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Abstract

Boosting the production and the direct utilization of renewable energy sources is con-

sidered a key solution in the energy transition process to reduce the dependency on fossil

fuels and mitigate the impacts of climate change. There are several types of renewable

energy sources, each with their unique characteristics and benefits. Hydropower is con-

sidered the largest producer of renewable electricity all over the world. The hydropower

sector represents around 16 % of the global electricity production, more than all other

renewables combined.

The process of harvesting hydrokinetic energy involves capturing energy from various

sources such as tides, ocean currents, or river flow. Vertical-axis hydrokinetic turbines

(VAHTs) are considered economical and reliable optionS to harness the flow currents,

specifically for distributed electricity generation. The simplicity in the design and the

insensitivity to the flow direction, make VAHTs a viable technical and economical choice.

However, the straight-bladed VAHTs are often designed for relatively high water velocities.

This dissertation addresses the design and characterization of small vertical-axis hy-

drokinetic turbine for low flow velocities. The blade profile, solidity and aspect ratio of the

turbine model have been selected looking for a self-starting and efficient operation. The

turbine model has been fabricated using the additive manufacturing technology precisely

at a fraction of the cost offered by traditional machining technologies. Experimental Tests

have been performed in an open channel rig, with inlet velocities ranging from 0.33 m/s

to 0.69 m/s. The experimental characterization allows to assess the effect of different

parameters, including the turbine blockage on the overall performance of the turbine.

A numerical complementary study to the experimental previous one has been carried

out. It outlines an intensive three-dimensional multiphase simulation of the turbine model

under free-surface variations to investigate the interactions between the turbine rotor and

the channel section, including the free-surface. The volume of fluid (VOF) method is

applied to simulation air/water interface. In addition, a single-phase three-dimensional

simulation, without considering the free-surface, has also been carried out for comparison

with the multiphase results, to examine the effect of the free-surface on the turbine output.

Continued with the turbine model assessment, a cost-effective novel method to test

the hydrokinetic turbine models under open-field conditions (no blockage effects) has been

investigated. experimental tests have been performed in an open-circuit subsonic wind

tunnel under open-field conditions. The experimental runs have been carried out using
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the same Reynolds number value as in previous water channel experiments, to enable a

comparison between the results obtained from both tests. To check the validity of the

proposed approach, a theoretical method for correcting the blockage effects -based on the

traditional actuator disk theory and adapted for the open channel flow cases- is applied

to the water channel tests and compared with the wind tunnel experiments.

Finally, the dissertation has been extended to include the performance enhancement of

hydrokinetic turbines, focusing on improving the overall efficiency, by varying the channel

geometry. This has been achieved by using an obstacle on the channel bed. By means

of experimental and multiphase numerical methodologies, the power output and the flow

behaviour have been investigated to evaluate the effectiveness of this approach.



Resumen

Impulsar la producción y la utilización directa de fuentes de enerǵıa renovables se

considera una solución clave en el proceso de transición energética para reducir la de-

pendencia de los combustibles fósiles y mitigar los efectos del cambio climático. de los

combustibles fósiles y mitigar los efectos del cambio climático. Existen varios tipos de

fuentes de enerǵıa renovables, cada una con sus caracteŕısticas y beneficios únicos. La

enerǵıa hidroeléctrica, incluida la mareomotriz, se considera la mayor productora de elec-

tricidad renovable en todo el mundo. electricidad renovable en todo el mundo. El sector

hidroeléctrico representa alrededor del 16 % de la producción mundial de electricidad,

más que todas las demás enerǵıas renovables juntas.

El proceso de aprovechamiento de la enerǵıa hidrocinética consiste en captar enerǵıa

de diversas fuentes, como las mareas, las corrientes oceánicas o el caudal de los ŕıos.

Las turbinas hidrocinéticas de eje vertical se consideran económicas y fiables para ello,

concretamente para la generación distribuida de electricidad. La sencillez en el diseño y

la insensibilidad a la dirección del flujo, las convierten en una opción viable, técnica y

económicamente, incluso en condiciones de baja intensidad mareomotriz o en condiciones

de baja velocidad de flujo. Sin embargo, la turbina de eje vertical de álabes rectos suele

ser criticada por sus escasas caracteŕısticas de autoarranque, especialmente en condiciones

de baja velocidad de flujo.

Esta tesis aborda el diseño y caracterización de una pequeña turbina hidrocinética de

eje vertical para bajas velocidades de flujo. El perfil del álabe, la solidez y la relación

de aspecto del modelo de turbina se han seleccionado buscando un funcionamiento au-

toarrancable y eficiente. El modelo de turbina se ha fabricado utilizando la tecnoloǵıa

de fabricación aditiva con precisión a una fracción del coste ofrecido por las tecnoloǵıas

tradicionales de mecanizado. Las pruebas experimentales se han realizado en un equipo

de canal abierto, con velocidades de entrada que oscilan entre 0.33 m/s y 0.69 m/s. La

caracterización experimental permite evaluar el efecto de diferentes parámetros, incluido

el bloqueo de la turbina, sobre el rendimiento global de la misma.

Se ha realizado un estudio numérico complementario al experimental anterior. Se

esboza una simulación multifásica tridimensional intensiva del modelo de turbina bajo

variaciones de superficie libre para investigar las interacciones entre el rotor de la turbina

y la sección del canal, incluida la superficie libre. El método de volumen de fluido (VOF)

se aplica a la simulación de la interfaz aire/agua. Además, también se ha realizado una
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simulación tridimensional monofásica, sin considerar la superficie libre, para compararla

con los resultados multifásicos y examinar el efecto de la superficie libre en el rendimiento

de la turbina.

Continuando con la evaluación del modelo de turbina, se han realizado pruebas ex-

perimentales en un túnel de viento subsónico de circuito abierto en condiciones de campo

abierto (sin bloqueo). Las ejecuciones experimentales se han llevado a cabo utilizando el

mismo valor de número de Reynolds que en los experimentos anteriores con canales de

agua, para poder comparar los resultados obtenidos en ambas pruebas. Para validar este

enfoque, se aplican dos ecuaciones de corrección del bloqueo a los ensayos en canal de

agua para estimar el comportamiento operacional en aguas abiertas y compararlo con los

resultados de los ensayos en túnel de viento.

Por último, la tesis se ha ampliado para incluir la evaluación de una turbina hidrocinética

basada en el arrastre, centrándose en la mejora del rendimiento global en canales de agua,

mediante el uso de un obstáculo en el lecho del canal. Mediante metodoloǵıas experi-

mentales y numéricas multifásicas, se han investigado la potencia de salida y el compor-

tamiento del flujo para evaluar la eficacia de este enfoque.
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Chapter 1

Introduction

1.1 Background

The recent string of crises highlights the urgency of expediting the shift towards a

global energy system that is sustainable and diversified [1]. The world economy is suffering

from the consequences of relying heavily on fossil fuels, as seen by the skyrocketing prices

of oil and gas and the ongoing instability in Ukraine. The COVID-19 pandemic has

only exacerbated the situation, causing economic hardship and concerns about energy

affordability for citizens. Meanwhile, the effects of climate change caused by human

activities are becoming increasingly visible worldwide.

The energy transition is recognized as a key solution for reducing dependency on fossil

fuels and mitigating the impacts of climate change. As described in Fig. 1.1, six crucial

technologies that can help attain climate objectives include: 1) Boosting the production

and direct utilization of renewable energy sources; 2) Making substantial advancements

in energy efficiency; 3) Converting end-use sectors to electricity; 4) Implementing green

hydrogen and related products; 5) Integrating bio-energy with carbon capture and storage;

and 6) Implementing carbon capture and storage in the final stage of energy use [2].

Actively advancing these technologies can lead to substantial reductions in emissions,

helping us reach the target of a net-zero carbon world by mid-century. As by 2050,

it is expected to achieve a yearly decrease of 36.9 Gt of CO2 emissions. Boosting the

production and direct utilization of renewable energy sources is considered one of the most

effective ways in the energy transition process, which can help to reduce the dependency

on fossil fuels, decrease greenhouse gas emissions, and promote energy security.
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1.1 Background

Figure 1.1: The energy transition vision for 2050 [2].

In 2021, China maintained its dominance in boosting the production of renewable en-

ergy, accounting for 46 % of global renewable capacity additions as illustrated in Fig. 1.2.

The European Union also is one of the largest markets for increased capacity, surpassing

its previous record set in 2011 for the first time [3]. Although the growth in renewable

energy production is relatively limited in the Middle East and Africa (see Fig. 1.2), it is

considered a region with abundant potential for renewable energy sources

Figure 1.2: Renewable net capacity additions by region, 2019-2021 [3].

The growth of African economies is driving up energy demand and the need for more

sustainable and resilient energy systems. Despite having significant potential for renew-

able energy, the Middle East and Africa currently only account for 3 % of global installed

renewable generation capacity. This leaves ample opportunity for growth in the deploy-

ment of clean energy in that region. Innovative technologies and solutions should be

utilized to speed up the energy transition and attract investment in climate change miti-

gation and adaptation [4].
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Chapter 1. Introduction

Despite its vast potential, the use of renewable energy sources in Egypt remains also

limited. Approximately 12% of Egypt’s energy production originates from renewable

energy sources, with a combined capacity of 24 MWh [5]. As illustrated in Fig. 1.3, most

of this renewable power is generated through the hydro/marine sector, boosting a capacity

of 15 MWh. Solar power follows closely, accounting for 4.5 MWh of renewable energy

production. Finally, wind power holds the third rank with a production capacity of 4.2

MWh. Meanwhile, the remaining energy production in Egypt comes from the utilization

of fossil fuels.

Figure 1.3: Fossil and Renewable electricity generation in Egypt 2022 [5].

One of the main reasons for the limited use of renewable energy sources in Egypt is the

lack of investment in this sector. In 2016, Egypt made a commitment to move towards

clean energy and has set a goal to derive 42% of its total electricity generation from re-

newable sources by 2035. This objective is accomplished through multiple strategies. The

Egyptian government has allocated significant resources to develop the renewable energy

sector, while also providing financial incentives and subsidies to encourage investment in

renewable energy. This includes tax breaks, low-interest loans, and grants for research

and development. Furthermore, the Egyptian government invests in the development of

infrastructure to support the integration of renewable energy into the existing power net-

work. This can involve upgrading the grid system, building new transmission lines, and

providing technical assistance to renewable energy project developers [5].

Egypt, with its unique geographical location between two seas, the Mediterranean

Sea and the Red Sea, along with the presence of the majestic Nile River, holds immense

potential for harnessing hydro power and tidal current energy. The strategic positioning

of Egypt allows for the utilization of both marine and riverine resources to generate clean

and renewable energy [6]. The powerful flow of the Nile River presents an opportunity

for the installation of hydrokinetic power stations, which can efficiently convert the water

flow current into electricity. Moreover, the coastal areas of Egypt are blessed with strong

tidal currents caused by the regular ebb and flow of the Mediterranean and Red Seas.

By harnessing the kinetic energy of these tides, Egypt can tap into a substantial source

of renewable energy, contributing to its sustainable development goals and reducing its
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1.1 Background

reliance on fossil fuels. With careful planning and investment, Egypt has the potential to

become a leading hub for hydro power and tidal energy production in the region, fostering

a greener and more energy-efficient future [7].

There are several types of renewable energy sources, each with its unique characteris-

tics and benefits. The most common types of renewable energy sources are solar, wind,

hydro, biomass, and geothermal energy. Table 1.1 lists the power capacities of these

different sources over the world for three consecutive years [8]. Globally, hydropower is

considered the world’s largest producer of renewable electricity (see Fig. 1.4). This sector

represents around 16 % of global electricity production, more than all other renewables

combined, which makes it an ideal complement to modern clean energy systems. The

total installed capacity has been reached 1308 gigawatts (GW ) in 2022, with a record of

4306 terawatt hours (TWh) generated [9]. This value will need to grow by around 60 %

by 2050 according to the target of a net-zero carbon world. This additional capacity will

come not only through the building of new hydropower plants, but also from the research

and development of new technologies.

Table 1.1: Renewable power capacity over the world three consecutive years [8].

Year /

Power source

2019 2020 2021

GW % GW % GW %

Hydropower 1,150 44.60 1,170 41.21 1,195 37.98

Solar PV 621 24.08 760 26.77 942 29.94

Wind 650 25.21 743 26.17 845 26.86

Biomass 137 5.31 145 5.11 143 4.55

Geothermal 14.0 0.54 14.1 0.50 14.5 0.46

Solar thermal 6.1 0.24 6.2 0.22 6.0 0.19

Ocean power 0.5 0.02 0.5 0.02 0.5 0.02

Total power [GW] 2,579 2,839 3,146

Investments [billion $] 298.4 342.7 365.9

One of the fields in which this research is focused is the upgrading and modernizing

the existing hydropower machines to improve the overall performance and increase the

rated output. Another field is the distributed production using the smallest possible

infrastructure, especially in areas with low energy concentration. The research presented

in this dissertation is framed in this context: the use of small hydrokinetic turbines with

low flow currents, which represents an important technological challenge but, at the same

time, reflects the most realistic operating conditions.
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Chapter 1. Introduction

Figure 1.4: Global map of the annual hydropower generation in 2022 [9].

The process of harvesting hydrokinetic or tidal current energy involves capturing en-

ergy from various sources such as waves, tides, ocean currents, or river flow. Conceptually,

a hydrokinetic turbine machine converts the available kinetic energy of water currents

(seawater, rivers, or channels) to useful mechanical power [10]. As presented in Fig. 1.5,

hydrokinetic turbines can be divided into two main categories according to the relative

position of the axis of rotation and the incoming stream: axial-flow and cross-flow [11].

The axial-flow turbines have a parallel axis and flow, while the cross-flow turbines have a

perpendicular axis and flow (see Fig. 1.6).

Figure 1.5: Hydrokinetic turbine classifications [11].
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1.1 Background

Figure 1.6: Hydrokinetic turbine examples: a) Axial-flow model and b) Cross-flow model.

It is still not evident that the horizontal-axis hydrokinetic turbines outperform the

vertical-axis hydrokinetic ones in terms of performance when evaluated fairly. Neverthe-

less, VAHT has become the subject of research interest in recent years, due to its benefits

over HAHT, especially when used in small-scale applications [12]. One of the key benefits

of VAHTs compared to HAHT ones is the simplified and cost-efficient blade production

process. VAHT blades, being symmetrical and without taper, are simple and inexpensive

to manufacture. On the other hand, HAHT blades, being twisted and tapered and often

several meters in length, are more complex to produce and transport, resulting in higher

costs. Also, there is no need for a yaw mechanism for the VAHTs because the blades

are mounted on the rotor in an evenly spaced manner so that the rotor can see the flow

current in all directions [13].

Cross-flow turbines are categorized into three categories based on their power gen-

eration capability: small, mini, and micro [14]. This study focuses on micro cross-flow

turbines with a power capacity of up to 100 kW. These turbines are still in the de-

velopment phase and various pre-commercial prototypes are being tested with varying

capacities, such as the 20 kW ”LucidPipe” by Lucid Energy in the US, the 10 kW ”En-

Current” by New Energy in Canada, and the 1 kW ”Sub-merged” by Energy Alliance in

Russia [15, 16].

Based on the driving force, the vertical axis turbines can be divided into two categories,

lift and drag-based, mainly due to the shape of the blades. Darrieus and Gorlov turbines

are widely recognized as lift-based, while the Savonius type is purely drag-based [17].

The category of lift-force based configurations features different types of rotors, with the

Darrieus rotor being a common example [18]. This type of rotor has been utilized for

wind energy generation for many years [19–21] and can also be applied to harness the

kinetic energy of water in rivers [22, 23], oceans [24], canals, and tidal systems [25,26].
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1.2 The kinematics of Lift-type VAHT

The left-based VAHT’s working principle is shown in Fig. 1.7, in which the turbine is

assumed to turn at a constant rotational velocity (ω). The relative velocity (VR) is found

by combining the upstream water velocity (u∞) and the blade velocity (u). An interaction

occurs once the water approaches the hydrofoil of the rotor blades, resulting in hydrody-

namic forces from the pressure and shear distributions on the hydrofoil [27]. These forces

are resolved into two components: the drag (FD) and the lift force (FL). The lift force of

the hydrofoil is primarily due to the pressure difference on its surface and is considered

the key force in generating torque and power of these kinds of turbines. However, the

drag force generated is relatively small and generally depends on the hydrofoil type.

Figure 1.7: The working concept of lift-based vertical axis turbine.

1.3 Design Parameters for Vertical-axis Turbines

Investigating the impact of various geometrical parameters on the VAHTs performance

is a topic of interest. Many factors, such as number of blades, blade profile, aspect

ratio, and blade solidity, can greatly influence the overall performance and the output of

the turbine. The following sections provide a detailed examination of these parameters,

with the goal of shedding light on their influence on turbine efficiency. By delving into

these parameters in depth, a more nuanced understanding of their impact can be gained,

allowing for a more informed approach to turbine design and operation.
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• Turbine Solidity

The turbine solidity is a dimensionless parameter that represents the ratio of the blade

area to the flow passage area through the turbine. It is a measure of the degree to which

the turbine blades occupy the flow passage. It is defined as the ratio of the total blade

area to the total annulus area through which the working fluid flows. For vertical axis

turbines, is calculated as:

σ =
n · C
R

(1.1)

Where, n is the number of blades, C is the chord length and R is the radius of the

turbine rotor. Experimentally, the power coefficient Cp of the vertical-axis turbine (the

ratio between the power output and the power available from the flow) is found to rise as

the solidity increases, this is valid up to a certain limit, and after that the Cp decrease [28].

However, high-solidity turbines have a better starting capabilities [29]. Specifically, at low

tip speed ratios (λ is the ratio between the tangential velocity of the blade tip and the

upstream flow velocity) [30]. Additionally, Experiments and numerical simulations [31]

have shown that increasing the turbine solidity leads to significant increases in both the

static torque and dynamic torque at low flow velocities. The rotor can start easily and

operate over a wider range of tip speed ratios, resulting in the ability to harness energy

from a broader spectrum of water speeds.

One of the ways to increase the blade solidity is increasing the number of blades, which

adds more cost and total weight of the turbine, without a proportional increase in power.

So, for low velocity applications increasing the solidity by boosting the blade chord (Fig.

1.8) is much better than increasing the number of blades [32].

Figure 1.8: Schematic of boosting the solidity through number of blades and chord length [32].
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The hydrodynamic performance of VAHTs with a NACA-0015 blade profile has been

examined through experimental studies for various solidity values. The maximum power

coefficient has been obtained at a high solidity value of 2.0 [33]. The same concept has

been applied to the S-1210 non-symmetric blade profile for a range of high solidity values

between 1.6 and 2.4 [34]. It has been demonstrated that a high blade solidity leads to

enhancing the starting characteristics and increase the power performance of the turbine.

The optimal rotor solidity that yields the highest power coefficient and that has been

considered in the current study is found to be 2.0.

• Number of Blades

It is important to consider the trade-off between performance, efficiency, stability and

cost when selecting the number of blades for vertical-axis turbines. The number of blades

has a significant effect on both the performance and the stability of the rotor. Usually,

increasing the number of blades can rise the power output of VAHTs by capturing more

of the kinetic energy in the fluid flow. However, increasing the number of blades results in

a decrease in overall performance. This is returned to the interference between the blades

and an increase in the produced drag [27].

A one-bladed vertical axis turbine has a simple design, but it is not commonly used

because it has low efficiency and is less stable compared to other types of vertical axis

turbines [35]. The two-bladed rotors are easier to be manufactured, but produce a higher

torque fluctuation and are more susceptible to vibrations. On the other hand, the three-

bladed ones have a more balanced distribution of load and are less likely to vibrate [36].

Hence, the three-blade configurations usually are more efficient than other designs with

more blades. However, increasing the number of blades decrease the vibrations issues [37].

• Blade Profile

The blade profile and thickness determine the flow nature over the blade surface which

affects the turbine performance. A well-designed blade profile can increase the lift-to-drag

ratio, leading to more efficient energy conversion and higher power output. An optimal

blade profile should balance between maximizing lift and minimizing drag, even at higher

angles of attack, while also considering the mechanical constraints of the blade.

Numerically, the features of a wide range of symmetrical and non-symmetrical profiles

(see Fig. 1.9) have been investigated [38,39]. Increasing the blade thickness broadens the

range of tip speed ratios, in which the turbine operates efficiently and effectively extracts

more energy [40]. However, if the thickness is excessively increased, the drag becomes

unreasonably high, and the power coefficient values drop significantly [41]. hence it is

recommended an intermediate profile which combines both advantages. The NACA 4-

digit series is commonly used for vertical axis turbines, demonstrating good performance

in air and water [42, 43]. Under low Reynolds number conditions, a comparison of three

symmetrical airfoils of 12%, 15%, and 18% thickness finds that the NACA-0015 airfoil
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Figure 1.9: Different configurations of symmetric and non-symmetric airfoils. [39].

produces the highest performance [44]. Additionally, a comparison between the non-

symmetrical profiles DU-06-W-200 and S1046, and the symmetrical ones of NACA-0012

and NACA-0015 has been carried out [45]. The symmetric with zero camber NACA-0015

profile is found to be the optimal selection for the low flow velocity applications.

For high solidity turbines, increasing the thickness of the hydrofoil proves to be ad-

vantageous, not just for reducing dynamic separation effects, but also for enhancing the

starting and the overall performance. This has been proved based on testing seven differ-

ent blade profiles from the symmetrical NACA series with a thickness ranging between 8%

and 40% [46]. Based on optimization processes, the NACA-0015 has been found to give

the best performance with VAHTs, especially for low Reynolds number conditions [47].

• Aspect Ratio

Another parameter to be defined for the vertical-axis turbines is the aspect ratio. It is

the ratio between the turbine height to the diameter. This parameter significantly affects

the turbine performance, including power and starting characteristics, especially under

confined and low flow velocity conditions.

Many investigations have been carried out to determine the optimum value of this ratio

for vertical-axis turbines. For instance, an experimental analysis for three symmetrical-

bladed rotor, with high solidity value, has been performed with various rotor aspect

ratios ranging from 0.8 to 1.2 under different flow velocities. This rotor is found to give

the highest power coefficient of 0.32 for aspect ratio value 1.0. Also, for this value, the

turbine exhibits self-starting under all the velocity conditions [34]. The same conclusion

for the aspect ratio value has been obtained for another turbine rotor, with different design

aspects [20, 48].
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Investigations have been extended also to include the unsymmetrical-bladed rotors,

namely S815 and EN0005, and one conventional symmetrical of NACA-0018 blade. All

the rotors exhibit positive static torque coefficients (indicate that the rotors possess self-

starting) and reach higher Cp values at the aspect ratio value of 1.0 [49]. Based on

the previous literature, the aspect ratio for the designed model in the current study has

been set to 1.0, as it gives the best performance and starting characteristics for low flow

velocities.

1.4 Self-starting Characteristics

The straight-bladed vertical axis turbine is often criticized for its poor self-starting

features, specifically under low flow velocity conditions, which is considered a significant

disadvantage. In order to address this concern, various studies have been carried out and

numerous suggestions have been put forward.

Hybridization between the drag-based (Savonius) and the lift-based (Darrieus) tur-

bines is one of the proposed solutions to overcome the self-starting issue. This approach

merges the advantages of both types to improve overall performance. By combining these

two turbines, the hybrid system can start more easily and operate efficiently in a wider

range of flow conditions.

This combined system has two potential configurations. In the first one, the Savonius

rotor is positioned outside the Darrieus turbine. For the second configuration, the Darrieus

blades encompass the Savonius ones. Despite having several benefits such as a simple

design, self-starting and easy installation, the hybrid turbine faces the challenge of not

having a design that provides the highest efficiency, as the drag resistance is observed for

the low velocity conditions [50].

Experimentally, this hybrid system has been tested in a circulating water channel.

For a better starting performance, the results conclude that the arm radius of the Dar-

rieus and the Savonius should not be co-axial. Additionally, a reduction of 30 % in the

power coefficient is observed in the hybrid system compared to the standalone Darrieus

rotor. However, the self-starting abilities of the hybrid system have been improved com-

pared to the standalone Darrieus rotor [51]. The same conclusion regarding the starting

characteristics improvements also has been confirmed numerically [52].

The hybridization concept has been also studied experimentally in a towing tank as

presented in Fig. 1.10, in which both rotors are assembled to a single axis. To ensure

optimal start-up performance regardless of the flow direction of the water, the Savonius

rotor is divided into two sections, an upper and a lower stage, with each part having

a 90 degree twist angle. This system guarantees the self-start of the system for a flow

velocity of 0.5 m/s upwards [53]. A field evaluation of the same configuration, featuring

two semi-elliptical Savonius rotor blades and three NACA0015 Darrieus blades, has been

also evaluated [54,55].
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Figure 1.10: The hybrid system configuration and tests inside the towing tank [53].

The hybrid system, in its conventional form, has a low performance due to the ad-

ditional drag effect on the left-based turbine. The concept of the asynchronous hybrid

turbine has been developed to enhance the performance of this hybrid system [56]. In

which, each turbine rotates at a unique angular velocity that aligns with its optimal speed

for the maximum efficiency. This concept is achieved through the implementation of a

planetary gear train in the system as illustrated in Fig. 1.11. Both of the turbines are

connected to the outer gears of an epicyclic gear train, and each rotates at a distinct speed

based on the gear ratio of the epicyclic gear to which it is linked. The central gear of the

epicyclic gear system is connected to the main shaft.

Figure 1.11: Diagrammatic representation of the asynchronous hybrid system [56].
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The blade pitching control methodology is one of the offered solutions to overcome

the self-starting issue in the VAHTs. It permits the modification of the blade angle of

attack in relation to the flow direction (see Fig. 1.12), enabling the generation of adequate

torque for the turbine starting. Numerous approaches have been implemented to improve

the blade pitching, including both numerical [57] and analytical models [58, 59]. These

methodologies have been applied to optimize the turbine overall performance.

Figure 1.12: Sketch of the pitch control system [60].

The blade sinusoidal pitching is one of the blade pitch control methodologies which

aims to enhance the starting performance and the overall output of the VAHTs [60].

In a comparison between a fixed-blade turbine and a variable-pitch one with actively-

pitched blades, the sinusoidal pitching significantly improves more the turbine starting

performance. Selecting the appropriate amplitude for blade pitching enhance the turbine

efficiency and at the same time, minimize fluctuations in the power output, the rotational

speed, and the torque produced [61]. This approach has been effectively utilized on

a 7 kW prototype of significant size, resulting a notable enhancement in the starting

characteristics compared to the conventional design [62]

1.5 Channel Geometry

The configuration of the hydrodynamic channel is an important factor in determining

the velocity and pressure of the fluid around and inside the turbine rotor, which affect-

ing its overall efficiency. The impact of incorporating an augmentation channel on the

straight-blade VAHTs is explored through a comparison between a standalone turbine

operating under open-field conditions and another one situated within an augmentation

channel (see Fig. 1.13). The study focuses on examining the variations in hydrodynamic

forces impacting the blade and the rotor, the power and torque generated by the shaft,

and the rotational speed of the turbine. The augmentation channel significantly reduces
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Figure 1.13: Layout of the augmentation channel and the pontoon profile details [61].

the fluctuations of hydrodynamic torques and rotational speed, leading to a more stable

and efficient operation of the turbine. In addition, the power output is found to be 30 %

greater than a standalone turbine operating in open-field conditions [61]. The same con-

clusion has been confirmed numerically and experimentally using the bare and shrouded

configurations [63]. An extended study of the channel effects has been carried out [64],

which considers seven different shapes of the water channels. The velocity and the pressure

coefficients have been assessed for each channel shape, which emphasize the importance

of considering the shape of the hydrodynamic channel in the design and optimization of

hydrokinetic turbines.

1.6 Blockage Phenomenon

Hydrokinetic turbines and their wind-based counterparts are fundamentally different

in several key ways. Most notably, hydrokinetic turbines operate in the presence of a

free surface with the impact of flow blockage. Usually, wind turbines operate within

the atmospheric boundary layer, while the hydrokinetic ones consider the effects of the

wall boundary layers. These differences have important implications on the design and

the operation of these two types of turbines. The Blockage is a fundamental aspect

that affects the operation of hydrokinetic turbines, specifically in narrow channels. This

phenomenon has a direct impact on the energy production from the rotor, affecting the

turbine efficiency. The flow in a confined channel experiences changes in three main

parameters; the velocity of the fluid around the rotor, the pressure changes in the wake,

and the longitudinal pressure gradients associated with the boundary layer of the channel.

As a result of these changes, an increase in the power and the thrust is obtained compared

to the operation in open-field conditions (without any blockage effects) [65].

14



Chapter 1. Introduction

In order to optimize the performance of hydrokinetic turbines, it is essential to consider

the blockage ratio (B), which is the ratio between the total area of the turbine (AT ) and

the cross-sectional area of the channel (A) [66]. Several investigations have been carried

out to quantify the effects of blockage on the turbine performance through experimental

and numerical methods [67, 68]. Their findings suggest that the impact of blockage is

insignificant when values are below 10%. However, an increase in blockage leads to a

significant improvement in performance [69].

1.7 Analytical and Numerical Approaches

To improve and optimize the performance of the VAHTs, efficient analytical and nu-

merical calculation tools are essential. On a basic level, various theoretical approaches

have been developed to define the actuator disc model in an open channel flow, taking into

account the Froude number and the free-surface drop behind the turbine [70] and also the

mixing zone downstream [71]. Moreover, the models have been extended to include these

effects on the power output from a turbine array [72]. The analytical tools have been

developed and extended to be applied as a sub-correction model to evaluate the power

available to a turbine array through Depth-averaged simulations [73], as an alternative to

the expensive three-dimensional simulations of turbine farms.

On the numerical level, investigations based on the single-phase flow analysis and

without considering the free-surface effects, have been carried out to study the flow field

around the VAHTs. Typically, these studies solve the Navier-Stokes equations in a domain

where the free surface is fixed, using sliding mesh to simulate the turbine rotation, and

Reynolds Averaged Navier-Stokes (RANS) turbulence models. It is unusual to find a

research using the Large Eddy Simulation (LES) methodology, however it is sometimes

employed for specific purposes. For instance, it is used for studying in more detail the

turbine wake [74,75], and to look for the effect of the solidity related to the flow separation

at the blades [76]. Regarding the simulation of the turbine, as mentioned above, the

method that often gives the best results is the sliding mesh technique. The moving

reference frame (MRF) is not usually enough due to the important interaction between

the blades and the walls. Although other systems have been applied, such as the immersed

boundary [77]. One of the most interesting issues in this type of simulations is the effect of

the blockage that results from placing the turbine in a channel of limited dimensions, either

as an isolated turbine [78, 79], as a turbine farm [80, 81] or even using flow acceleration

elements [61].

1.8 Free-surface Effects

Most of the single-Phase based models are not entirely realistic for precisely evaluating

the performance and describing the flow pattern of hydrokinetic turbines in open channels.
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This inadequacy stems from their failure to incorporate the variations in free-surface level

in their analysis. For instance, Nishi et al. [82] have found that the single-phase simulation

of an axial-flow turbine, in a shallow water channel, over-predicts the turbine output by a

factor of 2.0 with respect to the multiphase and the experimental results. The multiphase

investigations can be grouped basically depending on the topology of the turbines studied.

With respect to horizontal axis turbines, it has been studied, among other things, the effect

of the closeness to the walls and the free surface on the turbine performance [63, 83], the

wake recovery [84], the drop of the free surface behind the rotor [85] or the influence of the

proximity to the critical Froude number [86]. There are also studies related to collection

devices aimed at increasing the power output [87]. Regarding non horizontal-axis turbines,

multiphase investigations of Savonius type turbines [88] and cross-flow ones [69] have

focused on exploiting the free-surface simulation to obtain the optimal depth position.

Although sometimes, as in the last mentioned article, there is also an in-deep study on

the velocity and the pressure fields. Also, in relation to the Darrieus type turbines,

the topology with the horizontal-axis (perpendicular to the current), has been the most

studied. As before, the influence of the depth and the submersion has been particularly

investigated. Some researches have been carried out on the Darrieus turbines inside open

channels and their interaction with the free-surface, however this investigations address

only the turbine in its horizontal position [89,90].

1.9 Dissertation Aims and Objectives

Small vertical-axis hydrokinetic turbines are considered economical and reliable for

distributed electricity generation. Low initial cost, reliability and ease of installation

make them cover all sides of the economic viability triangle in the energy market. The

implementation of hydrokinetic turbines in Egypt, specifically in the Nile River, offers

tremendous potential for harnessing renewable energy. Moreover, the utilization of these

turbines to capture tidal streams in both the Mediterranean and Red Sea presents com-

pelling opportunities for sustainable power generation. As it is evident from ongoing

investigations, the hydrokinetic turbines are usually designed for relatively high water

velocities. The main challenge addressed by this research is to design and assess a small

vertical-axis hydrokinetic turbine that able to rotate and produce energy under low flow

velocity scenarios. Also, to present a detailed analysis of the turbine model with a partic-

ular emphasis on their performance in open water channels with free-surface variations.

The research aims to examine, experimentally and numerically, the impact of various

factors such as flow rate, upstream velocity and blockage, on the turbine efficiency. Ad-

ditionally, tends to explore and evaluate a novel method for enhancing the efficiency of

hydrokinetic turbines by varying the channel geometry. The remarkable relevance and

significance of this research are evident in the practical applications it enables, paving the

way for a greener and more efficient energy landscape in Egypt and beyond.
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1.10 Dissertation Outlines

This thesis is organized in seven chapters and three appendices:

• Chapter1 introduces the research line of this dissertation, including an overview

of the renewable energy resources and recent challenges in the energy sectors. Fur-

thermore, the classification of hydrokinetic turbines is presented, focusing on the

vertical-axis one and its design aspects from the literature. Moreover, the objec-

tives and outlines of the dissertation are presented.

• Chapter2 presents the turbine model design criteria, fabrication methodology, ex-

perimental test rig, and instrumentation. Also, the influence of different param-

eters, such as flow rate, upstream velocity, and blockage, on turbine performance

is presented and discussed. The obtained experimental results in this chapter are

compared with the theoretical ones obtained from the selected analytical model.

The relation between slope and performance in an inclined channel is also assessed.

• Chapter 3 characterizes experimentally and numerically the performance of the

turbine model under different flow and free-surface conditions. An intensive three-

dimensional multiphase model is developed to understand the complex free-surface

flow field around the rotor and to clarify its influence on the turbine output. The

volume of fluid model is used to track the free-surface air-water interface. Also, the

velocity field and the pressure coefficient distribution, around the turbine rotor, are

studied and correlated with the free-surface variations from upstream to downstream

of the turbine.

• Chapter 4 discusses a cost-effective novel method to test the hydrokinetic turbine

model under open-field conditions (no blockage effects). The experimental runs have

been carried out inside an open-jet wind tunnel using the same Reynolds number

value as in previous water channel tests. Two blockage correction equations are

applied to the water channel tests to confirm the validity of this approach.

• Chapter 5 focuses on improving the performance of the hydrokinetic turbine

through the use of an obstacle on the channel bottom. Experiments have been

carried out using two obstacles with different heights. Also, a multiphase model is

developed to investigate the impact of the obstacle height on the flow rate passing

through the turbine rotor.

• Chapter 6 highlights the key findings of the study and provides a broad discussion

on the extent to which the research objectives are fulfilled.

• Chapter 7 summarizes the main findings obtained throughout this dissertation and

future research lines aimed to improve the addressed methods.
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• Appendix B includes the detailed explanation and equations of the linear actuator

disc theory adapted for open-channel flow (Houlsby’s model).

• Appendix A presents the additive manufacturing and the CFD parameters used

in this dissertation as well as the simulation setup.

• Appendix C includes complementary peer-reviewed journal and conference publi-

cations conducted during this dissertation.
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Chapter 2

Design and Experimental

Characterization of The Turbine

Model

2.1 Overview

As mentioned previously, operating small-scale vertical axis hydrokinetic turbines un-

der realistic flow velocities remains a challenge. This chapter presents the design aspects

of a small-scale VAHT for low flow velocity conditions. Also, the experimental charac-

terization process of the model inside an open-surface water channel and the effect of

different operating parameters are presented and discussed.

2.2 The Turbine Model Design

The vertical-axis hydrokinetic model is basically formed by three straight blades, two

ending plates, a collet-chuck holding system, and a ball-bearing support as illustrated in

Fig. 2.1. The geometrical parameters of the turbine model are provided in table 2.1.

These parameters have been carefully selected in order to obtain a self-starting and an

efficient operation. Specifically, the NACA-0015 symmetrical airfoil has been chosen due

to its good hydrodynamic performance at low Reynolds number [91]. The thickness has

been selected based on a comparison between different symmetrical airfoils under low flow

velocity conditions [41]. Additionally, the ratio between the turbine height to the diameter

(aspect ratio) has been set to 1.0, which has been found to enhance the performance of

small turbines under confined conditions [92].

The introduction section of the current study lists several investigations that offer

many recommendations to overcome the starting issue. However, most of the proposed
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2.2 The Turbine Model Design

solutions add complexity to the turbine design. Increasing the blade chord is considered

the most practical and effective solution for low starting torque. Thus, a blade chord of

0.05 m has been chosen, resulting in a solidity value of 2.0 [34].
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Figure 2.1: A detailed schematic of the turbine model.

Table 2.1: General specifications of the turbine rotor.

Parameter Specification

Rotor diameter (D) 0.15 m

Blade profile NACA-0015

Chord length (C) 0.05 m

Solidity (σ) 2

Number of blades (n) 3

Shaft diameter (ds) 0.01 m
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2.3 Fused Deposition Modeling Process

The turbine model has been designed using 3D-CAD software and fabricated through

the additive manufacturing technology using Polylactic Acid (PLA) material for its high

strength and flexibility. The model can be precisely fabricated using the 3D printing

methodology at a fraction of the cost offered by traditional machining technologies, as

it produces highly accurate models with no need for post-processing or surface finishing.

The final quality and surface roughness of the printed parts are controlled by the number

and height of the additive layers. To obtain a smooth blade surface, a layer height of 0.1

mm and a printing velocity of 45 mm/s are applied for the current turbine model. More

information about the slicing parameters and the printing configurations are provided in

appendix A. Snapshots from the slicing software (Ultimaker cura V5.3) and the printing

process are shown in Fig. 2.2.

(a) Slicing process. (b) printing at 45 mm/s.

Figure 2.2: Snapshots of the blade profile slicing and printing processes.

The turbine blades have been printed in a vertical position to obtain a uniform blade

surface and to reduce the fabrication time for each blade (about 5 hours per blade).

Additionally, all the auxiliary components for the turbine and the measuring system (see

Fig. 2.3) have been fabricated with the same process using the in-house 3D printers at

the university of Oviedo. These components include the bearing holders (Fig. 2.3a),

the ending plates (Fig. 2.3b) and the torque sensor (including the brake and the torque

transducer) supporting structure (Fig. 2.3c).
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(a) SKF bearing supports. (b) Printed parts of the model.

(c) Sensor supporting structure. (d) Final geometry of the model.

Figure 2.3: Snapshots of the different components of the turbine model.

2.4 The Experimental Setup

Experimental tests have been carried out in an open water channel facility to evaluate

the performance of the small VAHT under low flow velocity conditions. As illustrated in

Fig. 2.4, the water channel system consists of a rectangular-section glassed channel, with

recirculation tanks, pumps and control gate. Also, it contains a brake-torque measuring

system governed by a control and data acquisition (SCADA) set-up. This system not

only displays but also records both measured and calculated variables. The measured

variables include the rotational speed, the water flow rate, the upstream water height, and

the mechanical torque. By measuring these values, the calculated variables are obtained

including the upstream velocity (obtained by combining the flow rate and water height),

the tip speed ratio, the turbine power output and the power coefficient.

The channel is 1.5 m long (can be extended to 3.0 m) and has a rectangular section

of 0.3 x 0.5 m with water velocity in the test section ranging between 0.14 m/s and 0.9

m/s, and with a height regulated by a control gate at the discharge of the channel. The

flow is achieved by two 15 kW centrifugal pumps, with a combined nominal flow rate of

600 m3/hr, with a variable velocity frequency regulation. Figure 2.5 shows a photo of the

water channel test rig with the measuring instruments.
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Figure 2.4: A detailed schematic of the experimental test rig.
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Figure 2.5: A photo of the water channel with the measuring instruments.

To measure the upstream velocity during the experiment, two techniques have been

used in parallel to avoid possible confusions. The first one is by measuring the water depth,

considering the possible fluctuations, using an ultrasonic measuring system (see Fig. 2.6)

to obtain an average value. It consists of three sensor boards (PIC16F1823 MCU), each

board with an ultrasonic sensor (HC-SR04). The water height has been measured several

times in different points along the channel and an average value is calculated. Due to

the surface fluctuations, the uncertainty of the water average height measurements has

been estimated between 0.7% and 1.1%. The second measuring method is by recording

channel flow videos using a high-speed camera (1000 fps) and analysing them through a

video player that allows to see frame by frame.

MCU

T. Sensor

V. Regulator US. SensorHt

x

h

Power in

Width, b

Figure 2.6: The water height measuring sensors.
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The brake-torque measuring system as shown in Fig. 2.7 includes the torque trans-

ducer with a nominal rate of 0.5 N/m and a maximum measuring value of 1 N/m. It is

equipped with two flexible couplings that connect the sensor with the turbine shaft and

the brake device. The torque sensor is connected to a voltage source of 24 V and the brake

device is controlled through an electrical current load unit. The torque transducer has

a high precision torque and rotational speed sensors, combined with a hysteresis brake

(Magtrol TS103 and Magtrol HB-140M-2 respectively, with a precision of 0.1% in the

torque and 0.015% in the rotating speed). Also, an oscilloscope device is connected to

the torque sensor to show the torque wave output by the turbine blades during the power

loading process in real-time.

Braking system

Flexible coupling

Torque transducer

Rotor blade

Data
acquisition

Results

Load Control Unit

+24 V

Water flow

Voltage source

Figure 2.7: The torque sensor measuring and control configurations.

The experimental characterization tests have been carried out using three different

flow rates of 0.05 m3/s, 0.06 m3/s, and 0.065 m3/s. For each value, the control gate

is employed to obtain different velocities and flow conditions. In this way, for each flow

rate, five upstream velocities are selected within the range of 0.33 m/s to 0.69 m/s. Each

of these values involves a specific upstream water height and turbine blockage. The ex-

perimental measurements allow obtaining the Power and the non-dimensional curves (tip

speed ratio and power coefficient) for each operating condition. Also, these experiments

allow assessing the effect of different parameters, including the turbine blockage on the

overall performance of the turbine.
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2.5 Measurement and Data Accuracy

Measurement uncertainty is an essential component in the current experimental work,

as it provides an indication of the reliability and accuracy of both the measured and

calculated values. The measurement from the torque transducer has been adapted for

a sampling frequency of 5,000 samples per second. For each measuring point, the data

is stored continuously for a time period of 200 seconds. This has been applied to the

measurements of rotational speed, torque, and power output. Then, the average value is

determined for each of the measured quantities, and the uncertainty is calculated. Several

methods can be used to estimate the uncertainties. In the current experimental study,

the standard deviation method has been applied to focus primarily on quantifying the

random uncertainties and to characterize the dispersion of the measurements. It provides

an indication of the random fluctuations in the measured data, which is calculated as

follow:

σ =

√√√√√
n∑

i=1

(xi − x)2

n− 1
(2.1)

Where σ is the standard deviation, and n is the number of repeated measurements.

The mean value of the measured data is calculated as: x̄ = (x1 + x2 + . . .+ xn)/n. Then,

the relative standard deviation σr is calculated as follow:

σr =
(σ
x̄

)
× 100% (2.2)

To consider the surface fluctuations in the upstream height measurements, the exper-

imental runs are repeated 25 times at different points along the channel, and an average

value is calculated along with its uncertainty. For the water height measurements, 19 of

the 25 repeated runs have a percent difference less than 0.85 % in magnitude from their

respective mean value, while the remaining values have a percent difference between 0.94

and 1.15 %. Table. 2.2 lists the different uncertainties in the experimental measurements.

Table 2.2: Measurement uncertainties for the experimental tests.

Parameter Measuring range Accuracy Uncertainty

Upstream height 0.05 : 2 m 0.3 % ±1 %

Rotational speed 1 : 15000 rpm 0.015% ±0.4 %

Torque 0.0001 : 2 N.m 0.05% ±0.6 %

Angle 0°: 360° 0.01 % ±0.25 %

For the calculated variables, the uncertainty is about 1.15 % for the upstream velocity

and λ, around 0.12 % for the power measurements and 3.5 % for the power coefficient.
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2.6 Linear Momentum Actuator Disc Theory

To further explore the phenomena in the present study, the experimental results are

compared with the calculations of the Linear Momentum Actuator Disc Theory (LMADT)

adjusted for open channel flow [71] (see Fig. 2.8).

Figure 2.8: One-dimensional LMADT in an open channel flow.

This model avoids the previous limitations [70], as it considers the free-surface drop

and the mixing zone downstream the turbine rotor. It uses the following assumptions:

• The actuator disc is inside a frictionless open channel with a flat seabed.

• Subcritical flow at the inlet.

• The flow is divided into two stream tubes: core flow and bypass flow around the

actuator disc.

• Uniform flow and hydrostatic pressure at upstream and far- downstream zones.

• Mixing zone of the wake and bypass flow downstream the disc.

The detailed derivations of the analytical model are presented in the appendix B.1.

The calculation sequences are started by specifying both the non-dimensional upstream

Froud number (Fr = u1/
√
gh1) and the blocking ratio (B = AT/A), where u1 and h1

are the upstream velocity and height, and AT and A are the turbine and the channel

cross-section areas. Also, the turbine wake flow velocity coefficient (α4) is specified with a

positive value and lower than one. The model dimensionless quantities are then calculated

through the following equations:
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(2.3)

Once the value of the bypass flow velocity coefficient (β4) is determined, the turbine

flow velocity coefficient (α2) is computed from the subsequent equation:

α2 =

(
2 (β4 + α4)−

(β4 − 1)3

Bβ4 (β4 − α4)

)
/

(
4 +

(β2
4 − 1)

α4β4

)
(2.4)

Henc, the dimensionless thrust coefficient (CT ) and the free-surface drop (∆h) are

calculated as follows:

CT =
(
β2
4 − α2

4

)
(2.5)

1

2

(
∆h

h

)3

− 3

2

(
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h

)2

+

(
1− F 2

r +
CTBF 2

r

2

)
∆h

h
− CTBF 2

r

2
= 0 (2.6)

Therefore, the power coefficient including the losses in the mixing zone (CP + CPW )

is calculated:

CP + CPW =
1

B

(
1−

(
1

1−∆h/h

)2

+
2∆h/h

F 2
r

)
(2.7)

Finally, the efficiency of the turbine (η) is determined:

η =
CP

CP + CPW

(2.8)

2.7 Objectives

The ongoing investigations reveal that hydrokinetic turbines are typically designed for

water velocities that are relatively high. This chapter presents the design criteria, the

fabrication methodology and the experimental characterization of a small-scale vertical

axis hydrokinetic turbine for low flow velocities. The influence of different parameters

including the water flow rate, the upstream velocity, and the blockage on the turbine

performance is to be discussed. The non-dimensional tip speed ratio and power coefficient

curves are used to compare the performance of these different parameters. The obtained

results are compared with the theoretical ones from the analytical model. Finally, the

relation between slope and performance in an inclined channel is to be assessed.
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A B S T R A C T   

Small tidal turbines are considered economical and reliable for distributed electricity generation. Low initial cost 
and ease of installation make them cover all sides of the economic viability triangle in the energy market. 
However, operating these turbines under realistic tidal velocities remains a great challenge. The work presented 
herein involves the design and assessment of a micro vertical axis hydrokinetic turbine, operating at low water 
velocities. The blade profile, solidity and aspect ratio of the turbine model have been selected looking for a self- 
starting and efficient operation. Thanks to the continuous development in the additive manufacturing technol-
ogy, the model can be precisely fabricated at a fraction of the cost offered by traditional machining technologies. 
Experiments have been performed at three flow rates with a range of inlet velocities from 0.3 to 0.7 m/s. Power 
curves have been obtained for each operating condition, from zero load up to the point of maximum power. 
Additionally, the non-dimensional tip speed ratio and power coefficient have been used to compare the per-
formance of the different parameters. It has been found that the upstream velocity has the most obvious effect on 
the turbine performance, and that the peak power coefficient is linked to the intensification in the blockage ratio. 
Furthermore, the actuator disc theory adjusted for open channel flow has been compared and found in conso-
nance with the experimental results. This theory has also been employed to define the turbine efficiency which, 
from 0.45 m/s upwards, is over 70%, and as high as 81%. Finally, the performance in an inclined channel has 
been analysed, finding the correlations of the maximum power points and their corresponding tip speed ratios as 
a function of the slope.   

1. Introduction 

The Covid-19 pandemic caused a drop in global electricity produc-
tion. Despite this, generation based on renewable energy increased, in 
some countries by more than 45% [1]. Specifically, the hydropower 
energy sector demonstrated reliability, resilience, and flexibility at the 
time of global crisis. In this sector, the total installed capacity reached 
1308 gigawatts (GW) in 2019, and there was a record of 4306 terawatt 
hours (TWh) generated [2]. Also, according to the International 
Renewable Energy Agency (IRENA) 2020 [3], this value will need to 
grow by around 60% by 2050 to help limit the rise in global tempera-
ture. In addition, such growth would help to generate about 600,000 
skilled jobs during the next 10 years. 

This additional capacity will come not only through the building of 

new hydropower plants, but also from the research and development of 
new technologies. One of the fields in which this research is focused is 
the upgrading and modernizing the existing hydropower machines to 
improve the overall performance and increase the rated output. Another 
field is the distributed production using the smallest possible infra-
structure, especially in areas with low energy concentration. The 
research presented in this article is framed in this context: the use of tidal 
turbines with low current speeds, which represents an important tech-
nological challenge but, at the same time, reflects the most realistic 
operating conditions. 

The exact prediction of energy cost, energy potential and economic 
viability of tidal turbines depend on four main factors: tidal intensity, 
channel properties, rotor design and energy market [4]. According to 
data obtained from prototype installations, the cost of electricity gen-
eration with hydrokinetic turbines is between 80 and 125$/MWh [5]. 
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This is comparable to the cost of photovoltaic energy in urban areas 
(63–227$/MWh), but is still some way from that of wind energy (26–54 
$/MWh) or utility scale photovoltaic energy (29–42$/MWh) [6]. One of 
the main advantages of the tidal energy is its predictability, much higher 
than any other renewable sources. On the other hand, the intensity of the 
tides is quite variable and depends on the geographical location, lunar 
cycle, etc. In addition, during the tidal sequence, the velocity oscillates 
between zero and the maximum in a sinusoidal pattern. Therefore, it is 
preferable for tidal turbines to start up and perform efficiently at low 
speeds. 

Conceptually, a hydrokinetic turbine machine converts the available 
kinetic energy of water currents (sea water, rivers or channels) to useful 
mechanical power. According to the relative position of the axis of 
rotation and the incoming stream, hydrokinetic turbines can be classi-
fied in two main groups, axial-flow turbines (axis and flow are parallel) 
and cross-flow turbines (axis and flow are perpendicular). In fact, axial 
hydrokinetic turbines have a design similar to horizontal axis wind 
turbines. “SeaGen” turbine with 1.2 MW capacity is the world’s first 
commercial-scale turbine which installed by Marine Current Turbines in 
Northern Ireland coast in (2008) [7]. It opened the door for more pre-
commercial tests, for instance the 1 MW “HS1000” prototype by the 
European Center of Marine Energy (EMEC) in Orkney, UK in (2011) [8], 
and the 110 kW “Voith Hydro turbine” prototype that was tested near 
the South Korean island of Jindo by Voith Company in (2011) [9]. 
Typically axial turbines are installed in deep water looking for high flow 
velocities but this require high investments as well as operation, and 
maintenance costs. [10]. 

Cross-flow turbines are also based on the vertical axis rotor designs of 
the wind industry. Despite not being as efficient as axial turbines, the 
simplicity of the rotor-generator coupling system allows to reduce the 
construction and maintenance costs which makes cross-flow turbines a 
favorable option for tidal electricity production. According to their axis 
position, cross-flow turbines are divided in vertical and horizontal axis 
turbines [11]. Although, horizontal axis turbines are used for medium 
and large-scale projects [12], they are not considered as a feasible choice 
to harness energy in low water velocity conditions [13]. The simplicity 
in the design and insensitivity to the flow direction, make vertical axis 
turbines a viable option -technically and economically- even in low in-
tensity tidal conditions [4]. Moreover, their ease of installation and the 
possibility of grouping them in arrays -maximizing the water flow cross 
sectional area occupied-make them more suitable for both farm and 
stand-alone isolated applications [14] compared to axial flow and 

horizontal axis turbines [15]. All of the above has encouraged the 
research to enhance their performance [16] and to optimize numerically 
and experimentally various characteristic parameters [17]. 

According to their power capacity, cross-flow turbines are classified 
into three types: small, mini and micro cross-flow turbines [18]. This 
investigation focuses on the micro type, which includes those turbines 
with a power capacity up to 100 kW. These turbines are currently under 
development and many pre-commercial prototypes are being evaluated 
with different capacities. For instance, the 20 kW “LucidPipe” turbine 
manufactured by Lucid Energy in USA [19], the 10 kW “EnCurrent” by 
New Energy in Canada and the 1 kW “Sub-merged” by Energy Alliance 
in Russia [20]. 

One of the major drawbacks of the straight-blade vertical axis tur-
bine is the poor self-starting features. To overcome this issue, several 
investigations have been carried out offering many recommendations: 
using Savonius and Darrieus rotors together for making the Darrieus 
fully self-starting [21], application of directed guide-vane [22] and 
controlling blade pitch mechanically [23]. Experimentally, the combi-
nation between Savonius and Darrieus rotors was widely investigated by 
Bhuyan et al. [24] for three bladed simple H-Darrieus rotor and a hybrid 
system with Savonius rotor connected at its center. Also, this method-
ology was checked numerically by Fertahi et al. [25]. A novel vertical 
axis turbine with three rotatable auxiliary blades was designed and 
fabricated by Su et al. [26] used the technique of two turbine combi-
nation but with three rotatable auxiliary blades, thus building a cup- 
shaped cross-section like Savonius rotors. Furthermore, Gundersen 
[27] tested a vertical axis hydrokinetic turbine in a river with flexible 
foils allowing the turbine to self-start at low water velocities (more than 
0.4 m/s) and reached higher peak power coefficients from 0.2 to 0.37 at 
low tip speed ratio values ranging from 1.4 to 2.2. In general, it can be 
said that the combination of Darrieus and Savonius obtains a better self- 
starting characteristic but reducing the peak performance. 

One of the offered solutions to overcome starting issue is increasing 
the turbine solidity which is calculated as σ = N⋅C/R, where N is the 
number of blades, C is the chord length and R is the radius of the turbine 
rotor. Singh et al. [28] performed an experimental analysis for high 
solidity (from 0.8 to 1.2) three-bladed H-Darrieus rotor to evaluate its 
self-starting characteristics. It was noticed that high solidity gave better 
starting torque and power coefficient, where the maximum power co-
efficient of 0.32 was obtained for rotor solidity 1.0. Mohamed et al. [29] 
also investigated the effect of solidity together with hybrid systems to 
improve the self-starting ability of two-bladed H-Darrieus rotor. It was 

Nomenclature 

Acronym 
LMADT Linear momentum actuator disc theory 
MPP Maximum power point 
MVATT Micro vertical axis tidal turbine 
PLA Polylactic acid 
TSR Tip Speed ratio 

Symbols 
A Turbine rotor cross-sectional area, m2 

Ac Channel cross-sectional area, m2 

Ad Disc area, m2 

B Blockage ratio 
C Blade chord length, m 
Cp Power coefficient 
D Turbine diameter, m 
ds Shaft diameter, m 
f Manning friction coefficient 
Fr Froud number 

g Gravitational acceleration, m/s2 

H Blade height, m 
h1 Upstream water height, m 
h2 Downstream water height, m 
N Number of blades 
n Rotational speed, rpm 
P Power output, W 
Q Water flow rate, m3/s 
R Radius of rotor, m 
Rh Hydraulic radius, m 
S Equivalent slope 
T Torque, N.m 
V Flow velocity, m/s 
ρ Water density, Kg/m3 

α Wake flow velocity coefficient 
β Bypass flow velocity coefficient 
η Turbine efficiency 
Ω Angular velocity, rad/s 
σ Solidity  
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found that the solidity increment (as high as 0.43) improves the self- 
starting ability of H-Darrieus rotor as it increases the static torque co-
efficient. Eboibi et al. [30] showed experimentally the effect of solidity 
at low Reynolds numbers on the performance of a vertical axis turbine, 
concluding that the higher solidity attained better overall power coef-
ficient and self-starting capability than the lower solidity turbine at low 
flow velocities. Numerically, Guillaud et al. [31] performed a Large 
Eddy Simulations (LES) on vertical axis hydrokinetic turbines empha-
sizing the previous experimental findings about the effect of increasing 
the turbine solidity on the starting ability. 

The operation of vertical axis turbines inside confined tidal channels 
is attracting more attention than open field conditions as most em-
placements have, to some extent, those characteristics. For confined 
flow conditions there are many influential factors that cannot be 
ignored, for instance the blockage ratio which represents the turbine 
occupation of the channel cross-section. Many investigations have 
studied the blockage effect both experimentally and numerically 
[32,33]. It was concluded that the blockage influence is negligible for 
values lower than 10%, but increasing this value showed a noticeable 
enhancement of the performance. In wide channels, the performance is 
also boosted by the use of channelling devices [34] which can increase 
the power coefficient by about 50%. The same influence was recorded 
for horizontal axis turbines [35]. Additionally, the free-surface position 
strongly affects the turbine performance inside channels. The maximum 
value of the power coefficient has been found with the free-surface was 
just above the turbine level [36]. Furthermore, this coefficient can be 
multiplied with the blocking of a specific flow region [37]. 

As it is evident from ongoing investigations, the hydrokinetic tur-
bines are usually designed for relatively high water velocities. Usually, 
for the most efficient vertical axis hydrokinetic turbines, the minimum 
self-starting velocity is about 1 m/s. However, many tidal currents do 
not have a great intensity and, anyhow, during the tidal oscillation, the 
turbine should work even at the lowest possible velocities. Thus, the 
challenge addressed by this research is the design and manufacture of a 
small-scale turbine able to rotate and produce energy under very low 
flow velocity scenarios. In the following sections the turbine model 
design criteria and fabrication methodology are presented together with 
the description of the experimental test rig and instrumentation. The 
influence of different parameters including flow rate, upstream velocity 
and blockage on the turbine performance is presented and discussed. 
Also, the results obtained are compared with the theoretical ones. 
However, as the actuator disc theory has to be adapted for an open 
channel flow, the modified theory is described first. 

2. Linear momentum actuator disc theory 

The available kinetic energy of water currents than can be converted 
to useful mechanical power (P) is defined as P = 0.5.ρ.A.Cp.V3 where ρ is 
the water density, V is the flow velocity (upstream the turbine), A is the 
area swept by the turbine blades (in front of the incoming stream) and Cp 
is the non-dimensional power coefficient which represents the fraction 
of the power extracted by the turbine from the water current. Linear 
Momentum Actuator Disc Theory (LMADT) was introduced firstly by 
Betz [38] obtaining the well-known Betz limit for wind turbines that 
restricts the maximum power coefficient to 59%. However, the adoption 
of Betz calculations in its standard form were found to be inaccurate for 
hydrokinetic turbines, as the open-air flow is not constrained by the 
channel boundaries nor the free-surface. 

Different approaches had been carried out to define actuator disc 
theory models in an open channel flow. The model developed by Garrett 
& Cummins [39] considered the channel boundaries but it didn’t take 
into account the free-surface drop downstream the turbine. Whelan et al. 
model [40] corrected the previous model but it didn’t consider the 
mixing zone that occurs in the downstream, which definitely affects the 
total energy removed from the flow. Finally, Houlsby et al. [41] devel-
oped an extension of the LMDAT model that, although more complex, 

avoids the previous limitations (Fig. 1). 
Houlsby et al. [41] model uses the following assumptions:  

• The actuator disc is inside a frictionless open channel with flat 
seabed.  

• Subcritical flow at the inlet.  
• The flow is divided into two stream tubes: core flow and bypass flow 

around the disc.  
• Uniform flow and hydrostatic pressure at upstream and far- 

downstream zones.  
• Mixing zone of the wake and bypass flow downstream the disc. 

They employ the momentum equation through the actuator disc and 
mixing zone, and the Bernoulli equation outside them. With these as-
sumptions and relations, they obtain an analytical form of the turbine 
power output as a function of the upstream velocity V1, the turbine area 
A and several flow dimensionless parameters: 

P =
ρV3

1 Aα(β + α)
[
2Bβ(β2 − α2) − (β − 1)3 ]

2B[4αβ + (β2 − 1) ]
(1)  

where B is the blockage ratio defined as B = A/Ac, being Ac the channel 
cross-sectional area, α is the turbine wake velocity coefficient which 
represents the velocity reduction in the wake region, and β is the bypass 
velocity coefficient. These three parameters must fulfil the following 
quartic polynomial equation: 
(

1
2

Fr
2
)

β4 +
(
2αFr

2)β3 −
(
2 − 2B+Fr

2)β2 −
(
4α+ 2αFr

2 − 4
)
β

+

(
1
2
Fr

2 + 4α − 2Bα2 − 2
)

= 0
(2)  

where Fr = V/(gh)0.5 is the upstream Froude number. 

3. Micro turbine model design and fabrication 

A Micro Vertical Axis Tidal Turbine (MVATT) model with fixed pitch 
and straight blades has been designed and manufactured to be tested and 
characterized in an open surface water channel. A 3D schematic and 
images of the turbine model are shown in (Fig. 2), with its dimensions 
given in Table 1. The model consists of two ending plates (i), three 
untwisted NACA 0015 straight blades (ii), slotted collet holding system 
(iii) and ball bearing support (iv). 

Frequently, the NACA 4-digit series is employed for vertical axis 
turbines with good performance in air [42] and water [43]. It is also 
known that, increasing the blade thickness is preferable from the sepa-
ration point of view, which is one of the most critical phenomena in low 
velocity scenarios [44]. However, the added drag caused by this thick-
ness will negatively affect the turbine performance, hence an interme-
diate profile which combine both advantages will be preferable. In a 
comparison between three different symmetrical airfoils of 12%, 15% 
and 18% thickness under low Reynolds number conditions, the better 
results were obtained with NACA-0015 [45]. Also, Kanyako et. al. [46] 
numerically simulated NACA-0015, DU-06-W-200, S1046, and NACA- 
0018 airfoils and they concluded that NACA-0015 was the optimal 
sectional profile for low flow velocities. Accordingly, the symmetric 
NACA-0015 which has zero camber and intermediate thickness, was 
selected for the designed model. 

Another parameter to be defined is the turbine aspect ratio (ratio 
between the turbine height to the diameter), which significantly affects 
the turbine performance especially in confined conditions and low flow 
velocity. In the designed model, the aspect ratio has been set to 1.0, as it 
was found to give the best performance and the highest tip speed ratio 
for small turbines [47]. The height and diameter have been selected as 
0.15 m in accordance with the dimensions of the test rig utilized in this 
study. 
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Several investigations have been listed in the introduction offering 
many recommendations to overcome the starting issue. However, most 
of the proposed solutions add more complexity to the turbine design. 
Among the simplest ones, increasing the blade chord is considered the 
most practical and effective solution for the low starting torque. 

Especially important for small-scale models where the power to friction 
ratio is often not enough to start the turbine automatically. Hence, a 
chord of 0.05 m is considered in the design, resulting a high solidity 
value of (σ = 2). Furthermore, two ending plates of 0.15 m in diameter 
support the turbine blades and improve the hydrodynamic performance. 
These plates improve the flow in the region close to the blade tip, pre-
venting the leakage from the pressure to the suction side of the blade, 
and reducing both the tip vortices and the flow in the spanwise direction 
[48]. 

The proposed model was designed using 3D-CAD software and 
manufactured through 3D printing technology using Polylactic acid 
(PLA) material for its high strength and flexibility. Using the 3D printing 
technology, time and cost are estimated to be ten times less than using 
aluminium [49]. It also offers high accuracy and no need for post pro-
cessing and surface finishing, as the number and height of the additive 
layers determine the final quality and surface roughness of the printed 
parts. To increase the blades rigidity, each one has two embedded 
stainless-steel rods, 3 mm in diameter. Furthermore, the turbine is 
coupled with the shaft using a slotted-chuck, allowing the turbine to be 

Fig. 1. One-dimensional LMADT in an open channel flow.  

Fig. 2. Schematic and manufacturing details of the turbine model.  

Table 1 
Geometric parameters of MVATT model.  

Parameter Specification 

Rotor diameter (D) 0.15 m 
Rotor height (H) 0.15 m 
Blade profile NACA-0015 
Chord length (C) 0.05 m 
Solidity (σ) 2 
Number of blades (N) 3 
Shaft diameter (ds) 0.01 m 
Model mass 0.3 kg 
Moment of Inertia 0.0052 kg.m2  
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positioned at different vertical distances from the channel bed. 

4. Experimental test rig and instrumentation 

The performance evaluation of the MVATT model under low water 
velocity conditions has been carried out in a recirculating hydraulic 
channel at the Polytechnic Engineering School of Mieres (University of 
Oviedo). This channel (Fig. 3.) includes: pumping system, recirculation 
tanks, control gate, a rectangular section channel, and a brake- torque 
arrangement coupled with a control and data acquisition (SCADA) 
system. 

Water recirculation is provided by two 15 kW centrifugal pumps (1), 
each with a nominal flow rate of 300 m3/h, controlled by two drive 
converters (2). The water flows from the settling tank (3) through the 
glass channel and falls into the recirculating tank (4) at the end. The 
channel (5) has a rectangular section (0.5 m high, 0.3 m wide and 1.5 m 
long) obtaining flow velocities varying from 0.14 m/s to 0.9 m/s at 
maximum flow rate. The control gate (6) located at the channel 
discharge regulates the different operating conditions. 

The brake-torque arrangement consists of an integrated high preci-
sion torque and rotational speed sensor (7) Magtrol TS103 (0.5 Nm of 
rated torque, accuracy <0.1% and 1,5000 rpm max. speed, accuracy 
<0.015%) and a hysteresis brake Magtrol HB-140M-2 controlled by DC 
current. They are mechanically connected to the turbine shaft through 
flexible couplings (Fig. 4). To obtain the water height, three ultrasonic 
sensor (HC-SR04) are used, covering the width of the channel. They 
have a testing range from 0.05 to 2 m and a precision of 0.001 m. To take 
into account the surface fluctuations, the water height is measured 
several times in different points along the channel and an average value 
is calculated. This value is contrasted with the one found from the 
analysis of the high-speed camera videos (1000 fps). The uncertainty of 
the water height measurement, including the fluctuations is between 
0.7% and 1.1%. A dedicated controller, connected to the sensors and 
drivers, is used to run the SCADA software managing the experiments. 
The SCADA also visualizes and stores measured and calculated vari-
ables. The measured ones are: rotational speed n, water flow rate Q 
(through the calibration of the pumps rotating speed), upstream water 
height h and mechanical torque T. The calculated ones are: the upstream 
velocity (obtained from the flow rate and the water height), tip speed 
ratio TSR = Ω.R/V (ratio between the tangential velocity of the blade tip 
and the upstream flow velocity), turbine power output P, and power 
coefficient CP = P/(0.5⋅ρ⋅A⋅V3). For the calculated variables, the un-
certainty is about 1.15% for the upstream velocity and TSR, around 

0.12% for the power measurements and 3.5% for the power coefficient. 
The rotor is positioned in the middle of the channel length, with a 

vertical clearance of 0.05 m between the bed and the bottom plate (10% 
of the channel height), so that the rotor is outside of the bed boundary 
layer. 

5. Methodology 

Tests were realized using three flow rates: Q1 = 0.05 m3/s, Q2 = 0.06 
m3/s and Q3 = 0.065 m3/s. For each flow rate, the control gate was 
employed to obtain different flow conditions ranging from the lowest 
applicable velocity up to the maximum possible velocity (critical flow 
condition at channel outlet). In this way, five upstream flow velocities 
were selected for each flow rate within the range from 0.33 m/s to 0.69 
m/s. Each upstream velocity involves also a specific upstream water 
height and turbine blockage. 

The experimental procedure is handled through four successive 
steps:  

• Firstly, the turbine is positioned into the channel, and the flow 
conditions are set using the pumping system and the control gate.  

• Secondly, the turbine is allowed to rotate freely without any external 
load. The rotational speed increases up to its maximum value (n =
nmax) where the torque produced is just enough to compensate the 
mechanical losses (T = Tmin).  

• Thirdly, the turbine is gradually loaded by increasing the current 
supplied to the brake. For each operating point the rotational speed, 
mechanical torque, and upstream water height are registered. 
Depending on the flow condition, between 7 and 16 different oper-
ating points can be usually measured (Fig. 5).  

• Finally, as the load increases, the rotational speed slows down, and 
the torque produced rises until reaching the maximum power point 
(MPP). Above that point, if the load is increased, the turbine arrives 
at a condition where it cannot produce enough torque and stops 
abruptly. 

The measured data is post processed to obtain P, Cp and TSR. With 
those values the turbine characteristic curves are plotted. 

6. Results and discussion 

The experimental measurements are used to assess the effect of 
different parameters, including the upstream flow velocity and the tur-
bine blockage, on the overall performance of the MVATT. Also, the MPP 
and peak power coefficient are compared with one-dimensional actuator 
disc theory. Finally, an analysis is carried out to study the effect of the 
slope in an inclined channel. 

6.1. Power output measurements 

As it was mentioned before, for each flow rate value, the power 
produced from the turbine model was obtained for different flow con-
ditions. For instance, Fig. 6 shows the power curves for the highest flow 
rate Q3 where the power values are plotted against the rotational speeds. 
Each curve corresponds to one upstream velocity value from 0.43 m/s to 
0.69 m/s. At the lowest velocity value, the channel is nearly overflowing 
(Fig. 7a) and at the highest one, the control gate is fully opened (Fig. 7c). 

It can be noted that, for increasing upstream velocity values, the 
power produced increases and the rotational speeds are shifted to higher 
values. For the lowest upstream velocity (0.43 m/s), the rotational 
speeds range from 115 rpm to 150 rpm with a maximum power of 0.5 W. 
For the highest upstream velocity (0.69 m/s), the range extends from180 
rpm to 270 rpm, and the power reaches 3.5 W. The power increase is 
higher than the cube of the upstream velocity which would match the 
change in kinetic energy. This is a consequence of the intensification of 
the blockage as the velocity increases. Fig. 3. Experimental set-up configuration.  
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For each upstream velocity, the maximum rotational speed corre-
sponds to the zero-load condition. Increasing the turbine load decreases 
the rotational speed, which also rises the average angle of attack be-
tween the flow and the blades. This higher angle of attack produces 
more lift and consequently a higher torque and power. However, when 
the angle of attack reaches the stall conditions, the lift falls and the drag 
grows, which cause a sudden drop in the torque. From that point on-
wards, the power output from the turbine decreases with the decline of 
the rotational speed, which makes this part of the curve unstable. 
Operation and measurement on this zone would require an active con-
trol system. 

6.2. Upstream velocity effect on performance characteristics 

The variation of power output with upstream flow velocities for the 
three flow rates is shown in the 3D curves in Fig. 8. Traditionally, the 
characteristics of the MVATT are expressed in terms of non-dimensional 
parameters TSR and Cp to better compare the performance of different 
flow rates and upstream velocities. For an ideal turbine operating in an 
open field (no blockage effect), those curves should be identical, but for 
a non-ideal turbine operating in a confined channel, the characteristic 

Fig. 4. Turbine model with control and measuring system.  

Fig. 5. Sequential test procedure.  

Fig. 6. Power output versus rotational speed with Q3.  
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curves have substantial differences. These non-dimensional curves are 
also plotted in Fig. 8. 

In practice, the maximum and minimum values of the upstream ve-
locities differ slightly for each flow rate, as the limits correspond to the 
respective overflow and fully opened gate conditions. Since the 
maximum upstream velocities are higher when the flow rate increases, 
the power achieved with greater flow rates is also higher. However, 
comparing similar values of upstream velocity, the curves are remark-
ably close to each other. It can be said that the upstream velocity has the 
most obvious effect on the turbine performance. 

About the specific values, starting with the highest flow rate Q3, the 
lowest upstream velocity (0.43 m/s) has a maximum Cp of 0.55 for a TSR 
of 2.1; this case corresponds to the fully filled channel where the 
blockage ratio is minimal (B = 0.15). Higher upstream velocity values 
have higher power coefficients, and the curve shifts to higher TSR 
values. The peak power coefficient increases by 22%, 34%, 55% and 
81.6% while the corresponding TSR increases by 2.4%, 4.8%, 7.1% and 
10.5% for upstream velocities of 0.51 m/s, 0.57 m/s, 0.61 m/s and 0.69 
m/s, respectively. The peak power coefficient reaches its maximum 
value of 0.99 at a TSR of 2.3 for the highest velocity (0.69 m/s). In this 
case the channel gate is fully opened with a critical outlet flow condi-
tion, and a blockage of B = 0.238. 

For a constant flow rate, the increase in the peak power coefficient 
with the upstream velocity is linked to the increase in the blockage ratio. 
The turbine model occupies 15% of the channel cross-section when the 
flow fills the whole channel. That value corresponds to the smallest 
practical velocity for all flow rates. For a fixed flow rate, the upstream 
water velocity increases by reducing the upstream water height, which 
implies an increase in the blockage ratio. In the performed experiments, 
the blockage ranges from a minimum value of 15% to maximum values 
of 23.8%, 24.3% and 27.7% for flow rates Q3, Q2 and Q1, respectively. 

As it was mentioned before, the Betz limit (Cpmax = 0.59) is not 

Fig. 7. Turbine model at Q3 with different upstream velocities: (a) 0.43 m/s, 
(b) 0.57 m/s and (c) 0.69 m/s. 

Fig. 8. Turbine power and characteristic curves for different upstream velocities with Q1, Q2 and Q3.  
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applicable to a channel turbine, and this hypothesis is confirmed 
experimentally. For instance, at the highest flow rate, the peak power 
coefficient corresponding to the lowest upstream velocity is already 
0.55. And, with higher upstream velocities, the peak power coefficient 
exceeds the Betz limit up to a 68%. The blockage accelerates the flow 
around the turbine rotor, resulting in a higher power output compared 
with an unrestricted flow. Furthermore, for a sub-critical flow, the water 
height goes down as the energy is extracted, increasing the blockage 
effect. In fact, the difference in static head around the turbine rotor 
makes the total available energy greater than the kinetic one. 

With respect to the other tested flow rates, the intermediate one (Q2) 
has the same tendencies, but the lowest flow rate (Q1) behaves slightly 
different. For Q2, by increasing the upstream velocity from 0.4 m/s to 
0.65 m/s, the peak power coefficient and the TSR increased by 116% 
and 12% respectively. For Q1, they also increase from 0.33 m/s to 0.49 
m/s by 196% and 42% respectively. However, at that point, an inflection 
is observed when the upstream velocity goes from 0.49 m/s to 0.61 m/s, 
as the peak Cp value drops by 65% and the TSR remains constant at 2.15. 

For this flow condition, the water level at the upstream side is nearly 
at the same elevation as the turbine top plate and, due to the water 
surface drop in the downstream side, the backside of the rotor is exposed 
to the air as shown in Fig. 9. The drop in the power coefficient is due to 
two reasons: first, the turbine rotor is not covered completely with 
water, reducing the effective area; and secondly, a partial flow separa-
tion occurs as the air enters the suction side of the blade, as reported by 
Birjandi et al. [50] for partially submerged turbines. The flow separation 
affects the lift force and, as a result, negative torque values are obtained 
at the top of the blades, reducing the power produced from the turbine 
and causing the power coefficient to drop suddenly. 

6.3. Comparison between analytical model and experimental data 

To further explore the phenomena in the present study, the experi-
mental results are compared with the calculations of the LMADT theory 
developed by Houlsby et al. [41]. In the analytical model, the wake 
velocity coefficient (α) represents how physically the turbine stops the 
flowing water and determines the maximum available power output 
from the turbine. Being a simplified theory, the equations do not 
consider the rotational speed of the turbine. However, this effect is 
incorporated in the wake velocity coefficient. The rotational speed at 
which the maximum power is obtained corresponds to the α value that 
gives the maximum power in the calculations. 

The optimum value of this coefficient has been calculated by solving 
numerically the quartic polynomial equation (Eq. (2)) for the three flow 
rates in the experimental tests and determining the whole range of the 
upstream velocities that give a valid solution for the model equations. 
For all the calculated conditions, the MPP is achieved analytically when 
the turbine rotor reduces the far-wake flow velocity to 1/3 of current 
upstream flow (α = 0.33). Fig. 10 shows the comparison between results 
obtained in the experiments and the analytical model for the maximum 
power point versus the upstream velocity for the three flow rates. 

A reasonably good match between experimental and analytical re-
sults was found for the whole ranges of upstream velocities from 0.33 m/ 
s to nearly 0.69 m/s. However, the experimental results are somewhat 

lower than the analytical ones because the model does not consider 
friction losses from the channel walls. The only point that deviates from 
the trend is the one corresponding to the highest upstream velocity of 
the lowest flow rate, due to the partial immersion of the turbine as 
explained before. In the analytical results, the lines corresponding to 
different flow rates diverge for high upstream velocities, due to the 
different increase in the blockage ratio (for the same velocity, the lower 
the flow rate, the higher the blockage). However, in the experimental 
results, this separation is not so evident. This could be due to the higher 
losses produced by the greater increase in velocity caused by the 
blockage, or by the differences of the flow conditions between the 
experimental turbine and the Houlsby’s model. Nevertheless, the 
maximum upstream velocity (fully opened gate condition) for each flow 
rate is basically the same for both experimental and analytical results. 

To some extent, the Froud number combines the effect of velocity 
and blockage, but the flow rate and the upstream velocity have been 
chosen as parameters because they have a simpler physical significance. 
The Froud number calculations prove that all points along the channel 
are subcritical -dominance of gravitational forces- in accordance with 
the analytical assumptions. 

To examine the blockage effect, it is very useful to employ the power 
coefficient which divides the turbine power output by the flow kinetic 
energy flux. This eliminates the effect of the cubic value of the upstream 
velocity. The expression obtained by the analytical model for the peak 
power coefficient value is: 

Cpmax =

[
2Bβ(9β2 − 1) − 9(β − 1)3 ]

(3β + 1)
27B[4β + 3(β2 − 1) ]

(3) 

As it can be observed, the power coefficient is a function of two 
dimensionless parameters: blockage (B), and bypass coefficient (β). For 
an unrestricted flow, these two parameters would be constants and the 
peak power coefficient would be equal to the Betz limit. However, in the 
case of a channel, the values still vary with the operating conditions 
(flow rate and upstream velocity). 

The variation of peak power coefficient with upstream inlet velocity 
for both analytical and experimental results is shown in Fig. 11(a), while 
the variation of blockage ratio with upstream velocity is shown in Fig. 11 
(b). For the analytical results, at low upstream velocities – and low 
blockage – there is a little difference between the three flow rates. The 
peak power coefficient tends to the Betz limit when the upstream ve-
locity approaches zero (zero blockage). However, when the upstream 
velocity increases and the blockage effect rises, the curves diverge and 
the difference between the flow rates grows. This is more evident from a 
blockage value about 0.2 upwards. For the experimental results, the 
difference is much less noticeable between the three flow rates along the 
whole range of the upstream velocities. Even so, a variation in the 
trendlines can be observed, which is somehow related to the analytical 

Fig. 9. Fully opened gate condition at Q1.  

Fig. 10. Experimental results and analytical model predictions.  

A. Gharib Yosry et al.                                                                                                                                                                                                                         

Chapter 2. Design, Fabrication and Experimental Testing of the VAHT

37



Energy Conversion and Management 237 (2021) 114144

9

pattern. 
Since the analytical value of the peak power coefficient is the 

maximum that can theoretically be obtained, the ratio between the 
experimental and analytical values can be employed as a measure of the 
turbine efficiency. This relationship has been displayed in Fig. 12. Effi-
ciency values are low for small upstream velocities. However, from 0.45 
m/s and above, the efficiency is over 70%, and as high as 81%. As the 
upstream velocity range is different for each flow rate, this has a direct 

impact on the efficiency obtained: the higher efficiencies can only be 
achieved with the higher flow rates. 

6.4. Turbine performance in an inclined channel 

The turbine model that has been developed in this investigation to 
harness tidal currents can also be used in other open flows such as 
channels and rivers. In these cases, the flow conditions are linked to the 
slope and friction. The analytical theory has been developed for an ideal 
channel flow and the operating conditions are input data. Also, the 
channel test rig has characteristics quite similar to an ideal one, exter-
nally regulated with the pumps and the control gate. A relation between 
the operating conditions of the horizontal and inclined channel (Fig. 13) 
can be obtained using the Manning equation: 

S =

(
Q.f

Ac.R2/3
h

)2

(4)  

where S is the channel slope, f is the manning friction coefficient and Rh 
is the hydraulic radius that corresponds to the water height downstream 
of the turbine. For the following calculations, a friction coefficient of 
0.01 has been selected which represents a smooth channel, although this 
value would vary according to the nature of the channel. 

The variation of the maximum power point with the slope is shown in 
Fig. 14(a). The experimental values of the three flows fit quite well to the 
equation: MPP = 0.038⋅S2, implying that the maximum power point is 
proportional to the square value of the channel slope. Another inter-
esting point is the tip speed ratios that obtain the maximum power 
output TSRMPP, because the knowledge of these values is necessary for 
the electrical control of the turbine. Their variation with the slope is 
shown in Fig. 14(b). In this case there is a higher dispersion but the 
values are fairly well adjusted to the equation: TSRMPP = 1.4⋅S0.25 indi-
cating that, the tip speed ratio corrosponding to the maximum power 
point is proportional to the fourth root of the slope. 

6.5. Scale considerations 

The turbine developed in this work has a dimension conditioned by 
the size of the test rig. The model is small compared to those used to 
generate electricity and a bigger one will have to be built for field 
testing. Larger models usually work better than smaller ones, among 
other things, because the ratio of mechanical losses to power output 
decreases as the size increases. In this case, the similarity conditions are 
more complex than for wind turbines where the kinematic similarity is 
given by the Strouhal number and the power coefficient is a function 
exclusively of the tip speed ratio [51]. For low velocities, the Reynolds 
number is also an important factor. For small Reynolds numbers, the 
performance of lift-based turbines is usually reduced due to the poorer 
performance of the blade profile. Therefore, larger turbines have usually 
better self-start and efficiency characteristics for low flow velocities 
because, for the same tip speed ratio, the Reynolds number is propor-
tional to the turbine size. 

In hydrokinetic turbines, the Froude number also influence the ki-
nematic similarity. Typically, it cannot be maintained if the turbine size 
changes. In fact, in this research, the tests performed at different flow 
velocities correspond to different Froude numbers and that is the reason 
for the multiple Cp-TSR curves, and this also allows to analyse qualita-
tively the performance of larger turbines. At the same upstream velocity, 
a larger turbine will have a smaller Froude number and will produce a 
proportionally larger blockage (Eq. (2)). As has been experimentally 
proven, a larger blockage generates a higher power coefficient so that 
larger turbines will start at least at the same velocity and perform better 
than the studied model. 

Fig. 11. Influence of blockage on turbine performance. (a) Variation of peak 
power coefficient with upstream velocity at various flow rates: Experimental 
and Analytical data; (b) variation of blockage with upstream inlet velocity at 
various flow rates. 

Fig. 12. Experimental turbine efficiency with respect to the analytical model.  
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7. Conclusions 

A vertical axis micro tidal turbine has been designed and manufac-
tured. The turbine model has three straight blades with fixed pitch and a 
NACA-0015 profile. A solidity of 2.0 together with an aspect ratio of 1.0 
has been selected, looking for self-starting and efficient operation with 
low flow velocities. It has been fabricated using additive manufacturing 
technology. 

Tests have been performed in an open channel rig at three flow rates 
of 0.05 m3/s, 0.06 m3/s and 0.065 m3/s, with inlet velocities ranging 
from 0.33 m/s to 0.69 m/s. Power and non-dimensional curves have 
been obtained for each operating condition. The experimental mea-
surements allow to assess the effect of different parameters, including 
the turbine blockage on the overall performance of the turbine.  

• With higher upstream velocity, the power rises, and the rotational 
speeds shift to higher values. The power increase is higher than the 
cube of the upstream velocity as a consequence of the intensification 
of the blockage.  

• Increasing the load beyond the maximum power point, decreases the 
output from the turbine with a decline of the rotational speed. 
Operation and measurement on this unstable zone would require an 
active control system.  

• The non-dimensional parameters TSR and Cp have been used to 
compare the performance of different flow rates and upstream ve-
locities. The power coefficient achieved with greater flow rates is 
higher. However, the upstream velocity has the most obvious effect 
on the turbine performance. With the lowest upstream velocity 
tested (0.33 m/s), the peak power coefficient is 0.25 with TSR 1.52, 
with the highest upstream velocity (0.69 m/s), the peak power co-
efficient reaches 0.99 with TSR 2.32. 

• It has been observed, for one of the flow conditions, that if the tur-
bine is partially submerged, the power output drops sharply (more 
than 40%).  

• For a constant flow rate, the increase in the peak power coefficient 
with the upstream velocity is linked to the increase in the blockage 
ratio. The blockage accelerates the flow around the turbine rotor, 
resulting in a higher power output compared with an unrestricted 
flow. Furthermore, for a sub-critical flow, the water height goes 
down as the energy is extracted, increasing the blockage effect. In 
fact, the difference in static head around the turbine rotor makes the 
total available energy greater than the kinetic one. 

Also, the experimental results have been compared with the calcu-
lations of the actuator disc theory adjusted for open channel flow.  

• Betz limit is not applicable to channel turbines, and this hypothesis 
has been confirmed experimentally. 

• A reasonably good match between experimental and analytical re-
sults was found for the whole ranges of upstream velocities. How-
ever, the experimental results are somewhat lower than the 
analytical ones because the model does not consider friction losses 
from the channel walls. 

Fig. 13. Conceptual schematic of the channel inclination.  

Fig. 14. Variation of peak power coefficient (a), and tip speed ratio corre-
sponding to the maximum power point (b) in function of channel slope for 
different flow rates. 
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• In the analytical results, the lines corresponding to different flow 
rates diverge for high upstream velocities, due to the different in-
crease in the blockage ratio. In the experimental results, this sepa-
ration is not so evident, most likely due to the higher losses caused by 
the blockage.  

• The turbine efficiency has been defined in relation to the maximum 
theoretical power obtainable. Small upstream velocities have only 
marginal efficiencies but, from 0.45 m/s upwards, the efficiency is 
over 70%, and as high as 81%. 

Finally, the relation between slope and performance in an inclined 
channel has been assessed.  

• The variation of the maximum power point is proportional to the 
square value of the channel slope.  

• The tip speed ratios that obtain the maximum power output have a 
slight dispersion, but they fit an equation proportional to the fourth 
root of the slope. 
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Chapter 3

Multiphase Modelling of the VAHT

with Free-surface Variations

3.1 Overview

limited investigations have been carried out considering the interactions between the

turbine rotor and the channel section, including the free-surface. The following chapter

presents a complementary study to the experimental previous one. It outlines an experi-

mental and a three-dimensional multiphase simulation of the vertical-axis turbine model

under free-surface variations. The volume of fluid (VOF) method is applied in the present

simulation to model the free-surface (air/water interface). This model has been selected

for its capability of reproducing and capturing the free-surface deformation accurately

under different flow conditions. From the experimental results, three different cases have

been selected for the simulation. The first case (C1) in which the channel is fully-filled

with water and the control gate is slightly opened, with an upstream velocity value of 0.43

m/s; the second case (C2) with an intermediate opening and an upstream velocity value

of 0.57 m/s; finally, the third case (C3), where the control gate is fully opened and the

upstream velocity value reaches 0.69 m/s. In addition, for the first case configuration, a

single-phase three-dimensional simulation, without considering the free-surface, has also

been carried out for comparison with the multiphase results, to examine the effect of the

free-surface on the turbine output.

3.2 CFD Governing Equations

The main equations that govern the incompressible flow is the continuity equation

(∇.u⃗ = 0, where v⃗ = (u, v, w)) and the momentum Navier-Stokes equations. These

equations that define the velocity and pressure of a fluid at any point in the space had

been discovered almost two centuries ago by the French engineer Claude Navier and the
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3.2 CFD Governing Equations

Irish mathematician George Stokes [93]. These partial differential equations are directly

derived from Newton’s laws of motion, which are the same for any situation involving

fluid flow. The specific application to concrete cases is defined by the initial values and

the boundary conditions. Therefore, for the case of incompressible flow, the momentum

Reynolds Average Navier Stokes (RANS) equations are as follows:

ρ
∂u

∂t
+ ρdiv (v⃗u) +

∂P

∂x
− div (µgra⃗d (u)) − SMx = 0

ρ
∂v

∂t
+ ρdiv (v⃗v) +

∂P

∂y
− div (µgra⃗d (v)) − SMy = 0

ρ
∂w

∂t
+ ρdiv (v⃗w)− ρg +

∂P

∂z
− div (µgra⃗d (w)) − SMz = 0

(3.1)

Where (ρ) and (P ) are the fluid density and pressure respectively, (µ) is the dynamic

viscosity, (g) is the gravity, (div) is the divergence operator, (gra⃗d) is the gradient opera-

tor, and (SMx, SMy, SMz) is the source term that includes contributions due to the mass

forces (gravitational, centrifugal and electromagnetic).

Turbulence is defined as an intrinsic instability phenomenon of the flow that causes it

to behave in an apparently chaotic manner. Descriptively, it could be said that turbulent

flow consists of the formation of more or less random vortices around the main direction

of motion, which arise when the fluid velocity exceeds a specific threshold. Below this

limit, viscous forces predominate over inertial forces, damping the chaotic behavior of the

flow.

Since turbulent fluctuations are essentially irregular, the deterministic analysis is not

possible, and it is more useful to do so through their statistical properties. In general,

turbulent flow is characterized by the mean values of its properties
(
u, v, w, P

)
and their

fluctuations (u’,v’,w’,P’).

u = u+ u′

v = v + v′

w = w + w′

P = P + P ′

(3.2)

Turbulence is considered as the incorporation of all fluctuations with frequencies higher

than the variation of the mean velocity value (u, v, w), and can be regarded as the de-

viation of the instantaneous value from the mean value. The temporal average (h) of a

turbulent function (h) is defined as:

h =
1

∆t

∫ ∆t

0

hdt (3.3)
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Where the time interval (∆t) must be greater than the time scale of the slowest

variations of the turbulent function which occurs in the large eddies. This turbulent agi-

tation produces additional stresses (Reynolds stresses) that lead to the Reynolds-Average

Navier-Stokes equations (RANS) [94].

ρ
∂u

∂t
+ ρdiv (v⃗ u) +

∂P

∂x
− div (µgra⃗d (u)) +



∂
(
ρu′2

)

∂x
+

∂
(
ρu′v′

)

∂y
+

∂
(
ρu′w′

)

∂z


− SMx = 0

ρ
∂v

∂t
+ ρdiv (v⃗ v) +

∂P

∂y
− div (µgra⃗d (v)) +


∂
(
ρu′v′

)

∂x
+

∂
(
ρv′2

)

∂y
+

∂
(
ρv′w′

)

∂z


− SMy = 0

ρ
∂w

∂t
+ ρdiv (v⃗ w)− ρg +

∂P

∂z
− div (µgra⃗d (w)) +


∂
(
ρw′u′

)

∂x
+

∂
(
ρw′v′

)

∂y
+

∂
(
ρw′2

)

∂z


− SMz = 0

(3.4)

3.3 The Turbulence Model

A turbulent model is a numerical procedure that solves the system of RANS equations.

Due to the small-scale and the high frequency value of the velocity fluctuations, direct

simulation is almost not applicable as it requires a great computational effort. The RANS

equations can be time-averaged, ensemble-averaged, or any other technique can be used to

eliminate small-scale fluctuations. The result is a set of equations that can easily solved.

The (k − ω) model, developed by Wilcox [95], is the most widely used and tested

of all turbulent models for solving large-scale problems with low computational cost. It

works well in a wide range of thin layers and recirculating flows, without the need to adjust

model constants on a case-by-case basis, as well as in confined flows where Reynolds shear

stresses are most important. It is a two-equation model, where the first equation describes

the transport of turbulent kinetic energy (k) and the second represents the specific rate of

dissipation (ω). The Reynolds stress term (ρ.∇u⃗.u⃗) in the RANS equation is solved using

the shear stress transport (k-ω SST) turbulence model developed by Menter [96]. This

model combines robust formulations of the near wall (k-ω) Wilcox model and the (k-ε) far

wall one through a blending function that ensures a smooth transition between the two

models without user interaction. The transport equations of the (k-ω SST) turbulence

model are as follow:

ρ
∂(K)

∂t
+ ρ∇(u⃗.k) = ∇

[
(µ+

µt

σk

)∇K

]
+Gk − ρϵ (3.5)

ρ
∂(ω)

∂t
+ ρ∇(u⃗.ω) = ∇

[
(µ+

µt

σk

)∇ω

]
+ βρω2 + Sω (3.6)

Where (k) is the turbulent kinetic energy term, Gk represents the generation of turbulence

kinetic energy due to mean velocity gradients, (ω) is the specific dissipation rate, (µt) is

the turbulent eddy viscosity, (β) is empirical coefficient and (Sω) is the blending function.
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3.4 The VOF Multiphase Model

Usually, numerical investigations are based on the single-phase flow analysis, without

considering the free-surface effects, are carried out to study the flow field around the

hydrokinetic turbines. Typically, these studies solve the Navier-Stokes equations in a

domain where the free surface is fixed, using the sliding mesh technique to simulate the

turbine rotation, and (k-ω SST) turbulence models.

Nevertheless, such models are not sufficiently realistic, to accurately asses the perfor-

mance and characterize the flow field of hydrokinetic turbines in open channels, because

they do not consider the change of the free-surface in their analysis.

The volume of fluid (VOF) method, developed by Hirt and Nichols [97], is applied in

the present simulation to model the free-surface (air/water interface). It has the capability

of reproducing and capturing the free-surface deformation accurately under different flow

conditions. For this method, the water volume fraction is defined as α = Vw/V , where

(Vw) is the water volume in the cell and (V ) is the total volume of the mixture. The

physical properties of the air-water multiphase fluid can be calculated as:

ρm = α · ρw + (1− α)ρa (3.7)

µm = α · µw + (1− α)µa (3.8)

where ρm and µm are the mixture density and dynamic viscosity respectively. A value

of α = 0.5 represents the free-surface location. The VOF governing equations are the

mass, momentum and volume conservation equations. The VOF model assumes that the

pressure and velocity fields are the same for both phases and solves a single momentum

equation. The volume fraction for each q-th phase, denoted as αq, is defined as the space

occupied by each phase (as a fraction of total space), satisfying:

Vq =

∫

V

αq · dV
N∑

q=1

αq = 1 (3.9)

Thus, for each phase, a continuity equation and three momentum equations are de-

fined:

∂ (αqρq)

∂t
+∇ · (αqρqv⃗q) = 0 (3.10)

αqρq
∂u

∂t
+ αqρqdiv (v⃗ u) +

∂αqP

∂x
− div (αqµqgra⃗d (u))+

+



∂
(
αqρqu′2

)

∂x
+

∂
(
αqρqu′v′

)

∂y
+

∂
(
αqρqu′w′

)

∂z


− SMx = 0
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αqρq
∂v

∂t
+ αqρqdiv (v⃗ v) +

∂αqP

∂y
− div (αqµqgra⃗d (v))+

+


∂
(
αqρqu′v′

)

∂x
+

∂
(
αqρqv′2

)

∂y
+

∂
(
αqρqv′w′

)

∂z


− SMy = 0

αqρq
∂w

∂t
+ αqρqdiv (v⃗ w)− αqρg +

∂αqP

∂z
− div (αqµqgra⃗d (w))+

+


∂
(
αqρqw′u′

)

∂x
+

∂
(
αqρqw′v′

)

∂y
+

∂
(
αqρqw′2

)

∂z


− SMz = 0

(3.11)

3.5 The Grid Conversion Index Method (GCI)

The whole domain in the current study has been discretized using a fully structured

mesh with hexahedral shaped cell. The size and mesh shape are provided in the following

sections. The Grid Conversion Index (GCI) method, developed by Roache [98], has been

applied to test the mesh refinement in the current study. It is based on the generalized

Richardson extrapolation, involving comparison of discrete solutions in two different spac-

ing meshes. The discrete solutions f are assumed to have a series representation in the

grid spacing h of:

f = f [exact] + g1h+ g2h
2 + g3h

3 + .... (3.12)

The functions g1, g2, and so on are defined in the continuum and do not depend on

any discretization. For infinitely differentiable solutions, these functions are related to all

orders to the solution derivatives through the elementary Taylor series expansions, but

this is not a necessary assumption for Richardson Extrapolation, nor is the infinite series

indicated in equation

For a second-order method, g1 = 0. To eliminate the leading-order error terms in the

assumed error expansion, the two separate discrete solutions, f1 and f2, are combined on

two different grids with uniform discrete spacing of h1 (fine grid) and h2 (coarse grid).

Then, the equation 3.12 is solved for g2 to obtain a more accurate estimate of f [exact].

For h2 extrapolation:

f = f [exact] + (h2
2f1 − h2

1f2)/(h
2
2 − (h2

1) +H.O.T (3.13)

where H.O.T are higher-order terms. Using the grid refinement ratio (r = h2/h1),

this result can be conveniently expressed in terms of a correction to the fine-grid solution

f1, dropping H.O.T :
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f [exact] ∼= f1 + (f1 − f2)/(r
2 − 1) (3.14)

The most common use of this method is with a grid doubling, or halving, With r = 2,

equation (3.14) becomes:

f [exact] ∼= 4/3f1 − 1/3f2 (3.15)

It is often stated that equation (3.15) is fourth-order accurate if f1 and f2 are second-

order accurate. Typically, the use of simple second-order interpolation avoids complexities

with nonuniform grids and near-boundary points. A fine-grid Richardson error estimator

approximates the error in a fine-grid solution f1 by comparing this solution to that of a

coarse grid, f2, and is defined as:

Efine
1 =

ϵ

1− rp
(3.16)

while a coarse-grid Richardson error estimator approximates the error in a coarse-grid

solution, f2, by comparing the solution to that of a fine grid, f1, and is defined as:

Ecoarse
2 =

rpϵ

1− rp
(3.17)

where ϵ = f2 − f1, in which f1 and f2 are the fine and the coarse-grid numerical

solutions obtained with grid spacing of h1 and h2 respectively at the order of accuracy p.

The uncertainty in the generalized Richardson-based error estimators are taken into

account due to various factors and to put all grid-convergence studies on the same basis as

grid doubling with a second-order method. A safety factor Fs is incorporated into these

estimators and the GCI is defined for fine and coarse grids as:

GCIfine1 = Fs |E1| (3.18)

GCIcoarse2 = Fs |E2| (3.19)

The GCI ′s are not the error estimators but are the Fs times the error estimators.

In the current study, a safety factor of 1.25 has been selected [98] based on the balance

between the accuracy and the computational cost.
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3.6 Objectives

The main objective of the current chapter is to characterize experimentally and numer-

ically the performance of a small vertical-axis turbine under different flow and free-surface

conditions. An intensive three-dimensional multiphase simulation has been carried out to

understand the complex flow field around the turbine rotor and to clarify the influence of

the free-surface variations on the turbine output. The volume of fluid (VOF) model is used

to track the free-surface air-water interface. Also, the sliding mesh technique is employed

for the rotation of the turbine. The numerical model is validated against the experimental

findings. The velocity field and the pressure coefficient distribution, around the turbine

rotor, have been studied and correlated with the free-surface variations from upstream

to downstream of the turbine. Finally, the vortex street generated by the blade-plate

interaction has been analyzed.
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A B S T R A C T

Vertical-axis hydrokinetic turbines are promising option to harness the low velocity currents. However, limited
investigations have been carried out considering the interactions between the turbine rotor and the channel
section, including the free-surface. Thus, a vertical-axis turbine model has been designed and manufactured, to
be tested in an open channel. Also, a three-dimensional multiphase simulation has been carried out, using the
volume of fluid (VOF) model, to capture the air–water interface and to investigate the free-surface variations
effects on the turbine output. Experimentally, the turbine model has been characterized under different flow
conditions and free-surface levels. The peak power coefficients are found to increase with the upstream velocity.
This effect is directly linked to the blockage ratio and the Froude number. A reasonably good match has
been found between the experimental and the numerical results. The VOF model is able to simulate the free-
surface longitudinal variations, and the effect of the turbine blockage of the channel. The velocity field and
the pressure coefficient distribution, around the turbine rotor, have been studied and correlated with the
free-surface variations from upstream to downstream of the turbine. Finally, the vortex street generated by
the blade–plate interaction has been analyzed.

1. Introduction

Hydrokinetic turbines transform the kinetic energy available in wa-
ter currents into a useful mechanical work [1]. Based on the alignment
of the rotor axis with respect to the water flow, three generic categories
can be defined; the first one is the horizontal-axis turbines, alternately
called axial-flow turbines, which have the axes parallel to the fluid flow
and employ propeller type rotors. The second category is the cross flow
turbines, known as ‘‘floating waterwheels’’, in which the rotor axis is
orthogonal to the water flow but parallel to the water surface, and are
based on the hydrodynamic drag. Finally, the Darrieus type or vertical-
axis turbines, whose axes are also perpendicular to the fluid flow, but
working on the hydrodynamic lift, and are usually derived from the
rotor designs of the wind industry [2].

Among these types, vertical-axis turbines are considered a viable
choice to harness the energy in the water current, particularly for low
flow velocities, due to its simple design and insensitivity to the flow
direction [3]. However, within the blue economy, as a more restricted

∗ Corresponding author at: GIFD Group, Energy Department, University of Oviedo, C/ Wifredo Ricart s/n, Gijon, Spain.
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markets are exploited, continued innovation of these kind of turbines
is necessary to ensure their competitiveness with other types [4].

Many investigations have been carried out to optimize and enhance
the design parameters of the vertical-axis turbine, including the number
of blades [5], the profile type [6] and the aspect ratio value [7]. Of
the vertical-axis turbine types, the lift-based ones give the highest peak
performance, specifically the straight bladed turbines. However, one
of the handicaps of this turbine category is the limited self-starting
capability. Increasing the turbine solidity (which is calculated as 𝜎 =
𝑛 ⋅ 𝐶∕𝑅, where 𝑛 is the number of blades, 𝐶 is the chord length and
𝑅 is the radius of the turbine rotor) is the simplest solution offered
to overcome this issue [8]. However, high solidity profiles cause a
low power efficiency, specifically at low Reynolds number condition.
To overcome this issue, the blade pitch control is applied and tested
for high solidity straight-bladed turbines [9], in which the maximum
power coefficient increases by 78%. Another variable pitch techniques
based on the double-disk multiple stream-tube are also applied [10,11].
The flexible-high solidity foil offers a self-starting capability at water
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Nomenclature

𝐵 Blockage ratio
𝐶 Blade chord length, m
𝐶𝑝 Power coefficient
𝐷 Turbine diameter, m
𝑑𝑠 Shaft diameter, m
𝐹𝑟 Froude number, 𝐹𝑟 = 𝑈∕

√
𝑔ℎ

𝐻 Blade height, m
ℎ Upstream water height, m
𝑁 Rotational speed, rpm
𝑛 Number of blades
𝑃 Power output, W
𝑄 Water flow rate, m3∕s
𝑅 Radius of rotor, m
𝑇 Torque, N m
𝜎 Solidity
𝐴 Turbine cross-sectional area, m2

𝜆 Tip speed ratio, 𝜆 = 𝛺 ⋅ 𝑅∕𝑈
𝛺 Angular velocity, rad/s
𝑈 Upstream velocity, m/s
𝜌 Water density, kg∕m3

𝛼 Water volume fraction
𝑉𝑤 Water volume, m3

𝑉 Mixture volume, m3

𝜇 Dynamic viscosity, pa.s
g Gravitational acceleration, m∕s2

𝛤𝜎 Surface tension, N/m
𝐶𝑇 Instantaneous torque coefficient
𝑦+ Non-dimensional wall distance
𝑍∗ Normalized water height
𝐿 Channel maximum depth, m
𝜁∗ Normalized vorticity, 𝜁∗ = ∇𝑢∕[𝑢 ⋅ 𝑐]
𝜃 Azimuth angle, degree

velocity of 0.5 m/s and above with a power coefficient value reaches
to 0.37 for vertical-axis tidal turbines [12]. Hybridization between two
different turbines [13] is also one of the effective solutions, Govind [14]
proposes a novel strategy to combine 12 kW NREL horizontal-axis
turbine with 10 kW H-type vertical axis rotor on the same tower. The
excess torque from the horizontal rotor is transferred to the vertical
rotor through a continuously variable transmission.

The optimization studies of vertical-axis turbines are very diverse.
For instance, with respect to improving the efficiency, Villeneuve
et al. [15] predict and assess the efficiency and the power output
of a vertical axis turbine using a novel three-dimensional numerical
model, which evaluates the potential of the detached end plates. The
turbine with circular plates is 31% more efficient than the one without
ending plates. With respect to the blade profile and size, among the
many researches in this field, it is worth mentioning the one by Saeidi
et al. [16] which applies the double–multiple stream tube modeling
along with the blade element momentum theory to optimize the design
of the same turbine. Otherwise, the performance of a V-shaped blades
rotor has been studied numerically to improve the power output at
moderate tip speed ratios, obtaining a noticeable delay of the flow
separation [17]. In another instance [18], the power output from a
two-blades vertical-axis turbine is analytically studied by applying the
Taguchi method, in which the incoming flow angle along with the tip
speed ratio are found to be the most significant parameters affecting
the turbine power output. Investigations have even been extended to

consider wind and waves effects on the power output and efficiency of
the tidal turbines [19].

However, one of the fundamental needs for improving and op-
timizing these turbines is the availability of effective analytical and
numerical calculation tools. On a basic level, different theoretical ap-
proaches have been developed to define the actuator disc model in
an open channel flow, taking into account the Froude number and
the free-surface drop behind the turbine [20] and also the mixing
zone downstream [21]. Additionally, the models have been extended
to include these effects on the power output from a turbine array [22].
Moreover, the analytical tools have been applied as a sub-correction
model to evaluate the power available to a turbine array through
Depth-averaged simulations [23], as an alternative to the expensive
three-dimensional simulations of turbine farms.

On the numerical level, investigations based on the single-phase
flow analysis and without considering the free-surface effects, have
been carried out to study the flow field around the hydrokinetic tur-
bines. Typically, these studies solve the Navier–Stokes equations in a
domain where the free surface is fixed, using sliding mesh to simulate
the turbine rotation, and RANS turbulence models. It is unusual to find
research using LES methodology, however it is sometimes employed for
specific purposes. For instance, [24,25] use this model to study in more
detail the turbine wake, and [26] to look for the effect of the solidity
related to the flow separation at the blades. Regarding the simulation
of the turbine, as mentioned above, the method that often gives the
best results is the sliding mesh technique. The moving reference frame
(MRF) is not usually enough due to the important interaction between
the blades and the walls. Although other systems have been applied,
such as the immersed boundary [27]. One of the most interesting issues
in this type of simulations is the effect of the blockage that results from
placing the turbine in a channel of limited dimensions, either as an
isolated turbine [28,29], as a turbine farm [30,31] or even using flow
acceleration elements [32]. In general, the blockage and associated
procedures show a remarkable increase in turbine performance.

Nevertheless, such models are not sufficiently realistic, to accurately
assess the performance and characterize the flow field of hydrokinetic
turbines in open channels, because they do not consider the change of
the free-surface in their analysis. For instance, Nishi et al. [33] have
found that the single-phase simulation of an axial-flow turbine, in a
shallow water channel, over-predicts the turbine output by a factor
of 2.0 with respect to the multiphase and the experimental results.
The multiphase investigations can be grouped basically depending on
the topology of the turbines studied. With respect to horizontal axis
turbines, it has been studied, among other things, the effect of the close-
ness to the walls and the free surface on the turbine performance [34,
35], the wake recovery [36], the drop of the free surface behind the
rotor [37] or the influence of the proximity to the critical Froude
number [38]. There are also studies related to collection devices aimed
at increasing the power output [39]. Regarding non horizontal-axis
turbines, multiphase investigations of Savonius type turbines [40] and
cross-flow ones [41] have focused on exploiting the free-surface simu-
lation to obtain the optimal depth position. Although sometimes, as in
the last mentioned article, there is also an in-deep study on the velocity
and the pressure fields. Also, in relation to the Darrieus type turbines,
the topology with the horizontal-axis (perpendicular to the current),
has been the most studied. As before, the influence of the depth [42]
and the submersion [43] has been particularly investigated. Some
researches have been carried out on the Darrieus turbines inside open
channels and their interaction with the free-surface, however this in-
vestigations address only the turbine in its horizontal position [42,43].

The main objective of the present study is to characterize exper-
imentally and numerically the performance of a small vertical-axis
turbine under different flow and free-surface conditions. Also, an inten-
sive three-dimensional multiphase simulation has been carried out to
understand the complex free-surface flow field around the turbine rotor
and to clarify its influence on the turbine output. Experimentally, the
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Table 1
Turbine rotor specifications.

Parameter Specification

Rotor diameter (D) 0.15 m
Rotor height (H) 0.15 m
Blade profile NACA-0015
Chord length (C) 0.05 m
Solidity (𝜎) 2
Number of blades (n) 3
Shaft diameter (𝑑𝑠) 0.01 m

Fig. 1. A detailed schematic of the turbine model.

turbine model design and fabrication aspects are presented. In addition,
the experimental test rig including the instrumentation is explained in
detail. Numerically, the volume of fluid (VOF) model is used to track
the free-surface air–water interface, and the sliding mesh technique
is employed for the rotation of the turbine. The numerical model is
validated against the experimental findings.

2. Model design and fabrication

A vertical-axis turbine model has been designed and fabricated. It is
basically formed by three straight blades with NACA-0015 profile. The
detailed schematic in Fig. 1 shows also the two ending plates, shaft-
gripping system and ball bearing support. The geometrical parameters
of the turbine model are provided in Table 1. These parameters have
been carefully selected in order to obtain a self-starting and efficient
operation. Specifically, the NACA-0015 symmetrical airfoil has been
chosen due to its good hydrodynamic performance at low Reynolds
number [6] and under different free-surface effects [44]. The thickness
has been selected based on a comparison between different symmetrical
airfoils under low flow velocity conditions [45]. Additionally, the ratio
between the turbine height to the diameter (aspect ratio) has been set to
1.0, which has been found to enhance the performance of small turbines
under confined conditions [46].

Fig. 2. Turbine model and fabrication process.

Regarding the self-starting issue, a high blade solidity has been
selected as the most practical and effective solution for the low starting
torque. A blade chord of 0.05 m has been chosen, resulting in a solidity
value of 2.0 [7]. The experimental and numerical tests have been
carried out at a Reynolds number (based on the upstream velocity
and the blade chord) value around 2.5 × 104. This value is somewhat
small compared with those in real applications. However, for large scale
prototypes, the performance of lift-based turbines is usually enhanced
due to the better characteristics of the NACA-0015 blade profile at
higher Reynolds values [47,48]. So, larger turbines will have usually
better self-start and efficiency characteristics than the studied model
at the same upstream velocity. Finally, the proposed model has two
ending plates of 0.15 m in diameter and 0.05 m in thickness to
support the turbine blades and improve the hydrodynamic performance
through reducing the blade tip vortices and the flow in the span-wise
direction [5].

The model is designed using 3D-CAD software and manufactured
with the FDM (Fused Deposition Modeling) printing technology using
Polylactic acid (PLA) material for its flexibility and high strength. The
turbine components have been mounted on a steel shaft of diameter
(𝑑𝑠 = 10 mm) using a slotted-chuck mechanism, allowing the turbine
to be positioned at different heights. Fig. 2 shows a photo of the turbine
model and its fabrication process using the additive technology.

3. Methodology

3.1. Experimental methodology

Experimental tests have been carried out in an open water channel
facility to evaluate the performance of the small vertical-axis turbine
under low flow velocity conditions, and to validate the multiphase flow
analysis. The water channel system (Fig. 3) consists of: a rectangular-
section glassed channel, with recirculation tanks, pumps and control
gate. Also, it contains a brake-torque measuring system governed by a
control and data acquisition (SCADA) set-up.

The channel is 1.5 m long and has a rectangular section of 0.3 𝑥
0.5 m with water velocity in the test section ranging between 0.14 m/s
and 0.9 m/s, and with a height regulated by a control gate at the
discharge of the channel. The flow is achieved by two 15 kW centrifugal
pumps, with a combined nominal flow rate of 600 m3/hr, with a
variable velocity frequency regulation. The brake-torque measuring
system has a high precision torque and rotational speed sensor, com-
bined with a hysteresis brake (Magtrol TS103 and Magtrol HB-140M-2
respectively, with a precision of 0.1% in the torque and 0.015% in
the rotating speed). The turbine is connected to the measuring system
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Fig. 3. The experimental test rig.

mechanically through two flexible couplings. The water height of the
channel is measured with three ultrasonic sensors (HC-SR04, precision
of 0.001 m) through the width of the channel. The water height is also
measured in the high speed (1000 fps) videos recorded to monitor the
rotation of the turbine. Due to the surface fluctuations, the uncertainty
of the water average height measurements has been estimated between
0.7% and 1.1%.

In the experiments, the mechanical torque is measured together
with the rotational speed 𝑁 , the water flow rate 𝑄, and the upstream
water height ℎ. From these values, the turbine power output and power
coefficient 𝐶𝑃 = 𝑃∕(0.5 ⋅ 𝜌 ⋅ 𝐴 ⋅ 𝑈3) are calculated in function of the
tip speed ratio 𝜆 = 𝛺 ⋅ 𝑅∕𝑈 (ratio between the tangential velocity
of the blade tip and the upstream flow velocity). Three flow rates are
used in the experiments: 𝑄1 = 0.05 m3/s, 𝑄2 = 0.06 m3/s and 𝑄3 =
0.065 m3/s. For each flow rate, different flow conditions are obtained
using the control gate, ranging from the lowest applicable velocity up
to the maximum possible velocity (critical flow condition at channel
outlet). From these values, five upstream flow velocities are selected
for each flow rate within the range from 0.33 m/s to 0.69 m/s.

3.2. Numerical methodology

3.2.1. The model
A three-dimensional multiphase analysis – considering the water

free-surface – has been performed using ANSYS FLUENT software
to simulate the turbine model. From the experimental results, three
different cases have been selected for the simulation. The first case
(𝐶1) in which the channel is fully-filled with water and the control
gate is slightly opened, with an upstream velocity value of 0.43 m/s;
the second case (𝐶2) with an intermediate opening and an upstream
velocity value of 0.57 m/s; finally, the third case (𝐶3), where the
control gate is fully opened and the upstream velocity value reaches
0.69 m/s. In addition, for the first case configuration, a single-phase
three-dimensional simulation, without considering the free-surface, has
also been carried out for comparison with the multiphase results, to
examine the effect of the free-surface on the turbine output.

The volume of fluid (VOF) method developed by Hirt and Nichols
[49] is applied in the present simulation to model the free-surface
(air/water interface). It has been selected for its capability of repro-
ducing and capturing the free-surface deformation accurately under
different flow conditions. For this method, the water volume fraction
is defined as 𝛼 = 𝑉𝑤∕𝑉 , where 𝑉𝑤 is the water volume in the cell and
𝑉 is the total volume of the mixture. The physical properties of the
air–water multiphase fluid can be calculated as:

𝜌 = 𝛼 ⋅ 𝜌𝑤 + (1 − 𝛼)𝜌𝑎 (1)

𝜇 = 𝛼 ⋅ 𝜇𝑤 + (1 − 𝛼)𝜇𝑎 (2)

where 𝜌 and 𝜇 are the mixture density and dynamic viscosity respec-
tively. A value of 𝛼 = 0.5 represents the free-surface location. The VOF
governing equations are the mass, momentum and volume conservation
equations. The VOF model assumes that the pressure and velocity fields
are the same for both phases and solves a single momentum equation
[Eq. (3)].

𝜌 𝜕𝑢
𝜕𝑡

+ 𝜌 ⋅ ∇(𝑢 ⋅ 𝑢) = −∇𝑝 + 𝜇 ⋅ ∇2𝑢 + 𝜌 ⋅ 𝑔 + 𝛤𝜎 (3)

where 𝑢 and 𝑝 are velocity and pressure field respectively, 𝑔 is the
gravitational acceleration vector and 𝛤𝜎 is the surface tension term.
In this approach, the tracking of the interface between the fluids is
accomplished by solving the volume fraction continuity equation for
each of the phases excluding the reference one [Eq. (4)].

𝜕
𝜕𝑡
(𝛼𝜌𝑤) + ∇(𝛼𝜌𝑤𝑣) =

𝑘−1∑
𝑤=1

𝛾𝑤→𝑎 (4)

where 𝑎 and 𝑤 refer to the reference phase (air) and the secondary
phases (in this case is only one, water), 𝑘 is the total number of phases,
and 𝛾𝑤→𝑎 is the mass flow rate per unit volume from each secondary
phase to the reference one.

3.2.2. Computational domain
The computational domain is divided into two main regions: the

inner domain, which includes the turbine model and corresponds to
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Fig. 4. Computational domain.

the rotating region, and an outer domain for the rest of the channel
corresponding to the stationary region. A sketch of the computational
domain including the boundary conditions is shown in Fig. 4.

The domain dimensions are based on the hydrodynamic channel
size used in the experimental tests, which covers 10 times the turbine
diameter in length and a double diameter in width. A mass-flow inlet
boundary condition has been applied to the upstream side of the
channel domain, while a zero pressure-outlet boundary condition has
been selected for the downstream exit. The interface region includes the
simulated turbine which is located at the center of the channel region.
A sliding-mesh technique has been used between these two zones,
keeping the meshes connected during the different angular positions
for each time-step. The turbine blade surfaces and the channel walls
have no-slip wall boundary conditions. The upper surface has a pressure
outlet boundary condition in the multiphase simulation cases and a
zero-shear stress boundary condition in the single-phase simulation.
Also, the control gate in the multiphase simulations has no-slip wall
boundary and its position is changed for each simulated case.

The whole domain has been discretized using a fully structured
mesh with hexahedral shaped cells. Fig. 5 illustrates the details of
the computational grid for both of the turbine rotor and the channel.
Three mesh sizes (L, XL and XXL) have been used to check the mesh
quality as listed in Table 2. A refinement factor (𝑅𝐹 ) has been applied
around the turbine blades, keeping the first layer height around the
blades constant at 1.2 × 10−5 m from the wall surface, resulting in
a maximum non-dimensional wall distance (𝑦+) of 0.7. This value
is acceptable to resolve the viscus sub-layer as recommended by the
transition turbulence models.

3.2.3. Grid quality evaluation
The Grid Conversion Index (𝐺𝐶𝐼) method developed by Roache

[50] has been applied to test the mesh refinement. It is based on the
generalized Richardson extrapolation, involving comparison of discrete
solutions in two different spacing meshes. In the current study, the 𝐺𝐶𝐼
method has been performed for the three meshes in Table 2, using the
torque coefficient as the reference value, with a recommended safety
factor of 1.25 [50], and a calculated order of convergence value of
3.0. The results of the static torque coefficients and the convergence
rates for the three simulated meshes are also presented in the table.
The 𝐺𝐶𝐼12 has been found to be 0.172%, while the 𝐺𝐶𝐼23 has a
value of 0.018% with the asymptotic convergence value of 0.935. This

Table 2
Mesh quality analysis.

Size Rotor volumes Total volumes 𝐶𝑇 Error % 𝐺𝐶𝐼 % 𝑅𝐹

Coarse, L 503,622 1,005,3727 0.247 – – 0.5
Baseline, XL 889,800 1,391,550 0.2581 0.1719% 4.2% 1
Fine, XXL 1,720,200 2,221,950 0.2593 0.0187% 0.4% 2

corresponds to 0.4% change in the torque coefficient value when the
mesh is refined from XL to XXL, indicating that further refinement of
the baseline mesh has small influence on the output results.

The Reynolds Averaged Navier–Stokes equations (RANS) is solved
using the shear stress transport (k-𝜔 SST) turbulence model developed
by Menter [51]. This model combines a robust formulations of the near-
wall taken from the k-𝜔 Wilcox model [52] with the far-wall k-𝜀 model,
through a blending function that ensures a smooth transition between
both.

To initiate the simulation, a steady flow calculation is performed to
fill the water channel using the same parameters corresponding to the
experimental test case (mass flow inlet and control gate height). After
the steady simulation process stabilizes and converges, the reference
water height obtained from this preliminary simulation is verified with
the experimental one. Subsequently, a transient simulation is carried
out, in which the time step size corresponds to the time required to
move the rotor one small fraction of a turn. Fig. 6, compares results
obtained with different degrees/time-step values. It has been found
that decreasing the degrees/time-step below 1◦/step has a negligible
influence, (only 0.38% for 0.5◦/step). Thus, that value has been applied
as a good trade-off between accuracy and computational cost.

The time step convergence criterion has been set for all parameters
at 10-6. The overall convergence criterion is based on the variation
of the averaged torque coefficient value over a complete revolution
between two successive cycles. At the beginning of the solution, starting
instabilities have been observed followed by a transient phase (Fig. 7).
To achieve a periodical solution with a variation of less than 1%
between two subsequent cycles, 28 numerical revolutions have been
calculated, even if the solution usually stabilizes earlier.

4. Results and discussion

In this section, the results from the experimental testing and mul-
tiphase numerical simulations are used to assess the performance of a
small vertical-axis hydrokinetic turbine in an open water channel. The
parameters analyzed include the upstream velocity, the Froude number
and the free-surface variations.

4.1. Experimental performance characteristics

Experimental tests have been carried out for three flow rates, with
several flow conditions (upstream velocities) for each one. The power
produced by the turbine has been plotted in Fig. 8. At the top, the
power is presented as a function of the rotational speed, while the
bottom shows the dimensionless power coefficient as a function of
the tip speed ratio. Results have been obtained corresponding to five
upstream velocities per flow rate.

For each upstream velocity, the maximum rotational speed corre-
sponds to the zero-load condition. By increasing the turbine load, the
rotational speed decreases until it reaches the maximum power point
(MPP). From that point on wards, the power output from the turbine
decreases with the decline of the rotational speed, which makes this
part of the curve unstable. It can also be observed that, by increasing
the upstream velocity values, the power output increases and the
rotational speeds are shifted to higher values. Similarly, the same trend
has been obtained for all upstream velocities, except for the flow rate
𝑄1 at a velocity of 0.61 m/s. For this flow condition, the water level
at the upstream side is nearly at the same elevation as the turbine top
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Fig. 5. Computational grid.

Fig. 6. Torque coefficient for different time-step values at 𝜆= 2.6.

Fig. 7. Numerical calculations of the torque coefficient of a single blade over 28 cycles.

plate and, due to the water surface drop in the downstream side, the
backside of the rotor is exposed to the air.

The characteristics of the vertical-axis turbine are traditionally ex-
pressed in terms of the non-dimensional parameters tip speed ratio 𝜆
and power coefficient 𝐶𝑝, to better compare the performance at differ-
ent flow rates and upstream velocities. For an ideal turbine operating
in an open field (with no blockage effect), those curves should be
identical, but for a non-ideal turbine operating in a confined channel,

the characteristic curves have significant differences (Fig. 8). For each
flow rate, the peak power coefficient increases with the upstream
velocity. This effect is related to the blockage ratio. When the channel
is fully filled with the flow, the turbine model occupies 15% of the
channel cross-section. This condition is achieved at the smallest practi-
cal velocity for all flow rates. To increase the upstream water velocity,
for a fixed flow rate, the water height has to go down, increasing the
blockage ratio up to a maximum value of 23.8%.

In fact, the Froude number (ratio between characteristic flow ve-
locity to gravitational wave velocity) plays an important role on the
power obtained because it combines the effect of upstream velocity
and blockage. It is calculated from 𝐹𝑟 = 𝑈∕(𝑔ℎ)0.5 where 𝑔 is the
gravitational acceleration and ℎ is the water height. The effect of the
upstream Froude number on the maximum power output MPP for dif-
ferent flow rates is shown in Fig. 9. The Froude number has been varied
over a subcritical range of [0.15–0.38] by changing the gate height
for different flow rates, giving the aforementioned blockage ratio range
of [15%–23.8%]. By increasing the Froude number, which implies an
increase in the upstream velocity and a decrease in the upstream water
height, the maximum power output from the turbine rotor increases.
In the figure it can be seen that, for the higher flow rates (𝑄2 and 𝑄3),
the influence of the Froude number on the power is practically linear.
However, the lower flow rate 𝑄1 shows a quite different behavior even
with a drop of the maximum value. As mentioned above, this is mainly
due to the interference of the free-surface with the turbine.

4.2. Numerical model validation

In the present study, the numerical model has been validated with
the experimental data in two steps; the first one is by comparing the
turbine characteristic curve, that is obtained experimentally, with the
multiphase and single-phase simulations for the first case (𝐶1) as shown
in Fig. 10. The second validation method compares the free-surface
from the experimental tests with those obtained from the multiphase
simulation of the three cases 𝐶1, 𝐶2 and 𝐶3 as illustrated in Fig. 11 and
in Fig. 12.

With respect to the turbine characteristic curve, the comparison case
𝐶1 corresponds to the maximum flow rate 𝑄3 and an upstream velocity
of 0.43 m/s, with the channel nearly overflowing. A reasonably good
match has been found between the experimental and the numerical
results for the whole range of tip speed ratios (Fig. 10). Single-phase
and multiphase simulations show the same tendencies as the experi-
ments, confirming that the main flow physics are correct in both of
them. However, the single-phase model values are somewhat higher
than the experimental ones. Most likely because this numerical model
does not consider the free-surface deformations found in actual reality,
specifically the change in the free-surface level around the rotor when
the power is extracted from the turbine. In fact, the difference between
the single-phase model and the experiments tends to increase with the
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Fig. 8. Power and characteristic curves for different upstream velocities.

Fig. 9. Variation of MPP with the upstream Froude number for different flow rates.

power extracted (as the tip speed ratio decreases). By considering the
free-surface variations, the VOF model obtains power coefficients much
closer to the experimental measured ones for the whole range of the tip
speed ratios.

Regarding the free-surface comparison between the experiments
and the VOF model, three cases have been selected, corresponding to
the highest flow rate 𝑄3 and the tip speed ratio of 𝜆 = 2.3, but with
different upstream velocities. Fig. 11 shows the comparison of the free-
surface levels at the middle of the channel for the three cases 𝐶1, 𝐶2
and 𝐶3. The results are quite consistent in all of them, following the
free-surface variations even when the flow becomes supercritical as in
the 𝐶3 case.

Although in a more qualitative mode, Fig. 12 shows the three-
dimensional shape adopted by the free-surfaces, comparing the results
of the VOF model with the experiments. The VOF model is able to
simulate not only the longitudinal variations, but also the interactions
with the channel wall boundaries. In 𝐶1 case, it can be observed that

Fig. 10. Characteristic curve validation for (𝐶1).

there is a slight decrease of the free-surface just after the turbine,
which recovers quickly. In the 𝐶2 case, the drop after the turbine is
deeper, corresponding to a higher energy extraction. The subsequent
recovery is also more abrupt and turbulent, although the original level
is also recovered. In both cases, the free-surface drop is quite smooth
covering the whole width of the channel, while the recovery shows
more disturbances and wave reflections from the channel walls. In
the 𝐶3 case, corresponding to the maximum inlet velocity, the energy
extraction is also the highest, which requires the flow to go from a
subcritical regimen before the turbine to a supercritical one after the
turbine.

4.3. Performance and flow field analysis

The torque produced by the turbine is the sum of each blade contri-
bution. The numerical model enables to easily visualize the variations
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Fig. 11. Free-surface validation with the experimental normalized heights (𝑍∗ = ℎ∕𝐿)
at 𝜆 = 2.3.

produced during each revolution of the rotor and even the effect
corresponding to each blade. For instance, Fig. 13 shows the polar
distributions of the instantaneous torque coefficient 𝐶𝑇 as a three lobed
rosette, corresponding to the current three-blades turbine model. The
figure compares the results for the case 𝐶1 with the single phase model
against the VOF model, for two different tip speed ratios. It also shows
the results for the cases 𝐶2 and 𝐶3 with the VOF model.

The three lobes are very clearly defined, which implicitly means that
the positive effect of each blade is limited to a relatively small angular
range. The peaks coincide in all cases indicating that the angular zone
of maximum effect does not change with the upstream flow velocity
nor the tip speed ratio, but is geometrically defined. Similar polar
trend for a Darrieus horizontal axis water turbine has been reported
by Le Hocine et al. [43]. The comparison between the single-phase and
VOF simulation shows that the variations are more pronounced in the
former, especially when increasing the tip speed ratio. For the cases of
the VOF model, the three lobes are also more defined at the higher tip
speed ratio, although not as much as in the single phase model.

In this kind of polar figure, the total torque coefficient of the turbine
is equivalent to the area enclosed by each curve. The variation in the
total torque coefficient between the two tip speed ratios is clearly seen,
for instance, the total torque coefficient for the 𝐶1 case is 0.225 for
𝜆 = 2.3 and 0.083 for 𝜆 = 2.7. The average difference between both tip
speed ratios is about 52%, as the lower tip speed ratio (𝜆 = 2.3) always
producing more power. The difference in area is also evident between
the three cases for each tip speed ratio (𝐶3 > 𝐶2 > 𝐶1). For instance,
at 𝜆 = 2.3, the torque coefficient of 𝐶2 case is 38% higher than 𝐶1 one,
while the 𝐶3 case is 49% higher. Also the lobes are less defined as the
power increases, denoting an increase in the positive angular range.

The change in the turbine output and its performance is directly
related to the flow around the turbine rotor and its blades, also with
the deviation caused by the deformation of the free-surface. To further
explore the phenomena, the velocity vectors at the middle of two
different planes for the three VOF simulated cases are shown in Fig. 14.
An horizontal plane passing through the mid-height of the turbine on
the left (Fig. 14a) and a vertical longitudinal plane passing through the
axis of the turbine on the right (Fig. 14b).

In this figure, the wake is clearly visualized. It has different exten-
sions in each case and it is slightly deviated towards the rotational
direction of the turbine (upward in Fig. 14a). There are also zones of
low velocity in front of the turbine and in the center of the rotor, where
the flow slows down. Around the turbine –laterals, top and bottom– the
velocities increase, more so the higher blockage (for 𝐶1, 𝐶2 and 𝐶3 cases
the blockage ratios are 15%, 19% and 24% respectively). Inside the

turbine and specifically in the influence zone of the blades, the velocity
has also an important circumferential component due to the drag of the
blades. The low velocity field around the turbine shaft is most likely
due to this circumferential flow. The increase in the velocity around
the turbine as a consequence of the blockage is much higher when
the turbine is in a channel than in an open field condition. Moreover,
the blockage and corresponding velocities increase as the height of the
upstream free-surface decreases from 𝐶1 to 𝐶3 case. However, a feature
that contrasts with the situation in the open field is the reduction of the
flow cross-section downstream of the rotor. In the open field condition,
the turbine blockage forces the flow around the turbine to expand until
the wake is absorbed. But, as the turbine is inside a channel condition,
the free-surface area in the wake zone decreases in elevation.

This has been explained, for instance, by the analytical model
offered by Houlsby et al. [21], which is an extension of the Linear
Momentum Actuator Disc Theory (LMDAT). In this model, the flow is
decomposed into two main streams; the first one passes through the
turbine rotor, loses a part of the energy, and expands behind the turbine
in the wake region. The second one is the bypass zone which is formed
around the turbine rotor, where no energy is extracted and a higher
velocity field is developed due to the turbine blockage. The flow is
accelerated in the bypass zone to conserve the mass flux in the wake
region causing a reduction in the static head and consequently reducing
the free-surface level. Usually, the free-surface elevation is partially
recovered when the bypass zone is mixed with the wake and the
velocity is equalized. However, in certain cases (if the Froude number is
sufficiently high) the flow become supercritical as in 𝐶3. Paradoxically,
the wake extension is reduced as the blockage increases. The drop of
the free surface is responsible for this faster wake recovery, because it
can be regarded as a contraction of the flow in a nozzle. The difference
in levels or more correctly in total head between the upstream and
downstream zones is the energy extracted from the flow, although the
energy obtained by the turbine is somewhat lower because of the losses
produced in the wake. This energy extraction is directly linked to the
magnitude of the velocity in the turbine, specifically around the blades.
Therefore, the greater the blockage –and the deeper the free surface
drop– the more power is obtained.

The wake recovery process can be analyzed in more detail as shown
in Fig. 15, which presents the velocity vectors with the normalized
vorticity contours (normalized with the upstream velocity and blade
chord ratio 𝜁∗ = ∇𝑢∕[𝑢⋅𝑐]) in two sectional plane views: one in the mix-
ing zone, about one diameter behind the turbine rotor (Fig. 15a), and
another one in the far-wake region, about two diameters downstream
(Fig. 15b). For the three cases, in the mixing zone a low velocity wake
region can be appreciated and how the flow in the bypasses around
the rotor shifts to fill this area, developing two distinctive main vortices
located in the wake of the turbine plates. With the wake evolution from
the mixing zone to the far-wake region, these vortices coalesce in one
main vortex, leaving a wake which is swirling in a clockwise direction.
With the colors of the vorticity contours, it can be noticed that in the
mixing zone the vortices have a high intensity and a reduced extension,
while in the far-wake the main vortex has a much larger distribution
but it is somewhat mitigated.

To further explore the effect of the free-surface on the blade hydro-
dynamics, the relative streamlines around the turbine blade at various
azimuth angular positions from 𝜃 = 60◦ to 𝜃 = 300◦ are illustrated
in Fig. 16. The angles of 60◦ and 120◦ correspond to the zone where
positive torque is obtained, while those of 240◦ and 300◦ are in the
resistance zone. The incidence angle of the relative streamline velocity
at the leading edge increases from 𝐶1 to 𝐶3, especially in the positive
production zone, where the lift force direction increases the torque
values and the hydrodynamic efficiency. In the 𝐶1 case, the incidence
angles are the lowest –very close to zero but still enough to obtain
a positive torque at 60 degrees– and there is no separation at any
point. This is favorable in the positive production zone but not in the
rest where a noticeable resistant torque is attained. In the cases of
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Fig. 12. Free-surface shape around the turbine rotor (isosurface water fraction of 0.5) at 𝜆 = 2.3.

Fig. 13. The polar distributions of the instantaneous torque coefficient (single phase and VOF model cases).

𝐶2 and 𝐶3, the free-surface is nearer to the turbine and the relative
flow angles have a larger variation range which even leads to the flow
separation. Specifically, for the 𝐶3 case, it can be seen how the sep-
aration is quite strong with clear separation bubbles. The detachment
of the flow at the angle range between 240◦ and 300◦, reduces the
forces that generate the rotation resistance, so that the torque does
not even become negative in spite of the increased drag. This type of
hydrodynamic stall is very specific for these cross-flow turbines but
does not exist in axial ones. In the latter it has been found that the
primary mechanism of the performance change is linked to the free
surface deformation [34]. However, for the model in the current study,
the 𝐶3 case has extreme free-surface deformation, but the separation

is already detected in the 𝐶2 case where the shape change of the free
surface is not so pronounced. Although further study is needed, it seems
that the increase of the incidence angle that generates the positive
torque is quite gradual, but the separation of the flow in the resistance
zone produces a sudden increase of the power obtained. This indicates
that the change in performance is more related to the depth of the free
surface than the change in shape.

Fig. 17 shows the pressure coefficient distribution on a single blade
for different angular positions and corresponding to the three cases
analyzed. A detail of the position and the pressure distribution contours
for the 𝐶2 case has been superimposed as a reference at the lower right
corner. In these figures, the area between the pressure and suction sides
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Fig. 14. Velocity vectors with Iso-surface shape (𝛼 = 0.5) at two different planes: (a) 𝑍∕𝐻 = 0.5 and (b) 𝑌 ∕𝐷 = 0, at 𝜆 = 2.3.

is proportional to the lift. Normally, this area is desired to be as large
as possible, but in cross-flow turbines, the scenario is complicated: the
direction of the relative velocity changes substantially around the rotor,
so that the velocity component contributing to the driving torque can
become even negative for certain angles and flow rates.

In fact, of the angles shown in the figure, only the 60◦ and 120◦

ones are in the positive torque zone for this turbine, while the rest are
in –what can be called– the resistance zone. For the former ones, the
behavior is typical of an airfoil, with over-pressure on one side and
under-pressure on the other. The area (lift) grows with the upstream
velocity, from the 𝐶1 to the 𝐶3 case. For the 60◦, the distribution is
very smooth in all three cases as it corresponds to a smooth flow along
the profile. For the 120◦, in the 𝐶2 and the 𝐶3 cases, a separation bubble
is observed near the leading edge although the flow reattaches and
there is no stall. This partial separation is due to the increase of the
blockage and the lowering of the free-surface from the 𝐶1 to the 𝐶3 case.
These effects not only raise the velocity magnitude but also increase
the angle of attack, which becomes very close to the limit for the 120◦

angle.
For the 180◦, the pressure coefficient on both sides of the profile

practically coincides, thanks to the similarity in the direction between
the tangential velocity of the blade and the flow velocity at this
position. For the rest of the angles (0◦, 240◦ and 300◦), located in the
resistance zone, the pressure coefficient behavior is very different from
a typical aerodynamic profile. On the face that would correspond to the
pressure side, the coefficient begins with an over-pressure peak –which
is expected– but then the pressure drops even below the value on the
suction side. The same happens, inverted, on the other face: it starts
with an under-pressure peak but then rises to even positive values.
This line crossover causes a positive lift near the leading edge and a

negative one in the middle and the rear part of the blade. This abnormal
behavior is due to the high blade solidity which causes a significant
low pressure at the inner zone of the turbine. This effect, along with
the blockage discussed above, results in a large change in the direction
of the relative velocity. So large that there are areas where the torque
force is effectively opposite to the motion, reducing power generation.
The 𝐶2 and 𝐶3 cases are further complicated by the separation that
causes a second crossing of the pressure coefficient lines. Normally this
separation is undesirable because it decreases lift and torque but, in this
case, since the torque is negative, the separation is favorable because
it minimizes this negative effect.

The normalized vorticity fields around the turbine rotor are shown
in (Fig. 18), at a longitudinal vertical plane on the left side (a), and at
an horizontal plane passing through the mid-height of the turbine on
the right side (b). In both cases, the value represented is the vorticity
component perpendicular to each plane, normalized with the upstream
velocity and blade chord ratio.

In the vertical plane, the vortices generated by the lower and upper
turbine plates can be observed, straddling the wake behind the turbine.
The intensity of these vortices and their downstream extension increase
with the free-surface lowering (from 𝐶1 to 𝐶2), consistent with the in-
crease in the longitudinal velocity generated by the blockage. However,
in the 𝐶3 case, the free-surface drop and the flow convergence behind
the turbine produce a much faster mixing of the vortices with the
central part of the wake. In the horizontal plane (Fig. 18b), the velocity
component corresponds to the blades circulation and has higher values
than the transverse directions. It can be clearly visualized the opposing
vortices generated on the suction and the pressure sides of the profiles.
In the absence of separation, these vortices extend far behind the
blade in a smooth and continuous manner, until they interact with
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Fig. 15. Velocity vectors with normalized vorticity contours (𝜁∗ = ∇𝑢∕[𝑢 ⋅ 𝑐]) at two
downstream planes: (a) 𝑋∕𝐷 = 1 and (b) 𝑋∕𝐷 = 2, at 𝜆 = 2.3.

Fig. 16. Instantaneous streamlines around the blade profile at various azimuth angular
positions.

the following blades. These vortices separate on each side of the wake,
forming a kind of von-Karman street. In the 𝐶1 case, these vortex zones

are smooth lines that take time to disappear. As the upstream velocity
increases (𝐶2), discrete separations of the vortices begin to develop
while still maintaining a certain order. For the extreme case (𝐶3),
these separations are much more chaotic, with interaction between the
vortices rotating in opposite directions.

The two ending plates cause the flow to be more bi-dimensional
between them reducing the vertical drift. In fact, the flow field is quite
similar in any section inside the turbine except near the plates. Fig. 19
shows the normalized vorticity fields –corresponding to the 𝐶1 case–
around the turbine blades at two different horizontal planes; the upper
one at mid-height of the turbine (a), and the lower one near the turbine
plate (b). At mid-height, there is no flow separation as the blades rotate,
the vortices distribution is very smooth and gradual. The clockwise
vortices (negative vorticity values, blue color) separates quite contin-
uously on the left side of the turbine wake (at the top of the figure).
However, the counter-clockwise vortices (positive vorticity values, red
color) have a discrete pattern with larger vortices separating each time
a blade crosses the wake. Close to the plate, the interaction between
the vortices of the blades with the plate boundary layer increases the
instability. In fact, this interaction generates asymmetric horseshoe-
shaped vortices that, on separation, form the main structures of the
wake. This can be visualized more clearly in Fig. 20, in which the value
of the helicity (the vorticity along the velocity vector) is used to create
a three-dimensional image of the horseshoe vortex cloud that forms
in the wake of the turbine plates. Although, the vortices generated
from the two ending plates seem to increase the complexity and the
losses in the wake zone, the plates are very useful from the mechanical
point of view to support the turbine blades, and actually improve the
hydrodynamic performance. Apart from reducing the blade-tip effects,
the plates prevent air from entering the turbine when the surface drops
significantly.

5. Conclusions

The performance and the flow field characteristics of a small vertical
-axis hydrokinetic turbine inside an open channel have been investi-
gated, through a series of experiments and a free-surface flow analysis,
under various operation conditions.

Experimental tests have been carried out for three flow rates with
different upstream velocities. It has been found that the peak power
coefficients increase with the upstream velocity, and the corresponding
tip speed ratios shift to higher values. This effect is directly linked to
the blockage ratio and the Froude number. For the higher flow rates
(without interference of the free-surface with the turbine), the influence
of the Froude number on the power is practically linear.

An intensive three-dimensional multiphase simulation has been car-
ried out to understand the complex free-surface flow around the turbine
and its relevance on the overall performance. A reasonably good match
has been found between the experimental and the numerical results.
The single-phase model values are somewhat higher, as it does not con-
sider the free-surface deformations around the rotor. The VOF model
is able to simulate not only the free-surface longitudinal variations,
but also the interactions with the channel wall boundaries. The power
coefficients obtained are much closer to the experimental ones for the
whole range of tip speed ratios. Polar plot diagrams have been used
to represent and compare the contribution of each blade on the output
torque.

The velocity field around and inside the turbine rotor has been
analyzed and correlated with the free-surface variations from upstream
to downstream of the turbine. The energy extraction is found to be
directly linked to the magnitude of the velocity in the turbine, specifi-
cally around the blades, and increasing with the free-surface drop. The
surface change is also responsible for the wake recovery behavior.

The relative velocity and the pressure coefficient distribution
around the blades have been analyzed with different azimuth angles
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Fig. 17. Pressure coefficient for all cases and pressure contour samples of 𝐶2 on a single blade at 𝜆 = 2.3.

Fig. 18. Normalized vorticity fields (𝐽 −𝐾) at the middle sections for all cases.

and have provided a better insight into the positive torque produc-
tion zones and their relation with the flow separation. An abnormal
behavior of the pressure coefficient -a crossover from the pressure to

the suction side- have been detected for some cases at specific angular
positions. This has been caused by the low pressure zone inside the
rotor, due to the high solidity of the blades. The vorticity generated
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Fig. 19. Normalized vorticity-𝐾 contours for four angular positions at two different plans at 𝜆 = 2.3.

Fig. 20. Absolute helicity showing the horseshoe cloud.

by the blades and the ending plates has been clearly analyzed. The
interaction between both of them develops horseshoe vortices that
separate from the rotor forming a vortex street.
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Chapter 4

Open-field Testing Experiments

4.1 Overview

Testing hydrokinetic turbines under open-field conditions (no blockage effects) can be

expensive due to the requirement for wider channels. A more cost-effective alternative is

to use an open-jet wind tunnel to obtain the same behaviour in the open-field conditions.

This approach is governed by ensuring a constant Reynolds number value in both wind

tunnel and water flume experiments. Thus, this chapter provides a series of wind tunnel

experiments for the turbine model, in an open-field conditions, at the same Reynolds value

of the previous water flume experiments. To check the validity of the proposed approach,

a theoretical method for correcting the blockage effects is applied to the water channel

tests and compared with the wind tunnel experiments. These theoretical correlations are

based on the traditional actuator disk theory and adapted for the open channel flow cases.

Also, both of the theoretical expectations and the wind tunnel outputs are validated with

previous experimental work from the literature.

4.2 The Wind Tunnel Configuration

Experimental tests have been carried out in an open-circuit subsonic wind tunnel. As

presented in Fig. 4.1, the wind is discharged through a 30 kW axial fan which is controlled

by a variable frequency driver, reaching a maximum wind speed of 36 m/s. In order to

decrease the turbulence intensity and prevent vortices from growing and moving toward

the measuring test section, the wind crosses a honeycomb net to the settling chamber after

the diffuser section, and finally is discharged to the test section. The discharge section is

a nozzle shaped with a 1:12 area ratio and 0.75 × 0.75 m2 test section.
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4.2 The Wind Tunnel Configuration

Figure 4.1: A detailed schematic of the open-jet wind tunnel.
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As illustrated in Fig. 4.2, the rotor is supported using a portable aluminium structure,

allowing the turbine to be centered in front of the test section at a distance equal to 6 times

of the turbine diameter. Also, the rotational axis is supported, above and below, by two

radial bearings. The brake-torque measuring system is placed at the top of the aluminium

structure and connected to the turbine mechanically through two flexible couplings.

Figure 4.2: The turbine model position in the tunnel.

In the experimental runs, the turbine rotates freely without any loading until reaching

the steady state condition where the rotational speed is nearly constant. Thereafter, the

turbine is gradually loaded by changing the input current to the brake. Subsequently,

the rotational speed decreases and the torque produced rises till reaching the maximum

power point. From that point onwards, the power output from the turbine decreases with

the decline of the rotational speed until the turbine reaches an unstable condition and

stops. As shown in Fig. 4.3, the wind tunnel is equipped with a Pitot tube, differential

and digital manometers to characterize the wind flow at different sections. Also, the

SCADA system along with different voltage sources are equipped to provide the required

power for the measuring instruments. For each test, the rotational speed (N), the wind

velocity (U∞) and the mechanical torque (T ) are measured. These registered parameters

are post-processed to calculate the power output (P) and the dimensionless parameters:

the power coefficient (Cp = P/(0.5 · ρ · A · U3)) and the tip speed ratio (λ = ω ·R/U).
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4.2 The Wind Tunnel Configuration

Figure 4.3: A photo of the test rig with different instrumentation.

In the preliminary tests of the turbine model, the model was completely destroyed (as

shown in Fig. 4.4). It could not withstand the centrifugal forces resulting from the high

rotational velocity during the wind tunnel tests. A new strategy has been implemented

in fabricating the model, particularly the turbine blades, by altering the printing position

(layer orientations) of the blades from vertical to horizontal. This modification signifi-

cantly enhances the blade resistance to bending stresses. Also, the two ending plates have

been strengthened at the contact area with the blades by increasing the infill density in

the fabrication process.

Figure 4.4: The model failure test inside the wind tunnel.
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(a) Transversal layers (b) Longitudinal layers

Figure 4.5: Snapshots of the blade profile slicing (layers orientation).

4.3 Blockage Phenomenon and Correction Formulas

Blockage is a fundamental aspect that affects the operation of hydrokinetic turbines

in narrow channels. This phenomenon has a direct impact on the energy production from

the rotor, affecting the turbine efficiency. The flow in a confined channel experiences

changes in three main parameters: the velocity of the fluid around the rotor, pressure

changes in the wake, and longitudinal pressure gradients associated with the boundary

layer of the channel. As a result of these changes, an increase in power and thrust occurs

compared to the flow in open-field conditions.

The impact of blockage on hydrokinetic turbines is often evaluated using the blockage

ratio factor (B). Several empirical coefficients have been proposed -based on laboratory

experiments or mathematical expressions- to correct for the blockage phenomenon, with

the main idea of establish a relationship between the velocity in the confined condition

(uc) and the velocity in the open-field (uf ). These corrections enable the calculation of

accurate power parameters. In the current study, two correction methods, proposed by

Gauvin (equation (4.1) and (4.2)) and Werle (equation (4.3)), have been applied to the

water channel experiments. The confined and open-field velocity ratio is a function of
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the blockage ratio and empirical correction factor, which is calculated using the following

equations:

(
uf

uc

)2

= 1−m ·B (4.1)

(
uc

uf

)
= 1−B (4.2)

Where, m is an empirical correction factor calculated as:

m = 8.14 ·B2 − 7.309 ·B + 3.23 (4.3)

After determining the velocity ratio, the tip speed ratio and the power coefficient can

be corrected as follow:

λf = λc ·
(
uc

uf

)
(4.4)

Cpf = Cpc ·
(
uc

uf

)
(4.5)

Where, λf and Cpf are the corrected values of the tip speed ratio and the power

coefficient, which represent the open-field conditions.

4.4 Objectives

The main objective is to investigate a cost-effective novel method to test hydrokinetic

turbine models under open-field conditions (no blockage effects). This is achieved by a

series of experiments on the turbine model inside an open-jet wind tunnel. This approach

is governed by ensuring a constant Reynolds number value in both wind tunnel and

water flume experiments. To check the validity of the proposed approach, two blockage

correction equations are applied to the water channel tests to estimate the theoretical

behaviour in the open-field tests. Both of the theoretical and the wind tunnel outputs are

validated with previous experimental work from the literature.
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Abstract: Smart cities have a significant impact on the future of renewable energies as terms such
as sustainability and energy saving steadily become more common. In this regard, both wind and
hydrokinetic compact-size turbines can play important roles in urban communities by providing
energy to nearby consumption points in an environmentally suitable manner. To evaluate the
operation of a Darrieus turbine rotor as a wind or hydro microgenerator, a series of wind tunnel and
water current flume tests were performed. Power and characteristic curves were obtained for all test
conditions. In the wind tests, all curves seemed to be identical, which means that the turbine rotor
works properly under open-field conditions. Two blockage correction equations were applied to the
water channel tests that were performed under blockage values ranging from 0.2 to 0.35 to estimate
the operational behavior in open water. Finally, it has been demonstrated that, with the condition of
maintaining the Reynolds number between experiments in the wind tunnel and water flume, the
turbine wind characteristics represents the its operation in open-water conditions.

Keywords: sustainability; urban energy systems; wind turbine; hydrokinetic turbine; blockage

1. Introduction

Significant progress has been made in generating electricity from sustainable renew-
able resources, such as the improvement in solar panels performance [1] or the installation
of offshore wind arrays [2]. In 2020, the outbreak of the COVID-19 pandemic tested the
strength of the world’s electricity system. During the first semester and coinciding with
the hardest months of the disease and with confinements, the demand for world energy
suffered a notable setback with a decrease of 5%, mainly due to the interruption of indus-
trial activity [3]. However, the demand of renewable energy increased by 1%, showing
great resilience despite the reduction in overall demand. Thus, the renewable energy sector
has shown an extraordinary ability to adapt to this new situation, contributing more than
18% of that which was envisaged in 2019. A variety of factors, such as their independence
from the transport of resources (they are located where the resource is available) or their
installation at isolated locations, are the main reasons of this extraordinary resilience [4].

In this way, recent studies have estimated that green energy will increase by 10% in
2021, 3% more than expected, because of the resumption of projects that had previously
been blocked due to the effects of the pandemic. As a consequence, more than a hundred
million dollars, mainly in Europe, United States, China, and India, will be invested to build
these facilities so that the ultimate target of zero emissions can be reached by 2030 [5].

A portion of this investment is allocated to research and development of hydroki-
netic turbines at ocean currents. These systems harness the great potential that exists
in those locations, which in the case of marine currents, is estimated at 800 TWh/year
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worldwide [3]. This hydrokinetic power is also predictable over time, and its energetic use
can be compatible with other needs such as water supply [6].

With regard to smart cities, there have been inroads in the development of microgen-
eration using turbines [7]. In this work, the proposed rotor is designed to be used in water
and wind, giving competitive advantages by reducing its cost and facilitating its manufac-
ture, since it does not require specific changes (in the design) to adapt to the working fluid.
This is possible due to the use of lift-based rotors, the installation of permanent magnet
generators, and the development of much more efficient electronic control systems [8]. The
system is simple, so that the visual impact and cost are minimized, making it very attractive
to be installed in urban environments [9]. Figure 1 shows the dual proposal composed by
water and wind turbines using the same rotor design to harness both resources. In this
case, the energy is used to supply electricity and other services to a city.
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Figure 1. Integration of hydrokinetic and wind turbines for urban systems.

Hydrokinetic turbines use the kinetic term of the current, not requiring the creation of
potential elevations, so not only the installation requires less initial investment but also
the environmental impact is minimized [10]. Thus, the power obtained by these turbines
will mainly depend on the water velocity, together with the area swept by their blades, the
fluid density, and the conversion efficiency of the equipment.

Hydrokinetic turbines can be classified into two large groups depending on the
direction of the flow and the axis of rotation: axial turbines (flow and axis are parallel) and
crossflow turbines (flow and axis are perpendicular). Nowadays, crossflow turbines are
those that generate more interest [11]. This is mainly because these rotors, although not as
efficient as axial ones, have a much simpler mechanical coupling system that reduces the
construction costs and facilitates installation and maintenance activities [12]. One of the
most frequently used crossflow rotor designs is Darrieus type with different configurations:
Squirrel Cage (SC), H, and curved [13] (Figure 2). These designs are based on aerodynamical
profiles used in the wind industry [14].
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Crossflow rotors can be divided in accordance with the axis position in horizontal and
vertical axis turbines. Although horizontal turbines have been used mainly for shallow-
water conditions [16], vertical rotors allow for greater use of the cross-sectional area of the
water current when they are arranged in farms or arrays, allowing for the production of
energy under low-velocity conditions [17]. Additionally, because their dimensions rarely
exceed 2 m in height and diameter, they have a reduced effect on the environment or
river-maritime traffic [18].

The use of vertical axis water turbines under low-velocity and shallow-water condi-
tions is possible due to the appearance of the blockage phenomenon [19]. Under these
circumstances, three simultaneous phenomena appear: an increase in the fluid velocity
around the rotor, high pressure changes across the rotor, and the appearance of longitudinal
pressure gradients associated with boundary layer conditions [20].

Until now, blockage has been studied from two different points of view: the energetic
use of the blockage effect and the development of mathematical corrections to extrapolate
results (with blockage existence) to open-field conditions. In the first case, the design of
the devices is studied, such as the accelerator or the deflectors used to induce blockage
conditions into the water stream current [10]. In the second instance, different numerical
methodologies are developed to eliminate the effects of blockage that inherently appear in
experimental tests and to extrapolate that behavior to open-field conditions [21].

More specifically, most accelerators studies have tested different designs, observing
the increases in the extracted power for the same hydrodynamic conditions. Some examples
are the results presented by [22,23]. In the case of blocking corrections, the development of
numerical expressions to correct these effects are mainly based on the application of the
simple actuator disc theory and the use of empirical coefficients. The results presented
by [20,24,25] show the value of the corrected open-field velocity from a theoretical study of
energy, while [21,26] provide empirical correction coefficients based on laboratory tests.

The study of blockage in crossflow turbines under confined and open-field conditions
have been approached. These studies have been carried out using wind and water tunnels,
sometimes even simultaneously. On the one hand, some confined flow studies such as the
one carried out by Hossein et al. [27], analyzed the effects of blockage and the position of
the water free surface on the energy extracted by the rotor. It concludes that there is a clear
relationship between both aspects since there is a change in the hydrodynamic operation
of the acting forces. This study was approached using a high-speed camera and a torque
meter. Additionally, of interest is the work presented by Bachant et al. [28] in which a
comparison was made between Gorlov and Savonius rotors under blockage conditions. In
this case, the study concludes that Gorlov turbines are more recommended when blockage
coefficient is low (<20%).

On the other hand, open-field studies, such as those carried out by Banerjee et al. [29]
and Consul et al. [30], have analyzed how certain parameters such as solidity or wake
appearance affect the power extraction. Finally, some studies have been made using both
wind and water tunnels. For example, the studies presented by [31,32] carried out tests
with wind turbines, obtaining power measurements and analyzing the flow characteristics
around the blades in a wind tunnel using PIV (Particle Image Velocimetry) techniques. It
was then possible to quantify the detachment effect so the blade design could be adjusted.
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Other studies such as the one carried by [33,34] tested axial turbines in wind and
water tunnels to study in which fluid the chosen designs were more suitable. Furthermore,
in the work presented by [35], a Darrieus tidal turbine was studied in similar infrastructure.
Wind experiments were used to study the starting and dynamic torque, and the suitability
of different blade geometries. After that, the water tunnel was used to verify the dynamic
torque values and to obtain the maximum tip speed ratio of the turbine under low flow
conditions. Finally, in the studies carried out by [36,37], an accurate study of blockage
effects was carried out considering those produce by the wake phenomenon. Thus, it was
possible to quantify the effect that the presence of the rotor produces on other turbines
specially when they are arranged in arrays. However, none of these publications address
the study of blockage conditions by testing the turbine under different fluids and by
focusing only on differences in power parameters.

This article presents an analysis of the power stage of a vertical axis turbine (squirrel
cage-Darrieus type) with straight blades manufactured with the help of additive manufac-
turing technology (3D printing). Wind tests are used to obtain the behavior of the turbine
at open-field conditions, while water experiments represent blockage conditions. Finally,
both situations are analyzed separately so the results are contrasted.

The article is structured as five main sections: introduction, theoretical bases of the
experiments (in both wind and water), materials and methods (including descriptions of
the rotor, wind tunnel, water flume, and testing procedure), results and discussion, and
finally the conclusions.

2. Theoretical Bases

There is a marked difference between the theoretical bases that describe the experi-
mental tests at the wind tunnel and the water flume since the turbine is subjected to the
influence of two different fluids (air and water). However, the operation of the turbine
is analogous in both cases, meaning that the results are comparable when the Reynolds
numbers are equal in wind and water scenarios, which implies that the wind speed should
be ten times greater than the water velocity.

2.1. Wind Bases

The experimentation of the turbine in the wind tunnel is based on the application of the
actuator disk theory. In these circumstances, the flow is incompressible, and homogeneous,
stationary and the rotor has an infinite number of blades, inducing a uniform thrust in all of
them. The upstream velocity is progressively reduced as it approaches the disc, reaching its
minimum value once the fluid has passed through it due to wake effects [38]. Additionally,
far away from the disk (upstream and downstream), the static pressure of the air is equal
to the atmospheric pressure (Patm) (Figure 3).
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Thus, as the wind approaches the rotor, there is a decrease in its speed since energy is
driven out by the turbine. By applying the linear momentum conservation equation, the
power produced by the turbine depends on the wind density, the area swept by blades, the
cubic value of wind velocity, and the power coefficient of the rotor. At maximum power
conditions (MPPwind), the power coefficient is limited to 0.59, which corresponds to the
Betz limit [40].

2.2. Water Bases

The turbine testing conditions inside the water flume follows the one-dimensional
actuator disc model that was put forward by Houlsby et al. [41]. The rotor acts as a
hydrokinetic turbine in conditions of uniform and subcritical flow. More specifically, the
following are considered:

• The disc is submerged in water and under blockage conditions.
• Two different zones with uniform flow are distinguished upstream and downstream

of the disc.
• A mixing zone also appears due to turbulence phenomena, being located just after

the disc.

These conditions are produced in the hydrodynamic water flume using a water gate
that is situated downstream from the rotor. Furthermore, since the channel is made of glass
(low roughness) and the slope is practically horizontal, a constant velocity profile can be
assumed (Figure 4).
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Figure 4. Actuator disk scheme at a water channel [42].

It should be noted that the calculation of power in water turbines is executed by
applying the same expression as wind turbines but that, due to the appearance of blockage
conditions, the power coefficient is not limited by the Betz law [43].

2.3. Testing Parameters

In both installations, the characterization of the power stage is performed by applying
two dimensionless coefficients: tip speed ratio and power coefficient. Other parameters
including the hydraulic and mechanical power are also calculated. The following equations
are used:

λ =
ω·R
U

(1)

Cp =
Pm

Pt
(2)

Pt =
1
2
·ρ·At·U3 (3)
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Pm = T·ω (4)

where λ is the relation between the velocity at the tip of the blade and the fluid speed
(dimensionless), ω is the rotational speed of the turbine (rad/s), R is the radius of the rotor
(m), U is the fluid velocity (m/s), Cp is the power coefficient (dimensionless), Pm is the
mechanical power (W), ρ is the fluid density (kg/m3), At is the area swept by blades (m2),
Pt is the hydraulic power (W), and T is the torque measured by the torque meter (N). The
blockage coefficient is defined as the ratio between the turbine area and the channel section:

BR =
At

Ac
=

2·R·h
b·y (5)

where BR is the blockage ratio (dimensionless), Ac is the channel section (m2), h is the
height of the rotor (m), b is the width of the channel (m) and y is the height of the water
free surface (m).

Clearly, the wind and water tests differ, not only because two different fluids have
been used. In this case, the tests conducted at the water flume are influenced by the
blockage so it is necessary to extrapolate the confined results to the open-field conditions.
With that in mind, mathematical expressions must be applied to obtain the velocity in
open-field conditions. Although, there are many different formulations, in this case, the
corrections proposed by Gauvin et al. [21] (Equations (6) and (7)) and Werle [25] (Equation
(8)) have been applied because they are suitable for low blockage coefficients [44].

(
UF
UC

)2
= 1 − m·BR (6)

m = 8.14·BR2 − 7.309·BR + 3.23 (7)

UC
UF

= 1 − BR (8)

TSRF = TSR·
(

UC
UF

)
(9)

CpF = Cp
(

UC
UF

)3
(10)

where UF is the water velocity at open-field conditions (m/s), m is an empirical factor
(dimensionless), TSRF is the tip speed ratio at open-field conditions (dimensionless), and
CpF is the power coefficient at open-field conditions (dimensionless). TSR, Cp, and U are
the experimental measured values in the water flume (confined conditions).

3. Materials and Methods
3.1. Rotor Description

The designed rotor has a height and radius of h = 0.15 m and R = 0.075 m, respectively,
with three blades spaced at 120 degrees. A NACA-0015 standard profile with a chord
of c = 0.05 m was used, so its solidity was that of 2. This blade profile was selected
for its good behavior under low flow velocity conditions, far superior to asymmetric
profiles [45]. Moreover, a decided was taken to use a three-bladed rotor because there are
more advantageous in terms of cost and efficiency [46]. Figure 5 shows the characteristics
and fabrication process of the turbine.

The turbine and its coupling system were built using 3D additive manufacturing
technology, with the Polylactic Acid (PLA) being the selected material. The behavior of
PLA under conditions of dynamic stress has been exemplary. Its endurance when working
with water is unquestionable, whilst it is readily pliable so that pieces can be adjusted to
complex profiles such as NACA-0015 [47]. For both experiments, the shaft diameter was
set at 10 mm.

Chapter 4. Open-field Testing Experiments: Wind Tunnel Case

79



Sustainability 2021, 13, 5256 7 of 15

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 16 
 

advantageous in terms of cost and efficiency [46]. Figure 5 shows the characteristics and 
fabrication process of the turbine. 

 
(a) (b) 

Figure 5. (a) Geometric characteristics of the turbine. (b) Blade fabrication process using a 3D 
printer. 

The turbine and its coupling system were built using 3D additive manufacturing 
technology, with the Polylactic Acid (PLA) being the selected material. The behavior of 
PLA under conditions of dynamic stress has been exemplary. Its endurance when work-
ing with water is unquestionable, whilst it is readily pliable so that pieces can be adjusted 
to complex profiles such as NACA-0015 [47]. For both experiments, the shaft diameter 
was set at 10 mm. 

3.2. Wind Tunnel Description 
The wind tunnel has a total length of 13.75 m and a discharge section of 0.68 × 0.68 

m2, working as an open-air admission circuit and under subsonic conditions. In addition, 
the discharge section where the turbine was tested is fully open and does not imply block-
age. The air movement was produced by an axial fan with a diameter of 1.2 m and a power 
of 30 kW, controlled by an electronic power inverter that allows maximum wind speeds 
of up to 35.5 m/s. 

The characteristics of the wind tunnel are shown in Figure 6, where (1) is the honey-
comb panels controlling admission, (2) is the axial fan, (3) is the diffuser section, (4) is the 
stilling chamber, and (5) is the testing section. 

 
Figure 6. Wind tunnel configuration (sectional-view). 

Figure 5. (a) Geometric characteristics of the turbine. (b) Blade fabrication process using a 3D printer.

3.2. Wind Tunnel Description

The wind tunnel has a total length of 13.75 m and a discharge section of 0.68 × 0.68 m2,
working as an open-air admission circuit and under subsonic conditions. In addition, the
discharge section where the turbine was tested is fully open and does not imply blockage.
The air movement was produced by an axial fan with a diameter of 1.2 m and a power of
30 kW, controlled by an electronic power inverter that allows maximum wind speeds of up
to 35.5 m/s.

The characteristics of the wind tunnel are shown in Figure 6, where (1) is the honey-
comb panels controlling admission, (2) is the axial fan, (3) is the diffuser section, (4) is the
stilling chamber, and (5) is the testing section.
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To reduce turbulent phenomena, the wind tunnel has a stilling chamber and length-
wise honeycomb panels throughout the facility. Additionally, the installation has different
sensors that allow for the parametrization of test conditions. More specifically, Pitot
tubes, and differential and digital manometers are available, so wind speed and pressure
are known.

The rotor was tested in the tunnel using a portable aluminum structure where the
rotor and measurement instruments were included. The rotational axis was joined above
and below by two high-performance radial bearings, and the rotor was placed between
them. Both the torque meter and electric brake were placed in the upper part. Figure 7
shows the rotor placed at the wind tunnel, where (1) is the power supply devices, (2) is the
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tested turbine, (3) is the data acquisition system, (4) is the aluminum structure, and (5) is
the digital manometer.
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3.3. Water Flume Description

The water current flume has a rectangular section with a length of 1.5 m, a height
of 0.55 m, and a width of 0.3 m, with the floor and walls being made of laminated glass,
thus allowing the tests to be recorded. The flow movement was generated by a hydraulic
pumping system with a total power of 30 kW that can move a maximum flow rate of
600 m3/h. Both pumps were controlled by two electronic inverters. The whole system
works as a close circuit, suctioning the water from a recirculation tank of 5 m3 and driving
it upwards to the hydraulic testing channel. At the end of the channel, a metallic gate
controlled by a gear system was installed to induce low-velocity hydrokinetic conditions.

The description of the water flume is shown in Figure 8, where (1) is the hydraulic
pumps, (2) is the electronic system, (3) is the reassuring tank, (4) is the channel test section
including torque sensor and rotor, (5) is the water gate, and (6) is the suction tank.
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Figure 8. Water flume including the turbine rotor.

To test the turbine, a water-resistant methacrylate box was designed and built. This
structure has in its submerged part a waterproof radial bearing that allows for the rotation
of the axis in optimal conditions. In the upper part and out of the water current, a lid is
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available as the location of the torque meter and the electric brake. It should be noted that
this structure can be easily installed and removed thanks to the anchoring system based on
slide clamps.

3.4. Testing Procedure

To study the power stage of the described turbine, a high-precision torque meter was
used together with an electromagnetic brake. This procedure was used both in the wind
tunnel and in the water current flume. The torque transducer used was an integrated
high-precision torque and rotational speed sensor (Magtrol TS-103, 0.5 Nm of rated torque,
accuracy <0.1% and 15,000 rpm max. speed, accuracy <0.015%) calibrated in accordance
with the standards of the Swiss Federal Institute of Metrology (METAS).

This device allows for measurements of torque, rotational speeds, and relative position
of the blades with data-taking frequencies up to 80 data per second, thereby collecting a
good range of sampling. All collected data were sent to a database for further processing.
The variation in the braking force was directly controlled by a power supply device.
The characterization procedure (Figure 9) started with an initial measurement where no
braking force was applied, so the rotor had its maximum rotational speed but did not
generate power.
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Figure 9. Experimental test procedure.

This step is called “no-load condition”. Subsequently, the resistive torque of the
electric brake was sequentially changed, in different “i” steps, through voltage variations at
the power supply device, obtaining different extracted powers (Pi) and tip speed ratios (λi).

The turbine was tested at different wind and water velocities as well as various
blockage conditions (see Table 1). In fact, this rotor was tested for flow velocities higher
than 10 m/s, reaching 20 m/s and proved stability, reliability, and durability, but it should
be borne in mind that these higher velocities are somewhat rare, particularly in an urban
environment, indicating that our research is largely focused on real-world performance
and on not an artificial one.

Table 1. Different wind and water testing conditions.

Flow Velocity (m/s) Blockage Ratio (BR%)

Wind tests 7.1, 8, 9, and 10 6.8
Water tests 0.71, 0.73, 0.75, and 0.78 20, 25.1, 31.8, and 34.1

4. Results and Discussion

During the different tests, continuous measurements of the parameters, including
torque and angular velocity, were carried out. Thus, it was possible to check if the tur-
bine reached stability before starting the power test in each point, thereby minimizing
discontinuities. After loading the turbine rotor, it proved preferable to wait and watch the
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rotational speed variation of the turbine rotor before recording the results to ensure that the
turbine was working under stable conditions. Figure 10 illustrates the stability condition
during one of the proposed tests.
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power curve was almost complete after reaching the MPP, but for low velocities, the 
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the rotor is not able to pass this point and to characterize this part of the power curve. 

Figure 10. Stability conditions for low and high rotational speeds test conditions at a wind speed of 8 m/s.

The variation in the power output with the rotational speed of the turbine rotor for
different upstream wind velocities are shown in Figure 11. All tested speeds show the
same tendency. When loading the turbine rotor, the rotational speed decreased and the
output power increased dramatically until reaching the maximum power point. After
that, the power output started to decline up until it reached the point where the turbine
stopped and was not able to produce more power. In fact, for high flow velocities, the
power curve was almost complete after reaching the MPP, but for low velocities, the power
curve nearly reached the MPP and does not reach the completion point. This is due to the
power-to-friction ratio, since for high flow velocity, the turbine is able to produce power to
overcome the friction and to pass the MPP. On the other hand, for low velocities, the rotor
is not able to pass this point and to characterize this part of the power curve.
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Figure 11. Wind tunnel power curves at different upstream velocities.

By tracking the maximum power point MPP variation with the upstream wind velocity
(Figure 12), it was found that the maximum power increases approximately with the cube
of the upstream wind velocity, as Equation (3) indicates, to reach its maximum value of
2.5 W at a wind velocity of 10 m/s.
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The characteristic curve of the turbine inside the wind tunnel is shown in Figure 13.
The rotor is observed as working in a stable Cp range of approximately 0.13, this being
the maximum point reached at a λ of 1.1. Additionally, all curves seem to be identical,
which means that the turbine rotor works properly under open-field conditions without the
existence of other factor such as blockage. In fact, the value of tip speed ratio is considered
paltry compared with other similar turbines; this is due to the high solidity value that was
selected in the proposed rotor to allow for self-starting under low flow velocities.
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Figure 13. Characteristic curve for the turbine rotor at different wind velocities.

To study the effects of blockage conditions and their correction to open-field behavior,
the turbine was tested in the open-surface water flume. Four tests were carried out for
similar velocities and different blockage values ranging from 0.2 to 0.34. Figure 14a shows
the variation in the characteristic curves with blockage. Different curves were obtained
for the same rotor, while for wind tests, only one curve was drawn. This is due to the
existence of flow blockage conditions that affect the rotor performance. By increasing the
blockage value, the performance curves shifted to higher values of tip speed ratios and
power coefficients. This is a direct consequence of the flow acceleration around the turbine
rotor while the blockage increased. As shown in Figure 14b, with a turbine rotor blockage
value of 6.8% inside the wind tunnel, which is considered an open-field condition, the
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maximum power coefficient value is of 0.13. By increasing the blockage value from 6.8% to
34.1%, the maximum power coefficient increased to reach its maximum value of 0.97.
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Figure 14. (a) Characteristic curves at different water blockage values and (b) variation in Cpmax with Blockage ratio.

The extrapolation of blockage to open-field conditions was performed using the
flow velocity of 0.71 m/s with a BR of 0.2. Under these conditions, the rotor works at
Reynolds number of 3.5 × 104 approximately, so that results between wind and water can
be compared. After applying the formulation of Gauvin et al. and Werle, the UF of 0.92 m/s
and 0.875 m/s were extracted, respectively. Figure 15 compares the results: obtained at
wind tunnel, confined water flume, and calculated for an open field (open waters) with the
blockage corrections (Werle and Gauvin) and with the results of the experiments carried
out by Patel et al. [45] using the same profile and solidity in open waters.
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The peak power coefficient for the confined flow condition reached a value of 0.31,
while in the wind tunnel, the obtained value is 0.13, which demonstrates the effect of
blockage on the energy extraction. In fact, the corrected results (Werle and Gauvin) are quite
similar to the results obtained from the wind tunnel and Patel et al. [45] tests (validating
the results obtained). However, Werle’s formulations gives slightly higher results, reaching
a Cp value of nearly 0.16. Moreover, the tip speed ratio that corresponds to the maximum
power coefficient values coincide in all open-field cases being greater than 1.
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Therefore, maintaining the Reynolds number value between experiments in a wind
tunnel (no blockage) and a water flume (with blockage), which is wind velocity approxi-
mately 10 times water velocity, demonstrates that the wind power characteristic obtained
is similar to the one that corresponds to open-water conditions.

5. Conclusions

The combined use of hydrokinetic and wind turbines farms is considered a modern
development in the energy sector for urban communities and smart cities that will be
able to provide energy to nearby consumption points. The use of a vertical-axis crossflow
turbine design is considered one of the best options from the economic and technical points
of view.

A compact Darrieus turbine designed to operate in both water and air was presented
and tested in a wind tunnel and water flume. The wind tunnel tests reproduced real
open-field conditions at four wind velocities varying from 7 to 10 m/s. Power curves were
obtained for each tested wind velocity, showing that the maximum power point increases
approximately with the cube of the upstream wind velocity, up to a value of 2.5 W at a
wind velocity of 10 m/s.

Characteristic curves for the rotor inside the wind tunnel at different upstream wind
velocities seem to be identical, which means that the turbine rotor works properly under
open-field conditions without blockage.

The turbine was tested at an open-surface water flume for different blockage values
ranging from 0.2 to 0.34. Increasing the blockage value shifts the performance curves to
higher values of tip speed ratios and power coefficients due to the flow acceleration around
the turbine rotor while the blockage increased, reaching a value of 0.97 for a blockage ratio
of 0.34.

The curves obtained in the wind tunnel (open field conditions) are similar to those
obtained in the water current flume (confined conditions) as long as the same Reynolds
number is maintained and the blockage corrections are applied. That opens the door
to accurately estimating the power characteristics for different water current scenarios
(blockage and velocities) from the results obtained in a wind tunnel or vice versa.

Author Contributions: Conceptualization, A.G.-Y.; methodology, E.B.-M.; software, A.F.-J.; valida-
tion, A.G.-Y., A.F.-J.; formal analysis, E.B.-M., E.Á.-Á.; investigation, A.G.-Y.; resources, R.E.-V.; data
curation, R.E.-V.; writing—original draft preparation, A.G.-Y.; writing—review and editing, E.Á.-Á.;
visualization, A.G.-Y.; supervision, E.B.-M.; project administration, R.E.-V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to express their gratitude to the Egyptian Cultural
Affairs and Missions Sector (the Egyptian Ministry of Higher Education and Scientific Research)
along with Port Said University and to the project HYDROCIMAR II financed by the Institute of
Economic Development of the Principality of Asturias (Spain).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Espejo-Marín, C.; Aparicio-Guerrero, A.E. La Producción de Electricidad con Energía Solar Fotovoltaica en España en el Siglo

XXI. Cuad. Sobre Vico 2020, 66–93. [CrossRef]
2. Díaz, H.; Soares, C.G. Review of the current status, technology and future trends of offshore wind farms. Ocean Eng. 2020, 209, 107381.

[CrossRef]
3. IEA. Energy Technology Perspectives 2020. Available online: https://www.iea.org/reports/energy-technology-perspectives-2020

(accessed on 8 May 2020).
4. REN21. Renewables 2020 Global Status Report 2020. Available online: https://www.ren21.net/gsr-2020/ (accessed on 8 May 2020).

4.5 Peer-reviewed Journal Publication

86



Sustainability 2021, 13, 5256 14 of 15

5. IRENA. Global Renewables Outlook: Energy Transformation 2050; 2020. Available online: https://www.irena.org/
publications/2020/Apr/Global-Renewables-Outlook-2020#:~{}:text=Global%20Renewables%20Outlook%3A%20Energy%20
transformation%202050,-April%202020&text=The%20Global%20Renewables%20Outlook%20shows,challenges%20faced%20
by%20different%20regions (accessed on 8 May 2020).

6. Oreste, F.; Vittorio, M.G.; Francesco, P. Numerical assessment of the vulnerability to impact erosion of a pump as turbine in a
water supply system. J. Hydroinformat. 2020, 22, 691–712. [CrossRef]

7. Malael, I.; Gherman, G.B.; Porumbel, I. Increase the Smart Cities Development by Using an Innovative Design for Vertical Axis
Wind Turbine. In Proceedings of the 27th DAAAM International Symposium on Intelligent Manufacturing and Automation,
Vienna, Austria, 26–29 October 2016; pp. 506–513.

8. Alvarez, E.A.; Rico-Secades, M.; Corominas, E.; Huerta-Medina, N.; Guitart, J.S. Design and control strategies for a modular
hydroKinetic smart grid. Int. J. Electr. Power Energy Syst. 2018, 95, 137–145. [CrossRef]

9. Yuan, Z.; Wang, W.; Fan, X. Back propagation neural network clustering architecture for stability enhancement and harmonic
suppression in wind turbines for smart cities. Comput. Electr. Eng. 2019, 74, 105–116. [CrossRef]

10. Mohammadi, S.; Hassanalian, M.; Arionfard, H.; Bakhtiyarov, S. Optimal design of hydrokinetic turbine for low-speed water
flow in Golden Gate Strait. Renew. Energy 2020, 150, 147–155. [CrossRef]

11. Lee, J.H.; Park, S.; Kim, D.H.; Rhee, S.H.; Kim, M.-C. Computational methods for performance analysis of horizontal axis tidal
stream turbines. Appl. Energy 2012, 98, 512–523. [CrossRef]

12. Consul, C.A.; Willden, R.H.J.; Ferrer, E.; Mcculloch, M.D. Influence of Solidity on the Performance of a Cross-Flow Turbine. In
Proceedings of the 8th European Wave and Tidal Energy Conference, Uppsala, Sweden, 7–10 September 2009; pp. 484–493.

13. Khan, M.; Bhuyan, G.; Iqbal, M.; Quaicoe, J. Hydrokinetic energy conversion systems and assessment of horizontal and vertical
axis turbines for river and tidal applications: A technology status review. Appl. Energy 2009, 86, 1823–1835. [CrossRef]

14. Kaprawi, S.; Santoso, D.; Sipahutar, R. Performance of combined water turbine darrieus-savonius with two stage savonius
buckets and single deflector. Int. J. Renew. Energy Res. 2015, 5, 217–221.

15. Vermaak, H.J.; Kusakana, K.; Koko, S.P. Status of micro-hydrokinetic river technology in rural applications: A review of literature.
Renew. Sustain. Energy Rev. 2014, 29, 625–633. [CrossRef]

16. Le Hocine, A.E.B.; Lacey, R.J.; Poncet, S. Multiphase modeling of the free surface flow through a Darrieus horizontal axis
shallow-water turbine. Renew. Energy 2019, 143, 1890–1901. [CrossRef]

17. Balduzzi, F.; Zini, M.; Molina, A.C.; Bartoli, G.; De Troyer, T.; Runacres, M.C.; Ferrara, G.; Bianchini, A. Understanding the
Aerodynamic Behavior and Energy Conversion Capability of Small Darrieus Vertical Axis Wind Turbines in Turbulent Flows.
Energies 2020, 13, 2936. [CrossRef]

18. Sinagra, M.; Sammartano, V.; Aricò, C.; Collura, A.; Tucciarelli, T. Cross-flow Turbine Design for Variable Operating Conditions.
Procedia Eng. 2014, 70, 1539–1548. [CrossRef]

19. Yosry, A.G.; Fernández-Jiménez, A.; Álvarez-Álvarez, E.; Marigorta, E.B. Design and characterization of a vertical-axis micro tidal
turbine for low velocity scenarios. Energy Convers. Manag. 2021, 237, 114144. [CrossRef]

20. Glauert, H. Wind Tunnel Interference on Wings, Bodies and Airscrews. Aeronaut. Res. Comm. 1933, 1566, 1–52.
21. Gauvin-Tremblay, O.; Dumas, G. Two-way interaction between river and deployed cross-flow hydrokinetic turbines. J. Renew.

Sustain. Energy 2020, 12, 034501. [CrossRef]
22. Schluntz, J.; Willden, R. The effect of blockage on tidal turbine rotor design and performance. Renew. Energy 2015, 81, 432–441.

[CrossRef]
23. Vennell, R. Exceeding the Betz limit with tidal turbines. Renew. Energy 2013, 55, 277–285. [CrossRef]
24. Bahaj, A.; Molland, A.; Chaplin, J.; Batten, W. Power and thrust measurements of marine current turbines under various

hydrodynamic flow conditions in a cavitation tunnel and a towing tank. Renew. Energy 2007, 32, 407–426. [CrossRef]
25. Werle, M.J. Wind Turbine Wall-Blockage Performance Corrections. J. Propuls. Power 2010, 26, 1317–1321. [CrossRef]
26. Soerensen, H.C.; Weinstein, A. Ocean Energy: Position Paper for IPCC. In Proceedings of the Scoping Meeting on Renewable

Energy Sources and Climate Change Mitigation, Lübeck, Germany, 20–25 January 2008; pp. 93–102.
27. Birjandi, A.H.; Bibeau, E.L.; Chatoorgoon, V.; Kumar, A. Power measurement of hydrokinetic turbines with free-surface and

blockage effect. Ocean Eng. 2013, 69, 9–17. [CrossRef]
28. Bachant, P.; Wosnik, M. Performance measurements of cylindrical- and spherical-helical cross-flow marine hydrokinetic turbines,

with estimates of exergy efficiency. Renew. Energy 2015, 74, 318–325. [CrossRef]
29. Kolekar, N.; Vinod, A.; Banerjee, A. On Blockage Effects for a Tidal Turbine in Free Surface Proximity. Energies 2019, 12, 3325.

[CrossRef]
30. A Consul, C.; Willden, R.H.J.; McIntosh, S.C. Blockage effects on the hydrodynamic performance of a marine cross-flow turbine.

Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2013, 371, 20120299. [CrossRef] [PubMed]
31. Brochier, G.; Fraunie, P.; Beguier, C.; Paraschivoiu, I. Water channel experiments of dynamic stall on Darrieus wind turbine blades.

J. Propuls. Power 1986, 2, 445–449. [CrossRef]
32. Fujisawa, N.; Shibuya, S. Observations of dynamic stall on Darrieus wind turbine blades. J. Wind. Eng. Ind. Aerodyn. 2001, 89, 201–214.

[CrossRef]
33. Sherry, M.; Sheridan, J.; Jacono, D.L. Horizontal Axis Wind Turbine Tip and Root Vortex Measurements. Exp. Fluids 2013, 54, 3.

[CrossRef]

Chapter 4. Open-field Testing Experiments: Wind Tunnel Case

87



Sustainability 2021, 13, 5256 15 of 15

34. Iungo, G.V.; Viola, F.; Camarri, S.; Porté-Agel, F.; Gallaire, F. Linear stability analysis of wind turbine wakes performed on wind
tunnel measurements. J. Fluid Mech. 2013, 737, 499–526. [CrossRef]

35. Hiraki, K.; Wakita, R.; Inoue, M. Improvement of straight-bladed vertical-axis water turbine for tidal current power generation. In
Proceedings of the 9th ISOPE Pacific/Asia Offshore Mechanics Symposium (PACOMS-2010), Busan, Korea, 14–17 November 2010;
pp. 169–174.

36. Shahsavarifard, M.; Bibeau, E.L.; Chatoorgoon, V. Effect of shroud on the performance of horizontal axis hydrokinetic turbines.
Ocean Eng. 2015, 96, 215–225. [CrossRef]

37. Jeong, H.; Lee, S.; Kwon, S.-D. Blockage corrections for wind tunnel tests conducted on a Darrieus wind turbine. J. Wind. Eng. Ind.
Aerodyn. 2018, 179, 229–239. [CrossRef]

38. Ruiz, S.N. Aerogeneradores de Media Potencia; CIEMAT: Madrid, Spain, 2020.
39. Betz, A. Der Maximum der theoretisch möglichen Ausnutzung des Windesdurch Windmotoren. Z. Gesamte Turbinenwes 1920, 26, 307–309.
40. Nishino, T.; Willden, R.H.J. The efficiency of an array of tidal turbines partially blocking a wide channel. J. Fluid Mech. 2012, 708, 596–606.

[CrossRef]
41. Draper, S.; Houlsby, G.T.; Oldfield, M.L.G.; Borthwick, A.G.L. Modelling tidal energy extraction in a depth-averaged coastal

domain. IET Renew. Power Gener. 2010, 4, 545. [CrossRef]
42. Houlsby, G.T.; Vogel, C.R. The power available to tidal turbines in an open channel flow. Proc. Inst. Civ. Eng. Energy 2017, 170, 12–21.

[CrossRef]
43. Espina-Valdés, R.; Fernández-Jiménez, A.; Francos, J.F.; Marigorta, E.B.; Álvarez-Álvarez, E. Small cross-flow turbine:Design and

testing in high blockage conditions. Energy Convers. Manag. 2020, 213, 112863. [CrossRef]
44. Álvarez-Álvarez, E.; Rico-Secades, M.; Fernández-Jiménez, A.; Espina-Valdés, R.; Corominas, E.L.; Calleja-Rodríguez, A.J. Hydrody-

namic water tunnel for characterization of hydrokinetic microturbines designs. Clean Technol. Environ. Policy 2020, 22, 1843–1854.
[CrossRef] [PubMed]

45. Patel, V.; Eldho, T.; Prabhu, S. Experimental investigations on Darrieus straight blade turbine for tidal current application and
parametric optimization for hydro farm arrangement. Int. J. Mar. Energy 2017, 17, 110–135. [CrossRef]

46. Burton, T.; Jenkins, N.; Sharpe, D.; Bossanyi, E. Wind Energy Handbook; John Wiley & Sons, Ltd.: Chichester, UK, 2011.
47. Calignano, F.; Lorusso, M.; Roppolo, I.; Minetola, P. Investigation of the Mechanical Properties of a Carbon Fibre-Reinforced

Nylon Filament for 3D Printing. Machines 2020, 8, 52. [CrossRef]

4.5 Peer-reviewed Journal Publication

88



Chapter 4. Open-field Testing Experiments: Wind Tunnel Case

4.6 Journal Metrics

The following data are based on the last updated one from the Web of Science database

for the year of 2023.

Article No. 3

Journal SUSTAINABILITY

Title
Wind–water experimental analysis of

small sc-darrieus turbine: an approach for

energy production in urban systems

Category Quartile Q2

Impact Factor 3.889

Impact Factor (5 years) 4.089

CiteScore 5.0

No. of Citations [May 2021 - May 2023] 6

89



4.6 Journal Metrics

90



Chapter 5

Efficiency Enhancement Varying the

Channel Geometry

5.1 Overview

In the previous chapters, the design and the performance of the lift-based hydrokinetic

turbine have been investigated. These kinds of turbines are considered more efficient

than the drag-based ones. However, recommendations can still be applied to improve the

performance of the drag-based types. Thus, the current investigation has been extended

to include the drag-based turbine and examine potential methods to enhance its efficiency.

This chapter focuses on improving the performance of the drag-based hydrokinetic turbine

installed in a hydraulic channel through the use of an obstacle on the channel bottom,

which is a cost-effective and maintenance-free solution. Experiments have been carried

out using two obstacles, with heights of 3 cm and 5 cm, that are designed to occupy

all the channel width. Numerically, a multiphase model is developed to investigate the

impact of the height of the obstacle on the flow rate passing through the turbine rotor,

and the forces exert on the blades.

5.2 The Turbine Model Configuration

A basic drag-based hydrokinetic turbine has been designed and fabricated to be tested

inside the water channel for different obstacle configurations at the channel bottom. Table

5.1 presents the main design parameters of the turbine model. As illustrated in Figure 5.1,

the rotor contains 12 blades that are made of AISI 304 stainless steel to resist corrosion

and humid environments. The connection between the blades, the upper and the lower

plates has been made by a Shielded Metal Arc Welding (SMAW), which provides a good

finishing and adhesion at a low cost. The semi-circular section blades have a beveled

edge (at angle of 30◦) to improve the hydrodynamic profile, as it reduces the losses when
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5.2 The Turbine Model Configuration

Table 5.1: General specifications of the drag-based turbine rotor.

Parameter Specification

Rotor diameter (D) 0.23 m

Blade profile semi-circular

Chord length (C) 0.042 m

Rotor height (H) 0.3 m

Number of blades (n) 12

Bevel angle (ϕ) 30◦

Shaft diameter (ds) 0.03 m

C

r

H

D
Semicircular profile

𝜙

Figure 5.1: A detailed schematic of the drag-based turbine model.

the water stream approaches the turbine blade. The two ending plates are also made of

stainless steel, containing a hollow center to facilitate coupling to the rotational axis. The

upper cover has a 30 mm hole through which the metal shaft stem passes, while the lower

cover has a 13 mm hole. It is in the lower base where the rotor is tightened by nut and

bolt so that the axis rotates in conjunction with the rotor. The two obstacles (see Fig.

5.2) have been made out of aluminium due to its low weight and firmness, designed to

occupy all the channel width with heights of 3 cm and 5 cm.

The turbine model, with its all components, has been mounted on a steel shaft and

coupled with a 300 W commercial (Gimbal-GM8112H) Permanent Magnet Generator

(PMG) with the characteristics indicated in Table 5.2. To increase the electrical voltage

of the PMG, a mechanical multiplier system of belts and pulleys has been installed. Thus,

the rotational speed of the generator is increased 8 times. The rotor and the generator

arrangements are shown in details in Fig. 5.3.
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Figure 5.2: A detailed schematic of the two metallic obstacles.

Table 5.2: PMG main characteristics.

Feature Value

Pair of poles 21

Resistance per phase 7 Ω
Series inductance per phase 3 mH

Maximum nominal voltage 28 V

Figure 5.3: Turbine-Generator coupling system.
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5.3 The Numerical Model

5.3 The Numerical Model

A three-dimensional multiphase numerical model has been developed to simulate the

drag-based turbine for different channel bed obstacles. The model includes the turbine,

the settling tank, and the test channel. The numerical model has been created with the

actual dimensions of the hydrodynamic flume, which includes a rectangular prism-shaped

area for water discharge from the channel (outlet), and two water inlet holes located in

the lower part of the settling tank. As presented in Fig. 5.4, the whole domain has been

discretized using a fully unstructured mesh with a tetrahedral shape cells. A structured

mesh comprised of rectangular prisms has been applied in the water discharge area due to

its cubic shape. To simulate the rotational motion of the turbine rotor, the sliding mesh

technique has been used in the current simulation.

Figure 5.4: The computational grid visualization.

In order to investigate the mesh sensitivity, five different mesh sizes of (200K, 500K,

800K, 1,200K, and 1,500K cells) have been tested using the same flow rate and under the

same operating conditions. The mesh size of 1,200K cells has been selected as it provided

a good balance between the accuracy and the computational cost. This mesh exhibits

a high quality as 99.99 %of cells have a skewness value below 0.7. Also, to simplify the

numerical model and to reduce computational times, grid simplifications have been made.

The blades are represented as surfaces without thickness with a sharp blade inlet, detecting

flow separation at the leading edge correctly without the need for a finer mesh around

the blade. additionally, no finer meshes have been included to achieve a more accurate

description of the near wall boundary layers. These are significantly reduced due to the

increment of the velocity near the turbine as a consequence of the flow blockage.
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5.4 Objectives

The main objective in the current chapter is to investigate the power output increase

and the efficiency enhancement of a drag-based hydrokinetic turbine by varying the chan-

nel geometry. This increase is achieved by implementing an obstacle on the bottom of the

water channel. By means of experimental and numerical methodologies, the the power

output and the flow behaviour have been investigated to evaluate the effectiveness of this

approach.
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E. Álvarez-Álvarez a 

a GIFD Group, EP Mieres, University of Oviedo, Mieres, Spain 
b Mechanical Power Department, Faculty of Engineering, Port Said University, Port-Said, Egypt   

A R T I C L E  I N F O   

Keywords: 
Hydrokinetic 
Cross-flow 
Obstacle 
Rotor flow rate 
Maximum-power-point 

A B S T R A C T   

Nowadays, the growing demand for energy and the current shift towards the eradication of fossil fuels has led to 
continuous research into and development of alternative clean energies. Among these, one of the least investi-
gated is the extraction of hydrokinetic energy in hydraulic channels. This article highlights an investigation 
focused on improving the performance of a hydrokinetic turbine installed in a hydraulic channel through the use 
of an obstacle on the channel bottom, thus providing a solution involving minimum investment and without the 
need for maintenance. It was found through a series of tests carried out in a hydrodynamic water tunnel that the 
power produced increases with the height of the obstacle. In addition, a validated numerical model facilitated the 
completion of the research by studying the influence of the height of the obstacle on the flow rate that passes 
through the turbine rotor. The latter representing the key factor in the generation of power together with the 
forces actuating on the blades. Under conditions analogous to those of the literature examples (with the turbine 
fully submerged), a power increase of about 25% was obtained in the tests.   

1. Introduction 

The renewable energy sector has not been spared from the effects of 
the COVID-19 (International Energy Agency, 2021). Pandemic and 
manufacturing processes, supply chains and investments have been 
affected, leading, once again, to a slowdown in the transition to a sus-
tainable global energy model (Hosseini, 2020). Nevertheless, our re-
sponsibility as a society is to continue the path towards finding new, 
cleaner, and more sustainable sources of energy. 

In addition to conventional renewable energies, there are other types 
of small-scale energy utilization that may be of great interest, such as 
systems for utilizing the energy present in river currents, artificial water 
channels or marine currents or tides. The energy that exists in flowing 
water currents is considered a low-carbon resource with an enormous 
power potential (Moran, Lopez, Moore, Müller, Hyndman). In fact, the 
International Energy Agency (IEA) has estimated a world energy po-
tential of 120,000 TWh in the case of tidal currents (Caballero Santos, 
2011) and more than 840 TWh in the case of low-velocity water currents 
of rivers and channels (IDAE, 2011). At present, the state of develop-
ment of the use of the energy present in the currents is conducted by 

hydrokinetic turbines with know-how derived from the wind industry. 
The development of these devices is still in its embryonic stage, with 
demonstration applications to supply electrical energy in not connected 
to the electricity grid areas (Kumar and Sarkar, 2016). The power 
generated by a hydrokinetic turbines depend on the water velocity 
cubed, the area swept by blades, the water density and the efficiency of 
the conversion equipment (Mohammadi et al., 2020). The rated elec-
trical power of the marine hydrokinetic turbines is generally much 
higher (>100 kW) than river and channel turbines (1–10 kW) (Roberts 
et al., 2016). Until now, the use of hydrokinetic turbines has been 
restricted mainly to water velocities higher than 1 m/s (Güney and 
Kaygusuz, 2010). 

Hydrokinetic turbines can be classified according to the direction of 
flow and the position of the axis in two main groups: axial turbines with 
parallel axis and flow (similar to the designs of two-bladed and three- 
bladed horizontal axis wind turbines), and crossflow with perpendic-
ular axis (horizontal or vertical in relation to the free surface) and flow, 
like the Savonius or Darrieus designs (Vermaak et al., 2014) (Patel et al., 
2017a). In the existing developments to date, axial turbines present 
better conversion efficiency than crossflow ones, but these allow better 
use of the wet section. Additionally, vertical axis crossflow turbines 
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allow electrical and electronic control equipment to be located out of the 
water, unlike axial turbines, whose equipment must be encapsulated 
when submerged. As analyzed by Patel et al. (2017b) through experi-
mental investigations, the Darrieus turbine is one of the best options that 
can be used as a hydrokinetic turbine due to its high power coefficient. 

Therefore, the use of vertical axis cross-flow turbines reduces the initial 
investment, minimizes maintenance costs and increases the availability 
of the system (Hunt et al., 2020). The new technological challenge for 
the development of this type of turbines is the improvement of their 
efficiency even in operating conditions with very low speeds, for which 

Nomenclature 

Au Turbine useful area, m2 

D Turbine diameter, m 
FD Drag forces, N 
FL Lift forces, N 
FT Thrust forces, N 
g Gravitational acceleration, m/s2 

h Water height, m 
Hr Turbine hydraulic head, m 
L Blade length, m 
n Turbine rotational speed, rpm 
p Pressure, Pa 
Pe Electrical power, W 
Pr Hydraulic power, W 
PrMPP Maximum hydraulic power, W 
Q Water flow rate, m3/s 
Qr Rotor flow rate, m3/s 
QrMPP Flow rate in maximum power production, m3/s 
Re Reynolds number 
v Velocity, m/s 
y Upstream water depth, m 
yc Critical depth, m 
z Obstacle height, cm 

Greek symbols 
ɳe Electrical efficiency 
ɳm Mechanical efficiency 
μ Water viscosity, Kg/m⋅s 
ρ Water density, kg/m3 

Abbreviation 
AFD Adjustable frequency drive 
AISI American iron and steel institute 
CFD Computational fluid dynamics 
HWT Hydrodynamic water tunnel 
MPP Maximum power point 
MPPT Maximum power point continuously 
O&M Operation and maintenance 
PMG Permanent magnet generator 
SCADA Supervisory control and data acquisition 
SIMPLE Semi-implicit method for pressure-linked equations 
SST Shear stress transport 
TURTLE Turbine test laboratory equipment 
URANS Unsteady Reynolds-Average-Navier-Stokes 
VOF volume of fluid 
3D three-dimensional  

Table 1 
Flow modifiers schemes.  

a) (Salleh et al., 2020) b) (Mosbahi et al., 2021) 

c) (Kang et al., 2021) d) (Kailash et al., 2012) 

e) (Kaprawi et al., 2015) f) (Jeeva et al., 2021) 

g) (Alizadeh et al., 2020) h) (Sahim et al., 2014) 
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various methods have been studied. 
Firstly, the development of a control algorithm which ensure that the 

maximum power of the turbine is continuously secured, named 
Maximum Power Point Tracking (MPPT) algorithm. For example, the 
research presented in (Alvarez et al., 2018) that proposes a simple so-
lution based on a low cost power electronics control board running 
simple software. Additionally, the studies carried out by Jia et al. (2002) 
and Bundi et al. (2020) propose MPPT algorithms embedded in a 
low-cost electronic board for its application in turbines operating in high 
torque conditions. 

Secondly, taking advantage of the variation of the current charac-
teristics caused by the blockage generated by the turbine when the flow 
passes (Houlsby and Vogel, 2016). This results in three phenomena: an 
increase in the velocity of the fluid around the rotor, a change of the 
pressure in the wake, and the appearance of longitudinal pressure gra-
dients due to the effects of the boundary layer (Glauert, 1933). Daskiran 
et al. (2016) investigated the blockage ratio effect on turbine perfor-
mance and they found that the increment in blockage ratio from 0.03 to 
0.98 enhanced its power coefficient from 0.437 to 2.254 and increased 
power generation from 0.56 kW to 2.86 kW. Kolekar et al. carried out 
experiments to understand the influence of free surface proximity on 
blockage effects and near-wake flow field, and therefore in the power 
obtained (Kolekar et al., 2019). Honnasiddaiah et al. (C M et al., 2021) 
analyzed the performance of a Savonius rotor for small-scale hydro-
power generation by modifying the bed slope, and they found power 
coefficient and torque coefficient improvements of up to 40% and 10%, 
respectively. 

Thirdly, installing flow modifiers to increase the turbine perfor-
mance, mainly in drag-based rotors. The simpler ones are vertical plates 
located upstream from the turbine. Different examples of studies in the 
research line of vertical plates with drag-based rotor turbines, are shown 
in Table 1 (elaborated by the authors) represented by horizontal two- 
dimensional models. The study of the influence of a double obstacle 
scheme in the performance of a turbine (Table 1–a) was done by Salleh 
et al. (2020) finding increments up to 30%. Mosbahi et al. (2021) 
analyzed the effect of an upstream deflector system (Table 1–b) in the 
performance of a twisted rotor by numerical simulations and experi-
mental tests. Results showed that the proposed deflector improved its 
efficiency by 14%. Kang et al. (2021) described the effects of an up-
stream baffle on the flow characteristics and starting performance of a 
drag-type hydrokinetic rotor (Table 1–c). The results show that the 
negative torque is eliminated due to the introduction of the deflector. 

Other experimental studies carried out showed that two deflectors 
placed in their optimal positions upstream of the flow increased the 
energy obtained (Kailash et al., 2012) (Table 1–d) and revealed that the 
angle of the deflector with regard to the current flow influences the 
performance of the turbine (Kaprawi et al., 2015) (Table 1–e) (Jeeva 
et al., 2021) (Table 1–f). For a Savonious model design, Alizadeh et al. 

(2020) investigated (using CFD model) the power generation improve-
ment made by an upstream barrier (with at least the turbine height) that 
deviated the fluid flow from the reversing bucket (Table 1–g). The re-
sults of this analysis revealed that utilizing a barrier to its optimum 
length increases the maximum power generated by about 18%. Also, the 
experimental work carried out by Sahim et al. (2014) concluded that a 
single deflector plate placed upstream from a Darrieus-Savonious tur-
bine increases the energy that it produces (Table 1–h). 

Despite the increase in power production that the flow modifiers 
produce, their installation brings about a rise in solution costs and 
complicates the O&M tasks, i.e., causing the accumulation of residues 
and sediments (Martin-Short et al., 2015). 

This research reveals an analysis and study of how an obstacle in the 
channel bottom, below the turbine, increases the power generated by a 
cross flow drag-based hydrokinetic turbine operating in high blockage 
conditions. The obstacle has a remarkably simple design which mini-
mizes the cost of its installation, prevents any possible obstruction of the 
current flow, maintains the directions of the stream flow lines across the 
turbine, finally obtaining an increase in power in keeping with the 
height of the obstacle. The inclusion of the obstacle in the channel when 
designing a new project would not require specific maintenance. In the 
case of acting on existing channels, it would mean a slight modification 
in the structure of the channel, which would not require an increase in 
the maintenance cost of the original channel, since it is only a modifi-
cation of the slopes of the bottom of the channel. If this solution of the 
obstacle at the bottom is compared with the use of deflectors, an elim-
ination of the sediment problems can be seen in the low speed zones that 
affect the deflectors, where periodic maintenance work is necessary and 
takes up time of operation and raises costs. 

In this work, two obstacle heights plus the no obstacle case have been 
studied to obtain sufficient information to achieve a consistent valida-
tion of the numerical model. Experimental studies with a larger number 
of obstacle heights studied can be found in the literature, such as the 
analyses of Patel et al. (Patel, Eldho, Prabhu). 

In terms of blockage, the obstruction caused by the presence of the 
turbine rotor plays an important role. The flow characteristics are 
altered and therefore, the power results obtained will vary if the turbine 
is installed in another location with different dimensions than the test 
channel. Thus, if one wished to extrapolate these results to another 
installation, it would be necessary to apply a velocity correction method. 
Patel et al. introduced the methodology of correcting the velocity and 
efficiency of hydrokinetic turbines with a highly blocked channel ge-
ometry (Patel et al., 2019). 

The study was carried out in the running water channel of the EPM of 
the University of Oviedo, and the results obtained have been used to 
validate a Computational Fluid Dynamics (CFD) numerical model. This 
numerical model was used to perform a parametric study with different 
obstacle heights and to analyze the causes of the increase in power 

Fig. 1. Turbine design.  
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produced. 

2. Laboratory materials 

The elements used to carry out the tests were a turbine, a hydrody-
namic water tunnel, two obstacles (same design and different heights) 
and a control system. The turbine rotor has 12 semi-circular blades 0.3 
m high and 0.23 m wide, built with AISI 304 stainless steel to resist 
corrosion and dynamic forces, and shielded at the top and bottom to 
ensure adhesion even at fast rotational speeds. The blades have an 
angular separation of 30◦ with a semicircular section of 21 mm of 
diameter (Fig. 1). This type of turbine was selected because it has suf-
ficient starting torque at low flow rates and has already been charac-
terized in the laboratory and in the field. 

The turbine is coupled to a vertical axis with radial and axial high 
standard waterproof bearings installed at a metallic bushing. This axis 
has in its upper part a belt and pulley system designed to multiplicate the 
rotational speed mechanically connected to a permanent magnet 
generator (PMG). 

The experimental tests have been conducted in a hydrodynamic 

water tunnel (HWT) (Fig. 2) made up of tanks (reassuring and recircu-
lation), hydraulic pumps, adjustable frequency drive (AFD), glass 
channel (0,5 m height, 0,3 m width and 1,5 length) and a monitoring- 
control system. The HWT can recirculate water flows up to 300 m3/h. 

The monitoring and control system, named TURbine Test Laboratory 
Equipment, TURTLE (designed by the researches of University of Oviedo 
Hydraulic Engineering Group) is made up of hardware components – 
two ultrasonic water height sensors (HC-SR04), two pump drives con-
verters, electronic board to control the turbine operation, and PC– and a 
specially designed software which runs in the PC to perform the test and 
collect the data obtained (Álvarez-Álvarez et al., 2020). 

The two obstacles (Fig. 3) have been made out of aluminium due to 
its low weight and firmness, designed to occupy all the channel width 
with heights of 3 cm and 5 cm. 

3. CFD numerical model 

To develop the numerical model, a complete three-dimensional ge-
ometry was generated incorporating the turbine, the reassuring tank, 
and the test channel (Fig. 4). The geometrical design has the real 

Fig. 2. Hydrodynamic water tunnel.  

Fig. 3. Geometry of bed obstacles: a) 3 cm height and b) 5 cm height.  
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dimensions of the hydrodynamic tunnel, including a rectangular prism- 
shaped area for the discharge of water from the channel (outlet) and two 
water inlet holes in the lower part of the reassuring tank. In addition, to 
guarantee the proper functioning of the model, the upper section of the 
domain was completely exposed to the air with a view to replicating the 
water flow free surface. 

This same geometry was employed in the different simulations 
incorporating the different bed obstacles which were the object of the 
investigation. To obtain the numerical CFD model a cell mesh was built 
where the flow equations were solved (Fig. 5). For that purpose, the 
geometry was divided into 8 different volumes where an unstructured 
mesh based on tetrahedra (which has a good adaptation to complex 
geometries) was used, except for the water discharge area where a 
structured mesh based on rectangular prisms was employed due to its 
cubic shape. Incorporating the turbine in a cylindrical volume which 
rotates helped simulate the movement of the turbine with a good degree 
of accuracy as the unstructured mesh adapts perfectly to the turbine 
blades. 

The number of cells of the mesh was set to 1,200,000 with 

satisfactory quality: 99.99% of the cells had a skewness value under 0.7. 
To study the dependence of the mesh with the power results and its 
influence on the computational time, five numbers of cells, 200,000, 
500,000, 800,000, 1,200,000 and 1,500,000 were evaluated with the 
same flow rate and the range of rotational speeds that define the turbine 
power characteristics. With 1,200,000 cells a compromise between ac-
curacy and computational time was reached. 

The fluid volume model (VOF) has been selected to track the air- 
water free surface (Hirt and Nichols, 1981). The model solved the Un-
steady Reynolds-Average-Navier-Stokes (URANS) for each cell of the 
entire domain (Riglin et al., 2015). 

To obtain a turbine power characteristic from the no-load to the 
maximum load condition for a certain flow rate value, three steps were 
taken a) filling the canal with water (which was empty at the beginning) 
until the free surface stabilized; b) applying the condition of movement 
to the rotating mesh defined by introducing the inertial terms of the 
centrifugal forces and the Coriolis acceleration in the flow equations 
(Lanzafame et al., 2013); c) moving the rotating mesh with the different 
rotational speeds measuring the torque needed to maintain them 

Fig. 4. HWT geometry.  

Fig. 5. Numerical model mesh.  
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constant. In the first two stages, convergence was achieved with 1000 
iterations since they are stationary processes, while in the final phase, 
due to the mesh movement and its non-stationary condition, the 
convergence was achieved through a stabilization of the torque in 10 
complete revolutions of the rotor. In this case, the value of the time step 
corresponding to a rotation of 3◦ was set, thereby varying it as a function 
of the rotational speed. 

The boundary conditions applied were mass flow at the water inlets, 
pressure outlet at the discharge, and the upper part of the model (tank 

and channel) with normal atmospheric pressure (101.325 Pa). The 
surfaces of the tank, the channel and the turbine blades were defined as 
walls with no-slip condition. Water and air densities and viscosities were 
set to constant values (water:1.025 kg/m3 and 1.003⋅10− 3 kg/m⋅s; air: 
1.225 kg/m3 and 1.789⋅10− 5 kg/m⋅s). 

To resolve the URANS equations the solver Pressure-Implicit with 
splitting of Operators algorithm was used. Second order schemes were 
also applied for the discretization of the spatial and temporal derivatives 
in the equations. The semi-implicit method for pressure-linked equa-
tions (SIMPLE) was used in order to resolve the velocity-pressure 
coupling. The turbulence was simulated using the shear stress trans-
port (SST) k-ω turbulence model, a combination of a k-ω model and a k-ε 
model suitable for complex flows (Bardina et al., 1997). This turbulence 
model is chosen since the average y+ is 0.93, and empowers accurate 
predictions of flow separation under adverse pressure gradients (Gorle 
et al., 2016). In addition, in the blade zone the meshing has cells within 
the boundary layer. To carry out the simulations of the numerical model, 
the ANSYS FLUENT V18.0 software was used (Ansys, 2018). 

Fig. 6. Experimental test scheme.  

Fig. 7. Scenarios without bed obstacle.  

Fig. 8. Scenarios with 3 cm obstacle.  
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4. Experimental tests methodology 

Three different set of tests were conducted: without bed obstacle, and 
with the 3 cm and the 5 cm height bed obstacles; each set with four flow 
rates: 0.055 m3/s (Q1), 0.064 m3/s (Q2), 0.072 m3/s (Q3) and 0.076 m3/s 
(Q4). 

The position of the turbine and the obstacle in the tests are shown in 
Fig. 6, both elements upstream from the channel discharge at which 
critical flow conditions are reached. The channel slope is zero and the 
Reynolds number - RED =

ρ•v•D
μ where ρ is water density, v is upstream 

water velocity, D is turbine diameter and μ is the water viscosity-in the 
experiment as a function of the diameter of the turbine is around 
0.7*106. 

The different scenarios evaluated corresponding to the different flow 
rates and obstacles are shown in Figs. 7–9. 

In scenarios Q1 and Q2 the presence of the obstacle increases the 
proportion of the turbine rotor that is submerged. 

For all tests conducted the blockage ratio calculated as the wet 
transversal areas of turbine plus obstacle divided by that of the channel 
was kept within a range between 40% and 50%. The results are 

Fig. 9. Scenarios with 5 cm obstacle.  

Fig. 10. Free surface and Au for Q3: a) no obstacle; b) 5 cm obstacle.  

Fig. 11. Power characteristics experimental vs CFD for Q4: a) no bed obstacle; b) 3 cm obstacle; c) 5 cm obstacle.  
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conditioned by the size of the channel. The velocities and heights are the 
result of the size of the channel. Obviously, if this turbine configuration 
is tested in another scenario, the results will be different. To predict the 
real power of the turbine if it works in a river or canal with a large flow 
region, it would be necessary to take into account the velocity correc-
tions widely studied in the literature, which are mainly due to the 
blockage effect. 

5. Numerical model validation 

The numerical model was validated with the experimental one by 
comparing their degree of similarity between results of power charac-
teristics and free surfaces positions. 

The power obtained with the CFD model consists of the rotor power 
(Pr) hereafter to be known as the hydraulic power: 

Pr = ⍴ g Hr Qr (1) 

Fig. 12. Free surface experimental vs CFD results for Q3: a) no obstacle; b) 3 cm obstacle; c) 5 cm obstacle.  

Fig. 13. Electrical power characteristics: a) Q1; b) Q2; c) Q3; d) Q4.  
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where ⍴ is the density of the fluid, g is the gravity acceleration, Hr is the 
hydraulic head and Qr is the rotor flow rate. The value of Qr is deter-
mined by calculating the flow rate through the rotor-soaked area in a 
transversal-to-the-flow plane located in the middle of the turbine, 
named as useful area (Au). Fig. 10 shows the free surface and Au obtained 
for Q3 with 3 and 5 cm obstacle heights. 

However, the power obtained in the experimental tests corresponds 
to electrical power (Pe) that comprises the Pr and the mechanical and 
electrical performances of the installation, in accordance with the 
following expression: 

Pe = ɳe ɳm Pr (2)  

where ɳe is the electrical efficiency, ɳm is the mechanical efficiency and 
Pr is the hydraulic power. 

The results obtained for the different scenarios (example with Q4 in 
Fig. 11) show that the power values obtained with the CFD model are 
significantly higher than the experimental ones. The differences increase 
as the rotational speed decreases from no load condition, where the 
maximum rotational speed is reached. The reason for that, is because the 
rotational speed reduction is induced to a progressive increment of the 
resistant torque implying higher mechanical losses in the pulley system 
(mechanical efficiency). The similarity between results provided full 
validation of the numerical model (see Fig. 12). 

6. Results and discussion 

Three types of tests have been conducted in the laboratory where the 
performance of the turbine has been studied in each of the planned 
scenarios. In the same way, these tests have been reproduced using 
validated CFD models. With the data obtained during the entire process, 
the behavior of the turbine and the power output were investigated and 
the consequences of introducing the obstacles were studied. In this 
section the results obtained in the experimental tests and in the simu-
lations are shown and analyzed. 

6.1. Electrical power characteristics 

The tests to determine the characteristics of electrical power (Pe) 
plotted against rotational speed in experimental form (n) were per-
formed from the no load (or no torque with maximum rotational speed) 
condition up to that of maximum torque (where the turbine stops) for 
the different flow rates. The results of the power features obtained show 
that the power values increase with the height of the obstacle for each 
value of rotational speed (Fig. 13). Also, for Q1 and Q2 (Fig. 13, a-b) the 
rotational speed range obtained for each feature is different as there is a 
considerable variation of the part not submerged with the obstacle 
height and the magnitude of the frictional power losses due to the pulley 

system. For each feature the point at which the turbine produces the 
maximum power known as MPP is of maximum interest as the turbine 
control systems will continuously ensure operability at those conditions 
(Alvarez et al., 2018). 

6.2. Evolution of the maximum hydraulic power with the height of the 
obstacle 

With the validated CFD model, it was possible to assess more cases by 
varying obstacle heights without performing physical tests in the labo-
ratory channel. Thus, six cases have been simulated corresponding to 
obstacles from a height of 0 cm (without obstacle) to 5 cm in steps of 1 
cm in height. Fig. 14 shows the evolution of the maximum hydraulic 
power (PrMPP) versus the obstacle height always observing a linear 
dependence between variables with a nearly constant slope (around 0,5 
W per 1 cm of obstacle height increment), for Q1 and Q2 scenarios. The 
same tendency is noted for Q3 and Q4 and obstacle heights up to 3 cm 
height, with a smooth increment of the maximum power for higher 
obstacles (4 and 5 cm). 

6.3. Evolution of the rotor flow rate with the height of the obstacle 

The same tendencies are observed with the Qr in MPP (QrMPP) con-
ditions and the height of the obstacle (Fig. 15): for Q1 and Q2 scenarios, 
the relationship between variables is linear with a constant slope, while 
for Q3 and Q4 the relationship is similar only for obstacle heights under 
3 cm while for the greater ones, the increment of QrMPP with the obstacle 
height is lower. 

For all cases, it was clear that the height of the obstacle implies a 
practically proportional rise of the upstream water free surface as a 
consequence of the high flow blockage conditions instigated by the 

Fig. 14. Variation of PrMPP with the obstacle height.  
Fig. 15. Variation of QrMPP with the obstacle height.  

Fig. 16. Variation of Au with the obstacle height.  
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turbine. The evolution of Au with the height of the obstacle (Fig. 16) 
justifies the rotor flow rate trends observed for Q1, Q2, Q3 and Q4, with 
obstacle heights lower than 3 cm in the last two, as the height of the 
obstacle increases significantly the transversal area leading to a similar 
tendency in the rotor flow rate. While for the cases with Au values close 
to the maximum one – Q3 and Q4 for obstacle heights higher that 3 cm – 
the influence of the obstacle height in the rotor flow rate is only pro-
duced by the increment of the water velocity through the turbine due to 
the proximity of the critical point of discharge, that makes that the rise 
of the elevation of the water surface is lower that height of the obstacle; 
as an example, Fig. 17 shows the water velocity vectors in the mid- 
transversal section of the turbine. 

6.4. Evolution of maximum hydraulic power and rotor flow rate 

Fig. 18 represents the relationship between the PrMPP and QrMPP for 
all cases simulated in this study. This curve shows a slightly quadratic 
relationship between both variables which indicates that increments in 
the power production by the height of the obstacle are brought about by 
two factors: the rotor flow rate itself and the turbine head always 
bearing in mind that the upstream height increases with the height of the 
obstacle while the downstream critical height is kept constant for each 
water flow rate. 

6.5. Forces actuating on the turbine blades 

From the results of the CFD simulations, it was possible to study the 
fields of relative water velocities and pressure for the different flow rates 
at each MPP conditions, thereby determining the effects of the height of 
the obstacle in the forces actuating on the blades. These fields have been 
analyzed in a horizontal section located at 150 mm from the upper 

turbine section (Fig. 19), which is considered representative of the 
submerged sections. 

Initially it can be detected that the values of the pressure around the 
blades increase in magnitude with the height of the obstacle, see for 
example the case of Q3 (Fig. 20), where the white color represents air. 

The increase in pressure is derived from the variation in the height of 
the water free surface upstream when the obstacle is placed, which in-
duces a greater speed through the turbine (the variation of the free 
surface height is less in the turbine than upstream). This phenomenon 
was analyzed by Patel et al. (2018) and is based on the concept of 
increased stagnation pressure in the turbine blades and impulse mo-
mentum principle. 

The study of the pressure and relative velocity fields also determine 
the forces present in the turbine blades. In order to carry out an analysis 
of the forces and in the absence of aerodynamic profiles of the blades, 
the study is conducted on the convex and concave faces of each blade, 
defining different forces: drag forces (FD) in areas of both low pressure 
and relative water velocities (appear in the blades due to the wake 
generated by the rotational movement; thrust forces (FT), in high pres-
sure zones due to the flow stagnation (no water velocity); and lift forces 
(FL), in zones of low pressure and high flow velocity in a direction 
parallel to the blade. As a representative example, Fig. 21 shows the 
pressure and relative velocity fields for the scenario of Q3, 3 cm height 
obstacle, and MPP conditions, as well as the forces on the blades aligned 
to the flow direction (1 and 7), and those offering resistance (4 and 10). 
Note that these blades have been chosen because they represent the 
extreme conditions, while the rest of the blades are set to more inter-
mediate ones. 

FT and FD forces are present on blades 4 and 10. In blade 4 the FT 
force acts on the concave face while FD on the convex one, both generate 
torque in the direction of the turbine rotation (positive torque), while in 
blade 10, FT and FD are on the convex and concave faces respectively 
generating torque resisting the rotational movement (negative torque). 
In the case of blades 1 and 7, the FT and FL forces appeared on the convex 

Fig. 17. Velocity vectors in the mid-transversal section for Q3 and MPP conditions: a) no obstacle; b) 3 cm obstacle; c) 5 cm obstacle.  

Fig. 18. Variation of PrMPP with QrMPP.  

Fig. 19. Horizontal section location (mm).  
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faces generating positive torque, while FD forces appear on the concave 
ones creating negative torque. Figs. 22 and 23 show the pressure dis-
tribution along blades 1–7, and 4–10 respectively, with important var-
iations in the cases in which FT and FL appear on the same face. 

With the pressure distribution along the faces of the blade considered 
as positive pressure when it creates positive torque and negative in the 
opposite case, Figs. 24 and 25 represent the net pressure along blades 
1–7 and 4–10 for Q3 at MPP conditions with no obstacle, 3 cm and 5 cm 
height obstacle. In general, it can be the observed that the higher the 
height of the obstacle the greater the pressure values on the blades 
which in turn increases the torque in the sense of rotation. Additionally, 
it can be seen in Fig. 24, that on blades 1 and 7 the distribution of net 
pressure, half with negative values and half with positive values all 
along the blades result in a very low force and therefore torque. 
Therefore blades 1 and 7 have little influence on the turbine rotation and 
the obstacle presence does not produce any effect. However, blades 4 
and 10 (Fig. 25) are crucial in order to generate movement and are 
significantly affected by the height of the obstacle. 

7. Conclusions 

The research provides an analysis of the increment in the power 
production of a drag-based water hydrokinetic turbine obtained by 
using a simple design of an obstacle on the bottom of the channel where 
the turbine is installed. Also, the turbine was located upstream at a 
critical discharge point and due to its dimensions prompted a high flow 
blockage (around 50%) The simplicity of the inclusion of this obstacle 
and the lack of O&M present this alternative as something which may 
feasibly be included in new industrial scale installations. 

In a set of laboratory tests and by using a validated CFD model it was 
found that the power produced by the turbine increases with the height 
of the obstacle. The numerical model provided sufficient evidence to 
suggest that the water flow rate through the turbine rotor was the key 
factor which attributed to this increment in power production as it is 
largely dependent on the height of the obstacle, with the same ten-
dencies observed with the power generation. For a fixed flow rate, the 
height of the obstacle entails an elevation of the water free surface up-
stream from the turbine which leads to an increment of rotor flow by 
increasing the wetted turbine transversal area up to its maximum, and 
when it is reached, for higher obstacles, increasing the water velocity 

Fig. 20. Pressure field for Q3 and MPP conditions: a) no obstacle; b) 3 cm obstacle; c) 5 cm obstacle.  

Fig. 21. Forces, relative velocity, and pressure fields (Q3, 3 cm obstacle and MPP).  
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due to the effect of the downstream critical point, as the water elevation 
is lower than the height of the obstacle. 

The rise in the flow rate also occasions the same effect in the turbine 
hydraulic head, due to the high blockage conditions of installation, 
resulting both in a multiplication of the power production. Under con-
ditions analogous to those of the literature examples (with the turbine 
fully submerged), a power increase of about 25% was obtained in the 
tests. 

In addition, from the tests conducted the forces on the rotor blades 
have been studied from the pressure and velocity fields obtained in the 

numerical model. The effect of the height of the obstacles in the forces 
was identified and highlighted the fact that the obstacle height increased 
the net pressure, and therefore the torque produced on the blades, as 
they are placed transversally to the flow. 
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dation, Formal analysis. E. Álvarez-Álvarez: Conceptualization, Ideas, 
Writing – original draft, Writing – review & editing, Formal analysis, 
Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 

Alizadeh, H., Jahangir, M.H., Ghasempour, R., 2020. CFD-based improvement of 
Savonius type hydrokinetic turbine using optimized barrier at the low-speed flows. 
Ocean. Eng. 202 (March), 107178. 

Alvarez Alvarez, E., Rico-Secades, M., Corominas, E.L., Huerta-Medina, N., Soler 
Guitart, J., 2018. Design and control strategies for a modular hydroKinetic smart 
grid. Int. J. Electr. Power Energy Syst. 95, 137–145. 
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Chapter 6

Results and General Discussion

6.1 Overview

As mentioned in Chapter 1, the main objective of this dissertation is to address the

design and the characterization of a small vertical-axis hydrokinetic turbine inside an open

water channel, under low flow velocities. The experimental characterization allows to as-

sess the effect of different parameters, including the turbine blockage and the upstream

velocity on the overall performance of the turbine. Moreover, the numerical complemen-

tary study outlines an intensive three-dimensional multiphase simulation of the turbine

model with free-surface variations to investigate the interactions between the turbine rotor

and the channel section.

Additionally, experimental tests have been carried out in an open-jet subsonic wind

tunnel under open-field conditions (with no blockage), keeping the same Reynolds number

value as in the previous water channel experiments, to enable a comparison between the

results obtained from both tests. Finally, the evaluation of the characteristics of a drag-

based hydrokinetic turbine has been performed, experimentally and numerically, focusing

on improving the efficiency in water channels, by varying the channel bed geometry.

6.2 Experimental Assessment of the Turbine Model

As mentioned in Chapter 2, the turbine model has three straight blades with fixed

pitch and a NACA-0015 profile. A solidity of 2.0 together with an aspect ratio of 1.0

has been selected, looking for self-starting and efficient operation with low flow velocities.

The experimental measurements are used to assess the effect of different parameters on

the overall performance of the hydrokinetic turbine model. The Maximum Power Point

(MPP ) and peak power coefficient are compared with one-dimensional actuator disc
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theory. Additionally, an analysis is carried out to study the effect of the slope in an

inclined channel.

Tests have been performed in an open channel rig at three flow rates of 0.05 m3/s, 0.06

m3/s and 0.065 m3/s, with inlet velocities ranging from 0.33 m/s to 0.69 m/s. For each

flow rate value, the power produced from the turbine model is obtained for different flow

conditions. As illustrated in the upper part of Fig. 6.1, by increasing upstream velocity

values, the power produced increases and the rotational speeds are shifted to higher

values. The power increase is higher than the cube of the upstream velocity which would

match the change in kinetic energy. This is a consequence of the intensification of the

blockage as the velocity increases. Increasing the load beyond the maximum power point,

decreases the output from the turbine with a decline of the rotational speed. Operation

and measurement on this unstable zone would require an active control system.

Figure 6.1: Turbine power and characteristic curves for different upstream velocities.

The non-dimensional parameters tip speed ratio (λ) and power coefficient Cp have

been used to compare the performance of different flow rates and upstream velocities.

As shown in the lower part of Fig. 6.1, the power coefficient achieved with greater flow

rates is higher. However, the upstream velocity has the most obvious effect on the tur-

bine performance. With the lowest upstream velocity tested (0.33 m/s), the peak power

coefficient is 0.25 with λ = 1.52, with the highest upstream velocity (0.69 m/s), the peak

power coefficient reaches 0.99 with λ = 2.32. If the turbine is partially submerged under

certain flow conditions, a significant decline in power output occurs, exceeding 40 %. For

a constant flow rate, the increase in the peak power coefficient with the upstream velocity

is linked to the increase in the blockage ratio. The blockage accelerates the flow around

the turbine rotor, resulting in a higher power output compared with an unrestricted flow.
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Furthermore, for a sub-critical flow, the water height goes down as the energy is extracted,

increasing the blockage effect. In fact, the difference in static head around the turbine

rotor makes the total available energy greater than the kinetic one.

To further explore the phenomena, the experimental results are compared with the

calculations of the Linear Momentum Actuator Disk Theory (LMADT) adjusted for open

channel flow and presented in Fig. 6.2. A reasonably good match between the experi-

mental power measurements and the analytical calculations is found for the whole ranges

of upstream velocities (see Fig. 6.2a). However, the experimental results are somewhat

lower than the analytical ones because the model does not consider friction losses from

the channel walls.

In the analytical results in Fig. 6.2b, the lines corresponding to different flow rates

diverge for high upstream velocities, due to the different increase in the blockage ratio. In

the experimental results, this separation is not so evident, most likely due to the higher

losses caused by the blockage. Also, it is found that, Betz limit is not applicable to channel

turbines, and this hypothesis has been confirmed experimentally.

(a) (b)

Figure 6.2: Experimental results and analytical model predictions.

The turbine efficiency has been defined in relation to the maximum theoretical power

obtainable. As presented in Fig. 6.3, small upstream velocities have only marginal effi-

ciencies. However, from 0.45 m/s upwards, the efficiency is over 70 %, and as high as 81

%. Finally, the relation between slope and performance in an inclined channel has been

assessed in the current study. The variation of the maximum power point is proportional

to the square value of the channel slope. Also, the tip speed ratios that obtain the maxi-

mum power output have a slight dispersion, but they fit an equation proportional to the

fourth root of the slope.
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Figure 6.3: Experimental turbine efficiency with respect to the analytical model.

6.3 Turbine Modeling with Free-surface Variations

As stated in Chapter 3, the flow field characteristics and free-surface flow analysis of

the turbine model inside an open channel have been investigated. An intensive three-

dimensional multiphase simulation has been carried out to understand the complex free-

surface flow around the turbine and its relevance on the overall performance. From the

experimental results, three different cases have been selected for the simulation. The first

case (C1) in which the channel is fully-filled with water and the control gate is slightly

opened, with an upstream velocity value of 0.43 m/s; the second case (C2) with an

intermediate opening and an upstream velocity value of 0.57 m/s; finally, the third case

(C3), where the control gate is fully opened and the upstream velocity value reaches 0.69

m/s.

The numerical model has been validated with the experimental data by comparing

the turbine characteristic curve, that is obtained experimentally, with the multiphase and

single-phase simulations for the first case (C1) as shown in Fig. 6.4. A reasonably good

match has been found between the experimental and the numerical results. The power

coefficients obtained are much closer to the experimental ones for the whole range of tip

speed ratios. However, the single-phase model values are somewhat higher, as it does not

consider the free-surface deformations around the rotor.

In a more qualitative mode, the three-dimensional shape adopted by the free-surfaces

results of the VOF model has been compared to the experiments as presented in Fig.

6.5. The VOF model is able to simulate not only the free-surface longitudinal variations,

but also the interactions with the channel wall boundaries, even when the flow becomes

supercritical as in the C3 case.
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Figure 6.5: Free-surface shape around the rotor (isosurface water fraction of 0.5) at λ = 2.3.
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In C1 case, it can be observed that there is a slight decrease of the free-surface just

after the turbine, which recovers quickly. In the C2 case, the drop after the turbine is

deeper, corresponding to a higher energy extraction. The subsequent recovery is also

more abrupt and turbulent, although the original level is also recovered. In both cases,

the free-surface drop is quite smooth covering the whole width of the channel, while the

recovery shows more disturbances and wave reflections from the channel walls. In the

C3 case, corresponding to the maximum inlet velocity, the energy extraction is also the

highest, which requires the flow to go from a subcritical regimen before the turbine to a

supercritical one after the turbine.

Moreover, polar plot diagrams have been used in this study to represent and compare

the contribution of each blade on the output torque as shown in Fig. 6.6. The three lobes

are very clearly defined, which implicitly means that the positive effect of each blade is

limited to a relatively small angular range. The peaks coincide in all cases indicating that

the angular zone of maximum effect does not change with the upstream flow velocity nor

the tip speed ratio, but is geometrically defined. In this kind of polar figures, the total

torque coefficient of the turbine is equivalent to the area enclosed by each curve.
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Figure 6.6: The polar distributions of the instantaneous torque coefficient.

The variation in the total torque coefficient between the two tip speed ratios is clearly

seen, for instance, the total torque coefficient for the C1 case is 0.225 for λ = 2.3 and

0.083 for λ = 2.7. The average difference between both tip speed ratios is about 52%, as

the lower tip speed ratio (λ = 2.3) always producing more power. The difference in area

is also evident between the three cases for each tip speed ratio. For instance, at λ = 2.3,

the torque coefficient of C2 case is 38% higher than C1 one, while the C3 case is 49 %

higher. Also the lobes are less defined as the power increases, denoting an increase in the

positive angular range.
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To further explore the effect of the free-surface on the blade hydrodynamics, the

relative streamlines around the turbine blade at various azimuth angular positions from

θ = 60o to θ = 300o are examined and illustrated in Fig 6.7. The incidence angle of the

relative streamline velocity at the leading edge increases by lowering the free-surface from

C1 to C3, especially in the positive production zone (the angles of 60o and 120o), where

the lift force direction increases the torque values and the hydrodynamic efficiency.

Ө = 60o

C1

C2

C3

Ө = 120
o

Ө = 240
o

Ө = 300
o

Figure 6.7: Instantaneous streamlines around the hydrofoil at various azimuth angular positions.

In the C1 case, the incidence angles are the lowest -very close to zero but still enough

to obtain a positive torque at 60 degrees- and there is no separation at any point. This is

favorable in the positive production zone but not in the rest where a noticeable resistant

torque is attained. In the cases of C2 and C3, the free-surface is nearer to the turbine

and the relative flow angles have a larger variation range which even leads to the flow

separation. Specifically, for the C3 case, it can be seen how the separation is quite strong

with clear separation bubbles.

The detachment of the flow at the angle range between 240o and 300o, reduces the

forces that generate the rotation resistance, so that the torque does not even become

negative in spite of the increased drag. This type of hydrodynamic stall is very specific

for these cross-flow turbines but does not exist in axial ones.
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However, for the model in the current study, the C3 case has extreme free-surface

deformation, but the separation is already detected in the C2 case where the shape change

of the free surface is not so pronounced. Although further study is needed, it seems that

the increase of the incidence angle that generates the positive torque is quite gradual, but

the separation of the flow in the resistance zone produces a sudden increase of the power

obtained. This indicates that the change in performance is more related to the depth of

the free surface than the change in shape.

The pressure coefficient distribution around the blades have been analyzed with differ-

ent azimuth angles and have provided a better insight into the positive torque production

zones and their relation with the flow separation. As presented in Fig. 6.8, an abnormal

behaviour of the pressure coefficient -a crossover from the pressure to the suction side-

have been detected for some cases at specific angular positions. This has been caused by

the low pressure zone inside the rotor, due to the high solidity of the blades.
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Figure 6.8: Pressure coefficient for all cases and pressure contour samples of C2 on a single blade

at λ = 2.3.

The normalized vorticity fields around the turbine rotor are also presented in Fig. 6.9.

The vortices generated by the lower and upper turbine plates have been visualized, strad-

dling the wake behind the turbine. The intensity of these vortices and their downstream

extension increase with the free-surface lowering. Also, the two ending plates cause the

flow to be more bi-dimensional between them reducing the vertical drift. Additionally, the

flow field is found to be similar in any section inside the turbine except near the plates.

These plates seem to increase the complexity and the losses in the wake zone, the plates

are very useful from the mechanical point of view to support the turbine blades, and ac-

tually improve the hydrodynamic performance. Apart from reducing the blade-tip effects,

the plates prevent air from entering the turbine when the surface drops significantly.
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Figure 6.9: Normalized vorticity fields (J −K) at the middle sections for all cases.

6.4 Open-field Testing Approach

As mentioned in Chapter 4, experimental runs have been carried out on the turbine

model in an open-jet wind tunnel to simulate the open-field operation conditions. Tests

have been performed using the same Reynolds number value (around 3.5x104) as in pre-

vious water channel tests, to enable a comparison between both results. The wind tunnel

runs have been carried out for different wind velocities: 7.0 m/s, 8.0 m/s, 9.0 m/s and

10.0 m/s. For each velocity, the turbine rotates freely without any loading until reaching

the steady state condition where the rotational speed is nearly constant. Thereafter, the

turbine is gradually loaded by changing the input current to the brake. Subsequently,

the rotational speed decreases and the torque produced rises till reaching the maximum

power point. From that point onwards, the power output from the turbine decreases with

the decline of the rotational speed until the turbine reaches an unstable condition and

stops.
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As presented in Fig. 6.10, the maximum power coefficient values corresponding to

each upwind velocity are quite similar, with only a slight shift in the tip speed ratio value.

This confirms that the blockage effect on the turbine performance is negligible. However,

the small discrepancy observed in the experimental results is most likely attributed to

mechanical losses in the system, which become more significant at higher upwind veloc-

ities. This effect is particularly noticeable in small turbine models like the one used in

our study. The tip speed ratio values are considered lower for the current turbine model

compared with other similar turbines. This is due to the high solidity value which is

selected to avoid the starting issue.

Figure 6.10: Turbine characteristic curves for different upwind velocities.

The extrapolation of blockage to open-field conditions has been performed using a

Reynolds number of 3.5x10-4 approximately, so that results between wind and water are

comparable. To check the validity of this approach, two blockage correction equations
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(Werle and Gauvin) are applied to the water channel tests to estimate the operational

behavior in open water and to be compared with the wind tunnel tests along with other

experimental findings (using the same profile and solidity in open waters) [33]. The

corrected results are quite similar to the results obtained from the wind tunnel tests.

However, Werle’s formulations gives slightly higher results in the power coefficient values.

The tip speed ratio that corresponds to the maximum power coefficient values coincide in

all open-field cases being greater than 1.0.

Figure 6.11: Turbine characteristic curves in wind tunnel and water flume (Re=3.5x10-4).

6.5 Efficiency Enhancement Experiments

As mentioned in Chapter 5, the efficiency improvement of hydrokinetic turbines is

investigated. The research provides an analysis of the increment in the power production

of a hydrokinetic turbine obtained by using a simple design of an obstacle on the bottom

of the channel where the turbine is installed. The turbine is located upstream at a critical

discharge point and due to its dimensions prompted a high flow blockage (around 50 %).

The simplicity of the inclusion of this obstacle and the lack of present this alternative as

something which may feasibly be included in new industrial scale installations. By means

of experimental and multiphase numerical methodologies, the the power output and the

flow behaviour have been studied to evaluate the effectiveness of this approach. Three

different set of tests have been conducted: without bed obstacle, and with the 3cm and

the 5cm height bed obstacles; each set with four flow rates: 0.055 m3/s (Q1), 0.064 m3/s

(Q2), 0.072 m3/s (Q3) and 0.076 m3/s (Q4).

As presented in Fig. 6.12, the electrical power produced by the turbine increases with

the height of the obstacle. The numerical model provided sufficient evidence to suggest

that the water flow rate through the turbine rotor is the key factor which attributed to
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Figure 6.12: Electrical power characteristics: a) Q1; b) Q2; c) Q3; d) Q4.

this increment in power production as it is largely dependent on the height of the obstacle,

with the same tendencies observed with the power generation.

For a fixed flow rate, the height of the obstacle entails an elevation of the water free

surface upstream from the turbine. This leads to an increment of rotor flow by increasing

the wetted transversal area of the rotor (the portion of the turbine that is in contact with

water and experiencing hydrodynamic forces) up to its maximum. For this condition

of higher obstacles, increasing the water velocity is due to the effect of the downstream

critical point, as the water elevation is lower than the height of the obstacle. The rise

in the flow rate also occasions the same effect in the turbine hydraulic head, due to the

high blockage conditions of installation, resulting both in a multiplication of the power

production.

The forces acting on the rotor blades have been studied, and the pressure and the

velocity fields obtained from the multiphase numerical model have been analyzed. As a

result of this comprehensive investigation, it is found that the height of the obstacles has

a significant impact on the forces exerted on the blades, as it directly influences the net

pressure on the blades, thereby increasing the amount of torque generated by the rotor.
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Conclusions and Future Work

7.1 Conclusions

The process of harvesting hydrokinetic energy involves capturing energy from various

sources such as tides, ocean currents, or river flow. Vertical-axis hydrokinetic turbines are

promising option to harness the low velocity currents. However, operating these turbines

under realistic flow velocities and understanding the complex flow behaviour remain a

great challenge.

This dissertation gives an insightful overview of the vertical-axis hydrokinetic turbines,

with a special focus on the design and the characterization inside open water channels

and under low flow velocity conditions. The influence of different parameters including

flow rate, upstream velocity, Froud number, blockage and free-surface variations on the

turbine performance is presented and discussed. Moreover, a cost-effective novel method

to test hydrokinetic turbine models under open-field conditions (no blockage effects) has

been investigated. Finally, an approach for the efficiency improvement by varying the

channel geometry is presented.

The work presented regarding the design and the experimental testing of the Hydroki-

netic turbine model can be summarized as follows:

• The NACA-0015 blade profile and a solidity of 2.0 together with an aspect ratio

of 1.0 has been selected for the turbine model design, looking for self-starting and

efficient operation with low flow velocities.

• With higher upstream velocity, the power rises, and the rotational speeds shift to

higher values. The power increase is higher than the cube of the upstream velocity

as a consequence of the intensification of the blockage.
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• Increasing the load beyond the maximum power point, decreases the output from

the turbine with a decline of the rotational speed. Operation and measurement on

this unstable zone would require an active control system.

• The upstream velocity has the most obvious effect on the turbine performance.

However, if the turbine is partially submerged, the power output drops sharply

(more than 40 %).

• For a constant flow rate, the increase in the peak power coefficient with the upstream

velocity is linked to the increase in the blockage ratio. The blockage accelerates the

flow around the turbine rotor, resulting in a higher power output compared with an

unrestricted flow. Furthermore, for a sub-critical flow, the water height goes down

as the energy is extracted, increasing the blockage effect.

• By Comparing the experimental results with the calculations of the actuator disc

theory adjusted for open channel flow. A reasonably good match between exper-

imental and analytical results has been found for the whole ranges of upstream

velocities. However, the experimental results are somewhat lower than the ana-

lytical ones because the model does not consider friction losses from the channel

walls.

• Betz limit is not applicable to channel turbines, and this hypothesis has been con-

firmed experimentally.

• The turbine efficiency for small upstream velocities are marginal. However, from

0.45 m/s upwards, the efficiency is over 70 %, and as high as 81 %.

• The variation of the maximum power point is proportional to the square value of the

channel slope. Also, the tip speed ratios that obtain the maximum power output

have a slight dispersion, but they fit an equation proportional to the fourth root of

the slope.

The work presented regarding the multiphase simulation of the turbine inside the open

channel, with the free-surface variations, can be summarized as follows:

• The power coefficients obtained from the single-phase model are somewhat higher

than the experimental ones, as it does not consider the free-surface deformations

around the rotor. However, the VOF model values are much closer to the experi-

mental ones for the whole range of tip speed ratios.

• The VOF model is able to simulate not only the free-surface longitudinal variations,

but also the interactions with the channel wall boundaries.

• The energy extraction is found to be directly linked to the magnitude of the velocity

in the turbine, specifically around the blades, and increasing with the free-surface

drop. The surface change is also responsible for the wake recovery behaviour.
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• An abnormal behaviour of the pressure coefficient have been detected for some cases

at specific angular positions. This has been caused by the low pressure zone inside

the rotor, due to the high solidity of the blades.

• The vorticity generated by the blades and the ending plates has been clearly an-

alyzed. The interaction between both of them develops horseshoe vortices that

separate from the rotor forming a vortex street.

The work presented regarding the open-field testing of the turbine inside the open-jet

wind tunnel, can be summarized as follows:

• The open-field operating condition has been confirmed as the maximum power co-

efficient values corresponding to each upwind velocity are quite similar.

• The results obtained from the two blockage correction equations (Werle and Gauvin)

are quite similar to the results obtained from the wind tunnel tests, which confirms

the validity of the approach.

Finally, the work presented regarding the efficiency enhancement by varying the chan-

nel geometry, can be summarized as follows:

• The turbine power is boosted as the height of the obstacle increases. The flow rate

through the turbine rotor is found largely dependent on the height of the obstacle.

• The height of the obstacle entails an elevation of the water free-surface upstream

the turbine, which increases the wetted transversal area of the rotor and produces

the effect of the downstream critical point.

• The height of the obstacles has a significant impact on the forces exerted on the

blades, as it directly influences the net pressure on the blades.

7.2 Conclusions (Spanish)

El proceso de aprovechamiento de la enerǵıa hidrocinética consiste en capturar enerǵıa

de diversas fuentes, como las mareas, las corrientes oceánicas o el caudal de los ŕıos.

Las turbinas hidrocinéticas de eje vertical son una opción prometedora para aprovechar

las corrientes de baja velocidad. Sin embargo, el funcionamiento de estas turbinas a

velocidades de flujo realistas y la comprensión del complejo comportamiento del flujo

siguen siendo un gran reto.

Esta tesis ofrece una visión general de las turbinas hidrocinéticas de eje vertical, con

especial atención al diseño y la caracterización dentro de canales de agua abiertos y en

condiciones de baja velocidad de flujo. Se presenta y discute la influencia de diferentes
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parámetros como el caudal, la velocidad aguas arriba, el número de Froud, el bloqueo

y las variaciones de la superficie libre en el rendimiento de la turbina. Además, se ha

investigado un método novedoso y rentable para probar modelos de turbinas hidrocinéticas

en condiciones de campo abierto (sin efectos de bloqueo). Por último, se presenta un

enfoque para la mejora de la eficiencia mediante la variación de la geometŕıa del canal.

El trabajo realizado en relación con el diseño y las pruebas experimentales del modelo

de turbina hidrocinética puede resumirse como sigue:

• Para el diseño del modelo de turbina se ha seleccionado el perfil de álabe NACA-

0015 y una solidez de 2,0 junto con una relación de aspecto de 1,0, buscando el

autoarranque y un funcionamiento eficiente con velocidades de flujo bajas.

• A mayor velocidad aguas arriba, la potencia aumenta y las velocidades de giro se

desplazan hacia valores más altos. El aumento de potencia es mayor que el cubo de

la velocidad aguas arriba como consecuencia de la intensificación del bloqueo.

• Al aumentar la carga por encima del punto de máxima potencia, disminuye la

producción de la turbina con un descenso de la velocidad de giro. El funcionamiento

y la medición en esta zona inestable requeriŕıan un sistema de control activo.

• La velocidad aguas arriba es la que más influye en el rendimiento de la turbina. Sin

embargo, si la turbina está parcialmente sumergida, la potencia disminuye brusca-

mente (más del 40 %).

• Para un caudal constante, el aumento del coeficiente de potencia pico con la veloci-

dad aguas arriba está ligado al aumento de la relación de bloqueo. El bloqueo acelera

el flujo alrededor del rotor de la turbina, lo que se traduce en una mayor potencia

en comparación con un flujo sin restricciones. Además, para un flujo subcŕıtico,

la altura del agua desciende a medida que se extrae la enerǵıa, lo que aumenta el

efecto de bloqueo.

• Comparando los resultados experimentales con los cálculos de la teoŕıa del disco

actuador ajustada para flujo en canal abierto. Se ha encontrado una coincidencia

razonablemente buena entre los resultados experimentales y los anaĺıticos para todo

el rango de velocidades aguas arriba. Sin embargo, los resultados experimentales

son algo inferiores a los anaĺıticos porque el modelo no tiene en cuenta las pérdidas

por fricción de las paredes del canal.

• El ĺımite de Betz no es aplicable a las turbinas de canal, y esta hipótesis se ha

confirmado experimentalmente.

• La eficiencia de la turbina para velocidades pequeñas aguas arriba es marginal. Sin

embargo, a partir de 0,45 m/s, la eficiencia es superior al 70 %, y llega hasta el 81

%.
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• La variación del punto de máxima potencia es proporcional al cuadrado de la pen-

diente del canal. Asimismo, las relaciones de velocidad de punta que obtienen la

potencia máxima tienen una ligera dispersión, pero se ajustan a una ecuación pro-

porcional a la ráız cuarta de la pendiente.

Los trabajos presentados relativos a la simulación multifásica de la turbina en el in-

terior del canal abierto, con las variaciones de superficie libre, pueden resumirse como

sigue:

• Los coeficientes de potencia obtenidos a partir del modelo monofásico son algo su-

periores a los experimentales, ya que no tiene en cuenta las deformaciones de la

superficie libre alrededor del rotor. Sin embargo, los valores del modelo VOF se

aproximan mucho más a los experimentales para toda la gama de relaciones de

velocidad de punta.

• El modelo VOF es capaz de simular no sólo las variaciones longitudinales de la

superficie libre, sino también las interacciones con los ĺımites de la pared del canal.

• Se comprueba que la extracción de enerǵıa está directamente relacionada con la

magnitud de la velocidad en la turbina, concretamente alrededor de los álabes, y

que aumenta con la cáıda de la superficie libre. El cambio de superficie también es

responsable del comportamiento de recuperación de la estela.

• En algunos casos se ha detectado un comportamiento anormal del coeficiente de

presión en determinadas posiciones angulares. Esto ha sido causado por la zona de

baja presión en el interior del rotor, debido a la alta solidez de las palas.

• Se ha analizado claramente la vorticidad generada por las palas y las placas de

terminación. La interacción entre ambas desarrolla vórtices en herradura que se

separan del rotor formando una calle de vórtices.

El trabajo presentado en relación con las pruebas en campo abierto de la turbina

dentro del túnel de viento de chorro abierto, puede resumirse como sigue:

• La condición de funcionamiento a campo abierto se ha confirmado, ya que los valores

del coeficiente de potencia máxima correspondientes a cada velocidad de ceñida son

bastante similares.

• Los resultados obtenidos a partir de las dos ecuaciones de corrección del bloqueo

(Werle y Gauvin) son bastante similares a los obtenidos en las pruebas del túnel de

viento, lo que confirma la validez del planteamiento.

Por último, el trabajo presentado en relación con la mejora de la eficiencia mediante

la variación de la geometŕıa del canal, puede resumirse como sigue:
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• La potencia de la turbina aumenta a medida que aumenta la altura del obstáculo.

El caudal que atraviesa el rotor de la turbina depende en gran medida de la altura

del obstáculo.

• La altura del obstáculo implica una elevación de la superficie libre de agua aguas

arriba de la turbina, lo que aumenta el área transversal mojada del rotor y produce

el efecto del punto cŕıtico aguas abajo.

• La altura de los obstáculos tiene un impacto significativo en las fuerzas ejercidas

sobre las palas, ya que influye directamente en la presión neta sobre las palas.

7.3 Contributions

The main contributions made during the development of this dissertation are:

• Designing and manufacturing a small vertical-axis hydrokinetic turbine model that

able to rotate and produce power under low flow velocity conditions. The turbine

and all of its components are fabricated using the additive manufacturing technology

precisely at a fraction of the cost offered by traditional machining technologies.

• Investigating the effect of different operational parameters including the blockage

ratio, the Froud number and the upstream velocity on the overall performance of

the turbine inside an open water channel.

• Developing a three-dimensional multiphase model to simulate the turbine rotor un-

der different free-surface variations and to investigate the interactions between the

turbine and the channel section, including the free-surface.

• Implementing and validating a novel a approach to evaluate the performance of the

hydrokinetic turbine model under open-field conditions using wind tunnel tests. It

is achieved by unifying the Reynolds number value in both experiments.

• Improving the overall performance of hydrokinetic turbines by varying the water

channel geometry, through the use of an obstacle on the channel bed.
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1. Ahmed Gharib Yosry, Eduardo Álvarez Álvarez, Rodolfo Espina Valdés, Adrián

Pandal, and Eduardo Blanco Marigorta. “Experimental and multiphase modeling of

small vertical-axis hydrokinetic turbine with free-surface variations”. In Renewable

Energy, 203 (2023), pp. 788-801, [doi.org/10.1016/j-renene-2022.12.114]

130

https://doi.org/10.1016/j.renene.2022.12.114


Chapter 7. Conclusions and Future Work

2. A. Gharib Yosry, A. Fernández-Jiménez, E. Álvarez-Álvarez, and E. Blanco
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7.4 Future Work

There are several points that can be addressed in the future to continue the research

line of this dissertation:

• Expanding the investigation to include the design and testing of helical vertical-

axis hydrokinetic turbines with different twisting angles. A comparison between the

straight and the helical-bladed ones will be provide a further knowledge in this field.

• Analysing the starting behaviour of the straight-bladed turbine model for different

angular positions, using a stepper motor and torque sensor.

• Testing the lift-based VAHT in the water channel with the obstacle and comparing

the performance enhancement with tested drag-based turbine.

• More numerical investigation, including Delay Detached Eddy Simulation (DDES)

and Improved Delay Detached Eddy Simulation (IDDES), of the flow field around

the blade profile using the open-source simulation tool (OpenFOAM).

• Exploring the possibility of implementing a simple methodology that uses the energy

data produced by the turbine generator to develop predictive maintenance strategies

for these kinds of turbines in remote areas.
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[69] R. Espina-Valdés, A. Fernández-Jiménez, J. F. Francos, E. B. Marigorta, and
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Appendix A

Appendix: Additive Manufacturing

and CFD Parameters

A.1 3-D Slicing and Printing Parameters

Table A.1: Configuration parameters for the additive manufacturing process.

Parameter Value/Spec

Layer height 0.1mm

Initial layer height 0.3mmQuality

Line width 0.39mm

Shell

Wall line count 3

Skin overlap 5%

Outer wall distance 0.2mm

Overlap percentage 10%

Pattern shape linesInfill

Infill density 35%

Material

Type PLA

Build plate temperature 55◦c

Printing temperature 200◦c

Travel speed 120mm/s

Acceleration 1750mm/s2Speed (*)

Printing speed 45 : 60mm/s

(*) The printing speed is varied depending on the printed part complexity .

153



A.2 Simulation Setup

A.2 Simulation Setup

Table A.2: CFD configuration parameters for the VOF model in ANSYSFLUENT.

Setup Parameter Value/Spec

Solver pressure− based

Velocity formulation absolute

Gravity z = −9.81m/s2
General

Time transient

Models

Multiphase V OF

Formulation implicit

Viscous K − ω SST

Material Fluid Air −Water

Cell zones
Rotor fluid

Channel fluid

P-V coupling coupled

Gradient Least Squares

Pressure Presto!

Momentum Second Order Upwind

T.K.E Second Order Upwind

Volume Fraction Compressive

Solution Methods

Transient Formulation Second Order Implicit

Under-Relaxation Factors

Pressure 0.3

Body Forces 1.0

Momentum 0.7

Volume Fraction 0.5

Overlap percentage 10%

Pattern shape linesInitialization

Hybrid absolute−R.F

Calculation

Time step 1o/step

No. Time steps 10080

Max.Iteration/Step 25

Stepping Method fixed
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B.1 Houlsby’s Analytical Model Equations
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9. LINEAR MOMENTUM ACTUATOR DISC THEORY IN AN OPEN CHANNEL 
FLOW  

9.1 Geometry of the flow 
 

Mixing

41 2 5

ub4

h5

At1

At4

ub4

u5ut4

h

h1 = h

u1 = u

3

A
T

X

Figure 4: One dimensional linear momentum actuator disc theory in an open channel flow 
 

B.1 Houlsby’s Analytical Model Equations
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5. NOMENCLATURE 

Symbol Definition 
u  Stream velocity (uniform) 
ρ  Fluid density 
g  Gravity 
p  Pressure (gauge) 
h  Stream height/hydrostatic head 

2α  Turbine flow velocity coefficient 

4α  Turbine wake flow velocity coefficient 

4β  Bypass flow velocity coefficient 
A  Area of the turbine defined as an actuator disc 
R  Area ratio  
b  Width of flow (open channel) 
B  §8: Blockage ratio ( R/1 ) 

§9: Blockage ratio ( bhA / ) 
T  Thrust from the actuator disc to the fluid 
X  Reaction between the turbine flow and bypass flow 
P  Power extracted by the turbine 

WP  Power dissipate in downstream mixing 

PC  Dimensionless power coefficient, normalised by upstream kinetic flux 

*PC  Dimensionless power coefficient, normalised by upstream kinetic flux and the 
pressure drop across the actuator disc 

PWC  Dimensionless power dissipation in downstream mixing, normalised by 
upstream kinetic flux 

TC  Dimensionless thrust coefficient, normalised by upstream kinetic pressure 

TLC  Dimensionless thrust coefficient, normalised by turbine kinetic pressure 
η  Efficiency of a turbine in a  finite flow 

rF  Froude number = ghu  
 
Subscripts Definition 
t  Turbine flow 
b  Bypass flow 

...3,2,1  Station of the flow 
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9.2 Continuity relations 
 
Region  Station 1 Station 2 Station 3 Station 4 Station 5 

Area 21 α= bhBA t  bhBAA tt == 32  
4

2
4 α

α
= bhBA t  

Velocity uu t =1  232 α== uuu tt  44 α= uu t  

Volumetric 
flow 2

1
α=

=
ubhB
qq tt

2

32
α=

=
ubhB
qq tt  24 α= ubhBq t  

Turbine 

Elevation head hh t =1  th2  th3  44 hh t =  

Area ( )2

1
1 α−

=
Bbh

A b  
( )

4

2
4

1
β
α−

=
B

bhA b  

Velocity uu b =1  44 β= uu b  

Volumetric 
flow ( )2

1
1 α−=
=

Buhb
qq bb ( )24 1 α−= Buhbq b  

By-pass 

Elevation head hh b =1  

 

44 hh b =  

 

Depth hh =1   4h  hhh ∆−=5  

Velocity uu =1  Varies Varies ( )hh
uhu
∆−

=5

Volumetric 
flow ubhqq ==1   ubhq =4  ubhq =5  Total 

Pressure 
force 

2
1 2

1 ghp ρ=  Varies Varies 2
44 2

1 ghp ρ=  ( )2
5

2
1 hhg

p

∆−ρ

=

Table 4 
 

9.3 Commentary and derivation 
 
The open channel flow calculation follows a similar pattern to before, except that in the Bernoulli 
calculation the total head is now employed. We assume that at stations 1, 4, and 5 the pressure can 
be treated as hydrostatic. In some senses the calculation is a hybrid between the calculation at 
constant pressure and the one in a fixed tube: the downstream dimensions of the flow are not fixed, 
but there are relationships between dimension and velocity and between dimension and pressure 
force. 
 
We start by noting that in the by-pass flow: 

g
uh

g
uh

22

2
4

2
4

2 β
+=+  …(29) 

As before, Bernoulli in the turbine flow upstream and downstream of the turbine gives: 

g
u

h
g

uh t 22

2
2

2
2

2 α
+=+  …(30) 

g
u

h
g

u
h t 22

2
4

2
4

2
2

2
3

α
+=

α
+  …(31) 

And the equilibrium of the turbine gives: 
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( ) TBbhhhg tt =−ρ 32  …(32) 

Combining equations (29), (30), (31) and (32) gives: 

( )2
4

2
4

2
32 2

α−β=
ρ

=−
g

u
gBbh
Thh tt  …(33) 

( )2
4

2
4

2

2
α−β

ρ
=

BbhuT  …(34) 

Now consider the momentum equation between stations 1 and 4, which gives: 

( ) ( ) ( )( )111
2
1

42
2

42
22

4
2 −βα−ρ+−ααρ=−−ρ BhbubhBuThhgb  …(35) 

Eliminating T  between (34) and (35) gives 

( ) ( ) ( ) ( )( )111
22

1
42

2
42

22
4

2
4

2
2
4

2 −βα−+−αα=α−β−− BhuhBuuBhhhg  …(36) 

And we can make use of the continuity relationship 

( )
4

2

4

2
4

1
β
α−

+
α
α

=
BhBhh  …(37) 

Note also the following forms 

( ) ( )42424 1 αα−α−=β BhhBh  …(38) 

( ) ( )( )
)(

.1

44

4444
2 β−α

−β+β−α
=α

hhh
Bh

 …(39) 

To eliminate (in principle) 4h  and 4β  between (29), (36) and (37), leaving, as previously, a 
relationship between 2α  and 4α . First eliminate 4h  to give: 

( ) ( )1
2

11 2
4

2

4

2

4

2 −β=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β
α−

+
α
α

−
gh

uBB  …(40) 

and 

( ) ( ) ( )( ) ( )( )

( ) ( ) ( )( )2
4

2
44442

2

2
4

2
44242

22

4

2

4

2

122

1121211

α−β+−β+β−αα=

α−β+−βα−+−αα=
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β
α−

+
α
α

−

BB
gh
u

BBB
gh
uBB

 …(41) 

It is convenient later to write the results in terms of the upstream Froude number ghuFr = . 
Dividing (41) by (40) we obtain 

( )
( ) ( ) ( ) ( )( )2

4
2
444422

44

2

4

2 122
1

21
1 α−β+−β+β−αα

−β
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
β
α−

+
α
α

+ BB
BB

 …(42) 

which re-arranges to 
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( ) ( ) ( ) ( )
4

3
42

4
2
4

44

2
4

442
1214
β
β−

+α−β=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

βα
−β

+α−βα BB  …(43) 

leading to the solution: 

( ) ( )
( )

( )
44

2
4

444

3
4

44

2
14

12

βα
−β

+

α−ββ
−β

−α+β
=α

B
 …(44) 

Rewriting (40) as 

( ) ( ) ( )1
2

1 2
4

2

4

4

44

44
2 −β−

β
−β

=
βα
α−β

α
gh

uB  …(45) 

And dividing (44) and (45) to eliminate 2α we obtain after some manipulation: 

( )( ) ( ) ( ) ( ) ( )344
2
4

2
44

2
4

2
4

2
444 121

2
114 −β−βα−β=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
β−β−−β−β+βα BFr  …(46) 

Which is a quartic in 4β  

( ) ( ) 0224
2

424222
2

2
44

2
4

2
44

2
4

23
4

2
4

4
4

2
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−α−α++β−α+α−β+−−βα+β BFFFBFF r

rrr
r

 …(47) 

As 0→B  and 14 →β  note the limit 

( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

α−

α
=

−β gh
uB 2

2
4

4

4
1

1

2
1

 …(48) 

The downstream head drop can be calculated from overall momentum: 

( )( ) ⎟
⎠
⎞

⎜
⎝
⎛ −

∆−
ρ=−∆−−ρ u

hh
uhbhuThhhgb 22

2
1  …(49) 

⎟
⎠
⎞

⎜
⎝
⎛

∆−
∆

=
ρ

−
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ ∆−

∆
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h
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u
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T

h
h

h
h 2

2

2
2

2
1  …(50) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆−

∆
=

ρ
−

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ ∆−

∆
hh

hhF
bgh
T

h
h

h
h

r 1
2

2
1 2

2

2
 …(51) 

Where 
2

2
1 Bbhu

TCT
ρ

=  so that 
2

2

2
rT BFC

bgh
T

=
ρ

. This is a cubic in hh∆ : 

0
22

1
2
3

2
1 22

2
23

=−
∆

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−+⎟

⎠
⎞

⎜
⎝
⎛ ∆−⎟

⎠
⎞

⎜
⎝
⎛ ∆ rTrT

r
BFC

h
hBFCF

h
h

h
h  …(52) 

The power lost in the mixing is calculated as: 
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( ) ( )

( ) ( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ −
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∆−

−β
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+ααρ=

ρ−+⎟
⎠
⎞

⎜
⎝
⎛

∆−
ρ−βα−ρ+ααρ=

Bu
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hhBB

BBbhu

ghhhbu
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2
54

2
2
4

22
42

3

54

2
32

42
32

42
3

2
1

111
2
1

2
11

2
1

2
1

 …(53) 

Alternatively it can be useful simply to calculate the total power taken out of the flow: 

( )

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆−

∆−
−∆ρ=⎟
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ρ−ρ=+

2
2

2

2
3

5

2
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2112
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2
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1

2
1

hh

hhFhgubh
F

hh
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ghhhbu
hh

hbhubhuPP

r
r

W

 …(54) 

Therefore the efficiency of the turbine is simply: 

( )

1

2
2

1
211

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

∆−
∆−

−
∆

=
+

=
hh

hhF
hgubh

P
PP

P
r

W ρ
η  …(55) 

For small Froude number flows this may be approximated by 
hgubh

P
∆ρ

≈η . 

 
9.4 Calculation sequence 
 
1. Specify principal dimensioning parameters ρ , g  and h  
2. (Optionally specify width b , which acts as purely scaling term on power and force) 
3. Specify upstream Froude number ghuFr = , blockage ratio 10 ≤≤ B  and dimensionless 

velocity factor 10 4 ≤α≤  
4. Calculate dimensionless quantities: 

a. Solve for 4β  from: 

( ) ( ) 0224
2

424222
2

2
44

2
4

2
44

2
4

23
4

2
4

4
4

2
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−α−α++β−α+α−β+−−βα+β BFFFBFF r

rrr
r

 such that 14 >β and 421 α>α> . 

b. 
( ) ( )

( )
( )

44

2
4

444

3
4

44

2
14

12

βα
−β

+

α−ββ
−β

−α+β
=α

B
 

c. ( )2
4

2
4 α−β=TC  

d. 2
2α

= T
TL

CC  

e. Solve for hh∆  from:  

0
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1
2
3

2
1 22

2
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∆
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⎠
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⎝
⎛ ∆−⎟

⎠
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⎜
⎝
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h
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h

h
h  

f. TP CC 2α=  
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g. ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ ∆
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∆−

−=+ 2

2 2
1

111

r
PWP

F
hh

hhB
CC  

h. 
WPWP

P
PP

P
CC

C
+

=
+

=η  

5. Calculate dimensioned quantities: 

i. TBbhCuT 2
2
1
ρ=  

j. PBbhCuP 3
2
1
ρ=  

k. PWW BbhCuP 3
2
1
ρ=  

l. 
h
hhh ∆

=∆  

m. Pressure drop across turbine 
Bbh
TpT =∆  

 
9.5 Solution space of the model 
 
The quartic defined by equation (47) will yield real solutions for 4β  only for a subset of input 
variables 4,, αBFr . To determine the range of this subset we can reconsider the equations derived in 
§9.3. It is clear that both equation (29) and equation (35) express quantities that will have a 
minimum value when plotted against 4h . These minimum values indicate that the flow within the 
bypass and the far wake, respectively, will be exactly critical. If 4h  is specified as less than this 
critical point no real solutions will exist for a given upstream discharge rate. More specifically the 
turbine will ‘block’ the flow and a hydraulic jump will result. 
 
To determine the critical point consider equation (29). Mathematically the condition of critical flow 
can be expressed as 

01
22

2
4

4

2
4

22
4

44
=+β=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

β
=

dh
dhFrh

g
V

dh
d

dh
dE  …(56) 

Giving the condition 

2
4

2
4 2)(

hFrdh
d

−=
β  …(57) 

A similar exercise can be done for equation (35) to determine the minimum momentum. However it 
can be shown numerically that in all cases the bypass condition given by (57) is reached at the point 
when solutions to the quartic (47) become complex. The far wake will never reach critical 
conditions before the bypass flow. 
 
Therefore the solution space of this open channel model is bounded by the requirement that the 

bypass flow remains sub-critical, or mathematically 
( )

24

2
4 2

hFrdh
d

−<
β . 
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Appendix: Complementary

Publications

C.1 Complementary Peer-reviewed Journal Publica-

tions

C.1.1 Power Performance Assessment of Vertical-axis Tidal Tur-

bines Using an Experimental Test Rig
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and estuaries with low water-speed conditions. The turbine was tested in the water-current flume of
the University of Santiago de Compostela for several flow conditions with different water heights
and water speeds. Blockage conditions were tested by examining the results from two groups of
tests: with and without an accelerator device that restricts the flow around the rotor. The tip speed
ratio and the power coefficient were used to characterize the performance of the turbine for each
test. Finally, the results for open-field conditions were obtained by applying empirical expressions,
which allowed us to assess the performance of the device in estuaries and harbors with known
water-flow regimes.

Keywords: marine renewable energy; tidal energy; laboratory tests; tidal turbine

1. Introduction

Port facilities utilize a series of key services which promote the economic and social
development of regions. There are a number of key activities which demand significant
consumption of energy, existing important activities that demand big amounts of energy.
Therefore, improvements in energy consumption are essential in order to ensure the most
favorable use of electricity. It should be borne in mind that, due to their nature, there are
diverse renewable hypo-carbon energies that could be used at these facilities, such as tidal
currents or wave energy [1].

The total amount of energy consumed at ports represents 75% of all the energy used
by the transport sector worldwide, which equates to 221 million tons of oil equivalent
(MTOE) [2]. This represents 2.7% of global CO2 emissions. Unless drastic measures are
taken to reduce these emissions, it is expected that in the coming years, as a consequence
of the growth of international trade, they will continue to increase, reaching 7% of all CO2
emissions by 2040 [2].

The International Maritime Organization (IMO) has proposed different measures to
reduce today’s emissions by 50% up to 2050. Some such proposals include the use of
renewable fuels, such as hydrogen or ammonia, or electric generation from low-carbon
resources [3]. It should be noted that even some private concerns, such as the Maersk
shipping company, have set a zero-emissions target for the year 2050 [4].

In the case of ports, the incorporation of electricity generation technologies from
low-carbon resources will be a reality in 2030 [5]. Some examples are the port of Houston
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(United States), where, in 2020, a solar panel farm was set up to supply electricity for harbor
activity [6] or the port of Gothenburg (Sweden), where 80% of the electricity generated
comes from a mixed plant of solar panels and windmills [7].

In this context, the development and implementation of other electric generation
technologies from renewable resources, such as vertical-axis hydrokinetic turbines to
harness water currents, are an excellent alternative to provide green energy to port facilities
and reach the zero-emissions target set by the IMO for 2050. These devices are low-pressure
turbines which generate electricity from the kinetic term (velocity) of a flowing stream with
low potential energy, where the difference between upstream and downstream height is
less than 0.2 m [8]. The generated energy can be used directly in the port, optimizing the
environmental benefits of renewable energy, constituting a nearby point of consumption,
and thereby reducing transport, operation, and maintenance costs.

The use of hydrokinetic turbines for their application in harbor areas is based on the
electrical generation from the energy of tidal currents. These streams are a renewable, clean,
and largely foreseeable resource which could be used to contribute to the decarbonization
of port facilities. It has been estimated that tidal currents have a global energy potential
of 800 TWh/year [9], meaning that their development and implementation would have a
considerable niche in the world market. To date, this technology has been studied from
various perspectives. These include: energy storage [10], their effects in the electrical
market [11], and their economic optimization of operation [12]. Additionally, on many
occasions, auxiliary mechanical elements, such as flow accelerators, need to be installed to
increase velocity and ensure satisfactory operation [13].

Hitherto, the two main types of hydrokinetic turbines used to supply energy to harbor
areas have been axial turbines (flow and axis parallel) and crossflow turbines (flow and axis
perpendicular). Some of the real projects carried out using axial turbines include the RITE
system based in New York (USA) that can generate 70 MWh/year [14] and the Kvalsund
project installed in Finnmark (Norway) with a total power of 500 kW [15]. As regards
crossflow rotor-based projects, the most noteworthy are the Blue Energy system settled
in Canada with a total power of 2 kW [16] and the Oryon Watermill project located in the
Netherlands with 150 kW of power [17], both with diameters greater than 2 m. In addition,
the OceanQuest project should be highlighted, in which the testing of a 1 MW H-Darrieus
prototype was carried out on the coast of Brittany (France) [18]. All of them are still in an
embryonic stage, but recent results have been successful, which augers well for the future.

From a scientific point of view, the study of crossflow turbines has been based mainly
on the development of numerical models. This is due to existing difficulties in the ex-
perimental characterization of these devices, such as problems with starting rotation at
low water velocities and obtaining measurements of their power stage since, at these low
speeds, torque is small [19]. In this sense, some studies stand out, such as the study carried
out by Behroui et al. [20] where a Savonius rotor was characterized using Computational
Fluid Dynamic (CFD) techniques, obtaining the mechanical performance. Another study
of interest is the work of Kumar and Saini [21], which presents a numerical methodology
for optimizing the blade size of a Savonius rotor taking into account the hydrodynamic
parameters of the water stream.

As regards Darrieus typology, the studies presented by Kirke [22] and Benchikh Le
Hocine et al. [23] stand out. Both publications considered the influence of the blockage
effect on the power stage of a crossflow turbine. Thus, in the initial study, a deflector
was numerically tested to observe its influence on the energy production of a rotor, while
in the second publication, two numerical models were used together (CFD and Blade
Element Method, BEM) to study the influence of the position of the water-free sheet on the
turbine’s performance.

This article presents an analysis and study of a Darrieus vertical-axis crossflow turbine
in a current water flume, under blocking effects induced by a flow-accelerator device and
with low water-velocity conditions (<1 m/s). The study was carried out in a water-current
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flume installed in the laboratory of the Hydraulic Engineering Area at the Polytechnic
School of Engineering of Lugo (University of Santiago de Compostela, USC).

2. Materials and Methods
2.1. Experimental Set-Up

A Darrieus rotor (Hydraulic R&D Group, Mieres, Spain) design was used, geometrical
characteristics of which are shown in Figure 1.

Figure 1. Darrieus rotor design tested, with the geometrical characteristics.

Using Equation (1), the solidity of this design was 0.34. This solidity value was selected
because, since the rotor would work under low water-velocity conditions, having a high
solidity made it easier to start the rotation of the turbine [24]. In fact, some other studies
such as Singh et al. [25] and Mohammed et al. [26] show that Darrieus rotors improve their
starting capacity when solidity is high since the static torque is increased, although there
may be a downturn in performance.

σ =
N·c

2·π·R (1)

where σ is the solidity (dimensionless), N is the number of blades (dimensionless), c is the
blade chord (m), and R is the rotor’s radius (m).

The rotor was printed using 3D additive technology, attending to lift designs criteria
to maximize performance. The material used was nylon filament (PA) due to its resis-
tance against stresses, lightness, and non-degradation under water presence. The surface
roughness of the elements that made up the rotor was reduced due to the high precision
and excellent final finish of the printing equipment used (BCN3D SigmaxR19 ) (BCN3D,
Barcelona, Spain). Additionally, after printing, the elements were subjected to sanding and
sealing primer with plastic material. In consequence, the surface was completely smooth
and there were no effects of turbulence in the flow due to the roughness of the turbine.

The turbine was placed in a stainless-steel metal case, in the lower part of which a
radial bearing was located to ensure rotation, and the rotors were coupled to a 1.20 m-long
stainless-steel shaft with a diameter measuring 10 mm. This structure was 0.62 m wide,
0.70 m long, and 1 m high, and could be found inside the water-current flume (Figure 2).
In addition, two lateral windows of 0.24 m2 were built so that the tests could be filmed.
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The turbine was located at 0.175 m above the floor of the channel, using the lower rotor
cover as a reference.

Figure 2. Structure used to couple the different rotor designs.

The structure was designed in such a way that it was possible to add and easily remove
the rotor and the accelerator device by using two sets of sprats. The accelerator device was
based on a symmetrical NACA profile (0015), being placed on each side of the turbine.
This element allowed the incident speed to be increased by 1.6 times as the cross-section
was reduced (from 0.65 m to 0.39 m). Furthermore, the use of this standardized profile for
the accelerator allowed a gradual reduction in the passage section, avoiding detachments
and directing the flow of water towards the rotor, minimizing the appearance of turbu-
lent effects [27]. Figure 3 shows the accelerator device (Hydraulic R&D Group, Mieres,
Spain) geometry.

Figure 3. Geometry of the accelerator device.
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A 20 m-long water-current flume, which was 0.65 m wide and 1 m high with trans-
parent crystal walls, was used to carry out the power characterization of the selected
rotor. The movement of the water inside the channel was forced by a hydraulic pump
(Pedrollo Spa, San Bonifacio VR, Italy) with 22 kW of power (IDEAL-RNL-150-250/264
series). There was no free-discharge point on the circuit (Figure 4). The flow inside the
channel was controlled by means of several valves that were calibrated with an ultrasonic
flow meter. In this manner, different water speeds and heights could be reproduced under
controlled conditions.

Figure 4. Water-current flume with the hydraulic control devices.

To monitor the hydraulic parameters during the tests such as flow rate, water velocity,
and height variation, different sensors were used, including water-pressure devices, electric
and ultrasonic water-height sensors, and an Acoustic Doppler Velocimeter (ADV) (Sontek,
San Diego, CA, USA). The ADV was located just at the inlet zone of the turbine so that the
speed upstream the rotor was known (Figure 5).

The power characterization simulation process of the rotor was based on variation of
the resistive torque of the electric brake. In this way, for each value induced on the electric
brake, a rotational speed (n) and mechanical torque (T) in the turbine were obtained, so
that the rotor’s power stage could be fully and satisfactorily simulated. Figure 6 shows an
outline of the procedure adopted.

The characterization began with an initial measurement, called “no load”, where the
electric brake did not offer resistance so that the turbine would rotate at its maximum speed
but would not generate mechanical torque (Step 1). Then, by using a power-supply unit,
the brake voltage was progressively varied, increasing the braking torque and obtaining,
for each voltage, an n and T value of the turbine (Step 2). The test ended when the turbine
stopped its rotation (Step 3).

The measurements were recorded with a high-precision torque meter (MAGTROL
TS 103 series, Bufalo, NY, USA) and an electrical brake (MAGTROL HB140M series, Bu-
falo, NY, USA). This system measured instant torque (N·m) and rotational speed (rpm),
storing and processing all data using the manufacturer’s software (MAGTROL TORQUE
Version 10, Bufalo, NY, USA).
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Figure 5. Hydraulic sensors’ locations during tests.

Figure 6. Scheme of the experimental characterization procedure.

2.2. Performance Indicators

The power characterization of the turbine was carried out from the raw data obtained
by the torque meter. Subsequently, these data were processed, and several performance
indicators were obtained. The relation of the speed at the tip of the blade with the upstream
flow speed—i.e., the Tip Speed Ratio (TSR), was obtained by applying:

TSR =
ω·R
U

(2)
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with ω the rotational speed of the rotor (rad/s), and U the average water speed in the uni-
form zone upstream of the turbine at the channel (m/s). In addition, the power coefficient
of the turbine (dimensionless) was obtained by applying:

Cp =
Pm

Pt
(3)

where Pm is the average mechanical power in a complete turn of the turbine (W),
obtained using:

Pm = ω·T (4)

with T the torque force at the shaft (N·m), and Pt the average hydraulic power of the
current during a given test (W), obtained via:

Pt =
1
2
·ρ·At·U3 (5)

with ρ the fluid density (kg/m3), and At the area swept by the blades (m2), which was
calculated by multiplying the height of the turbine (h) by the transverse width occupied by
the rotor (2R).

2.3. Open-Field Conditions

In the presence of any blockage, the fluid is forced to pass through the rotor and the
flow is accelerated [28]. This may be applied to experiments in current flumes such as
those carried out in this study, but not to estuaries where the flow is unrestricted by walls
near the rotor—i.e., open-field conditions. On this basis, the performance of the turbine
for open-field conditions is required to assess the power production of the turbine for a
possible location of interest in the vicinity of a port.

To characterize the performance of the turbine in open-field conditions, the modified
values of Cp and TSR were obtained by applying:

CpF = Cp
(

U
UF

)3
(6)

TSRF = TSR
(

U
UF

)
(7)

respectively, where UF is the open-field flow speed corresponding to each value of water
speed tested in the flume under blocked conditions (m/s). The relation between velocities,
applied velocity relationship, is based on the expression proposed by Gauvin et al. [28].
This Equation (8) was selected since it performs well with blockage coefficients greater
than 20%, as indicated in the case studied [28]:

(
UF
U

)2
=

1
1 − (m·B) (8)

where B (dimensionless) is the blockage coefficient provided by:

B =
2·R·h

b·y (9)

with h the height of the rotor (m), b the flume width (m), y the water height at the flume
(m), and m an empirical coefficient provided by [28]:

m = 8.14·B2 − 7.31·B + 3.23 (10)

A complete power characterization of the rotor was carried out to study the influence
of blockage phenomena during the power stage of the turbine under low water-speed
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conditions (<1 m/s). For each velocity, three water heights (0.5, 0.55, and 0.6 m) were
induced with and without an accelerator device, carrying out a total of six tests. Under
these conditions, values of B of 0.21, 0.23, and 0.25 were obtained for the tests without
an accelerator and of 0.38, 0.41, and 0.45 when this element was placed. In both cases,
the variation of blockage was made by varying the water level, although each situation
was different because of changes in the hydrodynamic behavior due to the presence of the
accelerator. Figure 7 shows an outline of the tests carried out.

Figure 7. Outline showing how the tests were carried out.

An initial water velocity of U1 = 0.174 m/s was selected because it was the cut-in
speed of the rotor, while U3 = 0.246 m/s was the maximum water speed of the current
flume. U2 = 0.210 m/s was selected as an intermediate speed. It should be noted that
the position of the rotor, water-height sensors, and the ADV speed meter were invariably
located in the same place during all tests. More specifically, all sensors were located at a
height of 0.30 m from the bottom of the channel, and the ADV located at 0.70 m upstream
of the rotor axis. Figure 8 shows a diagram with the main distances.

Figure 8. Diagram with the position of the different elements used in tests.

3. Results and Discussion

The proposed Darrieus water-current turbine was studied following the power char-
acterization procedure described in previous sections. On the one hand, Figure 9 shows
the variation of Pm versus the rotational speed of the turbine (n) for tests without an ac-
celerator represented as being (a–c) whilst the different water speeds used were of 0.174,
0.210, and 0.246 m/s, respectively. On the other hand, Figure 10 shows the same tests but
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using the accelerator device represented as (a–c) with water speeds of 0.174, 0.210, and
0.246 m/s, respectively.

Figure 9. Variation of power vs. n for the different tests without an accelerator device.

Figure 10. Variation of power vs. n for the different tests with an accelerator device.

The characteristic curves show how power values were affected by variations in the
current speed and in water height. More specifically, when the current velocity increased
or the water height decreased, the power of the rotor went up. This produces an increase
of blockage conditions, which has direct consequences on energy extraction. In fact, the
effects of blockage were noticeable when the accelerator device was installed, producing a
significant increase in the rotational speed and power, even under the low water velocities
of the tests.

It could also be observed how the recorded values reached a point of maximum power
(maximum power point, MPP) and then the turbine stopped its rotation. The reason was
that the left part of the Cp vs. TSR curve corresponds to an unstable operating zone of the
turbine caused by the loss of lift force on blades (the turbine was the Darrieus NACA 0015
type that works mainly under lift forces). In the case that the rotor had a design based on
drag forces (for example a Savonius type) it would be possible to obtain those points of the
instability zone. [29].

Using the dimensionless coefficients of TSR and Cp it was possible to obtain an initial
approximation of the operation of the designed turbine. Figure 11 shows these power
parameters only with the results of the tests where the accelerator device was used since
these tests conditions allow for a better visualization of the behavior of the turbine.

For the three water velocities, maximum TSR values higher than 4.5 were attained,
which indicates a significant acceleration of the speed at the tip of the blade with respect
to the current velocity. Furthermore, in all tests the maximum Cp values were greater
than 1 due to the great blockage existing during the tests (B > 0.38). Therefore, it is
evident that the results obtained were strongly influenced by blockage phenomenon but
were not consistent with the behavior of the turbine under open-field conditions. To
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obtain its characteristics without considering the blockage effects, the previously indicated
Equations (6) and (7) were applied, showing in Figure 12 the CpF and TSRF values for the
same tests.

Figure 11. Cp vs. TSR curves for the three water velocities tested using the accelerator device.

Figure 12. CpF vs. TSRF curves for the three water velocities tested using the accelerator device under open-field conditions.

The values of Cp and TSR at open-field conditions suffered a marked decrease with
respect to the values under confined flow. Be that as it may, TSR values greater than
1 showed an increase in the speed at the tip of the blade, which indicates, in a preliminary
way, that the rotor worked mainly at lift, so the performance of the turbine was better [21].
Further, the maximum values of Cp reached 0.29, which corresponds with more realistic
values than the previous values. It should be noted that, considering the low water
velocities, the turbine performed well and had good behavior due to those high-power
coefficient values. Finally, and especially for the maximum water velocity, it may be
observed how the characteristic curve of the turbine tended to be unique, thus eliminating
the influence of the height.

4. Conclusions

In this study, the power characterization of a vertical-axis hydrokinetic tidal turbine
based on the Darrieus subtype was put forward. The device under scrutiny was designed
to supply electricity to port facilities located at harbors and estuaries with low water-
velocity conditions. The turbine was tested in the water-current flume of the University of
Santiago de Compostela to evaluate its performance under several flow conditions with
three different current speeds. Moreover, the blockage effects on the performance of the
turbine were examined by varying the water height and installing an accelerator device
that restricted the flow around the rotor. Once the laboratory experiments were concluded,
the performance of the turbine in confined and open-field conditions was satisfactorily
assessed. The procurement of unrestricted results was made possible by applying empirical
expressions to experimental data.
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Several conclusions of interest and future research lines can be drawn from the results
of this work. As expected, the power coefficient of the turbine increased when the accelera-
tor device was installed in the water-current flume for all the flow conditions examined.
This happened since blockage conditions produced changes in the water-current regime
that favored the extraction of energy via by the turbine. More specifically, for the highest
water velocity (U = 0.246 m/s) values of Cp = 1.91 were attained, although this result was
obtained under confined flow conditions.

While the confined results were promising, open-field conditions were examined to
assess the potential of this device under realistic conditions. After applying empirical
expressions, Cp values decreased, reaching a maximum of 0.29 at non-restricted conditions.
This result points to an excellent performance of the turbine, and possibly more, considering
the low water velocities of the tests.

Future research should include the application of numerical modeling to analyze other
aspects of the performance of the turbine both under blockage and open-field conditions.
Furthermore, the study of flow regimes in locations of interest may be considered to assess
the performance of the turbine under real conditions.
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Abstract: The research presented analyzes the influence exerted on the efficiency of a vertical axis
cross-flow hydrokinetic microturbine by modifying the geometry of the channel by means of a
deflector located upstream of the turbine. To this end, a series of laboratory tests were carried out
in the water tunnel at the University of Oviedo, including the measurement of electrical power
and the rotational speeds of the turbine. Additionally, the results obtained were used to adjust a
computational fluid dynamics model that allows studying the pressure and velocity fields of the
water, where to delve into the analysis of the different types of forces applied to the faces of the blades.
The results clearly indicate that the baffle increases the turbine power output up to 250% more than
without including any device in the water flow.

Keywords: hydrokinetic microturbine; enhancement; efficiency; low cost; validated CFD

1. Introduction

The energy obtained from hydrokinetic turbines depends mainly on the speed of the
water [1] and to achieve the profitability necessary to compete with conventional energy
sources, speeds from 1–2 m/s are required [2]. Usually, the water that circulates through
canals or riverbeds does not reach these magnitudes; thus, currently, obtaining energy in
this type of installation does not represent a real alternative to the current energy system [3].
Considering that the energy potential available in the case of low-velocity water currents
of rivers and channels is greater than 840 TWh [4], progress should be made towards
the development of these types of turbines to improve their efficiency, even in operating
conditions with very low speeds.

To date, different solutions have been studied to increase the efficiency of a turbine
in a channel, such as developing control algorithms to guarantee the maximum power
of the turbine at any time [5,6], study in depth the effects of the blockage caused by the
turbine in [7–9], or the installation of flow modifiers to increase the performance of the
turbine [10–12].

This study analyzes the consequences derived from placing a baffle plate in a channel,
in order to direct the flow of water to improve the rotational speed of the turbine (N)
and therefore, the power generated (P). The original idea for this app was inspired by
the ancient Persian windmills of Nashtifan, northwestern Iran [13]. These windmills are
considered the oldest in the world and have been in operation since the 7th century.

The mills are wooden turbines included in a structure that acts as a conduit for the
wind. In order to maximize the wind power gain, its structure has a deflector plate that
directs the wind to the area in favor of the rotation of the turbine [14].
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2. Materials and Methods
Lab Tests

The elements used to carry out the tests were a vertical axis turbine, a hydrodynamic
water tunnel, a baffle plate, and a control system. The turbine is made up of 12 semicircular
stainless-steel blades, 0.3 m high and 0.23 m wide (Figure 1). The blades have an angular
separation of 30◦ with a semicircular section of 21 mm in diameter. At the top of the shaft
is a system of belts and pulleys designed to multiply the speed of rotation mechanically
connected to a permanent magnet generator (PMG).
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The experimental tests were carried out in a hydrodynamic water tunnel (HWT)
(Figure 2) made up of tanks (reassuring and recirculation), hydraulic pumps, adjustable
frequency drive (AFD), glass channel (0.5 m height, 0.3 m width and 1.5 length) and a
monitoring–control system. This system, called TURbine Test Laboratory Equipment,
TURTLE, is made up of ultrasonic water height sensors, an electronic board and a PC,
which together with specially designed software allow the test to be carried out and the
data obtained to be collected.
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The tests were carried out with two flow rates: 0.055 m3/s (Q1) and 0.064 m3/s (Q2).
First, the channel was tested without modifying its geometry (scenario 1) (Figure 3), and
then, the baffle was added (scenario 2) (Figure 4).
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The main elements of the test are located upstream of the discharge channel where the
critical flow conditions are reached. Table 1 shows the main values of the operating ranges.

Table 1. Operative ranges.

Flow Rates (m3/s) Upstream Height (m) Upstream Velocity (m/s)

Scenario 1 0.055 0.44 0.42

Scenario 2 0.064 0.49 0.44

3. Lab Results

The results obtained for the two flows in the two proposed scenarios are shown in
Figures 5 and 6.
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The tests carried out with the plate inclined at 22 degrees achieved the best results
both in power increase and in the turbine speed range.

4. CFD Numerical Model

To build the numerical model, a complete three-dimensional geometry was generated
incorporating the turbine, the stilling tank, the test flume, and the baffle. The geometric
design has the actual dimensions of the hydrodynamic tunnel, including a rectangular
prism-shaped area for the discharge of water from the channel (outlet) and two water inlet
holes at the bottom of the reassuring tank. Furthermore, to ensure the correct functioning of
the model, the upper part of the domain was completely exposed to air in order to replicate
the free surface of water flow (Figure 7).
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Figure 7. HWT geometry and free surface detail.

To obtain the numerical CFD model, a grid of cells was prepared where the flow
equations were solved. To solve the rotation of the turbine, the geometry was divided into
eight different volumes in which an unstructured mesh based on tetrahedrons was used to
achieve a good adaptation to the complex areas, except in the water discharge area where a
structured mesh based on rectangular prisms was used due to its simple cubic shape. A

C.1 Complementary Peer-reviewed Journal Publications

180



Environ. Sci. Proc. 2022, 21, 4 5 of 8

cylindrical volume was incorporated that helped to simulate the movement of the turbine
with a good degree of precision (Figure 8), as the unstructured mesh adapts perfectly to
the turbine blades. The number of grid cells was set at 1,200,000 with satisfactory quality:
99.99% of the cells had an asymmetry value of less than 0.7. To study the dependence of
the grid on the power results and its influence on the calculation time, four numbers of
cells were evaluated: 200,000, 500,000, 800,000, 1,200,000, and 1,500,000 with the same flow
rate and the range of rotational speeds that define the turbine power characteristics. With
1,200,000 cells, the ideal compromise between accuracy and calculation time was achieved.
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Figure 8. Meshing around the rotor.

The volume of fluid (VOF) model was selected to resolve the behavior of the free
surface at its boundary between air and water (Figure 9). The model solved the unsteady
Reynolds-average Navier–Stokes (URANS) for each cell included in the domain. The
boundary conditions applied were mass flow at the water inlets, pressure outlet at the
discharge, and the upper part of the model (tank and channel) with normal atmospheric
pressure (101,325 Pa). The surfaces of the tank, the channel, and the turbine blades were
defined as walls with a no-slip condition. Water and air densities and viscosities were
set to constant values (water: 1.025 Kg/m3 and 1.003 × 10−3 Kg/m·s; air: 1.225 Kg/m3

and 1.789 × 10−5 Kg/m·s). To solve the URANS equations, the pressure-implicit solver
algorithm with splitting of operators was used. In addition, second-order schemes were
applied for the discretization of the spatial and temporal derivatives in the equations.
The semi-implicit method for pressure-bound equations (SIMPLE) was used to solve the
velocity–pressure coupling and turbulence was simulated using the shear stress transport
(SST) k-ω turbulence model, suitable for complex flows. ANSYS FLUENT V18.0 software
was used to perform the simulations of the numerical model [15].
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Figure 9. (a) Longitudinal section of the channel with the free surface; (b) detail of the free surface in
the turbine.

Appendix C. Appendix C

181



Environ. Sci. Proc. 2022, 21, 4 6 of 8

5. Validation of the Numerical Model

The numerical model was validated with the experimental model (scenario 2) by
comparing its degree of similarity between the results of the rotational speed (N) and
power characteristics, and the positions of the free surfaces.

The experimental and numerical results of N (rpm) and power (W) for the two flow
rates tested were analyzed for Q1 (Figure 10) and Q2 (Figure 11).
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In addition, the profiles of the free surface of the experimental and the numerical
model were compared (Figure 12). The high similarity between both confirms the analytical
results.
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6. Conclusions

Tests of a vertical axis hydrokinetic turbine were carried out in the hydrodynamic
channel of the University of Oviedo under two scenarios: (a) with the original configuration
of the channel; and (b) introducing a baffle plate oriented 22◦ towards the center of the
turbine with respect to the channel wall.

The tests carried out with the baffle plate inclined at 22◦ achieved an increase in the
results both in terms of power increase (greater than 250%) and in the speed range of the
turbine. It was proven that simply inserting the plate increases the efficiency of the turbine
considerably.

In addition, a CFD model was built and validated with the results of the experiment.
Thanks to this, in future works, it is possible to deepen the study of how the forces work
around the blades from the analysis of the speed and pressure field, as well as to carry out
parametric studies on the ideal inclination of the baffle plate to optimize the installation.
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Abstract: The present work describes the design process of a 3D-printed prototype of a three-blade
horizontal-axis hydrokinetic water turbine (HAHWT). The employed blade profile is an EPPLER818,
which was previously studied through the Q-Blade software according to the velocity range presumed
(v < 1 m/s) in the experiments. The prototype performance was studied in a recirculating water
channel at the Polytechnic Engineering School of Mieres (Oviedo University), with a gate of variable
height at the channel end, which allows for performing different hydrodynamic scenarios upon
varying the considered flow rate. The results show that the extracted power increases due to the
equally increased blockage ratio, which represents the ratio between the turbine area and the channel
area. However, an excessive increase in the blockage ratio corresponds to a power reduction effect
due to the reduction in the effective area and the generation of a two-phase air-water condition.

Keywords: HAHWT; 3D printing; blockage ratio; turbine performance

1. Introduction

Traditional hydroelectric plants are vastly used worldwide to provide electricity to
densely populated areas. In 2020, global net hydropower additions reached 21 GW (+40%
from 2019), reversing the five-year trend of growth decline. Almost 60% of the new capacity
was commissioned through several large-scale projects in China, the country that has led
global hydropower growth since 1996 [1]. Furthermore, the impacts of the COVID-19
outbreak and the actual energy crises trigged by the current conflict between Russia and
Ukraine have demonstrated the resilience of renewable sources and their fundamental role
in the future of ecological transition. In such a context, the global electricity demand is
expected to grow by approximately 5% in 2021 and 4% in 2022, driven by global economic
recovery [2]. This is why, currently, several researchers are investigating micro-hydrokinetic
turbines to perform an alternative for renewable energy production, especially at locations
where conventional hydropower cannot provide a feasible solution [3–8]. Hydrokinetic
turbines are devices that transform the kinetic energy of water flow into mechanical energy
in a shaft and, finally, into electrical energy in a generator. These kinds of turbines usually
are classified into horizontal and vertical axes according to the mutual position of the
rotation axis and flow direction. Namely, in the horizontal one, the axis of rotation is
parallel to the flow direction, whereas, in the vertical one, the axis is orthogonal to the flow
direction [9,10]. The design of axial flow micro-turbines is similar to the wind flow and
tidal turbines; specifically, these kinds of rotors are more efficient than drag devices with a
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vertical axis because they harness energy from the lift force, for this reason, they are defined
as lifting devices [11].

1.1. Rotor Performance

Lift and drag are the components of the force perpendicular and parallel to the
direction of relative water speed, respectively. In order to quantify the entity of lift and
drag force, it is useful to take into account two important coefficients: CL and CD, which
can be defined as:

CL =
L

1/2ρV2
∞c

(1)

CD =
D

1/2ρV2
∞c

(2)

where ρ is the water density ∼= 1000 kg/m3 and c is the airfoil length, often denoted by the
chord, which can be defined as the line that connects the leading edge with the trailing
edge of the airfoil. The unit for the lift and the drag in Equations (1) and (2) is a force per
length N/m. To offer a complete description of the forces, it is also necessary to define
the moment M regarding a point in the airfoil. This point is conventionally located on the
chord line at c/4 from the leading edge, and it is assumed that, in this specific point, the
resultant of the aerodynamic forces are applied. The CL and CD are functions of α and
Reynolds number. α is the angle of attack defined as the angle between the chord line
and the velocity of the oncoming flow. The Reynolds number is proportional to the ratio
between inertia and viscous forces. Itis responsible for the boundary layer transition from
laminar to turbulent flow, provoking the airfoil stall condition, which completely depends
on geometry [12–14]. In the case of an airfoil, the Reynolds number is usually defined as:

Re =
cV∞

ν
(3)

where ν is the kinematic viscosity, which for water at 20 ◦C is approximately equal to
∼=1.00 × 10−0.6 m2/s; c is the chord, and V∞ is the relative velocity. For a given airfoil, the
behaviors of CL and CD are computed and plotted in so-called polars: CL, α; CD, α, and
CL/CD, α; the latter represents profile’s performance according to the variation of the angle
of attack. Q-Blade is open-source software that allows us to understand the performance of
wind/water turbines and the blade design. It is also useful for plotting the airfoil polar
according to the Reynolds number variation that each blade section has. For the specific
case presented, the Reynolds number varies in the range of 1.00 × 10−4 ÷ 1.00 × 10−5. As
visible from Figure 1, the best angle that maximizes the efficiency of the overall profile is
equal to 6◦.

Another important concept is the available energy Pmax that is obtained if, theoretically,
the water speed could be reduced to zero, as in Equation (4):

Pmax =
1
2

.
mV2

0 =
1
2

ρAV3
0 (4)

where
.

m is the mass flow, V0 is the water speed, ρ is the water density, and A is the area
where the water speed was reduced. The equation for the maximum available power is
very important since it shows that power increases with the cube of the water speed and
only linearly with density and area. To evaluate the power production performance of the
system, the non-dimensional power coefficient is defined as:

Cp =
P

1
2 ρV3 A

(5)

where P is the output mechanical power, V is the current velocity m/s upstream to the
turbine, A is the reference surface (the turbine area), and ρ is the water density. The power
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coefficient is the ratio between the power produced by the rotor in Watts and the power
produced from the fluid flow. The power coefficient is usually reported as a function of
the Tip Speed Ratio (TSR), another non-dimensional quantity representing the speed at the
blade tip normalized to the upstream flow velocity.

TSR =
ωR
V

(6)

where R is the turbine radius and ω is the rotational speed. Each turbine generates a force
perpendicular to the rotor plane, e.g., the thrust, which can be non-dimensionalized as:

CT =
T

1
2 ρV3 A

(7)

where T is the trust acting on the rotor. Once the relation of mechanical power and the
thrust coefficient with TSR is found, the turbine hydrodynamic performance is known.
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1.2. Blade Design

The airfoil profile chosen for the present study was an EPPLER818, as shown in
Figure 2.
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The first necessary assumptions to define the blade design are the definition of a
velocity range, the blade radius, and the number of blades. The velocity range must be
compatible with the experimental limitation regarding acceptable velocity in the water
channel in which the turbine was tested. Furthermore, for this study, the representative
chord was assumed to be equal to R/4, corresponding to a fixed value of solidity of 0.10 at
75% of the blade span. Solidity is the ratio between the overall area of the blades and the
swept area of the turbine (function of rotor radius) and the number of blades, chosen equal
to N = 3, and it is often identified by the Greek letter σ:

σ =
cN

2πR
(8)

To design the blade, it is common practice to divide it into different sections along
the blade span and, for each one, the size of the chord and twist angle are defined. The
twist angle is between the zero-lift angle and the zero-lift angle of the root airfoil. The
methodology applied for designing the present blade has the objective of optimizing the
profile to have a quite linear distribution of the chord from the root to the tip of the blade,
keeping in mind the hub size. The turbine’s hub is the component that connects the blades
to the main shaft and ultimately to the rest of the drive train. The geometrical characteristics
of the studied turbine are summarized in Table 1 below:

Table 1. Turbine geometry characteristics.

Velocity
Range
(m/s)

Blade
Radius

(m)

Chord
R/4
(m)

Hub
Radius

(m)

Number of
Blades

(−)

0.43 ÷ 0.68 0.084 0.03 0.025 3

It is worth noting that fixing a range of possible TSR (Equation (6)), which in this
specific case are considered to vary in the range from 2 to 8, and knowing both the velocity
range and the turbine radius, it is easy to obtain the angular velocity ω rad/s. Furthermore,
the relative velocity that each section has along the blade span is the vectorial composition
of an axial velocity (strictly dependent on the inlet velocity) and the rotational velocity
component, which depends on the angular velocity and the distance from the blade root
(r/R), is at its maximum value at the blade tip. To impose that each section of the blade
span have the same angle, an assumption that maximizes the efficiency of the profile,
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approximately being equal to 6◦, it is possible to obtain the distribution of twist by the
tangent of the angle of inflow φ. Moreover, the tangent of the angle of inflow is the ratio
between the axial and rotational velocity components. Therefore, the twist angle is the
difference between the inflow attack angle. Table 2 summarizes the twist and chord angle
distribution, chosen for the blade design.

Table 2. Blade discretization with chord and twist angle assumed.

Number of
Section

Local Solidity
σ = cN/2πR r/R Chord (m) Twist (◦)

1 0.1400 0.0000 0.03000 45.7500
2 0.1200 0.0080 0.02900 41.2500
3 0.1200 0.0168 0.02800 36.2175
4 0.1100 0.0252 0.02700 30.2750
5 0.1100 0.0336 0.02600 23.9550
6 0.1100 0.0420 0.02500 18.5950
7 0.1000 0.0504 0.02375 14.7925
8 0.1000 0.0588 0.02200 11.9775
9 0.0900 0.0670 0.02100 9.0000
10 0.0800 0.0755 0.01950 8.5000
11 0.0800 0.0840 0.01800 8.0000

2. Rotor Design and Experimental Set-Up

The whole prototype was drawn in the SOLIDWORKS 2019 software with the purpose
of realizing a flexible prototype able to be modified potentially, creating a special squared
lock system for the blade into the hub. The adaptation draws inspiration from similar
research [15] with a different scope, which is equally applicable to the present study.
Figure 3a shows the geometric characteristic of the studied joint, which was graphically
realized by a revolution solid that follows the airfoil. The total dimension of the rotor is the
sum of the blade radius of 0.084 m, the hub radius 0.025 m, and the height of the joint of
0.009 m, making the turbine radius equal to 0.118 m. A sort of pillar with a squared ending
acts as a joint between the extremities of the two plates. The designed turbine was printed
with a 3D printer in polylactic acid, also known as PLA, and was composed of six pieces
attached to each other by three M3 screws. Figure 3b is the CAD project showing each rotor
part in detail.

The HAHWT was tested under low water velocity conditions in a recirculating water
channel of 0.30 m in width, 0.5 m in height and 3.5 m in length with a transparent glass
wall located at the Polytechnic Engineering School of Mieres (Oviedo University in Spain).
As shown in Figure 4, water recirculation was provided by two centrifugal pumps (1) of
15 KW each, with a nominal flow rate of 300 m3/h, controlled by two inverters. The water
flows through the channel and falls in the recirculating tank downstream (2), where a
variable height gate (3) allows for performing different operating conditions, varying the
velocity from 0.14 to 0.9 m/s at the maximum flow rate. The turbine was inserted into
a wooden box (4) with transparent walls and a cutting steel foil in the middle, allowing
the horizontal axis rotation. On the top of the box, there was a high precision torque and
rotational speed meter (5) Magtrol TS103 (0.5 Nm of rated torque, accuracy < 0.1% and
1.5 rpm max. speed, accuracy < 0.015%) with an electrical brake (6) Magtrol HB-140M-2
controlled by DC (7). Moreover, a vertical axis connected to the horizontal one through a
bevel gear allows transmitting the rotation to the torque meter and, due to the software
provided by the manufacturer TORQUE V10, recording the mechanical parameters (torque,
rotation speed, angle, mechanical power, and test time) necessary for the characterization
of the curves along the power stage. Due to the fluctuation of the water surface, the height
of water was measured upstream of the turbine at the x-coordinate of 0.54 m from the
beginning of the channel and downstream of the turbine at the x-coordinate of 0.65 m.
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2.1. Methodology

The experimental tests were organized considering three different values of flow rates,
knowing the calibration law that links the frequency engine of the pump system and the
corresponding flow rate. The three values of flow rates considered were Q1 = 0.052 m3/s
(23 Hz), Q2 = 0.059 m3/s (27 Hz), and Q3 = 0.065 m3/s (31 Hz), respectively; for each one,
5 different downstream heights of the gate were tested, starting from the nearly closed to
the nearly open condition. In this regard, 5 velocity points were analyzed, starting from the
minimum to the maximum possible velocity (critical flow condition at which the channel
outlet is achieved), to assess the turbine behavior in the same velocity points, increasing the
flow rate value. Furthermore, due to the fluctuation of the free surface, the measurement of
the water height upstream H1 and downstream H2 of the rotor allows calculating of the
correspondent average velocity, v = Q/(b × h1), at the cross-section. Due to the presence of
HAHWT, which harnesses the kinetic part of the energy contained in the water flow, the
velocity upstream of the rotor slows down, producing an increase in pressure gradient at
the turbine inlet, whereas, at the outlet, a rising in velocity and turbulence corresponds
to a decreasing in pressure gradient. In that regard, the blockage ratio, namely the ratio
between the turbine area (At) and the channel area (Ac) B = At/Ac, tends to increase the
power produced due to the reduction in water height caused by the consequent raising in
the height gate and inflow velocity. This blockage ratio produces an effect on the power
extracted through the turbine, better explained in the Results section. The methodology
was applied to obtain the curve along the power stage, starting from the so-called “zero
loads” condition, where no braking torque is applied to the turbine, i.e., the voltage of
the electric brake is equal to 0 V. Under this condition, the power extracted is zero, but
the rotation velocity is equal to the maximum value (nmax). Successively, the turbine is
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gradually loaded, increasing the voltage by 0.5 V step up to the value of resistive torque
able to arrest the turbine, immediately. This point coincides with the maximum power
point (MPP) as in Equation (4), which corresponds to the minimum value of rotational
velocity (nmin). Table 3 summarizes the experimental tests conducted in this paper.

Table 3. Experimental tests.

Test 1 Q1 = 0.052 m3/s

H gate (m) 0.12 0.13 0.14 0.15 0.16
H1 upstream (x 0.54 m) 0.40 0.38 0.37 0.28 0.27
V1 upstream (m/s) 0.43 0.45 0.47 0.62 0.64
B = At/Ac 0.36 0.38 0.39 0.52 0.54

Test 2 Q2 = 0.059 m3/s

H gate (m) 0.15 0.16 0.17 0.18 0.19
H1 upstream (x 0.54 m) 0.45 0.42 0.39 0.31 0.30
V1 upstream (m/s) 0.43 0.47 0.50 0.63 0.65
B = At/Ac 0.36 0.35 0.37 0.47 0.49

Test 3 Q3 = 0.065 m3/s

H gate (m) 0.16 0.17 0.18 0.19 0.20
H1 upstream (x 0.54 m) 0.50 0.44 0.43 0.33 0.32
V1 upstream (m/s) 0.44 0.50 0.51 0.66 0.68
B = At/Ac 0.29 0.33 0.34 0.44 0.46

2.2. Results and Conclusions

For each upstream velocity V1, the maximum rotational speed corresponds to the zero-
load condition (0V in the brake). On the other hand, with the increase in the turbine load,
the rotational speed decreases, which also produces an increase in the angle between the
flow and the blades so that an increase in power and in the lift is produced up to a certain
value, after which the airfoil reaches the stall condition and the drag forces increase more
rapidly than the lift one. This phenomenon produces a decrease in power and rotational
speed up to the complete turbine arresting. Therefore, the experimental points are located
in the unstable part of the curve (on the left side), which is not visible in Figure 5 because
they are beyond the recording experimental data point. The comparison between Test 1 and
3 shown in the P-n charts (a) and (b) of Figure 5 reveals how the power output variation
increases with the upstream flow velocity and blockage ratio. However, it is evident how,
in correspondence with the highest value of blockage ratio produced in the channel, 0.46 in
Test 1 and 0.54 in Test 3, it determines a decrease in power extracted. Moreover, Figure 5
(c) and (d) show the start with the lowest flow rate Q1, which corresponds to an upstream
velocity equal to 0.62 m/s and a Cp maximum equal to 0.52 for a TSR of 5.16; this coincides
with the fully filled channel condition where the blockage ratio (At/AC) is minimal, B = 0.52.
The peak of the power coefficient reaches its maximum value of 0.62 at a TSR of 5.91 with
a corresponding velocity of 0.63 m/s and B = 0.47 in the Q2 flow rate condition. On the
contrary, with the Q3 and an upstream velocity of 0.66 m/s, it produces a reduction in Cp,
equal to 0.56 because, in this case, the channel gate is fully opened with a critical outlet
flow condition. Therefore, the blockage ratio positively affects the turbine performance,
because it compresses the flow and produces an increase in the power coefficient. Still,
it could also determine a decrease in Cp due to the interference between water and air
when the gate is nearly open. What happens is that the water level on the upstream side is
nearly at the same elevation as the turbine, and, due to the surface drop on the downstream
side, the backside of the rotor is exposed to the air. The drop in the power coefficient
depends on two factors: the turbine is not completely covered with water, reducing the
effective area, and the partial flow separation occurs as the air enters the suction side
of the blade, as reported by [16]. A future objective of the present study is to validate
the experimental results with a Computational Fluid Dynamics (CFD) model in order to
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investigate air–water interferences with the Volume of Fluid (VOF) model, which could
better interpret the water–air interference and the flow around the HAWT [17,18].
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12. Barbarić, M.; Guzović, Z. Investigation of the possibilities to improve hydrodynamic performances of micro-hydrokinetic turbines.
Energies 2020, 13, 4560. [CrossRef]

13. Kolekar, N.; Banerjee, A. Performance characterization and placement of a marine hydrokinetic turbine in a tidal channel under
boundary proximity and blockage effects. Appl. Energy 2015, 148, 121–133. [CrossRef]

14. Grasso, F.; Coiro, D.; Bizzarrini, N.; Calise, G. Design of advanced airfoil for stall-regulated wind turbines. Wind Energy Sci. 2017,
2, 403–413. [CrossRef]

15. Bahaj, A.S.; Molland, A.F.; Chaplin, J.R.; Batten, W.M.J. Power and thrust measurements of marine current turbines under various
hydrodynamic flow conditions in a cavitation tunnel and a towing tank. Renew. Energy 2007, 32, 407–426. [CrossRef]

16. Birjandi, A.H.; Bibeau, E.L.; Chatoorgoon, V.; Kumar, A. Power measurement of hydrokinetic turbines with free-surface and
blockage effect. Ocean Eng. 2013, 69, 9–17. [CrossRef]

17. Benavides-Morán, A.; Rodríguez-Jaime, L.; Laín, S. Numerical Investigation of the Performance, Hydrodynamics, and Free-
Surface Effects in Unsteady Flow of a Horizontal Axis Hydrokinetic Turbine. Processes 2022, 10, 69. [CrossRef]

18. Gharib Yosry, A.; Fernández-Jiménez, A.; Álvarez-Álvarez, E.; Blanco Marigorta, E. Design and characterization of a vertical-axis
micro tidal turbine for low velocity scenarios. Energy Convers. Manag. 2021, 237, 114144. [CrossRef]

C.1 Complementary Peer-reviewed Journal Publications

194



Appendix C. Appendix C

C.2 Conference publications

C.2.1 An Approximation of Using Vertical-axis Tidal Turbine

for Water Desalination in the SUEZ Canal Waterway

195



Proceedings of the ASME 2022 16th International
Conference on Energy Sustainability

ES2022
July 11-13, , Philadelphia, PA, USA

ES2022-85533

AN APPROXIMATION OF USING VERTICAL-AXIS TIDAL TURBINE FOR WATER
DESALINATION IN THE SUEZ CANAL WATERWAY

Ahmed Gharib-Yosry∗

Dept. of Mechanical Power Engineering
Port Said University

Port-Said 42526
Egypt

Email: ahmed.gharib@eng.psu.edu.eg

Rodolfo Espina Valdes
Dept. of Energy Engineering

University of Oviedo
Mieres 33600

Spain
Email: espinarodolfo@uniovi.es

Eduardo Blanco-Marigorta
Dept. of Energy Engineering

University of Oviedo
Gijón 33204

Spain
Email: eblanco@uniovi.es

Eduardo Alvarez-Alvarez
Dept. of Energy Engineering

University of Oviedo
Mieres 33600

Spain
Email: edualvarez@uniovi.es

ABSTRACT
Many countries are suffering from water shortage, espe-

cially Egypt, which is considered one of the limited regions in
fresh-water resources. Desalination has been proven a feasible
and promising technology for supplying potable water. However,
the main challenge inhibiting the wider use of desalination tech-
nologies is the high economic cost especially due to the energy
consumption. The main goal of this research is to provide an ap-
proach on the possibility of using vertical-axis turbines to har-
ness the periodical tidal current and the hydrokinetic flow from
ships and vessels, which run continuously in the Suez Canal wa-
terway, for a desalination process. The turbine rotor type and
the design parameters have been selected carefully looking for
self-starting and best performance under low flow velocities with
independency of the flow direction. Experimentally, the model
has been fabricated using additive manufacturing process, and
tested in a water flume under different upstream flow velocities.
Power curves have been obtained for each operating condition.

∗Address all correspondence to this author.

Additionally, the non-dimensional tip speed ratio and power co-
efficient curve have been characterized. Numerically, an inten-
sive three-dimensional simulation has been carried out in order
to obtain a better understanding of the complex hydrodynamic
flow phenomena around the turbine rotor.

Keywords: Hydrokinetic Turbine, Desalination, Tidal Tur-
bine, CFD, Water Channel.

NOMENCLATURE
A Turbine cross-sectional area, m2.
C Blade chord length, m.
Cpr Pressure coefficient.
D Turbine diameter, m.
ds Shaft diameter, m.
H Blade height, m.
N Rotational speed, rpm.
P Power output, W.
λ Tip speed ratio.
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INTRODUCTION
The desalination of seawater is a key element in the solution

of the water demand for many regions in the world. In 2005,
there were approximately 8,000 desalination plants with total ca-
pacity of 30 million m3/day [1]. Thanks to the continuous re-
search and development in this sector, nowadays these numbers
have risen to almost 16,000 plants with total capacity of 96 mil-
lion m3/day. However, only 130 desalination plants are operated
by sources of renewable energy, which represents less than 1%
of the total desalination capacity [2], while the majority are pow-
ered by fossil fuels [3].

Generally, there are two main desalination methods, the first
one is based on thermal conversion process, while the other one
-which we are interested in- is based on the membrane process
and specifically that works with reverse osmosis (RO) technique
[4]. The main challenge inhibiting the wider use of this desali-
nation technologies is the high economic cost especially due to
the energy consumption. Many research projects have been ap-
plied to investigate the possibility of the use of hybrid renewable
energy systems as a power resource for (RO) desalination, spe-
cially, in off-grid regions. For example, a hybrid system consist-
ing of a 10 Kw wind turbine, a 20 kW photovoltaic solar panel
(PV) panel and a diesel generator with a rated power of 8.90 kW
has been utilized in a small scal (RO) unite in a Turkish island to
produce 1m3/h of fresh water with cost of $2.20/m3 of water [5].
This water price cost has been lowered in another study using
two alternatives [6], the first one combines a 10 kW wind turbine
, 4.9 kW diesel generator, and 20 kW (PV) to produce fresh wa-
ter with a price of $1.10/m3, while the second alternative uses a
5 kW hydrokinetic turbine, 4.9 kW diesel generator and 2.8 kW
(PV) with a corresponding water cost of $0.56/m3. Although,
these two studies offered a fresh water with lower price, they in-
volved a fossil fuel source of energy which make them to loss the
sustainability in the desalination process.

In fact, the use of tidal energy in the (RO) water desalina-
tion is already under investigation, as this source of energy is
more predictable than other sources and has a higher energy in-
tensity. The investigation of Elgado-Torres et al. [7] calculated
that the use of tidal turbine along with (PV) increases the oper-
ating time of the desalination plant at nominal capacity between
1.8 and 2.8 times compared to the process driven by solar (PV)
alone, with total capacity of 5.1 m3/day for each 10 MW hydroki-
netic turbine. In [8], a horizontal axis tidal turbine has been de-
signed and optimized to be used for powering (RO) desalination
unite through coupling it directly with the high pressure pump
in the desalination plant, for each 1 m3/h, the energy required
has been estimated to be 3440 Wh/m3. A similar turbine has
been tested in both laboratory and field conditions, coupled with
a plunger pump as a component of the desalination unit, and as
able to reach the 35 bar needed for the reverse osmosis [9]. How-
ever, these results are not very practical, as the turbine started to
produce energy when the current flow exceeded 1.0 m/s, which

makes this system viable only for high velocity tidal currents.
The vertical-axis turbine type is considered convenient option to
harness the energy in the water current, due to its simple design,
low maintenance cost and the flow direction insensitivity [10].
Especially in the Suez Canal, where ships pass all day long in
both directions, producing constant changes in the direction of
the local currents. The southern entrance of the Suez canal water-
way has been selected as a preliminary location (Fig.1), because
all the ships pass through a single branch, and the section is nar-
row but with side sections suitable for the placement of turbines
(Fig.2). Statistically, about 1500 ships pass through this area ev-
ery month, with an average speed of 3 m/s. It has been calculated
that, in the area where the turbines would be located, fluctuating
currents are produced continuously, with speeds between 0.2 and
1.5 m/s, and with oscillation periods of around half an hour.

Many investigations have been carried out to characterize
and study the flow field around the vertical-axis turbine rotor
inside open channels [11], under low velocity conditions [12].
Experimentally, the performance and wake structure of the three
blades vertical-axis turbine with NACA-4418 blade profile have
been studied in an open water channel using torque sensor and
Particle Image Velocimetry (PIV) [13]. For further understating
of the phenomena, this study has been complemented by a Large
Eddy Simulation (LES) of the flow around the rotor. The same
simulation mechanism has been applied to study the effect of
changing the blade solidity (which is calculated as σ = n.C/R,
where n is the number of blades, C is the chord length and R is
the radius of the turbine rotor) on the turbine performance [14].
The increase in the power coefficient has been found to be linked
to the decrease in the solidity value up to a critical limit, in which
the turbine is still able to produce positive torque and flow sep-
aration is avoided. The performance of the vertical-axis turbine
has been also reported under different channel circumstances in-

Suez 

canal

FIGURE 1: The southern entrance of the Suez Canal (the selected
location).
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FIGURE 2: An approach for the turbine in the Suez Canal water-
way (Not to scale).

cluding open flow conditions [15] and confined ones [16]. The
wake recovery downstream the turbine rotor inside open chan-
nel has been also investigated, it is divided into three different
regions; the near zone which is located just behind the rotor, the
transitional zone that begins at two diameters of the turbine ro-
tor and the far-wake region which is after five diameters value
downstream the turbine [17].

One of the main problems of the vertical-axis turbine op-
eration is the low starting torque. Many investigations has been
carried out to offer solutions that can help to overcome this issue.
Among of them, the hybrid turbine system in which a drag-based
type like Savonius turbine is used on the same axis with the left-
based type one [18]. Increasing the turbine solidity is considered
one of the simplest solutions, as for high solidity value (σ = 2.0)
a sufficient starting torque with a maximum power coefficient
value have been obtained [19]. This design aspect has been ap-
plied to the purposed turbine model in the current study for a
better starting characteristics under low velocity conditions.

Taking this into account, the main objective of this article is
to design and test, experimentally and numerically, a small ver-
tical axis turbine under low flow velocity conditions as the most
suitable as a complementary power source in a reverse osmosis
water purification unit to be inserted in the Suez canal waterway.

TURBINE MODEL DESIGN AND FABRICATION
A vertical-axis, straight blades, turbine model has been de-

signed and manufactured to be tested and characterized experi-
mentally in a water flume. A 3D schematic and images of the
turbine model are shown in Fig. 3. The turbine consists of a
slotted-chuck holding system (i), three fixed-pitch NACA 0015
straight blades (ii), two ending plates (iii) and ball bearing sup-
port (iv). The turbine parameters have been selected carefully
looking for a self-starting and efficient operation. Typically, the
NACA 4-digit series is employed for vertical-axis turbines with

iv

i

iii

ii

C

ds

A-A

AA

H

D

FIGURE 3: Schematic and manufacturing details of the model.

good performance in water [20]. Specifically, the NACA-0015
symmetrical airfoil has been selected among the other profiles
due to its good performance at low Reynolds number [21]. For
low flow velocities, increasing the blade thickness is preferable
from the separation point of view [22]. Additionally, the ra-
tio between the turbine height to the diameter (aspect ratio) has
been set to 1.0, which gives the best performance for small tur-
bines [23]. Based on all the design aspects mentioned above, the
turbine model has an equal diameter (D) and height (H) of 0.15
m, and a chord length (C) of 0.05 m. The model was designed us-
ing 3D-CAD software and manufactured with 3D printing tech-
nology using Polylactic acid (PLA) material for its flexibility and
high strength. The turbine model, with all its components, has
been mounted on a steel shaft of diameter (ds = 10mm).

METHODOLOGY
Experimental Methodology

Tests have been carried out in a recirculating hydraulic flume
under low flow velocity conditions (Fig. 4). Water recirculation
is provided by two 15 kW centrifugal pumps (1), each with a
nominal flow rate of 300 m3/hr, controlled by two drive con-
verters (2). The water flows from the tank (3) through the glass
channel-which contains the turbine rotor (4)-and falls into the re-
circulating tank (5) at the end. The facility has also control and
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FIGURE 4: Experimental set-up configuration.

measuring devices (6) connected to the turbine rotor.
The channel has a rectangular section (0.5 m high, 0.3 m

wide and 1.5 m long) obtaining flow velocities varying from
0.14 m/s to 0.9 m/s at the maximum flow rate condition. The
brake-torque arrangement consists of an integrated high preci-
sion torque and rotational speed sensor, Magtrol TS103 (0.5 Nm
of rated torque, accuracy <0.1% and 1,5000 rpm max. speed,
accuracy <0.015% and a hysteresis brake, Magtrol HB-140M-2
controlled by DC current. Mechanically, they are connected to
the turbine shaft through flexible couplings. Furthermore, three
ultrasonic sensor (HC-SR04) are used, covering the width of the
channel, to obtain the water height and hence estimate the wa-
ter flow velocity. Experimental tests have been carried out under
three upstream flow velocities: 0.38 m/s, 0.40 m/s and 0.43 m/s.

For each flow velocity, the channel was fully-filled with wa-
ter and the turbine rotor was immersed completely. When the
turbine is allowed to rotate freely without any external load, the
rotational speed increases up to its maximum value where the
torque produced is just enough to compensate the mechanical
losses. After that, the turbine is gradually loaded by increas-
ing the current supplied to the brake. As the load increases, the
rotational speed slows down, and the torque produced rises until
reaching the maximum power point. Above that point, if the load
is increased any more, the turbine arrives at a condition where it

cannot produce enough torque and stops. The measured vales
are: rotational speed (N), water flow rate (Q) (through the cali-
bration of the pumps rotating speed) and mechanical torque (T).
These parameters are post processed to obtain the power out-
put (P), the power coefficient (Cp = P/(0.5.ρ.A.U3)) and the tip
speed ratio (λ = ω .R/U).

Numerical Methodology
Based on computational fluid dynamics (CFD), a full size

three-dimensional simulation has been carried out using the com-
mercial software Fluent/Ansys. The computational domain and
the boundary conditions are presented in (Fig. 5). The domain
dimensions are based on the hydrodynamic channel size used in
the experimental tests, which covers 10 times the turbine diam-
eter in length and a double diameter in width. A velocity in-
let boundary condition has been applied to the upstream side of
the channel domain, while a zero pressure-outlet boundary con-
dition has been selected to the downstream end of the domain.
The interface region includes the simulated turbine (rotational
zone) which is located at the center of the channel region (non-
rotational zone). The sliding-mesh technique has been used be-
tween these two zones for always keeping the meshes connected
during the different angular positions for each time-step. The tur-
bine blade surfaces and the channel walls -except the free upper
surface- have no-slip wall boundary conditions. The upper sur-
face has a zero-shear stress boundary condition to represent the
open-channel free surface.

The whole domain has been discretised using a fully struc-
tured shaped mesh (Fig. 6). Three mesh sizes have been used to

5 D

10 D

2 
D

Inlet

Outlet

Interface

X

Y

Rotor

Symmetry

Slip_wall

FIGURE 5: Computational domain.
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check the mesh quality as shown in Table 1. A refinement fac-
tor has been applied around the turbine blades. The first layer
height around the blades is kept constant at a value 1.2x10-5 m
from the blade wall surface, resulting in a non-dimensional wall
distance (y+) with a maximum value of 0.7 as illustrated in (Fig.
7). This value is acceptable to resolve the viscus sub-layer as
recommended by the transition turbulence models. In the current
numerical study, water is considered as the working fluid, the
main equations that govern this turbulent incompressible flow are
the continuity (∇.⃗u = 0), and the momentum Reynolds Average
Navier Stokes (RANS) equation (1)

ρ
∂ u⃗
∂ t

+ρ.∇(⃗u.⃗u) =−∇p+µ.∇2u⃗+ρ .⃗g+Γσ (1)

where u and p are velocity and pressure field respectively, g⃗ is the
gravitational acceleration vector and Γσ is the surface tension
force. The Reynolds stress term (ρ.∇u⃗.⃗u) in the RANS equa-
tion was solved using the shear stress transport (k-ω SST) tur-
bulence model developed by Menter [24]. This model combines
robust formulations of the near wall (k-ω) Wilcox model [25]
and the (k-ε) far wall one through a blending function that en-
sures a smooth transition between the two models without user
interaction. The transport equations of the (k-ω SST) turbulence
model are as follow:

ρ
∂ (K)

∂ t
+ρ∇(⃗u.k) = ∇

[
(µ +

µt

σk
)∇K

]
+PK −ρε (2)

ρ
∂ (ω)

∂ t
+ρ∇(⃗u.ω) = ∇

[
(µ +

µt

σk
)∇ω

]
+βρω2 +Sω (3)

Where k is the turbulent kinetic energy term, ω is the specific
dissipation rate, µt is the turbulent eddy viscosity, β is empiri-
cal coefficient and Sω is the blending function term. The Grid
Conversion Index method (GCI) [26] has been applied to test the
mesh refinement. It has been calculated based on the torque co-
efficient obtained from each mesh, using a safety factor of 1.25
-recommended by Roache [26]- and a calculated order of con-
vergence value of 3.0. The GCI1-2 has been found to be 0.172%,
while the GCI2-3 has a value of 0.018% with the asymptotic con-
vergence value of 0.935. This corresponds to 0.4% change in the
torque coefficient value when the mesh has been refined from
M2 to M3, indicating that further refinement of the mesh size
has a very small influence on the output results. So, the mesh
size M2 has been selected for the working simulations. All so-
lution variables have been calculated with the second-order Up-
wind discretization scheme. The Coupled pressure-based solver

FIGURE 6: Details of the turbine mesh.

TABLE 1: Analysis for mesh selection.

Mesh No. of volumes (Rotor) Total volumes RF

M1 503,622 1,005372 0.5

M2 889,800 1,391,550 1

M3 1,720,200 2,221,950 2
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FIGURE 7: The dimensionless wall distance along the blades.

with second order implicit transient formulation has been se-
lected according to a comparison between the Coupled and Sim-
ple pressure-velocity coupling as shown in Fig. 8. The Coupled
algorithm reaches the converged solution, with a constant power
coefficient, faster than the Simple one. Usually three cycles are
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enough but typically five revolutions have been completed to ob-
tain smother results. The selected time step for all runs corre-
sponds to the time needed to rotate 1o (1o/step). Figure. 9, com-
pares between different degrees/time-step values. By decreas-
ing the degrees/time-step values from 1o/step to 0.5o/step, only
0.38% increase in the torque coefficient has been observed. A
convergence criterion of 10-5 has been set for all parameters at
each time step.

RESULTS AND DISCUSSION
This section presents the experimental results including the

turbine power characteristic curves. Also, a comparison between
the numerical and experimental findings are discussed. The pres-
sure contours around the turbine blades for different angular po-
sitions and the vorticity field contours are also showed. The ex-
perimental measurements are carried out to assess the turbine
performance under different flow velocities. As previously men-
tioned, for each flow velocity, the power produced from the tur-
bine was measured and the characteristic curve was obtained.
Upstream water velocity values of 0.38 m/s, 0.40 m/s and 0.43
m/s have been used. Figure. 10, shows the power curves under
different upstream flow velocities where power values are plotted
against the turbine rotational speeds. By increasing the upstream
velocity, the power output increases and the rotational speeds
shift to higher values. About the specific values, for the low-
est flow velocity (0.38 m/s), the turbine rotational speeds range
from 105 rpm to 130 rpm with a maximum power output of 0.25
W. The other flow rates have the same behaviour although with
higher values and ranges. For the highest upstream velocity (0.43
m/s), the rotational speed operating range extends from 110 rpm
to 150 rpm with a peak power point reaches 0.5 W.

Typically, the vertical-axis turbine characteristics are ex-
pressed in terms of tip speed ratio λ and power coefficient Cp.
The comparison between experimental and computational char-
acteristic curve obtained for the turbine model is shown in (Fig.
11). A reasonably good match between experiments and numer-
ical results was found for the whole set of tip speed ratios. Both
show the same tendencies which confirms that the flow physics
has been captured correctly. However, the experimental results
are somewhat lower than the computational ones, most likely
because the numerical model does not consider the mechanical
losses in the rotating equipment of the turbine. For higher tip
speed ratios, the difference between numerical and experimental
results is very small, for instance, the numerical prediction was
found to be 7.6 % higher than the experimental one at λ = 2.6.
This difference increased by decreasing the tip speed ratio value,
to reach a maximum value of 9.8 % at λ = 2.1. It is due to
the limitations of the single-phase model, as it cannot predict the
change in free surface levels around the rotor while the power is
extracted from the turbine. A multiphase numerical modelling is
required for more accurate results. For both of numerical and ex-
perimental results, the maximum tip speed ratio corresponds to
the zero-load condition. Increasing the turbine load increases the
power coefficient and decreases the turbine rotational speed and
consequently decreases the tip speed ratio value. This behaviour
continues until the maximum power coefficient is reached, from
that point on-wards, the turbine power coefficient decreases with
the decline of the tip speed ratio, which makes this part of the
curve unstable. Operation and measurement on this zone would
require an active control system. The pressure coefficient fluc-
tuations and pressure distribution contours on the single blade
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surface during one complete turn is presented in Fig. 12.
For all azimuth angle positions, the maximum value of the

pressure coefficient differences was found near the blade lead-
ing edge, these differences tend to zero near the trailing edge,
which indicates that, the power coefficient of the turbine model
has a high dependency on the blade leading edge design. The
maximum values of the pressure difference on the turbine blade
surface have been obtained in the upstream region of the turbine
rotor (azimuth angles between 0o and 120o). The minimum value

has been observed at the angle of 180 o, due to the similarity in
the direction between the tangential velocity of the blade and the
stream velocity at this position [27]. Conversely, a reduction in
the pressure difference has been observed in the downstream side
of the turbine compared with the upstream side, this is due to the
low value of the angle of attack at this position. Although it was
not expected, a cross-over has been observed at azimuth angles
of 240o and 300o, where the pressure values on the blade suction
side were found to be higher than at the pressure side for the rear
part of the blade. This is believed to be caused by the combi-
nation of the turbine blockage inside the channel and the high
solidity value, which forces the majority of the flow around the
turbine instead of crossing through it, resulting in a kind of wake-
like secondary flow with a lower pressure field inside the turbine
than around the rotor or the downstream zone. This hypothesis is
further confirmed by the vorticity distributions around the turbine
rotor (Fig. 13). In the downstream region just behind the inner
part of the rotor, the vorticity values are very small compared
to the top and the bottom of the turbine. The blades move in a
circular way generating a path of vortices behind them (Fig. 13
a) and due to the narrow width of the channel, the flow interacts
with the shear layers on the channel walls and produces extended
counter-rotating vortices streets -linked to each blade passage- at
both laterals of the downstream region. Furthermore, the vor-
tices generated from the turbine plates have been illustrated in
(Fig. 13 b) where the layers from the upper and lower plates
tend to merge and dissipate at a distance of about two times the
turbine diameter in the far-downstream.

CONCLUSIONS

A small vertical-axis turbine has been designed, fabricated
and tested, both experimentally and numerically, under low flow
velocity conditions, looking towards its optimization as a com-
plementary power source for a reverse osmosis water purification
unit in the Suez canal waterway.

The NACA-0015 blade profile with a rotor solidity of 2.0
and aspect ratio of 1.0 have been selected to achieve a self-
starting and efficient operation under the low flow velocity con-
ditions. Experimentally, the turbine model has been fabricated
through additive manufacturing technology. Tests have been car-
ried out in an open channel flume under low flow velocities of
0.38 mm/s, 0.40 m/s and 0.43 m/s. Power and non-dimensional
curves have been obtained for each operating condition. Also,
a reasonably good match has been observed between the exper-
imental and the numerical simulation results which confirm the
flow physics description around the turbine rotor. Finally, the
good results obtained with low flow velocities indicated that the
use of a vertical-axis turbine is a good option for the desalination
process in the Suez canal waterway.
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FUTURE WORKS
The total energy required, including the RO and pumping

unites, for desalinating 1 m3/hr will be estimated. Also, a multi-

phase numerical simulation will be carried out using the Volume
of Fluid model (VOF) to track the water free-surface inside an
open channel and to study the effect of the free-surface defor-
mations on the overall performance of the turbine. Th numerical
results will be validated by the experimental finding that will be
achieved using a control gate at the end of the channel, which
allows to obtain various free-surface conditions.
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ABSTRACT
The internet of things is a novel concept with many ap-

plications, one of them is the management of energy in smart
power systems, which is known as the Internet of Energy (IoE).
This research presents an autonomous system -based on IoE
concept- for monitoring and controlling a water supply network
using a renewable power generation set formed by a hydroki-
netic vertical-axis turbine and a solar panel module. Different
sensors that collect water quality and quantity data along with
actuator devices are also equipped and interconnected through
a low bandwidth Message Queuing Telemetry Transport (MQTT)
protocol. Experimental tests have been carried out under labora-
tory scale conditions to check the working validity of the energy
generating system with the proposed IoE structure in a water
flume under low flow velocity conditions. An excellent test loop is
available for various predictive maintenance and troubleshoot-
ing tasks using a novel IoE philosophy. Two communication tests
through the MQTT protocol have been carried out successfully,

∗Address all correspondence to this author.

since all the sensors were able to send the information correctly
in real time. The power status of the turbine and batteries have
been also monitored. The system was able to send orders to the
actuators, which will allow a full control of the operating devices
in the remote smart grid locations.

Keywords: Internet of Things, Internet of Energy, Hydroki-
netic Turbine, Smart-Grids.

NOMENCLATURE
D Turbine diameter, m.
fe Electrical frequency, Hz.
H Turbine blade height, m.
hn Nominal water height, m.
hw Water height, m.
Pe Electrical power, W.
PP Pole pairs.
Qw Water quality.
Vw Water velocity, m/s.
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INTRODUCTION

The Internet of energy (IoE) is a leading concept in the field
of smart power technology, it is a combination of energy, infor-
mation and communication systems [1]. Basically, the internet
of energy expression was first pioneered by Jeremy Rifkin, an
American economic theorist, in his popular book entitled "The
Third Industrial Revolution" [2]. In this book, the impact of tech-
nological and scientific changes on the economy, including the
energy sector have been investigated. Actually, the IoE is cate-
gorized as a subcategory of the Internet of Things (IoT) in which
all devices are connected to each other through the communica-
tion networks and the internet allowing both, the reception and
the sending, of information [3]. The IoT technological concept
emerged in 1999, being its first application the reception of wire-
less data from temperature sensors [4].

Many researches have been conducted on the field of smart
energy using IoT application, for instance, the implication of the
IoT in energy systems including its applications has been re-
viewed [5]. Also, benefits and initial assessments of emerging
different IoT technologies on the current internet-based smart
grids have been discussed [6], this can be achieved through
the design of a pervasive system using small, inexpensive and
compact devices. Furthermore, the IoT emerging researches
have been broadened to offer energy forecasting services, which
provide a prediction of the energy consumption or production
through enormous database that contains historical information,
weather prediction and capacities of the system devices [7, 8].

The IoE concept is based on the creation of an IoT archi-
tecture within the framework of an intelligent energy network
so that both generating and energy-demanding devices are con-
nected and monitored in real time. These systems usually have a
user interface so that both smart energy grid and sensor devices
are controlled. The utilization of the IoE technology in the re-
newable energy sector is considered one of the main applications
in the smart energy sector, specifically for solar energy harvest-
ing, in which the prediction of energy production was achieved
by varying the inclination angle of the panel according to solar
radiation during the day [9].

Also, the integration of the IoE in a solar energy harvesting
system using smart sensors has been investigated [10]. This gave
the end user an absolute control over the solar power produc-
tion system with the maximum use efficiency. The application
of this technology has been extended also to reach the hydraulic
sector, especially in the cultivation applications by developing
a system with several sensors for monitoring the hydraulic ma-
chines employed in the agriculture in order to improve their per-
formance [11]. Actually, the maintenance strategy plays a pivotal
role in the energy production systems, more specifically for wind
turbines, in which the operational issues arise. Hence, the IoE
concept has been integrated with turbines operation to develop
a combined strategy for energy production and preventive main-

tenance [12, 13]. This algorithms aims to decrease the total cost
and time for problem detection and maintenance in wind turbines
by linking both the energy production and the degradation rates.

In fact, the widespread of the IoE has been possible due
to the cost reduction of the electronic components, that com-
posed this architecture, and the development in sensors and nano-
systems [14], that can store larger amounts of information in
smaller spaces and implement fast and reliable cloud-computing
systems. Numerous full-scale projects have recently been carried
out around the world using the IoE technology in smart grids, for
instance, the British electricity company (NationalGrid) started
in 2019 an IoE-based project called DynamicDemand (DD). This
project is based on an extensive network of sensors that are in-
terconnected between the generation and consumption points of
the company using an IoE architecture, through this, the com-
pany can offer to its customers a fast response to sudden changes
in electrical demands, optimizing the efficiency of the network
and freeing up power capacity for other uses such as industrial
companies [15]. Moreover, the American company (Lo3Energy)
developed in 2020 a Smart-Grid solution based on IoE architec-
ture in Brookling (New York, USA). This system is based on
the block chain concept of energy exchange between users, so
different buildings through the city are interconnected. Thus,
those buildings that have surplus of energy pour their electric-
ity to those that demand it, being a clear application of circular
economy concept [16].

The incorporation of IoE strategies in renewable energy gen-
eration systems has many potential impacts, among of them, the
change of maintenance and operation philosophy, specifically for
remote access sites, in which plant operators are avoided and
the data analytic to anticipate equipment failures are emerging.
Therefore, the current work orients multidisciplinary research to-
wards this type of strategies, as the main objective of this article
is to present an autonomous system for monitoring and control-
ling a water supply network using a renewable and sustainable
electric generation set formed by a hydrokinetic vertical-axis tur-
bine and a solar panel module. Different sensors that collect wa-
ter quality and quantity data of the hydraulic channel are also
equipped. The whole system is interconnected using IoE archi-
tecture through low bandwidth MQTT communication protocol,
so data can be sent in real time through wireless data network.
The power status of the turbine and batteries can also be moni-
tored. Additionally, a set of actuator devices are also installed so
it can be possible to drive a metal water gate to control the water
flow. Experimental tests have been carried out under laboratory
scale conditions to check the working validity of the energy gen-
erating system, with the proposed IoE structure in a water flume,
under low flow velocity conditions. These tests are considered a
preliminary step to use the IoE system for operation and control
of a power generation unit located in a remote location.
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THE IoE COMMUNICATION ARCHITECTURE

Basically, the main vision of the IoT is to connect anything,
anywhere and anytime into the main information network [17].
The smart grid goal is to monitor and control the energy gener-
ating units by providing bidirectional communication at anytime
and anyplace between the grid and energy production system.
To achieve this vision, the IoT is used as the infrastructure to
support the two-way communication. Hence, the IoT and smart
grid visions are combined to be called the internet of energy
IoE [18]. The IoE architecture system is made up of different ele-
ments including smart sensors, network devices, processing unit,
database (DB) and actuators. Smart sensors and actuators can de-
tect and control the physical objects. Also, the data which is cap-
tured by sensors can be sent through a communication network
applying a certain protocol created by the network devices. All
this information is received by the processing unit (computers),
which -bidirectionally- sends and receives data from the DB, so
that according to the implemented algorithm of the processing
unit, commands will be executed by the actuators. Fortunately,
specifications and schematics of sensors and actuators are pub-
licly accessible, and in some cases even free [19], these devices
usually have a configurable logical unit, which allows the design
to be adapted to its use. Some commercial examples standout
such as Arduino or Raspberry Pi [20] which are electronic boards
based on open-source hardware philosophy with a central unit, in
which expansion boards (shield) can be installed through input
and output ports. Some models have a built-in micro-controllers
and data network connection elements, so their integration with
an IoE architecture is possible.

Due to the fact of that, the micro-grid locations are in re-
mote areas where the wired communication is very expensive
and for some cases is impossible, the wireless communication
is considered for sending data as a fundamental part of an IoE
architecture. The most common wireless ways are Bluetooth,
GSM (Global System Mobile) and WiFi. The selection of one
way or another will depend on various factors such as the volume
of data, the existence of a previous data network or the amount
of energy available. The WiFi connection is considered reliable
due to its simple connectivity and its wide spreading at home
and working centres. For publishing, subscribing and messages
transporting, a communication protocols is required. The low
bandwidth Message Queuing Telemetry Transport (MQTT) pro-
tocol is commonly used. The protocol consists of three main
elements: sensors/actuators, broker, and clients (Fig. 1). Each
sensor and actuator send all the information to the broker, where
the data is published. Subsequently, a series of clients or process-
ing units subscribe to the broker so they can receive, process, and
store the information. Internal algorithms use this information
to send orders to the actuators. If it is necessary, more devices
can be subscribed to MQTT broker, taking the advantage of the
MQTT protocol.

MQTT Broker

MQTT Client 1

MQTT Client 2

Actuators

Turbine Solar PV
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SENSOR#1
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FIGURE 1: The IoE with the MQTT concept.

THE PRACTICAL CASE STUDY
Based on a MQTT communication protocol and an IoE ar-

chitecture, a test rig has been designed and constructed including
a cross-flow hydrokinetic turbine along with a commercial solar
panel that will allow an autonomous system to monitor the water
quantity and quality of a supply network. This system seeks to
efficient operation and cost reduction associated with the man-
agement and maintenance of this type of smart grids. A vertical-
axis, straight blades, turbine model has been manufactured (Fig.
2) to be tested experimentally in a water flume as a part of Smart-
grid energy supply system for remote locations.

FIGURE 2: Turbine manufacturing details.

3 Copyright © by ASME

C.2 International Conference publications

208



The turbine consists of three fixed-pitch NACA-0015
straight blades, that constrained with two ending plates. The
model parameters have been selected carefully looking for a self-
starting and efficient operation under low flow velocity condi-
tions [21]. The ratio between the turbine height to the diameter
(aspect ratio) in the proposed design has been set to 1.0, pro-
viding equal diameter (D) and blade height (H) of 0.3 m with a
chord length of 0.1 m. The model was designed using 3D-CAD
software and fabricated through the additive manufacturing tech-
nology (3D printing) using Polylactic acid (PLA) material which
offers more flexibility and high strength. The turbine model, with
its all components, has been mounted on a steel shaft (Fig. 3)
and coupled with a 300 W commercial (Gimbal-GM8112H) per-
manent magnet generator (PMG) with the characteristics indi-
cated in Table 1. To increase the electrical voltage of the PMG,
a mechanical multiplier system of belts and pulleys has been in-
stalled. Thus, the rotational speed of the generator is increased
8.0 times. The commercial 40 W solar panel is made of flexible

TABLE 1: PMG characteristics.

Feature Value

Pair of poles 21

Resistance per phase 7 Ω

Series Inductance per phase 3 mH

Maximum nominal voltage 28 V

Rotor

Shaft

Pully and belt

42 Magnets-36slots PMG

T-pully
G-pully

D

H

FIGURE 3: Turbine-Generator coupling system.

mono-crystalline silicon, and is integrated with MPPT (Maxi-
mum Power Point Tracking) unit that allows the panel to work
always at its maximum capacity. The Energy generated from
both the turbine and the solar panel is stored in a 80 Ah capacity
Li-ion battery pack which is protected in a waterproof box. Addi-
tionally, the system is equipped with DC-AC power inverter that
allows the different devices of the system to be powered. Figure.
4 illustrate the solar panel with its power accessories.

METHODOLOGY
The installed sensors are operated through an electronic

board composed of two parts: NodeMCU and power supply unit
(Fig. 5). The first part sends data through an ESP8266 module,
while the second allows the entire board to be powered (at 12 V)

DC-AC Inverter

Li-ion Battery

PV with MPPT

FIGURE 4: PV module and power accessories.

PMG

Hardware Node MCU

RS Data

12 V

FIGURE 5: Sensors control board details.
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FIGURE 6: The power generation unit integrated with the IoE architecture.

and connected to the two phases of the PMG through RS Data
connection, so voltage and electrical frequency are measured. It
worth stating that, the NodeMCU module has an emergency stor-
age capacity, so the information is safe in case of connection loss.
In addition, an ultrasonic water height sensor (HC-SR04) has
been installed, so the flow rate of the water was also calculated.
Moreover, a water quality sensor which measures the turbidity
and PH of water has been mounted. Finally, two actuators have
been used: an electric motor to control the hydraulic water gate -
to control the water flow rate- and a LED lighting system. Exper-
imental tests have been carried out under laboratory conditions to
check the working validity of the energy generating system with
the proposed IoE structure in a water flume under low flow ve-

locity conditions. The vertical axis turbine has been installed in
the channel and coupled with the PMG which is connected to the
maximum point tracking system (see Fig.6). Through this unit,
the power output and the rotational velocity could be character-
ized using the voltage and frequency output from the generator.
The solar PV module with its power converter have been con-
sidered in the system but without power measurements in this
experimental phase. Also, the water height and quality detection
sensors have been installed and integrated with the system. The
output data has been collected using the NodeMCU in the elec-
tronic board and sent to the MQTT broker -with time intervals
related to the electrical frequency from the turbine- using an 4G-
WiFi router. Two communication tests using a Smartphone and a
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lab PC have been carried out to verify that, the implemented IoE
architecture works correctly in the lab scale and ready for the real
field installation. Finally, with the help of the collected data, An
excellent test loop is available for various predictive maintenance
and troubleshooting tasks using a novel IoE philosophy. Allow-
ing a remote maintenance and operation of this energy system in
remote areas.

THE IoE TESTING PHASE
One of the main advantages of the current microcontrollers

(MCU) is their high computational capacity at a very high speed
compared to mechanical systems (much slower). The turbine
operation strategy can be implemented with the multi-tasking
philosophy. To clearly explain it, the turbine operation is repre-
sented by (state machines), where there is a main task -the basic
operation of the turbine- and other different tasks for each sen-
sor that are working in parallel with the main one. In this con-
text, the main task represents the basic operation of the turbine

SENSOR TASKS
Monitoringand trouble detection

Task #A Electrical Frequency (ƒe)

Task #B Electrical Power (P e)

Task #C Water Height ( hw)

Task #X Generic Sensor

Failure?

State X0
Measurements

State X1
Analysis

Initial

State X3
Alarm-OFF

State X2
Alarm-ON

Y N

FIGURE 7: MCU task structure (State Machine philosophy).

in which the MPPT algorithms are implemented to extract the
maximum power from the turbine. Additionally, different tasks
work in parallel, one for each sensor (tasks #A, #B, #C and so on)
(see Fig. 7). Task (#X) represents a generic task for any sensor,
this generic task contains four states: measurement, analysis of
the measurement, action when a problem is detected (Alarm-on)
and another action when the system is working properly (Alarm-
off). The interaction between sensor tasks (#X in general) and
the main task will be done by means of flags (alarm fe, alarm Pe
and alarm hw) that will indicate to the main task the existence of
a fault in the system operation. In fact, one of the main advantage
of this philosophy is the possibility of adding any other sensors
to the system easily and assign to the sensor an independent task
to manage its operation.

Technically, the measurement of both the electrical fre-
quency (fe) at the output of the PMG and the electrical power (Pe)
extracted from the rotor (typically involving voltage and current
measurements) are the basic requirement for the correct opera-
tion of the turbine. It is known that, the PMG with pole pairs
(pp) generates pp numbers of electrical cycles for each mechan-
ical one (in our case pp = 21). Therefore, by using the MCU
system, it is possible to perform electrical frequencies measure-
ments for each mechanical rotation of the turbine with high ac-
curacy. Figure 8 visually indicates this possibility. The more
pole pairs (pp) of the PMG, the further measurements could be
performed and the more accurate frequencies could be measured.

ƒe

Fourier
analysis

ƒe

Harmonics

DCt Frequency

Average value

Average 
valueMechanical turn

PP measurements

FIGURE 8: Electrical frequency analysis.

Pe

MPPT (theoretical line)

P e
= k.
(𝑽
𝑾
)
𝟑

Pe

P e
= k.
(ƒ 𝒆
)
𝟑

Turbine degradation 
region

(predictive detection)

ƒeVw

MPPT (theoretical line)

FIGURE 9: MPPT line and predictive degradation region.
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FIGURE 10: The troubleshooting process of the power generation unit in a remote location.

The mechanical and structural problems in the turbine introduce
fluctuations in these frequency measurements that can be used as
an excellent estimator of mechanical failures in the turbine. The
Fourier development of this signal and specifically its harmonics
(Fig. 8) are the base of these studies. The (fe) measurements are
the core for implementing simple and efficient MPPT algorithms.
As shown in Fig. 9, Each frequency (fe) value corresponds to a
theoretically extracted electrical power (Pe) in MPPT, a more de-
tailed and comprehensive study has been conducted by Alvarez
et. al [22]. The relation between the electrical power output and
the frequency can be used as an excellent estimator of the tur-
bine degradation (dirt, damage, etc). In Figure. 9, the turbine
degradation region has been marked, as the operation is further
away from the theoretical MPPT line, the more degradation of
the turbine occurs. This is could be used as a predictive indicator
for maintenance or rotor cleaning. Based on that, the inclusion
of other sensors and other tasks related to maintenance and oper-
ation of the turbine can be easily incorporated using this philos-
ophy. A simplified troubleshooting flow chart includes the state
machine associated with the measurement of the electrical fre-
quency, the electrical power, the water height and the water qual-
ity has been presented in Fig. 10. Obviously, in the IoE context,
it is important to send and receive information remotely from
each of these state machines. The operation of the MQTT broker

has been also tested using a local WiFi network in the labora-
tory. The proposed system has been tested experimentally in the
laboratory using a water current flume under low flow velocity
conditions, simulating the real field environment. Once the tur-
bine rotates and starts to generate electricity, two communication
tests have been carried out to verify that the implemented IoE ar-
chitecture works correctly. Firstly, the system has been tested by
sending and receiving information through a smartphone. An an
open-source application has been configured to connect with the
developed MQTT protocol. Through this test, all sensors in the
system have been worked correctly and the sent and received in-
formation have been displayed including the power output from
the turbine rotor and the rotational speed. A small LED has been
used to measure the system response to the sent orders. Fig-
ure. 11 shows the testing phase that has been carried out with
the smartphone. The same tests were carried out as in the pre-
vious test, but additionally, the processing unit procedures, DB
management, and data storage methods were also adjusted. In
the computer-case tests, the reception and sending of informa-
tion from the sensors and actuators have been also checked by
two clients based on Python code. Additionally, it was verified
that, the DB stored the data according to the designed form, so
that it could be used later by the decision-making algorithm that
will be developed for the field application. All tests have been
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Received data
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NodeMCU

FIGURE 11: Communication test through the MQTT protocol.

carried out successfully since all the sensors were able to send
the information correctly. In addition, the smartphone and com-
puter clients could show all the collected data in real time, also
the system was able to send orders to the actuators, which will
allow a full control of the operating devices in the remote smart
grid locations including the hydraulic water gate or other consid-
ered devices.

CONCLUSIONS
The accelerated growth in the information and communica-

tion technology along with the current trend of sustainable en-
ergy development has led to the appearance of a new concept
known as the internet of energy (IoE). This article presents an
autonomous system -based on the IoE concept- for monitoring
and controlling a water supply network using a sustainable power
generation set formed by a hydrokinetic vertical-axis turbine and
a solar panel module. Also, it aims to change the philosophy
of maintenance and operation of hydrokinetic turbines in real
field sites with low accessibility. Experimental tests have been
carried out under laboratory scale conditions to check the work-
ing validity of the energy generating system with the proposed
IoE structure in a water flume, under low flow velocity condi-
tions. An excellent test loop is available for various predictive
maintenance and troubleshooting tasks using a novel IoE philos-
ophy. Moreover, two communication tests have been carried out
through the MQTT broker. All tests have been carried out suc-
cessfully since all the sensors were able to send the information
correctly. The power status of the turbine and batteries have been
also monitored. In addition, smartphone and computer commu-
nication tests successfully showed all the collected data in real
time. The system was also able to send orders to the actuators,
which will allow a full control of the operating devices in the
remote smart grid locations.

FUTURE WORK
As the proposed system proved a reliability and efficient

control and operation in the laboratory scale, the next phase is
to install this system in a remote power generation location. A
rural site in the mountains with water network supply that is lo-
cated at the north of Spain (Asturias) has been selected to install
the hydrokinetic turbine and the solar panel module with the IoE
architecture. The turbine will be mounted in the water channel
which passes through a rural house while the solar panel will be
installed at the top of the building roof. Figure. 12 shows the
selected location.

FIGURE 12: The selected remote location for power generation.
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ABSTRACT
The current study represents a preliminary step towards de-

tecting operating problems in wind microturbines automatically.
The electrical frequency signal generated by the turbine allows
for the detection of operating issues during its power stage. To
conduct a comprehensive study, a vertical-axis microturbine has
been tested, under various failure conditions, inside a closed-
loop wind tunnel. An electronic data acquisition system has been
developed to continuously measure the frequency signal during
the experiments. The output data, including the power and the
frequency signals, has been analyzed in terms of average fre-
quency and standard deviation. The collected and stored data is
accessible through an operation and maintenance system, which
uses an AI-based algorithm and a Jupyter Notebook tool that is
executed in Python.
Keywords: Predictive maintenance, Wind turbine, Vertical
axis turbine, Smart Cities, Internet of Things

NOMENCLATURE
Z𝜔 Rotational speed ratio
𝜔𝑖 Average rotational speed, [rpm]
Z𝜎 Standard deviation ratio
𝜎𝑖 Standard deviation
_ Tip speed ratio
Ω Angular velocity, [rad/s]
𝐴 Turbine forntal area, [m]
𝐶𝑝 Power coefficient
𝐹𝑒 Electrical frequency, [Hz]
𝐹𝑚𝑒𝑐 Mechanical frequency, [Hz]
𝑛 Number of blades
𝑃 Power output, [W]
𝑇𝑚𝑒𝑐 Mechanical torque, [N.m]
𝑇𝑒 Electrical torque, [N.m]
𝑢∞ Wind velocity, [m/s]

∗Corresponding author: ahmed.gharib@eng.psu.edu.eg

1. INTRODUCTION
1.1 Wind energy potential

Recent geopolitical conflicts in Eastern Europe have high-
lighted the importance of the European Union’s (EU) energy
dependence on fossil fuels. The current rise in the price of gas
and oil has only served to underline the far-reaching importance
of these resources in the European energy market, affecting many
sectors such as industry and services. In recent years, the EU has
made significant efforts to implement energy sources that reduce
energy consumption across the European Union. For instance, it
has approved several plans for 2030 and 2050 aimed at reducing
energy dependence, combating climate change, and mitigating its
effects on the region [1].

Currently, fossil fuels account for 71% of the energy sources
used in Europe. Specifically, the main resources are oil (36%),
gas (22%) and coal (13%). It should be added that the 14%
corresponds to electricity generated by nuclear energy, although
the use of this source is very uneven depending on the country.
Therefore, although in the EU, renewable energies account for
only 15%, this percentage is expected to increase considerably in
the coming decades due to the installation of solar photovoltaic
plants and wind farms [2].

Wind energy is a renewable source of power that has the
potential to play an important role in meeting the world’s energy
needs [3]. It is abundant and available in many areas around
the world, making it a reliable source of power in many regions.
Wind energy has been experiencing a steady increase in power
since 2019, in both onshore and offshore sectors, with leading
countries such as China, the United States, Germany, India, and
Spain driving this development. Figure 1 illustrates the growth
of wind energy in gigawatts (GW) from 2017 to 2022 [4].

According to the power capacity, wind turbines are classified
into three main categories; the first classification is the large-
scale turbines. These turbines have a capacity of over 1 MW
and are used to generate power for large cities or industrial fa-
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FIGURE 1: Wind power growth rate (2017-2022) [4].

cilities. Large-scale turbines are typically installed in large wind
farms and can generate significant amounts of power. The second
classification is medium-scale turbines. These turbines have a ca-
pacity of between 100 kW and 1 MW and are often used to power
small communities or farms. Medium-scale turbines are typically
installed in small wind farms and can be used to supplement or
replace traditional sources of power. The third classification of
wind turbines is small-scale turbines. These turbines have a ca-
pacity of up to 100 kW and are typically used to power individual
homes or small businesses [5, 6]. Small-scale turbines are usually
installed on rooftops or in small wind farms and are designed to
be easily integrated into the local power grid. Small-scale tur-
bines are particularly popular in remote areas where there is no
access to traditional power sources [7, 8].

As part of the Smart Cities initiative, new wind turbine de-
signs are being developed with smaller and more compact designs
to minimize visual and landscape impacts [9]. These inconspic-
uous wind turbines can be integrated into the urban atmosphere.
Though they have small installed power (<1 kW), they can meet
the small demands of buildings or industries, as well as supply
electricity to off-grid structures. Some of these wind turbines are
already in the commercial phase and can be used for urban light-
ing, urban communication systems (WiFi), or charging points for
electric vehicles such as scooters [10].

The emergence of technologies based on small micro-
generation wind turbines and the Smart Grid philosophy has led
to the commercial installation of vertical axis turbines in some
buildings or urban environments. One example is the LS Savo-
nius 3.0 design from the company LuvSide [11], which consists
of a 4 m high and 2.2 m diameter rotor with a generating capacity
of 300 W (see figure 2a). This turbine is designed to provide
electricity to remote industries. In the case of Darrieus-H tur-
bines, one of the most noteworthy projects is the Figeac turbine
from Ratier company [12]. This rotor has a diameter of 12 m and
a height of 10 m, with a total installed power of 12 kW. Figure 2b
shows a photograph of this design.

All the above projects share a common goal of developing
commercially viable equipment, which translates into a similar

(a) LUVSide project [11]. (b) Figeact project [12]

FIGURE 2: Savonius and Darrieus wind microturbines

TABLE 1: Real projects of wind microturbines

Project Turbine type Power [kW]

LS Savonius [11] VAT-Savonius 0.3
EVA120 [13] H-Darrieus 20
Dornier [14] Savonius 0.55
Ratier [12] H-Darrieus 12

installed power capacity and physical size. However, in recent
times, new designs have emerged that are even smaller and fo-
cused on micro-generation applications that are easy to install and
use. Some of these designs are equipped with electronic control
devices to monitor and manage energy production, increasing
their versatility. Table 1 shows the main projects where wind
micro-turbines have been employed.

1.2 Predictive maintenance in micro-turbines
A failure in the service of any installation, including those re-

lated to energy, can have various consequences. For this reason,
energy companies are showing increasing interest in designing
and developing systems based on the concept of predictive main-
tenance. With this approach, it is possible to study the behaviour
of micro-turbines and use patterns to anticipate the need for main-
tenance interventions.

Predictive maintenance involves a series of actions and tech-
niques that aim to anticipate failures and operational problems
that may occur in a system [15]. To achieve this goal, different
tools and data analysis techniques are utilized to detect anoma-
lies in the operation of specific installations, thereby enabling the
prediction of future failures. In this regard, the development of
the Internet of Things (IoT) concept has a crucial role to play, as
it facilitates the collection of various parameters that can be used
for subsequent analysis and the development of accurate failure
predictions [16].

The concept of IoT is the interconnection of many devices
that allows the exchange of data so that it can be further processed
for multiple applications. This methodology allows its capture
in real-time so that it is possible to know the operating status of
the wind turbine and draw conclusions or risks associated with
it. In this sense, it is worth noting that other methodologies such
as artificial intelligence or Big Data solutions for processing this
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huge amount of data are also good applications for predictive
maintenance [16].

Predictive maintenance has found practical applications in
the wind energy industry as well. The operating costs of a typ-
ical wind turbine can account for 20-30% of its life cycle cost
[17], making the implementation of this technique highly cost-
effective. Some of the existing systems that have been imple-
mented in this context include the monitoring of the lubrication
gap between the shaft and rotor seat, measurement of the dis-
placement of the rotor (clutch disk), continuous auscultation of
the wind turbine shaft, and measurement of blade temperatures
and vibrations [18]. To accomplish this, various sensors need to
be installed on each device to be monitored. Vibration analyz-
ers, thermographic cameras, and ultrasonic meters are among the
most widely used types of sensors.

Various studies have been conducted in the field of smart
energy that involves the use of IoT applications in the predic-
tive maintenance of wind turbines, either as an isolated turbine
[19, 20], or even as a turbine farm [21]. For instance, researchers
have utilized the Big Data processing framework to create data-
driven predictive models that rely on historical data stored in the
cloud. Additionally, an online fault-tolerant monitoring agent
has been developed using a Big Data stream processing frame-
work to predict the state of wind turbines at 10-minute intervals.
Finally, a front-end has been created that allows for real-time vi-
sualization of the status of the wind turbines [22]. Also, A novel
integrated approach has been developed for fault diagnosis and
prognosis of wind turbines, particularly in cases where degrada-
tion data is limited. The approach involves the use of a wavelet
transform-based method to analyze incipient defect signatures in
the bearings, and the extracted features are then combined us-
ing the Health Index algorithm to represent the bearing defect
conditions [23]. Another methodology using the vibration sig-
nal analysis has been developed for the prediction of the bearing
faults in wind turbines [24]. In addition, a new model for predic-
tive maintenance has been introduced, specifically for identifying
failures in sub-components of wind turbines. The model com-
bines Machine Learning and statistical process control tools, and
utilizes a multivariate approach across all processing levels. It
relies on SCADA tags as input. The model has been tested
through a large-scale campaign involving 150 wind turbines, and
has shown the capability to predict failures in the gearbox, gener-
ator, and main bearing components, with a lead time of up to 1-2
months, thereby enabling early detection [25].

The known failure and repair rates of turbine components
have been modified to develop predictive and condition-based
maintenance strategies, as opposed to a reactive approach. Im-
plementing these strategies can lead to potential cost savings of
up to 8 % in the direct operation and maintenance costs and a re-
duction of up to 11 % in lost production. These estimates assume
that advanced monitoring can detect 25% of major generator and
gearbox failures, enabling repairs to be carried out before major
replacement is needed [26].

However, in the case of small-scale turbines, it is a challenge
to house many sensors due to their limited size and the technical
and computational complexity of processing the high volume
of data they generate. To address this issue, the present article

proposes a simple methodology that uses energy data produced
by the turbine’s generator to implement predictive maintenance
strategies. It should be noted that the generator is the only device
common to all turbines, and analyzing its continuous production
data and observing patterns in its operation provides insights into
operating trends.

2. MATERIALS AND METHODS
2.1 The turbine model

A vertical-axis turbine model has been designed and fabri-
cated (see Fig. 3). It is basically formed by three straight blades
with a NACA-0015 profile. The geometrical parameters of the
VAWT model are provided in table 2. In order to obtain a self-
starting and efficient operation, the design parameters have been
selected carefully. Specifically, the symmetrical airfoil NACA-
0015 has been chosen due to its good performance under low
wind velocity conditions [27, 28]. Also, the VAWT model has
two ending plates of 0.15 m in diameter and 0.05 m in thickness
to support the turbine blades. The proposed model is designed
using 3D-CAD software and manufactured with the FDM (Fused
Deposition Modeling) printing technology using Polylactic acid
(PLA) material for its flexibility and high strength.

FIGURE 3: The turbine model inside the tunnel.

TABLE 2: Design parameters of the VAWT model

Parameter Value

Rotor diameter 0.3 m
Rotor height 0.3 m
Blade profile NACA-0015
Chord length 0.1 m
Number of blades 3
Shaft diameter 0.01 m
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FIGURE 4: Full schematic of the wind tunnel [Dimensions in m].

The rotor is supported using a portable aluminium structure,
allowing the turbine to be centered in front of the test section at
a distance equal to 6 times the turbine diameter. Also, the rota-
tional axis is supported, above and below, by two radial bearings.
The turbine model, with its all components, has been mounted
on a steel shaft (Fig. 3) and coupled with a 300 W commercial
(Gimbal-GM8112H) permanent magnet generator (PMG) with
21 pairs of poles (pp). This component is connected to the mea-
surement oscilloscope and a data acquisition board for collecting
voltage and frequency measurements.

2.2 The wind tunnel
Experimental tests have been carried out in a closed-loop

wind tunnel at the Polytechnic School of Mieres (University of
Oviedo) in Spain. The tunnel consists of four axial fans with a
total power of 180 kW which is controlled by a variable frequency
driver, reaching a maximum wind speed of 180 km/h. Also, the
tunnel contains several test chambers with different flow condi-
tions. In the current tests, the turbine has been installed in a 2x2
m test chamber upstream of the fans, which limits the turbulence
effects and airflow blockage. In addition, the fluid enters the test
chamber through flow directors, after passing through a honey-
comb panel, which has been designed to ensure the uniformity of
the fluid before reaching the prototypes.

A full schematic of the wind tunnel is shown in figure 4. The
wind tunnel is equipped with several anemometers to measure
wind velocity (with an uncertainty value of ±%1.5), and pressure
and temperature sensors (uncertainties of ±0.3% and ±0.75◦𝐶 )
are used to correct the wind velocity measurements to the actual
test conditions. To prevent any blockage in the airflow, the turbine
model has been positioned in the wider zone of the wind tunnel,
behind the fan section (in the suction zone). To ensure a steady
turbulence flow, the wind is directed across a honeycomb net into
the settling chamber after passing through the diffuser section.
In the current study, the wind velocity value of 7.0 m/s has been
selected to carry out the experimental tests inside the wind tunnel.

START

Nt-Nt-1
𝑁𝑡

≤ 1%

Wind velocity
selection, u∞

Measure
V, Fe and P

END

Change electrical
resistance,Ω

Calculate
λ and Cp

YES

NO

Check

FIGURE 5: Experimental characterization procedures.

2.3 Electrical characterization of the power stage
In order to study the operation of a turbine, first is necessary

to characterize it by means of certain parameters that make it
possible to determine its performance and behaviour. In this
sense, aspects such as its geometry, typology or the number of
blades are key to the efficiency of the equipment during its energy
production phase. The tip speed ratio (_) and the power coefficient
(𝐶𝑝) are often the two dimensionless parameters that are used to
characterize the turbine. The first one is the ratio of blade tip speed
to wind speed (Equation. (1)), while the second is a measure of
the equipment performance (Equation. (2)).

_ =
Ω · 𝑅
𝑢∞

(1)

𝐶𝑃 =
𝑃

0.5 · 𝜌 · 𝐴 · 𝑢3∞
(2)

Where, Ω is the rotational speed of the turbine [rad/s], 𝑅
is the radius of the turbine [m], 𝑢∞ is the wind current velocity
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FIGURE 6: A photo of the measuring instruments.

[m/s], 𝑃 is the power extracted from the generator [W], 𝜌 is
the air density and 𝐴 is the turbine cross-section area. For the
calculated variables, the uncertainty is about 1.15% for the tip
speed ratio, and around 0.12% for the power and power coefficient
measurements.

For each wind velocity, the turbine rotates freely without
any loading until reaching the steady state condition where the
rotational speed is nearly constant. Thereafter, the turbine s grad-
ually loaded by changing the input resistance to brake the turbine
through the PMG. Subsequently, the rotational speed decreases
and the electrical power produced rises till reaching the maximum
power point 𝑀𝑃𝑃𝑇 . From that point onwards, the power output
from the turbine decreases with the decline of the rotational speed
(the rotational speed at a time-step 𝑁𝑡 is not almost equal to the
last time-step 𝑁𝑡−1) the turbine reaches the deceleration condition
and stops. The characterization sequences are summarized in the
flow chart in fig. 5. For each mechanical rotation of the turbine,
a total of pp (Pair of poles) electrical cycles is produced at the
output of the PMG (Equations. (3) and (4)):

𝑇𝑚𝑒𝑐 = 𝑝𝑝 · 𝑇𝑒 (3)

Or, in terms of frequency:

𝐹𝑒 = 𝑝𝑝 · 𝐹𝑚𝑒𝑐 (4)

Where 𝑇𝑚𝑒𝑐, 𝐹𝑚𝑒𝑐 and 𝑇𝑒, 𝐹𝑒 are the mechanical and elec-
trical torque and frequency respectively in [N.m] and [Hz].

As shown in figure 6, the oscilloscope is used to graphically
represent electrical signals that vary over time and observe the
waveform of the electrical output produced by the turbine’s rota-
tion. The torque produced is then calculated by processing the
data using computer programs like Matlab. To supply the elec-
trical energy necessary for the different instrumentation, a power

FIGURE 7: The control board and the component details.

supply is used which allows regulation and protection against
overloads and short circuits.

2.4 Electrical frequency analysis
An MQTT-based printed circuit board has been designed and

manufactured to transmit data obtained by an Arduino board (see
fig. 7). The basic structure of the hardware is used for the power
frequency (𝐹𝑒) measurement.

As a microprocessor, a NodeMCU system based on the
ESP8266 is used, in which the interface circuitry is intercon-
nected to convert the sinusoidal signal between any two phases at
the output of the PMG to a square signal with logic levels suitable
for the NodeMCU. Figure 8 shows the waveforms obtained for a
sinusoidal voltage between phases of 10 V (signal V(R,S)). The
V(1) and V(2) signals obtained are overlapped at one-half of the
supply voltage.

The D7 port of the NodeMCU is used for the measurement
with an accuracy of ±4µ𝑠. To simplify the visualisation of the
results, an OLED display is interconnected using the I2C bus.
An additional Hall effect sensor has been incorporated so that
measurements can be carried out in synchronisation with the
rotation axis of the turbine. The basic idea of the measurement
will be to accurately measure the time elapsing between the high
and low edges of the generated square signal, thus obtaining the
electrical half-period of the sinusoidal signal (see fig. 9).

In the current study, three software have been developed; the
first one is the Arduino program that is loaded in the NodeMCU,
which allows the measurement of the electrical periods (maxi-
mum, minimum and average values) and all the instantaneous
values of a mechanical cycle and sends it by MQTT to the broker
as illustrated in fig. 10. The second one is a Python script, which
allows measurement requests and saves them in an SQLite-type
database. Once the data, including the electrical frequency, has
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FIGURE 8: The main waveforms: sinusoidal and square signals input to NodeMCU .

FIGURE 9: Electrical and mechanical periods.

been collected and stored in the database (DB), it is accessed by
an operation and maintenance system, which uses an AI-based
algorithm executed in Python for easy analysis. A Jupyter Note-
book tool has been developed in python to provide a simple and
intuitive visualization of the data. Figure 11 shows a part of
the routine developed to graphically represent the sample that is
stored in the test database.

In this way, the frequency measurement allows us to obtain

de rotational velocity [rpm] of the turbine without implementing
any specific sensor. In addition, this measurement will be quite
accurate since the number of pp is fixed and known and can be
performed with high accuracy due to electronic processors.

The availability of 𝐹𝑒 measurements opens the door for an-
alyzing them as a method to detect problems and implement a
predictive maintenance strategy for wind turbines. These non-
invasive measurements can be performed during normal turbine
operation using electronic techniques linked to IoT for simple and
inexpensive collection and further processing of information. To
this end, the optimal operating frequency has been obtained for
the baseline case (A) at a wind speed of 7 m/s to carry out the
experimental test. Subsequently, different failure states have been
simulated: dirt on the shaft (B), dirt on the blade (C), and break-
age of one of the blades (D).

3. Results and discussion
As it has been mentioned before, the characteristics of Verti-

cal axis wind turbines are expressed commonly in terms of power
coefficient 𝐶𝑝 and tip speed ratio _. Applying the power stage
characterization procedure, the following curve (Fig. 13) has
been obtained for a wind speed of 7 m/s. In this case, the tip
speed values are above unity, which shows that the rotor design
works by lift forces, as predicted. However, these values are con-
sidered lower for the current turbine model compared with other
similar turbines. This is due to the high solidity value which is se-
lected to avoid the starting issue. In addition, the turbine achieves
power coefficient values close to 8%, which corresponds to those
obtained in previous investigations in the literature. Thus, it is
corroborated that the implemented design works correctly and
can be analyzed for the purpose of this investigation.
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FIGURE 10: A schematic of the PMG power integration with the AI philosophy.

ase de datos del ensayo)
def dibujar_datos():

global nombreDB
global numero_filas_tabla
global Fe_max_leida
global Fe_med_leida
global Fe_min_leida
global Fe_leida
global pp
global num_fila
#
con = sqlite3.connect(BD)
cursor = con.cursor()
#
cursor.execute('SELECT * FROM tabla_medidas;')
todos=cursor.fetchall()
numero_filas_tabla=len(todos)
#
print("numero de medidas (filas) disponible: ",

numero_filas_tabla, "(van desde 0 hasta ", numero_filas_tabla-1,")")
print("cada fila contiene las siguientes columnas: "+

"Fecha, hora, turbina_ID, pp, Fe_max, Fe_med,Fe_min, Fe(1),....Fe(2*pp)")
#
Fe_max_leida=np.zeros(len(todos))
Fe_med_leida=np.zeros(len(todos))
Fe_min_leida=np.zeros(len(todos))
Fe_leida=np.zeros((len(todos),2*pp))
#
k=0
for fila in todos:

print("Esta es la fila: ", k)
print(fila)
print("###")
# las columnas empiezan en cero

FIGURE 11: A code sample of the Jupyter Notebook in python.

For the various scenarios studied, the electrical frequency
measurements obtained for each of the operating cases have been
analysed. It should be noted that case (A) is the baseline case for
comparisons, in which the turbine works properly without any
defections. An analysis has been carried out of the average rota-
tional speeds, defining a rotational speed ratio (Z𝜔) as indicated
by equation.(5)).

Z𝜔 =
𝜔𝑖

𝜔𝐴
(5)

Where 𝜔𝑖 is the average rotational speed of each operating
case (rpm) and 𝜔𝐴 is the average rotational speed baseline case
of the turbine. The rotational speed is calculated by applying
equation equation.(6)).

𝜔𝐿 =
2 · 𝜋 · 𝐹𝑒𝐿

𝑃𝑃
(6)

Where 𝐹𝑒𝐿 is the average electrical frequency of the consid-
ered case (𝐻𝑧) and 𝑝𝑝 is the pair of poles of the PMG generator.

FIGURE 12: The configuration of experimental cases.

A variation in the rotational speed has been detected for all
three cases as shown in fig. 14. Therefore, the use of the ratio
Z𝜔 is the first step towards detecting any type of malfunction in
the operation of the rotor. However, this analysis is not sufficient
to determine the nature of the failure. For this purpose, a ratio
related to the standard deviation of each measured electrical fre-
quency data has been defined. This ratio is calculated for each
case of failure (Z𝜎), as shown in equation.(7)).

Z𝜎 =
𝜎𝑖

𝜎𝐴
(7)
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FIGURE 13: Turbine characteristic curve at u∞=7 m/s.

FIGURE 14: Rotational speed ratio for the cases.

Where 𝜎𝑖 is the standard deviation of the observed values in
each failure case and 𝜎𝐴 is the standard deviation of the baseline
case in the normal operating conditions. The calculation of the
standard deviation has been performed according to equation.(8)).

𝜎 =

√︄∑︁𝑁
𝑖=1 (𝐹𝑒𝑖 − 𝐹𝑒)2

𝑁 − 1
(8)

Where 𝜎 is the standard deviation of the power frequency
data corresponding to each case considered, 𝐹𝑒𝑖 is the observed
power frequency value of each case sample, 𝐹𝑒𝑖 is the mean value
of these observations and 𝑁 is the number of observations.

Based on these results, it is evident that each case typology
considered has very different values of Z𝜎 , so it is possible to
indicate what type of failure is occurring according to the obtained
value. As presented in as shown in figure. 15, when the Z𝜎 values
are higher than 600 % it is because of some kind of failure in the
area of the rotating shaft, while when they are around 300 % it is
due to the accumulation of some unwanted element on the blade.
Finally, when the values of Z𝜎 are very low (< 100%), it indicates
that one of the blades has been broken.

FIGURE 15: The standard deviation ratio for the cases .

4. CONCLUSIONS
This investigation based on the predictive maintenance of

micro wind turbines has shown consistent results in this first
experimental wind tunnel approach. On the one hand, the analysis
of the electrical frequency data has shown that in all cases in which
the turbine presents some anomaly, a considerable reduction of
the rotational speed is observed. On the other hand, with the
analysis of the standard deviation it can be observed how there
is also a considerable increase that is associated with the bad
condition of the turbine.

5. FUTURE WORK
In the future, a new electronic board will be built to group

all the components that make up the frequency measurement sys-
tem, as well as to implement data analysis technologies that will
allow the system to measure the frequency with more accuracy.
This will make it possible to detect phenomena of rotor erosion
and anticipate its failure, even indicating the component that has
suffered this degradation. Also, the study will be widened to
include other designs of wind turbines.
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