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Abstract

One of the global challenges of the millennium is bringing renew-

able energy conversion systems to industrial maturity. The aim

is to increase their contribution to the satisfaction of the con-

tinuously increasing energy demand that is still mainly supplied

by fossil fuels, subject to depletion and strongly related to the

negative impact on the environment.

The sea is an important renewable energy resource for its

extension and the power conveyed by waves, currents, tides,

and thermal gradients. Amongst these physical phenomena, sea

waves are the resource that combines the highest energy den-

sity and availability. Despite the potential of sea waves, their

harnessing is still a technological challenge.

Oscillating water column (OWC) systems are among the most

credited solutions for e�ective conversion of this potential. De-

spite a renewed interest, however, they are often at a demon-

stration phase, and additional research is required to foster their

installation worldwide.

Within this framework, the thesis aims to the development

of an analytical wave-to-wire model of OWC wave energy con-

verters for the investigation of the entire process of energy trans-

formation from sea waves to electric wire. This approach is par-

ticularly suitable during the early design stages to evaluate the

energy extractable from sea waves and properly select the loca-

tion and the main geometric and operating parameters of the

system.

The model performs a comprehensive simulation of the entire

system to estimate the electric energy production for a speci�c

sea state, based on the joint solution of the analytical models of
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the three main converters, represented by the chamber, turbine,

and generator.

An analytical rigid piston model of the primary converter was

realised by applying the linear wave theory. The hydrodynamics,

thermodynamics, and aerodynamics of the chamber, �xed and

detached regarding the seabed, were solved together with the

aerodynamics of the air turbine.

Regarding the secondary converter, two typologies of turbines

were considered. An analytical model relying on the actuator

disc theory and the blade element momentum theory was applied

to solve the aerodynamics of Wells turbines. A novel analytical

model of an axial impulse turbine was developed based on the

blade element momentum theory and proposing the application

of experimental correlations widely used in turbomachinery to

design axial turbines.

An analytical model for controlling the coupling of the sec-

ondary and tertiary converters was realised. The algorithm reg-

ulates the angular velocity of the rotor and the mechanical trans-

mission of the torque from the turbine to the electric generator.

In addition to the analytical approach, computational �uid

dynamics models of the secondary converter were developed for

both the turbine typologies. They allow for an accurate evalu-

ation of the �ow characteristics and the detailed analysis of the

power transmission stage from pneumatic to mechanical power.

The analytical and numerical models of the Wells and impulse

turbines were validated through the comparison with analytical

and experimental literature data in operating conditions typical

of the Mediterranean Sea, showing a good agreement.
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The developed wave-to-wire model was applied to evaluate

the operation of OWC systems in two favourable locations in

Italy. The sites were determined as highly energetic spots for the

Italian wave climate with characteristics proper of a moderate

Mediterranean sea state. One location is positioned in the central

area of Tuscany and the other in front of the north-west coast of

Sardinia.

An optimisation procedure was performed to determine the

geometric and operating parameters of the Wells and impulse

turbines that maximise the annual energy harvesting from waves

to wire. The performance parameters, the operating curves

and maps, and the energy conversion of the entire system were

achieved. Finally, the functioning of the two optimal con�gura-

tions of the system was analysed considering the seasonal wave

conditions of the application sites to further enhance the global

energy harnessing.
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Chapter 1

Introduction

In recent years, energy demand has been continuously growing

worldwide. Together with the possible exhaustion of fossil re-

sources and the level of pollutant and greenhouse emissions, the

increasing request has raised the global e�orts towards enhanc-

ing the harvesting of renewable resources. In this framework, the

sea is one of the renewable energies with the highest potential.

The physical phenomena that can be exploited are waves, cur-

rents, tides, and thermal gradients. Since sea waves combine the

highest energy density and availability of the resource amongst

the cited ones, the wave energy conversion devices are attractive

for contributing to satisfy energy demand [31].

Indeed, wave energy has remarkable potential, as the wave

power incident on the world coastline is estimated among 0.5

and 2.2 TW [37, 38], which corresponds to more than 10% of

the global power consumption [39]. Moreover, a key aspect of

energy from waves is represented by the use of not impacting

and not polluting technologies for power conversion. Besides,

1
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wave energy converters (WECs) are prone to be coupled with

photovoltaic plants and o�shore wind turbines [40], leading to

clustered production systems. There are three main categories

of WECs [41], classi�ed based on their working principle, namely

oscillating water column devices (OWCs), overtopping devices

(OTDs), and oscillating body devices (OBDs). Di�erently from

other renewable energy �elds, however, a predominant technol-

ogy for wave energy conversion has not been identi�ed yet [42].

Among other technologies, OWC devices are currently con-

sidered very promising. A wave energy converter based on the

oscillating water column principle consists of three leading con-

verters that determine energy transformation from sea waves to

the electricity grid. They are the chamber structure (primary

converter), the air turbomachine (secondary converter), and the

electrical generator (tertiary converter).

The chamber of the system is conventionally a hollow par-

tially submerged structure made of concrete or steel. It is pro-

vided with two openings for the interaction with the incident

waves and the air crossing the turbine. One hole is underwater

and faces the principal direction of wave propagation, while the

other is above water and is connected with the duct embedding

the air turbine and open to the atmosphere. The sea waves inci-

dent on the caisson cause an oscillating heave motion of the inner

column of water that alternatively compresses and expands the

volume of air trapped over the water level inside the structure.

The air pressure gradients force the air�ow to cross the tur-

bine duct with an alternate sense, from the atmosphere to the

chamber, and vice versa. Ideally, during the in�ow phase, when

sea wave reaches its maximum height, the water level inside the

chamber decreases, causing a pressure reduction and the expan-

sion of the air that �ows inside the system from the atmosphere.
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During the out�ow phase, sea wave is at the minimum height,

and the chamber water reaches its peak, promoting the release

of air towards the outside. Therefore, the bidirectional air�ow

drives an air turbine embedded in the duct and coupled with

an electrical generator. The two main categories of air turbines

that have been used so far in this kind of system are conventional

unidirectional �ow turbines and bidirectional �ow turbines. The

former type requires a system of air�ow recti�cation with non-

return valves to make unidirectional the air�ow generated by the

action of sea waves impacting the chamber. However, this solu-

tion was proved to be feasible only for small devices, as naviga-

tion buoys [43]. The latter typology e�ectively operates without

the need for the recti�cation system with valves, as they are self-

rectifying turbomachines. Wells turbines and impulse turbines

are the most widespread machines for wave energy converters

based on the oscillating water column technology [44, 1].

The main advantages of OWC systems are the structural

simplicity, reliability, and the motion of mechanical components

only above water. Despite these interesting features these sys-

tems still need to undergo a real industrial development process

prior to becoming a consolidated technology for energy conver-

sion from the sea. This is mainly due to the still very high

levelised cost of energy (LCOE), which in turn is connected to

the high capital cost of the system. Indeed, the LCOE ranges

from 90 to 101 ¿/MWh for onshore installations and between

180 and 490 ¿/MWh for o�shore installations. Comparing these

values with onshore (60 ¿/MWh) and o�shore (102 ¿/MWh)

wind energy, solar photovoltaic (68 ¿/MWh), and geothermal

energy (50 ¿/MWh), it is apparent that wave energy is presently

not competitive with other renewable energies in terms of cost-
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e�ectiveness [45, 46].

The reduction of the LCOE is mainly achievable through the

increase of the system e�ciency and the decrease of the capital

costs of structures and devices. Regarding the �rst aspect, the

maximisation of the energy conversion of the overall transfor-

mation processes from incident sea waves to electric connection

is pivotal at the present stage of the research to enhance their

e�ciency. This requires the joint optimisation of all the com-

ponents for the speci�c wave conditions of the application site

as the performance of an OWC system varies signi�cantly with

di�erent climates [47, 48]. Concerning the second aspect, rele-

vant infrastructures need to be built in locations suitable for a

pro�table and safe energy extraction. This issue can be tack-

led by promoting the di�usion of OWC systems in combination

with the existing structures as breakwaters in harbours, develop-

ing new solutions like pre-assembled o�shore �oating platforms

possibly dedicated to the energy production and storage, and by

fostering the industrial standardisation of speci�c components as

the secondary converters [33]. Moreover, the design of the sys-

tem components has to be aimed at limiting their manufacturing

and maintenance costs.

The power conversion chain of an OWC system is composed

of several stages, starting with the periodic harvesting of the

power transported by the sea waves and ending with the transfer

of electrical power to the grid. The models that investigate the

entire conversion chain are referred to as wave-to-wire models.

In these models, four main stages are considered: absorption,

transmission, generation, and conditioning. During the absorp-

tion stage, the wave motion is transformed into oscillating pneu-

matic power inside the chamber. Throughout the transmission
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stage, this power is converted into mechanical power with an

air turbine. In the generation stage, the electric generator, con-

nected with mechanical transmission to the turbine and subject

to a control strategy, converts the mechanical power into elec-

trical power. Finally, during the conditioning stage, the electric

power is adjusted to be delivered into the grid. These stages in-

volve the analysis of the hydrodynamics, thermodynamics, and

aerodynamics of the chamber, the aerodynamics of the turbine,

and the rotor dynamics of the turbine and the electric generator

[33].

State of the art on existing design solutions for the devices

and modelling approaches for OWC systems indicates that the

usual approach carried out so far relies on the separate design

and optimisation of each of the three converters. Properly ac-

counting for the �uid dynamic connection between the chamber

and the turbine is critical to ensure an accurate prediction of the

global energy conversion of the system. However, the presence

of di�erent physical phenomena and their complementarity in

the correct functioning of the system makes this approach often

not e�ective. Indeed, it leads to slow convergence towards the

optimal con�guration or even an incomplete exploration of the

design space [33]. In addition, the separate analysis of the con-

verters may determine the incorrect evaluation of their operating

conditions as the components are mutually in�uenced.

Up to now, the individual study of the three converters was

mainly carried out by di�erent research groups. Although, sev-

eral wave-to-wire models were realised considering the integrated

modelling schemes of an OWC system, they typically focus on

the analysis of the chamber or the electric generator [33]. Con-
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versely, the level of detail regarding the turbine is limited to

the use of a simpli�ed approach. Indeed, the procedure applied

is based on general correlations expressing the mass �ow rate,

pressure variation, power, and e�ciency through the �ow rate,

pressure, and power coe�cients, and the total-to-static e�ciency

of the turbine. This reduces the possibility of an inner coupling

of the �ow conditions delivered by the chamber with the oper-

ation of the air turbine and electric generator, regulated by the

control strategy.

In this framework, the main objective of the thesis is to im-

prove the analytical modelling of OWC systems with the develop-

ment of a complete and reliable wave-to-wire model for engineer-

ing applications, able to account both for Wells or impulse tur-

bines. The model allows the joint analysis of the chamber and air

turbine for the peculiar wave conditions of a speci�c installation

site. The hydrodynamics, thermodynamics, and aerodynamics of

the caisson were determined with a rigid piston approach. Two

original low-order aerodynamic models were created for the two

turbines, providing an interesting compromise between accuracy

and computational cost. Finally, a control strategy was imple-

mented to monitor the instant rotor angular velocity and torque

in both design and o�-design conditions.

The key point of the novelty of the present study is the ap-

plication of a re�ned analytical modelling of the air turbines

within the wave-to-wire chain. In fact, the proposed approach

allows the direct solution of the turbine aerodynamics, achieving

a higher accuracy in the determination of the operation of this

component and its interaction with the other components. Con-

sequently, the accuracy of the estimation of the overall system

energy conversion is enhanced.
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A preliminary analysis was conducted on a wide set of lo-

cations to identify the most suitable ones for installing OWC

systems in di�erent regions of Italy. All the wave conditions and

the related energy transport and frequency of occurrence were

determined for each of them. Two sites positioned in the centre

of Tuscany and in the north-west of Sardinia were selected as

wave energy hotspots [49, 33, 24].

The model was applied to determine the optimal geometry

and operating conditions of a monoplane isolated Wells turbine

and an axial impulse turbine for a speci�c chamber under the

wave conditions of the two selected hotspots. Four sets of para-

metric analyses were performed, maximising the objective func-

tion constituted by the global annual energy conversion of the

system. The geometry and properties of the caisson were de-

termined by scaling up the outcomes of experiments carried out

at a laboratory scale to optimise the pneumatic e�ciency of the

system for wave conditions typical of a moderate Mediterranean

climate.

The operating maps of the entire system were obtained con-

sidering a yearly energy extraction scenario. They were utilised

to identify the most relevant parameters regulating the turbine

functioning and select the optimal turbine con�gurations. Af-

terwards, the operating curves, performance parameters, and

energy harnessing were determined for all the selected con�gu-

rations of the system. The analyses were conducted considering

average wave conditions determined either on annual and sea-

sonal basis.

Furthermore, computational �uid dynamics (CFD) models

were developed to analyse the aerodynamics of the air�ow pass-
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ing through monoplane isolated Wells turbines and axial im-

pulse turbines for OWC systems. Three-dimensional multi-block

techniques were implemented to create the computational do-

main with fully mapped grids composed of hexahedral elements.

The employment of circumferential periodic boundary condi-

tions allowed for the reduction of computational power and time.

The models use steady and unsteady Reynolds-averaged Navier-

Stokes (RANS and u-RANS, respectively) schemes with a multi-

ple reference frame approach or the u-RANS formulation with a

sliding mesh approach. Completely automated procedures were

developed for the creation, solution, and post-processing of the

entire models [31].

The results of the analytical and CFD models of the air tur-

bines were compared between themselves and with literature an-

alytical and experimental data, showing good agreement. The

aim was to validate the single models for their application in the

wave-to-wire model developed.

In this view, the development of the integrated wave-to-wire

model proposed is of capital relevance for promoting the compet-

itiveness of the OWC technology. It is particularly useful during

the preliminary phase of the design process, as the reduced com-

putational time and power required enable the investigation of

a wide variety of system con�gurations for a broad set of appli-

cation sites. After this preliminary phase, the turbine selection

can be further investigated by applying numerical models like

the ones developed.

The optimal selection of all the components of an OWC sys-

tem for the distinctive wave conditions of its installation site

results in the maximisation of the energy harvesting and the in-
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crease of the e�ciency of power conversion. This, in turn, fosters

the reduction of the levelised cost of energy, and may favour the

di�usion of the oscillating water column technology worldwide.





Chapter 2

Rationale

A literature review on the approaches for modelling Wells and im-

pulse turbines for oscillating water column systems is presented.

Moreover, the state of the art of wave-to-wire models is consid-

ered to highlight the main novelties of the thesis. Afterwards, the

development of the principal wave energy converters based on the

oscillating water column technology is described. Finally, the re-

search request determined by the gaps found in the literature is

described, and the objectives and the methodology of the analysis

are indicated.

2.1 State of the art

State of the art considers the theoretical research on air turbines

and wave-to-wire models for oscillating water column systems

and the evolution of the wave energy converters from their �rst

application to date.

The review of the literature is organised by subdividing the

11
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main contributions to the development of the knowledge of this

technology in chronological order. The attention is mainly fo-

cused on the secondary converter of these systems, represented

by air turbines.

2.1.1 Wells turbine review

The research on air turbines for OWC systems showed particular

interest in Wells and impulse turbines, which are currently the

most widespread technologies [44, 1]. Many analyses of the aero-

dynamics were performed by applying analytical or CFD models

and with laboratory and real �eld experiments. Generally, the

duct comprising the turbine was considered for the optimisation

of the secondary converter itself, and the air�ow conditions at

the turbine inlet were applied based on conventional literature

results. In order to further investigate the air�ow �eld, the mo-

tion of the air volume in the system chamber was in some cases

modelled with a sinusoidal function.

Focusing now the attention on Wells turbines, several studies

were conducted to analyse the steady and unsteady air�ow and

predict the turbine performance. Furthermore, various design

solutions were proposed to improve the self-starting characteris-

tics and the aerodynamic e�ciency of the turbomachine.

In 1984, Gato and Falcão presented a theoretical investiga-

tion of the aerodynamics of a monoplane isolated Wells turbine

functioning with a reciprocating air�ow. The �ow crossing the

air turbine and the main performance parameters were analysed

through the application of either the two-dimensional cascade

theory and the actuator disc theory [50].

In 1985, Raghunathan et al. analytically and experimentally

evaluated the e�ects of the principal geometric and aerodynamic
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parameters on the operation of monoplane isolated Wells tur-

bines. Two analytical models relying on the two-dimensional

cascade theory and the isolated airfoil data were developed. The

experiments were performed on a rig with unidirectional air�ow

and a rig with oscillating air�ow [51].

In 1990, Gato and Falcão performed a theoretical and ex-

perimental investigation of the aerodynamics of a Wells turbine

which had a stationary blade row added to each side of the rotor.

The entire blade system was symmetrical with respect to a plane

perpendicular to the turbine axis. A quasi-three-dimensional

�ow analysis was developed and applied to design and build a

turbine model. The theoretical and experimental results pre-

sented indicate that the stationary blades can signi�cantly in-

crease the e�ciency of the turbomachine [52].

In 1991, Raghunathan et al. further investigated the e�ects

of the main design variables on the turbine functioning and pro-

posed techniques for improving its performance [53]. In the same

year, Kaneko et al. performed experiments to determine the in-

�uence of the setting angle, the gap-to-chord ratio, the solidity,

and the biplane arrangement on Wells turbines [54].

In 1995, Raghunathan de�ned a methodology for designing

Wells turbines for wave power plants based on an iterative cal-

culation of the geometric and aerodynamic parameters [55]. The

same author reviewed the analytical and experimental models

for predicting the operation of monoplane and biplane Wells tur-

bines [22].

In 1997, Curran and Gato experimentally evaluated the ef-

fects of various design solutions on the performance of Wells

turbines [56].
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In 1998, Govardhan and Dhanasekaran utilised guide vanes

to direct the incoming �ow in the direction of the turbine rota-

tion for increasing the power and e�ciency in preference to the

operating range [57]. In 2001, Gato and Webster demonstrated

the increase of the operating range provided by backward swept

blades for either pitched or unpitched blades with symmetrical

pro�les, to the detriment of the peak e�ciency [58].

In 2002, Brito-Melo et al. applied CFD to investigate the

impact on the aerodynamics of the design solutions of Wells tur-

bines, considering the presence or absence of guide vanes and a

by-pass relief valve [59]. In that year, Kim et al. analysed the

in�uence of the blade thickness and angle of attack on the hys-

teresis of the operating curves and the e�ects of variable pitch

blades [60, 61]; the research was advanced by Setoguchi et al.

the following year [62].

In 2003, Heikal applied a two-dimensional analysis relying

on the radial equilibrium theory to determine the in�uence of

the blade shape, rotor solidity, and Reynolds number on the

functioning of turbomachines with and without guide vanes. The

outcomes were compared with experimental data obtained with

a unidirectional air�ow rig [63].

In 2004, Kinoue et al. stated that reducing the rotor solid-

ity and increasing the setting angle decrease the hysteresis loop

extension [64]. Setoguchi showed how the in�uence of the blade

thickness and the angle of attack on the hysteresis is greater

than the setting angle and the gap-to-chord ratio [65]. During

this year, Torresi et al. performed CFD analyses to evaluate the

blade tip leakage and the hysteretic mechanism under oscillating

�ow conditions for a low-solidity Wells turbine [66].

In 2007, Thakker and Abdulhadi experimentally investigated

the in�uence of the shape and the blade solidity under unidirec-
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tional unsteady �ow conditions [67]. In 2010, Taha et al. carried

out steady-state CFD analyses to determine the e�ects of dif-

ferent values of uniform tip clearance gap [68]; the next year,

the analyses were extended to non-uniform dimensions and were

compared with experimental literature data [69].

Torresi et al. presented an actuator disc model of a high-

solidity turbine and compared the predicted performance with

the corresponding CFD model [70].

Starzmann and Carolus numerically analysed the impact of

the hub-to-tip ratio and rotor solidity on the aerodynamics and

aeroacoustics of a monoplane isolated Wells turbine. Numeri-

cal analyses were performed to predict the characteristic curves

and determine the optimum operating coe�cients and the stall

margin. Afterwards, experiments were carried out on laboratory-

scale models using a set of selected rotors. It was found that the

optimal values of total-to-static e�ciency and noise emissions

are obtained with moderate values of hub-to-tip ratio and rotor

solidity. Conversely, high values of these geometric parameters

reduce the magnitude of the hysteresis loop and increase pressure

head [71].

In 2012, Shaaban and Abdel Ha�z numerically determined

the e�ects of the area ratio and angle of the duct of a Venturi tube

embedding a Wells turbine at the throat section for optimising

the operation [72].

In 2013, Paderi and Puddu experimentally investigated the

causes of the hysteresis loop under unsteady �ow conditions [73].

Mohamed and Shaaban applied a numerical optimisation to de-

termine the optimal blade pitch angle for di�erent aerofoil ge-

ometries and values of solidity [74].

Starzmann and Carolus analysed the e�ects of the blade

skewness on the operating range and the aeroacoustics and pos-
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sibilities for limiting the noise [75]. In 2014, Halder and Samad

applied CFD to determine the implications of the guide vane

angle on the turbine functioning [76].

In 2015, Ghisu et al. experimentally and numerically eval-

uated the �uid dynamics and the hysteresis of a high-solidity

turbine under an unsteady bidirectional �ow generated by a hy-

draulic piston [77].

In 2016, Shaaban numerically simulated the e�ects of the

chord length increase from the hub to the tip on the power con-

version and the cost of energy. In particular, the geometric opti-

misation of the rotor resulted in the reduction of the LCOE up

to 15-20% for an OWC plant embedding a Wells turbine [78].

Halder et al. presented a multi-objective optimisation of the

blade sweep to maximise the peak torque coe�cient and the

e�ciency, considering the implications for the �uid dynamics

and operating range width [79, 80].

In 2017, Ghisu et al. demonstrated that the hysteresis be-

tween the �ow acceleration and deceleration phases is caused

uniquely by the compressibility e�ects within the oscillating wa-

ter column chamber, while the di�erences in the �ow parame-

ters and the secondary structures near the rotor are negligible

[81, 82]. Shaaban presented a multi-objective optimisation algo-

rithm to determine the aerofoil geometry from the coordinates

of standard pro�les [83].

In 2018, Halder et al. numerically compared conventional

blades and optimised blades with modi�ed pro�le thickness and

sweep, with and without grooved-casing [84].

In 2019, Kumar applied CFD to analyse the curved blade

tip, the static extended trailing edge, and the variable thickness

blade to enhance the turbine performance [85].

In 2020, Ghisu et al. presented a lumped parameter model
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for evaluating the hysteresis due to the delay between the �ow

conditions inside the chamber and the turbine duct [86]. Das et

al. experimentally determined the hysteretic behaviour in the

absence of resistive loading and with varying values of load [87].

In 2021, Licheri et al. theoretically and numerically compared

the prediction of the power conversion based on both the �rst

and second laws of thermodynamics [88].

Ciappi et al. developed �uid dynamics models to evaluate

the functioning of monoplane isolated Wells turbines. A three-

dimensional multi-block technique was implemented to create

the computational domain with a fully mapped mesh composed

of hexahedral elements. The employment of circumferential pe-

riodic boundary conditions allowed for the reduction of com-

putational power and time. The models use RANS or u-RANS

schemes with a multiple reference frame approach or the u-RANS

formulation with a sliding mesh approach. The achieved results

were compared with analytical and experimental literature data

for validation. All the developed models showed good agreement

[30]. The following year the CFD models were compared even

with a blade element momentum code relying on the actuator

disc theory with satisfactory results [31].

2.1.2 Axial impulse turbine review

Axial impulse turbines are one of the most widespread machines

for secondary energy conversion. The �rst application dates back

to 1974 with the Center Pipe Buoy designed by Masuda and

installed in the Bay of Osaka in Japan as a �oating navigation

aid [89]. In 1988, Kim et al. suggested the application of an

impulse turbine as a self-rectifying machine even for large OWC

systems for wave energy conversion [90].

In 1999, Maeda et al. performed experiments to determine
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the optimal geometry of the stators and rotor, with a particular

focus on the angle of incidence of the �ow impacting the rotor

[91]. In 2001, Setoguchi et al. reviewed the state of the art of

impulse air turbines for OWC systems and presented the optimal

design parameters and their e�ects on the performance and the

self-starting characteristics [92]. In 2004, the study was extended

to the impact of the Reynold number and the hub-to-tip ratio

[32]. In the same year, Thakker and Hourigan carried out a

dimensional analysis of the results of experiments on impulse

turbines at a laboratory scale and proposed a model to predict

the performance of real-scale turbines [93].

In 2006, Setoguchi and Takao published a review of Wells and

impulse turbines for OWC systems and analytically compared

their performance under irregular waves [94].

In 2009, Thakker et al. proposed the use of charts obtained

from experimental data as a support in the early design of im-

pulse turbines [95]. In 2012, Gomes et al. developed a method for

the optimisation of two-dimensional blade sections: an inverse

design approach is used to impose an almost constant pressure

load along the axial chord by varying the camber line slope, sub-

sequently a thickness distribution optimisation levels the pres-

sure distribution and reduces the suction peaks at the leading

and trailing edges [96].

In 2014, Badhurshah et al. carried out CFD analyses to

evaluate the �uid dynamics and detect the �ow separation near

the suction side at the trailing edge of the rotor blade [97].

Cui and Liu performed CFD analyses to determine the e�ects

of the rotor solidity, considered in terms of the ratio between the

number of stator and rotor blades, on the turbine performance

[98].

In 2015, Badhurshah and Samad carried out CFD analy-
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ses coupled with a multiple-surrogate-assisted genetic algorithm

based on a multi-objective optimisation to improve the energy

extraction of an axial impulse turbine [99, 100].

In 2016, Liu et al. performed numerical simulations for dif-

ferent setting angles under steady conditions and determined an

optimal value of 5◦ for a modi�ed design of an axial impulse tur-

bine [101]. In 2017, George et al. numerically investigated the

�uid dynamics of a bidirectional impulse turbine and compared

it with a unidirectional impulse turbine in terms of operating

curves [102].

In 2017, Ezhilsabareesh et al. proposed a shape optimisa-

tion procedure based on CFD and a multiple-surrogate algorithm

with a multi-objective function [103]. In 2018, Badhurshah et al.

performed an optimisation procedure to determine the number

of rotor blades and guide vanes, guide vane angles and guide

vane pro�le to that maximise the turbine e�ciency [104].

2.1.3 Wave-to-wire modelling review

Several wave-to-wire models for OWC systems have been pre-

sented in the literature so far. Typically, these models focus on

the analysis of the chamber or the electric generator, while the

level of detail regarding the turbine is limited. A detailed mod-

elling is typically implemented for solving the hydrodynamics,

thermodynamics, and aerodynamics of the chamber. Moreover,

di�erent control strategies are considered to regulate the opera-

tion of the system. Although suitable models for directly solving

the aerodynamics of the turbine are existing in the literature, as

presented in Subsections 2.1.1 and 2.1.2, they are not applied in

the existing wave-to-wire models. The approach of these models

relies on the use of general correlations expressing the mass �ow

rate, the pressure variation, the power and the e�ciency though
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the �ow rate, pressure, and power coe�cients, and the total-to-

static e�ciency of the turbine. In particular, the coupling of the

primary and secondary converters is achieved with ideal relations

connecting the pressure coe�cient to the �ow coe�cient of the

system through the damping coe�cient. This results in a very

simpli�ed modelling of the turbine impact on the air�ow made

available by the chamber. As a consequence, the proper inte-

gration of the converters is limited. Furthermore, these models

often do not consider a speci�c design of the chamber and the tur-

bomachine for the distinctive wave conditions of the application

site. These aspects represent the main gaps of the literature that

the present thesis aims to �ll. For these reasons, an integrated

analytical wave-to-wire model of a wave energy converter based

on the OWC technology was developed. The model combines

the solution of the hydrodynamics, thermodynamics, and hydro-

dynamics of the chamber with the aerodynamics and dynamics

of the turbine, and the dynamics of the electric generator.

Literature reviews regarding wave-to-wire models for OWC

systems were published by Nielsen et al. in 2014 [105], Fa¸ et al.

in 2015 [106], Falcão and Henriques [1], Penalba and Ringwood

in 2016 [107], Wang et al. in 2018 [108], Maria-Arenas et al. in

2019 [109].

In particular, Nielsen et al. summarised the existing tech-

nologies for energy conversion from waves to wire for di�erent

typologies of wave energy converters.

Fa¸ et al. presented key aspects of the control of OWC sys-

tems to improve energy extraction. The entire conversion chain

was considered, focusing on the e�ects of the control strategies

on the power transformation and quality.

Falcão and Henriques published a detailed review of the de-

velopment of the technologies for OWC systems. Moreover, three
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di�erent control logics were considered: the reactive phase con-

trol, the phase control by latching and the turbine rotational

speed control with air�ow rate control. The �rst is based on the

design of the chamber to achieve the optimal resonance frequency

in a set of waves to maximise the e�ciency of the primary en-

ergy conversion, especially under irregular wave conditions; the

second relies on the full opening and closure of a valve positioned

in series with the air turbine to increase the system energy ex-

traction; the third is designed to ensure that the power trans-

formed by the air turbine always matches the pneumatic power

provided by the chamber and the breaking torque of the electric

load, while valves disposed in parallel or series with the turbine

limit the pressure head or the air�ow rate, respectively.

Penalba and Ringwood presented a review of the components

of wave-to-wire models, including the dynamics, the constraints

and several examples of linear electric generators and pneumatic,

hydraulic, mechanical or magnetic transmission systems driving

rotary electrical generators. Wang et al. considered the control

strategies for enhancing the hydrodynamics of the primary cap-

ture system, adjusting the speed or the e�ciency of the power

take-o� and regulating the electric power fed into the grid or

supplied to the load.

Maria-Arenas et al. focused on the damping, reactive, latch-

ing and model predictive control strategies applied to di�erent

typologies of wave energy converters. The damping control con-

sists of tuning the damping of the power take-o� to the power or

the peak frequency of the wave spectrum. The damping control

should be tuned to the instantaneous frequency of the wave ex-

citation force as a function of the time for being e�ective on the

power transformation. The model predictive control involves an

optimisation procedure based on the de�nition of target func-
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tions and constraints.

In 1999, Falcão and Justino developed an analytical model

to simulate the power transformation from the sea waves to the

turbine shaft of an OWC system consisting of a bottom-�xed

�oating chamber, a Wells turbine and a valve to control the air-

�ow [110]. The utilisation of a valve mounted in parallel with

the turbine, named by-pass or relief valve, and of a valve in-

stalled in the turbine duct was considered and compared. This

control approach allows to increase energy exploitation and it is

expected to be very important for turbines whose performances

are drastically a�ected by rotor stalling, such as Wells turbines.

In 2011, Amundarain et al. investigated two control strate-

gies for an electric generator connected to a Wells turbine in an

OWC system [111]. The purposes were to control the stalling

behaviour of the mechanical converter and increase the aver-

age power output of the generator. A DFIG-based (doubly-fed

induction generator) rotational speed control and a PID-based

(proportional-integral-derivative) air valve control were analyt-

ically and experimentally simulated and compared. It was ob-

served that both the strategies are able to raise and smooth the

electric power in complementarity. In particular, the rotational

speed control strategy can be used to increase the maximum pres-

sure drop across the turbine rotor in conditions that avoid the

stall and is suited to boost the maximum power delivered to the

grid; the valve control strategy regulates the air�ow and mod-

ulates the pressure di�erence through the turbine and is suited

to regulate the delivered energy according to the grid demand.

Alberdi et al. continued the analysis on the rotational speed

control as a fast reaction to the abrupt and short changes in the
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turbine speed and on a throttle valve to control the air�ow for

increasing the energy conversion, particularly for the most in-

tense wave conditions [112].

In 2013, Henriques et al. presented an analytical model of the

phase control by latching of an OWC spar-buoy equipped with a

biradial turbine and operating in regular wave conditions. The

chamber of a spar-buoy has an axisymmetric structure with a

submerged vertical duct with opened at its bottom and top and

�xed to a �oating structure, mainly subject to the heave mo-

tion. The compressibility e�ects of the air inside the chamber

on the fast opening and closing of the air valve in series with

the turbine and on the energy conversion were assessed [113].

The following year, the analysis was extended to irregular waves

and two alternative strategies for the latching and unlatching

were comparatively considered [114]. Subsequently, Portillo et

al. performed analytical and experimental studies of the latch-

ing control combined with the control of the turbine rotational

speed. The impact of the control strategies on energy conversion

under regular and irregular waves was determined [115].

In 2015, Kelly et al. presented an analytical wave-to-wire

model of a backward bent duct buoy OWC system operating with

an impulse turbine [116]. The hydrodynamics, thermodynamics

and aerodynamics of the chamber were thoroughly analysed and

calibrated with experiments. Global correlations were applied to

solve the aerodynamics of the impulse turbine. The rotor torque

was coupled with the frictional losses, the rotor inertia and the

electrical torque to determine the variation of the turbine ro-

tational speed. The estimated speed was utilised to adapt the

electrical torque demand as requested by the controller on the
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basis of an optimal relation between torque and speed to max-

imise the power conversion. In 2015 and 2016, Song and Park

analysed the parameters that optimise the operation of an OWC

system composed of a �xed chamber, an impulse turbine and

an ideal direct current generator [117, 118]. The work focused

on the control strategies, while global correlations were used for

the chamber and the turbine. The turbine requires an optimal

�ow coe�cient to maximise the e�ciency of the power conver-

sion, while the generator requests a constant angular speed to

provide a constant voltage. Therefore, two control strategies in

the time domain were proposed and analysed under an irregular

wave environment: an instant tracking control of the maximum

turbine e�ciency and constant control of the angular velocity of

the turbine rotor.

In 2016, Henriques et al. presented an analytical model

of power take-o� control for a spar-buoy OWC system oper-

ating with an impulse biradial turbine. Experimental analy-

ses were carried out on a system composed by a grid-connected

SCIG (squirrel-cage induction generator) driven by a motor, a

hardware-in-the-loop simulator to test real sea operating condi-

tions, and a data logging. Two control con�gurations were sim-

ulated. One con�guration is based on a high-speed stop valve

positioned in series with the turbine and the other on a relief

valve mounted in parallel to the turbine. Both the con�gura-

tions were bene�cial to the control of the rotational speed, but

only the latter was even able to prevent the negative and positive

peaks in the air pressure [119]. On the same test rig, Portillo

et al. investigated a real-time latching control strategy based

on the prediction of the wave motion within the receding hori-

zon time interval to increase the turbine power output [115].
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Subsequently, the test rig was utilised to validate a constrained

latching control algorithm relying on a sliding high-speed stop

valve in series with the turbine. The control algorithm allowed

to increase the generator load and to limit the power peaks [120].

Bailey et al. presented a numerical wave-to-wire model for a

moored �oating OWC system of backward bent duct buoy type,

embedded with an impulse turbine [121]. The hydrodynamics

and aerodynamics of the chamber were solved including the ex-

citation, radiation, buoyancy forces and the forces exerted by

the air pressure, the viscous drag and the moorings. The cham-

ber thermodynamics was coupled with the turbine aerodynamics

through global correlations expressing the air�ow rate, the pres-

sure variation, power and e�ciency. A variable-frequency drive

(VFD) was set between the turbine and the generator to control

the system operation in a large variety of sea states represen-

tative of the West Coast of Canada. The optimal rated power

for the VFD and the generator was determined from a gradient-

based optimisation with the annual electrical energy generation

as the objective function.

In 2018, Suchithra et al. investigated the energy conversion

process of an OWC system by means of a wave-to-wire model

[122]. An analytical model of the chamber was used to determine

its hydrodynamics, thermodynamics and aerodynamics, while

the interaction of a Wells turbine with the system was approxi-

mated with an equivalent pressure drop imposed by a calibrated

opening and global correlations were applied to determine the

operating parameters. A reduced-order model of the control is

described, studying the generator dynamics using a doubly-fed

induction generator modelled by means of third-order equations.
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The power output of the system was determined for di�erent sea

climates under regular and irregular waves. In 2019, Henriques

et al. presented wave-to-wire models to analyse the dynamics

and the control of air turbines and electric generators for the

OWC plant installed in the breakwater of the Bay of Biscay, lo-

cated in Mutriku, in Spain [123]. The performance of a Wells and

a biradial turbine were determined and compared. The impact

of control strategies on the power and the e�ciency of the tur-

bine and the pneumatic and electrical power was assessed. Fa¸

et al. developed six algorithms to control the biradial turbine

designed for the OWC plant of Mutriku [124]. A wave-to-wire

model was proposed for one chamber of the plant and the e�ects

of the control strategies on the energy conversion and power out-

put quality and reliability were evaluated in irregular sea states.

A set of adaptive and predictive algorithms was considered and

both turbine speed controllers and latching strategies were anal-

ysed and validated utilising an electrical test infrastructure.

Benreguig et al. developed wave-to-wire models of two OWC

systems using the same �oating spar buoy structure and embed-

ded with a radial-in�ow turbine with twin-rotor con�guration

or the Tupperwave turbine [125]. The Tupperwave operation is

based on two large accumulator chambers of �xed volume with

non-return valves to generate a unidirectional air�ow that drives

a unidirectional turbine in a closed circuit. The instantaneous

e�ciency of the turbine was maximised by adapting the brak-

ing torque of the electric generator to the mechanical turbine

torque of the rotor expected at the maximum e�ciency. A by-

pass valve, positioned in parallel to the turbine, was utilised to

avoid the overload of the generator.
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In 2020, Ciappi et al. developed an analytical wave-to-wire

model of a wave energy converter operating with a �xed and

detached chamber and an axial impulse turbine. A rigid pis-

ton model for the chamber, a blade element momentum model

for the turbine, and a control strategy were jointly solved. An

evaluation of the annual energy harvesting was performed to de-

termine suitable con�gurations of the turbine for two hot-spots.

Furthermore, this work provides a detailed description of the de-

velopment of state of the art of wave-to-wire models [126, 33].

Scialò et al. investigated the design for a power take-o� for a

possible installation in a breakwater. An analytical wave-to-wire

model was applied to determine the operation of a monoplane

isolated Wells turbine and a biradial impulse turbine coupled

with a U-type wave energy converter based on the OWC tech-

nology and equipped with a relief air valve. The turbine diameter

and power output were optimised for both the machines and the

e�ects of the interconnection of air chambers sharing a single

turbine were assessed [127].

In 2021, Ciappi et al. applied the analytical wave-to-wire

model developed to determine the optimal geometries and oper-

ating conditions of monoplane isolated Wells turbines and axial

impulse turbines to maximise energy extraction in a selected

location situated in Italy, in the north-west of Sardinia. The

geometry and properties of the OWC chamber were determined

by scaling up of factor 50 the data obtained from an experi-

mental campaign previously performed under wave conditions

typical of a moderate Mediterranean climate. The operating

maps and curves, the performance parameters, and the energy

harvested were determined considering the variation of wave con-

ditions during the seasons of the year [24].
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2.1.4 OWC system development

Whistling Buoy

In 1876, Courtney patented the Whistling Buoy (2.1). This

was the �rst recorded device working with the oscillating water

column principle, although this concept was not already con-

ceived.

Figure 2.1: Scheme of the vertical central section of the Whistling
Buoy.

The Whistling buoy consisted of a pear-shaped �oat made

of iron with a central inner pipe, partially submerged, with a

diameter of 0.3 m. The �oat had a maximum diameter of 3.6 m

and an elevation of 3.6 m from the still water level [128]. It was

anchored to the seabed with a chain �xed at its lower end. The

chain was slack to allow the heave motion of the buoy under the

action of waves. On the opposite side of the chain, there was a

rudder plate extending from the still water level to a point on

the central pipe, which avoided the rotating motion of the buoy.

The buoy was constantly maintained vertical and the water level

inside the lower section of the tube was always kept constant
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corresponding with the still water level [128].

The pipe extended downwards from the top of the �oat and

was divided into an upper and a lower section by a horizontal

diaphragm or a partition plate. The lower section acted as an

air chamber and was totally submerged, reaching a depth of 4 m

from the still water level for not being a�ected by the motion of

the surface waves even in storm conditions [129]. The diaphragm

or plate was connected with the upper end of the buoy by two

parallel ducts with di�erent diameters. The duct with a larger

diameter was provided at the lower end with a valve or a ball

and allowed the air entrance inside the device. The duct with a

smaller diameter was open at both ends to enable the discharge

of the air. At the outlet of this duct, a whistle or another suitable

sounding device was installed.

The air was alternatively compressed and expanded in the

chamber by the action of sea waves. The waves lifted the buoy

to a certain height, enlarging the disposable volume and forcing

the air to enter the system through the bigger duct and the bot-

tom valve. Then, the receding motion of waves, together with

the weight of the device, determined its fast lowering and a rapid

air compression, as the water level remained constant. The air

compression closed the valve at the end of the larger duct forcing

the compressed air to �ow through the smaller duct for sounding

the device. The duration of the sound produced by the whistle

was directly proportional to the wave height [128].

The weight and the shape of the buoy had a signi�cant e�ect

on the ascendant and descendant motion of the buoy and, thus,

on the pressure di�erence between the air inside the chamber

and in the atmosphere [128]. In addition, the enlarged form of

the buoy that was just above the �oatation line allowed for a
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faster ascension of the buoy with the upward wave and thus the

entrance of a major quantity of air [128]. Larger dimensions of

the buoy, and consequently greater weight, led to higher pressure

gradients. However, the increase in the dimensions was limited,

as the length of the duct needed to be proportional to the size

of the device [128].

A total of 34 Whistling Buoys were installed in the USA.

Other devices were also installed in Britain, France and Ger-

many [129]. The main advantages of this kind of system were

high reliability and the simple working mechanism [128, 129].

The Whistling Buoy was the direct successor of the Bell Buoy

for navigational aid. However, the latter device was not based

on the oscillating water column principle. Indeed, in this case,

one or more clappers equipped on the buoy, inside or around the

bell, moved with the wave motion hitting the bell to produce a

sound [130].

Center Pipe Buoy

Masuda designed the Center Pipe Buoy and installed a pro-

totype in Osaka Bay, in Japan. This device was a �oating OWC,

and it was conceived for navigational aid similar to the Whistling

Buoy [130, 1]. The two systems had analogous working princi-

ples, but the main di�erence was represented by the device used

to exploit the pressurised air�ow made available by the chamber

[131, 132]. In fact, the Center Pipe Buoy was the �rst example

of the application of an air turbine and a generator to convert

the pneumatic air energy into mechanical energy, and then into

electrical energy to power a light for navigational aid (Figure

2.2).
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Figure 2.2: Scheme of the Center Pipe Buoy [1].

A unidirectional impulse turbine with a vertical axis equipped

with a rectifying-valve system and guide vanes on the downward

side was installed in the device [133].

The electric generator had maximum output of around 60 W

at 5000 rpm and maximum e�ciency of approximately 47% at

1100 rpm. Moreover, the average electric output was estimated

in about 17 W under standard wave conditions with height 0.2

m and period 2.8 s [133, 5]. The device was equipped with a

control unit and a storage battery system capable of supplying

from 3 to 5 W of electric consumption [133]. Concerning the

primary conversion e�ciency from wave power to air power, the

device had a pressure ratio of about 0.3 [131]. This parameter is

de�ned as the amplitude of the pressure divided by wave height,

and it is utilised to compare the performance of pneumatic wave

power devices [134]. The overall secondary conversion e�ciency

was estimated to be around 21%, determined by the e�ciencies

equal to 95% for the valve, 55% for the turbine, and 40% for the

electric generator [133].
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The Center Pipe Buoy was a device embedded with a central

vertical pipe extending downwards from the top of the buoy and

operating as an air compression and expansion chamber. The

buoy had a width of 2.60 m and the pipe had a diameter of

0.660 m and was partially submerged, reaching a depth of 4 m

to avoid the interference of the wave motion at the surface of the

sea, as in the Whistling Buoy.

The bottom weight and the bridle chain prevented the rota-

tional movements of the buoy, allowing only the heave motion.

In this way, the water column level inside the pipe was main-

tained constant, as the buoy followed the upward and downward

movements of the waves. The weight proved to be e�ective in

the absence of very high currents [133, 135].

The turbine had a diameter of 0.200 m and it was located

at the top of the buoy, connected to the upper part of the pipe.

An electric generator was coupled with the air turbine and pow-

ered a light for navigational aid positioned at the height of 4

m regarding the still water level. The rectifying valve system

was constituted by four valves, arranged in pairs in the upper

and lower parts of the chamber, above the still water level, as

illustrated in Figure 2.3. The bottom valves forced the air to en-

ter the turbine, while the upper valves to exit the turbine. The

rectifying valve system allowed the operation of the unidirec-

tional turbine under the action of alternate air compression and

expansion. The sense of rotation of the air turbine was main-

tained constant regardless of the direction of the air�ow during

the in�ow and out�ow [132].
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Figure 2.3: Scheme of the rectifying system with 4 valves of the
Center Pipe Buoy [1].

The operation of the Center Pipe Buoy mainly depended

upon the wave conditions and the system geometry.

The wave power absorption occurred between two close peaks.

The peak corresponding with the lower wave period was related

to the vertical oscillations of the buoy. The other peak was con-

nected to the vertical oscillations of the water column and strictly

depended on the pipe length [132]. To achieve a wide operational

bandwidth, an optimal di�erence between the two periods had

to be ensured. This implied the increase of the pipe length to

enhance the energy conversion, in compliance with the deploy-

ment in relatively shallow water and the maintenance costs [132].

The good results of this OWC device showed the feasibility

of the use of air turbines for wave energy conversion. This ap-

plication enhanced the interest for a possible scaling up of wave

power generators in order to supply electric power to the local

grid [136, 135].
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In 1965, The Japanese company Ryokuseisha Corporation

produced the Center Pipe Buoy for its commercialisation [136].

The Japan Marine Safety Board used 700 buoys for navigation

aid and 500 devices were sold to other countries, included 20 to

the USA. This was the �rst OWC device to achieve a signi�cant

commercialisation [130, 133, 5].

After the rise of the power demand due to a new international

regulation for navigational lighting on buoys, the enhancement

of the power conversion of the Center Pipe Buoy was required.

A signi�cant increase of the dimensions of the device demon-

strated to be not feasible, as aforementioned. Thus, the solution

was the improvement of the e�ciency of the processes of power

conversion with particular focus on the air turbine [133].

The diameter of the impulse turbine was increased from 0.200

m to 0.250 m and the valve box was redesigned. The e�ciency

was raised from 55% to 65% [133].

Moreover, di�erent typologies of air turbines were tested. A

Wells turbine was installed as it was capable of operating without

the need for a rectifying valve system and allowed the reduction

of the weight and the increase of the design rotational speed.

However, the average e�ciency obtained with this turbine was

lower regarding the case of the impulse turbine. Indeed, the use

of a Wells turbine was not suitable for small buoys as opposed to

the large power generators [133]. Even a Savonius turbine was

tested, but the e�ciency of energy conversion was lower than

that of the Wells turbine [133].

Concerning the electric generator, two solutions were tested

to improve e�ciency. The Ryokuseisha Corporation improved

the e�ciency of the generator up to about 65% by replacing the

previous one with a newer ordinary generator [133]. The com-
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pany Tabaka-Kagaku-Kogyo Limited patented a special genera-

tor with a theoretical e�ciency of around 80% by decreasing the

iron and electric losses [133].

With these improvements, the new total e�ciency of the Cen-

ter Pipe Buoy reached approximately 49% [133].

Kaimei

The Japan Agency for Marine-Earth Science and Technol-

ogy (JAMSTEC) designed and constructed a prototype of the

Kaimei system in the March of 1976 [2]. This device can be con-

sidered the �rst application of a multi-chamber system based on

the oscillating water column concept [13] and it was the �rst pro-

totype of a large �oating structure for this kind of technology.

The system applied impulse turbines for the secondary energy

conversion. The total output assumed to be generated by the

Kaimei from theoretical calculations was equal to 4 MW with a

wave height of 3 m and a wave period of 6 s [2].

The structure of the Kaimiei, represented in Figure 2.4, was

80 m long, 12 m wide, and 5 m high, with a weight of 500 t [2].

Figure 2.4: Image of the structure of the Kaimei [1].

The �oating device had the form of a ship and consisted of

several buoyancy rooms and air chambers �oating on the water

surface [130, 137, 134, 131]. The use of this particular shape was
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selected after a study of two years on large wave power genera-

tors, during which it demonstrated to be the best solution for the

lower mooring force required and the simplicity of construction

[2]. Indeed, the structure with ship form of Figure 2.5 always

adjusted to the direction of waves, reducing the forces on the

moorings [137]. The Kaimei was moored with four chains at the

bow and one slack chain at the stern to be capable of aligning

with the wave direction [137, 134, 135, 131].

Figure 2.5: Scheme of the working principle of the Kaimei [2].

As a �oating structure, the Kaimei was subject to pitch,

heave, and roll motions due to the action of sea waves [2, 138].

These movements were limited by the massive structure of the

system, but it was necessary to further reduce the oscillations of

the barge to increase power conversion [137, 138]. Indeed, the

�oating structure was not able to follow all the upward and down-

ward movements of waves with the same oscillation period, as

the wave period was not constant. In particular, when the heave

movement of the ship was in the opposite sense of the elevation

of the wave, the relative wave height acting on the air inside the

chamber increased. Conversely, when the structure moved in the

same sense of the wave elevation, the relative wave height act-

ing on the air chamber reduced [137]. For these reasons, studies

were performed on the length and width of the structure to de-

crease the heave oscillation period to reduce the �uctuations in
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relative height [137]. In addition, since the relative wave height

ratio decreases as the signi�cant wave height increases, the max-

imum height of the waves contributing to the energy harnessing

was limited. This resulted in low conversion e�ciency from wave

power to air power, providing values between around 0.1 and 0.2

for the air pressure ratio [137, 2].

Two sea tests were performed: the �rst from the August of

1978 to the March of 1980 and the second from 1985 to 1986

[139, 5]. The Kaimei was provided with a measurement system

and, during the entire operational period, all the data acquired

were simultaneously transmitted through a wireless telemeter to

a shore station where they were monitored and recorded [137].

The data mainly concerned the weather conditions, the sea state,

the relative wave height, the barge movements, the mooring

forces, the di�erential pressure at the turbines, their rotational

speed, and the electrical power output.

In 1978, the �rst sea test was conducted by JAMSTEC to

investigate the safety and durability of a �oating moored large

wave power generator [139]. The Kamiei was deployed in a loca-

tion with a sea depth of about 40 m in the north-west of Yura, in

the Yamagata Prefecture, on the west coast of Japan [131, 5]. In

this site, the sea is quite calm in summer, while it is characterised

by strong west or north-west winds during winter, signi�cantly

increasing the height of waves [136, 134, 135].

The system was equipped with three identical impulse tur-

bines rated 160 kW each and operating with a design rotational

speed of 950 rpm. The turbines were coupled to three electric

generators with an average power of 125 kW and a maximum
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output of 200 kW for each one. The turbo-generator units were

located at the bow, midship, and stern [5, 2].

The impulse turbines were made of aluminium alloy and had

a rotor diameter of 1.400 m and 60 rotor blades. A rectifying

system with 2 valves was utilised and a row of 50 stator vanes

was installed on the side facing the air chamber. Each turbo-

generator unit was provided with an emergency valve, operating

if the rotational speed 1200 rpm was exceeded [2].

During the �rst stage of this experimental campaign in real

operating conditions, the measurement system acquired a signif-

icant set of data [2, 139]. The maximum tension registered on

the mooring chains was 55 t with a maximum wave height of 8.8

m, which was largely under the breaking strength of the mooring

chains [137].

The second part of the �rst sea test, from August 1979 until

March 1980, was carried out in the same location near Yura

[5, 2]. The test was conducted by JAMSTEC in a joint re-

search project involving �ve countries of the International En-

ergy Agency: Canada, Ireland, Norway, Sweden, United King-

dom, and United States of America [137, 5].

The second part of the test was focused on the investigation of

the characteristics of the wave energy of the application site, the

mooring forces, the barge motion, and the conversion e�ciency

of the equipment [139].

At this stage, a cable to transmit the electrical power gener-

ated to land was provided to one power take-o� unit [137, 5]. A

special armoured cable, e�ective again kinking, was produced for

this purpose and it was installed with the combination of weights

and buoys [137]. The electricity generated from wave power was

supplied to the mainland grid for 4 months during winter [5].
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The number of turbine and electric generator units equipped

on the device was increased to nine [2, 137]. All of them were im-

pulse turbines connected with various arrangements of rectifying

valve systems to analyse their e�ects. Eight turbines were cou-

pled with synchronous electric generators. One impulse turbine,

with a rectifying system with 4 valves, was coupled with an in-

duction generator. This turbo-generator unit was provided with

a damper tank system [137]. The damper tank system consisted

of small air chambers connected with large air damper tanks and

the turbo-generator unit through a rectifying mechanism with

four valves. The air pressure in each air chamber encountered

pressure �uctuations. However, the di�erential pressure at the

turbine was maintained relatively constant due to the system of

damper tanks. This aspect was very important as a small �uc-

tuation in di�erential pressure resulted in a large �uctuation of

power output [137]. This was due to the type of induction gen-

erator adopted, which was not embedded with a control system.

Therefore, it was forced to rotate at a �xed speed in the entire

operating range, without the possibility of smoothing the electric

power [137].

The induction generator provided the advantage of the ab-

sence of the exciter compared to the synchronous generator and,

thus, allowed the simpli�cation of the structure and its mainte-

nance [137].

The number of items acquired by the measurement system

increased to 82 and the maximum mooring tension registered

raised to 84 t with a maximum wave height of 9 m. However,

considering the breaking strength of the mooring chains, the op-

eration was found to be su�ciently safe [137, 2].
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It was observed that there was an output di�erence among

the various power take-o� units of the system depending on their

installation point. This was found to be closely related to the

wave period [137]. In particular, the measured outputs of the

rectifying systems with 4 valves and 2 valves installed for the im-

pulse turbines positioned at midship were compared [137]. The

generators measured the same output corresponding to waves

with a short period, while the latter valve system measured a

double output with long-period waves. This proved that the

system with 4 valves had a better performance concerning con-

version e�ciency and operating bandwidth [137].

The mooring chains were inspected at the end of the sec-

ond stage of the �rst experimental campaign by taking samples

for the pulling test. Since no abnormality was found, the same

chains were also used for the second campaign [137].

The working principle and the functioning of the PTO sys-

tem calculated with the theoretical modelling were con�rmed by

the experimental results of the �rst campaign [2]. However, it

was decided to perform further tests to increase the conversion

e�ciency from wave to air power, reduce the dimensions of the

air turbine, smooth the output of the electrical generator, and

reduce the mooring costs.

The second campaign of sea tests was performed on the Kaimei

by JAMSTEC near the coast of Yura where the sea has a depth

of 40 m [139, 138]. It began in the summer of 1985 and ended

in the spring of 1986. The objectives were analysing an optimal

layout of the structure, testing di�erent control methods to op-

timise the air�ow, and studying a new mooring system [139, 5].

The device was equipped with �ve turbines. Three of them

were impulse turbines, one was a contra-rotating McCormick
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impulse turbine, and one a tandem Wells turbine [139, 5]. The

Wells turbine was coupled with a synchronous generator rated

60 kW [136]. The McCormick turbine was rated 125 kW and had

a rotor diameter of 1 m with 60 blades on each of the two rotors

and 30 guide vanes on each side [5, 140].

As in the �rst sea test, many data were collected regarding

the sea conditions, the motion of the barge, the mooring tension,

the air chamber pressure, and the relative height [139].

It was observed that the energy absorption was heavily in-

�uenced by the position of the buoyancy rooms. During the

�rst experimental campaign of 1976, semi-separate rooms were

tested. A layout with separated buoyancy rooms increased the

e�ciency of even 2.5 times [136].

Sanze plant

The Research Development Corporation of Japan and the

JAMSTEC cooperated to construct a shore-�xed OWC in Sanze,

on the West coast of Japan, near the city of Tsuruoka [3, 131,

5]. The plant was equipped with two identical Wells turbines

arranged in tandem and coupled to an electric generator rated

40 kW [3, 131]. It was the �rst worldwide shore-�xed OWC plant

and the �rst to use Wells turbines in the tandem arrangement

[131].

The structure depicted in Figure 2.6 was built on a shoreline

gully, which is a small cove characterised by a naturally high

level of wave energy [5]. The depth of the water was 3 m. As a

�xed system, the water column oscillation movement inside the

chamber was given by the motion of waves causing the water to

enter and exit the bottom opening of the air chamber [130].
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Figure 2.6: Central front and side sections of the Sanze plant [3].

The plant was composed of a caisson with a steel and concrete

assembly with an inclined front wall, a power take-o� unit, and

a control and monitoring room [3]. Either the Wells turbines

had a diameter of 1.400 m and rotated in the same direction.

The turbines were installed with the tandem arrangement at the

opposite sides of the generator to which they were coupled. This

layout allowed to balance the axial thrust on the bearings as the

air�ow reached the turbines from two opposite directions during

both the �ow phases [3].

The electric generator had an average power of 10 kW and it

was embedded with a control system to supply a constant voltage

[3, 131].

The bottom opening of the air chamber had a length of 7 m

and a width of 8 m, resulting in a total area of 56 m2 [3].

The main data measured during the plant operational period
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regarded the sea state, the air chamber parameters in terms of

water column level and air pressure, and the power take-o� pa-

rameters through the turbine rotational speed and the electric

output of the generator [3].

The plant remained operational for six months, during which

the theoretical estimated value of power output was con�rmed

[5, 3]. After this period, the plant was taken out of service [5].

Toftestallen plant

In 1985, the Kvaerner Company, with the collaboration of the

Norwegian Hydrotechnical Laboratory, constructed a shore-�xed

OWC on the west coast of Norway at Toftestallen, located at 40

km in the north-west direction from Bergen [5]. The plant was

integrated into a cli� on the shoreline, where the water depth

was 70 m and it was equipped with a vertical-axis Wells turbine

coupled with a generator rated 500 kW [5, 1]. The structure of

the plant shown in Figure (2.7) was composed of a concrete base

caisson with a steel tower of 10 m of diameter [5]. At the top of

the tower, the air chamber and the power take-o� were installed

[5].
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Figure 2.7: Image of the OWC plant installed at Toftestallen, in
Norway [4].

The system was based on the harbour principle, which relies

on extending the side walls of the air chamber towards the sea

[4]. In the case of the Toftestallen plant, the cli� walls visible

in Figure 2.8 were utilised to obtain this e�ect [5]. As a conse-

quence, the waves were re�ected into the walls of the structure

and ampli�ed, in particular corresponding with the higher values

of period [4]. This allowed achieving an additional resonance fre-

quency, enlarging the operational bandwidth of the device while

keeping limited the dimensions of the structure concerning the

wavelength [4]. A plant able to achieve resonance with two or

more frequencies is called multi-resonant oscillating water col-

umn [4].
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Figure 2.8: Scheme of the central side section of the Toftestallen
wave energy converter [5].

A detailed description of the performance of the plant is not

present in the literature. However, it is reported that the mea-

sured power output was lower than the theoretical values [1].

In 1988, the structure partially collapsed during a severe

storm [5, 1]. Afterwards, the plant was dismissed [141].

Backward Bent Duct Buoy

Masuda and the JAMSTEC proposed the Backward Bent

Duct Buoy (BBDB) concept as an improvement of the Center

Pipe Buoy [6]. Subsequently, also Denmark, Ireland, and China

cooperated in the development of this device. The objectives

were the extension of the operating range of the system on a

wider interval of wave periods, the functioning in a shallow sea

maintaining high conversion e�ciency, and a more stable and

continuous power generation [132]. The advantages of the BBDB

respect to the previous �oating devices were the lower weight and

simplicity and the reduced costs of maintenance [134].

The BBDB of Figure 2.9 was a �oating OWC and it was

conceived for navigational aid.
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Figure 2.9: Scheme of the Backward Bent Duct Buoy [6].

The dimensions were between 2 and 6 m in length, between

2 and 3 m in width and of 2 m in height [134, 135, 142]. The

device comprised a buoyancy chamber and an air chamber with

a bent horizontal duct. The power take-o� was installed at the

top of the air chamber [1]. The system was able to provide a

power output between 5 W and 40 W [135].

Regarding the previous �oating devices, the BBDB wave en-

ergy absorption was achieved from both the heave and pitch

oscillations [5]. Therefore, an underwater bucket was hanged

to the stern to maintain a high e�ciency in a wide operational

bandwidth [131]. For a given air chamber area and wave height,

the BBDB absorbed 3 times the wave power with respect to the

Center Pipe Buoy and 10 times regarding the Kaimei [5]. Several

layouts of the BBDB for navigational aid were tested to �nd an

optimal shape in order to get the maximum e�ciency [142, 143].

The �rst design layout had a box-shaped �oat and duct. Two

versions of this BBDB were proposed, one with an additional

�oat in front of the air chamber and one without it. Both the

models were tested in a water tank test and the former con�gura-

tion had a pressure ratio of 0.28, while the latter had a pressure

ratio of 0.50 in peak. The reason was the greater pitch oscillation
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of the buoy in the absence of the additional �oat. The oscillation

movement allowed the air chamber to ensure a relative seawater

motion inside the chamber and, consequently, a higher e�ciency.

Subsequently, the shape of the duct was changed to a fuselage

form to further increase the system performance [134]. Water

tank tests were conducted mainly by the Japan Ship Research

Institute and sea tests were carried out in the application site

situated near the coast of Yura. In the water tank tests, two

models made of steel were examined: a single fuselage BBDB

with a length of 0.242 m, a width of 0.60 m, and a weight of 350

kg, and a twin-fuselage BBDB with length of 0.242 m, width of

0.199 m, and weight of 550 kg. The former device was equipped

with an impulse turbine, while the latter with a Savonius tur-

bine [134]. Either models reached the maximum air pressure

ratio of around 0.6 corresponding with wave periods between 2

and 2.5 s with a ratio of 1/100 for nozzle and throttle. For the

same conditions, the pressure ratio was about 0.3 for the Cen-

ter Pipe Buoy and between 0.1 and 0.2 for the Kaimei [134]. A

di�erence in conversion e�ciency between the single and twin-

fuselage BBDB con�gurations was not found. Thus, the latter

con�guration provided the double value of power output [134].

The twin-fuselage system had better stability about roll oscil-

lation [134]. Moreover, it was measured that the e�ciency of

energy conversion was enhanced by the presence of moorings as

they allowed greater oscillation movements, promoting energy

absorption [6].

The BBDB with a single fuselage was tested both with the

submerged opening directed towards and backwards regarding

the incident wave. For the aforementioned conditions maximis-

ing pressure ratio, this parameter was estimated to be about 0.6
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for the backward-facing duct and nearly 0.25 for the frontward-

facing duct.

Furthermore, this con�guration required a considerably lower

mooring force with respect to the other �oating devices, as the

water entered the duct opening in the opposite direction of the

incident wave during the downward movement [134].

In the April of 1987, the �rst sea test on the BBDB sys-

tem was performed on a device with a single fuselage (2.4 m

long and 0.6 m wide) with an outrigger, and on a device with a

twin-fuselage (2.4 m long and 2 m wide). The two models for

navigational aid were deployed without underwater weight and

moored at a water depth of 40 m with three anchors each [135].

On the 22nd of April, both models were overturned due to

a high wave of 6.5 m, as their centre of gravity was over the

�oat centre. Subsequently, the stability was increased by adding

another outrigger to the single hull BBDB and increasing the

width between the two �oats of the twin-hull BBDB. In addition,

the weight was raised for both the models in order to lower their

centre of gravity [131, 135].

With these re�nements, the test restarted on the 21st of May

until the 17th of September, when a typhoon with a maximum

wave height of 9 m passed through the test site. Both models did

not encounter major problems, but the registered output of the

twin-fuselage was low, so it was thought that the wave period at

the test site could be longer than expected [135]. Thus, a further

test was planned in order to investigate this aspect.

In 1988, the second sea test of the BBDB with twin-fuselage

structure started on the 12th of March 1988 [135]. The device

was moored in the sea of Mikawa Bay on the Paci�c side of
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Japan. This location is characterised by an average wave period

between 2 and 3 s [135]. It was discovered that the cause of

the low output reached during the �rst test was not the wave

period but a wrong selection of the turbine. In fact, the model

was equipped with a Savonius turbine, having a low e�ciency.

Hence, it was replaced with a mono-valve impulse turbine that

increased the electric output about 3 times, �nally reaching the

expected level. Values of about 60% and 40% were measured for

the turbine and generator e�ciency, respectively [135].

Another problem encountered during the �rst sea test was

the oyster growing inside the air chamber and the duct, which

a�ected the conversion e�ciency. To overcome this problem, the

company Chugoku Paint Limited produced a special anti-fouling

paint called Bioclean. It was not poisonous and rejected the wa-

ter on the surface in order to prevent fouling [133]. The test

ended in July [135].

The main advantages of the BBDB with respect to the pre-

vious �oating devices were the lightweight and the simplicity of

maintenance [134].

Moreover, a scaling up of the device was also considered to

construct a large-scale BBDB for either telemetering and �sh

gathering, or for supplying the local electric grid of coastal cities

and islands [134, 135, 131, 142].

In 1989, the operation of a self-propelled BBDB system was

analysed by McCormick. The device had a length of 35.6 m, a

width of 10 m, and a weight of 500 t [131]. The system was

a variation of the free-�oating BBDB [6]. Part of the energy

converted was utilised to drive a propeller that supplied the re-

quired power for station keeping. The energy needed to propel
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the system was derived from the energy conversion subsystem

[6].

The performance analysis was conducted starting from con-

sidering the internal �uid motion: the power of the air through

the turbine was the result of both the external water pressure act-

ing on the chamber opening, derived from incident wave energy,

and the buoy motions inducted by waves like heave and pitch

oscillations [6]. The maximum energy conversion was achieved

corresponding with a wave period of 8.5 s.

Further analysis of the design of the BBDB determined the

development of a new half-cylinder system, characterised by a

�oating part with a rectangular shape in the front and a half-

cylinder shape in the rear. Liang performed water tank tests in

the July of 1993 on a model with a length of 2.86 m, a width of

2.2 m, and a height of 2.1 m. The model had an air chamber

area of 1.36 m2 and a weight of 2400 kg [142].

Comparing the box shape with the half-cylinder shape, Liang

observed that the former one had a single e�ciency peak, while

the latter had three e�ciency peaks in the heaving period, pitch-

ing period, and duct oscillation period [142]. Subsequently, a

comparison on the e�ciency values was carried out by varying

the ratio between the wavelength and the buoy length for both

structure typologies, considering a wave period of 8 s and a wave

length of 100 m [142]. It was found that for the box shape, the

maximum peak e�ciency was 35% with the length of the buoy

of 25 m [142]. For the cylinder shape, the maximum e�ciency

peak was 80% or 60% corresponding with a length of 25 m or 17

m [142].

The half-cylinder shape increased the e�ciency and also al-

lowed to reduce the material needed for the hull regarding the
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Kaimei [142].

The real scale model of the half-cylinder BBDB was about 10

times larger than the model for the water tank test. Thus, the

dimensions of the boat were 28.34 m in length, 15 m in height,

and 22 m in width, and the air chamber area was 136 m2 [142].

An experimental campaign was carried out on a BBDB with

half-cylinder shape to assess the e�ects of increasing duct exten-

sion. The tests were conducted in a wave tank with a length of

200 m, a width of 6 m, and a depth of 3 m at the Zhangshan

University of Guangzhou, in China. The model with the twin-

fuselage, the half-cylinder, and the half-cylinder with the ex-

tended duct were exposed to the action of waves with the height

of 0.15 m and a variable period. The electric output of the twin-

fuselage BBDB corresponding to waves with a period of 2.5 s was

3 W, while 25 W were obtained with the half-cylinder system for

waves of 2.8 s, and 40 W were reached with the half-cylinder

device with an extended duct for wave of 2.41 s. Both the power

output and the width of the operating range were signi�cantly

increased.

In 1996, a new power take-o� arrangement was tested at the

Trivandrum wave energy plant with the aim of optimising the

system performance [5]. The Wells turbine was replaced with

a self-rectifying impulse turbine with variable-pitch guide vanes

designed by Setoguchi and the generator was substituted with

an induction generator rated 55 kW [8]. The theoretical estima-

tions indicated that the output produced was 2.5 times higher

regarding a Wells turbine for the same incident wave [143].

The rotor of the turbomachine had a diameter 1 m and 30
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blades with a shape similar to that proposed by McCormick

[143]. The inlet and outlet guide vanes had 26 moveable vanes,

able to automatically modify their pitching angle from 15◦ to

60◦ under the action of the air motion [143]. The moveable guide

vanes were linked with bars to ensure their operation [143].

The induction generator was patented by the Heller-Dejulio

Corporation [131]. It generated the same frequency to the grid in

a wide rotational speed range of the turbine, maintaining a good

e�ciency due to the slip ring connecting the capacitor and the

resistor to the rotor circuit [131, 5]. With the use of a resistor,

a capacitor and a reactor coil, the Heller generator was able to

reach an e�ciency of 86% [143].

Sakata plant

In 1989, the Ministry of Transport, under the direction of

Yoshimi Goda, integrated the �xed OWC device of Figure 2.10

into the breakwater for the protection of the Sakata Port in the

west coast of Japan [5, 7].

Figure 2.10: Scheme of the plant of Sakata [7].

The project was conducted with the collaboration of the First

District Port Construction Bureau, Port and Harbor Research

Institute and Coastal Development Institute of Technology. The

construction was completed in summer and the plant became
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operational in winter [7]. The system was equipped with two

monoplane Wells turbines arranged in a tandem con�guration

and coupled with a generator rated 60 kW [144, 7]. Both turbines

had 16 blades and a diameter of 1.337 m and were provided with

37 inlet and outlet guide vanes [144]. The maximum rotational

speed of the generator was 3000 rpm [7]. The plant was conceived

as a research and development project which lasted 5 years [7,

144].

This was the �rst successful plant with the structure inte-

grated into a breakwater [145]. The advantages of this solution

are paramount: simpli�ed maintenance and operation, shared

construction costs, and access for construction. The primary

converter was constituted by a caisson containing �ve air cham-

bers. The caisson was 20 m long, 24.5 m wide, and 12.5 m high,

and the water depth was 11 m [144]. The total air chamber area

was 155 m2 [7]. The caisson was designed considering a signi�-

cant wave height of 10.2 m and a signi�cant wave period of 14.5

s to ensure the strength of the structure [7].

Besides the caisson, the plant was provided with a machine

room and a monitoring room [144]. The machine room was lo-

cated at the centre of the upper part of the rear wall of the caisson

and contained the power take-o� [7]. Moreover, the plant of Fig-

ure 2.11 was provided with a control system using three types

of valves: a butter�y by-pass valve for the air�ow regulation, a

relief valve for the pressure release, and an emergency valve to

cut-o� the �ow if the signi�cant wave height exceeded 5 m [7].
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Figure 2.11: Scheme of the machine room arrangement of the
Sakata plant [7].

The measurement system in the monitoring room acquired

data regarding the wave state (height, period, and direction of

the incident waves), the wave and air pressure to verify the resis-

tance of the structure, the water column level inside the chamber,

and the electric power of the generator and the rotational speed

of the turbine. All the data were sent through a cable to a land

monitoring station for being registered and analysed [7].

The wave monitoring indicated that the average wave direc-

tion was almost perpendicular to the breakwater [7]. The mea-

sured wave power was in a good agreement with the theoretical

estimations. Only slightly higher average values were provided

by the tests due to the refracting and re�ecting e�ects on the in-

cident waves determined by the breakwater caissons surrounding

the plant [7].

A value of 37% was measured for turbine e�ciency. A further

theoretical estimation carried out on the tested system, showed

that a turbine diameter of 2.4 m coupled with a generator rated

200 kW would have increased the energy extraction. The maxi-

mum output was expected for a signi�cant height of 4 m [7].

An initial test on the Sakata plant was conducted until 1991

on the three central air chambers of the system [7]. The objec-
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tives were con�rming the design method of the breakwater cais-

son, verifying the resistance of the chambers, determining the

power conversion e�ciency of the chamber, turbine, and gener-

ator, analysing the method of construction of the breakwater,

and demonstrating the feasibility of utilising the electric power

generated for various purposes [7]. The test was conducted suc-

cessfully and the design method was con�rmed [7].

A second test was planned from the August of 1992 in order

to analyse various systems for the use of the electric generated

power with improvements on the caisson chamber and the tur-

bine [7].

Trivandrum plant

The Ocean Engineering Center, together with the Indian In-

stitute of Technology of Madras, supported by the Department of

Ocean Development and the Government of India, constructed a

bottom-�xed OWC pilot plant for wave energy conversion [8, 5].

The plant of Figure 2.12 was located on the south-west coast

of India close to the Vizhinjam �shing harbour, near Trivandrum,

facing the Arabian Sea. It was called Trivandrum wave energy

plant. The site was chosen for the high wave power density and

the water depth of 10.2 m [8, 146].

The caisson was composed of a bottom platform, 23 m long,

17 m wide, and 3 m high, anchored to the seabed, a rear wall,

two side walls with height of 12 m, and a front lip [8]. The

caisson was closed at the top by a dome that was, in turn, linked

at its top with a duct connecting the air chamber with the power

take-o� system.

The dimensions of the caisson were selected to achieve an

optimal power conversion depending on the predominant wave

that had a signi�cant period of 10 s, and to resist to the action
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of waves with a maximum wave height of 7 m [8].

Figure 2.12: Side section of the Trivandrum plant [8].

The side walls were protruded from the air chamber, follow-

ing the harbour principle previously tested in Norway [146].

The plant was initially equipped with a vertical-axis Wells

turbine coupled with an induction generator. Afterwards, the

system was equipped with two Wells turbines with a rotor diam-

eter of 2 m, an electric generator, an emergency butter�y valve,

and a control system [8].

An initial test was conducted until the end of the December

of 1992 to monitor and evaluate the performance of the system.

It provided encouraging results in agreement with the theoretical

calculation [8].

Islay plant

In 1991, T. J. T. Whittaker of the Queen′s University of

Belfast, with the support of the UK Department of Trade and

Industry, constructed a prototype of a �xed OWC on a natural
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shoreline gully on the Island of Islay, in front of the west coast

of Scotland [12, 5].

The plant was equipped with a horizontal-axis Wells turbine

coupled with a generator rated 75 kW [5, 147]. This facility

was the �rst one with a structure with a caisson constructed on

a shoreline gully in Europe. The aim was to demonstrate the

technical feasibility of the operation of both the structure and

the PTO system located in the marine environment [9].

The selected shoreline gully was sheltered and was not di-

rectly facing the incident waves, reducing the power conversion.

However, the research and test facility provided signi�cant data

for increasing the knowledge on this technology in the real oper-

ation [9]. The data acquired provided useful information for the

future design of the OWC plant in shoreline gullies [5].

The structure illustrated in Figure 2.13 was composed of a

concrete caisson with a width of 5 m installed in a water depth

of 3 m [5, 147]. The caisson had a front wall inclined of 30◦

submerged for 1 m. The length was 9 m and the height 4 m

from the ground level [9]. The average area of the air chamber

was 20 m2 [9]. A horizontal duct connected the chamber with the

PTO located behind the central upper part of the rear wall [5].

A butter�y valve was installed to control the air�ow [9]. The

secondary converter was a Wells turbine with a biplane rotor

with a diameter of 1.2 m without guide vanes [5, 147].
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Figure 2.13: Scheme of the central side section of the Islay Plant
[9].

From the measured data of the sea climate, a database of 53

di�erent sea states characterising the location of the test site area

was obtained, with wave height ranging from 1.5 m to 4.4 m [12].

Furthermore, the model tests showed that the installation of

the plant in a more exposed area would have increased the power

output of even three times [9].

Various arrangements of the PTO were tested during the last

2 year of the operational period and an increase in the output

was observed. After 6 years of operation, the plant was dismissed

[9, 5].

OSPREY

The Ocean Swell Powered Renewable Energy (OSPREY) was

a bottom-�xed OWC device deployed near the coast of Doun-

reay in the north of Scotland [10, 5]. The project was conducted

by the Applied Research and Technology Limited, which sub-

sequently became the Wavegen, the Scottish Hydroelectric, and

the Queen′s University of Belfast. It was supported by the Eu-

ropean program JOULE II and other associations [10].
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The device was designed to supply electricity for the grid,

together with a hybrid system of wind power [5]. The total po-

tential output was rated 2 MW for the wave power and 1.5 MW

for the wind power [10, 5].

The structure of the OSPREY is illustrated in Figure 2.14.

It was composed of a rectangular capture chamber made of steel,

and it was installed on a water depth of 14.5 m. At the sides of

the chamber, two prominent pyramid-shaped hollow structures

�lled with ballast material were positioned to guide the waves

towards the chamber and stabilise the system [10, 5]. The struc-

ture had a width of 20 m and weighted 700 t without the ballast

material [10].

Figure 2.14: Scheme of the OSPREY system [10].

The capture chamber was connected to the PTO system with

two vertical ducts positioned at its top [10]. Every duct was

equipped with two contra-rotating Wells turbines, each coupled

with an induction generator rated 500 kW and a control system

[10].
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A conning tower was designed for being positioned behind the

air chamber. The installation of a wind turbine able to resist the

marine environment was considered [10, 5].

An undersea cable was installed to transmit the electric power

generated to the local grid [10].

Unfortunately, due to �nancial pressure and issues in the de-

sign, a structural failure occurred during the deployment of the

OSPREY [10, 5].

After this event, Wavegen started working on a new design

of the OSPREY in order to overcome the problems encountered

with the �rst project [10, 5]. The new design relied on a struc-

ture mainly in concrete modules to reduce the costs [5]. The

design of the chamber was the same as the �rst project, while

the side stabilisers were substituted by rectangular concrete har-

bour walls [10]. The second version of the OSPREY was never

built in the real scale [5].

Haramachi system

In 1996, the Tohoku Electric Power Company constructed

a prototype of a �xed OWC into the breakwater of the city of

Haramachi, in the Fukushima Prefecture, in Japan.

The prototype was equipped with two impulse turbines ar-

ranged in tandem and coupled to a generator rated 130 kW. The

characteristic of this device was the presence of a water rectify-

ing valve system.

Mighty Whale

In the May of 1996, the JAMSTEC completed the construc-

tion of a prototype of a large �oating OWC device, the Mighty

Whale [11]. The device was a scaled-up and improved version

of the BBDB. However, its working principle was more similar
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to that of a �xed OWC due to the massive structure, and power

absorption was not achieved with heave and pitch oscillations [5].

In fact, the main di�erence with the BBDB was that the bottom

openings of the air chambers faced the incident wave [5].

The device shown in Figure 2.15 was deployed 1.5 km o� the

Gokasho Bay entrance, in the Mie Prefecture, in Japan [11].

Figure 2.15: Rendering of the Mighty whale [11].

The water depth was 40 m and the predominant wave con-

dition at the test site had values of signi�cant height usually

between 0.5 m and 4 m and a period of 6 s [148]. The maximum

wave height registered was 11 m with a period of 15 s [149]. Be-

tween April and September, the region was crossed by typhoons

and low-pressure weather conditions [148].

The structure was made of steel and it had a length of 50 m,

a width of 30 m, and a height of 12 m [11]. The ending part of

the structure consisted of a stabiliser made up by two vertical

�ns connected with a plate to reduce the pitching oscillations

reducing the energy absorption for a large-scale �oating structure

[11, 148].

The prototype was moored with four chains at the front, and

two chains at the rear [11]. Two intermediate weights were at-
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tached on each chain to minimise the motion of the barge [11].

Three air chambers, each with an area of 80 m2 were partially

submerged and located on the front with the bottom openings

facing the wave direction [11, 148].

The buoyancy rooms were located behind the air chambers,

at both sides of the structure and in the rear section [11]. A room

containing the on-board measurement and monitoring system,

and the control system for the power take-o� was located above

the front buoyancy chambers [11]. The WEC shown in Figure

2.16 was provided with tandem Wells turbines with 8 blades and

a rotor diameter of 1.7 m and inlet and outlet guide vanes. The

total power output was rated 110 kW [11].

Figure 2.16: Scheme of the tandem arrangement of the Wells
turbines installed in the Mighty Whale [11].

The control system for the generator consisted of variable-

voltage and variable-frequency regulation for a regenerative break-

ing [11]. Thus, when the angular velocity of the generator was

under the rated speed, the control system applied a �xed torque

control [11]. Instead, when the angular velocity was over the

rated speed, the control system used a weak �eld control [11].

Moreover, a safety-valve system was installed for each turbo-

generator unit to cut-o� the air�ow when the wave height be-
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came dangerous for the system [11].

All the generated electricity was utilised for the on-board

loads and the measurement equipment [11]. The structure was

linked by a telemetry system with an additional onshore mea-

surement and control station, which monitored the parameters

relative to the safety of the device and the status of the equip-

ment [11].

The main parameters measured and analysed by the on-board

station were the atmospheric and sea state, the structure motion

due to waves, the mooring forces, the level of the water column

inside the air chamber, the turbine rotational speed, and the

electric power output of the generator.

In addition to the wave power absorption, the Mighty Whale

had the characteristic of reducing underneath half the height of

a wave with a length that doubled the length of the device [11].

This feature was considered to be useful for various purposes

such as aquiculture [149, 11].

Another innovative aspect of the Mighty Whale was the pos-

sibility to equip the structure with a photovoltaic generation

system, as there was enough space between the side buoyancy

rooms [150]. This was the �rst time that a hybrid generation

system with solar and wave power was tested [150]. The cou-

pling of these two renewable resources was realised to increase

the energy conversion during either periods with good and bad

weather. The photovoltaic equipment consisted of 10 solar panel

sets connected in parallel, each one in turn composed of 18 solar

panels connected in series. The panels were inclined of 20◦ above

the horizon [150].
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The sea test on the Mighty Whale began on the 10th of

September 1998 [11, 148]. A peak of the total e�ciency of about

15% was measured corresponding with a wave period of 6.8 s

[148]. The sea test ended in the March of 2002 when the proto-

type was retired [151].

Pico plant

An oscillating water column plant was installed in a shoreline

gully on the Pico Island in the Azores Archipelago, in Portugal.

The construction of the plant was coordinated by the Instituto

Superior Técnico of Lisbon, with the collaboration of the United

Kingdom and Ireland [152, 153]. The plant supplied about 9%

of the energy demand of the island and was utilised as a research

and development facility until 2018 [152, 154].

The system was equipped with a horizontal-axis Wells turbine

coupled with an induction generator rated 400 kW [153]. The

scheme of the facility is illustrated in Figure 2.17. The project of

the plant was supported by the European program JOULE which

promoted the building of a pilot plant for research studies and

development purposes on wave energy [152]. Another aim of the

project was to demonstrate the feasibility of supplying electricity

to a small grid in a remote location [152, 153]. In particular, this

was the �rst plant to perform this function permanently [153].

Figure 2.17: Scheme of the central side section of the Pico plant.
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Pico Island was chosen as the construction site due the high

wave energy levels, the suitable sea depth, the small tidal range,

the easy access and the closeness to the grid station [152]. More

precisely, the plant was constructed at Cachorro, on the northern

side of Pico Island facing the Atlantic Ocean as the coast was

characterised by several shoreline gullies with almost vertical side

walls, where wave energy is naturally concentrated [152, 153].

The water depth at the test site was 8 m [153]. The data col-

lected about the sea state showed a prevalence of waves with

signi�cant height in a range from 1 m to 3.5 m and signi�cant

periods that ranged from 8 s to 12 s even if in extreme conditions

sea waves can exceed these values [152].

The upper part of the rear wall was provided with a circu-

lar opening connected with a horizontal duct to lead the air�ow

from the chamber to the turbine [153]. Two in-line valves for

safety purposes were positioned inside the duct [153]. One had

a slow mechanism driven by a hydraulic actuator, and it was

utilised for the non-operational periods, and the other had a

faster mechanism driven by a pneumatic actuator to be used

during the operational period [152, 153].

The Wells turbine rotor had 59 �xed guide vanes on both

sides and 8 rotor blades with an outer diameter of 2.3 m. It

could rotate with a velocity range between 700 rpm and 1500

rpm. The generator was modi�ed to allow the operation with a

wide rotational speed range of the turbine in order to increase

and smooth the power output [153]. The e�ciency of the turbine

was estimated to be about 80%.

The plant was equipped with a control and monitoring sys-
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tem working with a programmable logic controller [152]. The

main measured parameters concerning the safe operation of the

equipment were the vibrations in the power take-o�, and the tur-

bine rotational speed [152]. For what concerns the evaluation of

the performance, the measured data were the pressure in the air

chamber, the water column oscillation, and the air�ow through

the duct [152].

The dimensions of the caisson were selected based on theoret-

ical calculations and model tests in order to get resonance with

the prevalent wave for optimising the power absorption [153].

For the �rst time in model testing, the air compressibility in

the chamber was considered by linking the model with an air

reservoir [153].

The conversion e�ciency from wave power into air power was

estimated with a model based on the linear water wave theory,

employing data from tank tests with irregular waves [153]. With

a boundary element method, the structure, the seabed, and the

cli� walls were recreated [153]. The data about the site were

collected during a bathymetric survey by a team of the Hydro-

graphic Institute of the Portuguese Navy in 1978 [153]. From

this model, the hydrodynamic coe�cients were obtained [153].

A model simulating the energy conversion of the Wells tur-

bine and the generator was applied to estimate the conversion

e�ciency from air power to electric power [153]. This model

utilised the data of the aerodynamic performance of the turbine

obtained from a previous laboratory test realised on a prototype

[153]. The model simulated the control system and included the

mechanical losses of the turbine and both the mechanical and

electrical losses of the generator [153]. The simulations were
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conducted using a series of 44 representative sea states previ-

ously measured for the application site [153]. In addition, in

order to optimise the conversion, the results were obtained using

di�erent damping coe�cients and rated values of turbine power

[153]. Finally, a team of the Instituto Superior Técnico of Lisbon

de�ned the turbine parameters for its realisation performed by

Wavegen [152].

One of the major di�culties encountered in this project was

the construction [153]. To limit the expenses, local contractors

were hired and, due to the lack of experience with this sort of

plant in a harsh marine environment, the construction took al-

most three years [153]. Issues with the realisation of the con-

crete underwater part of the structure heavily a�ected the plant

strength during all its lifetime [153]. The remoteness of the plant

and the marine conditions created di�culties in maintenance and

increased the related costs [155].

Moreover, the excessive vibrations of the power take-o� sup-

port and the stator vanes, which were not enough resistant, and

the leakage of the lubricating system of the turbine bearings cre-

ated operational problems [155].

The plant had to stop its operation shortly after the com-

missioning due to mechanical problems and water in�ltrations,

derived from not su�cient isolation of the PTO covering, that

damaged the electrical equipment [152, 155]. The plant remained

non-operational for 5 years due to a lack of funds for repair op-

erations. For the same reason, no maintenance was done during

this period. This contributed to accelerating the plant deterio-

ration [152].

The Pico plant was re-activated in 2005 after a recovery
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project, supported by the PRIME program of the Portuguese

Innovation Agency, that was conducted by the Portuguese Wave

Energy Center [152].

The main adjustments were the substitution of all the elec-

trical equipment and the reparation of the damaged mechanical

parts as the valve actuators, the lubrication system of the tur-

bine bearings, and the supports for the structure and the tur-

bine, which were even reinforced [152]. The upper opening of

the turbo-generator group was adequately isolated [155].

Furthermore, a relief valve, provided in the original project

but not equipped at the initial commissioning, was installed on

a square opening on the chamber roof to release the air pressure

in extreme weather conditions [152, 153].

A test was programmed from September 2005 to the end

of October 2006 [152]. Since the vibration problems persisted

despite the intervention, the turbine rotational speed was kept

under 1200 rpm to avoid another interruption of the plant op-

eration. This value was lower than the optimal design speed of

1500 rpm. Therefore, the aim of the test became to try di�erent

control methods for the generator and di�erent valve positions

to analyse their e�ectiveness [152]. This initial phase ended only

after three months for maintenance as the stator vanes on the

atmospheric side were damaged by the excessive pressure caused

by the stall of the turbine [152].

In the May of 2006, the test on the Pico plant was planned to

restart after removing the damaged row of guide vanes [152]. The

test was conducted with only a row of guide vanes on the cham-

ber side [152]. The target was testing di�erent control strategies

for various sea states in order to analyse the response of the sys-

tem [152]. Actually, the test started in July due to problems
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with the electrical equipment [152]. In addition, in that period,

the sea was exceptionally calm and useful data were acquired

only at the beginning of September [152]. However, by the end

of that month, the plant operation was interrupted for mainte-

nance due to the degradation of the bearings [152]. Therefore,

the data acquired were not su�cient to conduct an appropriate

analysis about the functioning of the plant with only one row of

guide vanes [152]. In general, it was observed that with guide

vanes positioned only on the chamber side the noise produced

in stall conditions was consistently reduced [152]. This is due

to the separated �ow at the turbine blades resulting in a highly

turbulent �ow impacting the downstream guide vanes [152].

In the October of 2006, a new row of guide vanes was in-

stalled on the atmospheric side and all the bearings were replaced

[152]. However, since the project ended at the end of October,

not enough data were achieved [152]. During this last test, the

rotational speed was kept under 1000 rpm and a consistent re-

duction of vibrations was observed [152]. Thus, it was necessary

to redesign the turbine and the bearing support for solving the

problem of vibrations to allow the optimal operation [152].

From the experimental campaigns carried out, it was ob-

served that the air�ow through the duct was uniform due to

the con�guration of the duct. This was an important feature for

reaching a high e�ciency with a wide operational range of the

turbine [152].

The velocity �eld through the turbine was uniform for both

the in�ow and out�ow phases, allowing an e�cient turbine op-

eration and delaying stall conditions. In addition, the inertia

of the turbine contributed to smooth the electric power output



Chapter 2: Rationale 70

[152].

Since the design of the duct was correct, the equipment worked

as predicted in theoretical calculation and model tests [152].

However, due to the non-linear behaviour of waves in shallow wa-

ter, the crests were more concentrated and brief than the troughs

and produced a faster out�ow regarding the in�ow. This aspect

may cause the turbine stall and should be avoided [155]. The

relief valve turned out to be reliable and e�cient in reducing the

onset of stall conditions and the consequent degradation of the

mechanical equipment, but the fatigue remained an issue. For

facing the stall issues of the Wells turbine, an innovative system

for varying the pitch angle of the rotor blades that worked with

eddy currents was patented and constructed. The turbine had a

rotor with 15 blades and an outer diameter of 1.7 m. However,

due to lack of funds, the new turbine could not be transported

and installed in the plant [152].

The e�ective hydrodynamics of the chamber was estimated

with good agreement by the theoretical modelling. Moreover,

the control methods performed e�ciently [152].

On the 17th of April of 2018, a strong sea storm caused a

partial collapse of the structure. This led to the decision of def-

initely closing the plant [153].

LIMPET

In the September of 2000, the Land Installed Marine Powered

Energy Transformer (LIMPET) plant based on the oscillating

water column technology was constructed in a shoreline-gully on

the west coast of the Island of Islay, in the United Kingdom. The

project was supported by the European program JOULE III and

it was carried on under the direction of the Queen′s University
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of Belfast with the collaboration of Wavegen Limited, Charles

Brand, and the Instituto Superior Técnico of Lisbon [12]. The

plant illustrated in Figure 2.18 was rated 500 kW and was the

improvement of the previous prototype with 75 kW of power

[12]. The system had the double purpose of research and devel-

opment facility and of supplying the electric output to the local

grid [12]. The operational period of the LIMPET brought sig-

ni�cant knowledge for the future applications [12].

The structure was built almost completely on-site and the

gully was arti�cial made [12]. The aim of this design method

was to manage to create a process that could be repeated for

building modular units [156].

Figure 2.18: Scheme of the LIMPET plant [12].

The plant was composed of a rectangular concrete caisson of

width equal to 21 m with an inclined front wall with a total area

of 170 m2 at the bottom opening. The front wall was conceived

to resist an external pressure of 6 bar and an internal pressure

of 1 bar.

Several improvements were made regarding the prototype of

the system. The transversal area of the air chamber opening

was subdivided into three square sections with a side of 6 m to



Chapter 2: Rationale 72

form three di�erent oscillating water columns. The sections were

divided from each other by two diaphragm walls going all along

the caisson [12]. At the horizontal section level, each diaphragm

was provided with a connection to uniform the pressure of the

three chambers when opened. The possibility of closing the con-

nection allowed to isolate the chambers to test di�erent PTO

systems at the same time [12]. The diaphragms also had two ad-

ditional functions: contributing to the support of the structure,

maintaining a restrained thickness of the upper wall and min-

imising the transverse wave excitation inside the chamber that

could reduce wave power absorption [12].

On the top wall of two of the three air chambers, two open-

ings, each one with area of 1 m2, were positioned to insert two

relief valves. Indeed, theoretical studies indicated that a relief

valve within the main control system could improve the total

conversion e�ciency of the plant. However, during the earlier

operational period, both the openings for the relief valves were

kept closed [12].

The front and bottom walls of the air chamber were inclined

of 40◦ to facilitate the water entry and minimise the power losses

[12]. Moreover, a front lip at the bottom opening of the air cham-

ber, together with the inclined walls, contributed to decreasing

the turbulence at the entrance and the resulting internal slosh-

ing, which decreased wave power absorption [12]. The front lip

was downwards inclined of 60◦ above the horizon to reduce the

entrance opening for creating a delay between the phases of the

inside and the outside water levels. This ensures a continuous

out�ow of the water from the chamber [12].

A wave breaker located on the middle of the front wall limited

the quantity of water that surmounted the caisson. Even if some
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waves were able to override the wave breaker, their power was

signi�cantly reduced [12].

The bottom wall of the caisson ended at its top with a hori-

zontal section to prevent the entrance of the seawater inside the

duct embedding the PTO system [12]. Apposite blocks were po-

sitioned corresponding with this section to limit the water �ow.

In the unlikely event that the water column raised over the sec-

tion level, there was still a height gap of 5 m for reaching the

duct [12, 156].

On the upper part of the vertical rear wall, two circular open-

ings connected the chamber with the PTO through a horizontal

duct [12]. The duct was composed of an initial part with a length

of 1.3 m and a bigger part with a length of 2.6 m. A butter�y

valve was positioned after the �rst part and a radial vane valve

after the second. The �ow was guided to the valve through an

annular ring embedded with an elliptical nose cone. The two

valves had a di�erent functioning mechanism and structure to

avoid their failure at the same time and in the same manner.

Their role was to reduce or even cut o� the air�ow in the event

of harsh weather conditions or for maintenance [12, 156].

The power take-o� units were disposed in line with the ra-

dial vane valve. The system was equipped with two identical

horizontal-axis Wells turbines with 7 rotor blades and an ex-

ternal diameter of 2.6 m, mounted back-to-back to achieve a

contra-rotating arrangement. Each turbine was coupled with

an induction generator rated 250 kW, providing a total potential

output of 500 kW. The PTO units were followed by a bell-mouth

duct air discharge to reduce the sound produced by the air�ow

crossing the turbines [12, 157].

During the early operational period, only one opening was

provided with a PTO system, while the other one was closed
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[12].

The plant was equipped with the main control and moni-

toring system connected to a data logger and managed by an

algorithm developed by Wavegen [12]. A signi�cant innovation

was the installation of 4 video cameras connected via LAN to a

video server in order to monitor the water column oscillations

and sea conditions [12]. Both the data logger and the video

server were located in an facility positioned at a distance of 20

m from the main structure of the plant [12].

The control algorithm sent the torque request signal to the

inverter driving each generator in order to regulate and smooth

the power output [12]. The torque was set in a range between a

maximum and a minimum value based on the turbine rotational

speed. The algorithm provided a di�erent signal to each genera-

tor independently. The algorithm even controlled the positioning

of the valve as a function of the rotational speed [12].

Other functions managed by the Wavegen algorithm deter-

mined the safety of operation of the system, and controlled the

operation of the machines [12].

The Queen′s University of Belfast patented the pressure trans-

ducers located on the seabed near the bottom opening of the

chamber and inside the lower end of the diaphragm walls of the

chamber. The transducers were connected with the monitoring

system and measured the �uctuations with respect to a pre-set

static head of the water above the installation point [12].

The innovation of these transducers was the possibility of

deployment on the seabed near the bottom caisson opening, al-

lowing more precise measurement of the sea state for monitoring

purposes.
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During the initial monitoring of the plant, until 2002, the

power output measured was signi�cantly lower regarding the ini-

tial theoretical estimations for various aspects [12]. First of all,

the expected output was determined using the data set of 53

representative sea states gained from the operation of the Islay

plant and the data of a previous bathymetric survey regarding

the water depth and seabed characteristics [12]. However, the

exposition of the two sites was considerably di�erent. Moreover,

the seabed and the water level changed during the years regard-

ing the �rst survey [12]. The water level decreased by 1 m and

the 1:25 inclination of the seabed, which was considered starting

at the cli� bottom, actually started at a distance of 60 m from it

[12]. From a new wave tank test conducted by Wavegen in the

light of the updated data, this resulted in a signi�cant reduction

of power output [12, 156]. Indeed, when the water depth de-

creases, the friction between the seabed and the wave increases,

reducing wave power.

Another aspect that contributed to the low power output was

the layout of the caisson [12]. Indeed, in the tank tests, the side

walls of the model had a �are angle of 12.5◦, while the real-scale

prototype was constructed with straight side walls to simplify its

realisation, causing the reduction of the wave power absorption

[12].

These aspects determined the decrease of about 40% of the

power output [12].

Even the model used to estimate the performance of the tur-

bine was not su�ciently accurate for the design purposes [156].

In fact, the estimated values were obtained from a test conducted

by the Instituto Superior Técnico of Lisbon on a turbine model
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of 0.6 m of rotor diameter subject to a unidirectional steady �ow

[156]. However, the �ow through the contra-rotating turbine

was characterised by strong unsteadiness that was not modelled

[156]. In addition, a study on the duct for the discharge of the

air indicated that the inward �ow through the duct was not cor-

rectly distributed. For these two reasons, the stall conditions

were anticipated, and the operational bandwidth of the turbine

was consequently reduced [156].

From this analysis, it was concluded that the monoplane and

biplane con�gurations of the Wells turbine, for which the steady

model was suitable, performed better than the contra-rotating

con�guration in terms of power output. Moreover, the former

machines would require a simpler structure, a smaller space, and

a single generator instead of two [157]. These considerations in-

dicated the need for developing a model theory also considering

the unsteady �ow conditions within a contra-rotating Wells tur-

bine to improve its design [157].

The plant structure proved to be safe and no signi�cant prob-

lems occurred. All the measurement equipment operated reliably

[12].

Zelhang plant

In the February of 2001, a shore-�xed oscillating water col-

umn system with rate power 100 kW was installed close to the

town of Zelhang, in the Shanwei City of the Guangdong Province,

in China [158]. The project was supported by the National Key

Technologies Research and Development Program of China.

The PTO system equipped on the plant consisted of a self-

rectifying turbine coupled with an asynchronous generator. The
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maximum output was reached for a signi�cant wave height of 1.5

m [158].

The Zelhang plant was the �rst large-scale OWC connected

to the grid in China [158]. The plant supplied the generated elec-

tricity to the local grid for more than 2 years, demonstrating the

capability of this renewable energy technology of contributing to

energy demand [158].

Port Kembla plant

In 2005, the Australian Company Energetech, which after be-

came the Oceanlinx, deployed a full-scale prototype of a bottom-

standing OWC plant at a distance of 200 m from the breakwater

of Port Kembla, in Australia [1].

The structure was made of steel and it was anchored to the

seabed. It had a length of 36 m and a width of 35 m with a

weight of 485 t. The distinctive characteristic of the structure of

this system was the use of a parabolic-shaped collector in front of

the chamber for amplifying the incident waves to enhance power

conversion from waves with low energy [1].

The annual energy conversion of the plant was estimated of

around 500 MWh and the system was planned to be connected to

the grid with a 11 kV cable. It was equipped with a Denniss-Auld

turbine with 21 blades, characterised by low rotational speed and

high torque. Part of the electric power provided was utilised for

water desalination on-board [159].

The plant remained operational until 2010, when the rough

sea conditions broke the moorings and caused the collision of the
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device on the breakwater.

LEANCON

In 2007, the LEANCON system was patented in Denmark by

the homonym company LEANCON Wave Energy using a multi-

chamber �oating structure [160, 13]. The device illustrated in

Figure 2.19 had an innovative V-shape provided by two �oating

beams set with an angle of 80◦ between them [161]. The full-

scale prototype was planned to be 240 m wide with eight turbine-

generator units equipped for a total installed capacity of 4 MW

[161].

Figure 2.19: Prototype with scale 1:10 of the LEANCON [13].

Under each beam, two rows of cylindrical air chambers were

installed with downward inclination to face the wave direction

for decreasing the impact of the waves on the structure [161, 13].

Each chamber communicated through two rectifying valves with

a high-pressure and a low-pressure duct crossing each beam [13].

One or more PTO systems could be installed between the

two ducts. Since the air�ow was made unidirectional by the rec-

tifying system, the application of impulse turbines demonstrated

to be a suitable solution [160, 13].

The distinctive structure of the system and the presence of
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several chambers fostered the balancing of the vertical forces due

to the heave oscillations [160]. This happens as the air is com-

pressed in some chambers and expanded in the others when the

wave passes under the structure [160]. Consequently, the weight

of the structure can be reduced. This allowed the structure to

follow the movements of the sea waves even in harsh conditions

by changing the settings of some relief valves. Therefore, the

structure was not exposed to high loads, reducing the costs of

manufacturing and maintenance.

For its peculiar shape, the working principle of the LEAN-

CON was a mixture between an attenuator and a terminator [13].

After that several tests were carried out by the LEANCON

company in a wave �ume tank to develop an optimal structure, a

6 m wide prototype with a 1:40 scale was constructed. From the

water tank test emerged that the drift of the structure largely

in�uences the conversion e�ciency, requiring further tests [161].

Thus, a model with 15.7 m of length, 8.5 m of width, and 1.5 m

of depth was tested even in the wave tank of the Hydraulics and

Coastal Engineers Laboratory of the Aalborg University, con-

�rming the validity of the working principle [161]. Subsequently,

a sea test was conducted in the fall of 2007.

In 2015, with the support of the Danish electricity operator

Energinet, a 1:10 scale model with a width of 24 m was built

and deployed in the sea to determine the loads and verify energy

production.

OE Buoy

The OE Buoy, a prototype of a �oating OWC, was deployed

and tested by Ocean Energy company in the Galway Bay, in
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Ireland. The system illustrated in Figure 2.20 was a prototype

with a 1:4 scale of the half-cylinder BBDB with the extended

duct. The device had a width of 6 m and a length of 12 m, and

operated in a water depth of 20 m [1].

Figure 2.20: Image of the OE Bouy operating in the Galway Bay,
in Ireland [1].

The system was installed in 2007, and it was tested until 2011

[1]. During the test, the device was �rst equipped with a Wells

turbine, with the support of the FP7 CORES project, and later

with a self-rectifying impulse turbine [1].

Before the deployment, the OE buoy was tested in controlled

conditions during three phases.

In the �rst phase, a 1:50 scale model was tested at the Hy-

draulics and Maritime Research Centre of the University College

of Cork. The aim of this test was to optimise the hull con�gu-

ration in order to maximise the power output. The model was

tested under wave conditions that simulated the site selected for

the installation.

In the second phase, experiments were performed on a 1:15

scale model in the wave basin of the Ecole Centrale de Nantes,

in France. During this test, the theoretical estimations were
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con�rmed.

In the third phase, a 1:4 scale model was tested in the har-

bour of Cork. This test con�rmed the stability, reliability, and

safety of the device in real sea conditions [1].

Seabreath

In 2008, a multi-chamber �oating OWC, named Seabreath,

was patented by L. Rubino and it was developed at the Univer-

sity of Padova, in Italy, with the support of the Merighi Group

[14].

Small-scale prototypes of the device were planned to be de-

ployed and tested in the Mediterranean Sea close to Formia,

Salerno, Riccione, and Civitavecchia [14]. Since the Mediter-

ranean Sea is not characterised by high-energy waves, it is suit-

able for testing in the real sea small devices with a maximum

rate of 10-20 kW to acquire data for building a larger prototype

in a second development stage [14].

The expected power output of the Seabreath was 850 kW for

a prototype with a length of 120 m, a width of 24 m, and a height

of 20 m, to be installed in a more energetic sea [14].

The Seabreath was a wave attenuator device and had a struc-

ture with the form of a ship, with the elongated part aligned with

the wave direction [14]. The device was moored with a system

that allowed to maintain this position even when the direction

of wave changed [162]. The structure illustrated in Figure 2.21

comprised several rectangular aligned chambers, opened at the

action of the incident waves [14].
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Figure 2.21: Scheme of the working principle of the Seabreath
[14].

Each air chamber was connected at its top to a high-pressure

duct and a low-pressure duct through a rectifying valve system

[14]. The waves passed through each chamber with a little delay

ensuring a uniform �ow through the ducts [14]. The internal

air�ow communicated with the atmosphere through a relief valve

[14]. This innovative feature enabled a better performance of the

device, in particular with high waves [14].

When the air inside the chamber was compressed by the water

motion, it entered the high-pressure duct. Conversely, when the

air inside the chamber was expanded, an air�ow crossed the low-

pressure duct from the outside towards the chamber [14]. In this

way, the sense of the air�ow in the two ducts was constant [14].

The PTO was located between the two ducts in the rear of

the structure [14].

Model tests were performed between 2009 and 2010 in the

water tank of the University of Padova, which had a length of

36 m, a width of 1 m, and a height of 1.4 m. The water depth

was 0.735 m and the maximum value of signi�cant wave height

tested was 0.25 [14].

The two models tested had a length of 1.5 m, a width of

0.3 m, and a height of 0.25 m, and comprised four equal air

chambers [14]. The experiments were performed under regular
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and irregular waves [14].

The air chambers of one model were opened at the top and

the model was �xed in order to capture the water column vertical

oscillations [14]. The other model had the air chambers closed at

the top and was equipped with a butter�y valve mimicking the

PTO system in order to analyse the e�ciency of power conversion

and measure the pressure inside the air chamber and the duct.

The model was tested both with �oating and �xed con�gurations

[14].

It was found that the maximum e�ciency of the system is

achieved when the length of the wave and the device are equiv-

alent [14]. When the wave is too long, the device was subject

to large heave oscillations reducing e�ciency. Conversely, if the

length of the waves is too short, the troughs and peaks in a single

air chamber are equal, hindering energy conversion [163].

Even if the tested waves were considerably di�erent from the

real sea conditions and both the duct and valve of the model

were too small, resulting in a low conversion e�ciency, a corre-

lation between the incident wave height and the water column

oscillation was found, allowing to simulate the air�ow through

the PTO system [14].

Subsequently, a design with a duct 2.5 times larger and valves

opened along the whole chamber length was proposed [14]. The

e�ciency of this device was assessed and utilised to simulate the

performance under the wave conditions o� the coast of Riccione,

in Italy. The estimated average power was 6.6 kW [14].

U-GEN

In 2010, S. Ribeiro e Silva patented the U-GEN concept,

an innovative �oating OWC system, after a preliminary study
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conducted on a small-scale model in the wave tank of the French

Research Institute for Sea Exploitation of Brest, in France [15].

This study, together with numerical simulations, proved the

feasibility of the device to produce electricity [164]. The device

was then developed at the Instituto Superior Técnico of Lisbon

with the support of the WavEC O�shore Renewables company

[164].

The U-GEN consisted of an asymmetric �oat embedding a

U-shaped tank partially �lled with water [15]. The dimensions

of the �oat were 31 m in length, 19 m in width, and 5 m in

height, as illustrated in Figure 2.22. The sides of the U-tank

were connected at the top with two ducts converging in the PTO

system and generating a circular air�ow [15].

Figure 2.22: Structure of the U-GEN device [15].

The device was planned to be equipped with a Wells turbine

rated 500 kW [15]. The aim was the development of a suitable

design for its commercialisation through the deployment of 40

U-GEN devices arranged in a farm with a power potential of 20

MW [164].

The innovation of this device was the working principle. In-

deed, there was no direct contact between the waves and the
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oscillating water column in the U-tank since it was enclosed into

the �oat. In this way, the oscillating movement of the water col-

umn was determined only by the roll and heave oscillations of

the �oat caused by wave motion. The former oscillations pro-

vided the major contribution [15].

An analysis of the best-suited geometry and typology of PTO

was performed to optimise the device by reducing the ratio be-

tween costs and energy conversion. A numerical model was de-

veloped for this purpose [15]. The model showed three peaks of

e�ciency related to the oscillation periods of the U-tank and to

the heave and roll motions [164].

The quantity of water �lled in the U-tank modi�ed the total

mass of the oscillating water. In this way, the natural oscilla-

tion period of the device can be regulated to maximise energy

absorption [164]. However, the natural oscillation period of the

U-tank needed to be smaller than the characteristic wave period

of the site and the roll period to avoid the anti-roll stabilisation

e�ect that would reset energy absorption [164].

In 2013, a �oating structure with an enclosed oscillating water

column, named UGEN, was theoretically analysed. The move-

ment of the water column was obtained through the pitch oscil-

lations. The device consisted of a cylindrical �oat free to pitch

about an axis below its center. An enclosed annular tank with

internal-shaped walls was partially �lled with water for trapping

the air below the water surface. With the pitching of the �oat,

the water inside the tank achieved a sloshing movement forcing

the air through an air turbine.

Oceanlinx MK3
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In the February of 2010, the MK3 prototype of a multi-

chamber �oating OWC system shown in Figure 2.23 was con-

structed and deployed by the Oceanlinx about 100 m o� the

breakwater of the Port Kembla, in Australia [1].

Figure 2.23: Image of the Oceanlinx MK3 system [1].

The device was a 1:3 scale model with 8 air chambers, each

one coupled with a power take-o�. During the tests, only two

di�erent turbines were equipped on the prototype: a Dennis-

Auld turbine and a Hydroair turbine [1].

The power output of the full-scale system was estimated to

be 2.5 MW [1]. The MK3 was successfully connected to the grid

from March to May. In this month, the system broke o� from

the anchoring pylons and sank due to harsh sea conditions [1].

Mutriku plant

In July of 2011, a multi-chamber OWC system was integrated

into the breakwater of the port of Mutriku, in Spain, as visible

in Figure 2.24.
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Figure 2.24: Image of the breakwater of the port of Mutriku
embedding the multi-chamber OWC system [16].

The project was conducted within the European project M-

OWC of the Sixth Framework Programme NERIDA that in-

volved Spain, United Kingdom through the Wavegen company,

and Greece, and it was supported by the Basque Energy Board

[130, 16]. The aims were building and testing a research system

to achieve experimental data under real wave conditions for eval-

uating the possibilities of commercialisation of the technology.

The Mutriku plant was the �rst European multi-chamber sys-

tem with multiple turbines, integrated into a breakwater and

connected to the grid [16].

The representative sea conditions measured in the application

site ranged from 0.88 m to 3.20 m in wave height and between

5.5 s and 12.5 s in wave period [165].

The whole structure is 440 m long and it is composed of 16

rectangular vertical caissons made of concrete layers, each one

coupled with a PTO system. The caissons have a length of 3.1

m, a width of 4.3 m, and a height of 7.45 m regarding the still

water level [16, 166].

Initially, the secondary converter was constituted by 16 bi-
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plane Wells turbines with a vertical axis. Each turbine had a

diameter of 0.5 m and it was composed of two rotors with �ve

blades and provided with �xed inlet and outlet guide vanes. Ev-

ery turbine was coupled with an induction generator rated 18.5

kW, leading to a total available power output of 296 kW for the

entire system [16, 167]. The duct of a single PTO had a height

of 2.83 m and a maximum width of 1.25 m [167].

The turbine, the generator, and a butter�y valve composed

each PTO system. The valve controlled the air�ow to cut it o�

in case of extreme wave conditions.

The Mutriku plant provided the opportunity of studying the

interaction of multiple caisson units and the complexity of a mul-

tiple control [130]. Indeed, an e�cient control method of the

turbo-generator unit could avoid the need for safety valves re-

ducing the cost of installation and improving the reliability and

the time response of the plant [168].

Various new control methods were implemented and com-

pared to the proportional integral derivative control method ini-

tially applied at the Mutriku plant [169]. The methods demon-

strated to be both e�cient and e�ective in avoiding the stall of

the turbine, enhancing the absorption of wave energy and its

conversion to the electric grid [169].

The Mutriku plant was able to provide the household elec-

tricity of about 100 domestic units of approximately 0.6 MWh

each year.

During a strong storm in December 2011, four air chambers

were severely damaged and until March 2012 the plant did not

return operational citeHeras2013. In 2017, a disruptive storm

occurred and produced signi�cant damages to the plant. Af-
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ter this event, 14 chambers were restored and one of them was

utilised to test an impulse biradial turbine.

From the April to July of 2017, an impulse biradial turbine

was planned to be tested under the European OPERA program

[166]. Theoretical investigations were performed using a new nu-

merical model developed for the Mutriku plant to compare the

biradial turbine to the Wells turbine [166]. The results showed

that the former turbine produced a slightly higher energy con-

version regarding the latter, even if it was not optimised for the

Mutriku plant but for the Marmok-A-5 device. In addition, the

biradial turbine rotated at about half of the rotational speed of

the Wells for the same sea state. This had positive e�ects on the

coupled operation with the o�-the-shelf generators [166]. The

peak e�ciency measured for the biradial turbine was about 70%

[170].

Spar Buoy

In 2012, the Spar Buoy illustrated in Figure 2.25 was realised

and tested by the National Renewable Energy Centre (NAREC)

of Blyth, in the United Kingdom. The device was a 1:16 proto-

type of an OWC spar-buoy and it had a diameter of 1 m and a

draft of 3 m.
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Figure 2.25: Image of the prototype of the Spar Buoy [17].

The device was equipped with a turbine simulator, and it was

tested under regular and irregular waves in the NAREC large-

scale wave �ume with length 60 m, width 5.2 m, and height 7.1

m [17].

The Spar-buoy was an axisymmetric device insensitive to the

wave direction [17]. As the previous Center Pipe Buoy, it con-

sisted of a submerged centre pipe attached to a �oat that moved

vertically with the heave oscillation determined by sea waves

[17]. The innovation of the Spar-buoy was the non-uniform cross-

section of the tube [17]. The volume of the oscillating water

column should have the same order of magnitude of the water

volume displaced by the �oat to ensure an e�cient operation of

the device [171]. Thus, the design of an enlarged inner diameter

of the lower part of the tube reduced the optimal length needed

[171].

The device was previously tested with a 1:150 scale in the

wave �ume of the Instituto Superior Técnico of Lisbon (20 m x

0.7 m x 0.5 m) and with a 1:35 scale in the wave tank of the

Faculty of Engineering of the University of Porto (28 m x 12 m
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x 1 m). The model was made of steel plates, apart from the

enlarged lower part, which was made of concrete [17]. The lower

part was also provided with a removable ballast module to ad-

just the weight during the tests [17].

GreenWave

On the 25th of the October of 2013, a new type of bottom-

standing OWC, the GreenWave, was deployed at Port Adelaide,

in Australia. The device was constructed by the wave energy

company Oceanlinx. The plant project was supported by the

Emerging Renewable Program of the Australian Renewable En-

ergy Agency.

The total available power was 1 MW and the plant was de-

signed to be connected to the grid, supplying about 1000 houses.

A further scale-up of the system was considered for reaching the

power output of 10 MW in case of success of the test conducted

for one year.

The structure illustrated in Figure 2.26 was made of concrete

and it was placed directly on the seabed at a water depth of 10

m. Since the WEC weighted 3000 t, an anchoring system was

not necessary.

Figure 2.26: Scheme of the working principle of the GreenWave
system.

The access for maintenance was promoted by a platform po-
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sitioned over the sea level to access the powerhouse.

During the transport of the plant from Port Adelaide to Port

MacDonnell on March 2 of 2014, the device sunk.

V-shape system

In 2013, a theoretical and wave tank test on a �oating device

with a V-shaped structure was presented. The system applied

the working principle of the LEANCON device [18].

Experiments were conducted on a 1:50 scale model in the

large oceanic basin of the Hydraulics and Maritime Research

Centre of the Cork College University, in Ireland. The device

was constituted by two long beams positioned at 90◦ from each

other. Three rigid supports were provided between the beams

to assure structural stability in harsh sea conditions. The device

shown in Figure 2.27 embedded 32 OWC curved chambers with

side openings located externally under the beams.

Figure 2.27: Scheme of the structure of the V-shape system [18].

Compressible volume device

In 2014, an axisymmetric device based on compressible vol-

umes was presented [19]. The system was constituted by a large
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box with an internal tube, both partially �lled with air [19].

The two components were connected through the oscillating wa-

ter column, as visible in Figure 2.28. The enclosed volume of air

V2 was connected with the atmosphere through the PTO system.

The oscillating water column movement was given by two side-

moving surfaces, which can be �exible membranes, interposed

between the air volume V1 and the seawater. The oscillation of

the moving surfaces caused by waves, compressed and expanded

the air volume V1. This caused the motion of the water column,

which compressed and expanded the air volume V2, driving the

air turbine.

Figure 2.28: Scheme of the working principle of the OWC wave
energy device with compressible volumes [19].

The system could be designed either with �xed or �oating

con�gurations. The air volume required was larger for the bottom-

�xed version, which was able to operate in a wider frequency



Chapter 2: Rationale 94

range regarding the �oating version.

Resonant Wave Energy Converter

In 2015, a new typology of multi-chamber OWC, named Res-

onant Wave Energy Converter (REWEC3), was integrated into

the breakwater of the port of Civitavecchia, in Italy, as shown

in Figure 2.29. The REWEC3 was the �rst multi-chamber plant

integrated into a breakwater in the Mediterranean Sea and the

biggest in the world [20].

Figure 2.29: Image of the REWEC3 installation into the break-
water of the port of Civitavecchia [20].

The device was patented by P. Boccotti and it was also called

U-OWC due to its innovative caisson layout [20, 172]. Indeed,

the plant consisted of a caisson with an added front vertical wall

that created a U-shaped duct for the air chamber [20]. In this

way, the oscillating water column oscillation was given by the

pressure �uctuations of the water at the top of the vertical duct

[173].

Boccotti previously tested two small-scale models at the Nat-

ural Ocean Engineering Laboratory of Reggio Calabria o� the

east coast of the Strait of Messina to prove the feasibility of

the device and to study its hydrodynamic behaviour [173]. The

U-OWC markedly increased the primary conversion e�ciency re-
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garding a standard OWC for two main reasons [20]. The �rst

reason is that the added vertical wall allowed the plant to reach

the resonance in a wider range of values of natural oscillation

period, enhancing the performance with high waves [20]. The

second reason is that the entrance with vertical walls increased

the pressure �uctuation with positive e�ects on performance even

with small waves [20].

The external chambers had a 3.72 m width, while the internal

chambers had a 3.87 m width along the caisson [172]. An indi-

vidual unit of the REWEC3 was composed by a caisson with a

base with a length of 22.7 m divided into 8 single chambers [172].

Since 17 caissons were installed, the total number of chambers

was 136 for a total potential output of 2.7 MW [172]. How-

ever, only one chamber was equipped with a Wells turbine with

a diameter of 0.738 m coupled to a generator rated 20 kW. The

completed unit was tested in the summer of 2016.

Jeju Island plant

The bottom-standing OWC plant of Figure 2.30 was con-

structed and installed 1 km o� the Yongsoo coast of Jeju Island,

in South Korea [1].
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Figure 2.30: Image and scheme of the bottom-standing plant of
the Jeju Island [1].

The caisson had a length of 37 m, a width of 31.2 m, and

a height of 27.5 m, and weighted 14,650 t [1]. The PTO sys-

tem was composed of two self-rectifying impulse turbines with

horizontal-axis [174]. The rotor of each turbine had 26 blades

and an outer diameter of 1.8 m [174]. One turbine was coupled

to an induction generator rated 125 kW and the other to a syn-

chronous generator rated 125 kW [174].

MARMOK-A-5

In 2016, the MARMOK-A-5, a prototype of a 30 kW spar-

buoy OWC, was deployed o� the Bay of Biscay, near the port of

Bilbao, in Spain. The structure of Figure 2.31 had a width of 5

m and a length of 42 m, extending for 6 m above the still water

level and for 36 below it. The prototype was developed initially

by Oceantec and then by IDOM. The installed capacity was 30

kW and the device was connected to the grid.
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Figure 2.31: Image of the MARMOK-A-5 device.

The project aimed to demonstrate the resistance of the struc-

ture in the harsh marine environment with waves up to 14 m,

and test at �rst two Wells turbines and afterwards a biradial

impulse turbine.

The MARMOK-A-5 was deployed twice. The �rst time it

was tested from October 2016 to June 2018, installing two Wells

turbines developed by Oceantec. The structure was moored with

polymer anchor lines.

The second time the system was tested from October 2018

to June 2019 in the framework of the European Horizon 2020

OPERA project to test an innovative equipment. The proto-

type was embedded with the biradial turbine previously tested

at Mutriku. The turbine had a rotor with a diameter of 0.5 m

and 7 blades and two rows of 64 concentric guide vanes on each

side [175]. New control algorithms were applied and an elas-

tomeric mooring system was utilised. All these innovations were

estimated to reduce the cost of energy production by about 50%.
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2.2 Research request

Upon examination of the current status of the technology, re-

ported in Section 2.1, it is noticeable that OWC systems still

need to undergo a real industrial development process prior to

becoming a consolidated technology for energy conversion from

the sea. This is mainly due to the still very high levelised cost

of energy, which in turn is connected to the high capital cost of

the system. Indeed, relevant infrastructures need to be built and

the yearly production of energy is limited for most sea climates.

On the economic side, these issues can be tackled by promoting

the di�usion of OWC systems in combination with the existing

structures as breakwaters in harbours, developing new solutions

like pre-assembled o�shore �oating platforms (possibly dedicated

to the production and storage of energy), and by fostering the in-

dustrial standardization of speci�c components as the secondary

converters. On the other hand, improving the energy conver-

sion e�ciency is a key issue to make this technology competitive

[33]. In this view, the development of fast and reliable integrated

wave-to-wire tools for the analysis and design of OWC systems,

like the approach presented in the study, is of capital relevance

for the competitiveness of the OWC technology. The proposed

model allows the joint selection of the primary and secondary

converters for a speci�c location already from the very begin-

ning of the design process. In particular, during the preliminary

phase of the design, the reduced computational time and power

required by the model enable the investigation of a wide variety

of con�gurations. This approach is key for maximizing the over-

all performance of the system, as the two converters are intrin-

sically connected by the �uid dynamics of the �owing air, which

in turn depends on the speci�c sea climate of the application site
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[33]. Possible further development of the model can be in sup-

port of in situ OWC control strategies. In principle, considering

that the incident wave conditions can be e�ciently forecasted,

days in advance, the availability of a tool, able to rapidly select

the best OWC setting for maximizing the harvested energy, is

of certain importance. In this respect, as proved in the present

article, the regulation of the rotational speed of the turbine can

be a strategy for increasing the energy conversion [33].

2.3 Objectives

The main objective of the thesis is the development of an analyt-

ical wave-to-wire model of oscillating water column wave energy

converters. A complete, reliable, and fast tool for engineering

applications, able to account both for Wells or impulse turbines,

is required for the design of this kind of system. In particular, the

model is paramount during the �rst stages of the design to select

the optimal con�guration of the system based on the distinctive

wave conditions of the application site.

The model was applied to evaluate the energy harvested by

two wide sets of system con�gurations operating with a Wells or

an impulse turbine in two selected sites, characterised by wave

conditions typical of the Mediterranean Sea.

With this aim, the analytical models of the primary, sec-

ondary, and tertiary converters were realised.

A rigid piston model applying the linear wave theory was

created. The model solves the hydrodynamics, thermodynamics,

and aerodynamics of a �xed and detached chamber regarding the

sea bottom.

The actuator disc theory and the blade element momentum
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theory were applied for the development of the analytical model

of the Wells turbine.

A novel analytical model was proposed for an axial impulse

turbine. It relies on the use of experimental correlations widely

applied for the design of axial turbomachines.

Furthermore, a control strategy was de�ned to regulate the

rotational speed of the rotor and the torque transferred from the

turbine to the electric generator.

Overall, the three converters are solved in a coupled fashion

to determine the power conversion from wave to wire.

The wave-to-wire model provides a suitable compromise be-

tween accuracy and computational cost. These characteristics

are pivotal during the early design stages of an OWC system to

evaluate the energy extractable from sea waves and to correctly

select the siting and the main geometric and operating parame-

ters of the device.

Moreover, computational �uid dynamics (CFD) models of

both the Wells and impulse turbines were developed for achiev-

ing even more accurate prediction tools for further analysis of

secondary converter.

Three-dimensional multi-block techniques were implemented

to create the computational domain with a fully mapped mesh

composed of hexahedral elements. The employment of circum-

ferential periodic boundary conditions allowed for the reduction

of computational power and time. The proposed models use

RANS or u-RANS schemes with and multiple reference frame,

mixing plane or sliding mesh approach for modelling rotation.

The analytical and CFD models of the Wells and impulse tur-

bines developed were validated through the comparison with an-
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alytical and experimental literature data in environmental con-

ditions typical of the Mediterranean Sea, showing a good agree-

ment.

2.4 Methodology

The structure of the developed wave-to-wire model is illustrated

in the �ow chart of Figure 2.32. At �rst, every wave condition

representative of the wave spectrum of a speci�c application site

is determined. Every wave condition has its speci�c annual and

seasonal power transportation and frequency of occurrence. The

analysis of the sea wave conditions is initially used independently

for selecting the most suited application site and then included as

input data of the wave-to-wire model. Afterwards, an iterative

procedure for the coupled solution of the mathematical models

of the primary, secondary, and tertiary converters is performed.

This allows the joint solution of the thermo-�uid dynamics of the

seawater and air inside the caisson and the �uid dynamics of air

turbomachine, dynamically coupled with the electric generator.

The machine functioning maps are utilised to iteratively match

the characteristics of the air�ow generated by the chamber and

the damping imposed by the turbine, instantly coupled and regu-

lated in terms of torque and rotational speed through the control

strategy. The operating maps and curves of the entire system

for every distinctive wave condition are obtained. Finally, the

system performance parameters and annual and seasonal energy

harvesting are achieved.
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Figure 2.32: Flow chart of the main stages of the developed
wave-to-wire model.

The integrated analysis of the entire OWC system allows to

instantly determine the functioning of all the converters consid-

ering their mutual in�uence. This is a key aspect as the damping

for the OWC caisson relies on its geometry and the local char-

acteristics of the incident wave and, in turn, the performance of

the air turbine, regulated by the control strategy, depends on

the pressure di�erence made available by the chamber. Con-

versely, the separate analysis of the converters may determine

the incorrect evaluation of their operating conditions. Thus, the

optimisation of the design of a single component or all the com-

ponents requires the investigation of the complete wave energy

converter.



Chapter 3

Air turbines for OWC

wave energy converters

The chapter describes the main typologies of air turbines applied

for the secondary energy conversion in oscillating water column

systems. Firstly, the working principle of the Wells turbine is

explained. Then, a wide variety of con�gurations are considered

the design choices and their implications on the �uid dynamics.

Subsequently, the functioning of impulse turbines is described,

and the con�gurations with the axial and radial �ow are pre-

sented.

3.1 Air turbine typologies

Air turbines are the most widespread type of secondary con-

verter installed in oscillating water column systems for wave en-

ergy conversion. The operation with air instead of directly with

seawater provides the great advantage of reducing the corrosion

103
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problems due to the harsh environmental conditions. The two

main categories of air turbines that have been used so far in

this kind of system are conventional unidirectional �ow turbines

and bidirectional �ow turbines. The former typologies require

a system of air�ow recti�cation with non-return valves to make

unidirectional the air�ow generated by the action of sea waves

impacting the chamber. The latter typologies e�ectively operate

without the need for the recti�cation system with valves, as they

are self-rectifying turbomachines. Indeed, the resulting tangen-

tial force acting on the rotor blades has a �xed sign regardless

of the sign of the air�ow crossing the turbine. The main advan-

tage of conventional unidirectional turbines is the high e�ciency

of converting compressed air into mechanical energy compared

to bidirectional turbines. However, the rectifying valve system

is complex, mainly due to the dimensions of the vales required

for medium and big plants, that usually have values of air�ow

rate of the order of 102 m
3
/s and a response rate generally lower

than 1 s. Moreover, it determines high-pressure losses, increases

the production costs of the systems, and has signi�cant main-

tenance requirements. For these reasons, it is feasible only for

small devices as navigation buoys. To overcome this fundamen-

tal problem, the turbines currently installed in OWC systems

are bidirectional air turbines. Amongst them, the most common

are axial-�ow turbines: the Wells and impulse turbines.

The conventional unidirectional �ow turbines that have been

applied in OWC wave energy converters are axial-�ow turbines

and Francis turbines. The use of a rectifying system with valves

and a conventional unidirectional turbine was the standard so-

lution implemented in the �rst OWC systems. As described in

detail in Section 2.1.4, after these �rst applications, the bidirec-
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tional turbines became the most widespread solution for OWC

systems so far. Therefore, almost all of them have been provided

with self-rectifying air turbines apart from the small navigation

buoys and the Kaimei.

The Wells turbines are currently the most widespread tech-

nology as a secondary converter for wave energy conversion based

on the principle of the oscillating water column due to their self-

rectifying operation. The axial-�ow impulse turbines found a

renewed interest in the last decade and became the �rst alterna-

tive solution to Wells turbines. The common arrangement of an

OWC system equipped with a self-rectifying air turbine with the

axial �ow is depicted in the scheme of Figure 3.1. Several studies

are currently conducted to investigate the most suited design of

this turbine for OWC applications.

Figure 3.1: Typical arrangement of an OWC system equipped
with a self-rectifying axial-�ow turbine [21].

Recently, even the radial-�ow impulse turbine has drawn new

attention for this kind of application. Furthermore, other typolo-

gies of air turbines were proposed and tested: the Denniss-Auld,

the HydroAir, the McCormick contra-rotating turbine, the Savo-

nius, and the twin unidirectional impulse turbines.
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3.2 Wells turbine

The Wells turbine is an axial-�ow turbine invented by A. A.

Wells in 1976 and it is the most widespread turbine for energy

conversion from sea waves [176]. The original version of the

Wells turbine is equipped with a single rotor composed of a set

of uncambered blades with a symmetric pro�le to ensure a self-

rectifying operation. This feature makes the Wells turbine par-

ticularly suited for operating in oscillating water column wave

energy converters, as the resulting tangential force acting on the

rotor blades has a �xed sign regardless of the sign of the air�ow

crossing the turbine, as explained in section 3.2.1. Therefore, the

turbine operation is bidirectional as the sense of rotation of the

rotor and consequently of the electric generator is constant even

though the air�ow oscillates like in OWC systems. A scheme of

the Wells turbine is depicted in Figure 3.2.

Figure 3.2: Scheme of a monoplane isolated Wells turbine for
OWC systems [21].

The principal advantages of the Wells turbines are the bidi-
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rectional operation, the geometrical and manufacturing simplic-

ity, the reliability, the safety of operation, the low construction

and maintenance costs, the high-e�ciency peaks when compared

to other turbines for OWC systems, the possible operation with

low-cost electric generators, and the high energy storage due to

its high rotational velocity compared to the speed of the air�ow.

Conversely, the main disadvantages are the large dimensions re-

quired, the high inertia, the narrow operating range, the high

acoustic emissions and mechanical stresses at high rotational

speed, the low or even negative torque for low air�ow rates that

reduces the power conversion and may impede the self-starting,

and the relevant power losses due to the possible aerodynamic

stall onset.

The key aspects of the success of Wells turbines are the bidi-

rectional operation and the capability of extracting power even

at low air�ow rates, which are not achievable with conventional

turbines. Indeed, the Wells turbine operation is self-rectifying,

and the power exerted by the air�ow on the rotor blades has a

negative contribution on the energy conversion only for very low

values of the �ow rate during the inversion of the �ow phases.

Conversely, the main drawbacks are the low average e�ciency

regarding conventional unidirectional turbines and the narrower

operating range. The Wells turbine is able to convert a signi�-

cant time-averaged power with relatively high aerodynamic e�-

ciency when the rotor reaches the design speed under the most

suited �ow conditions. The e�ciency peaks that were measured

with experimental analyses are approximately 65% under wave

conditions maximising energy extraction [177], while analytical

models predict average values of e�ciency of about 75% in simi-

lar conditions [50]. However, the average e�ciency of the turbine



Chapter 3: Air turbines for OWC wave energy

converters 108

reduces to nearly 40% considering the entire wave spectrum that

characterises the real operation of a Wells turbine. For these rea-

sons, the research on Wells turbines is focused on improving the

average e�ciency and the width of the operating interval under

real sea wave conditions.

Several alternative con�gurations to the original version of

the Wells turbine with a single rotor, named isolated monoplane,

were developed to improve its operation. The most relevant al-

ternatives are represented by the monoplane rotor with guide

vanes, equipped with two stator cascades positioned symmet-

rically regarding the rotor cascade, the contra-rotating turbine

with two rows of rotors rotating in opposite senses, and the bi-

plane rotor without guide vanes comprised of two rotor rows

rotating in the same sense. The biplane rotor con�guration can

even be equipped with a single row of intermediate guide vanes

or with two rows of guide vanes. Other variants proposed and

tested are the Wells turbines with a �xed stagger angle di�er-

ent from 90 degrees and an adjustable and controllable stagger

angle.

3.2.1 Monoplane isolated Wells turbine

A monoplane isolated Wells turbine is composed of a single ro-

tor cascade with symmetrical blades staggered around the cen-

tral hub, symmetrically positioned regarding the plane normal

to the rotation axis and thus at 90 degrees concerning the in-

coming �ow, as visible in Figure 3.3. The blade airfoils are typ-

ically symmetrical NACA00XX four-digit pro�les with constant

stacking in the radial direction. The most suited pro�les are the

NACA0012, NACA0015, NACA0018, and NACA0021.

The evaluation of the performance of Wells turbines relies on
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Figure 3.3: Rendering of the rotor of a monoplane isolated Wells
turbine.

the classical airfoil theory. An isolated airfoil subject to the ac-

tion of a �ow with an angle of incidence β generates a lift force

fL normal to the direction of the incident �ow. In a viscous �uid,

the airfoil undergoes even a drag force fD in the direction of the

incident �ow. These forces are functions of the lift coe�cient

CL and of the drag coe�cient CD that are in turn characteris-

tics of the airfoil shape and functions of the angle of attack, the

Reynolds number, and the Mach number. A wide variety of nu-

merical and experimental data of the lift and the drag coe�cients

are available in the literature for the standard airfoils typically

used in Wells turbines. The lift and drag forces can be combined

through trigonometry to obtain the tangential and axial compo-

nents of the force exerted by the �uid on each blade of the rotor

cascade. The tangential force fθ acts in the plane of rotation

of the rotor and determines blade rotation. The axial force fx

acts orthogonally to the plane of rotation, and it is responsible
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for the mechanical load on the rotor bearings. The cyclically re-

ciprocating air�ow that characterises Wells turbines changes the

sign of the incidence angle for each �ow phase. However, for a

symmetrical airfoil, the direction and sign of the tangential force

are identical for both the directions of the air�ow crossing the

turbine and, thus, for the in�ow and out�ow phases. Due to this

composition of the forces, the sense of rotation of the rotor is not

a�ected by the sense of motion of the bidirectional �ow crossing

the turbine. This implies that a system of rectifying valves is

not required. Once the tangential force acting on the blades is

calculated, the torque applied on the rotor and the mechanical

power output can be determined.

The possibility of utilising a monoplane con�guration of a

Wells turbine for wave energy conversion depends on the pres-

sure di�erence across the rotor required for the turbine opera-

tion. Indeed, the pressure drop is proportional to the square of

the tip speed, which has to be limited for avoiding the formation

of shock waves. The transonic e�ects connected to shock waves

would lead to relevant increases in the drag force and bu�eting.

The former results in a decrease in the aerodynamic performance,

while the latter causes a reduction in the useful life of the rotor

blades. A multi-plane turbine, with or without guide vanes, can

be used instead of the monoplane con�guration for wave energy

devices designed for signi�cantly large pressure amplitudes.

The performance of a monoplane isolated Wells turbine is

in�uenced by the mutual interference amongst the blades com-

posing the rotor. This interference is determined by the inviscid

e�ects connected to the velocities induced by each blade on the

others and the viscous e�ects caused by the wakes generating
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downstream of the blades. The magnitude of the interference is

a function of the air�ow incidence on the blades and the rotor

solidity. The e�ects of the interaction amongst blades with stag-

ger angle orthogonal to the direction of the �ow can be modelled

by substituting the airfoils with a set of vortex singularities of

strength Γ positioned at a distance of 1/4 of the blade chord from

the leading edge. The e�ect of up-wash and down-wash on the

�ow surrounding the airfoil determines the reduction of the �ow

incidence angle in the region of the leading edge and its increase

in the trailing edge region. This results in reducing the relative

di�erence between the aerodynamic load at the leading edge and

trailing edge. Moreover, the �ow circulation and the lift force on

the airfoil are enhanced by the rise of the velocities above the

airfoil and their reduction below it caused by the adjacent airfoils

[22].

Since the operation of a monoplane Wells turbine is signi�-

cantly a�ected by the aerodynamic interference between the row

blades, this aspect must be considered in the turbine modelling.

Three possible approaches were proposed in the literature for

taking into account the blade interference in the theoretical mod-

els of Wells turbines. Two methods rely on the potential �ow

theory, while the other one is a semi-empirical approach. The

most widespread approach based on the analysis of the poten-

tial �ow on the plate airfoils composing the cascade applies the

cascade interference factor to correct the lift force [22]. The cor-

rection factor is a function of the blade chord length l and the

rotor pitch t de�ned in Eq. (3.1) based on rotor geometry.

ti =
2πri
Z

(3.1)

where r is the average radius of the blade element i and Z is the

number of blades comprising the rotor row.
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The cascade interference factor ˜CIF determined through the

potential �ow theory is given by Eq. (3.2).

˜CIF i =
2ti
πli

tan
πli
2ti

(3.2)

Through this method, the modi�ed lift coe�cient, perturbed

by the e�ects of the interaction amongst the rotor blades, is

calculated with Eq. (3.3) by multiplying the lift coe�cient of an

isolated airfoil for the cascade interference factor of Eq. (3.2).

CL ˜CIF,i = CL,i ˜CIF i (3.3)

This method allows considering the interference e�ects only

on the lift coe�cient and not on the drag coe�cient, as the drag

is not predicted by the potential �ow analysis [178, 179].

Another approach relying on the potential �ow theory for as-

sessing the row blade mutual interference is the Morteson method

[178]. In this method, the surfaces of the airfoils in a cascade are

replaced by �ow vortex singularities. The strengths of the sin-

gularities are determined by imposing the condition of null mass

�ow normal to the blade surface at each location of a singularity.

Even with this potential �ow method, the e�ects of interference

on the drag force are not determined. The drag can be computed

through a boundary layer analysis based upon the pressure dis-

tribution achieved by the method of singularities [55].

The semi-empirical approach relies on the correlations be-

tween the mean values of axial and tangential force coe�cients

from experiments carried out on several con�gurations of Wells

turbines with di�erent solidity [180, 51, 181, 182, 183, 184, 185,

186], and the corresponding airfoil data from experiments inside

wind tunnels [187, 188]. In this case, the cascade interference
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factor CIF is formulated with Eq. (3.4) as a function of the

turbine solidity σ that is directly applied to the axial force co-

e�cient Cx and the tangential force coe�cient Cθ to calculate

their modi�ed values CxCIF and CθCIF with Eq. (3.5) and Eq.

(3.6).

CIFi =
1

1− σ2
i

(3.4)

CxCIF,i = Cx,iCIFi (3.5)

CθCIF,i = Cθ,iCIFi (3.6)

The normalised values of the axial and tangential force coef-

�cients calculated with the two methods based on the potential

�ow theory are compared with experimental data and are pre-

sented against the rotor solidity in Figure 3.4 for a NACA0021

pro�le to evaluate the e�ects of the di�erent approaches. The

force coe�cients are normalised relative to the corresponding

values of the coe�cients obtained with an analogous method for

isolated airfoils. The experiments refer to wind tunnel tests car-

ried out with a unidirectional air�ow.

In Figure 3.4 it is noticeable that the aerodynamic force co-

e�cients rise signi�cantly with the rotor solidity, leading to an

increase in pressure di�erence upstream and downstream of the

Wells turbine. The axial force coe�cient is underestimated by

the method of Weinig, while it is overestimated by the method

of the singularities. By comparing Figures 3.4a and 3.4b, it is

visible that the e�ect of rotor solidity on the non-dimensional

values of the axial and tangential force coe�cients is analogous

in terms of magnitude and trend. Therefore, the aerodynamic

forces on the blades rise signi�cantly with solidity. The aero-
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(a) Axial force coe�cient (b) Tangential force coe�cient

Figure 3.4: Comparison of the interference e�ects obtained with
analytical and experimental models for the (left) axial and
(right) tangential force coe�cients of a NACA0021 pro�le [22].
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dynamic e�ciency of the turbine is not considerably a�ected by

the interference amongst the blades of the rotor as the ratio be-

tween the peripheral and axial forces does not vary signi�cantly.

The correction factor of the semi-empirical method is based on

the best �tting of a wide variety of wind tunnel experiments like

the ones represented in Figure 3.4 to minimise the discrepancies

between the predictions of analytical and experimental models

[22].

3.2.2 MonoplaneWells turbines with guide vanes

The Wells turbine has an inherent critical aspect in terms of

aerodynamic performance. Indeed, the power output of a mono-

plane isolated Wells turbine is usually limited due to the low

ratio of the peripheral force to the axial force acting on the ro-

tor determined by the slight angle of attack. This results in low

values of the average e�ciency of power conversion. Therefore,

the turbine must be accurately designed to operate in a range

close to the e�ciency peak, and the relation between the solidity

and the hub-to-tip ratio must be controlled. Another solution

to this limitation is the use of stator rows upstream and down-

stream of the rotor. The upstream stator is named inlet guide

vane (IGV), and the downstream stator is called outlet guide

vane (OGV). The inlet guide vane controls the �ow angle im-

pacting the rotor blades to minimise the aerodynamic losses and

avoid the onset of aerodynamic stall due to the separation of the

boundary layer. Moreover, the IGV improves the angle of attack

of the �ow, determining a rise of the tangential force acting on

the rotor. The outlet guide vane allows the partial recovery of

the relevant amount of kinetic energy connected with the swirl

component of the air�ow exiting the rotor. For these reasons, the

use of the guide vanes may lead to an increase in e�ciency. On
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the opposite side, installing these stator rows reduces the width

of the operating range of the turbine, advancing the risk of stall

onset on the blades. Furthermore, they increase the manufactur-

ing, maintenance, and repair costs. Since the turbine operates

in bidirectional �ow conditions, the cascades need to have either

a symmetric or an adjustable geometry. Therefore, the IGV is

an accelerating row and the OGV is a di�usive row. The entire

blade layout is symmetrical regarding a plane perpendicular to

the machine axis and passing through the centre of the rotor.

The guide vanes are usually sharp, and their shape is de�ned by

a thin circular-arc pro�le and a thin straight line, as visible in

Figure 3.5. They alternatively operate as leading and trailing

edges.

Figure 3.5: Rendering of the rotor of a monoplane Wells turbine
with upstream and downstream guide vanes.

The guide vanes usually installed in Wells turbines for OWC

systems are classi�ed as two-dimensional guide vanes and three-

dimensional guide vanes. In the former typology, the vanes have
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a constant shape in the radial direction, de�ned by the constant

radial staking of a single pro�le along the machine radius. The

pro�le is de�ned by a circular arc to facilitate the manufacturing,

or a circular arc and a straight line. The guide vanes de�ned by

a two-dimensional geometry are generally designed based on the

velocity triangles at blade midspan. In the latter typology, the

vanes are twisted in the radial direction, and the shape is de�ned

by the radial staking of di�erent pro�les along the radius. This

con�guration allows providing a constant angle of attack of the

air�ow with the radius. Therefore, the guide vane shape can

be designed to optimise the performance of the turbine and to

reduce the risk of stall. As a drawback, this solution complicates

the manufacturing and increases the production costs.

3.2.3 Biplane Wells turbine

The typical con�guration of the biplane Wells turbine consists of

two identical rotor cascades mounted on a single shaft, as shown

in Figure 3.6.

This solution allows the use of Wells turbines when the pres-

sure drop made available by the chamber is excessive for avoiding

the formation of shock waves in the operation of a single plane

turbine. Indeed, the pressure di�erence between the inlet and

outlet is proportional to the square of the tip speed for the single

plane con�guration. This parameter has to be limited to prevent

the transonic e�ects connected to shock waves, which lead to rele-

vant increases in the drag force and bu�eting, as aforementioned.

The action of two co-rotating cascades determines the �ow

�eld of a biplane rotor. This implies an aerodynamic interference

between the two planes of the blades of the two cascades. The

interaction takes place between the lower blade surface of the
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Figure 3.6: Rendering of the rotors of a co-rotatingWells turbine.

high-pressure region, and the upper blade surface of the low-

pressure region and it is signi�cant only if the non-dimensional

distance of the two airfoils is low. This interference is added to

the mutual interaction amongst the blades comprising each row,

which characterises all the con�gurations of Wells turbines.

The causes of the interference between planes are three: the

velocities induced by the air�ow circulation in one plane on the

blades of the other plane, the air�ow de�ection brought about

by the upstream plane, and the wake generated by the blades

of the upstream rotor. The induced velocities caused by the cir-

culation on the upstream plane increase velocity of the air�ow

on the blade surfaces of the downstream row. This increase is

higher on the pressure surface than on the suction surface. The

velocity rise on the pressure side causes a reduction of the lift

acting on the blades of the downstream rotor; the velocity en-

hancement and the related decrease in pressures on the suction

side determine the advancement of the stall. The induced veloc-
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ities caused by the circulation on the blades of the downstream

row determine a velocity reduction on the blade surfaces of the

upstream row. This e�ect is greater on the suction side than

on the pressure side. This implies the reduction of the lift force

acting on the upstream blades and the postponement of the stall

for the upstream rotor [22].

The wakes generated by the blades of the upstream rotor in-

�uence the �ow �eld of the downstream cascade due to viscous

e�ects. As a result, the drag force acting on the downstream

blades enhances, and the tangential force moving the rotor row

reduces with a consequent decrease of the power output.

The mutual interaction between the planes a�ects the pres-

sure distribution on the surfaces of the two blade rows. For the

upstream blades, the induced velocities determine the decrease

of the pressure distribution from the leading edge to the trail-

ing edge of the pressure side and suction side. On the contrary,

the induced velocities cause the pressure increase on the pressure

and suction sides along the blade chord [22].

With the aim of assessing the magnitude of the mutual aero-

dynamic interference between the two rotors, experimental anal-

yses were carried out [22, 189]. The parameters determining the

interaction magnitude are the rotor solidity, the gap to chord

ratio between the cascades, and the stagger angle between the

counterpart blades on the two rows. A widespread approach

for modelling the cascade interaction relies on a test rig with a

unidirectional �ow passing through two sets of �at plates, re-

sembling a biplane con�guration. Generally, the e�ects of the

solidity, gap to chord ratio, and reciprocal stagger angle on non-
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dimensional pressure drop, lift coe�cient, torque coe�cient, and

turbine aerodynamic e�ciency are evaluated to changes of the

�ow coe�cient at a constant turbine rotational speed. Typical

results show that the main parameter determining the cascade

interference is the gap to chord ratio. For values of this pa-

rameter greater than the unit, the interference e�ects are small

and become negligible when values higher than 2 are assumed

by the gap to chord ratio. In particular, the total-to-static pres-

sure drop across a biplane turbine is nearly doubled concerning a

monoplane isolated turbine. For both the con�gurations, the re-

lation between the volume �ow rate and the total-to-static pres-

sure drop is linear under aerodynamic conditions that avoid the

stall onset. The di�erences in the values of pressure drop across

each cascade of the two con�gurations are small, and they are

mainly due to the di�erent �ow conditions upstream and down-

stream of the cascades rather than to the mutual aerodynamic

interference [22, 189]. The lift coe�cient reduces signi�cantly for

both the cascades when the magnitude of the gap between the

two planes is lower than the blade chord length; the decrease is

more intense when growing the rotor solidity. This e�ect is more

marked for the downstream row than for the upstream row. Con-

sequently, the torque coe�cient decreases when the reduction of

the lift coe�cient is signi�cant. With increasing the angle of at-

tack up to about 15 degrees, the magnitude of the reduction of

the torque coe�cient for the aerodynamic interference between

the two planes rises and reaches its maximum corresponding to

the peaks of the torque coe�cient; for greater angles of attack,

the magnitude of the variation reduces [22]. The aerodynamic

e�ciency of the biplane turbine is approximately equivalent to

that of a monoplane isolated turbine if the gap to chord ratio

is greater than the unit. The di�erences are smaller with the
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increase of the Reynold number [22, 189].

The �ow incidence on the rotor blades could be decreased for

the upstream row and increased for the downstream row by act-

ing on their angle of installation regarding the plane of rotation.

The result is an increase in the aerodynamic e�ciency of the tur-

bine [190]. However, the manufacturing complication compared

to the limited increase of e�ciency have not led to applications

of this solution.

Another possibility for increasing the �ow incidence on the

downstream rotor is using a stator cascade between the two rotor

cascades, as visible in Figure 3.7.

Figure 3.7: Rendering of the rotors and intermediate stator of a
co-rotating Wells turbine with one row of guide vanes.

The guide vane de�ects the air�ow approaching the down-

stream rotor. The absolute velocity is de�ected in the sense of

the cascade rotation conversely to the case of a biplane turbine

without guide vanes, determining the increase of the incidence
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angle. Moreover, the kinetic energy losses are reduced by modi-

fying the velocity triangle at the outlet of the downstream row.

These aspects lead to the rise of the aerodynamic e�ciency of

the turbine. However, the operating range becomes narrower

due to the advancement of stall on the rotor blades [44]. The

decrease of the relative velocity determines a reduction of the

pressure drop, which could be balanced out by increasing the ro-

tational speed of the turbine velocity. Speeding up the turbine,

it is possible to design a biplane Wells turbine with guide vanes

operating in the same conditions of pressure drop and stall angle

of a con�guration without guide vanes.

Biplane Wells turbines can operate with a couple of symmet-

ric guide vanes, one positioned upstream and one downstream of

the rotor, as illustrated in Figure 3.8. The stators are installed

to regulate the incidence angle of the �ow impacting the rotor,

as discussed in detail in Section 3.2.2.

Figure 3.8: Rendering of the rotors and stator of a co-rotating
Wells turbine with two single rows of guide vanes.
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3.2.4 Contra-rotating Wells turbine

The contra-rotating turbine comprises two cascades of rotor blades

moving in the opposite senses of rotation with the same velocity.

The rotor blades have identical geometry, with the same pro�le

and pitch, as visible in Figure 3.9.

Figure 3.9: Rendering of the rotors of a contra-rotating Wells
turbine.

Guide vanes are not present in this con�guration to avoid the

exit losses due to swirling �ow. Indeed, the tangential velocity at

the outlet of the upstream row is exploited by the downstream

row.

As concerns the mutual interference amongst the blades of

a rotor and between the two cascades, similar considerations to

those discussed in detail in Section 3.2.3 can be applied.
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3.3 Impulse turbine

The most frequently proposed alternative to the Wells turbine is

the self-rectifying impulse turbine [44]. Two main con�gurations

of this kind of turbine can be de�ned based on the air�ow path

inside the device: axial-�ow turbines and radial-�ow turbines.

3.3.1 Axial-�ow impulse turbine

The typical con�guration of an axial-�ow impulse turbine for

wave energy converters based on the oscillating water column

technology is generally composed of one rotor row and two sta-

tor rows (Figure 3.10). The stators are symmetrically installed

regarding the plane of symmetry of the three rows, and they are

normal to the axis of rotation. The stator nozzles and the rotor

blades are symmetrical and staggered around the central hub.

The stators operate as inlet guide vane when impacted by the

air�ow upstream of the rotor or as outlet guide vane when the

impact is after crossing the rotor; the operation changes based on

the �ow phases. The IGV is an accelerating row as its functions

are to de�ect and accelerate the incoming air�ow before its inter-

action with the rotor blades. This cascade is essential to control

the incidence angle of the �ow impacting the rotor to minimise

the aerodynamic losses and avoid the onset of aerodynamic stall

due to the separation of the boundary layer. Since the air�ow

operating these turbomachines is bidirectional, the symmetry

constraints determine the need for a second guide vane with the

same geometry as the �rst. Moreover, the stator rows need to

have a symmetric positioning or adjustable pitching. In the for-

mer case, an incompatibility situation arises as it is impossible to

obtain the correct �ow incidence at the rotor blades simultane-

ously and at the vanes of the downstream stator [44]. The OGV
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is a decelerating and di�usive cascade, even if the e�ciency of

pressure recovery is limited by the requirements imposed to its

metal angle.

Figure 3.10: Rendering of the rotor and stators of an impulse
turbine.

The geometry of the rotor blades is a modi�ed version of the

classical steam turbine of impulse type: for this application, the

symmetry required by the bidirectional operation imposes two

sharp edges and equal inlet and outlet blade angles.

These machines are action turbines, as the nozzles completely

transform the potential energy into kinetic energy.

3.3.2 Radial-�ow impulse turbine

In recent years, the study of radial-�ow turbines with the self-

rectifying operation was developed. The �ow through the rotor

blades and guide vanes is radially centrifugal or centripetal de-

pending on the �ow phase and thus on the wave cycle. This

implies that the turbine is sensitive to the �ow direction [44].
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The turbine is connected to the OWC caisson by an axial duct,

whereas the admission from the atmosphere and the exit to the

atmosphere are radial.

The biradial turbine is a radial-�ow impulse turbine with a

symmetrical geometry relative to a plane orthogonal to the rota-

tion axis. A pair of radial-�ow guide vanes are positioned around

the external diameter of the rotor. Each row of guide vanes is

connected with the corresponding inlet and outlet of the rotor

through a duct with walls composed of �at discs [1]. The �ow

across the rotor is radial during both the in�ow and out�ow

phases.

Two con�gurations of the biradial turbine were developed.

In the version with radially-o�set �xed guide vanes, the stators

are positioned with a radial distance from the rotor to reduce the

losses caused by excessive incidence at the inlet of the second row

of guide vanes. This allows the reduction of the circumferential

and radial components of velocity of the �ow exiting the rotor

blades when passing through the connecting duct. The result is

the decrease of the aerodynamic stall losses at the guide vanes

[1].

In the con�guration with axially-sliding guide vanes, their

rows are movable in the direction of the rotation axis. There-

fore, guide vanes can be positioned along the �ow path or re-

moved during the �ow phases. In this way, removing the guide

vanes downstream of the rotor during the out�ow leaves the duct

completely free for the passage of the �ow. As a consequence, the

rotor and the guide vanes can be set at a small radial distance

[1].

The biradial turbine was investigated with both numerical
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simulations and experiments, showing promising initial results.

In particular, the measured peak e�ciency of the con�guration

with axially-sliding guide vanes was approximately 79%. This

is possibly the greatest value of e�ciency of a self-rectifying air

turbine measured up to now [1].





Chapter 4

Analytical models

The analytical models of the individual converters comprising an

oscillating water column system are described. Firstly, the equa-

tions applied in the rigid piston model for the solution of the

dynamics of the �xed and detached chamber are presented. Af-

terwards, the modelling of the aerodynamics of the Wells turbine

achieved by applying the two-dimensional cascade theory and the

actuator disc theory is elaborated. Then, the model proposed for

the analysis of the aerodynamics of the impulse turbine based on

the application of experimental correlations widely used for the

design of axial turbomachines is explained. Finally, the control

strategy implemented for regulating the dynamics of the air tur-

bine and electric generator is considered.

4.1 OWC chamber analytical model

The analysis of the hydrodynamics, thermodynamics, and aero-

dynamics of a chamber of an oscillating water column wave en-

ergy converter is generally performed with analytical, numerical,

129
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and experimental models. Amongst these approaches, the ana-

lytical models have the signi�cant advantage of providing fast

and su�ciently reliable solutions of the primary conversion of

wave energy.

The analytical models are based on the potential �ow theory

and apply the hypotheses of incompressible and irrotational �ow.

The mutual interaction between the incident waves and the cais-

son is solved with two modelling schemes: the rigid piston model

illustrated in Figure 4.1a and the uniform pressure distribution

model depicted in Figure 4.1b.

(a) Rigid piston model (b) Uniform pressure model

Figure 4.1: Schemes of the two main typologies of analytical
models applied for the study of chambers for OWC wave energy
converters [1]

The rigid piston approach models the free surface of the sea-

water inside the OWC chamber as a weightless piston moving as

a rigid body, exclusively in the vertical direction. The hypothesis

of uniform pressure distribution considers the possibility of the

free surface deformation of the seawater internal to the caisson

without assuming any peculiar shape.

The rigid piston model was developed as the earliest solution

for the hydrodynamics of OWC chambers. The origins of this
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modelling approach date back to 1971 when Wehausen investi-

gated the mutual interference between sea waves and �oating

structures based on the forces acting on the inner water and its

corresponding motion [191]. Relevant contributions to the de-

velopment of the model were provided between 1970 and 1980

by Evans through the analysis of the velocity of the vertical mo-

tion of the inner water free surface, considered as a rigid piston

[192, 193]. Subsequently, Robinson, Watts et al., Maeda et al.,

and Ma proved that this modelling approach ensures su�ciently

predictive results if the incident sea wavelength is signi�cantly

larger than the size of the chamber [194, 195, 196, 197]. This re-

quirement prevents the onset of signi�cant sloshing phenomena

inside the caisson. In 1996, Brendmo et al. introduced the anal-

ysis of the viscous losses in the rigid piston model by considering

the contribution of the viscous friction forces [198].

More recently, in 2009, Lopes et al. further investigated the

hydrodynamics of the chamber by comparing the results of ex-

periments with those of a rigid piston model. Moreover, they

introduced latching control techniques in the modelling, with-

out requiring the prediction of waves or wave forces [199]. In

2010, Gouaud et al. evaluated the e�ciency of power conversion

from sea waves to compressed air inside the caisson for a �xed

and bottom-standing oscillating water column chamber [200]. In

2011, Nunes et al. applied a rigid piston approach for the de-

sign and performance assessment of a �oating o�-shore chamber

together with a control technique to improve energy extraction

[201].

In 2011, Gervelas et al. applied a rigid piston model to solve

the hydrodynamics and thermodynamics of an OWC caisson,

with assigned damping imposed by a calibrated ori�ce, operating

under regular and irregular wave conditions [202]. In the same
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year, Sykes et al. [203], and in 2012, Falcão et al. [204] and

Gomes et al. [205], applied the rigid plate modelling to perform

an optimisation procedure to maximise the e�ciency of �oating

OWC chambers in terms of the conversion of the incident wave

power into the pneumatic power of the air�ow. The analytical

results obtained were compared with experiments to validate the

rigid piston approach. The model was con�rmed to be suitable

for assessing the hydrodynamics of the primary converter for

values of the wavelength of the incident waves markedly larger

regarding the chamber dimensions. Conversely, it may determine

approximated calculations of the pressure distributions acting on

the inner free surface of the device when this condition is not

ful�lled, with signi�cant e�ects on the results of primary energy

conversion.

In 2019, Suchithra included the rigid piston approach in a

wave-to-wire model of an OWC system to determine the hydro-

dynamics, thermodynamics, and aerodynamics of the chamber,

while the interaction with the air turbine, represented by a Wells

turbine, was approximated with an equivalent pressure drop im-

posed by a calibrated opening [122].

The uniform pressure distribution approach was formulated

more recently for extending the analysis of the chamber hydro-

dynamics to waves with low wavelengths and corresponding high

frequencies. Indeed, in these wave conditions, the assumption of

rigid motion of the inner free surface is no more valid, and its

shape has to be determined by applying the condition of uniform

pressure distribution.

The rigid piston model and the uniform pressure distribution

model may be solved in the frequency domain or in the time
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domain.

If the hypotheses of monochromatic incident waves and lin-

earity of the power take-o� are ful�lled, the solution of the hy-

drodynamic model may be achieved in the frequency domain.

Instead, if the non-linear e�ects are relevant, the solution has to

be achieved in the domain of time [206].

The main sources of non-linearity for OWC systems are re-

sumed in the following list.

� Spectrum of sea wave characterised by irregular conditions.

� Sea waves with very large amplitude or close to breaking

waves.

� Power losses caused by the unsteadiness of the seawater

�ow, mainly owed to the turbulence and vortices around

the front wall of the chamber, and of the air�ow [110].

� Thermodynamics of the air inside the caisson, primarily

connected with compressibility e�ects that can be relevant

in conditions of high-pressure gradients [207].

� Turbomachine with a non-linear operation, principally due

to the non-linearity of the function relating the volume

air�ow rate through the system and the relative pressure

provided by the chamber.

� Control system regulating the air pressure inside the cham-

ber with air valves [110].

Regarding the resource, within the linear theory, sea waves

may be characterised by a spectrum that can be exactly repro-

duced as the sum of a theoretically in�nite number of harmonic

wave components with a Fourier series. This condition can be

approximated through the use of a su�ciently large number of
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components. However, this approach in not valid for waves with

very large amplitude or that are close to breaking waves. The

wave conditions of the application sites considered in the devel-

oped model are far from these extreme circumstances.

Concerning the turbine, the condition is nearly satis�ed if the

OWC is equipped with a Wells turbine as the relation between

the volume air�ow rate and the pressure drop across the turbine

is almost linear [50, 110]. For an impulse turbine, the relation

between these quantities can be approximated to a quadratic

function. Thus the non-linear e�ects depend on the discrepancy

from the linear relation, and linearisation techniques may be ap-

plied to overcome this issue [208].

Time-domain models require higher computational power and

time compared to frequency domain models. However, the anal-

ysis of the time series of the parameters regulating the opera-

tion of OWC wave energy converters allows for a more accu-

rate evaluation of non-linear power take-o� systems as impulse

turbines. Moreover, this approach is required for the study of

control strategies, as the methodologies applied for coupling the

secondary and tertiary converters [122].

4.1.1 Rigid piston model

In this section, the non-linear and time-dependent analytical

model of the chamber developed with MATLAB and Simulink

is presented [209, 126, 33, 24]. In the framework of the cur-

rent research activity, a preliminary and simpli�ed version of the

code was implemented at the Maritime Engineering Laboratory

(LABIMA) of the University of Florence. This version of the

code was decoupled from the model of the air turbine. Thus, a
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separate analysis of the primary and secondary converters was

necessary to impose the air conditions at the outlet of the domain

of the chamber. Moreover, the model was able to consider only

reduced sets of wave conditions and chamber geometries [210].

To overcome these limitations, the current version of the model

integrates the solution of the dynamics of the chamber with the

dynamics of the air turbine and electric generator. The model is

fully automated and allows the analysis of comprehensive sets of

wave conditions and geometric and operating parameters of the

three converters, covering all the reasonable con�gurations of an

OWC system.

The model is based on the well-established concept of the

rigid piston model by applying the linear wave theory. The main

assumptions of the modelling are resumed in the following list.

� Incompressible and irrotational �ow.

� Heave motion of the water column inside the chamber.

� Free surface motion of the inner water as a rigid plate,

without deformation e�ects.

� Incident wavelength signi�cantly larger regarding the cham-

ber dimensions.

� Symmetrical radiation of the incident waves impacting the

chamber.

� Non-linearity of the system determined by the non-linear

relation between air�ow rate and pressured drop across the

turbine.

The chamber is assumed to be detached and �xed regard-

ing the sea bottom, and it is subject to the action of unidirec-

tional waves moving in seawater of a constant depth (Figure 4.2).
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Therefore, the only possible motion mode is the heave oscillation

of the water column internal to the system. Since the dimensions

of the caisson for the applications studied in the present thesis

are small compared to the incident wavelength, the use of the

rigid piston model can be considered appropriate.

Figure 4.2: Scheme of the sea wave and the OWC chamber,
detached and �xed regarding the sea bottom, analysed with the
rigid piston model.

The geometric parameters establishing the geometry of the

chamber and used as input data for the analytical model are

provided in the following summary. Besides these parameters,

the added mass madd has to be assigned to de�ne the OWC

chamber. The value used in the analytical model was determined

based on the free decay experiments presented in Section 7.2.

� Height G.

� Length W .

� Breadth Bc.

� Front wall freeboard length Fc.

� Front wall draught length D.

� Wall thickness t̄w.

� Chamber opening diameter do .
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In Figure 4.3, the computer-aided design (CAD) model of

the chamber, indicating the main geometric parameters utilised

in the analytical model, is shown.

(a) Top view (b) Bottom view

Figure 4.3: Model of the OWC chamber, detached and �xed
regarding the sea bottom, analysed with the rigid piston model.

The operating conditions of the caisson are determined by

the wave conditions, the depth of the application site, and the

atmospheric conditions of air, in accordance with the list below

(Figure 4.3).

� Wavelength λ.

� Signi�cant wave height Hm0.

� Wave energy period Tm−1,0.

� Wave phase ϕw.

� Seawater depth h.

� Atmospheric pressure pamb.
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� Atmospheric temperature Tamb.

� Air speci�c gas constant R.

� Air kinematic viscosity µ.

The present thesis achieves the sea wave states of the appli-

cation sites investigated by considering regular wave conditions

conveying the same energy of the related irregular wave motion.

Therefore, the height H of the regular wave is determined from

the signi�cant wave height Hm0 through Eq. (4.1), while the

sea wave period T coincides with the energy period Tm−1,0 as

expressed by Eq. (4.2). However, the analytical models are pre-

disposed to operate even with irregular waves.

H =
Hm0√

2
(4.1)

T = Tm−1,0 (4.2)

Subsequently, the angular frequency of the sea wave is deter-

mined by Eq. (4.3) based on the wave period.

ωw =
2π

T
(4.3)

Within the linear wave theory, the water surface displacement

of a sea wave ηw can be written through Eq. (4.4) as a sinusoidal

function.

ηw =
H

2
cos(kx− ωt) (4.4)

where H is the wave height, k is the wavenumber, x is the axial

position, ω is the wave angular frequency, and t is the time.
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The wavenumber λ is calculated by solving the dispersion

relation of Eq. (4.5) for the speci�c seawater depth and wave

period. The solution was achieved with the application of the

Newton-Raphson scheme, and compared with the approach of

Duane and Hunt [211] and the approach of Eckhart [212], pro-

viding average di�erences of 0.14% and 0.88%, respectively.

ω2 = kg tanh(kh) (4.5)

In this framework, the forces acting on the water column,

considered as a rigid body, are listed below [126].

� The excitation force fexc, due to the hydrodynamic pres-

sure exerted by the incident wave on the bottom of the

water column.

� The hydrostatic force fhst, owed to the hydrostatic pres-

sure.

� The radiating force frad, caused by the radiated wave pro-

duced by the pressure oscillation on the inner free surface,

expressed in terms of the frequency-dependent added mass

and the radiation damping coe�cient.

� The force fpto, due to the air pressure oscillation inside the

air chamber, which is de�ned as a function of the free sur-

face motion and the damping determined by the turbine.

� The inertial force fine, provoked by the heave motion of

the water column.

The balance of the forces acting on the internal volume of

water is obtained with Eq. (4.6) through the application in the

vertical direction of Newton's second law (4.4).
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Figure 4.4: Scheme of the forces acting on the rigid piston mod-
elling the hydrodynamics of the OWC chamber.

mw
d2z

dt2
= fexc + fhst + frad + fpto (4.6)

where mw is the mass of the water column and z is the level of

the free surface relative to the still water level (positive when

above the SWL), which is a function of time.

The hydrostatic force fhst exerted by the hydrostatic pressure

of the water column is provided by Eq. (4.7). This force varies

between a minimum and a maximum of ±fhst and it is equal

to zero when the position of the rigid piston and the still water

level are coincident.

fhst = −ρwgAcz (4.7)

where ρw is the seawater density, g is the gravitational acceler-

ation, and Ac is the area of the horizontal cross-section of the

chamber.

The force balance of Eq. (4.6) can be written as in Eq. (4.8)

by substituting Eq. (4.7), expressing the hydrostatic force, into
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it.

mw
d2z

dt2
+ ρwgAcz = fexc + frad + fpto (4.8)

The radiating force frad provoked by the radiated wave for

the action of the pressure oscillation can be decomposed in two

contributions: the added mass force fadd and the radiating damp-

ing force frdp given by the product of the radiating damping co-

e�cient B and the velocity of the heave motion ż of the water

column. Therefore, the equation of motion of Eq. (4.6) may be

written in the form of Eq. (4.9).

mwz̈ + Bż + Cz = fexc + fadd + fpto (4.9)

where C is the hydrostatic restoring coe�cient.

The values of mw, B, and C can be calculated with the equa-

tions from Eq. (4.10) to Eq. (4.12), respectively, by considering

the radiating damping coe�cient as a function of the inertial

properties of the system and the hydrostatic restoring coe�cient

[213, 202, 122].

mw = ρwAc(D + z) (4.10)

C = ρwgAc (4.11)

B = 0.2
√
C(mw +madd) (4.12)

The water column mass mw varies based on the water ther-

modynamic conditions, the free surface level of the inner seawa-

ter, and the geometry of the chamber in terms of area of the

horizontal cross-section and draught D. The hydrostatic restor-
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ing coe�cient C depends upon the thermodynamic conditions

of the seawater and the geometry of the caisson. The radiating

damping coe�cient B is a function of C and the inertia of the

seawater, given by the sum of the water column mass and added

mass madd in the vertical direction.

The excitation force fexc is exerted by the hydrodynamic

pressure of the sea wave incident on the bottom of the water

column. Under the assumption of the negligible contribution of

its di�raction component, the excitation force is equal to the

force of Froude-Krylov. The hypothesis is valid if the dimen-

sions of the chamber are small compared to the wavelength, as

the di�raction e�ects of the sea wave can be neglected [214].

The excitation force acting in the vertical direction is based on

the simpli�cation introduced by the linear wave theory, assum-

ing that the displacement of the sea wave surface ηw de�nes the

position of the rigid plate modelling the motion of the water

level inside the caisson [35]. Within this approach, the dynamic

pressure of the seawater pw decreases with the depth along the

vertical direction, as expressed through Eq. (4.13).

pw = ηwρwg
cosh(k(h+ z))

cosh(kh)
(4.13)

The Froude-Krylov force fFK and the wave excitation force

fexc acting on a seawater level equivalent to the front wall draught

D of the chamber may be written as in Eq. (4.14) under the as-

sumptions applied [215].

fFK = fexc = ηwAcρwg
cosh(k(h−D))

cosh(kh)
(4.14)

The added mass force fadd exerted on the water column by

the added mass is determined through Eq. (4.15) as a function
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of the acceleration υ̇z,w − z̈ of the water particles relative to the

water column in the vertical direction [126, 33, 24].

fadd = madd(υ̇z,w − z̈) (4.15)

According to the wave linear theory, the velocity and the

acceleration in the vertical direction of the water particles are

expressed by Eq. (4.16) and (4.17), respectively, as functions of

the water position inside the chamber [202, 122].

υz,w = −ωw
H

2

sinh(k(h+ z))

sinh(kh)
sin(ωw + ϕw) (4.16)

υ̇z,w = −ω2
w

H

2

sinh(k(h+ z))

sinh(kh)
cos(ωw + ϕw) (4.17)

The force fpto determined by the compression and expansion

of the air inside the OWC chamber can be calculated with Eq.

(4.18). This force depends upon the velocity of the free surface

level of the water column and the characteristics of the power

take-o�.

fpto = −Acpc,r (4.18)

where pc,r is the instantaneous value of the di�erence in air pres-

sure between the chamber and the atmosphere.

Finally, the equation of motion of the water column expressed

by Eq. (4.19) is achieved [33].
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(mw +madd)z̈ + Bż + ρwgAcz =

= Acρwgηw
cosh(k(h−D)

cosh(kh))
+maddυ̇z,w −Acpc,r

(4.19)

The determination of the equation of motion of the heaving

rigid piston leads to the solution of the hydrodynamics of the

OWC chamber.

The thermodynamics and aerodynamics of the caisson have

to be solved in addition to the hydrodynamics to determine the

inlet conditions of the air delivered by the primary converter for

the operation of the secondary converter. For this purpose, the

mutual interactions between the oscillating water column and

the above volume of air trapped inside the structure are consid-

ered.

The air volume inside the caisson in unperturbed conditions

has to be su�ciently large to prevent the entry of seawater in the

duct of the air turbine for the most critical wave conditions of

the application site of the system. For example, the air volume

ratio to the area of the horizontal cross-section of the chamber

typically ranges from 3 to 8 m for systems with a �xed struc-

ture, depending on the tidal oscillations. Slightly increasing the

value of this ratio does not cause signi�cant reductions in the

e�ciency of the primary power transformation, while a marked

enhancement determines a substantial decrease of the air pres-

sure gradients, and the chamber becomes not capable of convert-

ing wave power. The increase of the air volume corresponds to

the rise of the compressibility e�ects inside the caisson, which

can be relevant for full-size devices [1].
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Since the air volume is subject to an oscillating compression

by the action of the water column, the density of the air varies

based on the level of the water free surface inside the caisson.

The hypothesis applied for the solution of the thermodynam-

ics of the chamber is the presence of adiabatic and isentropic

transformations. Regarding the �rst assumption, the air tem-

perature variations inside the caisson are small, and the dura-

tion of each �ow phase is typically in the interval between 1 and

7 s, determining very limited heat exchanges with the seawater

and the walls, compared to the energy �ux in the air turbine [1].

Concerning the second assumption, the entropy variations of the

air�ow inside the chamber are negligible relative to the entropy

changes owing to the viscous losses of the turbine. Thus, the

entropy variations are related to the e�ciency of the secondary

converter [23, 1].

Therefore, in the model of the thermodynamics of the OWC

chamber developed, the processes are considered adiabatic and

isentropic. The control volume for the transformations of the air

inside the caisson is represented in the scheme of Figure 4.5.

The hypothesis of isentropic processes implies that, from the

general equation of state of perfect gasses stated in Eq. (4.20),

the formulation of Eq. (4.21) can be obtained for the open system

of the air inside the caisson.

pc = ρcRTc (4.20)

pc
ργcc

= constant (4.21)

where pc, ρc, R, Tc, and γc are the static pressure, density, tem-

perature, gas constant, and speci�c heat capacity ratio of the air
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Figure 4.5: Scheme of the OWC chamber with dashed line rep-
resenting the control volume for the analysis of the air thermo-
dynamics [23].

inside the caisson, respectively.

The content of Eq. (4.21) can be reformulated by considering

the air pressure in the caisson pc as the sum of the pressure in

unperturbed conditions pc,0 and the corresponding variations pc,r

[216, 217, 218], as expressed by Eq. (4.22).

pc,0 + pc,r
ργc

=
pc,0
ργc,0

(4.22)

Subsequently, from Eq. (4.22) the formula of Eq. (4.23) is

obtained [23].

ρc = ρc,0

(
1 +

pc,r
pc,0

) 1
γ

(4.23)

Under the hypothesis of signi�cantly lower ratio of pressure

variations pc,r to unperturbed pressure pc,0 , the linear formula-

tion of the air density is achieved in Eq. (4.24).



147 Chapter 4: Analytical models

ρc = ρc,0

(
1 +

pc,r
γpc,0

)
(4.24)

Figure 4.6 indicates that the linearised equation of the air

pressure is in excellent agreement with Eq. (4.24) for the interval

of the pressure oscillations that may occur in an OWC chamber.

Indeed, there is a di�erence lower than 0.2% corresponding to a

pressure of 15000 Pa, which is much higher than the operating

typically reached in this converter [23].

Figure 4.6: Air density variation inside an OWC caisson as a
function of the air pressure [23].

In analogy, the air temperature varies as a function of the air

pressure inside the chamber, as expressed by Eq. (4.25).

Tcp
1−γ
γ

c = constant (4.25)

Consequently, equations from Eq.(4.26) to (4.28) can be ob-

tained lo linearise the formulation of the air temperature.

Tc = Tc,0

(
1 +

pc,r
pc,0

) γ−1
γ

(4.26)



Chapter 4: Analytical models 148

Tc = Tc,0

(
1 +

γ − 1

γ

pc,r
pc,0

)
(4.27)

Tc = Tc,0 + Tc,0
γ − 1

γ

pc,r
pc,0

(4.28)

Therefore, the linear relation of the temperature variation of

the air inner to the chamber is given by Eq. (4.29).

Tc,r = Tc,0
γ − 1

γ

pc,r
pc,0

(4.29)

Similarly to the case of the air density, Figure 4.7 denotes an

excellent agreement of the non-linear and linearised formulations

of the air temperature, with a maximum di�erence lower than

0.2% for the air pressure of 15000 Pa [23].

Figure 4.7: Air temperature variation inside an OWC caisson as
a function of the air pressure [23].

The linear formulations of the air density and temperature

provide suitable approximations and, thus, are applied in the

developed model.

The time di�erential of the air pressure of Eq. (4.24) is ex-

pressed in Eq. (4.30).
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dρc
dt

=
1

γ

ρc,0
pc,0

dpc,r
dt

(4.30)

The sound speed of the air inside the chamber sc is given by

Eq. (4.31) as a function of the speci�c heat capacity ratio, gas

constant, and air temperature.

sc =
√
γRTc,0 (4.31)

By combining Eqs. (4.30) and (4.31), the formula of Eq.

(4.32) de�ning the instantaneous variation of the air density in-

side the chamber is achieved.

dρc
dt

=
1

s2
c

dpc,r
dt

(4.32)

Since the relative pressure of the air in the caisson pc,r is given

by the di�erence between the chamber air pressure pc and the

atmosphere air pressure pamb, the equivalence of the derivatives

of Eq. (4.33) can be written [202].

dpc
dt

=
dpc,r
dt

(4.33)

The mass air�ow rate ṁc provided by the chamber to the

turbine is expressed by Eq. (4.34), where the sign is considered

positive if the air exits the chamber during the out�ow phase

and negative vice versa during the in�ow phase [35, 126, 33, 24].

ṁc =
dmc

dt
= −d(ρcVc)

dt
= −dρc

dt
Vc + ρc

dVc
dt

(4.34)

The air volume in the caisson Vc is given by Eq. (4.35) as a

function of the chamber volume in unperturbed conditions Vc,0

and the velocity of the free surface of the water column.
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Vc = Vc,0 −Acz = Ac(hc,0 − z) = Achc (4.35)

where hc and hc,0 are the instant and unperturbed values of the

height of the air domain inside the chamber, respectively.

The volume air�ow rate q̇c is given by the time derivative of

the air volume of Eq. (4.36).

q̇c =
dVc
dt

= Ac
dz

dt
= Acż (4.36)

Considering the air compressibility expressed by Eq. (4.32),

the �nal formulation of the mass air�ow rate of Eq. (4.37) is

achieved [35].

ṁc = ρcAcż− Vc
1

s2
c

dpc,r
dt

= ρcAcż− (Vc,0 +Acz)
1

s2
c

dpc,r
dt

(4.37)

Therefore, the derivative of the di�erence in air pressure be-

tween the inside and outside of the OWC chamber is obtained

with Eq. (4.38).

dpc,r
dt

=
s2
cρc
Vc

Acż −
s2
c

Vc
ṁc (4.38)

Based on Eq. (4.31) and the assumption of linear variation

of the air density with the air pressure, Eq. (4.38) can be refor-

mulated as in Eq. (4.39).

dpc,r
dt

=
γpc
Vc

Acż −
s2
c

Vc
ṁc (4.39)

Subsequently, considering the two terms that constitute the

formula of the chamber air pressure, Eq. (4.40) is achieved.
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dpc,r
dt

=
γ(pc,r + pamb)

Vc
Acż −

s2
c

Vc
ṁc (4.40)

Finally, the combination of Eqs. (4.40) and (4.35) leads to

Eq. (4.41), which de�nes the pressure variation of the air inside

the caisson. This ordinary di�erential equation provides the solu-

tion of the thermodynamics and aerodynamics of the oscillating

water column chamber.

ṗc,r =
dpc,r
dt

=
γ(pc,r + pamb)

hc
ż − s2

c

Achc
ṁc (4.41)

Under the assumption of small values of the volume Acz re-

garding the volume Vc,0 , a simpli�ed formulation of the chamber

thermodynamics and aerodynamics may be obtained [35, 126, 33,

24]. In this case, the contribution of the former term becomes

negligible, thus Eq. (4.37) can be simpli�ed to Eq. (4.42).

ṁc = ρcAcż − Vc,0
1

s2
c

dpc,r
dt

(4.42)

From Eq. (4.42), the simpli�ed version of the pressure vari-

ation of the air inside the chamber is de�ned by Eq. (4.43).

ṗc,r =
dpc,r
dt

=
γ(pc,r + pamb)

Vc,0
Acż −

s2
c

Vc,0
ṁc (4.43)

The formula of the air pressure variation of Eq. (4.41) can

be achieved even with an alternative approach based on the ap-

plication of the ideal gas law of Eq. (4.44) to the air inside the

chamber [202, 122].

pcVc = mcRTc (4.44)

The di�erential of Eq. (4.44) with respect to the time gives
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Eq. (4.45).

pc
dVc
dt

+ Vc
dpc
dt

= RTc
dmc

dt
+mcR

dTc
dt

(4.45)

Subsequently, dividing Eq. (4.45) by Vc and utilising Eq.

(4.44), the formula of Eq. (4.46) is obtained.

pc
Vc

dVc
dt

+
dpc
dt

=
RTc
Vc

dmc

dt
+
pc
Tc

dTc
dt

(4.46)

Since the compression and expansion of the air inside the cais-

son may be modelled as isentropic transformations, Eq. (4.47)

can be written.

pcV
γ
c = constant (4.47)

By combining Eqs. (4.44) and (4.47), the relation of Eq.

(4.48) is achieved.

p1−γ
c T γ

c = constant (4.48)

The application of the logarithmic di�erential to Eq.(4.48)

provides the equations from Eq. (4.49) to Eq. (4.52).

p1−γ
c

d(T γ
c )

dt
+ T γ

c

d(p1−γ
c )

dt
= 0 (4.49)

1

T γ
c

d(T γ
c )

dt
+

1

p1−γ
c

d(p1−γ
c )

dt
= 0 (4.50)

γ

Tc

dTc
dt

+
1− γ
pc

dpc
dt

= 0 (4.51)

pc
Tc

dTc
dt

=
γ − 1

γ

dpc
dt

(4.52)

Substituting Eq.(4.52) into Eq. (4.46) gives Eq. (4.53).
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pc
Vc

dVc
dt

+
dpc
dt

=
γ − 1

γ

dpc
dt

+
RTc
Vc

dmc

dt
(4.53)

Then, Eq. (4.53) is rearranged to obtain Eq. (4.54).

γ
pc
Vc

dVc
dt

+
dpc
dt

=
γRTc
Vc

dmc

dt
(4.54)

Combining Eq. (4.54) with the speed of sound expressed by

Eq. (4.31), Eq. (4.55) is formulated.

γ
pc
Vc

dVc
dt

+
dpc
dt

=
s2
c

Vc

dmc

dt
(4.55)

In analogy with the other procedure described above, the

mass �ow rate of Eq. (4.34) is assumed positive when the air

mass inside the chamber decreases during the exhalation phase.

Thus, considering the equivalence of Eq. (4.33) regarding the

pressure derivatives and the volume of the chamber air expressed

by Eq. (4.35), the ordinary di�erential equation de�ning the air

pressure variation inside the caisson is once again achieved. The

formula is equal to Eq. (4.43) under the hypothesis of low ratio

between the volume Acz and the volume Vc,0 as usually occurs.

The joint solution of Eq. (4.19) regulating the hydrodynam-

ics of the OWC chamber with Eq. (4.41) or (4.43) expressing

its thermodynamics and aerodynamics, allows the calculation of

the �ow conditions at the outlet of the caisson. Therefore, the

system of ordinary di�erential equations with two variables of

Eqs. (4.56) is composed by an equation of the second order and

one of the �rst order [209, 126, 33].
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

mwz̈ + Bż + ρwgAcz = Acρwgηw
cosh(k(h−D))

cosh(kh))

+madd(υ̇z,w − z̈)−Acpc,r

ṗc,r =
dpc,r
dt

= − s2
c

Vc,0
ṁc +

γ(pc,r + pamb)

Vc,0
Acż

(4.56)

The solution of the system of equations requires the de�ni-

tion of the boundary values listed below and the de�nition of

the relation between the mass air�ow rate ṁc crossing the wave

energy converter and the pressure di�erence pc,r delivered by the

chamber for the operation of the air turbine.

� z(t = 0) = 0.

� ż(t = 0) = 0.

� pc(t = 0) = pamb.

The relation connecting the air�ow rate and the pressure vari-

ation is obtained through the imposition of the results of the

turbomachine aerodynamics when the chamber model is used

in stand-alone mode, while it is achieved through the iterative

solution of the models of the single converters when the wave-

to-wire modelling is utilised. In the latter case, the solution of

the system of ordinary di�erential equations is performed jointly

with that of the equations ruling the aerodynamics of the air

turbine [209, 126], and, eventually, even of the dynamics of the

electric generator [33, 24]. All the analytical utilise MATLAB

and Simulink for performing calculations.

Furthermore, the rigid piston model is suitable for using cali-

brated porous media or ori�ces to mimic the secondary converter
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through the imposition of a linear or a quadratic ideal law of

pressure variation as a function of the volume air�ow rate, re-

spectively [202, 219, 36, 1, 122]. This simpli�cation of the mod-

elling may be considered reasonable for prototypes functioning

in laboratory conditions or systems operating in real sea wave

conditions at scales at least of 1:4 regarding the real size [1].

During the early stages of the development of the rigid pis-

ton model, analysis with calibrated openings were carried out

to compare the results predicted by the analytical model of the

chamber with numerical and experimental outcomes previously

obtained by the LABIMA.

The function of the mass air�ow rate versus the pressure

drop through a calibrated porous medium is given by Eq. (4.57),

expressing the law of Darcy [220].

ṁc =
−k πr2

o

ρcµc

dpc
dt̄o

(4.57)

where ro , k , and t̄o are the radius, permeability, and thickness of

the porous medium, respectively.

For calibrated ori�ces, the mass air�ow rate is expressed by

Eq. (4.58) as a function of the pressure variation [35].

ṁc = Doπr
2
o

√
2ρcpc (4.58)

where Do is the discharge coe�cient of the ori�ce.

A di�erent approach to the one described above, relying on

the solution of the air turbine aerodynamics, and applied in the

present thesis, is typically utilised in the literature for obtaining a

simpli�ed analysis of an OWC system. This approach is based on

using the damping coe�cient K to simulate the turbine impact
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on the air�ow made available by the chamber.

The damping coe�cient is a function of the system �ow coef-

�cient Φ and the system pressure coe�cient Ψ, de�ned by Eqs.

(4.59) and (4.60).

Φ =
q̇a

Ωd3
tip

(4.59)

Ψ =
pta,in − pa,out
ρa,1Ω2d2

tip

(4.60)

where q̇a is the air�ow rate across the turbine, Ω is the angular

velocity of the turbine rotor, dtip is the turbine diameter, pta,in

is the air total pressure at the turbine inlet, and pa,out is the air

static pressure at the turbine outlet.

The continuity equation ensures the conservation of the air-

�ow rate, thus q̇a is equivalent to q̇c. The pressure drop across

the turbine pta,in−pa,out depends upon the relative pressure be-

tween the chamber and the atmosphere pc. The two values are

ideally equivalent in the absence of pressure losses along the duct

connecting the chamber with the environment.

The relation connecting the damping coe�cient with the two

non-dimensional parameters Φ and Ψ is ideally expressed by Eqs.

(4.61) and (4.62) for a Wells turbine and an impulse turbine, re-

spectively. The relation can be approximated to linearity for the

former, while for the latter, it can be considered nearly quadratic.

Φ = KΨ (4.61)

Φ = KΨ
1
2 (4.62)

Therefore procedures for determining the mass air�ow rate
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of Wells and impulse turbines di�erent from the direct solution

of the turbomachine aerodynamics may be applied.

In particular, for a Wells turbine, the mass air�ow rate may

be calculated combining Eqs. (4.59), (4.60), and (4.61), obtain-

ing Eqs. (4.63) and (4.64).

q̇a
Ωd3

tip

= K
pta,in − pa,out
ρa,1Ω2d2

tip

(4.63)

ṁa =
Kdtip(pta,in − pa,out)

Ω
(4.64)

For the impulse turbine, the mass air�ow rate can be com-

puted combining Eqs. (4.59), (4.60), and (4.61), achieving Eqs.

(4.65) and (4.66).

q̇2
a

Ω2d6
tip

= K
pta,in − pa,out
ρa,1Ω2d2

tip

(4.65)

ṁa =
√
Kρad4

tip(pta,in − pa,out) (4.66)

In some cases the linearisation of the non-linear phenomena is

required for applying this approach. The linearisation procedure

consists in converting the non-linear representation of forces into

a linear approximation, considering the real system conditions.

A source of non-linear e�ects is the drag force induced by vis-

cous �ow e�ects in the duct of oscillating water column systems

due to e�ects like the friction on walls and the vortex shedding.

The other source of non-linearities is the damping e�ect of the

turbine.

The techniques proposed in 2021 by Brooklyn et al. to lin-

earise the drag force and the damping e�ect can be applied.

Di�erent approaches are available for determining the perfor-

mance of wave energy converters under regular or irregular wave
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conditions.

4.2 Wells turbine analytical models

The analytical models for predicting the operation of Wells tur-

bines are based on the blade element momentum (BEM) theory

[21, 50, 221]. The turbine cascades are modelled as sets of blades,

and each single blade is assumed to be comprised of a �nite num-

ber of airfoils stacked in the radial direction (Figure 4.8). Each

couple of adjacent airfoils de�nes an annular sector on the blade

representing a single blade element, with its distinctive geometry

and subject to speci�c �ow conditions [126, 24, 31].

Figure 4.8: Scheme of the discretisation of a turbine blade ap-
plied by a BEM model.

The two main hypotheses of this method are the absence

of aerodynamic interactions among the di�erent blade elements

comprising a blade along its span and the use of airfoil lift and

drag coe�cients for determining the forces acting on each blade

element. The �rst hypothesis implies an adequate discretisation

of the computational domain achievable by setting a su�cient
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number of blade elements along the blade span; the second hy-

pothesis makes the use of accurate lift and drag coe�cients a key

aspect of the modelling.

The two-dimensional cascade theory or the actuator disc the-

ory may be applied to assess the �ow �eld impacting the blade

elements. The former assumes that the radial velocities are neg-

ligible upstream and downstream of the rotor and that for each

annular region, the �uid dynamics is determined by the two-

dimensional potential �ow about a blade cascade of negligible

thickness. The latter assumes that the radial velocity variation

arises not only across the blade but even in the upstream and

downstream regions, resulting in the variation of axial and tan-

gential velocity along the axial and radial directions [50].

4.2.1 Two-dimensional cascade model of mono-

plane isolated Wells turbines

The �rst model developed for the analysis of a monoplane iso-

lated Wells turbine is based on the two-dimensional cascade the-

ory. The �ow is steady, incompressible, irrotational, and ax-

isymmetric, and the variations in the radial velocity may occur

only across the blades. The hypothesis of null radial velocity

is a condition for the validity of the two-dimensional analysis.

It is satis�ed if the incompressible and irrotational �ow has a

constant circulation around the blades. The radial equilibrium

theory is applied both upstream and downstream of the rotor.

The isolated monoplane is the simplest con�guration of a

Wells turbine. It generally consists of a cascade of identical un-

twisted blades staggered at 90 degrees concerning the incoming
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�ow and equispaced in the circumferential direction (Figure 4.9).

(a) Isometric view (b) Front view

Figure 4.9: Rendering of the (a) isometric and (b) front sections
of the CAD model created for the system with the monoplane
isolated Wells turbine.

The blade airfoils for this application are usually symmet-

ric four-digit NACA00XX pro�les with constant chord length,

stacked in the radial direction (Figure 4.10).

Figure 4.10: Scheme of the blade-to-blade section of the cascade
of a monoplane isolated Wells turbine.

A blade element code for the assessment of the �uid dynam-

ics of an isolated monoplane Wells turbine was developed with

MATLAB [222, 126, 24, 31]. The code can operate in stand-

alone mode or integrated into a wave-to-wire model generated

with MATLAB and Simulink.
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The analytical model starts with the de�nition of the geom-

etry and operating conditions, represented by the parameters

listed below.

� Airfoil pro�le.

� Turbine tip radius rtip.

� Rotor tip clearance gap t .

� Hub-to-tip ratio.

� Aspect ratio AR.

� Rotor solidity σ.

� Rotor inertia J .

� Rotor angular velocity Ω.

� Turbine duct upstream length lduct,up.

� Turbine duct downstream length lduct,do.

Figure 4.11 shows a scheme of the straight annular turbine

duct, including one single blade passage. The turbine duct length

is given by the sum of the length of the duct upstream and

downstream of the blade rotor, lduct,up and lduct,up, respectively;
the rotor is generally positioned at the centre of the turbine duct.
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Figure 4.11: Scheme of the annular duct including one blade of
the Wells turbine.

The properties of air are calculated based on the parameters

reported in the following list.

� Atmospheric pressure pamb.

� Atmospheric temperature Tamb.

� Air speci�c gas constant R.

� Air heat capacity ratio γ.

� Air kinematic viscosity µ.

Subsequently, the air�ow conditions at the inlet section far

upstream of the rotor are imposed. Since the model is able to

operate both individually and coupled with the model of the

chamber, the inlet conditions can be assigned based on literature

data or the outcomes of previous calculations, in the former case,

or can be part of the iterative cycle connecting the models of

the primary and secondary converters, in the latter case. In

particular, in all these cases, the static pressure at the rotor inlet

is not exactly known in advance, as it depends upon the pressure

drop determined by the turbine (Section 4.1.1). Therefore, the

pressure is initialised with the value obtained from literature data
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or previous calculations or with the equation of state for ideal

gases of Eq. (4.67).

pa1 = ρa,ambRaTa,amb (4.67)

where pa, ρa, Ta, and Ra are the static pressure, density, tem-

perature and gas constant of air, respectively, and subscripts 1

and amb refer to the turbine inlet section and the atmospheric

conditions outside the OWC system, respectively.

An iterative procedure based on the two-dimensional cascade

theory is applied to calculate the variables needed to determine

the pressure di�erence across the rotor and, thus, the static

pressure at the domain inlet. The resulting value is iteratively

utilised in the complete computation of the analytical model to

update the static pressure pa1 starting from Eq. (4.68). This

equation determines the air density at the turbine inlet ρa under

the hypothesis of negligible air temperature variation across the

turbine duct.

ρa =
pa1

RaTa,amb
(4.68)

For the momentum balance in the radial direction, in a sys-

tem of cylindrical coordinates (x, θ, r), the radial equilibrium

implies through of Eq. (4.69) that the pressure force in the ra-

dial direction equals the centripetal acceleration.

1

ρa

∂pa
∂r

=
v2
θ

r
(4.69)

where r is the turbine radius and vθ is the tangential component

of the absolute velocity.

The radial equilibrium of Eq. (4.69) is valid both upstream
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and downstream of the cascade, where the streamlines de�ne

concentric cylinders. Radial displacements can occur only within

the cascade [221].

The following step of a BEM analysis is determining the con-

ditions of the �ow impacting the blade elements. Each element

has its distinctive geometry, moves with an assigned speci�c tan-

gential speed, and is subject to di�erent �ow conditions. For

these reasons, a sensitivity analysis was carried out to evaluate

the number of sections needed for the domain discretisation. It

was found that 51 sections are the optimal compromise between

accuracy and computational time. Since the number of blade

elements is reduced in size by one regarding the number of sec-

tions, as visible in Figure 4.8, 50 blade elements were set along

the blade span to discretise the domain.

The incoming �ow for a monoplane isolated Wells turbine is

bounded by an inner and an outer coaxial cylindrical wall. The

�ow is axial and uniform for both the in�ow and out�ow phases.

Due to the typical operating conditions of this turbomachine

typology, the Kutta condition of �nite velocity without shocks is

imposed at either the blade leading edge and trailing edge [223,

224]. The inlet and outlet velocity triangles of each blade element

i of Figure 4.12 are determined by the procedure described below

for the two �ow phases.
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Figure 4.12: Scheme of the blade-to-blade section and velocity
triangles of an isolated monoplane Wells turbine with NACA0015
pro�le [24].

The area of the turbine annulus Aann is de�ned based on the

hub and tip radius through Eq. (4.70).

Aann = π(r2
tip − r2

hub) (4.70)

The axial component of the inlet absolute velocity is imposed

by the continuity equation of Eq. (4.71), and its circumferential

component is null, as stated in Eq. (4.72).

vx1,i =
ṁa1,i

ρa,iAann,i
=

q̇a1,i

Aann,i
(4.71)

vθ1,i = 0 (4.72)

where vx1 and vθ1 are the axial and tangential components of

the absolute velocity at the rotor inlet, respectively, ṁa1 is the

mass �ow rate, q̇a1 is the volume �ow rate, and subscript i refers

to the generic blade element.



Chapter 4: Analytical models 166

Under the assumptions of inviscid and irrotational �ow, the

total pressure and �ow rotation can be determined with Eqs.

(4.73) and (4.74).

pta1,i = pa1,i +
ρa,i
2

(v2
x1,i + v2

θ1,i) (4.73)

Oθ1,i =
∂vr1,i
∂x

− ∂vx1,i

∂r
(4.74)

where pt is the total pressure, O is the �ow rotation, and vr is

the radial component of the absolute velocity.

Since the circumferential �ow velocity is null and the static

pressure distribution along the span is constant for Eq. (4.69),

the total inlet pressure is constant in the radial direction.

The �ow circulation Γ at the rotor inlet can be computed with

Eq. (4.75), and it is null for monoplane isolated Wells turbines.

Γ1,i = 2πrivθ1,i (4.75)

Furthermore, when radial equilibrium is connected with the

hypothesis of constant inlet axial velocity in the �ow �eld, the

variation of �ow circulation is null along blade span, and blades

shed no vorticity in the axial direction.

Through Eqs. (4.71) and (4.72), and equations from Eq.

(4.76) to Eq. (4.82) the velocity triangle at the rotor inlet can

be determined. The �ow coe�cient φ is de�ned with Eq. (4.83)

as the ratio of the �ow axial velocity to the blade speed.

Ui = Ωri (4.76)
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v1,i =
√
v2
x1,i + v2

θ1,i (4.77)

wx1,i = vx1,i (4.78)

wθ1,i = vθ1,i − Ui (4.79)

w1,i =
√
w2
x1,i + w2

θ1,i (4.80)

α1,i =
π

2
(4.81)

β1,i =
wx1,i

wθ1,i
(4.82)

φ1,i =
vx1,i

Ui
(4.83)

where U is the blade velocity, v is the absolute velocity, w is

the relative velocity, wx and wθ are its axial and tangential com-

ponents, respectively, α is the absolute �ow angle, and β is the

relative �ow angle.

The �ow crossing the turbine duct impacts the airfoils of the

rotor blades with a speci�c angle of attack depending on the �ow

�eld and the airfoil geometry. An angle of attack di�erent from

zero determines a variation of the tangential component of the

�ow velocity between the inlet and outlet of the rotor. The dif-

ference in tangential velocity is responsible for the work exerted

by the �ow and the rotor blades [126, 24, 31]. Following the

traditional practice in aerodynamics, the work may be expressed

in terms of the composition of lift and drag forces through the
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use of the lift coe�cient CL and the drag coe�cient CD. These

aerodynamic coe�cients depend upon the airfoil shape and are

functions of the angle of attack, the Reynolds number and the

Mach number. The lift force fL is directed orthogonally to the

direction of the relative �ow velocity at the blade inlet w1, while

the drag force fD is coincident with this direction (Figure 4.13).

Figure 4.13: Scheme of the lift and drag forces acting on a
NACA0015 airfoil.

A wide variety of numerical and experimental data of lift and

drag coe�cients are available in the literature for standard blade

airfoils, like the ones of Wells turbines. In the present study, the

Sandia tables were selected to obtain the values of lift and drag

coe�cients, as their use is widely consolidated in the practice

of wind turbine design [225]. These coe�cients arise from ex-

perimental campaigns performed on isolated blades inside wind

tunnels.

For taking into account the decrease of the power output

caused by the leakage of the air�ow through the tip clearance,

induced drag coe�cients are added to the corresponding experi-

mental values to calculate the equivalent drag coe�cients CDtc,

as in Eq. (4.84). The induced drag is a function of the lift coef-
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�cient, the tip clearance t , the aspect ratio AR, and the pitch t

calculated at the blade tip [51].

CDtc,i = CD,i + 0.7
CL,it
ARt

(4.84)

With Eqs. (4.85) and (4.86), the lift and drag forces can be

resolved into their components in the axial and tangential direc-

tions to obtain the coe�cients of the axial thrust and tangential

force Cx and Cθ, respectively, acting on the airfoil.

Cx,i = CL,icosβ1,i + CDtc,isinβ1,i (4.85)

Cθ,i = CL,isinβ1,i − CDtc,icosβ1,i (4.86)

The lift force and the drag force acting on an in�nitesimal

airfoil of chord length l are calculated with Eqs. (4.87) and

(4.88).

dfL,i =
1

2
ρa,iliCL,iw

2
1,idr (4.87)

dfD,i =
1

2
ρa,iliCDtc,iw

2
1,idr (4.88)

The lift and drag forces can be composed to calculate the

axial force fx and tangential force fθ acting on the blade with

Eqs. (4.89) and (4.90).

dfx,i = dfL,icosβ1,i + dfD,isinβ1,i =
1

2
ρa,iliCx,iw

2
1,idr (4.89)

dfθ,i = dfL,icosβ1,i − dfD,isinβ1,i =
1

2
ρa,iliCθ,iw

2
1,idr (4.90)
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For symmetrical airfoils, like those generally used in Wells

turbines, the direction of the tangential force is the same for

both the positive and negative values of the angle of attack.

As a result, if the lift force dominates over the drag force, the

tangential force fθ has the same sign of the circumferential ve-

locity of the blade and provides a positive contribution to the

work extraction. Conversely, if the drag force overcomes the lift

force, the tangential force is opposite to the blade circumferen-

tial velocity, determining a negative work transfer to the rotor.

Generally, the net work conversion from the �ow to the rotor is

positive during the in�ow and out�ow phases. Consequently, the

rotor operation is bidirectional.

The torque τb exerted by the �ow on a single blade is obtained

from Eq. (4.90) and it is equal to Eq. (4.91).

dτb,i = ridfθ,i =
1

2
ρa,iliCθ,iw

2
1,iridr (4.91)

The power Pb transferred by the �ow to a single rotating

blade is given by the product of the angular velocity and the

torque, as stated in Eq. (4.92).

dPb,i = Ωridfθ,i =
1

2
ρa,iliCθ,iw

2
1,iΩridr (4.92)

The previous formulas determine the performance of a sin-

gle blade under the hypothesis of negligible mutual interferences

amongst blades of the same row. However, Wells turbines have

high values of rotor solidity, typically ranging from 0.4 to 0.6 at

blade midspan, for combining e�cient and self-starting opera-

tion. A high solidity determines a mutual interference amongst

the row blades caused by both inviscid and viscous e�ects. The

inviscid e�ects are due to the velocities induced by every blade
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on each other. The viscous e�ects are determined by the wakes

produced at the trailing edge of a blade, which in�uence the �ow

�eld at the leading edge of the following blade. This interference

is not only a function of the rotor solidity but also of the angle

of attack of the �ow. Since the operation of a monoplane Wells

turbine is signi�cantly a�ected by the aerodynamic interference

between the row blades, a correction factor shall be introduced.

The potential �ow theory or a semi-empirical approach can be

used, as explained in detail in Section 3.2.1.

In the present study, an approach based on the theory of the

�ow circulation of Kutta-Joukowski was utilised with the aim of

minimising the di�erences between the predictions of the devel-

oped analytical model and the literature experimental models

[226]. The force coe�cients of Eqs. (4.85) and (4.86) are mul-

tiplied by the cascade interference factor of Eq. (3.4) to obtain

the modi�ed values of the axial and tangential force coe�cients

of Eqs. (4.93) and (4.94), respectively. A speci�c interference

factor is obtained for each blade element, as they have their dis-

tinctive values of rotor solidity and force coe�cients.

CxCIF,i =
1

1− σ2
i

Cx,i (4.93)

CθCIF,i =
1

1− σ2
i

Cθ,i (4.94)

By using the values of the force coe�cients of Eqs. (4.93) and

(4.94) corrected with the interference factor instead of their orig-

inal values, the performance of the Wells turbine can be deter-

mined without neglecting the cascade interference e�ects. There-

fore, this method allows considering the interference e�ects both

on the lift and drag forces.

As discussed in Section 3.2.1, Eqs. (4.93) and (4.94) indi-
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cate that the aerodynamic forces acting on the blades and the

pressure drop across the turbine signi�cantly increase with ro-

tor solidity. Conversely, the aerodynamic e�ciency of the rotor,

which is determined by the ratio between the peripheral and ax-

ial forces acting on the blades, is not strongly a�ected by solidity.

In order to calculate the velocity triangle at the rotor outlet,

the absolute angle of the �ow exiting the blade α2 has to be

determined. Two approaches can be applied: one considers the

�ow deviation across the cascade as a function of only the rotor

geometry in terms of blade chord length and rotor pitch, while

the other takes into account even the e�ects of the conditions of

the air�ow �uid dynamics.

The �rst approach of Eq. (4.95) is based on the balance of the

resulting forces acting on the blade elements and the variation

of the momentum in the chordwise direction [50].

cotα2,i = cotα1,i + 2 tan
πli
2ti

(4.95)

Instead, the semi-empirical approach applies the balance of

the resulting torque on the blade elements and the change in the

angular momentum through Eqs. (4.96) and (4.97) to compute

the value of α2 at the rotor outlet section [221]. This approach

was selected in the present study for modelling the aerodynamics

of the Wells turbine.

Γ1,i − Γ2,i =
ZliCθCIF,ivx,i

2β1,i
(4.96)

cotα2,i = cotα1,i +
ZliCθCIF,i

4πβ1,i
(4.97)

The velocity triangle at the outlet of the rotor row is deter-
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mined with equations ranging from Eq. (4.98) to Eq. (4.105).

α2,i = arccot

(
cotα1,i +

ZliCθCIF,i
4πβ1,i

)
(4.98)

vx2,i = vx1,i (4.99)

vθ2,i = vx2,i cotα2,i (4.100)

v2,i =
√
v2
x2,i + v2

θ2,i (4.101)

wx2,i = vx2,i (4.102)

wθ2,i = vθ2,i − Ui (4.103)

w2,i =
√
v2
w2,i + w2

θ2,i (4.104)

β2,i = arctan
w2,i

wθ2,i
(4.105)

The torque τ exerted by the �ow on all the airfoils of the

rotor is obtained by multiplying Eq. (4.91) by the number of

rotor blades and substituting the tangential force coe�cient cal-

culated on an isolated pro�le Cθ with the value CθCIF corrected

using the cascade interference factor to consider the rotor blade

interaction.

dτi =
1

2
ρa,iliZCθCIF,iw

2
1,iridr (4.106)

The power P transferred to each rotor airfoil can be calcu-
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lated with Eq. (4.107) by multiplying the torque of Eq. (4.106)

by the rotational velocity.

dPi =
1

2
ρa,iliZCθCIF,iw

2
1,iΩridr (4.107)

The total power output of the rotor can be evaluated through

numerical integration of Eq. (4.107) along the blade span.

The equilibrium of the axial momentum is imposed to deter-

mine the pressure drop across the rotor and the energy parame-

ters of the turbine. In Eqs. (4.108) and (4.109), the axial force

acting on the rotor, expressed in terms of force equilibrium by

Eq. (4.89) is balanced by the pressure force acting on the �ow

[22].

(pa1,i − pa2,i)2πridr =
1

2
ρa,iliZCxCIF,iw

2
1,idr (4.108)

pa1,i − pa2,i

1

2
ρa,iw2

1,i

=
liZCxCIF,i

2πri
(4.109)

By substituting the inlet relative velocity with the inlet ab-

solute velocity, the static-to-static pressure drop across the rotor

is obtained with Eq. (4.110).

pa1,i − pa2,i =
ρa,iliZCxCIF,iv

2
x1,i

4πri sin2 β1,i

(4.110)

Therefore, the total-to-static pressure drop within the rotor is

expressed by Eq. (4.111). This quantity determines the pressure

di�erence that the chamber has to provide to the turbine for the

operation of the oscillating water column system.
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pta1,i − pa2,i =
ρa,iliZCxCIF,iw

2
1,i

4πri
+

1

2
ρa,iv

2
1,i (4.111)

The total-to-total pressure drop across the rotor can be calcu-

lated with Eq. (4.112) as a function of the axial force coe�cient

and, thus, of the lift and drag coe�cients.

pta1,i−pta2,i =
ρa,iliZCxCIF,iw

2
1,i

4πri
+

1

2
ρa,iv

2
1,i−

1

2
ρa,iv

2
2,i (4.112)

Since the kinetic power at the rotor outlet is considered as

a loss, the total power entering the system PI is determined by

Eq. (4.113) through the product of the total-to-total pressure

drop and the volume �ow rate.

dPI,i = (pta1,i − pta2,i)dq̇a,i (4.113)

The formulation of Eq. (4.113) can be made explicit by sub-

stituting Eq. (4.111) and the volume �ow rate through the an-

nulus. In this way, Eq. (4.114) is obtained.

dPI,i =
ρa,iliZCxCIF,iv

2
x1,i

4πri sin2 β1,i

2πrivx1,idr =

=
1

2
ρa,iliZCxCIF,iw

2
1,ivx1,idr

(4.114)

The total power is comprised of the sum of the power output

PO and the power dissipation due to viscous e�ects on the blades

PV , as indicated in Eq. (4.115).
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dPI,i = (pta1,i − pta2,i)dq̇i = dPO,i + dPV,i (4.115)

If the total-to-static pressure drop within the rotor is consid-

ered, Eq. (4.116) can be written by making explicit the contri-

bution of the dissipation of kinetic power PK .

(pta1,i − pa2,i)dq̇i = dPO,i + dPV,i + dPK,i (4.116)

The right side terms of Eq. (4.116) can be expressed through

equations from Eq. (4.117) to Eq. (4.119).

dPO,i =
1

2
ρa,iliZCθCIF,iw

2
1,iUidr (4.117)

dPV,i =
1

2
ρa,iliZCDtc,iw

3
1,idr (4.118)

dPK,i =
1

2
ρa,iv

2
2,idq̇i (4.119)

Under the hypothesis of conservation of the absolute veloc-

ity imposed by the two-dimensional cascade theory, the power

balance can be veri�ed with the equations from Eq. (4.120) to

Eq.(4.122) by substituting Eqs. (4.111), (4.117), (4.118), and

(4.119) into Eq. (4.115).

(pta1,i − pa2,i)dq̇i =
1

2
ρa,iliZCθCIF,iw

2
1,iUidr+

+
1

2
ρa,iliZCDtc,iw

3
1,idr +

1

2
ρa,iv

2
2,idq̇i

(4.120)
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1

2
ρa,iliZCxCIF,iw

2
1,ivx1,idr =

=
1

2
ρa,iliZw

2
1,i(CθCIF,iUi + CDtc,iw1,i)dr

(4.121)

CxCIF,ivx1,i − CθCIF,iUi = CDtc,iw1,i (4.122)

The formulation of Eq. (4.122) states the relation that links

the velocity triangles with the force coe�cients, connecting, in

turn, the rotor angular velocity, the blade radii, the lift and drag

coe�cients, and the rotor solidity. The equation is always ful-

�lled for a monoplane isolated Wells turbine under the assump-

tion of null velocity variations in the axial direction.

The blade element aerodynamic e�ciency ξ is de�ned in Eq.

(4.123) by the ratio of the in�nitesimal blade power output and

the in�nitesimal total power input of the corresponding channel

sector.

ξi =
dPO,i
dPI,i

=
dPO,i

dPO,i + dPV,i + dPK,i
(4.123)

The radially mass-averaged aerodynamic e�ciency of the ro-

tor is obtained with Eq. (4.124) by numerical integration along

the blade span.

ξi =
dPO,i
dPI,i

=

∫ rtip
rhub

(dPO,i∫ rtip
rhub

dPO,i + dPV,i + dPK,i)
(4.124)

The total pressure downstream of the rotor is calculated with

Eq. (4.125).

pta2,i = pa2,i +
ρa,i
2

(v2
x2,i + v2

θ2,i) (4.125)
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By applying radial equilibrium, the total pressure distribu-

tion along the blade radius at the rotor outlet can be formulated

with Eq. (4.126).

dpta2,i

dr
=
ρa,i
2

d(vx2,i)
2

dr
+
ρa,i
2r2
i

d(rvθ2,i)
2

dr
(4.126)

With the assumption of constant total pressure along the

blade span [22], Eq. (4.126) is reduced to Eqs. (4.127), (4.128)

and �nally to Eq. (4.129).

d(vx2,i)
2

dr
= − 1

r2
i

d(rvθ2,i)
2

dr
(4.127)

d(vx2,i)
2

dr
= − 1

4π2r2
i

d(2πrvθ2,i)
2

dr
(4.128)

d(v2
x2,i)

dr
= − 1

4π2r2
i

Γ2
2,i (4.129)

Under the hypothesis of constant work and blade circulation

around the blades, thus of null circulation in the radial direction,

the variation of the axial velocity in the radial direction upstream

and downstream of the blade row is zero. This implies that the

�ow axial velocity is constant for each blade element for the two-

dimensional cascade theory.

4.2.2 Actuator disc model of monoplane iso-

lated Wells turbines

The concept of the actuator disc was �rst used by Rankine in

1865 in the theory of ship propeller design. Afterwards, actuator

disc models have been widely used to date in turbomachinery.

The main feature of the model is to consider a cascade of a tur-

bomachine as an in�nitely thin and permeable disc that mimics
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the e�ect of the former in terms of energy exchange with the

�ow. The circular disc determines an axial resistance to the

�ow, which is considered uniform within the disc section, as the

row is approximated as a set of in�nite blades. The radial equi-

librium condition is imposed far upstream and far downstream

of the disc, although it is not necessarily respected in the area

between these sections. This approach allows the development of

a model based on the conservation of the mass and momentum,

suitable for the assessment of the energy extraction by �ows that

are not subject to high vorticity and energy losses [21, 221]. The

main assumptions of the theory are to consider a steady, axisym-

metric, and inviscid �ow.

The axial momentum theory applies the conservation laws in

the axial direction inside an annular stream tube containing an

actuator disc. Its main aim is to establish a relation between the

axial velocity and the axial force acting on the disc. This is the

result of the mass, axial momentum, and energy conservation

at the inlet and the outlet of the stream tube. In an actuator

disc model, the axial component of the velocity is not neces-

sarily constant in both the axial and radial directions upstream

and downstream of the blade row. Indeed, a redistribution of

the mass �ow is taken into account, as stated by experimental

analyses carried out on axial turbomachines. The conservation

of the axial momentum identi�es that the axial force exerted by

the �ow on the actuator disc is equal to Eq. (4.130).

fx,i = ṁ(vx1,i − vx2,i) = ρa,ivxd ,iAann,i(vx1,i − vx2,i) (4.130)

where vxd is the axial component of the absolute air�ow velocity
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at the actuator disc section.

The energy conservation determines that the axial power act-

ing on the disc of Eq. (4.131) equals the power lost by the �ow

of Eq. (4.132).

Px,i = fx,ivxd ,i = ṁi(vx1,i − vx2,i)vxd ,i =

= ρa,iv
2
xd ,iAann,i(vx1,i − vx2,i)

(4.131)

Px,i =
1

2
ṁi(v

2
x1,i − v2

x2,i) =

=
1

2
ρa,ivxd ,iAann,i(v

2
x1,i − v2

x2,i)

(4.132)

Therefore, the kinetic energy that is extracted from the �ow

is the same as the energy absorbed by the actuator disc. It fol-

lows that, combining Eqs. (4.131) and (4.132), the axial velocity

within the disc vxd is expressed by Eq. (4.133).

vxd ,i =
1

2
(vx1,i + vx2,i) (4.133)

The actuator disc theory states that within the disc, at any

given radius, the axial velocity is equal to the average of the

undisturbed axial velocities at the same radius, far upstream

and far downstream of the disc. Thus, the perturbations super-

imposed on the axial velocities of the far-�eld vx1 and vx2 right

before and after the disc v
′

x1 and v
′

x2 in the upstream and down-

stream regions, can be written as in Eqs. (4.134) and (4.135),

respectively.

v
′

x1,i =
1

2
(vx2,i − vx1,i) (4.134)
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v
′

x2,i =
1

2
(vx1,i − vx2,i) (4.135)

From Eq. (4.133) and imposing the continuity and a constant

tangential vorticity in the region between the far upstream inlet,

where the condition of radial equilibrium is satis�ed, and the

disc, Eqs. (4.136) and (4.137) can be obtained [221].

∂vr
∂x

=
∂

∂r
(vx1 + v

′

x1) = −∂vx1

∂r
(4.136)

∂vr
∂x

=
∂v
′

x1

∂r
(4.137)

where vr is the radial component of the absolute air�ow velocity.

Then, Eq. (4.137) can be generalised in Eq. (4.138) by in-

cluding Eq. (4.135).

∂vr
∂x

=
∂v
′

x1

∂r
=
∂v
′

x2

∂r
=
∂v
′

x

∂r
(4.138)

Therefore, the continuity equation can be written as in Eq.

(4.139).

∂v
′

x

∂x
+
∂vr
∂r

+
vr
r

= 0 (4.139)

Substituting Eq. (4.137) into Eq. (4.139) and partially dif-

ferentiating with respect to the radius, Eq. (4.140) is obtained

[221].

∂2vr
∂x2

+
∂2vr
∂r2

+
1

r

∂2vr
∂r2

(4.140)

By imposing the boundary condition of null radial velocity

vr = 0 both at hub and at tip, a solution of the di�erential

Eq. (4.140) expressing the velocity perturbation can be obtained
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[221], as expressed by Eq. (4.141).

v
′

x = ±(vx2 − vx1)e
± πx
rtip−rhub (4.141)

The important result of the axial momentum theory applied

to the actuator disc is that the velocity perturbations decay ex-

ponentially away from the disc, both upstream and downstream.

The formula achieved for the decay rate in Eq. (4.142) is

called settling-rate rule [221].

vx = vx1 ± (vx2 − vx1)e
± πx
rtip−rhub (4.142)

The plus or minus signs in the above equations refer to the

upstream and downstream �ow regions, respectively. This ap-

proximate solution was proved to be consistent with the exact

solution of the analysis [178].

The determination of the �ow �eld with the actuator disc

model is performed by means of an iterative procedure. Firstly,

the law of the axial velocity variation of Eq. (4.129) and the con-

tinuity equation of Eq. (4.139) are utilised to calculate the radial

distribution of the axial velocity at the domain outlet by assum-

ing that, at the �rst step, the �ow velocity in front of the disc

is equal to that of the undisturbed �ow. Then, with Eq. (4.133)

the axial �ow velocity across the disc is determined as the aver-

age between the values of the axial velocity far upstream and far

downstream of the disc. For each blade element, the work pro-

duced, the work lost, the tangential component of the absolute

velocity downstream of the disc, and the static and total values

of pressure drop are calculated once again with the formulations

presented in Section 4.2.1 and a new outlet distribution of the

axial velocity is determined. The iterative procedure continues

until the convergence criterion of di�erences in energy conserva-
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tion lower than 10−4 is satis�ed.

4.2.3 Actuator disc model of Wells turbines

with guide vanes

The analytical model of monoplane Wells turbines with two rows

of guide vanes positioned upstream and downstream of the ro-

tor, as visible in Figures 4.14 and 4.15, assumes that the �ow is

steady, axisymmetric, and inviscid, and applies the Kutta con-

dition. Therefore, the �ow velocity is always �nite at the sharp

leading edge of the inlet guide vane. The �ow approaching the

leading edge of the inlet guide vane is completely axial, and it

is de�ected by the inlet guide vane to obtain an absolute �ow

angle α1 at the rotor inlet greater than 90 degrees and directed

in the direction of rotation of the rotor.

(a) Isometric view (b) Front view

Figure 4.14: Rendering of the (a) isometric and (b) front sec-
tions of the CAD model created for the system with a monoplane
Wells turbine with guide vanes.



Chapter 4: Analytical models 184

Figure 4.15: Scheme of the blade-to-blade section of the cascades
of a monoplane Wells turbine with guide vanes.

Considering the two-dimensional potential �ow about a blade

cascade of negligible thickness, a simple approach to the design

of the guide vanes is the application of Eq. (4.95) to balance the

resulting forces acting on the blade elements and the variation

of momentum in the chordwise direction. In Eq. (4.95), the

angle α1 is imposed by the shape of the inlet guide vane, and

the angle α2 depends on the geometry and operating conditions.

Therefore, in ideal conditions, the �ow absolute angles at the

inlet and outlet of the rotor are supplementary, as stated by Eq.

(4.143).

α2,i = π − α1,i (4.143)

As a consequence, the guide vanes have to be symmetrical,

and their angles are a function of only the rotor solidity [52].

Moreover, the �ow exits the outlet guide vane without swirl, and

the �ow pattern of the two guide vanes is specular regarding the

plane of symmetry of the turbine cascades. With this approach,

the angle α1 can be determined through Eq. (4.144), and it is a

function of only the chord to pitch ratio of the rotor, resulting
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independent from the rotational speed and the �ow rate.

α1,i =
π

2

(
1 +

li
ti

)
(4.144)

However, this approach has the limitation of neglecting the

contribution of the drag force to the chordwise component of the

force acting on the rotor.

A more accurate approach to determine the guide vane angles

is based on the balance of the resulting torque on the blade

elements and the change in the angular momentum of Eq. (4.97).

The velocity triangle at the rotor inlet relates the absolute and

relative �ow angles α1 and β1, respectively, through Eq. (4.145).

cotα1,i + cotβ1,i =
Ωri
vx1,i

(4.145)

For speci�c values of �ow rate, rotor geometry, and angular

speed, the design geometry of the inlet guide vane is given by the

equation of the distribution of the absolute �ow angle α1 as a

function of the radius. This determines in turn, the distributions

of the relative �ow angle β1 and consequently of the tangential

force coe�cient Cθ along the radius. Therefore, the relation be-

tween the �ow absolute angles at the inlet and outlet of the rotor

becomes a direct function of the radius and Eq. (4.143) has to

be satis�ed for each airfoil along the blade span.

In the present work, the approach relying on the balance of

the blade element torque and the change in the angular mo-

mentum was utilised. The procedure described in Sections 4.2.1

and 4.2.2 and Eqs. (4.143) and (4.145) was applied to deter-

mine the �ow �eld in the axial and tangential directions and the

performance of the monoplane Wells turbine with inlet and out-

let guide vanes. The model begins with setting the geometrical
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and operating states of the three turbomachine rows and with

the computation of the inlet properties of the seawater and air

according to the environmental conditions. Then, the air�ow

conditions at the section far upstream of the turbine duct are

assigned on the basis of the literature results, achievements of

previous calculations of the chamber model, or as part of the

iterative cycle connecting the chamber and turbine models.

In analogy with the model of the monoplane isolated Wells

turbine, the static pressure p0 at the inlet of the upstream stator

is initialised with the value obtained from the literature or the

chamber model or through the application of the equation of

state for ideal gases of Eq. (4.146).

p0 = ρambRTamb (4.146)

Afterwards, an iterative procedure is used to determine the

static pressure based on the pressure di�erence across the tur-

bine, similarly to the monoplane isolated Wells turbine.

The air density at the inlet of the turbomachine ρa is com-

puted with Eq. (4.147) under the assumption of a negligible

air temperature di�erence between the inlet and outlet of the

turbine.

ρa =
pa0

RaTa,amb
(4.147)

For the momentum balance in the radial direction, the radial

equilibrium of Eq. (4.69) is applied upstream and downstream of

the cascades. In particular, the �ow approaching the inlet guide

vane is assumed to be axial and uniform and Eqs. (4.148) and

(4.149) are utilised to determine the velocity components of the

air�ow.
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vx0,i =
ṁa,i

ρa,iAann,i
=

q̇a,i
Aann,i

(4.148)

vθ0,i = 0 (4.149)

where vx0 and vθ0 are the axial and tangential components of

the velocity at the inlet of the upstream stator, respectively.

The �ow is de�ected by the inlet guide vane, thus the velocity

components in this section are determined with Eqs. (4.150) and

(4.151).

vx1,i = vx0,i (4.150)

vθ1,i =
vx1,i

tanα1,i
(4.151)

The total pressure and the �ow rotation can be calculated

with Eqs. (4.152) and (4.153), under the assumptions of inviscid

and irrotational �ow.

pt0,i = p0,i +
ρ0,i

2
(v2
x0,i + v2

θ0,i) (4.152)

Oθ0,i =
∂vr0,i
∂x

− ∂vx0,i

∂r
(4.153)

The �ow circulation Γ1 at the rotor inlet can be computed

with Eq. (4.154) on the basis of the tangential velocity obtained

through Eq. (4.151). For a Wells turbine with guide vanes, Γ1 is

not null, in contrast to the monoplane isolated con�guration.

Γ1,i = 2πrivθ1,i (4.154)
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The velocity triangle and the �ow coe�cient at the inlet of

the rotor are calculated with Eqs. (4.150) and (4.151) and the

equations from Eq. (4.76) to Eq. (4.83). The equations from

Eq. (4.85) to Eq. (4.90) are utilised to compute the lift, drag,

and force coe�cients and the forces acting on the rotor blades.

Then, through Eqs. (4.93) and (4.94), the e�ect of the mutual

interference between the rotor blades is included in the calcu-

lations. Subsequently, Eq. (4.98) is utilised to calculate the

absolute �ow angle exiting the rotor and the equations ranging

from Eq. (4.99) and Eq. (4.105) are applied to determine the

velocity triangle downstream of the rotor cascade. Afterwards,

the torque and power exerted by the �uid on the turbine rotor

are determined with Eqs. (4.106) and (4.107).

The static-to-static pressure drop across the turbine, which

means between the inlet and outlet of the two guide vanes, is

ideally equal to the static pressure variation across the rotor

of Eq. (4.110). The total-to-static pressure drop through the

turbine can be calculated by adding the speci�c kinetic energy

at the entrance of the IGV, computed with Eq. (4.155) as a

function of the �ow velocity vx0 at this section.

pt0,i − p3,i =
ρa,iliZCxCIF,iw

2
1,i

4πri
+

1

2
ρa,iv

2
0,i (4.155)

where p3 is the static pressure at the exit of the outlet guide

vane.

The inlet power of Eq. (4.156) is provided by the product

of the total-to-static pressure variation across the turbomachine

and the volume �ow rate elaborated. The power entering the

system equals the sum of the power output and the power dissi-

pated for viscous and kinetic e�ects.



189 Chapter 4: Analytical models

dPI,i = (pt0,i − p3,i)dq̇i = dPO,i + dPV,i + dPK,i (4.156)

The power output PO and the power dissipation due to vis-

cous e�ects on the blades PV are determined by Eqs. (4.117)

and (4.118), respectively. The dissipation of the kinetic power

is given by Eq. (4.157), where the velocity term ideally coin-

cides with the absolute axial velocity at the exit of the OGV.

Indeed, the swirl component of the �ow is ideally null both at

the entrance and the exit of the guide vanes.

dPK,i =
1

2
ρa,iv

2
3,idq̇i (4.157)

The radially mass-averaged aerodynamic e�ciency of the tur-

bine is obtained with Eq. (4.124) by numerical integration of the

power contributions along the blade span.

The total pressure downstream of the rotor is computed with

Eq. (4.125), while its distribution along the blade radius at the

rotor outlet is given by Eq. (4.126). The equations from Eq.

(4.127) to Eq. (4.142) are applied to calculate the distributions

of the axial and tangential velocity upstream and downstream of

the rotor, modelled as an actuator disc.

The �ow exiting the OGV is ideally axial, and its tangential

component of the absolute velocity is null. Therefore, the total

pressure at this section is determined through Eq. (4.158).

pt3,i = p3,i +
1

2
ρa,iv

2
x3,i (4.158)

The guide vanes used for the application with Wells turbines
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may be de�ned by a �xed two-dimensional shape projected along

the stator radius or may have a speci�c three-dimensional shape.

The design of guide vanes with a shape de�ned by two di-

mensions is based on applying the procedure described above to

determine the optimal �ow angle at the exit of the inlet guide

vane that ful�ls the conditions imposed by Eqs. (4.143) and

(4.145) at the blade midspan section. The geometry of the guide

vanes is imposed to obtain a value of the torque coe�cient equal

to the value calculated corresponding to the condition of maxi-

mum e�ciency for the turbine without guide vanes [208].

For the guide vanes whose shape is de�ned by three dimen-

sions, the geometry of the stators is designed to keep the angle

of attack β1 constantly equal to the value corresponding to the

maximum e�ciency point in the case of two-dimensional guide

vanes [208].

The present model was developed to allow the choice of the

design of two-dimensional or three-dimensional guide vanes.

The chord length of the guide vanes can be determined by

applying the criterion of Zweifel for a speci�c number of vanes,

set on the basis of experience and the design practice for tur-

bomachinery [21]. Zweifel′s criterion de�nes the optimal ratio

between the real and ideal blade loading on a cascade to min-

imise the aerodynamic losses. The general formulation of the real

blade loading on a generic airfoil is determined by Eq. (4.159).

Γi = ρa,itivx,i(vθin,i + vθout,i) =

= ρa,itiv
2
x,i(tanαin,i + tanαout,i)

(4.159)

where Γ is the real blade loading and the subscripts in and out

refer to the inlet and outlet sections of the cascade.
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The ideal blade loading on a generic airfoil i is expressed by

Eq. (4.160).

Γid,i = (ptain,i − paout,i)lx,i =
1

2
ρa,itiv

2
x,ilx,i =

= ρa,itiv
2
x,i cos2(αout,i)lx,i

(4.160)

The criterion of Zweifel states in Eq. (4.161) that the op-

timal value of the real to ideal blade loading ratio is 0.8 for a

turbomachine row.

Γi
Γid,i

= 2
ti
lx,i

cos2 αout,i(tanαin,i + tanαout,i) = 0.8 (4.161)

The length of the axial chord of the stators is obtained from

Eq. (4.162) by making explicit lx,i and substituting the values

of the �ow angles.

lx,i = 2.5ti cos2 α1,i(tanα0,i + tanα1,i) (4.162)

The geometry and the chord length of the inlet and outlet

guide vanes are identical; thus, even their axial chord length is

equivalent. From this value, the chord length can be obtained

by �xing the geometry of the guide vanes, which is typically

represented by an arc of a circle [208].

4.2.4 Actuator disc model of biplane Wells tur-

bines

The analytical model of biplane Wells turbines considers a ma-

chine composed of two rotor rows without guide vanes, as illus-

trated in Figures 4.16 and 4.17.
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(a) Isometric view (b) Front view

Figure 4.16: Rendering of the (a) isometric and (b) front sec-
tions of the CAD model created for the system with the biplane
Wells turbine.

Figure 4.17: Scheme of the blade-to-blade section of the cascades
of a co-rotating Wells turbine.

The model applies a double actuator disc model to determine

the aerodynamics of the turbomachine. The two co-rotating ro-

tors are modelled as two coupled actuator discs to superimpose

the e�ects of the cascades on the �uid dynamics of the entire

turbine. As discussed in Section 3.2.3, the mutual interaction

between the planes has a limited magnitude for the typical de-

sign parameters of biplane Wells turbines, as the gap to chord

ratio is greater than the unit. Therefore, the e�ects of the inter-

action between planes, which are modelled, concern two aspects.

The �rst is the air pressure at the inlet and outlet of the upstream

rotor for the presence of the downstream rotor; the second is the

modi�cation of the velocity triangle of the downstream cascade
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due to the �ow distortion caused by the upstream cascade.

The analytical model starts with the de�nition of the geomet-

ric and operating conditions of the two rotor cascades. Moreover,

the �ow conditions at the turbine inlet are initialised based on

available results or calculating the air properties and the static

pressure at the rotor inlet through the equation of state for ideal

gases of Eq. (4.67). Then, an iterative procedure relying on the

two-dimensional cascade theory is applied to update the value

of the static pressure on the basis of the calculated pressure dif-

ference across the entire turbine. The obtained value is utilised

in the computations starting from the determination of the air

density at the inlet of the upstream rotor with Eq. (4.68).

The equations in the interval between Eq. (4.69) and Eq.

(4.75) are applied to impose the momentum balance in the ra-

dial direction and determine the �ow characteristics at the inlet

of the upstream cascade. Then, Eq. (4.163), the equations from

Eq.(4.77) to Eq. (4.82), and Eq. (4.164) are calculated to deter-

mine the blade velocity of the upstream rotor.

Ūi = Ω̄ri (4.163)

φ̄1,i =
vx1,i

Ūi
(4.164)

where the bar over the variables indicates the upstream rotor of

the turbine.

The forces acting on this cascade and the related coe�cients

are calculated with equations from Eq. (4.165) to Eq. (4.170).
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C̄x,i = C̄L,icosβ1,i + C̄D,isinβ1,i (4.165)

C̄θ,i = C̄L,isinβ1,i − C̄D,icosβ1,i (4.166)

df̄L,i =
1

2
ρ̄a,i l̄iC̄L,iw

2
1,idr (4.167)

df̄D,i =
1

2
ρ̄a,i l̄iC̄D,iw

2
1,idr (4.168)

df̄x,i =
1

2
ρ̄a,i l̄iC̄x,iw

2
1,idr (4.169)

df̄θ,i =
1

2
ρ̄a,i l̄iC̄θ,iw

2
1,idr (4.170)

By combining the equations ranging from Eq. (4.165) to Eq.

(4.170) with Eqs. (4.93) and (4.94), the e�ects of mutual interfer-

ence amongst the rotor blades are introduced in the computation

of the forces.

C̄xCIF,i =
1

1− σ̄2
i

C̄x,i (4.171)

C̄θCIF,i =
1

1− σ̄2
i

C̄θ,i (4.172)

The torque τ̄i and power P̄i transferred to every rotor airfoil

are obtained with Eqs. (4.173) and (4.174).

dτ̄i =
1

2
ρ̄a,i l̄iZ̄C̄θCIF,iw

2
1,iridr (4.173)

dP̄i =
1

2
ρ̄a,i l̄iZ̄C̄θCIF,iw

2
1,iΩ̄ridr (4.174)
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Subsequently, Eqs. (4.175) and (4.176) and the equations

ranging from Eq. (4.99) to Eq. (4.105) are utilised to compute

the velocity triangle at the outlet of the upstream rotor.

cotα2,i = cotα1,i +
Z̄l̄iC̄θCIF,i

4πβ1,i
(4.175)

α2,i = arccot

(
cotα1,i +

Z̄l̄iC̄θCIF,i
4πβ1,i

)
(4.176)

The pressure variation across the upstream turbine is pro-

vided by Eqs. (4.177) and (4.178) in terms of static-to-static

and total-to-static values, respectively.

pa1,i − pa2,i =
ρ̄a,i l̄iZ̄C̄xCIF,iw

2
1,i

4πri
(4.177)

pta1,i − pa2,i =
ρ̄a,i l̄iZ̄C̄xCIF,iw

2
1,i

4πri
+

1

2
ρ̄a,iv

2
1,i (4.178)

The power output P̄O, the power dissipation due to viscous

e�ects on the blades P̄V , and the dissipation of kinetic power P̄K

for the upstream rotor are computed with Eqs. (4.179), (4.180),

and (4.181), respectively.

dP̄O,i =
1

2
ρ̄a,i l̄iZ̄C̄θCIF,iw

2
1,iŪidr (4.179)

dP̄V,i =
1

2
ρ̄a,i l̄iZ̄C̄D,iw

3
1,idr (4.180)

dP̄K,i =
1

2
ρ̄a,iv

2
2,idq̇i (4.181)

The relations of Eqs. (4.182) and Eqs. (4.183) and the

equations in the interval from Eq. (4.127) to Eq. (4.129) are
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utilised to determine the pressure and the axial velocity distribu-

tion along the blade radius at the outlet section of the upstream

rotor. Then, the equations from Eq. (4.133) to Eq. (4.142)

are calculated to apply the actuator disc approach based on the

air�ow velocity distribution at the same section.

pta2,i = pa2,i +
ρ̄a,i
2

(v2
x2,i + v2

θ2,i) (4.182)

dpta2,i

dr
=
ρ̄a,i
2

d(vx2,i)
2

dr
+
ρ̄a,i
2r2
i

d(rvθ2,i)
2

dr
(4.183)

An analogous procedure to that described for the upstream

cascade is applied even for the downstream cascade. In partic-

ular, the static pressure at the inlet of the downstream row is

initialised with the equation of state for ideal gases of Eq. (4.67),

considering the pressure decrease through this single row. The

velocity triangle at the inlet of the downstream rotor is identi-

cal to the one at the outlet of the upstream rotor, calculated

with equations from Eq. (4.98) to Eq. (4.105). Afterwards,

the same procedure used for the upstream row to determine the

pressure variation and distribution and apply the actuator disc

approach are imposed across the downstream rotor. In this case,

the sections 1 and 2 at the inlet and outlet of the upstream rotor,

respectively, are replaced by the sections 2 and 3 at the inlet and

outlet of the downstream rotor, respectively.

The inlet power PIbp of the biplane Wells turbine is given

by the product of the total-to-static pressure drop across the

entire turbine and the volume air�ow rate passing through it, as

written in Eq. (4.184).

dPIbp,i = (pta1,i − pa3,i)dq̇i (4.184)
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The power transformed by the blade elements of the two ro-

tors, located at a speci�c radial position, is given by the sum of

their contributions, as expressed in Eq. (4.185).

dPObp,i =
1

2
ρ̄a,i l̄iZ̄C̄xCIF,iw

2
1,ivx1,idr+

+
1

2
¯̄ρa,i

¯̄li
¯̄Z ¯̄CxCIF,iw

2
2,ivx2,idr

(4.185)

where the single bar and double bar subscripts indicate the up-

stream and downstream rotors, respectively.

The overall power output PObp of the biplane turbine is pro-

vided by numerical integration of Eq. (4.185) along the radius

from hub to tip, as expressed in Eq. (4.186).

PObp =

∫ rtip

rhub

1

2
ρ̄a,i l̄iZ̄C̄θ1CIF,iw

2
1,iΩ̄ridr+

+

∫ rtip

rhub

1

2
¯̄ρa,i

¯̄li
¯̄Z ¯̄Cθ2CIF,iw

2
2,i

¯̄Ωridr

(4.186)

where w3 is the relative velocity of the air�ow at the inlet of the

downstream rotor.

The power loss PV bp due to viscous e�ects on the blades of

the two cascades is expressed by Eq. (4.187).

dPV bp,i =
1

2
ρ̄a,i l̄iZ̄C̄D,iw

3
1,idr+

+
1

2
¯̄ρa,i

¯̄li
¯̄Z ¯̄CD,iw

3
2,idr

(4.187)

The power loss PKbp owing to the kinetic power of the �ow
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exiting the turbine is expressed by Eq. (4.188).

dPKbp,i =
1

2
¯̄ρa,iv

2
3,idq̇i (4.188)

The radially mass-averaged value of the aerodynamic e�-

ciency of a biplane Wells turbine is calculated with Eq. (4.189)

through the ratio of the output power made available by the two

biplane rotors and the inlet power entering the system.

ξbp,i =
dPObp,i
dPIbp,i

=

∫ rtip
rhub

dPObp,i∫ rtip
rhub

(dPObp,i + dPV bp,i + dPKbp,i)
(4.189)

Therefore, the global e�ciency of the biplane con�guration

depends upon the contributions of either the rotors comprising

the turbomachine.

4.2.5 Actuator disc model of contra-rotating

Wells turbines

The analytical model of contra-rotating Wells turbines investi-

gates the aerodynamics of turbomachines comprised of two rotor

cascades moving with opposite senses of rotation, in the absence

of guide vanes, as shown in Figures 4.18 and 4.19.
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(a) Isometric view (b) Front view

Figure 4.18: Rendering of the (a) isometric and (b) front sec-
tions of the CAD model created for the system with the contra-
rotating Wells turbine.

Figure 4.19: Scheme of the blade-to-blade section of the cascades
of a contra-rotating Wells turbine.

The model implements a double actuator disc approach, cou-

pling the e�ects of the two rows to evaluate the �uid dynamics

of the entire turbine. As aforementioned in Section 3.2.4, the

reciprocal interaction between the rotors is limited owing to the

conventional design of contra-rotating Wells turbines, mainly as

the ratio between the gap and the chord is greater than uni-

tary. Thus, the in�uence between the cascades included in the

modelling regards the e�ects of the downstream cascade on the

pressure at the inlet and outlet of the upstream cascade and the

modi�cation of the velocity triangle of the downstream row owed

to the �ow distortion caused by the upstream row.
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The actuator disc model of a contra-rotating Wells turbine

has a similar structure to the biplane con�guration. The same

procedure explained in Section 4.2.4 is applied for both the up-

stream and downstream cascades. The main di�erence between

the models is represented by the sign of the angular velocity of

the two rows. In the case of contra-rotating rotors, the two cas-

cades have opposite senses of rotation, which result in di�erent

signs for Ū and ¯̄U .

4.3 Impulse turbine analytical model

The analytical model developed for the evaluation of the aero-

dynamics of axial-�ow impulse turbines is an original code based

on the design practice of axial turbomachines and relies on the

blade element momentum theory [21, 221, 50].

As explained in detail in Section 3.3.1 and shown in Figure

4.20, the typical con�guration of an axial-�ow impulse turbine

for wave energy converters relying on the oscillating water col-

umn technology has a single rotor cascade and a couple of stator

cascades [24].
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(a) Isometric view (b) Front view

Figure 4.20: Rendering of the (a) isometric and (b) front sec-
tions of the CAD model created for the system with the axial
impulse turbine.

The blade-to-blade section of an axial impulse turbine de-

picted in Figure 4.21 de�nes the scheme of the airfoils of the

three rows.

Figure 4.21: Scheme of the blade-to-blade section of the cascades
of an axial impulse turbine.

The cascades are modelled as sets of blades, and each of them

is considered as a �nite number of airfoils stacked in the radial

direction. Every couple of adjacent airfoils delineates a single
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blade element, characterised by its distinct geometry and sub-

ject to peculiar �ow conditions. The principal hypothesis of this

method is the absence of mutual interactions amongst the dif-

ferent blade elements. This implies the need for an appropriate

discretisation of the computational domain by utilising a su�-

cient number of blade elements in the radial direction.

The analytical model is based upon the application to the

present case of the experimental correlations widely used for the

design of axial turbomachines, in accordance with the similari-

ties between these applications.

The model was developed with MATLAB and is capable of

operating in stand-alone mode [227] or integrated into a wave-to-

wire model created with MATLAB and Simulink [126, 33, 24].

A preliminary code for the analysis of axial impulse turbines

for OWC systems was implemented at the Sustainable Energy

Research Group (SERG) of the University of Florence. This

code used a mean line approach based on consolidated correla-

tions for the design of turbomachine cascades and compared the

e�ects of various loss formulations on the prediction of turbine

aerodynamics to select the most suited ones for this kind of ap-

plication [228]. More recently, another preliminary version of the

model was implemented in the framework of the present research.

This code applied a blade element momentum approach, intro-

ducing the analysis of the aerodynamic losses along the blade

span for the selected loss correlations. The model considered

only a limited range of turbine geometric parameters and oper-

ating conditions [210].

Both the other models could only investigate the out�ow

phase and were decoupled from the OWC chamber. Therefore,
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a separate calculation of the primary and secondary converters

was necessary to assign the air conditions at the domain inlet

of the impulse turbine. For these reasons, the current version of

the model is fully automated and generated to allow the joint op-

eration with the models of the primary and tertiary converters.

Moreover, it is capable of investigating all the reasonable con�g-

urations of geometric parameters and operating conditions.

4.3.1 Flow distribution analysis

The arrangement of the rotor blades and stator vanes and the

ideal velocity triangles of the air passing through an axial impulse

turbine during the in�ow and out�ow phases are illustrated in

Figure 4.22. The inlet guide vane operates as an accelerating

row, while the outlet guide vane functions as a di�usive cascade.

Figure 4.22: Scheme of the blade-to-blade section and ideal ve-
locity triangles of an axial impulse turbine.
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The velocity triangles of Figure 4.22 illustrate the ideal tra-

jectories of the �ow crossing an axial impulse turbine. Moreover,

a scheme of the composition of the ideal velocity triangles and

�ow angles is presented in Figure 4.23 for the in�ow and out�ow

phases.

Figure 4.23: Ideal velocity triangles at the inlet and outlet of the
turbine rotor of an axial impulse turbine.

In the developed model, the �ow deviations from the ideal

directions are determined by applying the criterion of Carter

and Hughes for the inlet guide vane and rotor and the criterion

of Howell for the outlet guide vane.

The approach implemented provides the actual direction of

the �ow exiting a cascade based on its conditions and the cascade

geometry. Since the metal angles of the cascades are designed to

perfectly guide the �ow in ideal conditions, its deviation implies

a misalignment between the �ow at the outlet of the upstream

row and the inlet of the downstream row. This aspect is partic-

ularly important between the rotor and the outlet guide vane, as

it is responsible for signi�cant �ow blockage and relevant stag-

nation losses. These e�ects increase with the magnitude of the
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absolute �ow de�ection imposed by the inlet guide vane and ro-

tor. Thus, the inlet guide vanes are usually designed to have

low values of the metal angle at their trailing edge or a movable

geometry to reduce the �ow blockage at the rotor outlet, and the

corresponding losses [229, 32, 230]. Other factors of reduction of

these losses are the use of rotor pro�les generated by a circular

arc and an elliptic arc and the control of �ow de�ection through

the rotor cascade [229, 32, 230]. However, a low metal angle at

the trailing edge of the IGV and a small �ow de�ection through

the rotor reduce the net energy transferred by the air�ow to the

rotor and the turbine e�ciency [231]. Instead, the utilisation of

movable guide vanes requires a relevant complication of turbine

manufacturing and maintenance.

The e�ects of the misalignment between the direction of the

�ow exiting the rotor and the outlet guide vane is depicted in

Figure 4.24.

The code starts by de�ning the geometry and operation of

the turbomachine, which are provided by the parameters of the

following list.

� Stator and rotor pro�les.

� Metal angles of the stator and rotor cascades.

� Turbine tip radius.

� Rotor tip clearance gap.

� Hub-to-tip ratio.

� Stator and rotor blade number.

� Camber line shape.
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Figure 4.24: Scheme of the blade-to-blade section and the ve-
locity triangles in�uenced by the �ow misalignment between the
rotor and outlet guide vane of an axial impulse turbine.

� Ratio of thickness to chord length.

� Rotor inertia.

� Rotor angular velocity.

In particular, a pro�le created by a circular arc and a straight

line is utilised for the stators, and a pro�le generated by a circu-

lar arc and an elliptic arc is used for the rotor. The best-suited

angles of the stator and rotor pro�les are selected from litera-

ture experimental and numerical analyses to optimise the aero-

dynamics, as explained in detail in Section 3.3.1. The angle of 60

degrees regarding the direction of the machine rotation axis was

set at the exit of the IGV and the entrance of the OGV, and at

the rotor entrance and exit to promote the correct development

of the boundary layer [232, 208, 32].
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The de�nition of the turbine geometry is based on the use of

the metal angles of the cascades as input data, as they represent

a key design parameter for impulse turbines. This approach al-

lows the operation of the code with �xed geometries of the guide

vanes and the fast implementation of the analysis of adjustable

geometries for these cascades. In addition, the blade numbers

of rotor and stators were assigned as input parameters instead

of the chord length, as they are fundamental design parameters

a�ecting the aeroelasticity and aeroacoustics of turbomachines.

The use of these parameters as input data allows the possible

integration of the model with the outcomes of aeroelastic and

aeroacoustic analyses.

Moreover, the environmental conditions and the parameters

listed below are assigned to compute the air properties.

� Atmospheric pressure pamb.

� Atmospheric temperature Tamb.

� Air speci�c gas constant R.

� Air heat capacity ratio γ.

� Air kinematic viscosity µ.

The air�ow conditions at the inlet and outlet sections of the

turbine duct are imposed far upstream and downstream of the

IGV and OGV, respectively. Since the model is capable of oper-

ating either in stand-alone mode and coupled with the model of

the caisson, the inlet conditions can be assigned based on litera-

ture results or the achievements of former computations or may

arise from the iterative cycle coupling the models of the primary

and secondary converters.
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Regarding the absolute velocity at the domain inlet, its ax-

ial component is obtained by imposing the �ow continuity with

equation Eq. (4.190) and its circumferential component of Eq.

(4.191) is null, as the �ow is considered uniform and homoge-

neous.

vx1,i =
ṁa1,i

ρa,iAann,i
=

q̇a1,i

Aann,i
(4.190)

vθ1,i = 0 (4.191)

As concerns the camber line shape, the requirement of pro�le

symmetry relative to the �ow phases discussed in Section 3.3.1

has to be ful�lled. The possible choices are represented by the

circular and parabolic outlines. The latter solution was selected

as it allows to reduce the deviation of the �ow exiting the blade.

The control of the deviation, which is the di�erence between

the blade and �ow angles, is paramount for a rotor cascade im-

posing a de�ection similar to that of axial impulse turbines.

The approach widely established in the literature was applied

[208, 32, 94].

The maximum ratio of thickness to chord length was set to

0.3 for the rotor and 0.007 for the stators, based on the design

practice of this typology of turbomachines [208, 32, 94]. Even

for the thickness distribution, the condition of symmetry was re-

spected.

The complete establishment of the geometry of the two sta-

tors and the rotor requires calculating the blade chord length

for each cascade. Since the blade number and pro�le shape of

all rows are imposed, the chord length of the blades is achieved

through the iterative procedure described below.
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Regarding the inlet guide vane and the rotor, the blade chord

length is computed with an iterative process that applies the

criterion of Zweifel and the criterion of Carter and Hughes.

Zweifel′s criterion of Eq. (4.161) de�nes as 0.8 the optimal

ratio between the real and ideal blade loading on turbine cascades

in order to minimise the aerodynamic losses. From Eq. (4.161),

the axial chord length of the two stators is calculated with Eq.

(4.192) based on the stator pitch and the absolute �ow angles at

the inlet and outlet of the cascade, considering that the air�ow

at the turbine inlet is completely axial.

lxS,i = 2.5tS,i cos2 α2,i(tanα1,i + tanα2,i) (4.192)

In analogy, the length of the axial chord length of the rotor is

computed with Eq. (4.193) as a function of the rotor pitch and

the absolute �ow angles corresponding to its inlet and outlet

sections.

lxR ,i = 2.5tR ,i cos2 β3,i(tanβ2,i + tanβ3,i) (4.193)

The deviation expresses the di�erence between the angle of

the �ow exiting a cascade and the metal angle of the cascade

blades, as stated by Eqs. (4.194) and (4.195) for a stator and a

rotor, respectively.

δS,i = αout,i − γout,i (4.194)

δR ,i = αout,i − θout,i (4.195)

where γ and θ are the blade angles of the stator and rotor, re-

spectively, and subscript out refers to the outlet of a generic



Chapter 4: Analytical models 210

cascade.

The deviation is directed in the sense that it determines the

reduction of the �ow de�ection. Since the magnitude of this

parameter may be signi�cant, especially for cascades with large

camber angle and pitch to chord ratio, its proper determination

during the design stage is a relevant aspect.

The criterion of Carter and Hughes applies Eq. (4.196) to

determine the �ow deviation across a cascade, based on its ge-

ometry in terms of blade shape and camber, pitch to chord ratio

and stagger angle.

δi = MCH,iΘi

(
ti
li

)m

(4.196)

where δ is the �ow deviation, MCH is a coe�cient function of

the stagger angle, Θ is the camber angle, which is the change in

angle between the leading and trailing edges of a blade depicted

in Figure 4.22, and m is a coe�cient related to the machine

typology, that assumes value 1 for a turbine and value 1/2 for a

compressor cascade.

The nominal �ow deviation coe�cientMCH for parabolic arc

camber lines can be determined from Figure 4.25 based on the

stagger angle of the stator or rotor.
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Figure 4.25: Nominal �ow deviation coe�cient as a function of
the stagger angle for circular arc and parabolic arc camber lines.

By substituting the corresponding values of the nominal �ow

deviation coe�cient and the geometric parameters, Eqs. (4.197)

and (4.198) are obtained for the IGV and the rotor, respectively.

δIGV,i = MCHIGV,iΘIGV,i

√
tIGV,i
lIGV,i

(4.197)

δR ,i = MCHR ,iΘR ,i
tR ,i

lR ,i
(4.198)

The �rst step of the iterative procedure is the application of

the Zweifel′s criterion to initialise the values of the chord length

of the cascades based on their geometric angles. Thus, the hy-

pothesis of perfectly guided �ow without deviation through the

cascades is initially applied. Subsequently, the criterion of Carter

and Hughes is utilised to calculate the �ow deviation across the

cascades, and the criterion of Zweifel is again imposed to deter-

mine the chord length of the rows, removing the assumption of

perfectly guided �ow. The convergence criterion of the iterative
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procedure is set to 10−3 for the length of the chord.

The chord length of the blades of the three cascades can be

obtained once the axial chord length is computed. Regarding the

rotor, the two values are coincident as its pro�le is symmetrical,

as visible in Figure 4.22, while concerning the stators, the length

of the chord depends upon their geometry. By setting the ratio

between the length of the circular arc and the straight line de�n-

ing the shape of the stator, the chord length can be determined

from the value of its axial component, as illustrated in Figure

4.26.

Figure 4.26: Scheme of the blade-to-blade section of a guide vane
of an impulse turbine showing the shape de�ned by a circular arc
and a straight line.

A sensitivity analysis to the guide vane shape was performed

for an impulse turbine at a laboratory scale: an optimal value

of 35% and 65% for the axial chord length of the circular arc

and straight line portions, respectively, was determined for the

machine e�ciency under wave conditions with height and period

typical of a moderate Mediterranean wave climate [210].

The �ow velocity at the inlet of the impulse turbine is as-



213 Chapter 4: Analytical models

signed by Eqs. (4.190) and (4.191) and the �ow trajectories

across the IGV and rotor are determined through the itera-

tive process applying the criterion of Zweifel and the criterion

of Carter and Hughes described above. Therefore, the veloc-

ity triangles upstream and downstream of the inlet guide vane

and the rotor are completely de�ned, as shown in Figure 4.23.

The absolute �ow angle at the outlet of the IGV is expressed by

Eq. (4.199) based on its outlet angle of metal γ2,i and the �ow

deviation δIGV,i.

α2,i = γ2,i − δIGV,i (4.199)

The axial component of the absolute �ow velocity is assumed

constant through the turbine, according to the consolidated prac-

tice in the design of axial-�ow action turbomachines [21], thus

Eq. (4.200) is obtained. From the axial component of the ab-

solute �ow velocity at the outlet of the inlet guide vane, the

tangential component and the absolute �ow velocity are deter-

mined with Eqs. (4.201) and (4.202) by considering the absolute

�ow angle.

vx,i = vx1,i = vx2,i (4.200)

vθ2,i = vx,i tanα2,i (4.201)

v2,i =
vx,i

cosα2,i
(4.202)

The blade velocity is calculated with Eq. (4.203) based on

the radius of the blade element considered and the rotor angular

velocity.
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Ui = Ωri (4.203)

The �ow coe�cient is determined with Eq. (4.204) from the

axial component of the absolute �ow velocity and the blade ve-

locity.

φi =
vx,i
Ui

(4.204)

The tangential component of the relative �ow velocity is com-

puted with Eq. (4.205) as a function of the absolute �ow velocity

in the tangential direction and the blade speed.

wθ2,i = vθ2,i − Ui (4.205)

The relative �ow angle at the exit of the IGV is given by

Eq. (4.206). Then, this value and the axial component of the

absolute �ow velocity are utilised in Eq. (4.207) to calculate the

relative �ow velocity at this section.

β2,i = arctan

(
wθ2,i
vx,i

)
= arctan

[
tan(α2,i − φ−1

i )
]

(4.206)

w2,i =
vx,i

cosβ2,i
(4.207)

The relative �ow angle at the exit of the rotor is determined

by the angle of the trailing edge of the rotor blades and the �ow

deviation at the rotor exit, as expressed by Eq. (4.208).

β3,i = γ− δR ,i (4.208)

By applying equations from Eq. (4.209) to Eq. (4.213), the

velocity triangle at the rotor outlet is achieved.
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w3,i =
vx,i

cosβ3,i
(4.209)

wθ3,i = vx,i tanβ3,i (4.210)

vθ3,i = wθ3,i − Ui (4.211)

α3,i = arctan
(vθ3,i
vx,i

)
= arctan

[
tan(β3,i − φ−1

i )
]

(4.212)

v3,i =
vx,i

cosα3,i
(4.213)

After determining the velocity triangles upstream and down-

stream of the inlet guide vane and the rotor cascade, an iterative

procedure is applied to calculate the �ow deviation downstream

of the outlet guide vane to de�ne the velocity triangle at the

turbine outlet. The OGV is a decelerating and di�usive cascade.

Indeed, it reduces the �ow velocity and recovers the pressure.

For these reasons, the correlations typically applied for assessing

the �ow through compressor rows were applied.

The empirical rule formulated by Howell in Eq. (4.214) is

utilised to estimate the nominal deviation of the �ow from the

camber angle and pitch to chord ratio of the outlet guide vane

[21].

δ∗i = MHW,iΘi

√
ti
li

(4.214)

where δ∗ is the nominal �ow deviation and MHW is a coe�cient

that depends upon the shape of the camber line and the �ow

de�ection across the cascade.
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The iterative process starts with the initialisation of the nom-

inal value of the absolute �ow angle at the exit of the OGV α∗4,i
with the angle of metal of the cascade γ4,i, as expressed in Eq.

(4.215).

α∗4,i = γ4,i (4.215)

The coe�cient MHW is a function of the camber line shape

and blade setting. For a di�using �ow, as in the case of the

outlet guide vane of an impulse turbine, its value is given by Eq.

(4.216). An iterative process is applied to determine MHW by

initialising the value of α∗4,i through Eq. (4.215).

MHW = 0.232

(
aLE
li

)2

+
α∗4,i
500

(4.216)

where aLE is the distance from the leading edge corresponding to

the maximum di�erence between the camber line and the chord.

By substituting Eq. (4.216) into Eq. (4.214), the value of

the �ow deviation is obtained with Eq. (4.217) at the �rst step

of the iterations.

δ∗i =

[
0.232

(
aLE
li

)2

+
α∗4,i
500

]
Θi

√
ti
li

(4.217)

The absolute �ow angle at the exit of the OGV is computed

at the �rst step of the procedure with Eq. (4.218) based on the

blade angle at the exit of the OGV and the value of the �ow

deviation at the �rst iterative step.

α∗4,i = γ4,i − δ∗i (4.218)

The calculation of Eqs. (4.217) and (4.218) is iterated until
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the convergence criterion of 10−3 is reached for the outlet �ow

angle.

Subsequently, the �ow de�ection across the outlet guide vane

has to be determined. For this purpose, the low-speed correlation

of Eq. (4.219) formulated by Howell was applied [25]. The cor-

relation expresses the nominal value of the �ow de�ection across

a di�using cascade ε∗ as the 80% of the stalling �ow de�ection

εst.

ε∗ = 0.8εst (4.219)

The formula is, therefore, a correlation of stalling de�ection,

as more directly noticeable in Eq. (4.220).

εst = 1.25ε∗ (4.220)

The relation of Eq. (4.219) was determined from experiments

performed on low-speed compressors for a wide variety of geome-

tries, operating conditions, and intervals of �ow incidence. The

correlation has been widely applied for the design of axial-�ow

compressors, and it is a compromise between conservative and

optimistic predictions [21]. The nominal values of the �ow de�ec-

tion for di�erent con�gurations of compressor rows depend upon

the pitch to chord ratio, the nominal absolute �ow angle at the

cascade outlet, and the Reynolds number [25, 21], as expressed

by Eq. (4.221).

ε∗ = f

(
t

l
, α∗out, Re

)
(4.221)

The formula is independent of the cascade camber angle for

the typical values of the parameter used in turbomachinery de-
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sign, which are comprised in the range between 20 and 40 de-

grees. The dependency on the Reynolds number is limited for

values lower than 3 · 105 calculated based on the blade chord

length [21, 25].

The nominal �ow de�ection to the vary of the nominal outlet

angle of the correlation of Howell is represented in Figure 4.27

for typical values of the pitch to chord ratio [21, 25].

Figure 4.27: Nominal �ow de�ection as a function of the nominal
outlet absolute �ow angle for typical values of the pitch to chord
ratio, adapted from Howell [25].

For the nominal values of the absolute �ow angle between 0

and 40 degrees, the tangent-di�erence rule of Eq. (4.222) deter-

mined by Howell could be applied to obtain an approximation

of the data of Figure 4.27 during the preliminary design stages.

The formula expresses the �ow deviation as a function of the

pitch to chord ratio [25, 21].

tanα∗3,i − tanα∗4,i =
1.55

1 + 1.5 ti
li

(4.222)
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In the model of the impulse turbine developed, the nominal

�ow de�ection is obtained by interpolating the curves of Figure

4.27 using as input data the nominal value of the absolute �ow

angle at the exit of the OGV determined with the iterative pro-

cedure previously described. Then, the value of α∗4 is utilised to

determine the nominal �ow de�ection across the row ε∗. From

these parameters, the nominal value of the absolute �ow angle

at the entrance of the OGV is determined with Eq. (4.223).

α∗3,i = ε∗ − α∗4,i (4.223)

The nominal value of the incidence angle of the �ow entering

the outlet guide vane i∗3,i can be computed with Eq. (4.224),

while the e�ective value of the incidence angle i3,i is provided by

Eq. (4.225).

i∗3,i = α∗3,i − γ3,i (4.224)

i3,i = α3,i − γ3,i (4.225)

The di�erence between the e�ective and nominal values of

the �ow incidence i3,i − i∗3,i and the nominal value of the �ow

de�ection ε∗ are utilised to determine the e�ective de�ection of

the �ow across the outlet guide vane. The relation expressing

the o�-design operation of a compressor row obtained by Howell

in Figure 4.28 is applied to determine the e�ective �ow de�ection

[21, 25].



Chapter 4: Analytical models 220

Figure 4.28: Curves of the o�-design performance of a compres-
sor row [21].

From the relative de�ection ε/ε∗ obtained with Figure 4.28,

the e�ective �ow de�ection can be easily determined based on the

nominal value of the parameter of Eq. (4.219). The absolute �ow

angle at the exit of the guide vanes is provided by Eq. (4.226).

α4,i = α3,i − εi (4.226)

Therefore, the velocity triangle at the turbine outlet is ob-

tained with Eqs. (4.227) and (4.228).
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vθ4,i = vx,i tanα4,i (4.227)

v4,i =
vx,i

cosα4,i
(4.228)

The speci�c work Lb,i exerted by the �ow on each blade el-

ement of the rotor is determined with Euler′s theorem for tur-

bomachinery of Eq. (4.229), based on the velocity triangles up-

stream and downstream of the rotor row.

Lb,i = Ui(vθ2,i + vθ3,i) (4.229)

The power Pb,i exchanged between the �ow and a blade ele-

ment of the rotor is obtained with Eq. (4.230) through Euler′s

theorem, which relates the speci�c work to the velocity triangles

of the rotor.

Pb,i = ṁa,iLb,i = ρa,iAann,ivx,iUi(vθ2,i + vθ3,i) (4.230)

The power transformed by the rotor blades is achieved with

Eq. (4.231) by numerical integration in the spanwise direction

of the contributions of all the blade elements.

Pb =

∫ rtip

rhub

ρa,iAann,ivx,iΩ(vθ2,i + vθ3,i)dr (4.231)

From Eq. (4.230), the torque of each blade element τb,i is

calculated with Eq. (4.232) by diving the rotor power for its

rotational speed.

τb,i =
Pb,i
Ω

(4.232)
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The torque acting on rotor blades τb is provided by Eq.

(4.233) based upon the integral form of rotor blade power.

τb =
Pb
Ω

(4.233)

4.3.2 Loss determination

The analysis of the performance of an impulse turbine requires

the estimation of the aerodynamic losses. Generally, all the

causes of e�ciency reduction of a turbomachine addressable to

the �ow are considered in this category.

During the preliminary phases of the modelling, the most

widespread approaches for evaluating machine losses were con-

sidered and compared to determine the best solutions for the

analysis of axial impulse turbines for oscillating water column

wave energy converters. In particular, for the accelerating cas-

cades, represented by the inlet guide vane and the rotor, the

loss correlation of Soderberg and the correlation of Ainley and

Mathieson, with the corrections proposed by Dunham and Came,

Kacker and Okapuu, and Moustapha, were considered. Concern-

ing the di�using cascade, the correlations of Howell and Lieblein

were taken into account. All these formulations were obtained

from experimental campaigns performed on a wide variety of tur-

bine and compressor cascades and represent the common practice

in turbomachinery design [21].

After the preliminary analysis of the e�ects of the di�erent

approaches, the model of Ainley and Mathieson was chosen for

the accelerating row, and the model of Howell was selected for

the di�using row. In particular, the correlation of Ainley and

Mathieson provides a more accurate prediction of the losses of

the IGV and rotor regarding the correlation of Soderberg, which

neglects the e�ects of the pro�le shape of the cascades and the
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level of reaction of the turbomachine. As concerns the OGV,

the correlation of Howell was chosen to overcome the limitations

imposed by the range of validity of the correlation of Lieblein,

which considers only the positive values of the incidence angle.

This limit is in contrast with the bidirectional air�ow charac-

terising the operation of oscillating water column systems. An

extensive analysis of the e�ects of these loss formulations can be

found in the mean line model initially proposed by the SERG

[228].

The power losses that occur in turbomachine cascades are

typically classi�ed as listed below based on their e�ects on the

�ow �eld [233].

� Pro�le losses.

� Endwall losses.

� Tip leakage losses.

The contribution of the above categories to the total �ow

losses of a turbomachine depends upon its typology and geome-

try, mainly in terms of the aspect ratio of the blades and the type

and size of the tip gap. A general assessment of these phenom-

ena considers a comparable in�uence of the three categories on

the turbine performance, with everyone responsible for approxi-

mately 1/3 of the overall �ow losses [233]. The losses determine

an increase of the entropy, occurring due to three transforma-

tions of thermo-�uid dynamics: viscous friction in the free shear

layers and boundary layers, heat exchanges, and non-equilibrium

processes arising with shock waves or sudden expansions [233].

In Figure 4.29 a general representation of the main vortices

characterising the air�ow in a turbomachine is provided.
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Figure 4.29: Scheme of the main vortices present in a rotating
cascade of a turbomachine [26].

The pro�le losses consider the power dissipations caused by

the formation of boundary layers on the surfaces of turboma-

chine vanes or blades far from endwalls. The viscous forces acting

on the �uid in the boundary layer determine its velocity reduc-

tion and entropy rise regarding the free shear �ow. This implies

the growth of the entropy for a �ow exiting a cascade relative

to its inlet conditions. For a particular �ow rate, the result is

an increase of the pressure variation across a row regarding an

isentropic �ow. Since the pressure di�erence disposable at the

turbine is determined for a speci�c machine con�guration and

peculiar operating conditions, the pro�le losses determine the

decrease of the �ow rate and the rise of the entropy. Conse-

quently, the rotor power and the cascade e�ciency lowering.

The parameters a�ecting the pro�le losses concern the �ow

in terms of Reynolds number and Mach number, and the vane or

blade in terms of surface roughness and trailing edge thickness

[233].

The endwall losses are determined by the �ow velocity com-
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ponents that do not belong to the blade-to-blade section of a

turbomachine cascade. Since this is the main plane of the ma-

chine, these �ows are usually referred to as secondary �ows, and

the related losses are typically categorised as secondary losses,

as they include all the losses that are not otherwise considered.

Therefore, the secondary �ow is de�ned as the di�erence between

the actual �ow crossing a cascade and the ideal axisymmetric

�ow.

Several e�ects provide the complete secondary motion of a

�ow: the cascade secondary �ow due to the turning of the main-

stream, the mainstream secondary �ow inside the passage owing

to vortices developing from blades, the secondary �ow at the tip

of vanes and blades, the cross �ows in the annulus boundary

layer due to rotation and blade scraping e�ect, and the inward

or outward radial �ows owing to radial pressure gradients for

stators or blade rotation for rotors [234].

The boundary layers of the endwall are transported inwards

along the blade suction side by the action of the mainstream

crossing the vane. This causes a disruption of the �ow �eld, and

it is responsible for relevant total pressure losses, determining

the decrease of �ow rate across a machine, for a given pressure

drop, regarding an isentropic �ow.

The secondary losses include, in particular, the skin friction

losses related to the formation of boundary layers on the surfaces

of the annulus walls of a turbomachine, which depend on the

Reynolds number, the Mach number, and the wall roughness.

The tip leakage losses are causes of power decay owing to the

pressure di�erence between the pressure side and suction side at

the tip of rotor blades, as illustrated in Figure 4.30.
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(a) Unshrouded blade (b) Shrouded blade

Figure 4.30: Scheme of the �ow leakage at the tip of rotor blades
[27]

The di�erence in the pressure is determined by the rotation

of the cascade and forces the �ow to pass through the thin gap

between the blade tip and the annulus outer wall, without ex-

change of angular momentum with the blade. Therefore, the tip

leakage causes the reduction of power transfer and the decrease

of rotor e�ciency. Moreover, this phenomenon has a complex

interaction with the mainstream �ow and the secondary �ows.

The parameters a�ecting the tip leakage losses are the typol-

ogy of the gap between the blade tip and annulus wall, the tip

gap size, the rotor angular velocity, the di�erence between the

values of the magnitude and direction of the leakage �ow and

mainstream velocity, the �ow turning in a cascade, and the inlet

�ow angle [27]. The types of clearance gaps mainly depend on

the presence of unshrouded or shrouded blades and smooth or

grooved walls.

The Mach number of the �ow is signi�cantly lower than 0.5

in the present application. Therefore, the air compressibility ef-

fects are negligible for the secondary converter. Moreover, the

heat exchange and temperature variation across the cascades are

negligible. Consequently, these two aspects are not considered
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in the modelling.

The losses of the inlet guide vane and rotor were estimated

by applying the correlations formulated by Ainley and Math-

ieson. In this approach, the global values of the total pressure

losses of turbomachines in design and o�-design conditions are

determined by the pro�le, tip clearance, and secondary losses.

Relevant improvements of the methodology were proposed by

Dunham and Came in 1970, by Kacker and Okapuu in 1981, and

by Moustapha et al. in 1990. The �rst two advancements regard

the formulation of the pro�le, secondary, and tip clearance loss

coe�cients in design conditions, while the third advancement

concerns the o�-design operation.

For evaluating the cascade losses, the pro�le loss coe�cient

Υ is de�ned in Eq. (4.234) as the ratio of the total pressure

di�erence across the cascade to the di�erence between the total

and static values of the pressure at the cascade outlet.

Υ =
pt ,in − pt ,out

pt ,out − pout
(4.234)

Since the air compressibility e�ects are negligible in the cur-

rent application, Eq. (4.234) can be simpli�ed to Eq. (4.235).

Υ =
pt ,in − pt ,out

1
2ρv

2
out

(4.235)

Therefore, Eq. (4.236) is obtained for the inlet guide vane,

while Eq. (4.237) is achieved for the rotor.

ΥIGV =
pt1 − pt2

1
2ρv

2
2

(4.236)
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ΥR =
pt2 − pt3

1
2ρw

2
3

(4.237)

The correlation of Ainley and Mathieson expresses the pro�le

losses to the change of the absolute �ow angles at the cascade

inlet and outlet, the chord to pitch ratio of the row, and the

maximum thickness to chord ratio of the blades. For cascades

with t/l = 0.2 and �ows with Re = 2 · 105 and Ma < 0.5, the

variation of the pro�le losses determined for nozzles and blade

rows are represented in Figures 4.31a and 4.31b, respectively,

as against the pitch to chord ratio, for di�erent values of the

absolute �ow angle at the cascade outlet [28].

(a) Stator cascade (b) Impulse rotor cascade

Figure 4.31: Pro�le loss coe�cient at null �ow incidence angle
for (left) nozzle cascades and (right) rotor cascades, adapted
from Ainley and Mathieson [28]

By comparing the two cases, it is noticeable that the pro�le

loss coe�cient is signi�cantly lower for nozzle blades than for

rotor blades.

For intermediate con�gurations in terms of �ow angles and

maximum thickness to chord length ratio, Eqs. (4.238) and

(4.239) provide the linear interpolation formula of the correla-

tion of Ainley and Mathieson of Figure 4.31 for the two cascade

typologies [235].
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Υpr,(i=0) =

{
Υpr,(αin=0) +

(
αin
αout

)2

[Υpr,(αin=αout) −Υpr,(αin=0)]

}(
5
t̄h,max
l

) αin
αout

(4.238)

Υpr,(i=0) =

{
Υpr,(βin=0) +

(
βin
αout

)2

[Υpr,(βin=αout) −Υpr,(βin=0)]

}(
5
t̄h,max
l

) βin
αout

(4.239)

where αin and βin are the absolute and relative �ow angles at

the inlet of the nozzle and cascade, respectively, αout is the ab-

solute �ow angle at the outlet of the cascade, t̄h,max is the max-

imum blade thickness, Υpr,(αin=0), Υpr,(βin=0), Υpr,(αin=αout),

and Υpr,(βin=αout) are the pro�le loss coe�cients of equivalent

cascades with axial �ow and perfectly symmetric �ow, expressed

to the change of the pitch to chord ratio, according to Figure

4.31.

The correlation of Eq. (4.238) is valid in the range 0.15 ≤
t̄h,max/l ≤ 0.25 because a correction for the e�ect of the blade

thickness to chord ratio is included in the correlation. For values

external to the interval, the loss can be approximated to that of

a cascade with blades with ratio equal to the closest limit [28].

When in Eq. (4.239) the inlet absolute �ow angle is zero

and the blade thickness to chord ratio is equal to 0.2, the loss

coe�cient for stator nozzles Υpr,(αin=0) at null �ow incidence of

Figure 4.31a is obtained. In analogy, when in Eq. (4.239) the in-
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let and outlet absolute �ow angles are equivalent and the blade

thickness to chord ratio is equal to 0.2, the loss coe�cient for

rotor blades Υpr,(αin=αout) at null �ow incidence of Figure 4.31b

is achieved [21].

The correlation of Ainley and Mathieson is formulated to de-

termine the pro�le losses for a cascade with null �ow incidence.

For values of incidence di�erent from zero, a procedure for cor-

recting the pro�le losses is applied based on an equivalent cas-

cade with the value of 0.75 for the pitch to chord ratio. The �rst

step of the process is the use of Figure 4.32 for determining the

ratio of the outlet absolute �ow angles of the investigated and

equivalent cascades αout/αout(t/l=0.75) with pitch to chord ratio t/l

assigned.

Figure 4.32: Ratio of outlet absolute �ow angles as a function of
the pitch to chord ratio, adapted from Moustapha et al. [29].

Subsequently, Figure 4.33 is applied to obtain the �ow inci-

dence angle in stall conditions of the equivalent row based on its

inlet absolute �ow angle and outlet absolute �ow angle, deter-
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mined with the previous step. The stall incidence is de�ned as

the condition corresponding to a value of Υpr/Υpr,(i=0) = 2 for the

pro�le loss coe�cients.

Figure 4.33: Stall incidence angle of the equivalent cascade with
t/l = 0.75 as against its ratio of inlet and outlet absolute �ow
angles, for several values of αout, adapted from Moustapha et al.
[29].

At the following step, the pitch to chord ratio is utilised to

determine the di�erence in incidence stall angle for the investi-

gated row and the equivalent row through Figure 4.34 with the

pitch to chord ratio and the outlet absolute �ow angle of the

analysed row as input parameters.

Finally, the e�ective pro�le loss coe�cient of the investigated

cascade is achieved with Figure 4.35, which provides the multi-

plication factor to be applied to the reference pro�le losses of the

equivalent cascade with zero stalling incidence.

In general, Figure 4.35 de�nes the pro�le loss coe�cient of a

wide interval of �ow incidence angles regarding the pro�le loss

coe�cients at an incidence equal to zero, as a function of the
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Figure 4.34: Di�erence in incidence stall angle for the analysed
and equivalent rows to the change of the pitch to chord ratio, for
several values of αout, adapted from Moustapha et al. [29].

ratio between the e�ective and stall incidence angles.

Figure 4.35: Pro�le loss coe�cient ratio as a function of the �ow
incidence ratio, adapted from Moustapha et al. [29].

Ainley and Mathieson achieved the formulation of the pro-



233 Chapter 4: Analytical models

�le loss coe�cient from experiments conducted with a �ow with

Reynolds number equal to 2 · 105 referred to the mean chord

length and outlet �ow conditions. For lower values of the Reynolds

number, down to 5 · 104, the correction of Eq. (4.240) has to be

applied to the total-to-total stage e�ciency [21].

(1− ξtt ) ∝ Re−0.2 (4.240)

The secondary losses are caused by the non-uniformity of the

complex three-dimensional �ow �eld inside turbomachine nozzles

and vanes. According to the approach of Ainley and Mathieson,

the drag coe�cient of Eq. (4.241) is de�ned to account for these

losses based on the parameter λ, which depends on the acceler-

ation of the �ow crossing the cascade.

CD,se =
l

t
λC2

L (4.241)

The drag coe�cient related to secondary losses can be written

in the form of Eq. (4.242) by considering the de�nitions of the

loss coe�cient for incompressible �ows of Eq.(4.235) and the

drag coe�cient [21].

CD,se =
t

l

pt ,in − pt ,out
1
2ρavv

2
av

cos3 αav
cos2 αout

(4.242)

where the subscript av refers to the average between the inlet

and outlet of the cascade.

Therefore, the formulation of the secondary loss coe�cient of

Eq. (4.243) is obtained.

Υse =
l

t

CD,se cos2 αout
cos3 αav

(4.243)

By substituting Eq.(4.241) into Eq. (4.243), the secondary

loss coe�cient can be expressed even in terms of aerodynamic
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loading coe�cient Γae through Eq. (4.244).

Υse = λ

(
l

t

)2
C2
L cos2 αout
cos3 αav

= λΓae (4.244)

The average value of the absolute �ow angle αav and the lift

coe�cient CL of Eq. (4.244) are provided by Eqs. (4.245) and

(4.246), respectively.

αav = arctan

(
vθ,av
vx,av

)
(4.245)

CL = 2
t

l
(tanαin + tanαout) cos(αav) + CD,se tanαav (4.246)

The �ow acceleration coe�cient λ is determined through Fig-

ure 4.36 relying on the geometric coe�cient Cg de�ned in Eq.

(4.247).

Cg =

(
Aann,out
Aann,in

)2

1 + rhub
rtip

(4.247)
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Figure 4.36: Distribution of the �ow acceleration coe�cient as a
function of the geometric coe�cient.

Dunham and Came proposed the correction approach of Eqs.

(4.248) and (4.249) for both the pro�le and secondary loss coef-

�cients, based on the sum of the two loss contributions and the

Reynolds number [236].

Υpr + Υse ∝ Re−0.2 (4.248)

f(Re) =



(
Re

2 · 105

)−0.4

if Re ≤ 2 · 105

1 if 2 · 105 < Re ≤ 1 · 106(
Re

1 · 106

)−0.2

if Re > 1 · 106

(4.249)

where f(Re) is the corrective factor depending on the Reynolds

number formulated by Dunham and Came.



Chapter 4: Analytical models 236

The tip clearance losses are related to the �ow leakage through

the gap between the blade tip and the inner surface of the turbine

casing. To determine this e�ect, the tip clearance loss coe�cient

Υtc de�ned in Eq. (4.250) is utilised.

Υtc = B
t
b
C2
L

(
l

t

)2

cos2(αout)cos3(αav) (4.250)

where the coe�cient B depends on the typology of tip clearance

gap, and it assumes a value of 0.25 for unshrouded blades and

0.5 for shrouded blades.

The overall loss coe�cient of an accelerating cascade is cal-

culated as the sum of the tip clearance loss coe�cient and the

product between the corrective factor based on the Reynolds

number and the sum of the pro�le and secondary loss coe�-

cients. Through this procedure, the loss coe�cients of the inlet

guide vane and rotor are achieved with Eqs. (4.251) and (4.252),

respectively.

ΥAM,IGV = (Υpr,IGV + Υse,IGV )f(Re) + Υtc,IGV (4.251)

ΥAM,R = (Υpr,R + Υse,R )f(Re) + Υtc,R (4.252)

As regards the outlet guide vane, the evaluation of the aero-

dynamic losses was achieved by applying the correlation of How-

ell [21, 25]. This correlation relies upon experimental data mea-

sured on di�usive pro�les of compressors. The correlation sub-

divides the cascade losses in pro�le losses on the blade surfaces,

skin friction losses on the annulus walls, and secondary losses for

the contributions not included in the previous categories. The
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estimation of the losses of Equation (4.253) is based on an equiv-

alent overall drag coe�cient CD,HW given by the sum of the ef-

fects of the pro�le, skin friction, and secondary drag coe�cients,

indicated as CD,pr, CD,sf , and CD,se, respectively.

CDHW = CDpr + CDsf + CDse (4.253)

The value of CD,pr is obtained from Figure 4.28, while CD,sf

and CD,se are calculated with Eqs. (4.254) and (4.255), respec-

tively [25].

CDsf = 0.02
t

b
(4.254)

CDse = 0.018CL (4.255)

The equivalent overall drag coe�cient is related to the total-

to-total pressure drop across the cascade by Eq. (4.256).

CD,HW =
t

l

(pt ,3 − pt ,4) cosαav,OGV
1
2ρv

2
av,OGV

(4.256)

The explicit form of the total pressure at the entrance of the

OGV is obtained in Eq. (4.257) based on the formulation of the

equivalent overall drag coe�cient of Eq. (4.256).

pt ,3 = pt ,4 +
l

t

CD,HW
1
2ρv

2
av,OGV

cosαav,OGV
(4.257)

The total pressure at the inlet of the rotor is obtained with

Eq. (4.258) by making explicit the pressure from Eq. (4.237).

pt ,2 = pt ,3 + ΥR
1

2
ρw2

3 (4.258)

In analogy, the total pressure at the entrance of the inlet
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guide vane is provided by Eq. (4.259) by rearranging Eq. (4.236).

pt ,1 = pt ,2 + ΥIGV
1

2
ρv2

2 (4.259)

The in�nitesimal power input of each blade element of the

turbine is given by Eq. (4.260) as the product of the total-to-

static pressure drop across the turbine and the volume �ow rate.

dPI,i = (pt1,i − p4,i)dq̇,i (4.260)

The aerodynamic e�ciency of every blade element ξ is de-

�ned in Eq. (4.261) by the ratio of the in�nitesimal blade power

output and the corresponding in�nitesimal power input.

ξi =
dPO,i
dPI,i

(4.261)

The radially mass-averaged aerodynamic e�ciency of the ro-

tor is achieved by numerical integration along the blade span

with Eq. (4.262).

ξi =

∫ rtip
rhub

ρa,iAann,ivx,iΩ(vθ2,i + vθ3,i)dr∫ rtip
rhub

(pt1,i − p4,i)dq̇,i
(4.262)

4.4 Electric generator analytical model

The model of the OWC system includes the coupling of the tur-

bine aerodynamics and dynamics with the electric generator dy-

namics through the control strategy. Indeed, the system opera-

tion depends upon the interaction of the secondary and tertiary

converters, besides the primary converter, represented by the

chamber.

The mechanical torque produced by the turbine is transmit-

ted to the electric generator by a mechanical coupling at the
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shaft. Since a simpli�ed control system was implemented, this as-

pect was modelled by neglecting the aerodynamic friction torque

caused by the wind losses [33, 24]. Thus, the relation can be ex-

pressed through Eq. (4.263).

JΩ̇ = τt − τg (4.263)

where J is the rotational inertia of the rotor, Ω̇ is the rotor an-

gular acceleration, and τt and τg are the torque of the turbine

and generator, respectively.

The control system implemented is based on the monitoring

of the instantaneous values of the rotor torque and rotational

speed in design conditions. When the rotor torque is negative,

the generator is disconnected from the rotor, which decelerates

according to its inertia. On the contrary, when the torque is

positive, the logic of the system of equations of Eq. (4.264) is

pursued [33, 24].

{
Ω ≥ Ω0 → τg = τt

Ω < Ω0 → τg = 0
(4.264)

where Ω0 is the design angular velocity of the rotor.

For positive values of the turbine torque, the rotor is free

to accelerate, and the generator is disconnected until the design

angular velocity is reached; once the rotational speed equals or

exceeds the design speed, the electric load is instantly connected

[33, 24].

The electrical power made available by the generator is �nally

calculated with Eq. (4.265) by multiplying the turbine power Pb

for the organic e�ciency ξo and the electrical e�ciency ξe of the
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generator. Both these e�ciencies are assumed equal to 0.97 for

taking into account the typical values of the losses.

Pe = ξoξePb (4.265)



Chapter 5

Computational �uid

dynamics modelling

The theoretical aspects of the computational �uid dynamics are

analysed in the light of the models of the turbomachines devel-

oped. The conservation laws leading to the governing equations

applied for solving aerodynamics with numerical methods are de-

scribed. The main computational schemes are discussed, focusing

on the e�ects of the selection of the turbulence models and the

approaches for modelling the rotation of the turbine rotor.

5.1 Conservation laws

The laws governing �uid �ow rely on conservation laws. The

principle of conservation of �uid dynamics imposes the balance

between the accumulation of a certain �uid quantity inside a con-

trol volume and the di�erence between the �ux of the quantity

through the volume surface and the transformation of that quan-

tity within the volume. The �uxes are determined by bulk con-

241
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vection, responsible for directed mass �ows and di�usion, which

causes �uid motion without prevalent directionality [237].

In Figure 5.1, a generic volume V contained inside a surface

of area A is depicted. The volume and the area are �xed in an

inertial reference system. Considering an in�nitesimal area, the

normal vector to this area dA is conventionally pointed outwards

to indicate as positive the �uxes exiting the volume.

Figure 5.1: Generic control volume V contained inside a surface
of area A with vector normal to an in�nitesimal area dA.

Indicating with F the �ux of an arbitrary quantity ϕ in the

absence of �uid transport, the transport �ux is given by the

product of the quantity and the velocity vector u. Representing

with S a source or sink of the arbitrary quantity, the law of

conservation of ϕ is expressed by Eq. (5.1).

d

dt

∫
V

ϕdV = −
∫
S

(
F +ϕu

)
· dA +

∫
V

SdV (5.1)

The negative sign indicates that an outward �ux determines a

reduction of the quantity inside the control volume. By applying

the Gauss′s theorem, Eq. (5.1) can be reformulated as in Eq.

(5.2).
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∫
S

(
F +ϕu

)
· dA = −

∫
V

∇ ·
(
F +ϕu

)
dV (5.2)

Since the reference system is inertial, the time derivative is

equivalent to the local time derivative, as expressed by Eq. (5.3).

d

dt

∫
V

ϕdV =

∫
V

∂ϕ

∂t
dV (5.3)

Including Eqs. (5.2) and (5.3) into Eq. (5.1) leads to Eq.

(5.4). ∫
V

[
∂ϕ

∂t
∇ ·
(
F +ϕu

)
− S

]
dV = 0 (5.4)

Since the control volume is arbitrary, Eq. (5.4) is completely

satis�ed only if the term in square brackets is null in the entire

domain. This condition is stated by Eq. (5.5), providing the

general formulation of the conservation law [238, 226].

∂ϕ

∂t
+∇ ·

(
F +ϕu

)
− S = 0 (5.5)

5.2 Computational �uid dynamics math-

ematical model

The computational �uid dynamics models for the analysis of the

aerodynamics of Wells and impulse turbines for oscillating water

column wave energy converters were created with the releases

19.1 and 20.2 of the commercial software ANSYS. The software

is a two-dimensional and three-dimensional viscous and invis-

cid code based on the solution of Reynolds averaged Navier-

Stokes equations in steady and unsteady formulations (RANS

and URANS, respectively).
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In the most general form, the governing equations for the

mass, the momentum, and the energy are achieved from Eq.

(5.5) by substituting the variables representing the generic quan-

tity, the �ux, and the source or sink [238].

The mass conservation equation is obtained from Eq. (5.5)

using the density as quantity considered, and imposing null val-

ues for F and S as the �ux may vary only for transport processes

and the mass cannot be created or destroyed. Hence, Eq. (5.6)

can be written.

∂ρ

∂t
+∇ · (ρu) = 0 (5.6)

Regarding mass conservation, the speci�c momentum per

unit volume is given by the product of the density and the ve-

locity vector.

The variations of the momentum of the control volume are

determined by the action of forces. In particular, pressure forces

and stress forces are responsible for �uxes changing the mo-

mentum, while body forces, as those determined by gravity, are

sources or sinks [237]. Therefore, the momentum conservation

equation is expressed by Eq. (5.7).

∂ρu

∂t
+∇ · (ρuu) = −∇p+∇ · τ+ ρg (5.7)

where τ is the stress tensor.

Concerning the energy conservation, the quantity considered

is represented by the product of the density and the speci�c

total energy h0. The energy variations are given by the pressure

variation and the energy �uxes due to the heat transfer and the

changes in velocity. Thus, the energy conservation equation is
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given by Eq. (5.8).

∂(ρh0)

∂t
+∇ · (ρuh0) =

∂p

∂t
+∇ · (k∇T + τ · u) (5.8)

where k is the e�ective thermal conductivity.

The total speci�c enthalpy is de�ned in Eq. (5.9) as the sum

of the speci�c enthalpy h and the speci�c kinetic energy, which

is a function of the air velocity magnitude u.

h0 = h +
u2

2
(5.9)

The total speci�c energy E is de�ned by Eq. (5.10) based

on the speci�c enthalpy, pressure, density, and speci�c kinetic

energy.

E = h− p

ρ
+
u2

2
(5.10)

In the steady-state computations, the time derivatives in

equations from Eq. (5.6) to Eq. (5.8) are neglected.

The Navier-Stokes equations provide one equation for mass

conservation, three equations for momentum conservation, and

one equation for energy conservation. The main unknowns are

the pressure, the three components of the velocity vector, and the

temperature. This gives a total of 5 equations and 6 unknowns.

The sixth relation necessary for the solution of the set is the

equation of state [226].
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5.3 Turbulence modelling

Turbulence is a physical phenomenon determined by the fast and

random variations of the local values of the pressure and veloc-

ity of a �uid. This unpredictability of the dynamics of a �ow

represents a critical issue for numerical modelling. Indeed, the

possible ways to overcome this problem are represented by direct

resolution and modelling turbulence. The former approach is ap-

plied by the direct numerical simulation (DNS), while the latter

is utilised by the large eddy simulation (LES) and the Reynolds

averaged Navier-Stokes method methods [237, 238, 226].

In the present thesis, the turbulence was modelled with RANS

and URANS methods to achieve a suitable compromise between

the accuracy of prediction and computational requirements. The

mean values of �uid quantities are determined with an ensemble

averaging operator, considering that a variable can be averaged

as the result of a �nite set of independent realisations of the

same �ow [239]. The Reynolds ensemble operator leads to the

decomposition of the �ow quantity, whereby an instantaneous

quantity is decomposed into its time-averaged and �uctuating

components, as expressed by Eq. (5.11).

ϕ(x, t) = ϕ(x, t) +ϕ′(x, t) (5.11)

where ϕ(x, t) indicates the mean component of a quantity ob-

tained with the Reynolds averaging operator and ϕ′(x, t) repre-

sents its �uctuating component.

It is worth noticing that the Reynolds averaged value of the

�uctuations of a �ow quantity is null.

The Reynolds averaging is imposed on the scalar and vec-
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torial quantities of the governing equations. Consequently, the

continuity equation may be expressed as in Eq. (5.12).

∇ · u = 0 (5.12)

In analogy, the momentum equation may be reformulated as

in Eq. (5.13).

ρ
∂u

∂t
+ ρ∇ · (uu) = −∇p+ µ∇2u∇ · τRe + ρg (5.13)

where τRe indicates the Reynolds stress tensor.

The Reynolds stress tensor models the additional stresses

caused by the turbulent mixing of the �uid induced by the ve-

locity �uctuations. The elements composing the tensor of Eq.

(5.14) are the density and the components of the �uctuations of

the velocity vectors in the x, y, and z coordinate directions of a

Cartesian reference system.

ρu
′
1u
′
1 ρu′1u

′
2 ρu′1u

′
3

ρu′2u
′
1 ρu′2u

′
2 ρu′2u

′
3

ρu′3u
′
1 ρu′3u

′
2 ρu′3u

′
3

 (5.14)

The Reynolds stress tensor is determined by an average dyadic

product of the velocity oscillations. The tensor is a symmetric

matrix and its elements may be expressed with Eq. (5.15).

u′iu
′
j = u′ju

′
i (5.15)

The Reynolds stress tensor introduces 6 additional variables

to the set of unknowns, represented by the pressure, the velocity

vector, and the temperature. This circumstance is named the
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closure problem as it is necessary introducing additional equa-

tions to solve the set of equations. These equations are provided

by the turbulence models, which are based on assumptions re-

garding the velocity oscillations.

The main approach to the closure problem developed for

Reynolds averaged Navier-Stokes methods is the Boussinesq anal-

ogy. This approach, even named Boussinesq hypothesis, is based

on the assumption that the components of the Reynolds stress

tensor have a linear dependence upon the gradients of the aver-

age velocity vector, as expressed by Eq. (5.16).

τi,j = ρ(u′iu
′
j) = µt

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
ρkδi,j (5.16)

where µt is the turbulent viscosity coe�cient, κ is the turbulence

kinetic energy, and δi,j is the Kronecker delta.

The turbulent viscosity or eddy viscosity is de�ned as the

coe�cient expressing the proportionality between the Reynolds

stress tensor and the mean strain rate of the �ow. The turbulence

kinetic energy is computed based on the contribution of the �ow

velocity �uctuations through Eq.(5.17).

κ =
1

2

(
u′21 + u′22 + u′23

)
(5.17)

The Boussinesq analogy assumes that the turbulence has an

isotropic behaviour. This formulation allows for the development

of robust and computationally e�cient turbulence models for the

solution of the Navier-Stokes equations. Therefore, this approach

is particularly appropriate for the analysis of cases not a�ected

by signi�cant turbulence anisotropy, mostly due to strong ad-

verse pressure gradients and boundary layer separation, swirling
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e�ects, and fast variations in �uid strain rate [240].

When the above e�ects are signi�cant, the Reynolds stress

models need to be applied. These models introduce an addi-

tional equation for the direct calculation of the Reynolds stress

tensor. Moreover, they di�er for modelling the turbulence ki-

netic energy as the eddy viscosity hypothesis of the Boussinesq

analogy is not utilised. However, the Reynolds stress approach

is signi�cantly more demanding from a computational point of

view. Thus, their application is suggested for the cases where

the aforementioned �ow characteristics are signi�cant.

The main turbulence models generally implemented in Reynolds

averaged Navier-Stokes methods are resumed in the following

list.

� Algebraic Baldwin-Lomax model.

� Cebeci-Smith model.

� Prandtl mixing length model.

� Spalart-Allmaras single transport equation model.

� Two-equations κ− ε model in the standard version.

� Two-equations κ− ε model in the realisable version.

� Two-equations Wilcox κ −ω model in the high Reynolds

version.

� Two-equations Wilcox κ − ω model in the low Reynolds

version.

� Two-equations Menter transitional shear stress transport

model (SST) κ−ω model.
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� Four-equations Langtry-Menter transitional shear stress trans-

port model (SST) transition model.

� Reynolds stress model.

The literature regarding the numerical modelling of oscillat-

ing water column systems for wave energy converters demon-

strated that RANS and URANS models based on κ − ε and

κ − ω turbulence models provide the most suited compromise

between result accuracy and computational requirements. For

this reason, this approach was applied in the present thesis.

A brief characterisation of the fundamental equations of the

turbulence models utilised is provided in Appendix A.

5.4 Modelling of rotor motion

The computational �uid dynamics models of the Wells and im-

pulse turbines require the modelling of the kinematic of the tur-

bine. The motion of the investigated turbines is represented by

the rotation of the rotor, as all the cascades were considered with

a �xed pitch angle.

The software ANSYS Fluent typically solves the governing

equations of �uid dynamics in an inertial reference frame. Al-

though, it is also possible to solve the equations in a non-inertial

reference frame. The movement can be modelled as the com-

bination of translation and rotation. Focusing on the methods

for modelling rotation, �ve main alternatives are present in com-

putational �uid dynamics: the single reference frame (SRF) or

multiple reference frame (MRF) with moving reference, mixing

plane (MP), sliding mesh (SM), dynamic mesh (DM), and over-

set mesh (OM).
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In the present thesis, the multiple reference frame with mov-

ing reference method, the mixing plane method, and the sliding

mesh method were applied for modelling rotor movement.

The MRF approach, also called the frozen rotor approach,

is a steady-state approximation of movement based on di�erent

reference frames for the steady and rotating cell zones. The

governing equations of the stationary cell zones are computed in

a stationary reference frame, while the equations of the rotating

cell zones are solved in a rotating reference frame by including the

centrifugal and the Coriolis forces in the momentum equation.

At the interface of stationary and rotating cell zones, a local

reference frame transformation is done to enable the use of the

�ow variables of one zone for the computation of the �uxes at

the boundary of the adjacent zone. This process can be applied

under the assumptions of a steadily rotating frame, and steady

�ow conditions at the interfaces between steady and rotating

reference frames [34].

The SRF approach with moving reference is a particular case

of the MRF approach with moving reference in which the entire

computational domain has a single non-inertial reference frame.

The main advantages of the SRF and MRF methods are the

reduced computational time compared to the other methods for

modelling rotation and the possibility of performing steady-state

computations.

The determination of the rotation in the rotating cell zones

is achieved by modifying the equation of the �ow velocity. A co-

ordinate system moving with steady rotation with angular speed

Ω regarding a stationary inertial reference frame is considered.

The origin of the rotating coordinate system is positioned at a

distance ao from the stationary coordinate system; an arbitrary
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point of the CFD domain is positioned at a distance a from

the origin of the rotating frame. The �ow velocity in the rotat-

ing frame is obtained from the velocity in the stationary frame

through the transformation imposed by Eq. (5.18) based on the

rotational speed [34].

ur = u− vr (5.18)

where ur is the relative velocity of the �uid regarding the moving

frame, u is its absolute velocity in the stationary frame, and vr

is the velocity relative to the rotating frame.

From Eq. (5.18), the relative velocity of the moving frame

vr can be expressed with Eq. (5.19) relying on the translational

velocity of the frame utr and the angular velocity vector Ω.

vr = utr + Ω× a (5.19)

The general form of the governing equations can be refor-

mulated on the basis of Eq. (5.19) by applying the absolute or

the relative velocity formulation. The former approach utilises

the absolute velocity as the dependent variable in the momen-

tum equation, while the latter uses the relative velocity. The

pressure-based solvers allow the application of either formula-

tion, whereas the density-based solvers always apply the absolute

velocity formulation [34].

Since the absolute velocity formulation was applied in the

present thesis, the modi�ed governing equations of the �ow for a

steadily rotating frame are reported. The equation of the mass

conservation is provided by Eq. (5.20).

∂ρ

∂t
+∇ · (ρur ) = 0 (5.20)
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The equation of the momentum conservation is expressed by

Eq. (5.21).

∂ (ρu)

∂t
+∇·(ρur u)+[ρΩ× (u− utr)] = −∇p+∇·τ+ρg (5.21)

In the absolute velocity formulation of the motion with the

constant rotation of the reference frame, the e�ects of the cen-

trifugal and Coriolis forces are collapsed into the single term

ρΩ× (u− utr).

The equation of the energy conservation is given by Eq. (5.22).

∂(ρh0)

∂t
+∇· (ρurh0 + p (Ω× a) =

∂p

∂t
+∇· (k∇T + τ ·u) (5.22)

The multiple reference frame model provides a physically

meaningful solution if the �ow at the interface between adja-

cent stationary and moving cell zones is approximately uniform.

Conversely, if the e�ects of the non-uniformities are signi�cant,

the use of a mixing plane method or a sliding mesh method is

required. When the application of the sliding mesh model is not

convenient, or it is not possible, the mixing plane model may be

a cost-e�ective alternative [34].

The mixing plane method di�ers from the frozen rotor method

as the variables computed for a cell zone are not directly trans-

ferred to the adjacent cell zone. Indeed, the �uid dynamic quan-

tities are considered as boundary conditions at the interface, and

they are passed between adjacent zones after a process of spa-

tial averaging that may be in the axial or radial direction based

on the mixing plane geometry. Subsequently, the axial or ra-
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dial pro�les of the averaged variables are utilised to update the

boundary conditions along the two zones of the mixing plane in-

terface. The mixing of the data at the interfaces determines the

removal of unsteady phenomena related to circumferential varia-

tions of the �ow �eld, like wakes, shock waves, and separated �ow

e�ects. This implies that the computed results are in a steady-

state. Even though the mixing plane method introduces relevant

simpli�cations, it provides suitable approximations of the time-

averaged �uid dynamics for a wide variety of turbomachinery

applications [34].

The mixing plane pair is the procedure of coupling between

an upstream outlet boundary zone with a downstream inlet bound-

ary zone. The possible combinations that can be assigned are

resumed in Table 5.1.

Upstream outlet boundary Downstream inlet boundary

Pressure outlet Pressure inlet
Pressure outlet Velocity inlet
Pressure outlet Mass �ow inlet

Table 5.1: Possible combinations of the mixing plane pairs [34].

In the present application, an upstream pressure outlet and

a downstream mass �ow inlet were utilised to ensure rigorous

conservation of the mass �ow through the mixing plane. This

approach may cause a discontinuity in the total pressure at the

interface, which is nonetheless very low regarding the total pres-

sure variations in the rest of the �ow �eld.

The mixing of the variables is performed by applying three

methodologies: area-weighted averaging, mass averaging, and

mixed-out averaging.
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The area-weighted averaging is carried out with Eq. (5.23)

to calculate the mean value of a generic variable ϕ based on

the area. This is the simplest method for mixing the variables

at the interface, but it may cause the computation of values of

the pressure and temperature that are not representative of the

momentum and energy of the �ow [34].

ϕ =
1

A

∫
A

ϕ dA (5.23)

The mass averaging is computed through Eqs. (5.24) and

(5.25) to achieve a more accurate calculation of the total quan-

tities compared to the area-weighted averaging method [34].

ϕ =
1

ṁ

∫
A

ϕ ρu · n̂dA (5.24)

ṁ =

∫
A

ρu · n̂dA (5.25)

The mixed-out averaging method relies upon the conservation

of the mass, momentum, and energy through the equations from

Eq. (5.26) to Eq. (5.30).

ϕc =

∫
A

ρ (u · n̂) dA (5.26)

ϕm1 =

∫
A

ρ (u · n̂) udA+

∫
A

P (̂ex · n̂) dA (5.27)

ϕm2 =

∫
A

ρ (u · n̂) vdA+

∫
A

P (̂ey · n̂) dA (5.28)

ϕm3 =

∫
A

ρ (u · n̂) wdA+

∫
A

P (̂ez · n̂) dA (5.29)
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E =
γR

(γ − 1)

∫
A

ρ (u · n̂) T dA+

+
1

2

∫
A

ρ (u · n̂)
(
u2 + v2 + w2

)
dA

(5.30)

where u is the �ow velocity vector, u, v , and w are its compo-

nents, and êx, êy, and êz are the energy components along the

coordinate axes.

Furthermore, the conditions of the conservation of the swirl

and total enthalpy across the mixing plane were included in the

modelling.

The third approach for modelling the rotor motion is the

sliding mesh method. This method allows the achievement of

time-accurate solutions of the �ow instead of the time-averaged

obtainable with the multiple reference frame and mixing plane

methods. As the main advantage, the SM model is the most

accurate approach to simulate �uids in multiple moving refer-

ence frames. This is particularly important, for instance, in the

modelling of the interaction between stator and rotor cascades

in turbomachinery. However, its computational requirements are

signi�cantly higher than the two approaches aforementioned.

For �ows not subject to an interaction between parts with

relative movement, the use of the MRF or MP methods is more

e�cient, as in the case of monoplane isolated Wells turbines,

comprised of a single rotor cascade. If such an interaction is

present, these models provide a steady approximation of the phe-

nomenon. The sliding mesh model has to be applied to determine

a transient interaction. Since the �ow is inherently unsteady, a

time-dependent computation is needed [34].
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In this case, the rotating cell zones move relative to the ad-

jacent zones along the mesh interface with discrete steps as rigid

bodies. Indeed, the volume of the cells is constant for both the

stationary and moving cell zones. Since the �ow is inherently

unsteady, only full transient simulations can be performed. At

the interfaces between the zones, two overlapping faces, one for

each zone, are created as this approach involves mesh motion.

The interaction among adjacent zones is modelled by interpolat-

ing the information across the faces.

Considering the generic control volume V , the equation of

conservation for a generic scalar variable ϕ is provided by Eq.

(5.31).

d

dV

∫
V

ρϕdV +

∫
∂V

ϕ (u− um ) dA

=

∫
∂V

Γ∇ϕ · dA +

∫
V

SϕdV
(5.31)

where um is the speed of the sliding mesh, A is the face area

vector, Γ is the di�usion coe�cient, Sϕ is the source term, and

∂V is the boundary of the control volume.

The dynamic mesh model allows imposing the movement of

the domain boundaries to freely modify with time the shape of

the computational domain. This model may even be applied

for steady cases if moving the mesh in the steady-state solver is

needed. The mesh movement may be imposed in terms of linear

or angular velocity, or it may be not imposed if the movement

at the following time step is given by the solution at the current

time.
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The solution of analyses relying on the dynamic mesh requires

high computational time and power, which is generally greater

than the other approaches.

The overset mesh model permits the separate de�nition of

numerical grids and their combination in a single computational

domain through overlapping interfaces. Generally, the mesh is

comprised of a background grid that extends over the entire do-

main, and one or smaller foreground grids positioned adjacent

to moving boundaries and related to moving components. This

approach usually simpli�es the meshing procedure and may be

bene�cial in cases involving large relative motion between com-

ponents. The computational requirements are lower than the

dynamic mesh model and comparable to the sliding mesh model,

as the interfaces are modelled with an analogous approach.
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Individual converter

results

The models of the individual converters were applied to determine

the stages of the energy conversion of oscillating water column

systems. The hydrodynamics, thermodynamics, and aerodynam-

ics of the �xed and detached chamber were solved under typical

conditions of a moderate wave climate. The analytical and CFD

models of the Wells and impulse turbines were compared among

themselves and with analytical and experimental data of litera-

ture to validate the proposed solutions. The model of the control

strategy was de�ned to enhance the annual energy conversion of

the oscillating water column systems by regulating the coupling

between the turbomachine and the electric generator.

6.1 Primary converter results

The chamber constitutes the primary converter of an oscillating

water column system. The modelling of this converter relies on

259
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the linear wave theory, which assumes that the �uid �ow is invis-

cid, incompressible, and irrotational. The theoretical aspects of

the model are explained in detail in Section 4.1.1 for a chamber

detached and �xed with reference to the sea bottom.

The caisson considered for presenting the results of the single

converter is subject to the action of unidirectional waves moving

in seawater with a constant depth of 25 m. Therefore, the only

possible motion mode is the heave oscillation of the water col-

umn. The hydrodynamics, thermodynamics, and aerodynamics

were solved by applying the rigid piston concept, as the dimen-

sions of the structure are small regarding the wavelength of the

incident waves analysed.

For the results presented in this Section, the properties and

hydrodynamic coe�cients of the chamber were determined through

correlative procedures with the aim of applying a completely an-

alytical model. This allows the fast evaluation of a wide set of

system con�gurations and wave conditions, which is paramount

in the preliminary phases of the design of an OWC system. A re-

�nement of this approach would be the application of a boundary

element code of numerical type for determining these parame-

ters. However, they strongly depend on the geometry of the

chamber and the frequency of the waves. Thus, the calculation

of a broad set of parameters considering all the possible con�g-

urations would be needed, with relevant e�ects on the overall

computational power and time.

The geometry of the chamber was determined through an

optimisation procedure, based on computational �uid dynamics,

previously carried out at the Maritime Engineering Laboratory

of the University of Florence [35] and subsequently applied for

a preliminary application of the wave-to-wire model [126]. The
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main geometric speci�cations are listed in Table 6.1.

Chamber

Inner

Length

Chamber

Inner

Breadth

Chamber

Inner

Height

Front Wall

Draught

Length

Front Wall

Freeboard

Length

W , m Bc, m G, m D, m Fc, m

9.5 10 22.5 3.5 7.5

Table 6.1: Optimal values of the main geometric parameters of
the primary converter determined through numerical optimisa-
tion at the LABIMA [35].

The value of the added mass of the water column for the

caisson analysed was determined with Eq. (6.1), considering this

parameter equal to that of a hemisphere of equivalent radius req

[202].

madd =
2

3
ρwπr

3
eq = 356631 kg (6.1)

Two sea wave conditions were considered to present the re-

sults of the primary converter model. The �rst sea state is de-

�ned by a couple of signi�cant wave height Hm0 and wave energy

period Tm−1,0 of 2 m and 6 s, respectively, while the second state

has values of 2.5 m and 7 s, respectively. These conditions were

selected as representative of the highest contributions to the an-

nual average energy transport by sea waves in a moderate wave

climate of the Mediterranean Sea.

The chamber was coupled with either a Wells turbine or an

axial impulse turbine regarding the secondary converter. The

force balance and the dynamics of the water column were anal-

ysed for both con�gurations and compared amongst themselves.

The main geometric parameters and operating conditions of the

turbines are resumed in Table 6.2. They were chosen to anal-
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yse two well-suited con�gurations with comparable functioning.

Therefore, two possible con�gurations of coupling between the

primary and secondary converters were analysed.

Parameter Wells

turbine

Impulse

turbine

Rotational speed, rpm 900 300

Turbine casing radius, m 1.00 0.85

Hub-to-tip ratio, - 0.50 0.70

Rotor blade aspect ratio, - 1.10 0.76

Stator blade number, - - 26

Rotor blade number, - 5 30

Tip clearance, % 1.00 1.00

Rotational inertia, m2 kg 25.61 104.12

Table 6.2: Geometry and rotor angular velocity of the Wells and
impulse turbines applied as secondary converters.

The balance of the forces acting on the rigid piston is pro-

vided by Eq. (4.6). The equation may be reformulated as in Eq.

(6.2) to make explicit the inertial force of the internal volume of

seawater.

mwz̈ = frdp + fhst + fexc + fadd + fpto (6.2)

The formula of the added mass force of Eq. (4.15) may be

written as in Eq. (6.3) to separate the contributions of the iner-

tial force depending on the acceleration of the free surface of the

water column and the velocity of the water particles.
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fadd = maddυ̇z,w −maddz̈ = fpar −maddz̈ (6.3)

In turn, the force determined by the velocity of the water

particles fpar is expressed by Eq. (6.4).

fpar = maddυ̇z,w (6.4)

By substituting Eq. (6.3) into Eq. (6.2), the total inertial

force of the internal volume of water may be written in explicit

form through Eq. (6.5).

(mw +madd)z̈ = frdp + fhst + fexc + fpar + fpto = ftot (6.5)

From the above equation, the acceleration of the oscillating

water column is achieved with Eq. (6.6), as explained in detail

in Section 4.1.

z̈ =
frdp + fhst + fexc + fpar + fpto

(mw +madd)
(6.6)

Considering now the results achieved with the analytical model

of the primary converter, the time series of the sinusoidal posi-

tion and acceleration of the free surface of the incident sea waves

are presented in Figure 6.1. The heave motion of the wave was

imposed as an inlet condition. A duration of two periods was

taken into account, starting from the rest position of the sea

waves, when their free surface level coincides with the still water

level.
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(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.1: Time series of the sea wave position and accelera-
tion for the two investigated conditions with (a) Hm0=2 m and
Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7 s.

In Figure 6.2, the excitation force fexc acting at the bottom

of the water column for the e�ect of the hydrodynamic pressure

of the incident sea wave is shown as a function of time.

The excitation force depends on the characteristics of the

incident wave through the wave height, seawater density, and

wavenumber, on the geometry of the chamber as regards the

area of the horizontal cross-section and the draught length, and

on the location concerning the seawater depth and gravitational

acceleration. Therefore, the force exerted on the oscillating water

column is identical for either the con�gurations investigated for

a speci�c wave condition.
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(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.2: Time series of the excitation force exerted by the
hydrodynamic pressure of the incident sea wave with (a) Hm0=2
m and Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7 s.

The excitation force acting on the water column under the

action of the wave conditions of Figure 6.1a is lower regarding

the conditions of Figure 6.1b owing to the smaller wave height.

In either case, the force has the same frequency and phase of the

incident sea wave, as noticeable from the comparison of Figures

6.1 and 6.2.

The hydrostatic force fhst exerted by the hydrostatic pressure

of the water column is presented in Figure 6.3 by varying the

time.
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(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.3: Time series of the hydrostatic force exerted by the
hydrostatic pressure of the water column for sea waves with (a)
Hm0=2 m and Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7
s.

The hydrostatic force depends upon the displacement of the

free surface of the water inside the chamber, the area of the

horizontal cross-section of the caisson, the seawater density, and

the gravitational acceleration. The time series of the free surface

level of the water column is shown in Figure 6.4.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.4: Time series of the free surface level of the oscillating
column inside the chamber for sea waves with (a) Hm0=2 m and
Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7 s.

From the comparison of Figures 6.3 and 6.4, it is visible that

the hydrostatic force is negative when the free surface displace-
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ment is positive and vice versa.

For sea waves with a signi�cant height of 2 m and an energy

period of 6 s, the hydrostatic force of the con�guration with the

Wells turbine reaches smaller absolute values at the extremes

of the �ow phases regarding the con�guration with the impulse

turbine. This is due to the lower amplitude of the free surface

displacements. Conversely, for sea waves with a signi�cant height

of 2.5 m and an energy period of 7 s, the absolute values of the

extremes of the con�guration with the Wells turbine are greater

owing to the higher magnitude of water oscillation. The maxi-

mum di�erence is about 23% for the former wave conditions and

around 5% for the latter.

In Figure 6.5, the radiating damping force frdp is depicted

as a function of time. This force is provided by the product

of the velocity of the water column and the radiating damping

coe�cient, which in turn depends on the hydrostatic restoring

coe�cient, the oscillating water column mass, and the added

mass.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.5: Time series of the radiating damping force exerted
by the hydrostatic pressure of the water column for sea waves
with (a) Hm0=2 m and Tm−1,0=6 s and (b) Hm0=2.5 m and
Tm−1,0=7 s.
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The velocity of the water column and the radiating damping

coe�cient are time-dependent parameters, as visible in Figures

6.6 and 6.7.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.6: Time series of the free surface velocity of the oscil-
lating column inside the chamber for sea waves with (a) Hm0=2
m and Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7 s.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.7: Time series of the radiating damping coe�cient for
sea waves with (a) Hm0=2 m and Tm−1,0=6 s and (b) Hm0=2.5
m and Tm−1,0=7 s.

The absolute values of the peaks of the radiating damping

force reached by the con�guration with the impulse turbine are

higher for both the investigated wave conditions. The reason

is the higher velocity of the water column. The maximum dif-
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ference is approximately 29% and 5% for the two wave states,

respectively.

The time series of the force associated with the velocity of

the seawater particles fpar is depicted in Figure 6.8.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.8: Time series of the water particle force for sea waves
with (a) Hm0=2 m and Tm−1,0=6 s and (b) Hm0=2.5 m and
Tm−1,0=7 s.

The curves of the force calculated for the two con�gurations

are almost coincident for both the wave conditions, as the only

di�erent value assumed by the parameters is the free water level

and its in�uence on the function is low.

The force fpto acting on the top of the water column for the

action of the compression and expansion of the air inside the

caisson is presented as a function of time in Figure 6.9.
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(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.9: Time series of the air pressure oscillation force for
sea waves with (a) Hm0=2 m and Tm−1,0=6 s and (b) Hm0=2.5
m and Tm−1,0=7 s.

This force depends on the free surface velocity of the water

column and the pressure drop imposed by the power take-o�,

which is depicted in Figure 6.10 as a function of time.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.10: Time series of the total-to-static pressure drop
across the power take-o� for sea waves with (a) Hm0=2 m and
Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7 s.

Since the intervals of the air pressure di�erence required for

the operation of the two turbines are similar for the �rst wave

state analysed, the corresponding curves of the air pressure os-

cillation force reach values close to each other at the extremes

of the �ow phases. For the second wave state, the con�guration
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with the impulse turbine is subject to a higher air pressure force

as the turbine operation requires a greater pressure di�erence

between its inlet and outlet.

The total mass of the water column, comprising the mass of

the seawater and the added mass, is depicted in Figure 6.11 by

varying the time.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.11: Time series of the mass and total mass of the os-
cillating water column for sea waves with (a) Hm0=2 m and
Tm−1,0=6 s and (b) Hm0=2.5 m and Tm−1,0=7 s.

The maximum and minimum values of the seawater mass de-

pend upon the displacements of the oscillating water column of

Figure 6.4, while the value of the added mass is constant for a

speci�c chamber geometry and seawater density.

The solution of the hydrodynamics of the primary converter

provides the position, velocity, and acceleration of the oscillat-

ing water column. Coupling these parameters with the solution

of the thermodynamics of the chamber, the volume air�ow rate

made available by the primary converter at its outlet was de-

termined. The time series of this quantity is depicted in Figure

6.12.
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(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.12: Time series of the volume air�ow rate processed by
the chamber for sea waves with (a) Hm0=2 m and Tm−1,0=6 s
and (b) Hm0=2.5 m and Tm−1,0=7 s.

Based on the geometric parameters of the secondary con-

verter, the time series of the air�ow velocity crossing the turbine

rotor of Figure 6.13 was achieved for the con�gurations and wave

conditions investigated.

(a) Hs=2 m and Te=6 s (b) Hs=2.5 m and Te=7 s

Figure 6.13: Time series of the volume air�ow rate crossing the
turbine rotor for sea waves with (a) Hm0=2 m and Tm−1,0=6 s
and (b) Hm0=2.5 m and Tm−1,0=7 s.

By comparing Figures 6.12 and 6.13, it is noticeable that the

lower passage area of the �ow crossing the rotor of the impulse

turbine determines a signi�cantly higher absolute axial velocity

of the air�ow. This allows the functioning of the turbomachine
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on a wider operating range with higher variations of the �ow

coe�cient during the �ow phases.

6.2 Secondary converter results

The secondary converter of an oscillating water column system

consists of the air turbine. The most widely used and promising

technologies for this kind of application are Wells and impulse

turbines. In the present Section, several con�gurations of mono-

plane isolated Wells turbines, and the axial-�ow impulse turbine

are analytically and numerically investigated. The operation of

the individual converters was evaluated and the results of the

analytical and CFD models were compared between themselves

and with literature experimental data. The aim was to validate

the single models for their application in the wave-to-wire model

developed.

6.2.1 Monoplane isolated Wells turbine

A monoplane isolated Wells turbine for oscillating water column

systems was studied with an analytical approach and computa-

tional �uid dynamics to evaluate the aerodynamics of the air�ow

and determine the operating curves, the power conversion, and

the performance parameters.

The analytical model applies the actuator disc theory and the

blade element momentum theory, and it is described in detail in

Sections 4.2.1 and 4.2.2. Through this approach, a turbomachine

row is modelled as an in�nitely thin disc simulating the former in

terms of energy exchange with the �ow through the imposition

of mass and momentum conservation. The �ow is assumed to be
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steady, axisymmetric, and inviscid.

The creation of the computational domain of the CFD anal-

yses, constituted by the straight annular duct embedding the

turbine, and its spatial discretisation were achieved with AN-

SYS ICEM 19.1, the analyses were solved with ANSYS Fluent

19.1 and the results were assessed with ANSYS CFD Post 19.1,

developing a completely automated procedure. Either steady

and unsteady Reynolds-averaged Navier-Stokes (RANS and u-

RANS, respectively) equations were applied as governing equa-

tions, and the closure problem was solved with both the realis-

able κ-ε model with enhanced wall functions and the κ-ω stress

transport model with low Reynolds number correction to the

turbulent viscosity [30, 31]. The motion of the turbine rotor was

modelled with two di�erent approaches: multiple reference frame

with moving reference frame and sliding mesh. The theoretical

aspects of the CFD models are discussed in detail in Chapter 5.

Two-dimensional models were generated in the preliminary

phases of the model development to quickly assess the parame-

ters of the computational domain and the numerical settings for

the three-dimensional models.

6.2.1.1 Numerical domain

A monoplane isolated Wells turbine comprised of a single rotor

cascade with symmetrical blades staggered around the central

hub was considered. The rotor blades are symmetrically posi-

tioned on a plane orthogonal to the rotation axis and therefore

at 90 degrees regarding the incoming �ow (Figure 6.14). The

blade airfoils are symmetrical NACA0015 pro�les with constant

stacking in the radial direction. This is one of the most ef-

fective pro�les together with the NACA0012, NACA0018, and
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NACA0021 [22, 44].

Figure 6.14: Section of the rendering of an OWC system showing
the monoplane isolated Wells turbine analytically and numeri-
cally investigated.

The main geometric speci�cations and operating conditions

of the Wells turbine analysed are listed in Table 6.3 based on

the reference literature data [241, 242]. For the computations

performed by imposing a sinusoidal law as a function of time for

the inlet velocity, a wave period of 7 s was selected to consider

typical conditions of a moderate climate of the Mediterranean

Sea [30, 31].
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Parameter Description

Turbine typology Isolated monoplane

Blade pro�le NACA0015

Blade number 7

Turbine casing diameter 0.50 m

Hub-to-tip ratio 0.75

Chord length 0.117 m

Rotational speed 3600 rpm

In�ow velocity amplitude 14.91 m/s

Out�ow velocity amplitude 15.73 m/s

Air�ow period 7 s

Table 6.3: Main geometric speci�cations and operating condi-
tions of the Wells turbine analytically and numerically investi-
gated.

The �ow conditions and the geometry of the straight annular

duct and the turbine are axisymmetric in function to the number

of rotor blades [243, 81, 84]. Therefore, the model is periodic in

the circumferential direction. This enables to perform simula-

tions on a computational domain comprising 1/7 of the turbine

annulus, including one blade passage instead of analysing the full

annulus. As a consequence, the computational time and power

required are signi�cantly reduced. The domain is bounded by

the inlet and outlet boundaries, the periodic surfaces, the an-

nulus walls and the blade walls (Figure 6.15). The extension of

the gap determines the implications of this geometric parame-

ter on the turbine performance. In particular, the decrease of
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its dimension enhances the turbine e�ciency due to the reduc-

tion of the leakage losses but advances the aerodynamic stall

[30, 31]. Therefore, the gap is typically de�ned between around

1% and 2% of the blade chord length to achieve a good compro-

mise between these opposing e�ects. For such values, the gap

in�uence on the operating curves of the turbomachine is limited

[243, 68, 69, 70].

The computational domain was subdivided into three cell

zones disposed along the rotation axis: upstream duct, rotor,

and downstream duct. The �rst and the last zones model the

stationary parts of the duct and are steady, while the second

zone is a rotating region modelling the motion of the turbine

rotor. The cell zones are symmetrically arranged regarding the

axial direction, as the operation of the self-rectifying machine was

analysed considering a bidirectional air�ow. For this purpose,

full transient simulations with a sinusoidal inlet velocity were

conducted in addition to steady-state and unsteady simulations

with �xed inlet velocity. The length in the axial direction of

either the upstream and downstream zones was set to 6 times

the length of the blade chord to ensure the full development of

the �ow before impacting the rotor and to analyse the outlet �ow

�eld after the interaction with the blades [244, 81, 245]. For the

rotating zone, the axial dimension was de�ned as equal to about

the length of the blade chord according to the sensitivity analysis

explained in Section 6.2.1.5 for ensuring mesh independence [30,

31].
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Figure 6.15: Scheme of the computational domain of the mono-
plane isolated Wells turbine.

6.2.1.2 Numerical grid

The creation of the computational domain and its spatial dis-

cretisation were obtained with ANSYS ICEM 19.1 generating a

fully mapped mesh of hexahedral elements. A multi-block tech-

nique was applied to generate a C-type mesh topology in the

region surrounding the blade to capture the complex boundary

layer �ow, and H-type mesh topologies were utilised in the rest

of the domain (Figure 6.16).

The numerical grid consists of 3.85 million nodes and about

3.76 million elements. Since the aim was to investigate di�erent

CFD models, a �ne grid with high accuracy was selected while

limiting the computational time. The mesh ful�ls the conver-

gence criteria of the mass conservation within 10−3 and maxi-

mum order of the root mean squares residuals of 10−6 for the con-

tinuity, momentum, turbulence, and energy equations [30, 31].

In the circumferential direction, 300 nodes were distributed

around the blade pro�le, and 70 nodes were positioned in the
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Figure 6.16: Isometric view of the blade and hub wall mesh of
the Wells turbine [30, 31].

blade passage with 30 nodes upstream of the leading edge and

40 downstream of the trailing edge (Figure 6.17).

Figure 6.17: Mesh close-up at the hub leading edge of the isolated
monoplane Wells turbine [30, 31].

In the radial direction, 80 nodes were set along the blade

span. In the axial direction, 80 nodes were located in the sta-

tionary regions, and 100 nodes were established in the rotating

region. The dimension of the boundary layer cells in the direc-

tion normal to the wall boundary was de�ned to achieve values
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of y+ between 30 and 90 for the simulations carried out with

the κ-ε turbulence model and lower than 1 for the simulations

performed with the κ-ω turbulence model. The cell growth ratio

was set to 1.05 at all the wall boundaries with a maximum value

of 1.2 in the other parts of the domain (Figure 6.18).

Figure 6.18: Mesh close-up around the blade tip of the Wells
turbine [30, 31].

6.2.1.3 Mathematical modelling

Steady and unsteady Reynolds averaged Navier-Stokes equations

were solved with ANSYS Fluent 19.1 for a compressible ideal

gas. The conservation equations for the continuity, momentum

and energy are provided by Eqs. (5.6), (5.7), and (5.8), respec-

tively, as discussed in Section 5.2. The air density, the thermal

conductivity, and the dynamic viscosity were de�ned as func-

tions of the temperature.

The Navier-Stokes equations were discretised with a second-

order scheme for the pressure and a second-order upwind scheme

for the density, momentum, energy, turbulent kinetic energy, and

speci�c dissipation rate. The coupled method was utilised to re-
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late the velocity and pressure corrections. The least-squares and

cell-based method was applied for computing the variable gradi-

ents [30, 31]. Since the relative Reynolds number based upon the

blade chord ranges from approximately 2 · 104 to nearly 3 · 106,

the turbulence was modelled [243, 81, 246] with second-order dis-

cretisation through the application of the realisable κ-ε model

with enhanced wall functions for the near-wall treatment [247] or

the κ-ω stress transport model [248] with low Reynolds number

correction to the turbulent viscosity [34]. The equations were

implicitly solved with a pressure-based approach, as the Mach

number of the �ow is lower than 0.4 for all the investigated cases.

During the realisation of the thesis, the e�ects of the applica-

tion of numerical methods di�erent from the coupled method, as

the SIMPLE (Semi-Implicit Method for Pressure-Linked Equa-

tions) and the SIMPLEC (Semi-Implicit Method for Pressure-

Linked Equations-Consistent), were investigated. Relevant vari-

ations of the achieved results were not found. The coupled

method was �nally selected as it ensures more robust modelling.

6.2.1.4 Boundary conditions

The conditions applied to the boundaries of the computational

domain are listed in Table 6.4.
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Boundary Condition

Inlet
Velocity, turbulent intensity, length

scale, and temperature

Outlet

Static pressure, radial equilibrium,

and turbulent intensity, length

scale, and temperature of the back-

�ow

Blade and walls No-slip

Rotor circumferential

side-walls
Rotational periodicity

Duct circumferential

side-walls
Periodicity

Table 6.4: Boundary conditions applied in the CFD models of
the Wells turbine.

For all the numerical con�gurations, uniform distributions of

the �ow velocity and uniform and constant temperature distribu-

tions were assigned at the inlet boundary. At the domain outlet,

uniform and constant distributions of the static pressure with

radial equilibrium condition and a constant back-�ow tempera-

ture were imposed [30, 31]. The values of the range of the inlet

velocity and rotational speed designated are provided in Table

6.3, while the static gauge pressure and the temperature were

set to 0 Pa and 288.15 K, respectively.

The turbulence intensity ti was determined with Eq. (6.7)

on the basis of the relative Reynolds number Rehd calculated

depending upon the hydraulic diameter of the annular duct [34].

ti = 0.16Re−0.125
hd (6.7)
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The turbulent length scale l was computed with Eq. (6.8)

with respect to the characteristic length of the �ow opening L

[34].

l = 0.07L (6.8)

On the walls of the annulus and blade, no-slip boundary con-

ditions were imposed. Periodic and rotationally periodic bound-

ary conditions were assigned to the circumferential side-walls of

the stationary and rotating regions, respectively.

Regarding the uniform distributions of the inlet �ow veloc-

ity, two di�erent approaches were de�ned. Indeed, the e�ects

of applying a discrete set of constant values covering the entire

operating range and values varying with a sinusoidal function in

the same range were analysed. The �rst approach was used for

both steady and unsteady simulations, while the second requires

unsteady analyses.

The rotating motion of the rotor was modelled by using the

multiple reference frame with moving frame and the sliding mesh

models. Fixed values of the rotational speed were analysed. The

MRF model limits the computational requirements and provides

time-averaged solutions that are physically meaningful when the

�ow at the interface between adjacent stationary and moving cell

zones is nearly uniform. The SM model allows the achievement

of time-dependent solutions of the �uid dynamics, increasing the

accuracy of the simulation of �uids in reference frames subject

to reciprocating motion.
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6.2.1.5 CFD sensitivity analysis

The development of a computational �uid dynamics model re-

quires sensitivity analyses to spatial and temporal discretisation.

The former type of investigation concerns the element number

and distribution of the computational grid, and it is needed for

all the simulations; the latter analysis regards the time step size

and is necessary only for transient simulations.

With the aim of assessing the computational mesh indepen-

dence, a mesh sensitivity analysis was carried out comparing the

results of several di�erent grids with node number ranging from

0.5 to 9.5 million. The �ner and coarser meshes were derived

through homogeneous variations of the node number relative to

the selected mesh comprising 3.85 million nodes. The minimum

values of node number around the blade airfoil and along its span

were set to 200 and 50, respectively [30, 31].

The mesh sensitivity analysis consists of three steps. Firstly,

the e�ects of the number of elements and their distribution on

the calculated values were assessed over the entire computational

domain. Subsequently, the in�uence of the extension in the axial

direction of the rotating cell zone was evaluated to determine

the minimum value ensuring the mesh independence. During

the �nal step, an extensive mesh sensitivity analysis regarding

the element number and distribution was performed for the grids

ful�lling the requirements of the previous steps [30, 31].

The number and the arrangement of elements are fundamen-

tal features, in particular for the rotating cell zone. The static-

to-static pressure drop and the torque exerted on the rotor blades

were considered for evaluating the grid in�uence as they are the

most important parameters for the selection of Wells turbines.

The graphs of the mesh sensitivity analysis are depicted for the

maximum value of the inlet �ow velocity equal to 15.73 m/s and
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an intermediate value, equivalent to 8 m/s, both referred to the

out�ow phase. The values are presented for the steady-state

computations with the κ-ω turbulence model and the multiple

reference frame method for modelling rotation. The selected

quantities, �ow conditions and numerical settings are represen-

tative of the e�ects of the investigated grid parameters for all

the CFD analyses performed [30, 31].

Figures 6.19 and 6.20 indicate that the mesh dependence is

more pronounced for the highest value of the �ow axial veloc-

ity compared to the intermediate value. As concerns the axial

dimension of the rotating cell zone, Figures 6.19a and 6.19b de-

note that the independence of the grid from the parameter ldr

is achieved corresponding to an axial length of the rotating cell

zone of at least around one chord.

(a) Static-to-static pressure drop (b) Blade torque

Figure 6.19: (a) Static-to-static pressure drop and (b) blade
torque for di�erent inlet �ow velocities as a function of the axial
dimension of the rotating cell zone normalised relative to the
blade chord length.

For a mesh with about 0.5 million nodes, the maximum dif-

ference in computed static-to-static pressure drop and torque is

approximately 5.4% and 5.8%, respectively, relative to the �nest

mesh with 9.5 million nodes, as visible in Figures 6.20a and 6.20b.

The variations of both the quantities decrease to nearly 1% for a
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grid with approximately 1.6 million nodes. By further increasing

the node number, the discrepancies become slight and for a mesh

with 3.85 million nodes are negligible [30, 31].

(a) Static-to-static pressure drop (b) Blade torque

Figure 6.20: (a) Static-to-static pressure drop and (b) blade
torque for di�erent inlet �ow velocities as a function of the num-
ber of nodes.

A non-dimensional parameter called computational time ra-

tio tr was de�ned to provide information concerning the time

required for solving the CFD analyses. The parameter is cal-

culated with Eq. (6.9) as the ratio of the computational time

t of each case to the computational time tref of the reference

case. For the steady-state analyses, the reference time is given

by the case with 3.85 million nodes using the MRF scheme and

the κ-ω turbulence model. For the transient analyses, the case

with the same mesh, turbulence model, and rotational scheme,

and the time-step size of 5 · 10−3 s is considered as the reference

for normalisation [30, 31].

tr =
t

tref
(6.9)

In Figure 6.21, the trade-o� between the accuracy of the cal-

culation of the torque acting on the rotor blades and the compu-

tational time is presented by varying the grid size. The results
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are presented for the maximum �ow inlet velocity during the

out�ow phase.

(a) Static-to-static pressure drop (b) Blade torque

Figure 6.21: Compromise between the computational time and
the accuracy of the calculated quantity for (a) the static-to-static
pressure drop and (b) the blade torque.

From a perusal of Figure 6.21 it is noticeable that a mesh

with at least about 1.6 million nodes ensures a good accuracy

of torque prediction with limited requirements of computational

time. A similar option may be recommended if the target of

the analysis is investigating a wide variety of cases. The mesh

with 3.85 million nodes provides higher accuracy and requires

a computational time that is about three times higher regard-

ing the former mesh. This choice may be recommended if the

aim of the study is the accurate analysis of a selected set of cases.

The de�nition of the values of the time step for the fully

transient models requires a sensitivity analysis. The objective

is to evaluate the e�ects of the magnitude of the time step for

determining the highest value that ensures slight or negligible

variations of the computed quantities. Even in these cases, the

static-to-static pressure drop and the torque are shown as repre-

sentative of all the quantities of the analyses conducted. Figures
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6.22 and 6.23 indicate that values of the time step size equal

or lower than 1 · 10−2 s provide a satisfactory prediction of the

static-to-static pressure variation and the torque during the en-

tire computations for the analyses performed with the multiple

reference frame model. For the sliding mesh model, such value of

the time step size entails �uctuations of the computed quantities

corresponding to the extremes of the in�ow and out�ow phases.

The �uctuations are avoided by a time step equivalent or inferior

to 8 · 10−3. A further decrease of the time step size to at least

5 · 10−3 is needed for obtaining reasonable independence of the

computed results from this parameter.

(a) MRF model (b) SM model

Figure 6.22: Sensitivity analysis of the static-to-static pressure
drop to the time step size for (a) the MRF and (b) the SM
models.

A time step of 5 ·10−3 s results in maximum variations of the

static-to-static pressure variation across the turbine duct lower

than 0.22% and 0.37% for the multiple reference frame and siding

mesh models, respectively.
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(a) MRF model (b) SM model

Figure 6.23: Sensitivity analysis of the blade torque to the time
step size for (a) the MRF model and (b) the SM model.

The maximum variations of the torque acting on the blades

of the rotor are less than 0.25% and 0.40% for the multiple refer-

ence frame and sliding mesh models, respectively, when the time

step size is equal to 5 · 10−3 s. For these reasons, such value of

the time step size was utilised to simulate in time the transient

CFD models for all the turbulence approaches and the methods

for modelling rotation.

From a perusal of Figure 6.24, it is noticeable that the com-

putational time required by the SM model is higher compared

to the MRF model. In particular, the computational time is

approximately 19% greater for the time step size of 5 · 10−3 s.
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Figure 6.24: Computational time ratio for the MRF and SM
models as a function of the time step size [30, 31].

6.2.1.6 Analytical and numerical results

The results of the aerodynamics of the Wells turbine achieved

with the BEM model and the CFD models are presented in

terms of non-dimensional and dimensional parameters, follow-

ing the traditional practice in turbomachinery [21]. The non-

dimensional parameters are the �ow coe�cient, the input and

torque coe�cients CA and CT , and the e�ciency, de�ned in equa-

tions from Eq. (6.10) to Eq. (6.13), respectively. The dimen-

sional parameters are the static-to-static pressure drop across the

computational domain, the rotor torque, and the rotor power.

φm =
vx,m
Um

(6.10)

CA,m =
(pt ,in − pout)q̇

1
2ρin(v2

x,m + U2
m)blZvx,m

(6.11)

CT,m =
τ

1
2ρin(v2

x,m + U2
m)blZrm

(6.12)
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ξ =
Ωτ

(pt ,in − pout)q̇
=

CT,m
φmCA,m

(6.13)

where pt ,in is the total pressure at the domain inlet, pout is the

static pressure at the domain outlet, ρin is the air density at the

domain inlet, and subscript m refers to the blade midspan.

The operating curves are presented as functions of the turbine

volume �ow rate or �ow coe�cient calculated at blade midspan.

During the in�ow phase, the air�ow enters the device and the

values of the �ow coe�cient and �ow rate are considered nega-

tive; conversely, during the out�ow phase, the air�ow exits the

device and the values are regarded as positive. Generally, the

parameters reach higher values to parity of �ow coe�cient dur-

ing the out�ow for the greater air density due to the higher inlet

pressure of the air�ow originating in the caisson. The inlet air-

�ow is in atmospheric conditions during the in�ow phase, while

during the out�ow phase, its conditions are dependent upon the

pressure variation in the caisson.

Except for the curves of e�ciency, the values of all the per-

formance parameters presented in Figures 6.25 and 6.26 mono-

tonically rise with the absolute value of the �ow coe�cient of the

volume �ow rate.
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(a) Input coe�cient (b) Torque coe�cient

Figure 6.25: (a) Input coe�cient and (b) torque coe�cient ver-
sus �ow coe�cient at the blade midspan [31].

Figure 6.25a shows that the input coe�cient has a linear

relation with the �ow coe�cient and deviates from this trend

only at the extremes of the operating range. The deviation is

very slight for the CFD simulations with the κ-ω turbulence

model, while it is more marked for the cases with the κ-ε model

due to the prediction of greater pressure drops across the turbine

duct. For the analytical model, the linear relation discrepancy

is higher owing to the lower values of the pressure variation [30,

31].

In Figure 6.25b, the torque coe�cient is negative for low inci-

dence angles, corresponding to the values of φm between approx-

imately -0.05 and 0.05. This occurs as the opposite contribution

of the viscous forces prevails on that of the pressure forces acting

on the rotor blade surfaces. For higher �ow incidence angles, the

torque coe�cient is positive, as the contribution of the pressure

forces is dominant. The BEM model provides higher levels of the

torque coe�cient regarding the CFD models due to the greater

blade torque predicted [30, 31]. The higher values of the torque

coe�cient predicted by the BEM model regarding all the numer-

ical models are mainly due to the determination of greater values

of the lift coe�cient compared to the drag coe�cient, which re-
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sult in a greater tangential force coe�cient and a higher blade

torque.

(a) Static-to-static pressure drop (b) Blade torque

(c) Blade power (d) E�ciency

Figure 6.26: (a) Static-to-static pressure drop versus volume
air�ow rate and (b) torque, (c) power, and (d) e�ciency as
functions of the �ow coe�cient at the blade midspan [31]

Figure 6.26a shows the static-to-static pressure drop between

the turbine inlet and outlet as a function of the volume air�ow

rate. The relation is linear and deviates from linearity only at

the extremes of the �ow phases.

The torque acting on the rotor blades is presented in Figure

6.26b by varying the midspan �ow coe�cient. As the related

torque coe�cient, the torque increases with the rise of the abso-

lute value of the �ow coe�cient and thus of the incidence angle

of the �ow.

In Figure 6.26c, the power transferred by the �ow to the
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blades is shown. Since the rotational velocity is constant, the

power curves have the same trend as those of the torque. It

is noticeable that the results of the CFD models are in close

agreement with the experimental literature results for the whole

in�ow phase and the majority of the out�ow phase. Conversely,

at the extreme of the out�ow phase, the experimental curve of

the power is subject to a reduction of the growth speed, which

is not shown by the CFD models [49,50]. The κ-ω turbulence

model predicts power values closer to the experimental results

than the κ-ε model. The overestimation of the power of the nu-

merical models can be addressed to the absence of mechanical

losses and, for the CFD models, even of the tip clearance. The

analytical model provides results in excellent agreement with the

analytical literature model and has a broader range of applica-

bility than this reference, as it considers both the in�ow and

out�ow phases. Either the analytical models overestimate the

rotor power [30, 31].

The curves of e�ciency are depicted in Figure 6.26d. The

e�ciency of the turbine increases with the absolute value of the

�ow coe�cient up to a speci�c value, after which it declines.

The peak e�ciency is reached during the out�ow phase and is

nearly 87% for the analytical model and ranges between 69% and

71% for the CFD models. The CFD models based on applying

a sinusoidal function for the inlet velocity and the κ-ω turbu-

lence model were selected for further analyses as they provide

the closest results to the experimental data [30, 31]. The higher

peak e�ciency achieved with the analytical model compared to

the numerical models is mainly due to the greater torque de-

termined, while the in�uence of the di�erences in the values of

pressure variation are lower.
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The CFD models based on applying a sinusoidal function for

the inlet velocity and the κ-ω turbulence model were selected to

examine further the modelling, as they provide the closest results

to the experimental data.

In Figure 6.27, the variation of the absolute tangential veloc-

ity of the air�ow is analysed. Since the �ow entering the turbine

duct is assumed to be perfectly axial, this quantity coincides

with the tangential component of the absolute velocity in the

downwind section. In particular, for the analytical model, the

variation is calculated between the inlet and outlet sections posi-

tioned far upstream and downstream of the rotor. The maximum

average value of the change in the absolute tangential velocity

inside the computational domain is considered for the CFD mod-

els. This value is reached right downwind of the rotor blades, as

moving towards the outlet the swirl reduces.

Figure 6.27: Variation of the absolute tangential velocity pre-
dicted by the analytical and numerical models [31].

The variations of the absolute tangential velocity achieved

with the BEM model are generally higher regarding the CFD

models in the entire operating range, except at the lowest abso-
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lute values of the �ow coe�cient for the case of the MRF model.

The di�erences in the outcomes are due to the overprediction by

the analytical model of the tangential force acting on the rotor

blades. This, in turn, depends on the overestimation of the lift

force regarding the drag force.

The computational �uid dynamics analyses of the monoplane

isolated Wells turbines provide the details of the �ow �eld cross-

ing the turbine duct and impacting the rotor. The results achieved

allow the determination of the operating curves and performance

of the turbomachine.

At �rst, the in�uence of the potential e�ect on the rotor

blades was investigated. This aspect is particularly important

as the analyses were performed on a section of the turbine annu-

lus by imposing circumferential periodicity boundary conditions

instead of solving the computations for the full annulus. The �ow

�elds of the static-to-static pressure variation across the turbine

duct were considered to analyse the potential e�ect caused by the

interaction of the wake at the trailing edge of each blade with

the leading edge of the following blade of the row. The images

from Figure 6.28 to Figure 6.31 are close-ups of the distributions

of the relative static pressure in the region around a rotor blade,

in correspondence with evenly spaced surfaces positioned with a

constant radius at 25%, 50% and 75% of the blade span. The in-

�ow and out�ow phases are shown for the MRF and SM models

corresponding to the intermediate and maximum values of the

inlet velocity magnitude. Since the potential e�ect is limited for

both the numerical models and all the investigated velocities,

the use of the circumferential periodicity boundary conditions

on a section of the annulus is a reasonable approach instead of

performing full annulus analyses [30, 31].
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In Figure 6.28 the relative static pressure �ow �eld calculated

with the MRF model is depicted for the extremes of the in�ow

and out�ow phases. The di�erence in relative pressure between

the upstream and downstream of the rotor is higher when the

�ow exits the system to parity of the axial �ow velocity. This is

due to the di�erent conditions of the inlet air, which are atmo-

spheric during the in�ow, while they depend upon the pressure

variation along the turbine duct during the out�ow. Moving

from the blade hub to the blade tip, the magnitude of the pres-

sure variation increases. This is mainly determined by the rise of

the maximum values and the reduction of the minimum values

of the static pressure close to the leading edge.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.28: Flow �elds of the relative static pressure computed
with the MRF model at the extremes of the in�ow and out�ow
phases.

The comparison between the relative static pressure predicted

by the multiple reference frame and the sliding mesh in Figures

6.28 and 6.29, respectively, indicates that similar distributions
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are obtained with the two methods for modelling rotation dur-

ing the in�ow and out�ow phases and along the blade radius.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.29: Flow �elds of the relative static pressure computed
with the SM model at the extremes of the in�ow and out�ow
phases.

In Figure 6.30 the �ow �elds of the relative static pressure ob-

tained with the MRF model are illustrated along the blade span

for the intermediate value of the range of the inlet axial velocity

analysed, which is equal to 8 m/s. The computed distributions

denote lower values of the variation of the relative static pressure

across the rotor row regarding the case with the maximum inlet

velocity magnitude. For both the �ow phases, the same volume

�ow rate through the rotor is obtained.

Even for the intermediate values of the inlet velocity, using

the multiple reference frame model or the sliding mesh model

leads to analogous �ow �elds of the relative static pressure.

In Figure 6.32, the �ow �elds of the absolute tangential veloc-

ity around the blade computed with the MRF model are depicted
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(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.30: Flow �elds of the relative static pressure computed
with the MRF model corresponding to the inlet velocity magni-
tude of 8 m/s.

on evenly spaced surfaces with a constant radius at 25%, 50%,

and 75% of the blade span for the in�ow and out�ow phases cor-

responding to the highest inlet velocity magnitude. The �ow is

attached to the blade from the hub (a, d) to the tip (c, f) for the

in�ow and out�ow phases. Higher velocities can be noticed at

the blade tip, in particular close to the leading edge, due to the

higher peripheral speed [30, 31]. The greatest values of tangen-

tial velocity occur at the leading edge on the pressure side, while

the lowest values are located at the leading edge on the suctions

side and in the wake at the trailing edge, especially on the pres-

sure side. The trailing edge wake is signi�cantly distorted by the

interaction between the blades composing the cascade.
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(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.31: Flow �elds of the relative static pressure computed
with the SM model corresponding to the inlet velocity magnitude
of 8 m/s.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.32: Flow �elds of the absolute tangential velocity cal-
culated with the MRF model at the extremes of the in�ow and
out�ow phases [30, 31].
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The distributions of the absolute tangential velocity of Figure

6.33 obtained with the sliding mesh model are in strict accor-

dance with the distributions of Figure 6.32 calculated with the

multiple reference frame model.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.33: Flow �elds of the absolute tangential velocity cal-
culated with the SM model at the extremes of the in�ow and
out�ow phases [31].

The �ow �elds of the absolute tangential velocity are depicted

even for the intermediate values of the inlet axial velocity, which

are equivalent to -8 m/s and 8 m/s during the in�ow and out-

�ow phases, respectively. The distributions of this quantity cal-

culated with the MRF and SM models are illustrated in Figures

6.34 and 6.35.

The reduction of the absolute tangential velocity in the wake

at the outlet of the blade is presented in Figures from 6.36 to

6.39 on sections evenly spaced in the circumferential direction,

in correspondence with three radial positions equal to 25%, 50%,

and 75% of the blade span. Moving away from the blade, from
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(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.34: Flow �elds of the absolute tangential velocity cal-
culated with the MRF model corresponding to the inlet velocity
magnitude of 8 m/s.

line 1 to line 5, the in�uence of the wake is reduced, the wake

tends to mix with the surrounding �ow, and it is de�ected in the

downstream direction. For the selected control lines, the e�ects

of the wake enhance moving towards the blade hub. The con-

sequences of the wake presence are more pronounced during the

out�ow than the in�ow owing to the di�erent inlet air conditions

[31].
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(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.35: Flow �elds of the absolute tangential velocity cal-
culated with the SM model corresponding to the inlet velocity
magnitude of 8 m/s.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.36: Absolute tangential velocity in the trailing edge
region computed with the MRF model at the extremes of (a, b,
c) the in�ow and (d, e, f) out�ow phases.
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By comparing the two rotational models, the predicted trend

of the absolute tangential velocity is similar, although the vari-

ations obtained with the MRF model are higher regarding the

SM model.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.37: Absolute tangential velocity in the trailing edge
region computed with the SM model at the extremes of (a, b,
c) the in�ow and (d, e, f) out�ow phases.

Considering the intermediate values of the inlet velocity, the

decrease of the absolute tangential velocity in the wake has the

same trend observed at the extremes of the in�ow and out�ow

phases. However, the e�ects are signi�cantly lower in magnitude.
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(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.38: Absolute tangential velocity in the trailing edge re-
gion computed with the MRF model for the axial velocity mag-
nitude of 8 m/s during (a, b, c) the in�ow and (d, e, f) out�ow.

(a) In�ow, 25% span (b) In�ow, 50% span (c) In�ow, 75% span

(d) Out�ow, 25% span (e) Out�ow, 50% span (f) Out�ow, 75% span

Figure 6.39: Absolute tangential velocity in the trailing edge
region computed with the SM model for the axial velocity mag-
nitude of 8 m/s during (a, b, c) the in�ow and (d, e, f) out�ow.
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The distributions of the relative static pressure and the isen-

tropic Mach number are plotted in the graphs of Figure 6.40

and 6.41 by varying the normalised curvilinear abscissa along

the blade surface on the pressure side and the suction side of the

rotor blade. The graphs are referred to curves with constant ra-

dial coordinates equal to 25%, 50%, and 75% of the blade span.

The results are depicted for both the out�ow phase (continu-

ous line) and the in�ow phase (dashed line) and consider the

extremes and the two selected intermediate values of the �ow

phases [31].

The isentropic Mach number is obtained with Eq. (6.14) by

applying the isentropic �ow relations.

Mais =

√√√√((pt ,fr

p

) γ−1
γ

− 1

)
2

γ − 1
(6.14)

where pt ,fr is the reference total pressure calculated in the free

stream based on the inlet static pressure and the inlet velocity

computed in the rotating reference frame.
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(a) Static pressure, 75% span (b) Isentropic Mach, 75% span

(c) Static pressure, 50% span (d) Isentropic Mach, 50% span

(e) Static pressure, 25% span (f) Isentropic Mach, 25% span

Figure 6.40: Distribution of the relative static pressure and isen-
tropic Mach number along the pressure side and suction side of
a rotor blade calculated with the MRF and SM models.

At the leading edge of the suction side, the �ow has a rapid

acceleration and quickly reaches the maximum isentropic Mach

number in correspondence with the minimum of the static pres-

sure. Afterwards, the �ow experiences a smooth deceleration to

its lowest value due to the shape of the airfoil. On the pressure
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side, the �ow �rstly decelerates and then accelerates with a very

gradual trend in the region subject to the slow reduction of the

static pressure. During the in�ow, the static pressure values on

the blade surfaces are lower regarding the out�ow and result in

smaller variations of the isentropic Mach number [31].

The static pressure and the isentropic Mach number on the

blade surface computed at the intermediate values of the inlet

velocity have analogous distributions to those obtained corre-

sponding to the extremes of the �ow phases. The main di�erence

is represented by the average lower values and the signi�cantly

smaller peaks reached, especially in the leading edge region.
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(a) Static pressure, 75% span (b) Isentropic Mach, 75% span

(c) Static pressure, 50% span (d) Isentropic Mach, 50% span

(e) Static pressure, 25% span (f) Isentropic Mach, 25% span

Figure 6.41: Distribution of the relative static pressure and isen-
tropic Mach number along the pressure side and suction side of
a rotor blade calculated with the MRF and SM models.

Figure 6.42 indicates the variation of the speci�c enthalpy

between the inlet and outlet of the turbine duct as a function of

the speci�c entropy obtained at the extremes of the �ow phases.

The variation in the speci�c total enthalpy equals the di�erence

between the speci�c work exchanged by the �ow with the rotor
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blades and the speci�c work lost for the friction with the other

wall boundaries. The speci�c total enthalpy drop during the

out�ow is greater than during the in�ow, resulting in a higher

power transferred from the air�ow to the rotor. Considering the

entire operating range, the variation in the speci�c total enthalpy

leads to the calculation of an average value of the power acting on

the rotor blades that is 6.09% lower for the SM model regarding

the MRF model [31].

(a) Input coe�cient (b) Torque coe�cient

Figure 6.42: Speci�c enthalpy variation versus speci�c entropy
generation calculated across the turbine duct calculated with (a)
the MRF model and (b) the SM model [31].

The power transferred from the �ow to the turbine and the

e�ciency computed with the BEM model and the CFD models

are compared in Table 6.5 considering the extremes of the �ow

phases [31].
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Quantity
In�ow Out�ow

BEM MRF SM BEM MRF SM

vx1, m/s -14.91 -14.91 -14.91 15.73 15.73 15.73

ṁ, kg/s -1.57 -1.57 -1.57 1.73 1.73 1.73

PI , W 5244 5367 5252 5915 6542 6454

Pb, W 4568 3625 3411 5147 4528 4300

ξ, % 87.12 67.54 64.95 87.00 69.22 66.63

Table 6.5: Power conversion and e�ciency computed with the
analytical and CFD models [31].

Finally, the time series of the power converted by the mono-

plane isolate Wells turbine are presented in Figure 6.43 for the

CFD models with sinusoidal function for the inlet velocity [31].

Figure 6.43: Time series of the power exerted by the air�ow on
the rotor blades for the MRF and SM models [31].

The computational model providing the closest results to the

experimental data applies the sliding mesh scheme and the κ-

ω turbulence model and assigns a sinusoidal function for the

inlet velocity. This con�guration and the use of a mesh with

around 3.85 million nodes and a time step of 5 · 10−3 s are sug-
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gested to achieve the highest accuracy. Moreover, time-variant

inlet boundary conditions allow the analysis of the �ow quanti-

ties and the performance parameters in the time domain, making

the CFD model suitable for coupling with the models of the pri-

mary and tertiary converters. Conversely, when the objective of

the analysis is comparing a wide variety of cases, the frozen rotor

approximation (MRF model) is a cost-e�ective approach to eval-

uating the machine operation and a mesh with about 1.6 million

nodes and time step size up to 1 · 10−2 s may be utilised. For

further speeding up the computations, the use of incompressible

gas formulations is recommended.

6.2.2 Axial impulse turbine

An impulse turbine for oscillating water column systems was in-

vestigated with an analytical approach and computational �uid

dynamics to assess the aerodynamics of the air�ow and obtain

the operating curves, power conversion, and performance param-

eters.

The analytical model applies the blade element momentum

theory and is described in detail in Sections 4.3. It is based on the

application to the present case of the experimental correlations,

which are widely used for the design of axial turbomachines,

in accordance with the similarities between these applications.

With this approach, the turbine cascades are modelled as sets of

blades, formed by a �nite number of airfoils stacked in the radial

direction. The �ow is assumed to be steady, axisymmetric, and

inviscid [33].

For the CFD model, the generation of the computational do-

main, represented by the straight annular duct embedding the
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inlet and outlet guide vanes and the rotor, and its spatial discreti-

sation were obtained with ANSYS ICEM 20.2. The simulations

were performed with ANSYS Fluent 20.2 and the results were

processed with ANSYS CFD Post 20.2. A completely automated

procedure was developed for the entire model. Either RANS and

u-RANS analyses were conducted using the κ-ω stress transport

model with low Reynolds number correction to the turbulent vis-

cosity. The motion of the turbine rotor was modelled with the

mixing plane approach.

Even for the impulse turbine, two-dimensional models were

created during the preliminary phases of the study to quickly

evaluate the parameters of the computational settings.

6.2.2.1 Numerical domain

An axial-�ow impulse turbine for wave energy converters was

analysed. As explained in detail in Section 3.3, an impulse tur-

bine is constituted by one rotor row and two stator rows, which

alternate in the function of inlet and outlet guide vanes. The

stators are symmetrically positioned with respect to the plane of

symmetry of the three cascades and are orthogonal to the rota-

tion axis. The nozzles of the stators and the blades of the rotor

have a symmetrical shape and are staggered around the central

hub of the machine.

The geometry and the operating conditions of the analysis

were de�ned based on the turbine experimentally studied by Se-

toguchi [208, 32]. The scheme of the blade-to-blade section of

the impulse turbine is shown in Figure 6.44.
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Figure 6.44: Scheme of the blade-to-blade section of the axial
impulse turbine with the indication of the main geometric pa-
rameters.

The principal characteristics of the turbine are shown in Fig-

ure 6.44 and are listed in Table 6.6.

The �ow conditions and the geometry of the straight annular

duct and the turbine are axisymmetric. Therefore, the model is

periodic in the circumferential direction, even for the case of the

impulse turbine. Hence, the computational domain was created

to enclose a single rotor blade and a single vane of each stator

cascade. Three cell zones were de�ned along the axial direction:

inlet guide vane, rotor, and outlet guide vane. The �rst and the

last cell zones are stationary parts, and each one embeds a single

stator vane, while the second zone is a rotating region modelling

the rotor movement and includes a single rotor blade (Figure

6.45). The rotor region has a circumferential extension of 1/30

of the turbine annular duct, while for the stator regions, the

extension is equal to 1/26 of the duct. This allowed performing
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Parameter Description

Turbine typology Axial-�ow

Blade pro�le Circular-elliptic

Rotor blade number 30

Stator blade number 26

Turbine casing diameter 0.30 m

Hub to tip ratio 0.70

Stator chord length 0.054 m

Rotor chord length 0.070 m

Rotational speed 600 rpm

Maximum velocity magnitude 19.7 m/s

Table 6.6: Main geometric speci�cations and operating condi-
tions of the impulse turbine analytically and numerically inves-
tigated.

the calculations on single blade passages without the need for

full annulus simulations. As a consequence, the computational

e�ort required was markedly reduced.

The computational domain of the turbomachine is de�ned

by the inlet and outlet boundaries, the periodic surfaces, the an-

nulus walls, and the walls of the stator and rotor blades. Even

for the impulse turbine, the tip clearance was not modelled for

limiting the computational requirements. Considering the typi-

cal dimensions of the clearance gap, the e�ects of neglecting the

presence of this geometrical feature are limited for the purposes

of the present modelling.
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Figure 6.45: Scheme of the computational domain and the
boundaries of the impulse turbine.

6.2.2.2 Numerical grid

The computational domain and its spatial discretisation were

generated with ANSYS ICEM 20.2. A fully mapped mesh of

hexahedral elements was created by applying a multi-block tech-

nique. A C-type mesh topology was de�ned in the regions around

the rotor blade and the stator blades to analyse in detail the

boundary layer �ow, while in the other parts of the domain,

H-type mesh topologies were applied (Figure 6.46).

Figure 6.46: Isometric view of the wall mesh of the impulse tur-
bine.

The numerical grid is de�ned by 6.78 million nodes and 6.58

million elements. The �ne mesh satis�es the convergence crite-
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ria of the mass conservation within 10−3 and maximum order

of the root mean squares residuals of 10−6 for the continuity,

momentum, turbulence, and energy equations.

A total of 400 nodes were distributed around the pro�le of

the rotor, and 50 nodes were set both at the leading edge and

trailing edge.

In the axial direction, 200 nodes were de�ned in the rotating

region, and 180 nodes were positioned in the stationary regions,

of which 100 were set close to the stator blades and 80 in the

other parts of the duct. In the radial direction, 80 nodes were

distributed along the blade span.

The dimension of the boundary layer cells in the direction

normal to the wall was de�ned to achieve values of y+ lower than

the unit to perform simulations with the κ-ω turbulence model.

The growth ratio of the cells was imposed equal to 1.05 at all the

wall boundaries and was increased to 1.2 in the remaining parts

of the domain (Figure 6.47).

Figure 6.47: Mesh close-up at the interface between the rotor
and stator cell zones of the impulse turbine.

6.2.2.3 Mathematical modelling

The solution of the �uid dynamics of the impulse turbine was

achieved with steady and unsteady Reynolds averaged Navier-
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Stokes analyses performed with ANSYS Fluent 20.2 for a com-

pressible ideal gas. The governing equations of the mass, mo-

mentum, and energy conservation are discussed in Section 5.2

and are provided by Eqs. (5.6), (5.7), and (5.8), respectively.

The air density, the thermal conductivity, and the dynamic vis-

cosity were calculated based on the air temperature.

The description of the mathematical modelling is analogous

to the case of the CFD model of the Wells turbine of Section

6.2.1.3.

6.2.2.4 Boundary conditions

The boundary conditions for the de�nition of the numerical set-

tings of the impulse turbine were de�ned in analogy with the

model of the Wells turbine 6.2.1.4.

At the inlet, the �ow velocity, turbulent intensity, length

scale, and temperature were imposed, while at the outlet, the

static pressure, radial equilibrium, and turbulent intensity, length

scale, and temperature of the back-�ow were assigned. No-slip

conditions were set on the blade and walls. Rotational periodic-

ity and periodicity conditions were de�ned for the circumferential

side-walls of the rotating and stationary parts, respectively.

6.2.2.5 CFD sensitivity analysis

A mesh sensitivity analysis was performed to ensure the inde-

pendence of the computational grid. The predictions of several

di�erent meshes with a number of nodes ranging between 1.5 and

9.5 million were compared. The grids created for the compar-

ison with the selected mesh were generated by homogeneously

varying the element number of the grid blocks. During this pro-
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cedure, the minimum number of nodes around the rotor blade

and stator blades was �xed to 300 and 50, respectively, while it

was �xed to 60 in the spanwise direction.

The selected mesh ful�ls the requirements of variation within

0.1% for both the blade torque and the pressure drop across the

turbine.

6.2.2.6 Analytical and numerical results

The analytical and CFD models of the impulse turbine devel-

oped were validated through the comparison with literature ex-

perimental data obtained at a laboratory scale [32].

Figure 6.48 reports the comparison between the outcomes

of the literature experiments and the results of the models de-

veloped for the same impulse turbine and operating conditions.

The performance parameters that were considered are the input

coe�cient, the torque coe�cient, and the turbine e�ciency.
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(a) Input coe�cient (b) Torque coe�cient

(c) E�ciency

Figure 6.48: Comparison of the results of the analytical and CFD
models with the experimental data obtained by Setoguchi [32] in
terms of (b) input coe�cient, (b) torque coe�cient, and (c)
e�ciency.

Upon examining the results, it is noticeable that all the curves

of the analytical and CFD models, and of the literature exper-

imental model have similar trends. The discrepancies with the

experiments are higher for the analytical data than for the nu-

merical data.

In Figure 6.48a, both the analytical and CFD models un-

derestimate the input coe�cient for all the values of the �ow

coe�cient. This is due to the prediction of lower values of the

total-to-static pressure drop across the turbine regarding the ex-

periments.

The slight discrepancies between the analytical, numerical,
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and experimental results visible in Figure 6.48b can be addressed

to the underestimation by the developed models of the torque

exerted by the air�ow on the rotor, owing to the determination

of lower values of �ow angle variation across the rotor cascade.

Figure 6.48c indicates that e�ciency is underestimated by

the analytical model at the very small values of the �ow coef-

�cient owing to the lower torque prediction compared with the

experiments. For the remaining part of the operating range, the

analytical model overestimates e�ciency as the di�erences in the

predictions of the pressure drop prevail on those of the torque.

The numerical model provides slightly lower values of e�ciency

for the entire �ow phase.

The results achieved with the analytical and CFD models

are considered very promising within the limitations discussed

above.

Figure 6.49 shows the relative static pressure �ow �eld on

evenly spaced surfaces with a constant radius at 25%, 50%, and

75% of the blade span. The distributions were computed cor-

responding with the maximum absolute values of the inlet axial

velocity during the in�ow and out�ow phases.

During the out�ow phase, the di�erence in the relative pres-

sure across the rotor is slightly higher to parity of the axial �ow

velocity, mainly due to the di�erent inlet conditions of the air.

The magnitude of the pressure di�erence rises moving from the

hub to the tip of the blade.

Moreover, it is noticeable that the potential e�ect is limited,

allowing the application of circumferential periodicity boundary

conditions instead of performing full annulus analyses.
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(a) In�ow, 75%
span

(b) Out�ow, 75%
span

(c) In�ow, 50%
span

(d) Out�ow, 50%
span

(e) In�ow, 25%
span

(f) Out�ow, 25%
span

Figure 6.49: Flow �elds of the relative static pressure computed
corresponding with the maximum absolute values of the inlet
velocity during the in�ow and out�ow phases.
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The �ow �elds of the absolute tangential velocity are pre-

sented in Figure 6.50. The �ow is attached to the blade for all

the values of the span. The maximum levels of this quantity

are achieved downstream of the rotor, between its blade and the

outlet guide vane. After the passage through this stator row,

the �ow is straightened and becomes nearly axial at the outlet

section.
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(a) In�ow, 75%
span

(b) Out�ow, 75%
span

(c) In�ow, 50%
span

(d) Out�ow, 50%
span

(e) In�ow, 25%
span

(f) Out�ow, 25%
span

Figure 6.50: Flow �elds of the absolute tangential velocity calcu-
lated corresponding with the maximum value of the inlet velocity
during the in�ow and out�ow phases.
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Focusing now on the operating curves predicted with the ana-

lytical model, Figures 6.51 and 6.52 denote that the performance

parameters monotonically increase with the rise of the absolute

values of the �ow coe�cient or the volume �ow rate during either

the �ow phases, apart from the e�ciency.

(a) Input coe�cient (b) Torque coe�cient

Figure 6.51: (a) Input coe�cient and (b) torque coe�cient ver-
sus �ow coe�cient at the blade midspan.

Figure 6.51a presents the input coe�cient as a function of

the �ow coe�cient for the entire operating range of the impulse

turbine. The speed of variation of the curves is higher for the

lowest absolute values of the �ow coe�cient and signi�cantly

decreases at the extremes of the �ow phases.

In Figure 6.51b, the torque coe�cient is negative for values

of the �ow coe�cient ranging between -0.34 and 0.34 due to

the low incidence angles. This determines the predominance of

the viscous forces on the pressure forces exerted on the blade

surfaces. Increasing the absolute values of the �ow coe�cient,

the pressure forces are dominant, and the torque coe�cient is

positive.
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(a) Static-to-static pressure drop (b) Blade torque

(c) Blade power (d) E�ciency

Figure 6.52: (a) Static-to-static pressure drop versus volume
air�ow rate and (b) torque, (c) power, and (d) e�ciency as
functions of the �ow coe�cient at the blade midspan

Figure 6.52a shows the relation between the static-to-static

pressure drop across the turbine and the volume �ow rate. The

graph indicates that the relation is quadratic in the entire oper-

ating range, as typical of axial impulse turbines

Figure 6.52b indicates that the torque is positive for a signif-

icant part of the operating conditions. This allows for suitable

energy conversion under the �ow conditions analysed.

The power transferred from the air�ow to the rotor is pre-

sented in Figure 6.52d. The curve has the same trend of the

torque as the angular velocity of the rotor is constant.

Figure 6.52 denotes that the peaks of the e�ciency of en-

ergy conversion are around 54% for both the �ow phases. These

values are reached for relatively low absolute values of the �ow
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coe�cient of around 0.80 indicating that the turbine operates

with limited e�ciency corresponding to the extremes of the �ow

phases.

6.3 Tertiary converter results

The control algorithm of the coupling between the turbine and

the electric generator is explained in detail in Section 4.4. It

relies regulating the instantaneous values of the rotor angular

velocity and the torque transmission between the turbomachine

and the generator. The generator is disconnected from the rotor

when the turbine torque is negative, which decelerates based on

its inertia. On the contrary, when the torque is positive, the

logic applied depends on the comparison between the design and

actual values of the rotational speed. If the actual value is equal

or greater than the design value, the electric load is connected,

and the torque is transmitted from the turbine to the generator.

If the actual value is lower than the design value, the mechani-

cal transmission is interrupted until the design speed is reached,

thus allowing the rotor to accelerate.

For the application cases presented in Section 6.1, the use

of the control strategy increases the energy harvesting. For the

system operating with the Wells turbine, the annual energy con-

verted rises of 10.48%, while the increase is 3.51% for con�gu-

ration with the axial impulse turbine. The enhancement of the

conversion achieved with a control strategy regulating the in-

stant rotor angular velocity and torque is signi�cantly greater

for the former machine.

The energy conversion and aerodynamic e�ciency of an air

turbine for OWC systems are strongly a�ected by the rapid de-
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crease of the net torque transferred by the �ow to the rotor,

especially at the extremes of their operating range. This is due

to the low ratio of the tangential force to the axial force act-

ing on the blade, determined by high absolute values of the �ow

coe�cient.

Since Wells turbines have a narrow operating compared to

impulse turbines, they function for longer periods in o�-design

conditions. This implies the higher e�ects of the control system

on the energy conversion end e�ciency. Conversely, the wider

operating range of impulse turbines determines smoother varia-

tions of these parameters for the di�erent conditions of the wave

spectrum of the sea.



Chapter 7

Wave-to-wire model

results

The wave-to-wire model was developed and applied to analyse

the functioning of wave energy converters based on the oscillat-

ing water column technology. Two highly energetic points located

near the coasts of Italy were selected for evaluating the possible

future installation of the systems in wave conditions typical of

moderate Mediterranean wave climates. With this aim, optimisa-

tion procedures were performed to establish the system con�gura-

tions that maximise the annual energy harvesting from waves to

wire. The geometry and properties of the chamber were obtained

from laboratory experiments conducted to optimise the e�ciency

of pneumatic energy transformation for moderate Mediterranean

wave states. The optimal geometry and functioning conditions

of either monoplane isolated Wells turbines and axial impulse

turbines were determined by investigating the operating maps of

a wide set of con�gurations. The operating curves, performance

parameters, and energy extraction were achieved on an annual

329
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basis for the selected application sites and system layouts. Fi-

nally, the possibility of enhancing the power output was analysed

by considering di�erent design values of rotational speed during

the four seasons of the year.

7.1 Application site selection

The analytical wave-to-wire model was applied to real sea wave

conditions with the aim of assessing the operation of wave energy

converters functioning with the oscillating water column princi-

ple. A preliminary analysis was carried out on a broad set of

locations to identify the most suitable ones for installing OWC

systems. All the wave conditions and the corresponding energy

transport and frequency of occurrence were determined for each

of them. The wave spectra of all the locations considered are typ-

ical of moderate Mediterranean wave climates. Two sites were

selected from the entire set as wave energy hotspots of di�erent

regions of Italy [49, 33, 24].

The selected points are located on a water depth of 50 m

close to the coast. The �rst point (P1) is situated in the central

sea of Tuscany and its WGS84�UTM32 coordinates are latitude

4826150 m N and longitude 587255 m E (Figure 7.1). The av-

erage speci�c power transported by sea waves during one year

is 3.3 kW/m regarding the wavefront. The second point (P2)

is positioned in front of the north-west coast of Sardinia with

WGS84�UTM32 coordinates: latitude 4509971 m N and longi-

tude: 424733 m E (Figure 7.1). This site is characterised by an

average annual wave power of 10.5 kW/m regarding the wave-

front, which is remarkably higher compared to the �rst point

[33, 24].



331 Chapter 7: Wave-to-wire model results

Figure 7.1: Geographical map and coordinates of the sites with
highly energetic wave climate selected to apply the wave-to-wire
model [33].

The evaluation of the energy potential of the sea waves of the

two sites is based upon a wave hindcasting dataset for a period

of 20 years, achieved by using the third-generation spectral wave

model WAVEWATCH III [249]. The dataset, developed and val-

idated by the LABIMA at the University of Florence, provides

wave data for the whole Mediterranean Sea for the period from

2000 to 2019 with hourly sampling [250]. The spectral domain

of the numerical model is set to 25 frequencies in the interval

between 0.042 and 0.410 Hz, and the grid resolution is set to

0.05◦ in both latitude and longitude. Every sea state is de�ned

by a couple of values of signi�cant wave height Hm0 and wave

energy period Tm−1,0 using the JONSWAP spectrum. The cor-

responding deep-water power for meter of wavefront length Pw,

is obtained through Eq. (7.1). The use of this formula may intro-

duce some approximations, especially for the longest waves, due
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to the partial dissipation of energy in propagating from deep wa-

ters to the depth of 50 m. However, this e�ect is very limited in

the present case and the related approximations are considered

acceptable for the purpose of the research.

Pw =
1

64

g2

π
ρwH

2
m,0Tm−1,0 (7.1)

The average annual values of sea wave power achieved with

the hindcast datasets of the two locations di�er for less than 15%

from the results of a work previously conducted by the LABIMA

[250]. This study was based on a 5-year-long dataset obtained by

the French Research Institute for Exploitation of the Sea with the

MED6MIN model. The distribution of the yearly wave energy

AE, resulting from combining the speci�c wave power of Eq.

(7.1) and the frequency of the event of every wave condition, is

reported in Figure 7.2 for either the selected sites.
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Figure 7.2: Scatter matrices of the average annual values of
speci�c wave energy AE for classes of di�erent signi�cant wave
height Hm0 and wave energy period Tm−1,0.

The rigid piston model is applied for every wave status con-

sidering a regular wave with height H and a period T conveying

the same energy of the related irregular wave motion. Hence,

the relations of Eq. (4.1) and Eq. (4.2) were assigned.

This modelling is a good approximation of real random waves

with a narrow-band frequency spectrum, while it leads to some

inaccuracies in the case of a wide-band frequency spectrum. Con-

sidering the huge amount of system con�gurations that must be

simulated for preforming the turbine optimisation, this approach

has been applied to limit the computational e�orts.

The average annual values of speci�c wave energy and fre-

quency of occurrence of each wave condition used in the compu-

tations were extracted from the scatter matrices of Figure 7.2.

The data were obtained by limiting the maximum wave height
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to 5 m to avoid seawater entry in the turbine duct. Despite the

reduction of data regarding the complete scatter matrices, this

selection allows considering approximately 90% and 83% of the

energy exploitable from the sea waves for the application sites

located in Tuscany and Sardinia, respectively [33]. The wave

conditions imposed in the wave-to-wire model are resumed in

the scatter matrices reported in Tables 7.1 and 7.2 for Tuscany

and in Tables 7.3 and 7.4 for Sardinia.

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 50 1171 322 70 0 0

3.5 0 0 0 0 18 1842 1770 384 85 25 0

2.5 0 0 0 22 1300 3398 1500 493 183 7 0

1.5 0 14 276 2045 4233 2892 1365 351 34 0 0

0.5 90 1153 1129 692 318 119 42 7 1 0 0

Table 7.1: Scatter matrix of the annual speci�c wave energy
AE distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [33].

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.01 0.16 0.04 0.01 0 0

3.5 0 0 0 0 0.01 0.48 0.41 0.08 0.02 0 0

2.5 0 0 0 0.02 0.76 1.73 0.67 0.20 0.07 0 0

1.5 0 0.04 0.65 3.94 6.90 4.09 1.70 0.39 0.03 0 0

0.5 3.44 31.44 23.94 12.00 4.67 1.51 0.47 0.07 0.01 0 0

Table 7.2: Scatter matrix of the annual relative frequency rf
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [33].
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AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 324 7570 5834 718 65 0

3.5 0 0 0 0 277 5733 10390 3057 323 29 4

2.5 0 0 0 338 4468 10345 5334 1227 75 5 6

1.5 0 9 923 5550 6829 3047 609 34 4 0 0

0.5 21 708 1033 499 99 6 1 0 0 0 0

Table 7.3: Scatter matrix of the annual speci�c wave energy
AE distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [33, 24].

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.05 1.05 0.72 0.08 0.01 0

3.5 0 0 0 0 0.08 1.49 2.38 0.63 0.06 0 0

2.5 0 0 0 0.23 2.62 5.26 2.39 0.49 0.03 0 0

1.5 0 0.03 2.17 10.70 11.14 4.31 0.76 0.04 0 0 0

0.5 0.79 19.31 21.90 8.66 1.46 0.08 0.01 0 0 0 0

Table 7.4: Scatter matrix of the annual relative frequency rf
distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [33, 24].

For either application sites, the seasonal scatter matrices of

speci�c wave energy and relative frequency were obtained by

determining their average distributions during the four seasons

of the year.

The seasonal values of AE and rf de�ning the wave condi-

tions of the site positioned in Tuscany are expressed in Tables

from 7.5 to 7.12 as functions of the signi�cant wave height and

energy period.
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AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 35 590 166 22 0 0

3.5 0 0 0 0 4 639 766 219 3 18 0

2.5 0 0 0 6 380 833 643 223 133 4 0

1.5 0 11 102 608 1071 958 650 182 23 0 0

0.5 33 218 229 170 100 46 20 3 0 0 0

Table 7.5: Scatter matrix of the winter speci�c wave energy AE
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.02 0.33 0.08 0.01 0 0

3.5 0 0 0 0 0 0.68 0.72 0.18 0 0.01 0

2.5 0 0 0 0.02 0.91 1.73 1.18 0.37 0.20 0 0

1.5 0 0.14 0.98 4.79 7.14 5.53 3.31 0.83 0.09 0 0

0.5 5.08 24.27 19.82 12.03 5.96 2.41 0.91 0.13 0.01 0 0

Table 7.6: Scatter matrix of the winter relative frequency rf
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 4 131 73 11 0 0

3.5 0 0 0 0 4 457 476 53 42 7 0

2.5 0 0 0 6 259 1083 449 158 33 0 0

1.5 0 1 68 474 1209 815 319 83 8 0 0

0.5 252 315 201 82 32 13 3 1 0 0 0

Table 7.7: Scatter matrix of the spring speci�c wave energy AE
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.
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rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0 0.07 0.04 0 0 0

3.5 0 0 0 0 0 0.47 0.43 0.04 0.03 0 0

2.5 0 0 0 0.02 0.60 2.17 0.79 0.25 0.05 0 0

1.5 0 0.01 0.63 3.60 7.76 4.53 1.57 0.36 0.03 0 0

0.5 2.40 27.06 26.27 13.70 4.73 1.61 0.56 0.14 0.03 0 0

Table 7.8: Scatter matrix of the spring relative frequency rf
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0 31 0 0 0 0

3.5 0 0 0 0 0 166 100 0 0 0 0

2.5 0 0 0 3 230 691 131 8 0 0 0

1.5 0 0 30 369 1037 548 137 8 0 0 0

0.5 11 371 334 161 53 14 2 0 0 0 0

Table 7.9: Scatter matrix of the summer speci�c wave energy
AE distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0 0.02 0 0 0 0

3.5 0 0 0 0 0 0.17 0.09 0 0 0 0

2.5 0 0 0 0.01 0.53 1.38 0.23 0.01 0 0 0

1.5 0 0 0.28 2.80 6.66 3.05 0.67 0.03 0 0 0

0.5 1.58 39.82 27.84 10.99 3.08 0.68 0.07 0 0 0 0

Table 7.10: Scatter matrix of the summer relative frequency rf
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.



Chapter 7: Wave-to-wire model results 338

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 12 419 83 38 0 0

3.5 0 0 0 0 10 580 428 112 39 0 0

2.5 0 0 0 7 431 792 278 104 17 4 0

1.5 0 2 76 594 915 572 260 78 3 0 0

0.5 31 312 252 160 83 26 8 1 0 0 0

Table 7.11: Scatter matrix of the fall speci�c wave energy AE
distribution of the wave conditions in Tuscany, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0.

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.01 0.24 0.04 0.02 0 0

3.5 0 0 0 0 0.01 0.61 0.40 0.09 0.03 0 0

2.5 0 0 0 0.02 1.02 1.63 0.50 0.17 0.02 0 0

1.5 0 0.02 0.73 4.63 6.04 3.27 1.31 0.35 0.01 0 0

0.5 4.78 34.42 21.62 11.25 4.95 1.36 0.36 0.02 0 0 0

Table 7.12: Scatter matrix of the fall relative frequency rf distri-
bution of the wave conditions in Tuscany, for classes of signi�cant
wave height Hm0 and energy period Tm−1,0.

The seasonal data regarding the energy transport and fre-

quency of occurrence of the wave conditions that characterise

the wave climate of the application site located in Sardinia are

presented in Tables from 7.13 to 7.20.

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 185 3935 2959 335 65 0

3.5 0 0 0 0 178 2440 3958 1600 193 29 4

2.5 0 0 0 185 1743 3031 2113 657 45 6 6

1.5 0 4 294 1530 1736 1070 284 12 1 0 0

0.5 3 98 187 98 22 1 0 0 0 0 0

Table 7.13: Scatter matrix of the winter speci�c wave energy
AE distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].
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rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.12 2.21 1.49 0.15 0.03 0

3.5 0 0 0 0 0.22 2.57 3.68 1.33 0.14 0.02 0

2.5 0 0 0 0.52 4.15 6.26 3.85 1.07 0.07 0.01 0.01

1.5 0 0.05 2.81 11.96 11.49 6.14 1.44 0.06 0 0 0

0.5 0.46 10.83 16.09 6.91 1.34 0.07 0 0 0 0 0

Table 7.14: Scatter matrix of the winter relative frequency rf
distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 57 1493 1162 208 0 0

3.5 0 0 0 0 30 1480 2390 727 75 0 0

2.5 0 0 0 51 1060 2751 1557 361 13 0 0

1.5 0 3 219 1459 1867 860 140 11 3 0 0

0.5 4 156 253 144 35 2 1 0 0 0 0

Table 7.15: Scatter matrix of the spring speci�c wave energy
AE distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.04 0.82 0.57 0.09 0 0

3.5 0 0 0 0 0.04 1.52 2.17 0.59 0.05 0 0

2.5 0 0 0 0.14 2.47 5.55 2.77 0.58 0.02 0 0

1.5 0 0.04 2.04 11.16 12.08 4.82 0.69 0.05 0.01 0 0

0.5 0.67 16.84 21.28 9.91 2.03 0.10 0.03 0 0 0 0

Table 7.16: Scatter matrix of the spring relative frequency rf
distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].
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AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 11 381 271 0 0 0

3.5 0 0 0 0 6 483 1412 82 0 0 0

2.5 0 0 0 6 589 2214 583 27 0 0 0

1.5 0 0 112 1139 1585 462 43 0 0 0 0

0.5 8 278 320 127 17 2 1 0 0 0 0

Table 7.17: Scatter matrix of the summer speci�c wave energy
AE distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].

rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.01 0.21 0.13 0 0 0

3.5 0 0 0 0 0.01 0.50 1.28 0.07 0 0 0

2.5 0 0 0 0.02 1.37 4.46 1.04 0.04 0 0 0

1.5 0 0 1.05 8.70 10.25 2.59 0.21 0 0 0 0

0.5 1.23 30.03 26.91 8.76 1.00 0.09 0.02 0 0 0 0

Table 7.18: Scatter matrix of the summer relative frequency rf
distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].

AE, kWh/m
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 70 1761 1443 174 0 0

3.5 0 0 0 0 63 1330 2630 648 56 0 0

2.5 0 0 0 97 1076 2349 1081 182 17 0 0

1.5 0 2 298 1422 1641 655 141 10 0 0 0

0.5 5 177 273 130 25 1 0 0 0 0 0

Table 7.19: Scatter matrix of the fall speci�c wave energy AE
distribution of the wave conditions in Sardinia, for classes of
signi�cant wave height Hm0 and energy period Tm−1,0 [24].
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rf, %
Tm−1,0, s

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

Hm0, m

4.5 0 0 0 0 0 0.04 0.98 0.72 0.08 0 0

3.5 0 0 0 0 0.08 1.39 2.42 0.53 0.04 0 0

2.5 0 0 0 0.27 2.53 4.80 1.95 0.29 0.02 0 0

1.5 0 0.02 2.82 11.00 10.74 3.71 0.71 0.04 0 0 0

0.5 0.80 19.32 23.19 9.02 1.46 0.07 0 0 0 0 0

Table 7.20: Scatter matrix of the fall relative frequency rf distri-
bution of the wave conditions in Sardinia, for classes of signi�cant
wave height Hm0 and energy period Tm−1,0 [24].

7.2 Added mass determination with free

decay experiments

The assessment of the operation of the chamber with the ana-

lytical model required the determination of the added mass of

the oscillating water column, as explained in detail in Section

4.1.1. This parameter was obtained from free decay laboratory

tests performed on a �xed, bottom-detached model of an OWC

caisson with a prismatic shape. The tests were performed at a

1:50 scale in the wave �ume of the LABIMA at the University

of Florence [36].

A scheme of the investigated chamber and an image of the

experimental model installed in the test rig are shown in Figures

7.3 and 7.4, respectively.
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Figure 7.3: Scheme of the OWC chamber tested with small-scale
experiments at the LABIMA.

The device could be conceived as integrated into an o�shore

construction, as a tension-leg platform or a very large �oating

structure [36]. Indeed, OWC systems that are �xed and detached

regarding the sea bottom are often studied in the literature with

reference to intermediate or deep-water conditions [251, 252, 253,

254].

Figure 7.4: Image of the experimental model of the OWC cham-
ber tested in the wave �ume of the LABIMA.

The geometry of the caisson considered for the estimation of
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madd is the one associated with the tested model that provided

the highest e�ciency of pneumatic energy conversion during the

laboratory tests [36]. The maximum primary e�ciency of about

73% was achieved with waves with a �xed signi�cant height of

2 m and an energy period of 7 s using a chamber with the geo-

metrical parameters listed in Table 7.21. The model was tested

in a water depth of 0.5 m and its PTO was simulated by using

a calibrated circular vent tube with a diameter of 0.03 m and a

length of 0.1 m located on the top cover of the chamber [33].

Chamber
Outer
Section

Chamber
Inner
Section

Chamber
Height

Front Wall
Draught
Length

Front Wall
Freeboard
Section

Ac,ext, m
2 Ac, m

2 G, m D, m Fc, m

0.040 0.033 0.290 0.090 0.160

Table 7.21: Main geometric parameters of the chamber optimis-
ing the primary e�ciency determined with laboratory experi-
ments carried out at the LABIMA [36, 33].

As a �rst approximation, the added mass was assumed inde-

pendent from the frequency of waves [122].

The tests were performed by imposing an initial water level

of the inner free surface of the model higher regarding the still

water level and sampling the resulting free surface oscillation.

The water motion inside the chamber was measured considering

the displacements of the free surface, as noticeable in Figure 7.5.

A procedure based on the analysis of the decay of the free surface

oscillations was implemented to estimate the added mass [33].
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Figure 7.5: Time series of the free surface oscillation inside the
oscillating water column chamber in the free decay tests [33].

From the decay response of the damped oscillating system,

the logarithmic decrement ς may be determined with Eq. (7.2).

ς =
1

n
ln

(
χ(t0 )

χ(tn)

)
(7.2)

where n is the number of peaks considered and χ(t0 ) and χ(tn)

are the surface displacements corresponding to the �rst peak and

the last peak, respectively.

The damping ratio ζ is obtained from the logarithmic decre-

ment by applying Eq. (7.3).

ζ =
ς

4π2 + ς2
(7.3)

The damped natural frequency ωdn is associated by Eq. (7.4)

to the natural period Tdn,owc calculated as the average time

elapsed between consecutive peaks of the signal.

ωdn =
2π

Tdn,owc
(7.4)

The undamped natural frequency ωun is computed through

Eq. (7.5) based on the damped natural frequency and the damp-
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ing ratio.

ωun =
ωdn√
1− ζ2

(7.5)

The undamped natural period of the chamber Tun,owc is given

by Eq. (7.6) based on the undamped natural frequency.

Tun,owc =
2π

ωun
(7.6)

Finally, the added mass madd is estimated with Eq. (7.7)

from the undamped natural frequency ωun [125, 255].

madd =
ρagAc
ω2
un

−m0 (7.7)

where m0 is the initial value of the water mass.

The values of the added mass and undamped natural fre-

quency computed for the optimised chamber, de�ned through

the experimental campaign, are listed in Table 7.22.

Added

Mass

Undamped

Natural

Frequency

madd, kg ωun, rad/s

4.28 6.70

Table 7.22: Added mass and undamped natural frequency cal-
culated for the chamber optimised through experiments [33].

7.3 Turbine selection

A procedure for selecting a Wells and an impulse turbine was

performed with the aim of providing a preliminary design of the

wave energy converters for a possible future installation in the
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selected sites located in Tuscany and Sardinia. Four sets of para-

metric analyses were performed, maximising the objective func-

tion represented by the overall annual energy harvested by the

system.

The characteristics of the wave climate investigated are indi-

cated in the scatter matrices of Tables 7.1 and 7.2 for Tuscany

and Tables 7.3 and 7.4 for Sardinia in terms of annual wave spe-

ci�c energy and frequency of occurrence, for di�erent classes of

equivalent wave height Hm0 and wave energy period Tm−1,0.

For all the investigated con�gurations of the system, the

geometry and properties of the chamber were considered con-

stant. They were de�ned based on the laboratory experiments

described in Section 7.2 and carried out for optimising the pri-

mary e�ciency of the system for wave conditions characteristic

of a moderate state of the Mediterranean Sea. Therefore, they

can be considered representative of the speci�c application site

with reasonable approximation [126]. The rules of similitude

analysis was applied to scale up by a factor of 50 the data of

the prototype tested at the laboratory scale [36]. The geometric

parameters of the real-scale chamber utilised in the analytical

wave-to-wire model are resumed in Table 7.23.

Chamber

Outer

Section

Chamber

Inner

Section

Chamber

Height

Front Wall

Draught

Length

Front Wall

Freeboard

Section

Ac,ext, m
2 Ac, m

2 G, m D, m Fc, m

100.0 82.5 14.5 4.5 8.0

Table 7.23: Main geometric parameters of the chamber utilised
for the computations with the wave-to-wire model [33, 24].
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The added mass and undamped natural frequency of the

chamber at the real scale were calculated by applying the proce-

dure described in Section 7.2 based on the geometric parameters

of Table 7.23. The value of the added mass and undamped nat-

ural frequency obtained are listed in Table 7.24.

Added

Mass

Undamped

Natural

Frequency

madd, kg ωun, rad/s

535000 0.95

Table 7.24: Added mass and undamped natural frequency cal-
culated for the chamber utilised for the computations with the
wave-to-wire model [33, 24].

The scale e�ects are modi�cations in the physical behaviour

of a phenomenon arising at di�erent geometric scales. They oc-

cur for the di�culty of keeping the force ratio constant when

using a scaling approach as the Froude′s scaling law.

Literature numerical analyses conducted on chambers reduced

in dimensions up to a factor 50 regarding the real case were con-

sidered for evaluating the scaling e�ects. The results obtained by

applying the similitude law of Froude indicated that the scaling

in�uence on the chamber performance is negligible when the as-

sumption of air incompressibility is imposed [256]. Moreover, the

impact of the Reynolds e�ects due to the increasing importance

of viscous forces regarding inertial forces and the in�uence of the

Weber e�ects connected to the rising relevance of surface tension

forces compared to inertial forces are negligible for a scale ratio

up to 1:50 like that of the current case [257]. The most relevant

aspect to be considered is air compressibility. This parameter

can be neglected without marked repercussions on the chamber
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dynamics for models scaled of factor 10 or higher, while it has to

be regarded for lower values of the scale factor up to the full-scale

[256]. The absence of the modelling of the air compressibility at

full-scale determines the overestimation of about 10-15% of the

air pressure in the chamber and the subsequent air volume �ux,

but less than 10% for the capture width ratio [257].

In the present application, the scaling e�ects may arise dur-

ing the determination of the properties of the real-scale chamber

based on the free decay experiments performed with the labora-

tory model. Since the magnitude of the in�uence is limited and

involves only the properties of the caisson, the approximation is

considered acceptable [257].

The parametric analyses for the optimisation procedures of

the monoplane isolated Wells turbine and the axial impulse tur-

bine were performed by varying the geometrical features and

the operating conditions according to the ranges reported in

Table 7.25. The intervals were de�ned based on the existing

prototypes of these turbomachines to investigate an e�ective

test plan for a preliminary selection of the secondary converter

[55, 44, 43, 92, 32, 104]. A constant tip clearance equal to 1% of

the blade height was considered.

Once the best-suited parameters of the test plan of Table

7.25 were determined, the analysis of the optimal design angular

velocity on a yearly basis was further re�ned. A range of 300

rpm centred around the value of the rotational speed previously

obtained was examined with intervals of 25 rpm for either the

machines and both the application sites.

For the case of Tuscany, energy extraction was increased by

reducing the rotational speed to 875 rpm and 275 rpm for the

Wells and impulse turbine, respectively. For the case of Sardinia,
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Parameter
Wells
Turbine

Impulse
Turbine

Min. Max. Int. Min. Max. Int.

Rotational
Speed, rpm

300 1200 300 300 1200 300

Turbine Case
Radius, m

0.50 1.00 0.05 0.50 1.00 0.05

Hub-to-tip
ratio, -

0.50 0.70 0.05 0.60 0.70 0.05

Rotor blade
aspect ratio, -

0.50 1.50 0.10 - - -

Stator blade
number, -

- - - 26 30 2

Rotor blade
number, -

5 12 1 30 40 2

Table 7.25: Design space of the parametric analyses performed
on the Wells and impulse turbines [24].

the angular velocity was increased to 950 rpm for the Wells tur-

bine, while for the impulse turbine, the value of 300 rpm was

con�rmed.

The geometry and rotational speed of the Wells and impulse

turbines of the test plan leading to the maximisation of the an-

nual energy harvesting for Tuscany are resumed in Table 7.26.

From a perusal of Table 7.26, it can be observed that the

angular velocity of the rotor of the selected Wells turbine is 3.18

times greater, and the radius of the turbine casing is 25.00% big-

ger with respect to the impulse turbine, leading to a blade speed

ratio of 3.98. Therefore, the aerodynamic acoustic emissions of

the Wells turbine are markedly higher.
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Parameter Wells
Turbine

Impulse
Turbine

Rotational speed, rpm 875 275

Turbine casing radius, m 1.00 0.80

Hub-to-tip ratio, - 0.50 0.65

Rotor blade aspect ratio, - 1.40 0.85

Stator blade number, - - 26

Rotor blade number, - 6 30

Tip clearance, % 1.00 1.00

Rotational inertia, m2 kg 23.24 79.28

Table 7.26: Rotor angular velocity and geometry of the Wells
and impulse turbines selected for the operation in Tuscany.

The inertia of the two turbines was determined considering

the rotors made of marine grade aluminium EN AW 5083 to

ensure corrosion resistance while limiting the production costs

[32]. The greater inertia of the impulse turbine has two opposite

e�ects: it increases the forces required to run up the rotor at

the design speed and levels the oscillations of power conversion

owing to the �ywheel energy storage.

The signi�cant lower dimensions and values of rotational speed

of the impulse turbines regarding the Wells turbine provide sig-

ni�cant advantages even in terms of increase of speci�c compo-

nent life and, consequently, of the reduction of manufacturing

and maintenance costs. Moreover, the rotational speed of the

impulse turbine may have positive e�ects on the coupled opera-

tion with the electric generators.

The geometrical parameters and angular velocity of the tested
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Wells and impulse turbines maximising annual energy conversion

for Sardinia are listed in Table 7.27.

Parameter Wells
Turbine

Impulse

Turbine

Rotational speed, rpm 950 300

Turbine casing radius, m 1.00 0.85

Hub-to-tip ratio, - 0.50 0.70

Rotor blade aspect ratio, - 1.10 0.76

Stator blade number, - - 26

Rotor blade number, - 5 30

Tip clearance, % 1.00 1.00

Rotational inertia, m2 kg 25.61 104.12

Table 7.27: Rotor angular velocity and geometry of the Wells
and impulse turbines selected for the operation in Sardinia [24].

The ratio of the rotational speed of the selected Wells turbine

to that of the impulse turbine is 3.17 and the turbine casing

radius is approximately 17.65% bigger for the former turbine

regarding the latter, determining a ratio of around 3.73 between

the blade speeds. Consequently, even for this application site, the

acoustic emissions due to aerodynamics are signi�cantly higher

for the Wells turbine, while the inertia is markedly greater for

the impulse turbine.

7.4 Operating maps

The operating maps were obtained from the design space of Ta-

ble 7.25 by considering an annual energy extraction scenario.
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The analysis aims to identify the most relevant parameters reg-

ulating the turbine functioning and evaluate their e�ects on the

performance of the wave energy converters. The annual energy

harvesting ratio Σd,y was de�ned in Eq. (7.8) to distinguish the

best con�gurations and rank their performance. For each tur-

bine typology, this parameter is the ratio of the annual energy

transformed by a speci�c con�guration to the maximum energy

converted amongst the con�gurations examined. Therefore, the

annual energy harvesting ratio of the best-suited layout investi-

gated is unitary for either Wells and impulse turbines [24].

Σd,y =
Ed,y
Emax,y

(7.8)

where E is the energy harvested, subscript d refers to the de-

vice con�guration examined, subscript max indicates the opti-

mal con�guration maximising energy extraction, and subscript

y refers to the year.

The blade velocity of the turbomachines investigated requires

to be limited to values corresponding to a maximum Mach num-

ber of 0.47 at the blade tip, calculated based on the �ow relative

velocity [44]. Indeed, it is necessary to avoid aerodynamic losses

caused by transonic �ow and shock waves, which could occur

around the blade tip at high velocities. Therefore, only the data

obtained for turbine con�gurations operating below the critical

speed were included in the results.

For the Wells turbines, in addition to the requirement of op-

eration below the critical speed, the condition of self-starting

functioning was applied for presenting the achieved results. The

ability to autonomously run up to the operational speed is crit-

ical for this kind of machine.
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7.4.1 Operating maps of Tuscany

The operating maps of all the con�gurations of the wave en-

ergy converters investigated for the sea wave conditions of the

site located in Tuscany are shown for relating the annual energy

harvesting ratio to the main design parameters.

In Figures 7.6 and 7.7, the maps of energy harvesting ratio

Σd,y of the Wells and impulse turbines, respectively, are pre-

sented as functions of the hub-to-tip ratio and the turbine casing

radius for di�erent values of rotor angular speed.

From a perusal of the maps of the Wells turbine shown in

Figure 7.6, it is noticeable that for values of rotational speed

between 300 and 600 rpm, increasing the turbine radius allows

for greater energy extraction due to the higher mass �ow rate.

Conversely, for the velocity values between 900 and 1200 rpm,

the e�ects of the variation of the tip radius depend upon the

radius. In particular, a turbine casing radius of 1 m leads to

maximising energy extraction in the ranges of the test plan.

The hub-to-tip ratio has a relevant in�uence on Σd,y for all

the values of rotor angular velocity investigated, apart from the

lowest one. Reducing this geometrical parameter to 0.5 increases

energy harvesting, as it determines the rise of the �ow rate.

Moreover, low values of the hub-to-tip ratio require lower val-

ues of the rotor solidity to ensure the ability to run up inde-

pendently to a certain rotational speed. In turn, limiting the

solidity reduces the blockage of the �ow across the rotor cascade

and thus the requirement of primary energy availability. The

solidity calculated at the rotor tip ranges from 0.30 to 0.45 for

the most-suited con�gurations.

As reported in Table 7.26, the Wells turbine requires a rel-

atively high rotational speed of 875 rpm for properly exploiting

the resource. Values of rotor speed lower than 600 rpm and
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higher than 1200 rpm determine a signi�cant reduction of the

performance for the present application.

(a) 300 rpm (b) 600 rpm

(c) 900 rpm (d) 1200 rpm

Figure 7.6: Energy ratio as a function of the hub-to-tip ratio and
turbine casing radius for rotor angular velocities equal to (a)
300, (b) 600, (c) 900, and (d) 1200 rpm for the Wells turbines
operating in Tuscany.

Figure 7.7 shows the maps of the annual energy harvesting

ratio of systems functioning with impulse turbines. The turbine

radius has relevant e�ects on energy harnessing. All the maps

indicate that an excessive increase of this parameter determines a

reduction of energy conversion. In particular, a casing diameter

of around 1.6 m maximises energy harvesting.

The hub-to-tip ratio signi�cantly in�uences the operation of

the system corresponding with the rotational speed equal to 300

rpm, while the e�ects are limited for the other velocities. The
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most-suited con�gurations have a value of hub-to-tip ratio near

0.65.

(a) 300 rpm (b) 600 rpm

(c) 900 rpm (d) 1200 rpm

Figure 7.7: Energy ratio as a function of the hub-to-tip ratio
and turbine casing radius for rotor angular velocities equal to
(a) 300, (b) 600, (c) 900, and (d) 1200 rpm for the impulse
turbines operating in Tuscany.

The aspect ratio of the rotor blades was imposed as a bound-

ary parameter for the Wells turbine according to the interval of

the test plan of Table 7.25. Conversely, it was de�ned based on

the length of the chord determined with the criterion of Zweifel

for the impulse turbine. This criterion imposes an optimal value

for the ratio of the real and ideal blade loading for each con-

�guration. The values of the aspect ratio of the rotor blades

maximising energy extraction range between 1.10 and 1.50 for

the Wells turbine and from 0.75 to 1.25 for the impulse turbine.
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For further development of the analysis of the main geometric

parameters, the evaluation of the trade-o� between aerodynamic

performance and costs should be carried out, especially for the

selection of the turbine diameter.

7.4.2 Operating maps of Sardinia

The operating maps of the con�gurations of the oscillating water

column systems analysed under the sea wave conditions of the

site selected in Sardinia are analysed to determine the e�ects of

the main design parameters on the annual energy harnessing.

In Figure 7.8, the maps of energy harvesting ratio Σd,y are

shown to varying of the hub-to-tip ratio and the turbine casing

radius for di�erent values of rotational speed.

Even for the wave conditions of Sardinia, the Wells turbine

needs a relatively high rotational speed of around 900 rpm for

properly exploiting the resource. In particular, energy harnessing

is maximised with a speed of 950 rpm, as reported in Table

7.27. For the cases with 300 and 600 rpm, the increase of the

turbine radius determines a positive variation of annual energy

extraction for all the levels of hub-to-tip ratio due to the rise

of the �ow rate crossing the turbomachine. At the speed of

900 rpm, the increase of the turbine casing radius has a positive

e�ect on the performance for the lowest values of hub-to-tip ratio

analysed, while for the highest values, the impact of an excessive

increase of the radius is negative. In particular, a value of 1 m

maximises energy extraction for the ranges of the test plan. For

the velocity of 1200 rpm, the magnitude of the turbine radius

enhancing the performance raises with the reduction of the ratio

between the hub radius and the tip radius [24].

The hub-to-tip ratio has signi�cant e�ects on energy extrac-
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tion for the two highest velocity values analysed. A reduction of

this geometrical parameter generally enhances the performance,

as it increases the air�ow rate. Especially, a value of 0.5 max-

imises the annual energy harvesting for the design space. Fur-

thermore, reducing the hub-to-tip ratio decreases the rotor so-

lidity required to run up independently the rotor to a speci�c

rotational speed. This is bene�cial to the system operation, as

limiting solidity diminishes the blockage of the air�ow across the

turbine and thus the requirement of pneumatic power from the

primary converter. The rotor solidity calculated at blade tip

ranges from 0.35 to 0.45 for the best-suited con�gurations [24].

(a) 300 rpm (b) 600 rpm

(c) 900 rpm (d) 1200 rpm

Figure 7.8: Energy ratio as a function of the hub-to-tip ratio and
turbine casing radius for rotor angular velocities equal to (a)
300, (b) 600, (c) 900, and (d) 1200 rpm for the Wells turbines
operating in Sardinia.
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The maps of the annual energy harvesting ratio of Figure

7.9 indicate that impulse turbines harvest the maximum energy

at the rotational speed of 300 rpm. The turbine casing radius

has signi�cant e�ects for all the achieved maps. For the two

lowest values of velocity, the system performance decreases with

an excessive rise of the radius, while for the two highest veloci-

ties increasing this parameter determines the reduction of energy

conversion in the entire design space. In particular, a radius of

0.85 m maximises the energy extracted during one year [24].

Regarding the hub-to-tip ratio, the e�ects on the system op-

eration are mainly noticeable for the two lowest values of rota-

tional velocity. This geometric parameter is between 0.65 and

0.70 for the best-suited con�gurations [24].

Even for the case of Sardinia, the aspect ratio of the rotor

blades was assigned for the Wells turbine, while it depends on the

length of the blade chord determined by applying the criterion of

Zweifel for the impulse turbine. Energy harvesting is maximised

with values of the aspect ratio of the rotor blades ranging from

1.00 to 1.20 for the former turbomachine and between 0.75 and

1.15 for the latter. The most suited values of the aspect ratio of

the stators are between 1.00 and 1.50 for the impulse turbine.

7.5 Primary energy conversion

The solution of the hydrodynamics, thermodynamics, and aero-

dynamics of the chamber determines the primary power conver-

sion stage of an oscillating water column system. The time series

of the forces acting on the rigid piston, the water column motion,

and the main quantities of the �uid dynamics of the air�ow were

considered to analyse the power transformations from sea waves

to the duct embedding the air turbine duct.
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(a) 300 rpm (b) 600 rpm

(c) 900 rpm (d) 1200 rpm

Figure 7.9: Energy ratio as a function of the hub-to-tip ratio
and turbine casing radius for rotor angular velocities equal to
(a) 300, (b) 600, (c) 900, and (d) 1200 rpm for the impulse
turbines operating in Sardinia.

The results achieved with the analytical model of the primary

converter for Tuscany and Sardinia are presented corresponding

with the distinctive wave conditions maximising annual energy

harnessing of the speci�c application site.

7.5.1 Primary energy conversion for Tuscany

The wave status maximising annual energy conversion in Tus-

cany has a signi�cant wave height of 1.5 m and a wave energy

period of 5.5 s for the system con�gurations operating with the

selected Wells and impulse turbines. The time series of either
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the position and acceleration of the incident sea wave are de-

picted in Figure 7.10 for a duration of two periods starting from

the position corresponding to the still water level. The height

of the sea wave is determined from the signi�cant wave height

through Eq. (4.1), while the wave period is equivalent to the

energy period, as stated in Section 4.1.1.

Figure 7.10: Time series of the sea wave position and acceleration
for the wave class withHm0=1.5 m and Tm−1,0=5.5 s maximising
annual energy harvesting in Tuscany.

The excitation force determined by the action of the hydro-

dynamic pressure of the incident sea wave on the bottom of the

water column is presented as a function of time in Figure 7.11.

The excitation force is dependent upon the features of the inci-

dent wave, the seawater depth, and the caisson geometry. Thus,

the force exerted on the rigid piston is identical for the two se-

lected con�gurations of the system. The incident sea wave and

the exciting force have the same period and phase, as visible

comparing Figures 7.10 and 7.11.



361 Chapter 7: Wave-to-wire model results

Figure 7.11: Time series of the excitation force exerted by the
hydrodynamic pressure of the incident sea wave with Hm0=1.5
m and Tm−1,0=5.5 s in Tuscany.

The time series of the hydrostatic force determined by the

hydrostatic pressure of the water column is presented in Figure

7.12a. This force is a function of the displacement of the free sur-

face level of the water column, which is shown in Figure 7.12b.

The hydrostatic force is positive when the free surface displace-

ment is negative and vice versa. The magnitude of this force

depends on the area of the chamber horizontal cross-section, the

seawater density, and the gravitational acceleration.

The hydrostatic force is greater for the case of the impulse

turbine owing to the higher displacements of the oscillating water

column.
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(a) Hydrostatic force (b) Free surface level

Figure 7.12: Time series of (a) the hydrostatic force and (b)
the free surface level inside the chamber for the sea wave with
Hm0=1.5 m and Tm−1,0=5.5 s in Tuscany.

The radiating damping force is determined by the product of

the radiating damping coe�cient and the water column velocity,

which are depicted in Figure 7.13 as functions of time. This force

is higher for the con�guration with the impulse turbine as both

the radiating damping coe�cient and the speed of the seawater

free surface are greater concerning the Wells turbine.

(a) Radiating damping force (b) Free surface velocity

Figure 7.13: Time series of (a) the radiating damping force and
(b) the velocity of the free surface inside the chamber for the
sea wave with Hm0=1.5 m and Tm−1,0=5.5 s in Tuscany.

The radiating damping coe�cient of Figure 7.14a is a func-

tion of the hydrostatic restoring coe�cient and the total seawater
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mass, given by the sum of the oscillating water column mass and

the added mass, which is a constant, as shown in Figure 7.14b.

The oscillating water column mass depends upon the vertical

displacements of the water column of Figure 7.12b. The added

mass was determined with the free decay tests described in Sec-

tion 7.2, and it is constant for the selected chamber.

(a) Radiating damping coe�cient (b) Seawater mass

Figure 7.14: Time series of (a) the radiating damping coe�cient
and (b) the oscillating water column mass and total water mass
for the sea wave with Hm0=1.5 m and Tm−1,0=5.5 s in Tuscany.

The alternate compression and expansion of the air inside the

chamber determine the action of an alternate pressure force on

the top of the water column. The time series of the air pres-

sure oscillation force and the total-to-static pressure variation

imposed by the power take-o� are shown in Figure 7.15.

The pressure di�erence required for the chamber to function

with the impulse turbine is lower than the Wells turbine due to

the lower damping imposed by the secondary converter on the

primary converter. This implies that the power take-o� force

acting on the oscillating water column is greater for the latter

con�guration.
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(a) Air pressure force (b) Total-to-static pressure drop

Figure 7.15: Time series of (a) the air pressure oscillation force
and (b) the total-to-static pressure drop across the power take-
o� for the sea wave with Hm0=1.5 m and Tm−1,0=5.5 s in Tus-
cany.

The volume air�ow rate processed by the system and the air

velocity at the inlet of the secondary converter achieved with

the solution of the hydrodynamics, thermodynamics, and aero-

dynamics of the primary converter are shown in Figure 7.16.

The volume air�ow rate made available by the caisson is

greater when the secondary converter is the impulse turbine due

to the higher displacements of the free water surface. The dif-

ference in the axial velocity driving the secondary converter is

signi�cantly enhanced by the lower passage area realisable for

the impulse turbine owing to its markedly smaller dimensions

regarding the Wells turbine.
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(a) Volume air�ow rate (b) Air�ow axial velocity

Figure 7.16: Time series of (a) the volume air�ow rate and (b)
turbine axial inlet velocity for the sea wave with Hm0=1.5 m and
Tm−1,0=5.5 s in Tuscany.

7.5.2 Primary energy conversion for Sardinia

The main contribution to the annual energy harvesting for the

application site located in Sardinia is provided by waves with a

signi�cant height of 3.5 m and a period of 8.5 s. In Figure 7.17,

the vertical position and acceleration of the sea wave incident on

the chamber are presented for two periods starting at the point

corresponding to the still water level. Even in this case, the wave

height was calculated with Eq. (4.1) based on the signi�cant

wave height and the wave period is equal to the energy period.
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Figure 7.17: Time series of the sea wave position and acceleration
for the wave class withHm0=3.5 m and Tm−1,0=8.5 s maximising
annual energy harvesting in Sardinia.

The time series of the excitation force exerted on the bottom

of the water column by the action of the hydrodynamic pressure

of the incident sea wave is depicted in Figure 7.18. For either

system con�guration, this force is equivalent and has the same

period and phase of the sea wave displacement, as aforemen-

tioned.

Figure 7.18: Time series of the excitation force exerted by the
hydrodynamic pressure of the incident sea wave with Hm0=3.5
m and Tm−1,0=8.5 s in Sardinia.

The hydrostatic force depends upon the hydrostatic pressure

of the water column determined by the displacement of the free
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surface level of the water inside the caisson. As visible from their

time series of Figure 7.19, the hydrostatic force and the water

displacement have opposite signs.

For the wave maximising energy conversion in Sardinia, the

hydrostatic force is higher for the con�guration with the Wells

turbine for the greater displacements of the seawater inside the

chamber.

(a) Hydrostatic force (b) Free surface level

Figure 7.19: Time series of (a) the hydrostatic force and (b)
the free surface level inside the chamber for the sea wave with
Hm0=3.5 m and Tm−1,0=8.5 s in Sardinia.

The radiating damping force and the velocity of the vertical

motion of the free surface inside the caisson are shown in Figure

7.20 by varying time. The maximum values of this force are

greater for the system operating with the Wells turbine.
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(a) Radiating damping force (b) Free surface velocity

Figure 7.20: Time series of (a) the radiating damping force and
(b) the velocity of the free surface inside the chamber for the
sea wave with Hm0=3.5 m and Tm−1,0=8.5 s in Sardinia.

The radiating damping coe�cient, the oscillating water col-

umn mass, and the total mass of the seawater are depicted as

functions of time in Figure 7.21.

(a) Radiating damping coe�cient (b) Seawater mass

Figure 7.21: Time series of (a) the radiating damping coe�cient
and (b) the oscillating water column mass and total water mass
for the sea wave with Hm0=3.5 m and Tm−1,0=8.5 s in Sardinia.

The time series of the alternate air pressure force determined

by the oscillating compression and expansion of the air inside the

caisson and the pressure drop occurring in the duct embedding

the air turbine are presented in Figure 7.22.

The di�erence in air pressure needed for the operation of the



369 Chapter 7: Wave-to-wire model results

impulse turbine is higher relative to the Wells turbine for the

wave conditions and systems maximising energy extraction in

Sardinia. As a consequence, the pressure force imposed by the

power take-o� is lower for the latter wave energy converter.

(a) Air pressure force (b) Total-to-static pressure drop

Figure 7.22: Time series of (a) the air pressure oscillation force
and (b) the total-to-static pressure drop across the power take-
o� for the sea wave with Hm0=3.5 m and Tm−1,0=8.5 s in Sar-
dinia.

The joint solution of the hydrodynamics, thermodynamics,

and aerodynamics of the chamber provides the volume air�ow

rate crossing the system and the air velocity at the inlet of the

secondary converter, which are depicted in Figure 7.23.

The volume air�ow rate crossing the Wells turbine is higher

owing to the greater amplitude of the free surface displacements

of the water column. However, the air�ow speed is higher for

the case of the impulse turbine as the passage area of the �ow is

lower for this con�guration.
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(a) Volume air�ow rate (b) Air�ow axial velocity

Figure 7.23: Time series of (a) the volume air�ow rate and (b)
turbine axial inlet velocity for the sea wave with Hm0=3.5 m and
Tm−1,0=8.5 s in Sardinia.

7.6 Operating curves and maps

The aerodynamics of the air turbines determined by the wave-to-

wire model is presented using the non-dimensional and dimen-

sional parameters traditionally applied in turbomachinery [21]

and described in Section 6.2.1.6. The non-dimensional param-

eters are the turbine �ow coe�cient, the input coe�cient, the

torque coe�cient, and the turbine e�ciency. The dimensional

parameters are the static-to-static pressure variation between

the inlet and outlet of the turbine and the torque and power

acting on the rotor.

For each application site, the operating curves of the two se-

lected wave energy converters are presented for the wave status

that yields the greatest contribution to global energy harvesting

every year. This allows to evaluate and compare the system per-

formance in design conditions for either con�guration.

The maps of the annual distributions of energy ratio and
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e�ciency ratio were analysed for the two wave energy converters.

For each system con�guration, the annual energy ratio of each

wave condition Σij ,y was obtained with Eq. (7.9) by dividing

the computed values of energy conversion for the global energy

transformed by the system in one year. In analogy, the annual

e�ciency ratio Ξij ,y is de�ned in Eq. (7.10) considering the values

of energy conversion e�ciency of each wave condition and the

overall yearly e�ciency of the system [24].

Σij ,y =
Eij ,y

Ey
(7.9)

Ξij ,y =
ξij ,y

ξy
(7.10)

where subscripts i and j are the indices of the rows and columns

of the scatter matrices used to indicate a speci�c wave status.

The energy extracted during each season is compared with

the corresponding overall annual value through the seasonal en-

ergy ratio Σij ,s for the two selected systems. For each of them,

this parameter is de�ned in Eq. (7.11) as the ratio of the sea-

sonal energy harvested for every point of the scatter matrix to

the corresponding energy conversion computed over the year [24].

Σij ,s =
Eij ,s

Eij ,y
(7.11)

where subscript s relates to the season considered.

The comparison of the e�ciency of energy conversion between

a speci�c season and the year is performed through the seasonal

e�ciency ratio Ξij ,s for either the selected systems. For each

con�guration, Eq. (7.12) de�nes this parameter as the ratio of
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the e�ciency of energy conversion computed for every point of

the scatter matrix to the global e�ciency of the entire year [24].

Ξij ,s =
ξij ,s

ξy
(7.12)

7.6.1 Annual system operation in Tuscany

The operating curves of the turbomachine are presented in terms

of the non-dimensional and dimensional parameters de�ned in

Section 6.2.1.6, expressed as functions of the volume air�ow rate

or the �ow coe�cient determined at the midspan of rotor blades.

The performance parameters generally achieve greater values

to parity of �ow coe�cient during the out�ow phase, as the air-

�ow has a higher inlet pressure and thus a greater density. More-

over, except for the e�ciency of the impulse turbine, the values

of all the presented parameters monotonically rise with the ab-

solute value of the volume air�ow rate or the �ow coe�cient for

the entire operating range of either the system con�gurations.

All the operating curves indicate that the functioning range

of the impulse turbine is signi�cantly wider when compared to

that of the Wells turbine.

In Figure 7.24a, the relation between the input coe�cient and

the �ow coe�cient is presented. This performance parameter ex-

presses the primary energy necessary for the turbine functioning

relative to its geometry and operating conditions. The curves of

the impulse turbine are on average greater than the Wells tur-

bine and reach higher maximum values with a lower speed of

rise. Indeed, the impulse turbine requires a greater input power

to parity of conditions.

The torque coe�cient of Figure 7.24b is signi�cantly higher

for the impulse turbine regarding the Wells turbine. This is due

to the greater torque exerted on the rotor blades compared to
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the functioning and geometric parameters of the machine. The

torque coe�cient has a negative sign for low values of the �ow

coe�cient as the �ow incidence angle is small and viscous forces

prevail on pressure forces. The torque coe�cient is null if the

two opposite actions are equivalent, while it is positive when the

impact of pressure forces predominates over viscous forces, as

occurs increasing the �ow incidence angle.

(a) Input coe�cient (b) Torque coe�cient

Figure 7.24: (a) Input coe�cient and (b) torque coe�cient as
functions of the midspan �ow coe�cient, for the wave status
maximising energy harvesting in Tuscany.

Figure 7.25 shows the static-to-static pressure drop between

the turbine inlet and outlet as a function of the volume air�ow

rate. For the Wells turbine, the relation is linear in the entire op-

erating range. For the impulse turbine, the relation is quadratic,

even if the deviation from linearity is limited under the investi-

gated wave conditions, especially for the low and intermediate

absolute values of volume �ow rate. The amplitude of the pres-

sure oscillation required to the chamber for the operation of the

former turbine is more signi�cant than for the latter. For both

turbomachines, the caisson needs to provide greater pressure dif-

ferences to parity of volume �ow rate during the out�ow than

during the in�ow, owing to the higher air density.
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Figure 7.25: Static-to-static pressure drop as a function of the
volume air�ow rate for the wave status maximising energy har-
vesting in Tuscany.

The analysis of Figure 7.26 indicates that the rotor torque has

a negative sign for small absolute values of the �ow coe�cient as

the viscous forces dominate over the pressure forces exerted on

the rotor blade surfaces. The torque is null if the two opposite

actions are equivalent and it is positive when the impact of the

pressure forces prevails, as it occurs increasing the �ow incidence

angle. Comparing the two selected con�gurations, the system

operating with the impulse turbine achieves signi�cantly higher

maximum values of the torque, but the speed of rise is lower

regarding the case of the Wells turbine.
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Figure 7.26: Turbine torque as a function of the midspan �ow
coe�cient for the wave status maximising energy harvesting in
Tuscany.

The curves of the rotor power output of Figure 7.27 de-

note that the average values and the peaks are higher for the

Wells turbine in comparison to the impulse turbine, owing to

the greater rotational speed. The former turbine has a narrower

operating range and functions longer with a slightly higher av-

erage value of power exerted by the air�ow on the rotor.

Figure 7.27: Turbine power as a function of the midspan �ow
coe�cient for the wave status maximising energy harvesting in
Tuscany.

In Figure 7.28, the curves of aerodynamic e�ciency are posi-

tive when the �ow incidence angle leads to the predominance of



Chapter 7: Wave-to-wire model results 376

the pressure forces over the viscous forces. For the Wells turbine,

the e�ciency has a monotonous trend in the entire operating

range. For the impulse turbine, the e�ciency very slightly de-

creases at the extremes of the �ow phases. The system operating

with the former turbomachine has greater values of e�ciency.

Figure 7.28: Aerodynamic e�ciency as a function of the volume
air�ow rate for the wave status maximising energy harvesting in
Tuscany.

For a better understanding of the power transformed by the

turbine rotor for the two con�gurations of the OWC system, the

time series of the rotor power is presented in Figure 7.29. The

graph highlights the greater power transformation of the system

operating with the Wells turbine regarding the impulse turbine

for the wave status with a signi�cant wave height of 1.5 m and

an energy period of 5.5 s.
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Figure 7.29: Time series of the rotor power for the systems op-
erating with the selected Wells and the impulse turbines in Tus-
cany.

Regarding the global results, the two OWC wave energy con-

verters operating with the selected Wells and impulse turbines

harvest 14.47 MWh and 13.94 MWh during one year, respec-

tively. These values were obtained using the annual wave scatter

matrices of Tables 7.1 and 7.2 for the wave distribution of the

selected site located in Tuscany. The control strategy enhances

the yearly energy harvesting of 30.27% and 3.78% for the two

con�gurations, respectively. The e�ect is signi�cantly greater

for the case of the Wells turbine as its operation is subject to

higher variations of power and e�ciency in o�-design conditions.

Moreover, the latter turbines would determine a negative con-

tribution to the power conversion for a wider number of wave

classes in the absence of a control strategy.

The calculated e�ciency of the power transformation from

the resource to the grid is 5.81% for the system operating with

the Wells turbine and 5.60% for the device working with the

impulse turbine. The values of e�ciency calculated for the main

stages of power transformation of the two OWC systems are

reported in Table 7.28.
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Parameter Wells system Impulse system

Chamber, % 10.10 10.93

Turbine with control, % 61.18 54.48

Organic, % 97.00 97.00

Electric, % 97.00 97.00

Table 7.28: Main values of e�ciency computed for the twoWECs
selected for the operation in Tuscany.

The values of e�ciency reduce to 5.25% and 5.05%, respec-

tively, regarding the overall energy transported by the sea.

(a) Wells turbine (b) Impulse turbine

Figure 7.30: Maps of annual energy ratio distribution for the
two systems operating in Tuscany with the (a) Wells and (b)
impulse turbines for sets of signi�cant wave height and energy
period.

Figures 7.30a and 7.30b show that the functioning of the two

systems has two regions with high peaks of energy harvesting.

The �rst region belongs to the lowly energetic wave classes with

signi�cant wave height ranging from 0.75 to 2 m and energy

period between 5 and 6 s. The second region is identi�ed by
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the highly energetic wave classes, which have Hm0 between 1.5

and 4 m and Tm−1,0 from 7 s to 8.5 s. The relevant energy

transformation is determined by the high frequency of occurrence

for the former region, while it is regulated by the great power

conveyed by waves for the latter region. For the other wave

conditions, the system performance reduces signi�cantly.

By comparing the two selected wave energy converters, the

one functioning with the Wells turbine reaches greater peaks of

energy harnessing, while the one with the impulse turbine has a

smoother operation.

(a) Wells turbine (b) Impulse turbine

Figure 7.31: Maps of annual e�ciency ratio distribution for the
two systems operating in Tuscany with the (a) Wells and (b)
impulse turbines for sets of signi�cant wave height and energy
period.

From a perusal of Figures 7.31a and 7.31b it is noticeable that

the e�ciency of the annual energy conversion of the two systems

reaches the highest values for the less energetic wave classes. For

the highly energetic wave classes, the systems operate with lim-

ited values of e�ciency. This characteristic is more marked for

the impulse turbine than for the Wells turbine.
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7.6.2 Annual system operation in Sardinia

The performance parameters of the selected turbines are shown

to changes of the turbine �ow coe�cient and volume �ow rate,

in analogy with the case of Tuscany presented in Section 7.6.1.

Even in this case, the values of the performance parameter are

typically lower during the in�ow phase to parity of �ow coe�-

cient for the lower pressure and density of air at the inlet.

Either during the in�ow and out�ow, the curves rise mono-

tonically with the absolute value of the volume air�ow rate or

�ow coe�cient for the con�gurations investigated, apart from

the e�ciency curves.

The input coe�cient is presented in Figure 7.32a as a function

of the �ow coe�cient at the midspan of the rotor blades. The

speed of rise and the maximum values are lower for the impulse

turbine than for the Wells turbine. This is due to the lower input

power required for the functioning of the former turbomachine

to parity of geometric parameters and operating conditions.

The curves of the torque coe�cient are depicted in Figure

7.32b by varying the midspan �ow coe�cient. The speed of rise

of the torque coe�cient is faster for the Wells turbine, while the

maximum values reached by the impulse turbine are signi�cantly

higher. The curves indicate that the torque exerted by the air-

�ow on the turbine blades is signi�cantly greater to parity of

operating conditions for the system operating with the impulse

turbine.

In Figure 7.33, the static-to-static pressure drop across the

turbine duct is presented as a function of the volume air�ow

rate. For the Wells turbine, the relation is linear and slightly

deviates from linearity only for relatively high absolute values of

the air�ow rate. Conversely, for the impulse turbine, the curve is
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(a) Input coe�cient (b) Torque coe�cient

Figure 7.32: (a) Input coe�cient and (b) torque coe�cient as
functions of the midspan �ow coe�cient, for the wave status
maximising energy harvesting in Sardinia.

quadratic during the whole functioning. Regarding the compari-

son of the two selected con�gurations, the Wells turbine requires

a greater pressure oscillation from the primary converter for op-

erating. Moreover, the pressure di�erence needed is higher dur-

ing the out�ow concerning the in�ow due to the greater density

of the air�ow.

Figure 7.33: Static-to-static pressure drop as a function of the
volume air�ow rate for the wave status maximising energy har-
vesting in Sardinia.

In Figure 7.34, the curves of the torque exerted on the rotor

blades by the action of the air�ow denote that the Wells turbine
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achieves signi�cantly lower maximum values but has a higher

speed of rise regarding the impulse turbine. For both the selected

system con�gurations, the torque is negative corresponding to

the lowest absolute values of the �ow coe�cient owing to the

small incidence angle of the �ow on the blades.

Figure 7.34: Turbine torque as a function of the volume air-
�ow rate for the wave status maximising energy harvesting in
Sardinia.

Figure 7.35 shows that the power output of the rotor blades

is more remarkable for the Wells turbine regarding the impulse

turbine due to the higher angular velocity. The former turboma-

chine has a narrower interval of operation and it is subject for

longer to a higher average value of power transferred from the

air�ow to the rotor.
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Figure 7.35: Turbine power as a function of the volume air�ow
rate for the wave status maximising energy harvesting in Sar-
dinia.

The curves of the aerodynamic e�ciency of Figure 7.36 are

positive corresponding with the �ow incidence angle determining

the predominance of the pressure forces over the viscous forces.

During either the �ow phases, the e�ciency rises up to reaching

the maximum values and afterwards reduces for both the ma-

chines. Thus, the curves are not monotonous at the extremes

of the in�ow and out�ow. This trend is more prominent for the

impulse turbine when compared to the Wells turbine.

Figure 7.36: Aerodynamic e�ciency as a function of the volume
air�ow rate for the wave status maximising energy harvesting in
Sardinia.
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The time series of the power converted by the blades of the

turbine rotor is shown in Figure 7.37. Corresponding to the wave

class with a signi�cant wave height of 3.5 m and an energy period

of 8.5 s, the power transformation of the system operating with

the Wells turbine is higher.

Figure 7.37: Time series of the rotor power for the systems op-
erating with the selected Wells and the impulse turbines in Sar-
dinia.

Focusing now on the global results, the annual energy con-

verted by the two con�gurations of the OWC wave energy con-

verters operating with the selected Wells and impulse turbines

in Sardinia is 47.20 MWh and 40.97 MWh, respectively. These

values were obtained using the annual wave scatter matrices of

Tables 7.3 and 7.4 for the wave distribution of the selected site

located in Sardinia. The control strategy enhances the yearly en-

ergy harvesting of 11.30% and 3.46% for the two con�gurations,

respectively. This marked di�erence is due to the lower varia-

tions of the power output and e�ciency of the impulse turbine

in o�-design conditions regarding the Wells turbine.

The calculated e�ciency of the power transformation from

the resource to the grid is 6.88% for the system operating with

the Wells turbine and 5.98% for the device working with the
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impulse turbine. The e�ciencies of the principal stages of power

conversion are reported in Table 7.29.

Parameter Wells system Impulse system

Chamber, % 10.61 10.75

Turbine with control, % 68.96 59.06

Organic, % 97.00 97.00

Electric, % 97.00 97.00

Table 7.29: Main values of e�ciency computed for the twoWECs
selected for the operation in Sardinia.

The values of e�ciency reduce to 5.71% and 4.96%, respec-

tively, regarding the overall energy transported by the sea.

The maps of the annual distributions of energy ratio Σij ,y and

e�ciency ratio Ξij ,y are shown in Figures 7.38 and 7.39, respec-

tively, for the two con�gurations of the wave energy converters

selected for the application in Sardinia.
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(a) Wells turbine (b) Impulse turbine

Figure 7.38: Maps of annual energy ratio distribution for the
two systems operating in Sardinia with the (a) Wells and (b)
impulse turbines for sets of signi�cant wave height and energy
period.

Figures 7.38a and 7.38b indicate that the two systems reach

the maximum energy extraction for wave conditions with a sig-

ni�cant wave high of around 3.5 m and an energy period of about

8.5 s. Energy conversion markedly decreases for wave conditions

outside the highly energetic range, which has an energy period

between 7.5 and 9.5 s and a signi�cant height between 2.5 and

4.5 m. A lower peak of energy extraction is present for either

the systems for wave conditions with Hm0 in the range from 1

to 1.5 m and Tm−1,0 equal to 5.5 s. The system with the Wells

turbine reaches higher maximum values, while the system with

the impulse turbine has a smoother operation [24]. Therefore,

the former turbine is more suited for energy conversion from a

narrow range of wave conditions.

For the application site located in Sardinia, the di�erence in

annual global energy conversion of the two con�gurations is big-

ger regarding Tuscany due to the capability of the Wells turbine

of converting great levels of energy from the highly energetic

wave classes. The frequency of occurrence of these wave condi-

tions is markedly higher for the case of Sardinia.
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(a) Wells turbine (b) Impulse turbine

Figure 7.39: Maps of annual e�ciency ratio distribution for the
two systems operating in Sardinia with the (a) Wells and (b)
impulse turbines for sets of signi�cant wave height and energy
period.

From a perusal of Figure 7.39, it is noticeable that both

the con�gurations convert wave energy with higher e�ciency for

waves with low energy period and signi�cant wave height. This

feature is stronger for the impulse turbine than for the Wells

turbine [24].

7.6.3 Seasonal system operation in Tuscany

The operation of the two wave energy converters was investigated

also considering the seasonal wave conditions of the selected ap-

plication sites.

In Figures 7.40 and 7.41, it is noticeable that the distributions

of the seasonal energy ratio of the systems operating with the

Wells and impulse turbines are strongly dependent on the speci�c

season of the year. For both con�gurations, energy harnessing is

maximum during winter owing to the signi�cantly higher energy

transported by sea waves regarding the other seasons. The values

of energy extraction are considerably lower during summer, while

in spring and fall, they are intermediate and comparable among
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themselves. The reason for these di�erences is the frequency of

occurrence of highly energetic waves with great amplitude and

period.

(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.40: Seasonal maps of energy ratio distribution for the
system operating with the Wells turbine in Tuscany, during (a)
winter, (b) spring, (c) summer, and (d) fall.
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(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.41: Seasonal maps of energy ratio distribution for the
system operating with the impulse turbine in Tuscany, during
(a) winter, (b) spring, (c) summer, and (d) fall.

The comparison of the seasonal energy distribution of the

two wave energy converters shows that, during all seasons, the

system with the Wells turbine extracts greater energy from the

highly energetic wave conditions and lower energy from the other

wave conditions regarding the impulse turbine. The di�erence

in energy harvesting is maximum during winter, when the for-

mer con�guration has higher performance, and during summer

when the latter con�guration reaches greater values. The Wells

turbine prevails on the impulse turbine in energy conversion in

spring, while the opposite occurs in fall.

Figures 7.42 and 7.43, illustrate the seasonal e�ciency ratio.
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For both systems, the greatest values of e�ciency are achieved

during winter for almost all the conditions of the scatter matri-

ces. Conversely, during summer, the e�ciency markedly reduces,

especially for the highly energetic wave classes. Intermediate

values of e�ciency characterise the operation of the wave energy

converters in spring and fall.

(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.42: Seasonal maps of e�ciency ratio distribution for the
system operating with the Wells turbine in Tuscany, during (a)
winter, (b) spring, (c) summer, and (d) fall.
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(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.43: Seasonal maps of e�ciency ratio distribution for the
system operating with the impulse turbine in Tuscany, during
(a) winter, (b) spring, (c) summer, and (d) fall.

By comparing the two con�gurations, the system with the

Wells turbine generally operates with signi�cantly higher e�-

ciency regarding the impulse turbine for wave conditions with

Hm0 ranging from 1.5 m and 3.5 and Tm−1,0 between 4.5 s and

11.5 s. During spring, the higher e�ciency of this con�guration

extends to waves with an energy period of 3.5 s. Considering

the overall e�ciency, the values reached by the Wells turbine

are higher for all seasons except for summer. This di�erent be-

haviour is mainly to the contribution of the wave classes with a

signi�cant height of 0.5 m and an energy period between 2.5 and

4.5 s.
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The global energy harnessed by the two selected wave en-

ergy converters was increased through the determination of the

best-suited design rotational velocity for each season of the year.

In Table 7.30, the values of rotor speed maximising the overall

energy extraction are resumed for both system con�gurations.

Season Wells turbine Impulse turbine

Winter, rpm 900 300

Spring, rpm 825 275

Summer, rpm 725 200

Fall, rpm 900 300

Table 7.30: Design values of rotor angular speed selected for the
Wells and impulse turbines during each season of the year in
Tuscany.

The de�nition of the speci�c values of design rotational speed

for each season determines the increase of the global energy har-

vesting from 14.47 to 14.67 MWh/year for the wave energy con-

verter with the Wells turbine and from 13.94 to 14.00 MWh/year

for the system with the impulse turbine. The related e�ciency

calculated based on the scatter matrices is 5.89% and 5.63%, re-

spectively, and decreases to 5.32% and 5.08%, respectively, con-

sidering the overall energy transported by sea waves.

7.6.4 Seasonal system operation in Sardinia

The seasonal functioning of the two wave energy converters oper-

ating in Sardinia was analysed by considering the maps of energy

and e�ciency ratio and the e�ects of di�erent values of design

rotational speed for the seasons.

The distributions of seasonal energy ratio depend on the spe-
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ci�c season, as visible in Figures 7.44 and 7.45. Even for Sardinia,

the frequency of occurrence of highly energetic wave conditions

during a speci�c season determines the energy converted by the

two systems during this time. The maximum energy extraction

is achieved during winter for the high energy conveyed by sea

waves, mainly owing to the relevant frequency of conditions with

great values of height and period. The values of energy extrac-

tion are considerably lower during summer, while in spring and

fall, they are intermediate and comparable among themselves.

(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.44: Seasonal maps of energy ratio distribution for the
system operating with the Wells turbine in Sardinia, during (a)
winter, (b) spring, (c) summer, and (d) fall.
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(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.45: Seasonal maps of energy ratio distribution for the
system operating with the impulse turbine in Sardinia, during
(a) winter, (b) spring, (c) summer, and (d) fall.

Comparing the two systems, the e�ects of the di�erent wave

conditions of the four seasons on the operation are similar. Even

on a seasonal basis, the highest peaks and the overall values of

energy extraction are reached by the system functioning with the

Wells turbine. In contrast, the maps of the system working with

the impulse turbine have a smoother trend [24]. The highest dif-

ference is reached during winter due to the better operation of

the former con�guration under highly energetic wave conditions.

The discrepancy is slight during summer, as the contribution of

these wave conditions is signi�cantly reduced. The di�erences

assume intermediate and similar values during spring and fall.
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The seasonal e�ciency ratio is presented in Figures 7.46 and

7.47 for both systems. Even for the operation in Sardinia, the

systems function with the highest e�ciency in winter and with

the lowest e�ciency in summer for almost all the wave classes

of the scatter matrices. During spring and fall, the values are

intermediate.

(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.46: Seasonal maps of e�ciency ratio distribution for the
system operating with the Wells turbine in Sardinia, during (a)
winter, (b) spring, (c) summer, and (d) fall.
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(a) Winter (b) Spring

(c) Summer (d) Fall

Figure 7.47: Seasonal maps of e�ciency ratio distribution for the
system operating with the impulse turbine in Sardinia, during
(a) winter, (b) spring, (c) summer, and (d) fall.

The con�guration with theWells turbine operates with higher

e�ciency regarding the impulse turbine for almost all the wave

classes with signi�cant wave height equal or superior to 1.5 m

during the four seasons. The greatest and smallest di�erences

in seasonal e�ciency ratio are obtained in winter and summer,

respectively. The Wells turbine reaches higher values for all sea-

sons, taking into account the overall e�ciency ratio.

With the aim of enhancing the global energy harvested by the

two wave energy converters, the analysis was further detailed by

determining the most suited design rotational speed for each sea-

son. The values of rotor speed that maximise the overall energy
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extraction are resumed in Table 7.31 for both con�gurations [24].

Season Wells turbine Impulse turbine

Winter, rpm 1000 300

Spring, rpm 950 300

Summer, rpm 875 275

Fall, rpm 950 300

Table 7.31: Design values of rotor angular speed selected for the
Wells and impulse turbines during each season of the year in
Sardinia.

The global energy conversion is increased from 47.20 to 47.67

MWh/year for the system operating with the Wells turbine and

from 40.97 to 41.14 MWh/year for the device working with the

impulse turbine. The corresponding e�ciency is 6.95% and 6.00%,

respectively, if only the calculated wave conditions are consid-

ered, and reduces to 5.77% and 4.98%, respectively, taking into

account the overall energy conveyed by sea waves.

7.7 Predictions of the wave-to-wire model

Literature data allowing for a direct comparison with the perfor-

mance calculated through the proposed wave-to-wire model are

not available for OWC wave energy converters operating in the

selected reference sites. With the aim of providing an example

for a partial comparison, the power production and e�ciency of

an existing European wave farm located in the Atlantic Ocean

and based on the OWC concept can be considered, even if the

wave spectrum of this location is signi�cantly di�erent with re-

spect to those of the selected application sites located in the

Mediterranean Sea. The OWC plant of Mutriku, in Spain, oper-
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ates with 14 Wells turbines rated 18.5 kW each, delivering total

annual energy of 246,468 MWh with a plant e�ciency index of

26%. Therefore, each turbine converts 17.605 MWh/year [258].

The values of energy conversion and system e�ciency achieved

with the developed model appear to be low but they are unfortu-

nately not too far from the present state of the art. In particular,

the values of e�ciency of the secondary conversion stage are in

line with the literature. On the other hand, the current system

con�guration is penalised by the low e�ciency of the primary

converter. This proves that an integrated simulation method ac-

counting for the mutual interactions, like the one presented in

this study, can clearly indicate the components that need to be

optimised. To increase the overall e�ciency of the wave energy

converters, the optimisation of the primary converter will be per-

formed in future for the speci�c wave conditions of the selected

site, jointly with the de�nition of the best-suited Wells and im-

pulse turbines [24].

Considerations regarding the methodology applied in the wave-

to-wire model developed are important as it is based on analyt-

ical models of the individual converters of an OWC system.

Concerning the analytical model of the primary converter,

the rigid piston approach is a consolidated solution for solving

the hydrodynamics, thermodynamics, and aerodynamics of the

chamber. The accuracy of its predictions mainly depends upon

the equations utilised to model the forces and losses, the tech-

niques applied for determining its properties and hydrodynamic

coe�cients, and the method used for coupling the chamber with

the turbine. The approach described in this Chapter aims at

maximising the accuracy of the modelling.
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The analytical models of the Wells and impulse turbines gen-

erally provide results that slightly overestimate power and ef-

�ciency. The di�erences determined in Chapter 6 through the

comparison of the results of the analytical model developed with

the numerical and experimental data are around 10% and 15%,

respectively. These discrepancies are in line with the values in-

dicated in the literature. An important aspect is that the trend

of all the performance parameters is similar for all these models.

Furthermore, these discrepancies are not signi�cantly sensitive

to the variations of the geometric parameters and operating con-

ditions of the turbomachines considered.

Therefore, their application for selecting the optimal turbine

design through a wave-to-wire model is particularly indicated

during the �rst phase of the project to analyse a wide set of con-

�gurations with high velocity and satisfactory accuracy. In the

following design phases, the application to the best con�gura-

tions identi�ed of approaches with higher accuracy as numerical

and experimental ones is recommended.





Chapter 8

Conclusions

The present work collects a relevant part of the activities per-

formed during the Ph.D. course on structures and devices for

energy conversion from sea waves. Conclusions regarding the

methodology applied, the models developed, and the main achieve-

ments are discussed to provide a brief outline of the study. More-

over, future research recommendations on the topic are speci�ed

to indicate the aspects to consider in further investigations.

8.1 Results achieved

One of the global challenges of the millennium is bringing re-

newable energy conversion systems to industrial maturity. Sea

is a signi�cant resource in terms of extension and energy po-

tentially exploitable by waves, currents, tides, and thermal gra-

dients. Amongst these physical phenomena, sea waves are the

source with the highest energy density. Oscillating water column

systems, operating with self-rectifying Wells or impulse turbines,

are among the most credited solutions for e�ectively converting

401
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the considerable energy conveyed by sea waves. Despite a re-

newed interest, however, they are often still at a demonstration

phase, and additional research is required to develop this tech-

nology for providing a signi�cant contribution to the satisfaction

of energy demand.

The literature review showed that OWC systems gained a re-

newed interest in the last few years. The usual approach carried

out relies on the separate design of each of the three convert-

ers, represented by the chamber structure (primary converter),

the air turbomachine (secondary converter), and the electrical

generator (tertiary converter). Several wave-to-wire models have

been realised so far; however, they apply very simpli�ed methods

for modelling turbine aerodynamics. The approach is typically

based on general correlations expressing the �ow rate, pressure,

and power coe�cients and the total-to-static e�ciency of the

turbine. The coupling of the primary and secondary converters

is achieved with ideal relations connecting the pressure coe�-

cient to the �ow coe�cient of the system through the damping

coe�cient. This limits the possibility of an inner coupling of

the turbine with the �ow conditions delivered by the chamber.

Furthermore, the present models often do not provide a speci�c

design of the caisson and the turbomachine for the distinctive

wave conditions of the application site. For these reasons, a

complete wave-to-wire model of a wave energy converter based

on the OWC technology was developed. The proposed model

applies an analytical approach to pursue a good compromise be-

tween accuracy and computational cost. These features make it

particularly recommended in the early design stages to evaluate

the energy extractable from sea waves and correctly select the

location and the main geometric and operating parameters of

the device.
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The tool is of engineering type, thus running smoothly on

an ordinary computer with an interesting compromise between

accuracy and computational cost. Simultaneously, it is su�-

ciently accurate to provide a �rst energy assessment, which is

pivotal to evaluating the correct location and expected perfor-

mance. With this aim, the single analytical models were created

coupling MATLAB and Simulink. The approach combines the

solution of the hydrodynamics, thermodynamics, and hydrody-

namics of the chamber (primary converter) with the aerodynam-

ics and dynamics of the turbine (secondary converter) and the

dynamics of the electric generator (tertiary converter). A rigid

piston approach is utilised to analyse the caisson, constituted

by a �xed and detached structure regarding the sea bottom. A

Wells and an axial impulse turbine were investigated by applying

low-order aerodynamic models based on the design practice of

axial turbomachines. In both cases, the rows were modelled as

groups of blades, composed of a �nite set of airfoils. A regula-

tion algorithm was implemented to enhance the electric energy

delivered to the grid by controlling the rotor torque and angular

velocity.

The joint analysis of the complete OWC system allows de-

termining the dynamics of all the converters taking into account

their interaction during the whole functioning time. This aspect

is paramount as the damping of the OWC chamber depends on

its geometry and incident wave conditions, and, in turn, the per-

formance of the air turbine regulated by the control strategy

relies on the pressure di�erence made available by the cham-

ber. Conversely, the separate analysis of the converters may

determine the incorrect evaluation of their operating conditions.

Therefore, the optimisation of the design of a single converter or
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all the converters requires the analysis of the entire system.

The developed model was applied in two selected sites lo-

cated in Italy. The sites were determined as highly energetic

spots for the Italian wave climate with characteristics proper of

a moderate Mediterranean sea state. One location is positioned

in the central area of Tuscany (latitude: 4826150 m N, longitude:

587255 m E, WGS84-UTM32 coordinates) and the other one in

front of the north-west coast of Sardinia (latitude: 4509971 m N,

longitude: 424733 m E, WGS84-UTM32 coordinates). The sea

wave conditions were determined in terms of energy transport

and frequency for each combination of signi�cant wave height

and energy period in a sea depth of 50 m. A wave hindcasting

dataset for a period of 20 years from 2000 to 2019 was utilised.

The geometry and properties of the OWC chamber were de-

termined by scaling up of factor 50 the data obtained from an

experimental campaign previously performed under wave condi-

tions typical of a moderate Mediterranean climate. The parame-

ters were determined as optimal for the maximisation of the pri-

mary energy conversion of the system. Based on this chamber,

a turbine selection procedure was applied to optimise the geo-

metric and operating parameters of both a Wells and an impulse

turbine to maximise the annual energy conversion from waves

to wire. The performance parameters, the operating curves and

maps, and the energy conversion of the entire system were de-

termined. For the two optimal con�gurations, the functioning

was investigated, also considering the seasonal wave conditions

to increase the overall energy harvesting.

In addition to the analytical wave-to-wire model of the entire

system, computational �uid dynamics models of the secondary
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converter were developed for both the Wells and the impulse

turbine with ANSYS ICEM, ANSYS Fluent, and ANSYS CFD-

Post. A three-dimensional multi-block technique was applied to

create the computational domain of the air with a fully mapped

mesh composed of hexahedral elements. The employment of cir-

cumferential periodic boundary conditions allowed for the re-

duction of computational power and time. Both steady and un-

steady Reynolds-averaged Navier-Stokes schemes were used, and

the turbulence closure was performed with either the realisable

kκ− ε model with enhanced wall functions and the κ−ω stress

transport model with low Reynolds number correction to the

turbulent viscosity. Three di�erent approaches were utilised for

modelling rotation: the multiple reference frame model with a

moving reference frame, the mixing plane, and the sliding mesh

model.

The validation of the analytical and CFD models of the sec-

ondary converters was achieved by comparing their results among

themselves and with literature analytical and experimental data.

The results of the di�erent models showed good agreement.

The main tools developed are resumed below.

� An analytical model of the primary converter was created

based on the rigid piston approach applying the linear wave

theory. The chamber was assumed to be detached and �xed

regarding the seabed.

� An analytical model applying the actuator disc theory and

the blade element momentum theory was developed for

evaluating the aerodynamics of Wells turbines. The model

is suited for evaluating several con�gurations of the tur-
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bine: monoplane isolated, monoplane with inlet and outlet

guide vanes, co-rotating, and contra-rotating.

� A novel analytical model of an axial impulse turbine was

developed based on experimental correlations widely used

to design axial turbomachines, following the similarities

between these applications.

� A control strategy for regulating the rotor angular speed

and the mechanical transmission of the torque from the

turbine to the electric generator was realised.

� The CFDmodels of a monoplane isolatedWells turbine and

an axial impulse turbine were created, de�ning completely

automated procedures.

The key achieved results of the research are summarised in

the following.

� Two sites were selected as highly energetic locations of the

Mediterranean Sea surrounding Italy. The site positioned

in the central sea of Tuscany has a mean annual wave power

of 3.3 kW/m, while the site located in front of the north-

west coast of Sardinia has a mean annual wave power of

10.5 kW/m. The annual and seasonal scatter matrices of

speci�c wave energy distribution and frequency of occur-

rence were determined for both systems.

� The geometry and properties of an OWC chamber opti-

mised for operating in a moderate wave climate typical of

the Mediterranean Sea were determined. The chamber has

an inner area of 82.5 m2, a height of 14.5 m, a front wall

draught of 4.5m, a front wall freeboard of 8 m, an added

mass of 535000 kg, and an undamped natural frequency of

0.85 rad/s.
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� An optimisation procedure was performed to determine

the best geometry and operating conditions of wave en-

ergy converters operating with a monoplane isolated Wells

turbine or an axial impulse turbine. The Wells turbine has

a casing radius of 1 m, a hub-to-tip ratio of 0.5, an aspect

ratio of 1.4, 6 blades, and a design rotational speed of 875

rpm for the application site located in Tuscany; for the case

of Sardinia, the casing radius is 1 m, the hub-to-tip ratio

0.5, the aspect ratio 1.1, the blades are 5, and the angular

velocity is 950 rpm. The optimal impulse turbine for the

wave conditions of Tuscany has the casing radius of 0.80

m, the hub-to-tip ratio of 0.65, 26 blades for the stators

and 30 blades for the rotor, and rotates at 275 rpm; for

the application in Sardinia, the turbine casing is 0.85 m,

the hub-to-tip ratio 0.7, the blades are 26 and 30 for the

stator and the rotor, respectively, and the angular velocity

300 rpm.

� The angular velocity of the rotor of the selected Wells tur-

bine is 3.18 times bigger, and the radius of the turbine cas-

ing is 25.00% greater regarding the impulse turbine, deter-

mining a blade speed ratio of 3.98 for the case of Tuscany.

The rotational speed ratio of the selected Wells turbine to

that of the impulse turbine is 3.17 and the turbine casing

radius is approximately 17.65% bigger for the former tur-

bine regarding the latter, leading to a ratio of around 3.73

between the blade speeds for the case of Sardinia. In ei-

ther case, the acoustic emissions due to aerodynamics are

signi�cantly higher for the Wells turbine, while the inertia

is markedly greater for the impulse turbine.

� The operating maps of the two machines show that the
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optimisation of Wells turbines leads to higher turbine di-

mensions and rotational speeds when compared to impulse

turbines. These turbines have a wider operating range,

function with lower pressure drops to parity of volume �ow

rate, and have a smoother e�ciency curve. However, the

impulse turbines analysed reach lower e�ciency values and

have a lower capacity of maximising the energy conversion

from speci�c highly energetic wave conditions, determining

a lower energy conversion for both the cases of Tuscany and

Sardinia.

� The optimal Wells and impulse turbines for the operation

in Tuscany are capable of harvesting 14.47 MWh and 13.94

MWh during one year, respectively. The control strat-

egy enhances the yearly energy harvesting of 30.27% and

3.78%, respectively. For the case of Sardinia, the annual

energy harnessing is 47.20 MWh and 40.97 MWh, respec-

tively. The control algorithm increases these values of

11.30% and 3.46%, respectively.

� The calculated e�ciency of power transformation from re-

source to the grid is 5.81% for the system operating in

Tuscany with the Wells turbine and 5.60% for the device

working with the impulse turbine. The values of e�ciency

reduce to 5.25% and 5.05%, respectively, regarding the

overall energy transported by the sea. The calculated e�-

ciency for the case of Sardinia is 6.88% for the con�guration

with the Wells turbine and 5.98% for the impulse turbine.

For this application site, the values of e�ciency decrease

to 5.71% and 4.96%, respectively, considering the global

energy conveyed by sea waves.

� The e�ciency of the single converters is 17.33% for the
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chamber and 35.67% for the turbine operation in Tuscany

with the Wells turbine, while the e�ciencies are 21.36%

and 27.87%, respectively, for the impulse turbine. In Sar-

dinia, the primary e�ciency is 20.79% for the chamber

and 37.83% for the Wells turbine; for the case of the im-

pulse turbine, the e�ciencies are 25.39% and 25.05%, re-

spectively. In all the cases, the e�ciency of the tertiary

converter was assumed to be 90.25%.

� The analysis of the annual and seasonal performance of

the system states that the energy harvesting is maximum

in winter owing to the considerably higher energetic level

regarding the other seasons. In spring and fall, the energy

extraction has similar values that are intermediate between

winter and summer. The regulation of the design rotor

speed during the year is bene�cial for increasing global

energy extraction.

� The optimal design values of the rotational speed for the

seasonal operation with the Wells turbine in Tuscany are

900 rpm in winter, 825 rpm in spring, 725 rpm in summer,

and 900 rpm in fall. For the impulse turbine, the best-

suited values are 300 rpm during winter and fall and 275

rpm during spring and summer. For the site located in

Sardinia, the optimal velocities are 1000 rpm in winter,

950 rpm in spring, 875 rpm in summer, and 950 rpm in fall

for the Wells turbine. The optimal value is 300 rpm for the

impulse turbine, apart from fall, which has 275 rpm.

� The global energy conversion in Tuscany is increased from

14.47 to 14.67 MWh/year for the wave energy converter

with the Wells turbine and from 13.94 to 14.00 MWh/year

for the system with the impulse turbine. For the case of
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Sardinia, the energy harnessing is enhanced from 47.20 to

47.67 MWh/year with the Wells turbine and from 40.97 to

41.14 MWh/year for the device working with the impulse

turbine.

� The e�ciency of energy conversion calculated based on the

scatter matrices is 5.89% and 5.63% for the systems operat-

ing in Tuscany with the Wells and impulse turbines, respec-

tively, and decreases to 5.32% and 5.08%, by considering

the overall energy transported by sea waves. For the func-

tioning in Sardinia, the calculated e�ciency is 6.95% and

6.00%, respectively, and corresponds to 5.77% and 4.98%,

respectively, based on the overall energy conveyed by sea

waves.

As a �nal remark, it can be a�rmed that the results of the re-

search conducted showed that oscillating water column systems

operating with Wells and impulse turbines might be a competi-

tive solution for energy conversion from sea waves. The research

on this technology is worthy of further investigation.

The Mediterranean is characterised by low values of energy

conveyed by waves. However, using a comprehensive design tool

may lead to the extraction of favourable energy values. There-

fore, a holistic approach is necessary for a combined optimisation

of the converters for speci�c wave conditions. For these reasons,

the analytical wave-to-wire model developed is the most suited

solution for the initial design of OWC wave energy converters,

allowing for the investigation of a wide variety of design solutions

with the need for reduced computational power and time.
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8.2 Future work

The further work recommended and planned to be performed in

the future regards the aspects resumed in the following.

� Application of the wave-to-wire model to investigate the

system operation under irregular waves to obtain a more

accurate modelling of the energy conveyed by the resource.

� Analysis of the system operation on a monthly or daily

basis.

� Forecasting the wave conditions to regulate in real-time the

operating conditions of the turbine and electric generator.

� Selection of the optimal primary converter, speci�cally de-

signed for the wave conditions of the application sites con-

sidered.

� Use of boundary element codes for determining the hydro-

dynamic parameters and properties of the OWC chamber

when experimental data are not available.

� Integration of the models of the other con�gurations of

Wells turbine developed into the wave-to-wire model.

� De�nition of advanced control strategies for the wave en-

ergy converter.

� Creation of an experimental test rig at a laboratory scale

based on the geometric and operating parameters deter-

mined with the analytical wave-to-wire model, and com-

parison of their results.

� Joint engineering and economic optimisation of the entire

system considering the reciprocal e�ects of the possible so-

lutions.
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� Techno-economic risk assessment of the realisation of OWC

systems with the analysis of the speci�c component life

and determination of the costs related to production and

maintenance for a more detailed evaluation of the turbine

selection.

� Life cycle assessment of an OWC wave energy converter

for quantifying the potential environmental impacts of all

its components during their entire existence.



Appendix A

Turbulence models

The fundamental equations of the turbulence models utilised for

the development of the CFD models of the Wells and impulse

turbines.

A.1 Two equations realisable κ-ε model

The κ − ε model is one of the most commonly used turbulence

models. It is a two equation model, that means, it includes two

extra transport equations to represent the turbulent properties

of the �ow. This allows a two equation model to account for

history e�ects like convection and di�usion of turbulent energy.

The κ − ε model uses the turbulent energy and turbulent

energy dissipation rate for computing the spatial and temporal

scales and thus the turbulent viscosity. For this purpose, two

separate transport equations are applied.

The realizable version of the turbulence model introduces an

improved formulation of the dissipation rate transport equation,

relying upon the transport equation for the mean-square vortic-

413
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ity �uctuation [247] and a new eddy-viscosity formula involving

a variable Cµ originally proposed by Reynolds [259].

The realizable κ − ε model was tested and validated for a

wild variety of �ows and provides upgraded modelling of the

�uid dynamics of �ows involving rotation, boundary layers sub-

ject to signi�cant adverse pressure gradients and separation, and

recirculation [260, 261].

This turbulence model assumes that the �ow is fully turbu-

lent.

The formulation implemented by the software ANSYS Flu-

ent is based on the modelling proposed in 1995 by Shih [260].

The distributions of kinetic turbulent energy and speci�c turbu-

lence dissipation are provided by the solution of the transport

equations expressed by Eq. (A.1) and (A.2).

∂(ρκ)

∂t
+
∂(ρκui)

∂xi
=

∂

∂xi

[
∂κ

∂xi

(
µ+

µt
σκ

)]
+

+ Pκ + Pb − ρε
(A.1)

∂(ρε)

∂t
+
∂(ρεui)

∂xi
=

∂

∂xi

[
∂ε

∂xi

(
µ+

µt
σκ

)]
+

+ ρC1Sε− ρC2
ε2

κ+
√
νε

+ C1ε
ε

κ
C3εPb

(A.2)

where Pκ and Pb represent the production of turbulence kinetic

energy owing to velocity gradients and buoyancy, respectively,

and σκ and σω are the Prandtl turbulent numbers for the tur-

bulence kinetic energy and the speci�c turbulence dissipation,

respectively.
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The production of turbulence kinetic can be determined with

Eqs. (A.3) and (A.4).

S =
√

2SijSji (A.3)

Pκ = µtS2 (A.4)

where S is the magnitude of the mean rate-of-strain tensor S .

The variable C1 is de�ned by Eq. (A.5) and is a function of

the variable η given by Eq. (A.6).

C1 = max

[
0.43,

η

η+ 5

]
(A.5)

η = S
κ

ε
(A.6)

The constants utilised in the κ− ε turbulence model are re-

sumed in Table A.1.

C1ε C2 σκ σε
1.44 1.90 1.00 1.20

Table A.1: Constants applied in the κ− ε turbulence model.

The main discrepancies introduced by the realizable κ−ε tur-
bulence model regarding its standard version is the formulation

of the turbulent viscosity and the amendment of the transport

equation of the speci�c turbulence dissipation.

The turbulent viscosity µt is computed with Eq. (A.7) as

in the standard formulation. However, in the realizable version

Cµ is not a constant and varies based on the turbulence kinetic

energy, the average strain value and the turbulence dissipation,
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as expressed by Eq. (A.8).

µt = ρCµ
κ2

ε
(A.7)

Cµ =
1

A0 + AS
κU∗
ε

(A.8)

The constant A0 assumes value 4.04, while the variable and

AS is provided by equations from Eq. (A.9) to Eq. (A.13).

AS =
√

6 cosφ (A.9)

φ =
1

3
cos
(√

6W
)

(A.10)

W =
SijSjkSki

Š3 (A.11)

Sij =
1

2

(
∂uj
∂xi

+
∂uj
∂xi

)
(A.12)

Š =
√

Sij (A.13)

The variable U∗ included in the formula of the coe�cient Cµ
is de�ned by Eq. (A.14) and is based on Eqs. (A.15) and (A.16).

U∗ =

√
SijSij + Ω̆ijΩ̆ij (A.14)

Ω̆ij = Ωij − 2εijkωκ (A.15)

Ωij = Ωij − εijkωκ (A.16)

where Ωij is the average rate-of-rotation tensor observed in a
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rotating reference frame with the angular velocity ωκ.

It is very important to highlight that in the applications of the

turbulence model performed in this thesis, the term −2εijkωκ

was set to zero in the calculation of Ω̆ij as multiple reference

frames and sliding meshes were utilised. This is needed not to

includes the e�ects of mean rotation in the de�nition of the tur-

bulent viscosity, that are not compatible with the aforementioned

schemes for modelling rotation.

A.2 Two equations standard κ-ωmodel

The κ−ω model is one of the most widespread turbulence mod-

els. It is an empirical model based on the introduction of two

additional transport equations to represent the turbulent prop-

erties of the �ow.

The standard version of the κ−ω relies on the formulation of

Wilcox, that includes amendments of the low-Reynolds-number

e�ects, the compressibility, and the shear �ow spreading [240].

The transport equations are utilised to determine the turbulence

kinetic energy κ and the speci�c turbulence dissipation ω, that

is obtained as the ratio of ε to κ. This model is particularly

suited for the computation of wall-bounded �ows and free shear

�ows, as provides good predictions of the free shear �ow spread-

ing rates, which are in close agreement with measurements for

far wakes, mixing layers, and plane, round, and radial jets [34].

However, this model may lack of accuracy for the computation

of free shear �ows.

The model implemented in ANSYS Fluent is a modi�cation

of the Wilcox κ−ω as additional production terms are included
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in the transport equations of κ and ω to improve the accuracy

of the approach for the prediction of free stream �ows [34].

The �rst transported variable of the of the standard κ − ω
model is the turbulent kinetic energy κ, as expressed by Eq.

(A.17). The second transported variable through Eq. (A.18) is

the speci�c turbulence dissipation ω. The former variable de-

termines the energy in the turbulence, while the latter evaluates

the scale of the turbulence.

∂(ρκ)

∂t
+
∂(ρκui)

∂xi
=

∂

∂xj

[
∂κ

∂xj

(
µ+

µt

σκ

)]
+ Pκ − Yκ (A.17)

∂(ρω)

∂t
+
∂(ρωui)

∂xi
=

∂

∂xj

[
∂ω

∂xj

(
µ+

µt

σω

)]
+ Pω − Yω

(A.18)

where Pκ and Pω are the production terms of kinetic turbulent

energy and speci�c turbulence dissipation, respectively, and Yκ
and Yω indicate the dissipation of κ andω caused by turbulence,

respectively.

The production of kinetic turbulent energy is a function of

the production of speci�c turbulence dissipation, as expressed by

Eq. (A.19).

Pω = α
ω

κ
Pκ (A.19)

The coe�cient α is given by Eq. (A.20) as a function of the

turbulent Reynolds number.

α =
α∞

α∗

(
α0 + Ret/Rω

1 + Ret/Rω

)
(A.20)
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where α∞ and α∗ are constants that assume values 1 and 2.95,

respectively.

The turbulent viscosity µt is calculated by combining ki-

netic turbulent energy and speci�c dissipation rate through Eq.

(A.21).

µt = α∗
ρκ

ω
(A.21)

where the constant Rκ is equal to 6.

The coe�cient α∗ of Eq. (A.22) damps the turbulent viscos-

ity for �ows with low Reynold number introducing a correction

based on the local Reynolds number [34]. Conversely, for �ows

with high Reynolds number, the variables α∗ and α∗∞ are uni-

tary.

α∗ = α∗∞

(
α∗0 + Ret/Rκ

1 + Ret/Rκ

)
(A.22)

For the calculation of Eq. (A.22), Eqs. (A.23), (A.24), and

(A.25) are needed.

Ret =
ρκ

µω
(A.23)

α∗0 =
βi

3
(A.24)

βi = 0.072 (A.25)

The dissipation of kinetic turbulent energy is expressed by

Eq. (A.26) by applying the summation notation.

Yκ = ρβ∗fβ∗κω (A.26)
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The variable fβ∗ assumes the values of Eq. (A.36) depending

on χκ.

fβ∗ =


1 for χκ ≤ 0

1 + 680χ2
κ

1 + 400χ2
κ

for χκ > 0
(A.27)

The variable χκ is computed through Eq. (A.28).

χκ =
1

ω3

∂κ

∂xj

∂ω

∂xj
(A.28)

The function β∗ is computed by applying Eqs. (A.29) and

(A.30).

β∗ = β∗i [1 + ζ∗F (Ft)] (A.29)

β∗i = β∗∞

[
4/15 + (Ret/Reβ)

1 + (Ret/Reβ)
+

]
(A.30)

The dissipation of speci�c turbulence dissipation is provided

by Eq. (A.31).

Yω = ρβfβω2 (A.31)

The variables necessary for the calculation of Yω are given

by equations from Eq. (A.32) to Eq. (A.35).

fβ =
1 + 70χω
1 + 80χω

(A.32)

χω =

∣∣∣∣ΩijΩjkSκi
(β∗∞Ω)3

∣∣∣∣ (A.33)

Ωij =
1

2

(
∂ui
∂xj
− ∂uj
∂xi

)
(A.34)



421 Chapter A: Turbulence models

β = β∗i

[
1− β

∗
i

βi
ζ∗F (Mt)

]
(A.35)

The function F (Mt) accounts for the compressibility e�ects

[34].

F (Mt) =

{
0 forF (Mt ≤ Mt0

M 2
t −M 2

t0 forF (Mt > Mt0

(A.36)

The in�uence of compressibility depends upon the constant

Mt0 equal to 0.25 and the variable M 2
t expressed by Eq. (A.37).

M 2
t =

2κ

γRT
(A.37)

Therefore, for incompressible �uids β∗ is equivalent to β∗i .

For �ows with high Reynols number, β∗i = β∗infty.

The constants utilised in the two equations standard κ −ω
model are resumed in Table .

α∗∞ α∞ α0 β∗∞ β1 ζ∗

1 0.52 1/9 0.09 0.072 1.5

Rβ Rκ Rω σκ σω Mt0

8 6 2.95 2 2 0.25

Table A.2: Constants applied in the standard κ−ω turbulence
model.

A.3 Two equations κ-ω SST model

The shear-stress transport (SST) κ-ω model is an improvement

of the standard formulation of the turbulence model based on the

turbulence kinetic energy and the speci�c dissipation rate. The

SST version was �rstly introduced by Menter in 1994 blending
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the κ-ε and the standard κ-ω models with the aim of selecting

their best features. The free-stream independence of the former

model in the far �eld is coupled with the robustness and accu-

racy of the latter model in the near-wall region. To achieve this

target, a blending function was introduced to combine the equa-

tions of the standard κ-ω model with the converted equations

of the κ-ε model. This function assumes unitary value in the

near-wall region to activate the standard κ-ω model, while it is

null away from the wall to activate the transformed κ-ε model

[34]. Moreover, a damped cross-di�usion derivative term is in-

cluded in the transport equation of the speci�c dissipation rate.

The de�nition of the turbulent viscosity is modi�ed for consid-

ering the transport of the turbulent shear stress. The constants

applied in the SST version are di�er from those of the standard

version.

The two transport equations for the turbulent kinetic energy

κ and the speci�c dissipation ω are provided by Eqs. (A.38)

and (A.39), respectively. The former variable determines the

energy in the turbulence, while the latter evaluates the scale of

the turbulence.

∂(ρκ)

∂t
+
∂(ρκui
∂xi)

=
∂

∂xj

[
∂κ

∂xj

(
µ+

µt

σκ

)]
+ Pκ − Yκ (A.38)

∂(ρω

∂t)
+
∂(ρωui
∂xi)

=
∂

∂xj

[
∂ω

∂xj

(
µ+

µt

σω

)]
+ Pω − Yω + Dω

(A.39)

The term Dω is the additional cross-di�usion, which is ex-

pressed by Eq. (A.40).
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Dω = 2(1− F1)
ρ

ωσω2

∂κ

∂xj

∂ω

∂xj
(A.40)

where σω2 is a constant value equal to 1.168 and F1 is the blend-

ing function, which depends upon the distance from the closest

surface y.

The turbulent viscosity, µt, is computed though Eq. (A.41).

µt =
ρκ

ω

1

max
[

1
α∗
, SF2

a1ω

] (A.41)

where the variable S is the strain rate magnitude and α∗ is a

damping coe�cient computed in analogy to the standard κ-ω

model.

The function F2 is de�ned by Eq. (A.42) and is calculated

based on the result of Eq. (A.43).

F2 = tanh
(

ar g2
2

)
(A.42)

ar g2 = max

[
2

√
κ

0.09ωy
,

500µ

ρy2ω

]
(A.43)

The turbulent Prandtl numbers related to the turbulence ki-

netic energy and the speci�c dissipation rate are expressed by

Eqs. (A.44) and (A.45), respectively.

σκ =
1

F1

σκ,1
+ 1−F1

σκ,2

(A.44)

σω =
1

F1

σω,1
+ 1−F1

σω,2

(A.45)

The blending function F1 for combining the transport equa-
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tions is de�ned by Eq. (A.46), based on Eq. (A.47).

F1 = tanh
(

ar g4
1

)
(A.46)

ar g1 = min

[
max

[ √
κ

0.09ωy
,

500µ

ρy2ω

]
,

4ρκ

σω,2D+
ωy2

]
(A.47)

The variable D+
ω is de�ned with Eq. (A.48) as the positive

part of the additional cross-di�usion term Dω for the transport

equation of the speci�c turbulence dissipation.

D+
ω = max

[
2

ρ

ωσω,2

∂κ

∂xj

∂ω

∂xj , 10−10

]
(A.48)

The calculation of the turbulence kinetic energy κ is per-

formed as in the standard version of the κ-ω model. Instead, in

the SST formulation, the production of turbulence kinetic energy

is obtained with Eq. (A.49).

Pω =
αα∗

νt
Pκ (A.49)

Moreover, in the SST version, α∞ is variable, as expressed

by Eq. (A.50).

α∞ = F1α∞,1 + (1 + F1)α∞,2 (A.50)

The variables α∞,1 and α∞,2 are given by Eqs. (A.51) and

(A.52), respectively.

α∞,1 =
βi,1

β∗∞
− k̂2

σw,1
√
β∗∞

(A.51)

α∞,2 =
βi,2

β∗∞
− k̂2

σw,2
√
β∗∞

(A.52)
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where k̂ is a constant equal to 0.41.

The dissipation of the turbulent kinetic energy Yκ is de�ned

by Eq. (A.53) similarly to the standard version of the κ-ω tur-

bulence model. The di�erence is in the term fβ∗ , which in this

case is not a piecewise function and assumes a constant unitary

value.

Yκ = ρβ∗κω (A.53)

The de�nition of the dissipation of speci�c turbulence dissi-

pation Yω is given by Eq. (A.55) and is similar to the standard

κ-ω model. The di�erence is in the computation of the terms βi

and fβ. In the standard formulation, βi is a constant of value

0.072 and fβ is a function of χω. For the SST version, βi is

provided by Eq. (A.55) and fβ is an unitary constant.

Yω = ρβω2 (A.54)

βi = F1βi,1 + (1− F1)βi,2 (A.55)

The constants used in the two equations SST κ − ω model

which di�er from the standard formulation are resumed in Table

A.3.

σκ,1 σκ,2 σω,1 σκ,2 a1 k̂ βi,1 βi,2
1.176 1 2 1.168 0.31 0.41 0.075 0.0828

Table A.3: Constants applied in the SST κ−ω turbulence model.
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