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    In recent decades, global demand for energy has increased with the expanding world economy. For this reason, excessive use of non-renewable energy sources has been noticed. Climate change, air pollution, and carbon dioxide emission were considered as the principal disadvantages of the excessive use of fossil energy sources. To avoid the excessive exploitation of fossil energy sources, sustainable energies, which are produced by natural resources of energy, are recommended. Hydraulic energy, which is a sustainable energy source, is within this context. Hydraulic rotors ensure the generation of electrical energy from streams, canals of irrigation, or rivers. Indeed, hydraulic rotors convert the water kinetic energy into mechanical power. Afterward, the mechanical power is converted into electrical energy by a generator. Hydraulic rotors are categorized as hydraulic rotors with a horizontal axis of rotation and others with a vertical axis of rotation. Many researchers have noted that hydraulic rotors with a vertical axis of rotation present many benefits with regard to the ones with a horizontal axis of rotation. The simplicity of the geometric form, the easy maintenance, and the independence of the direction of the water are the major benefits of hydraulic rotors with a vertical axis of rotation.




    This book focuses on the performance optimization of different proposed configurations of vertical axis water rotors. The book is composed of four chapters.




    In the first chapter, the technology of the water turbines is presented. We introduce the water turbines’ background and classification, the basic parameters that characterize the water turbines, and their performance characteristics formulations. A brief literature review is also recapitulated to provide an idea about the improvement techniques carried out by researchers to boost the efficiency of the vertical axis water turbines, to situate the present work, and justify the novelty of our investigations.




    In the second chapter, we discuss the governing equations and the numerical methods used in Ansys Fluent as the adopted CFD software. Indeed, the impact of the numerical parameters on the efficiency of different forms of hydraulic rotors is presented. Furthermore, the meshing, the turbulence model, and the rotating domain size effects are determined. The validation of the numerical model has been done with anterior results.




    In the third chapter, we have conducted experimental and computational investigations of a V-shaped Darrieus hydraulic rotor. The experimental results are used to validate the computational fluid dynamics model. The spiral angle of the V-shaped blades has been varied. For each configuration, we present and discuss the hydrodynamic characteristics of the water such as velocity field, magnitude velocity, and turbulence characteristics behind the considered hydraulic rotor.




    In the fourth chapter, the betterment of the performance parameters of spiral Savonius turbine and spherical Darrieus turbine is investigated through the addition of an aerodynamic appendage. In fact, two deflector systems are suggested around the turbines.




    Finally, we summarize the different findings obtained in light of the current study to optimize the Darrieus rotor. We also propose new perspectives, which will be the subject of further work.
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      1. Introduction




      Recently, electricity is known to be an essential requirement indicating the modernity of a society. It is considered a needed component in the development of a country. In fact, basic human needs, such as health, transport, food, and education, are based on electrical energy (Jorgenson et al., 2014). There are several technologies accessible that could be used to provide electricity to the whole world. Fossil fuels are among the most important sources of energy. People use coal, petroleum, oils, and natural gas to fulfill their needs in terms of powering vehicles and electricity production.




      As a consequence of the extreme utilization of non-renewable energy sources, the exhaustion of these sources has become threatening to humanity. The continued demand has grown beyond its peak in recent years. Owing to the extravagant utilization of non-renewable energy sources, the world also has been facing environmental problems related to the emission of a huge amount of pollutants (Apergis et al., 2014). The utilization of sustainable energy sources is necessary to lower greenhouse gas emissions in the atmosphere (Chang et al., 2003). The solar, geothermal, biomass, water, and wind sources are considered important sources in many areas of applications. Among these sources of green energy, hydropower is a renewable energy source that will possibly be developed in the future (Paish, 2002). Although hydropower can not completely replace the traditional sources of energy, it can be an interesting and green substitute.


    




    

      



      2. Hydropower




      The hydrological cycle, which is also known as the water cycle, fuels hydropower. In fact, the heat produced by the solar radiation evaporates the water contained on the earth’s surface, which turns into clouds and rain (Yüksel, 2010). Water runoff is produced by the rain which falls on the land surfaces. Waterpower is a sustainable and renewed source of energy as long as the sun shines since solar energy powers the hydrological cycle. Since antiquity, it has been used by humans to survive. In fact, there are different types of applications (Peng and Guo, 2019).




      Fig. (1) presents the share of renewable energy sources in the global electricity system in 2016. From this Figure, it has been noted that waterpower is the most widely used for electricity generation (16.6%) compared to wind, solar, and other renewables. Hydropower plants can be classified into four major kinds, such as run (Killingtveit, 2019).
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Fig. (1))


      Share of renewables in the global electricity system 2016 (Killingtveit, 2019).



      

        



        2.1. Run-of-river Hydropower Plants




        A run-of-river hydropower plant is a hydroelectric system that generates electrical power from the available flow of the river. In fact, the water current is diverted from the river and guided in a penstock, as shown in Fig. (2). The run-of-river hydropower plant differs from other hydropower plants types in the absence of a reservoir and large dam. However, a small dam can sometimes be used to ensure enough water goes in the penstock. In addition, some storage capacity can be used for a few hours.


      




      

        



        2.2. Storage Hydropower Plants




        This water power plant is characterized by the presence of a water tank, as presented in Fig. (3). The confined water is released for eventual consumption. The stored water in the reservoir furnishes flexibility to produce electrical power on need and lowers dependency on the water current change. A huge reservoir could stow water for a long time. However, the used reservoir for a storage hydropower plant is designed for seasonal storage. Compared to the run of river water power plant, the storage water power plant presents various advantages such as:
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Fig. (2))


        Run-of-river hydropower plant (Breeze, 2018).
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Fig. (3))


        Storage hydropower plant (Breeze, 2018). 



        

          	Provides the possibility to stow big volumes of energy.




          	Provides the possibility to control water flows.




          	The storage reservoir is a multipurpose system.


        


      




      

        



        2.3. Pumped-storage Waterpower Plants




        This waterpower plant is used by the systems of electrical generation for load balancing. In fact, water is pumped from a lower reservoir into an upper reservoir when production surpasses the need, as shown in Fig. (4). When the demand for electricity is high, the stored water in the upper reservoir is released back into the lower reservoir in order to spin turbines that generate electricity. This cycle could be repeated various times per day. The pumped-storage hydropower plant is characterized by the capability to interact with other renewable energy sources such as solar and wind. In fact, during high wind periods or high insolation, the pumped-storage hydropower can store excess energy.
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Fig. (4))


        Pumped-storage hydropower plant (Breeze, 2018).
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Fig. (5))


        In-stream hydropower plant (Breeze, 2018).

      




      

        2.4. In-stream (Hydrokinetic) Hydropower Plants




        An in-stream hydropower plant generates electricity from moving water available in streams, canals, rivers, and ocean currents (Fig. 5). For traditional hydropower plants, the generation of electrical power relies on the increment difference between the intake and outlet. However, turbines are installed directly in the water current for the case of an in-stream hydropower plant. A hydrokinetic turbine, also named water rotor, is a device that provides mechanical power from a water current that runs a generator to produce electricity. A water rotor is also known as a “zero-head” rotor which means no dam.


      


    




    

      3. Theoretical Notions of Water Rotors




      As mentioned above, a water rotor is a device that converts the water kinetic energy (WKE) into electrical power.




      

        



        3.1. Power Available in The Incoming Water Flow




        The WKE is determined by the following equation:
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            	(1)

          


        




        Where





        

          	Ec : the water kinetic energy,




          	m : the mass of the water passing through the rotor,




          	V∞ : the flow velocity at infinity.


        




        The water mass m could be expressed using the equation (1-2):
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            	(2)

          


        




        Where




        

          	ρ : the water density,




          	V : the water volume.


        




        Then, the water kinetic energy can be expressed as follows:
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            	(3)

          


        




        The power of the water is expressed as the ratio of the water kinetic energy to the time. Consider a distance, s, in which the water passes a small time, Δt, to flow through the rotor (Fig. 6).




        
[image: ]


Fig. (6))


        Water volume passing through the rotor.



        The volume of water that travels the distance s in the time Δt can be defined as follows:
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            	(4)

          


        




        where A is the rotor frontal area
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            	(5)

          


        




        Then, the water power Pw can be expressed as follows:


      




      

        



        3.2. Betz's Law




        Fig. (7) presents the modeling of the fluid flow around a rotor. V1 and V2 are the velocities of the fluid flow upstream and downstream of the rotor, respectively. In contrast, Vr is the fluid flow velocity in the plane containing the rotor.




        The power difference of the fluid flow upstream and downstream the rotor corresponds to the mechanical power Pm extracted by the rotor from the fluid.
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            	(6)

          


        




        The conservation of mass gives:
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            	(7)

          


        




        Which gives:
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            	(8)
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            	(9)

          


        




        Using the law of conservation of the momentum, the force F exerted by the fluid on the rotor can be expressed as follows:
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Fig. (7))


        Modeling of the fluid flow around a rotor.



        Then, the mechanical power can be expressed as follows:
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            	(10)

          


        




        Equations (1-6) and (1-8) give:
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            	(11)

          


        




        When we can write:
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            	(12)

          


        




        and:
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            	(13)

          


        




        The power coefficient CP is a dimensionless ratio of the extracted power Pm to the kinetic power P0 available in the undisturbed stream. The power coefficient is expressed as follows:
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            	(14)

          


        




        By defining:
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            	(15)

          


        




        We can write:
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            	(16)

          


        




        According to Betz's law:
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            	(17)

          


        




        The resolution of the equation (1-18) gives:
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            	(18)

          


        




        Consequently, the maximum value of the power extracted by a rotor is equal to CPmax=0.59. This value referred to as the Betz Limit.


      




      

        



        3.3. Performance Parameters




        The general formula of a rotor power coefficient is:
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            	(19)

          


        




        The rotor torque coefficient parameter Cm is:
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            	(20)

          


        




        Where




        

          	R : Radius of hydraulic turbine,




          	ω : Rotational speed




          	H : Height of the rotor




          	M : Torquehydraulic turbine.


        




        A is the free flow cross-sectional area and is defined by:
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            	(21)
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            	(22)

          


        




        Where λ is the tip speed ratio:
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            	(23)

          


        


      


    




    

      4. Classification of The Water Rotors




      Water turbines are generally categorized into two categories: horizontal axis hydraulic turbines (axial flow turbines) and vertical axis hydraulic turbines (cross-flow rotors). This classification is based on the alignment between the direction of the water stream and the turbine rotation axis.




      

        



        4.1. Axial-flow Rotors




        Axial flow rotors are common in converters of tidal energy. These rotors are similar to modern-day wind rotors from concept and design. A rotational shaft parallel to the flow direction is a property that characterizes the axial flow rotors. Various configurations of axial flow rotors for use in the hydro environment can be listed, such as rotor with inclined axis, rotor with rigid mooring, rotor with non-submerged generator, and rotor with the submerged generator. Fig. (8) presents the different axial-flow rotors configurations.
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Fig. (8))


        Axial-flow rotors.

      




      

        



        4.2. Cross-flow Rotors




        CFR is mostly utilized for the generation of small-scale power. These rotors can be categorized as rotors having an axis vertical to the water surface and rotors having an axis horizontal to the water plane. For axial-flow rotor, all blades contribute to electricity production. However, for a cross-flow rotor, only a fraction of the rotor blades generate energy. The other rotor parts merely go along for the ride. For this reason, the efficiency of cross-flow rotors is low compared to axial-flow rotors. Due to the relation between cross-flow rotors performance and blade lift/drag ratio, getting high efficiency from small-scale cross-flow rotors is difficult. In addition, these rotors can not operate perfectly in the low Reynolds number condition. In spite of these disadvantages, the CFRs have inherent specifications. They operate independently from the fluid direction without a need for yaw mechanism and with a lower cost of installation and maintenance. Darrieus, Savonius, and Gorlov hydraulic turbines are the most used cross-flow rotors for the generation of electricity from small-scale hydropower. Fig. (9) illustrates the different kinds of CFRs.
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Fig. (9))


        Cross-flow rotors.



        

          



          4.2.1. Savonius Rotor




          Sigurd Johannes presented the Savonius hydraulic turbine in 1922. This device is the ancient kind of CFRs. The S-shaped cross-section is the fundamental form of the Savonius hydraulic turbine (SHT) that is configured by two semi-circular vaneswith a gap distance between them. Due to the drag force which powers the Savonius water rotor to rotate, this rotor is called the drag-based rotor. Fig. (10) shows the shape and the geometrical parameters of the Savonius water rotor. Three main geometrical factors come into play for this type of rotor; namely, the spacing of the inner edges called overlap e, the diameter of the two cylinders d, and the height of the SHT H. A conventional SHT is characterized by a gap distance equal to e = D / 12.
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Fig. (10))


          Conventional Savonius water rotor (Talukdar et al., 2018).
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Fig. (11))


          Helical Savonius water rotor (Jeon et al., 2014).



          A spiral SHT was proposed that presents improved efficiency by twistingthe vanes of the conventional SHT along their spans, as illustrated in Fig. (11).
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