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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.
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1. Introduction


Significant progress has been made in generating electricity from sustainable renewable 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 industrial 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 hydrokinetic 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 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 microgeneration 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 manufacture, 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.



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].



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 conditions 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.



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 manufacturing 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 experimental 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 (   P  a t m    ) (Figure 3).



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 (  M P  P  w i n d    ), 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).



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)






  C p =    P m     P t     



(2)






     P t  =  1 2  · ρ ·  A t  ·  U 3   



(3)






   P m  = 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),   C p   is the power coefficient (dimensionless),    P m    is the mechanical power (W),  ρ  is the fluid density (kg/m3),    A t    is the area swept by blades (m2),    P t    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:


  B R =    A t     A c    =   2 · R · h   b · y    



(5)




where   B R   is the blockage ratio (dimensionless),    A c    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].


     (     U F     U C     )   2  = 1 − m · B R  



(6)






  m = 8 , 14 · B  R 2  − 7 , 309 · B R + 3 , 23  



(7)






     U C     U F    = 1 − B R  



(8)






  T S  R F  = T S R ·  (     U C     U F     )   



(9)






  C  p F  = C p    (     U C     U F     )   3   



(10)




where    U F    is the water velocity at open-field conditions (m/s),  m  is an empirical factor (dimensionless),   T S  R F    is the tip speed ratio at open-field conditions (dimensionless), and   C  p F    is the power coefficient at open-field conditions (dimensionless).   T S R  ,   C p  , 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.




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 honeycomb panels controlling admission, (2) is the axial fan, (3) is the diffuser section, (4) is the stilling chamber, and (5) is the testing section.



To reduce turbulent phenomena, the wind tunnel has a stilling chamber and lengthwise 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 tested turbine, (3) is the data acquisition system, (4) is the aluminum structure, and (5) is the digital manometer.




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.



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 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.



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.





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 turbine 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 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.



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.



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.



The characteristic curve of the turbine inside the wind tunnel is shown in Figure 13. The rotor is observed as working in a stable   C p   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.



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 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.



The extrapolation of blockage to open-field conditions was performed using the flow velocity of 0.71 m/s with a   B R   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    U F    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.



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   C p   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.



Therefore, maintaining the Reynolds number value between experiments in a wind tunnel (no blockage) and a water flume (with blockage), which is wind velocity approximately 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.
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Figure 1. Integration of hydrokinetic and wind turbines for urban systems. 
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Figure 2. Different designs of Darrieus rotors [15]. 
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Figure 3. Actuator disk theory at a wind tunnel [39]. 
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Figure 4. Actuator disk scheme at a water channel [42]. 
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Figure 5. (a) Geometric characteristics of the turbine. (b) Blade fabrication process using a 3D printer. 
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Figure 6. Wind tunnel configuration (sectional-view). 
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Figure 7. (a) Different devices used during a wind test. (b) The turbine at the testing section. 
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Figure 8. Water flume including the turbine rotor. 
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Figure 9. Experimental test procedure. 
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Figure 10. Stability conditions for low and high rotational speeds test conditions at a wind speed of 8 m/s. 
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Figure 11. Wind tunnel power curves at different upstream velocities. 
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Figure 12. Maximum power point variation with wind velocities. 
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Figure 13. Characteristic curve for the turbine rotor at different wind velocities. 
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Figure 14. (a) Characteristic curves at different water blockage values and (b) variation in Cpmax with Blockage ratio. 
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Figure 15. Turbine characteristic curves in wind tunnel and water flume (Re = 3.5 × 104 approximately). 
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Table 1. Different wind and water testing conditions.
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	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
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