a Darrieus HKT using the VOF method and validated the numerical model 
against water tunnel experiments. Figure 2.10 illustrates a free water surface modelled using VOF 
compared to experimental results [82]. 

It is important to note that other models exist to model the free water surface in the context 
of hydrokinetic turbines, either analytical models or those who utilise CFD. For example that of 
Apsley and Hu [89], known as moving-mesh surface-fitting approach, used by Apsley et al. [90] 
to simulate an array of horizontal axis HKT using ALM. 
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2.3.3 Discussion 

Given the previous review, it is evident that few studies focus on simulating the performance 
of Darrieus turbines for hydrokinetic applications under realistic conditions, particularly those 
that include free water surface modelling. Moreover, it is important to underline that, as per the 
author’s knowledge, no studies have addressed aggregate blockage effects, such as channel-to-
turbine and turbine-to-turbine interactions. While the latter can be modelled as outlined in 
Section 2.1, the VOF method, as detailed in [79,82], when coupled with blade-resolved CFD, has 
proven effective in simulating free water surfaces and addressing uncertainties in modelling 
channel-to-turbine interactions. 

Although Cacciali et al. [38,39] developed models that incorporate both blockage effects (as 
described in Section 2.2), these analytical models are primarily used as rapid tools for preliminary 
design, given that BEM-based models in VATs cannot accurately predict second-order 
phenomena, such as vortex shedding and blade-wake interactions. 

Consequently, two gaps in the literature emerge: i) the gap between BEM-based models and 
blade-resolved CFD in modelling hydrokinetic turbines in arrays with free water surfaces, and ii) 
the need for further development and validation of models with varying levels of fidelity to 
simulate HKTs under realistic conditions. Addressing these gaps could significantly influence the 
guidelines that are currently in use in the design of the Darrieus HKTs in arrays.  
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3 ORIGINAL CONTRIBUTION 

3.1 List of Publications 
During the PhD period, original contributions led to 10 publications, of which the following six 
represent the main findings of this thesis. While the other publications may indirectly contribute 
to the thesis objectives, they are not part of its core body. 

P1. Mohamed, O.S., Melani, P.F., Balduzzi, F., Ferrara, G., & Bianchini, A. (2023). An insight on the 
physical mechanisms responsible for power augmentation in a pair of counter-rotating 
Darrieus turbines. Energy Conversion and Management, 284, 116991. DOI: 
10.1016/j.enconman.2023.116991 

P2. Mohamed, O.S., Melani, P.F., Soraperra, G., Brighenti, A., Balduzzi, F. & Bianchini, A. (2025). 
Selection criteria for rotor number and rotational direction in arrays of closely spaced 
Darrieus turbines. ASME Journal of Fluids Engineering, 147(3), DOI: 10.1115/1.4067007 

P3. Mohamed, O.S., Melani, P.F., Balduzzi, F., Ferrara, G., & Bianchini, A. (2022). An insight on the 
key factors influencing the accuracy of the actuator line method for use in vertical-axis 
turbines: Limitations and open challenges. Energy Conversion and Management, 270, 
116249. DOI: 10.1016/j.enconman.2022.116249 

P4. Mohamed, O.S., Melani, P.F., Papi, F., Balduzzi, F., & Bianchini, A. (2023). Is the Actuator line 
method able to reproduce the interaction between closely-spaced Darrieus rotors? A critical 
assessment on wind and hydrokinetic turbines. Energy Conversion and Management, 293, 
117473. DOI: 10.1016/j.enconman.2023.117473 

P5. Mohamed, O.S., Melani, P.F., Soraperra, G., Brighenti, A., Ferrara, G., Betti, V., Schippa, L., 
Guerrero, M., Balduzzi, F. & Bianchini, A. (2024). Three-dimensional CFD-ALM-VOF modelling 
of hydrokinetic turbines in realistic open-channel conditions. Ocean Engineering, 313, 
119411, DOI: 10.1016/j.oceaneng.2024.119411 

P6. Mohamed, O.S., Melani, P.F., Soraperra, G., Brighenti, A., Ferrara, G., Betti, V., Balduzzi, F. & 
Bianchini, A. (2025). Development of a Computationally Efficient CFD Model for Hydrokinetic 
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vertical-axis turbines: A Critical Assessment. Ocean Engineering, 324, 120692, DOI: 
10.1016/j.oceaneng.2025.120692 

Other publications 

- Ibrahim, A.A., Elbaz, A.M.R., Melani, P.F., Mohamed, O.S., Bianchini, A. (2022). Power 
augmentation of Darrieus wind turbine blades using trapped vortex cavity. Journal of 
Wind Engineering and Industrial Aerodynamics, 223, 104949, DOI: 
10.1016/j.jweia.2022.104949 

- Melani, P.F., Mohamed, O.S., Cioni, S., Balduzzi, F., and Bianchini, A. (2024). Tuning the 
actuator line method to properly modelling tip effects in finite-length blades. Journal of 
Physics: Conference Series, 2767, 052018, DOI: 10.1088/1742-6596/2767/5/052018 

- Mohamed, O.S., Melani, P.F., Bangga, G., Aryan, N., Greco, L., and Bianchini, A. (2024). 
Accuracy assessment of Beddoes-Leishman and IAG dynamic stall models for wind turbine 
applications. Journal of Physics: Conference Series, 2767, 052053, DOI: 10.1088/1742-
6596/2767/5/052053 

- Melani, P.F., Mohamed, O.S., Cioni, S., Balduzzi, F., and Bianchini, A. (2024). An insight 
into the capability of the actuator line method to resolve tip vortices. Wind Energy 
Science, 9(3), DOI: 10.5194/wes-9-601-2024 

 

3.2 Discussion 
This section includes a discussion on the original contribution of this thesis, and it serves as 

the linkage between the main findings in the publications in Section 3.1. It starts with a discussion 
on the power augmentation mechanism in arrays of Darrieus turbines [P1, P2], then it delves into 
the main findings highlighted during the ALM tuning [P3, P4], and finally, it analyses the 
differences between different modelling approaches for Darrieus HKT arrays under realistic 
conditions [P5, P6]. 

3.2.1 Physics of Darrieus turbine in arrays 

The power augmentation mechanism in closely spaced Darrieus turbines, identified as a key 
gap in the literature (Section 2.1), was thoroughly examined in [P1, P2]. These studies focused 
on analysing the relation between the instantaneous blade angle of attack (AoA), α in stand-alone 
and array configurations, revealing efficiency improvements based on the rotational direction 
relative to adjacent turbines. Using a two-bladed hydrokinetic turbine model, two-dimensional 
blade-resolved uRANS simulations provided valuable insights for optimizing turbine arrays. 

The study in [P1] aimed to understand the power improvement mechanisms in closely spaced 
counter-rotating Darrieus turbine pairs, focusing on flow interactions within the mutual 
interaction region. It examined how these interactions influence the inflow local to the blade, a 
critical factor in turbine performance. Instantaneous AoA and blade forces were analysed over a 
full rotation to quantitatively characterise this mechanism. Building on this, [P2] extended the 
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analysis to co-rotating turbine pairs and three-turbine arrays, a relatively novel configuration that 
remains underexplored in the literature. 

 
Figure 3.1: Mean power coefficient obtained for each turbine for different configurations of turbine 
arrays at TSR = 3 compared to that of the stand-alone turbine 

Figure 3.1 compares the average power coefficient, CP,avg, for each turbine within different 
arrays, up to a three-turbine array, at a TSR of 3, which is identified as the optimum TSR for arrays 
of this turbine model, against the performance of a stand-alone turbine at both TSR = 2.5 (the 
optimum for an isolated turbine) and TSR = 3. To focus the analysis at the blade level, each 
turbine within the array was assigned an acronym based on four criteria. First, the number of 
turbines in the array is explicitly indicated at the beginning of the acronym. Second, the turbine 
under investigation is identified by its alphabetical order (e.g., A, B, or C). Third, the rotational 
direction relative to neighbouring turbines is denoted as either negative (“-”) for counter-rotation 
or positive (“+”) for co-rotation. Finally, the mode of mutual interaction is specified as either 
inward (“l”) or windward (“w”). 

Findings from [P1] provide new insights into the mechanisms behind performance 
enhancement in closely spaced turbine arrays. While previous work by Alexander et al. [30] 
linked power augmentation to increased momentum entering the rotor domain, [P1] 
demonstrates that the azimuthal increase in momentum does not consistently coincide with 
higher efficiency positions, indicating that increased momentum alone does not explain power 
gains. Instead, the enhancement is primarily driven by aerodynamic changes, specifically the 
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reorientation of the relative velocity vector, which increases the angle of attack and lift 
generation on the blades—an effect also highlighted by Zanforlin et al. [29]. Figure 3.2 shows the 
instantaneous AoA and torque coefficients for turbines experiencing different modes of mutual 
interaction—leeward, windward, or both—compared to a stand-alone turbine. Two key 
observations emerge: first, torque increases directly with AoA, which is influenced by local flow 
changes due to turbine interactions; second, a consistent AoA increase pattern appears across 
all interaction modes, largely independent of the number of turbines, though the effect slightly 
strengthens with larger arrays. 

 
Figure 3.2: Instantaneous angle of attack α and torque coefficient CT for different turbines within 
different arrays. 

Velocity contours and streamlines are presented in Figure 3.3 for selected cases, illustrating 
how changes in the absolute inflow direction suppress the streamtube expansion effect. This 
suppression contributes to an increase in lift due to the increase in the AoA caused by the inflow 
straightening. In the inward configuration, the AoA increase occurs during the pitch-down phase, 
resulting in higher lift compared to an isolated rotor. In the outward configuration, the AoA 
increase takes place during the pitch-up phase, leading to a moderate lift improvement. These 
effects become more pronounced at higher rotational speeds, shifting the optimal power 
coefficient to higher TSRs. This increase in the optimal TSR is consistent with the findings in 
[26,27,29]. 



3 Original contribution 

 

31 

 
Figure 3.3: Velocity contours and streamlines for the stand-alone turbine cases (a) compared with cases 
(b) and (e) for arrays of two and three turbines, respectively. 

The observed power augmentation mechanism follows a clear sequence: the presence of 
adjacent rotors induces a blockage effect, eliminating streamtube expansion and suppressing 
cross-stream velocity. This straightens the inflow, increases the AoA, and enhances lift and 
tangential forces, ultimately boosting power output. These effects are especially pronounced in 
the inward configuration, where most power generation occurs within the mutual interaction 
region. The mechanism of this effect, despite being discussed previously in [29,30], the results in 
[P1, P2] better articulates it by providing, for the first time, quantitative data on kinematic and 
force variations, in addition to the qualitative analysis. The increase in AoA is identified as the 
primary driver of power augmentation, offering valuable insights for future design optimisations, 
such as aerofoil selection, pitch control, and the use of flow deflectors [91], [31]. Additionally, 
these findings provide a foundation for validating and refining low-fidelity models for closely 
spaced Darrieus turbines [18,33]. 

The studies in [P3, P4] conclude that Darrieus turbines in a counter-rotating leeward 
configuration achieve the highest power augmentation, followed by co-rotating turbines with 
moderate efficiency improvements, and counter-rotating windward turbines, which show lower 
gains compared to stand-alone rotors. These findings align with previous research by Hara et al. 
[92] and Sahebzadeh et al. [23]. However, the studies acknowledge that three-dimensional flow 
effects likely reduce power augmentation due to faster wake recovery, as highlighted by Nazari 
et al. [93]. Experimental results from Müller et al. [20] further support this, demonstrating 
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greater wake diffusion in co-rotating turbine pairs. To enhance efficiency and wake recovery in 
multi-turbine arrays, the study recommends favouring leeward interactions and co-rotating 
configurations. 

3.2.2 ALM tuning in open-field conditions 

The ALM is one of the main tools employed in this thesis. An extensive tuning process for the 
ALM was undertaken, with the results published in [P3, P4]. Initially, a detailed assessment was 
performed to evaluate the influence of various factors on the accuracy of the method in 
simulating the performance of a stand-alone Darrieus turbine. This was followed by a 
comprehensive validation campaign for the two-dimensional implementation of the ALM, 
ensuring its ability to accurately reproduce the power augmentation mechanisms observed in 
turbine arrays. To enhance the reliability of the evaluated parameters and support broader 
applicability of the results, two distinct Darrieus rotors were analysed: a wind turbine and a 
hydrokinetic turbine. This selection was based not only on the extensive and high-quality 
benchmark data available, but also on the potential to extend the findings to a wide range of 
turbine architectures, solidities, and aerofoil profiles. 

 
Figure 3.4: dimensionless velocity contours showing the Frozen ALM concept used to study different 
Regularization kernel shapes. 
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Two versions of the Actuator Line Model (ALM) were employed during the tuning process: 
the standard ALM (see Section 2.2.4) and the Frozen ALM concept. The latter involves inputting 
forces directly extracted from high-fidelity blade-resolved CFD simulations. In this process, a 
blade-resolved uRANS simulation of the case under study is performed, where the time history 
of forces on each blade is computed by resolving the boundary layer along the blade surface. 
These force time series are then used as input for an ALM simulation under identical operating 
conditions. This method enables the isolation of uncertainties related to the quality of polar data 
and the modelling of dynamic stall. 

 Figure 3.4 illustrates the use of the Frozen ALM to evaluate different functions for spreading 
the forces, namely isotropic Gaussian, anisotropic Gaussian, and anisotropic Gaussian Gumbel. 
The results of this analysis reveal that using different kernel shapes to distribute the forces does 
not significantly influence either the flow field (as depicted in Figure 3.4) or the performance 
predictions. The latter observation has been debated in various sources in the literature for HATs 
[94–96]. 

Building on the work of Melani et al. [58], the findings in [P3] offer a comprehensive 
evaluation of the factors influencing the accuracy of the ALM for stand-alone turbines. The study 
focuses on input polar data, dynamic stall modelling, and the Gaussian function used to distribute 
the forces. While the kernel shape was observed to have minimal impact on the ability of the 
ALM to predict blade loads and wake flow fields, the results highlight a strong dependency on 
the dynamic stall model. The accuracy of predictions varies significantly with the operating TSR, 
with greater discrepancies between ALM and blade-resolved CFD simulations occurring at lower 
TSRs, where dynamic stall effects are more pronounced. Additionally, grid resolution was 
identified as a critical factor for accurately reproducing the flow field, with optimal grid sizes 
determined for different kernel functions. 

Figure 3.5 presents a bubble chart summarising the factors influencing ALM accuracy, based 
on assessments conducted on two different turbines. These findings and observations enhance 
the reliability of the ALM, particularly for complex applications, including not only hydrokinetic 
systems but also other challenging scenarios such as floating offshore wind energy and urban 
wind energy. 

 
Figure 3.5: Bubble chart showing ALM accuracy dependencies. 
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The study in [P4] builds upon the work in [P3] and provides a comprehensive validation of the 
two-dimensional ALM for closely spaced twin Darrieus turbines. It demonstrates the capability 
of the ALM model to capture the complex flow interactions observed in turbine pairs, which are 
typically analyzed through blade-resolved CFD. This step was crucial, given the lack of similar 
analyses in the literature, and was essential for confirming that the power augmentation 
mechanism observed in Darrieus turbine arrays in [P1] and [P2] via blade-resolved modeling can 
indeed be replicated using the ALM. This finding also holds significant industrial relevance, 
positioning the ALM as a computationally efficient alternative that could serve as the standard 
for applications such as HKTs deployed in arrays. The validation showed that the ALM accurately 
reproduces local flow kinematics, critical for closely spaced turbine configurations, and 
effectively estimates instantaneous turbine loads with reasonable accuracy. 

Figure 3.6 compares the performance of a stand-alone turbine with that of a turbine in an 
array of two turbines, showing the instantaneous torque coefficient estimated by both blade-
resolved CFD and the ALM for an HKT turbine pair and a VAWT pair. As shown, the ALM accurately 
captures the variation in the torque coefficient for both turbine models, particularly during the 
upwind half of the rotation, and it is clearly capable of capturing the surplus power due to the 
turbines being installed in close proximity. However, during the downwind half, the ALM slightly 
overestimates the torque coefficient, a discrepancy attributed to its limited ability to fully capture 
blade-wake interactions. 

 
Figure 3.6: Comparison between the estimations of ALM vs blade-resolved CFD for the load in terms of 
moment coefficient for the HKT pair  at TSR = 3 (left) and the VAWT pair at TSR 2.7 (right). 

The wake behaviour behind the Darrieus HKT pair, as predicted by the ALM, Frozen ALM, and 
blade-resolved CFD, was analysed using Proper Orthogonal Decomposition (POD), an effective 
method for assessing the ability of the ALM to reproduce the wake flow field with respect to the 
blade-resolved CFD. Figure 3.7 presents the POD modes ranked by modal energy for the fields 
obtained from blade-resolved CFD, Frozen ALM, and ALM for the HKT pair at TSR = 3. As shown, 
the Frozen ALM closely matches the blade-resolved CFD in both the energy content of each mode 
and the modes themselves. This indicates that the discrepancies observed in the ALM results are 
related to the computation of forces, specifically either the quality of the polar data or 
deficiencies in predicting unsteady forces. 

In short, the extensive tuning and validation efforts undertaken for the ALM in this thesis have 
demonstrated its significant potential as a reliable and efficient tool for simulating Darrieus 
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rotors, both individually and in array configurations. The use of the Frozen ALM approach has 
provided a deeper understanding of the model accuracy, particularly in separating the effects of 
aerodynamic data quality and unsteady forces modelling. The ALM was found capable of 
providing accurate predictions of rotor performance, local flow kinematics, and wake behaviour, 
with computational efficiency far surpassing that of conventional blade-resolved CFD. While the 
accuracy of the ALM is influenced by factors such as grid resolution and dynamic stall model, its 
ability to capture complex flow interactions with minimal computational resources makes it an 
attractive option for large-scale simulations. This is particularly relevant for advanced 
applications, which are not limited to hydrokinetic systems, despite the core focus of this thesis, 
but also extend to floating offshore turbines and urban wind energy systems. Future 
improvements in dynamic stall modelling and further validation with three-dimensional 
simulations and experimental data could enhance the ALM applicability and precision in real-
world scenarios. 

 
Figure 3.7: Results of the POD wake assessment: BL-CFD vs ALM vs Frozen ALM 
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3.2.3 Modelling and validation of Darrieus HKTs under realistic conditions 

As detailed in Section 2.3, modelling arrays of HKTs while considering the hydraulic 
complexities is either computationally expensive, making simulations of arrays unfeasible, or 
reliant on low-fidelity models such as the DMST, which may be unreliable due to the complexity 
of Darrieus turbine arrays and their interaction with the channel resource. In P[5, 6], two novel 
models based on ALM and AC, respectively, were developed to simulate Darrieus HKT arrays in 
realistic open-channel conditions using the VOF method. Both models were validated against 
experimental measurements and underwent a detailed code-to-code comparison. These models 
fill a gap in the literature by providing accurate results close to experimental data, particularly 
the ALM, while also offering a significant reduction in computational time, especially with the AC 
model. 

 
Figure 3.8: Schematic representation of the differences and similarities between the ALM and AC 
turbine models used in [P5] and [P6], respectively. 

The experimental measurements used to validate the latter models were obtained by the 
industrial partner, HE-PowerGreen, for the Biffis Canal [97], located in Trento, Italy. These 
measurements included the performance of a turbine within an array of four Darrieus turbines 
as illustrated in Figure 3.9, the water level rise upstream of the turbines, and Acoustic Doppler 
Current Profiler (ADCP) measurements of the flow field upstream and downstream of the array. 

Following the fine-tuning and sensitivity analyses carried out for the ALM model, [P5] uses 
the fully developed version of the code to model an array of Darrieus turbines within a channel, 
coupled with the VOF approach to model the free water surface variation. On the other hand, 
[P6] presents the AC-based code, developed as a simplification of the ALM and coupled with the 
VOF. In this simplified model, only average forces are computed and projected into the CFD 
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domain, making the turbine model independent of time-step size and allowing the use of larger 
step sizes, significantly reducing computational time. The key difference between the ALM-VOF 
and AC-VOF models lies in how the turbine is represented, although the same ad-hoc corrections 
and sub-models were used. Figure 3.8 compares the workflows of both the AC and ALM models. 

 
Figure 3.9: (a) Tested array configuration for the installed turbines and (b) schematic drawing for the 
Biffi canal section and the installed Darrieus turbine array. 

The study in [P5] introduced the CFD-ALM-VOF model, which offers a good balance between 
accuracy and computational efficiency. The model was successfully validated against 
experimental measurements in terms of turbine performance, water levels, and flow velocities, 
showing that closely spaced turbines could generate up to 25% more power than standalone 
turbines due to blockage effects. The model showed improved performance predictions at higher 
TSRs by accounting for water surface variations, though its accuracy decreased at low TSRs due 
to unsteady flow effects. It found good agreement with experimental velocity measurements, 
particularly in the near wake, although discrepancies at the turbine tip were noted, indicating 
the need for better modeling of turbine struts. The research also highlighted the importance of 
considering inlet velocities when simulating HKTs, as blockage effects could overestimate power 
coefficients. 

In [P6], a quasi-steady CFD-AC-VOF model was presented. The model was tuned for key 
parameters such as flow field sampling, kernel size, and actuator point resolution. A code-to-
code comparison with the ALM assessed the capabilities of the AC model in estimating channel 
blockage and power augmentation in arrays compared to standalone turbines. Key findings 
include strong agreement between the AC and ALM models for standalone turbines, with 
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minimal turbine-to-channel interactions. In array configurations, the ALM model provided more 
accurate results, closely matching experimental data. The AC model slightly overestimated the 
channel blockage effects and turbine-to-turbine interactions, underestimating the power gain 
from closely spaced turbines. Despite these discrepancies, the AC model still provided reasonable 
estimations of azimuthally dependent quantities, making it suitable for rapid force estimations. 

 

 
Figure 3.10: Comparison of the normalised power coefficient values between the ALM and AC models 
for the stand-alone turbine and turbine T2 in the array, against experimental measurements for turbine 
T2. 

Figure 3.10 shows the average power coefficient, CP of the stand-alone turbine and turbine 
T2 in the array, estimated by the AC and ALM models, compared with experimental 
measurements for T2. All results are normalised by the maximum experimental CP for industrial 
confidentiality concerns of the industrial partner, with no impact on the comparison. For the 
stand-alone turbine, both models agree closely, with a peak CP at TSR = 2.5 and a maximum 
relative difference of 3.4%. However, in the array performance, the AC model underestimates CP 
at higher TSRs, reaching a 20.6% error at TSR = 3.14, while the ALM model aligns better with 
experimental data, showing a maximum error of 6%. At lower TSRs, the AC model performs 
better, but struggles with capturing the trend of CP variation, while the ALM model more 
accurately reflects turbine-to-turbine interactions. Both models degrade in accuracy at lower 
TSRs due to unsteady flow effects, which are not fully captured by the Berg dynamic stall model, 
as discussed earlier in [P1].  

Upon careful analysis, it was found that the increase in the AoA associated with power 
augmentation in Darrieus turbine arrays is not well captured by the AC model. This is attributed 
to the steady-state nature of the model, which cannot fully account for the increase in AoA in the 
mutual flow interaction areas between adjacent turbines. Additionally, the hydraulic effects due 
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to interactions between the channel and the array are overestimated in the AC model, resulting 
in more blockage than in the ALM model. This leads to a higher upstream water rise in the AC 
simulation, while the flow velocity is reduced compared to the ALM. 

 

 
Figure 3.11: Comparison of longitudinal velocity profiles from the AC and ALM models with 
experimental data upstream and downstream of the turbine array at TSR = 2.75. 

Figure 3.11-a presents the time-averaged vertical velocity profiles measured upstream of 
each turbine at X/D = −2.96, along with results from the AC and ALM simulations. Both models 
predict nearly uniform velocity, while experimental measurements show slight variations. The 
AC model predicts a slightly greater velocity deficit upstream due to a higher rise, but overall, the 
numerical and experimental profiles show good agreement, with minor discrepancies near the 
walls, likely due to boundary conditions and measurement uncertainties. Figure 3.11-b shows the 
downstream velocity deficit at X/D = 6, where a clear deficit is seen in the wake, along with areas 
of acceleration due to flow interactions and blockage effects. The AC model predicts a higher 
velocity deficit than the ALM, especially downstream of the lower rotor. While the profiles 
downstream of the upper rotor show good agreement across all methods, greater divergence is 
observed downstream of the lower rotor, with the ALM results aligning more closely with 
experimental data. 

The discrepancies between the ALM and AC models, particularly in array simulations, are 
highlighted in the dimensionless velocity contours in Figure 3.12. For the stand-alone turbine, 
the wake flow fields of both models are nearly identical, reflecting the low blockage effect of a 
single turbine. In the array, however, the AC model shows lower flow acceleration between 
turbines, indicating underestimation of turbine-to-turbine interactions and power coefficient. 
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Upstream, the AC model predicts a lower inflow velocity compared to the ALM, suggesting an 
overestimation of blockage effects due to array-channel interactions. 

 

 
Figure 3.12: Dimensionless velocity contours for a stand-alone turbine and a 4-turbine array comparing 
the Actuator Line Method to the Actuator Cylinder at a Tip Speed Ratio of 2.75. 
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The computational times of the ALM and AC models demonstrate distinct scaling behaviours. 
The AC model, while requiring more iterations to achieve convergence, completes simulations 
significantly faster overall. Its computation time scales directly with the number of turbines, with 
a 4-turbine array taking approximately four times longer than a stand-alone turbine. In contrast, 
the ALM exhibits a less linear scaling pattern, with the array requiring about twice the 
computation time of a stand-alone turbine. Table 3.1 provides a detailed comparison of these 
computational costs. 

Table 3.1:  Comparison in terms of computational cost between AC and ALM. 

Value AC ALM 

Stand-alone array Stand-alone array 
Total simulation time [h/core] 423 1,824 6,132 10,578 
Simulated flow time [s] ≈ 70 ≈ 30 

 
When compared to prior studies, such as those by Gauvin-Tremblay and Dumas [79] and 

Yosry et al. [82], the presented models offer a more computationally efficient alternative. The 
earlier works relied on blade-resolved CFD to study turbine performance and its interaction with 
the channel, which, although scientifically valuable, are computationally prohibitive, especially 
for turbine arrays. By employing medium-fidelity tools, the ALM and AC models achieve similar 
analyses with significantly reduced computational demands while maintaining reasonable 
accuracy. These advancements highlight the practicality of the presented models for studying 
hydrokinetic energy systems, especially within the industrial sector. 
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   CONCLUSIONS 

This thesis investigates the complex hydrodynamics of Darrieus hydrokinetic turbines (HKTs) 
with a focus on understanding and improving the modelling of their performance within arrays 
and in realistic hydraulic environments. To achieve this, a multi-fidelity approach was employed, 
encompassing high-fidelity blade-resolved simulations, medium-fidelity Actuator Line Method 
(ALM) simulations, and a more computationally efficient Actuator Cylinder (AC) model. These 
numerical tools were validated and utilised to explore the underlying mechanisms of power 
augmentation within turbine arrays, to set design consideration for HKTs arrays, to assess the 
accuracy of different modelling approaches, and to simulate the two-way interactions between 
the turbine array and the surrounding flow, including the free water surface. Key findings from 
this thesis are summarised below. 

 
Physics of Darrieus turbine in arrays 
Through two-dimensional blade-resolved uRANS simulations, various in-line Darrieus turbine 

array configurations were investigated to understand the fundamental mechanisms responsible 
for performance enhancement compared to a stand-alone turbine. The findings from this study 
have been disseminated in two journal papers, referenced here as [P1, P2], with the following 
key conclusions: 
• Closely spaced Darrieus turbines modify inflow patterns by suppressing streamtube 

expansion and straightening the inflow. This increases the angle of attack at azimuth positions 
adjacent to neighbouring turbines, leading to significant lift force enhancement at higher tip-
speed ratios. This mechanism drives power augmentation within turbine arrays. 

• The rotational arrangement of turbines within an array plays a critical role in determining 
overall efficiency. Configurations with counter-rotating leeward turbines generally achieve 
the highest efficiency gains. 

 
ALM tuning in open-field conditions 
Using two-dimensional uRANS within an assumed infinite domain, the ALM has been 

developed as an effective medium-fidelity tool for simulating the performance of Darrieus 
turbines. This included an assessment of the key factors influencing ALM accuracy, as well as an 
evaluation of its capability to capture power augmentation in turbine arrays. The findings from 
this study were published in [P3, P4], with the following key conclusions: 
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• Accurate representation of unsteady hydrodynamic forces is crucial for the ALM. While kernel 
shape has a minor impact on accuracy, the modelling of unsteady forces, particularly dynamic 
stall, is the most significant factor affecting the performance prediction. 

• The ALM effectively captures instantaneous loads, local flow kinematics, and wake behaviour 
in closely spaced turbines. It provides significant computational advantages over blade-
resolved simulations, making it a practical and efficient tool for realistic applications. 

 
Modelling and validation of Darrieus HKTs under realistic conditions 
Two different models were developed to simulate arrays of Darrieus HKTs while accounting 

for the free water surface and channel boundaries: ALM-CFD-VOF and AC-CFD-VOF. These 
models were validated against experimental measurements provided by the industrial partner, 
HE-PowerGreen, including the flow field, turbine array performance, and upstream water rise. 
The findings from this study were published in [P5, P6], with the key conclusions as follows: 
• Incorporating channel geometries and free water surface interactions is crucial for accurately 

predicting turbine performance in real-world hydraulic environments. Such considerations in 
the design process enable the capture of complex two-way interactions between turbines 
and the channel, which are essential for assessing power coefficients and hydraulic impacts. 
These interactions significantly influence the design guidelines for HKTs. 

• The AC model provides a computationally efficient tool for analysing turbines in arrays under 
realistic conditions but lacks the ability to capture detailed interactions between closely 
spaced turbines and the effects of channel blockage. In contrast, the ALM offers superior 
accuracy in representing these complex interactions, albeit at a higher computational cost.. 

 
These findings make a significant contribution to advancing the understanding of Darrieus HKT 
hydrodynamics and provide valuable tools for the design and optimisation of HKT arrays. The 
results emphasise the importance of considering complex interactions within turbine arrays and 
their surrounding environment, highlighting the need for accurate 3D modelling and the 
continuous improvement of numerical tools such as the ALM and AC. Therefore, it is 
recommended that these developed models be considered the standard for designing HKT 
arrays. 

Building upon this work, future efforts should focus on 
• Enhancing the accuracy of the ALM and AC models: This includes further development in the 

modelling of unsteady forces, particularly through the incorporation of advanced dynamic 
stall models such as the Beddoes-Leishman model. Additionally, future work should aim to 
improve the capability of the ALM to model tip effects. 

• Further analysis of the physics of Darrieus turbines in hydrokinetic applications: 
Experimental investigations on the limits of power augmentation for Darrieus HKT should 
focus on the scalability of observed array behaviours and the influence of two-way 
interactions between the turbines and the channel. 

• Exploring alternative modelling techniques: Investigating models based on Lifting Line 
Theory (LLT) or the Lattice Boltzmann Method (LBM) for the modelling of Darrieus HKT under 
realistic conditions and comparing their performance against the CFD-based models (ALM 
and AC) presented in this thesis. 
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