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Abstract: Smart cities will have a strong impact on the future of renewable energies as terms like 

sustainability and energy saving will be more common. In this sense, both of wind and hydrokinetic 

compact-size turbines, can play an important role in urban communities by providing energy to 

nearby consumption points in an environmentally suitable way. This work presents the experi-

mental evaluation for a vertical-axis turbine Darrieus type, operating in an open-field wind tunnel 

and a confined water channel. Power and characteristic curves have been obtained for all test con-

ditions, also the effect of turbine blockage has been evaluated under blockage values ranging from 

6.8% to 35%. The peak power coefficient for the confined flow condition reached a value of 0.31 

which is 1.5 times higher than the peak one for the experimental open field condition at the same 

Reynolds number and a blockage of 20%. Finally, two blockage correction equations have been ap-

plied to the water channel tests, which gave values quite similar to the results obtained from the 

wind tunnel. 
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1. Introduction 

Significant progresses have been made at the energy sector to generate electricity 

from sustainable renewable resources, such as the improvement in solar panels perfor-

mance [1] or the installation of offshore wind arrays [2]. Other low-carbon resources, such 

as the energy from flowing water currents, both marine and terrestrial, can become clean 

energy alternatives suitable for their use. Thus, future energy demands will be covered, 

reducing gas emissions to the atmosphere, and fighting against climate change. 

In 2020, the outbreak of the pandemic caused by the COVID-19 tested the strength of 

the world’s electricity system. During the first semester, coinciding with the hardest 

months of the disease and confinements, the world energy demand suffered a notable 

decrease of 5%, mainly due to the interruption of industrial activity [3]. However, the de-

mand of renewable energy increased 1%, showing great resilience. Thus, the hypo-carbon 

energy sector has shown an extraordinary ability of adaptation to this new situation, par-

ticipating more than a 18% of what it was expected in 2019. Different factors, such as their 

independence in the transport of resources (they are located where the resource is availa-

ble) or their installation at isolated ubications, are the main reasons of this extraordinary 

resilience [4].  

In this way, recent studies have estimated that green energy will grow up a 10% in 

2021, 3% more than expected, because of the resumption of projects that were blocked by 

the pandemic. For this, more than hundred million dollars, mainly in Europe, United 

States, China and India, will be invested to build these facilities so that the zero-emissions 

goal can be reached by 2030 [5]. 
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Part of this investment will be destinated to research and develop systems based on 

hydrokinetic turbines for it use at ocean and flowing currents. These systems will harness 

the great potential that exists in those locations which, in the case of marine currents, is 

worldwide estimated in 800 TWh/year [3]. In the case of flowing channels, only in Spain 

it has been estimated an energy potential of 840 MWh/year [6]. These resources are pre-

dictable over time and their energetic use can be compatible with other uses such as water 

supply [7], what gives them versality and flexibility. 

Recently, and related with Smart Cities, some proposals based on microgeneration 

using turbines are being developed [8]. Thus, the proposed rotors of this work are based 

on the use of turbines with dual operating characteristics so these devices can work both 

with water and wind. This versatility gives them competitive advantages by reducing 

their cost and facilitating their manufacture since they do not require specific changes in 

their 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 [9]. Thus, the structure and control elements are 

simplified, so that the visual impact and cost are minimized, making them very attractive 

to be installed in urban environments [10]. Figure 1 shows a dual proposal composed by 

hydrokinetic turbines and wind turbines using the same rotor design to harness both re-

sources. In this case, the energy is used to supply electricity and other services to a city. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Energy production and utilization approach in urban system using hydrokinetic and wind turbines. 

While the wind industry has reached a high degree of technological maturity, the use 

of hydrokinetic turbines is the most sustainable way to harness flowing water currents in 

free sheet conditions since they do not require diversion works or other infrastructures. 

These devices use the kinetic term of the current, not requiring the creation of height dif-

ferences, so not only the installation requires less initial investment but also the environ-

mental impact is minimized [11]. Thus, the power obtained by these turbines will mainly 

depend on the water velocity, together with the area swept by their blades, the fluid den-

sity, and the conversion efficiency of the equipment. 

Hydrokinetic turbines can be classified into two large groups according to the direc-

tion of the flow and the axis of rotation: axial turbines (flow and parallel axis) and cross-

flow turbines (flow and perpendicular axis). Nowadays, crossflow turbines are the ones 

that generates more interest [12]. This is mainly because these rotors, although are not 

efficient as axial ones, they have a much simpler mechanical coupling system that reduces 

the construction costs and facilitates installation and maintenance activities [13]. One of 
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the most used crossflow rotor design is Darrieus type, being Squirrel Cage (SC), H and 

curved the main examples [14] (Figure 2). These designs base their design on aerodynam-

ical profiles used at the wind industry [15]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Different designs of Darrieus rotors 

Crossflow rotors can be divided according to the axis position into horizontal and 

vertical axis turbines. Although horizontal turbines have been used mainly for shallow-

water conditions [16], vertical rotors allow a greater use of the cross-sectional area of the 

water current when they are arranged in farms or arrays, allowing the production of en-

ergy under low-velocity conditions [17]. Also, because their dimensions rarely exceed 2 

meters height and diameter, they have less effect on the environment or the river-mari-

time traffic [18]. 

The use of vertical axis water turbines under low-velocity and shallow water condi-

tions is possible due to the appearance of blockage phenomenon. This phenomena is pro-

duced because of the presence of the rotor in the water stream and causes an increase in 

power and thrust compared with the flow behavior at open-field conditions [19]. Under 

these circumstances, three simultaneous phenomena appear: increase in the fluid velocity 

around the rotor, high pressure changes in produced wakes and the appearance of longi-

tudinal pressure gradients associated to boundary layer conditions [20]. 

Until now, blockage has been studied from two different points of view: energetic 

use of the blockage effect and development of mathematical corrections to extrapolate 

their behavior to open-field conditions. In the first point of view, it is studied the design 

of devices, such as accelerator or deflectors, to induce blockage conditions into the water 

stream current [11]. In the second point of view, different numerical methodologies are 

developed to eliminate the effects of blockage that inherently appear in experimental tests 

and 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 exam-

ples are the results presented by [22] and [23]. In the case of blocking corrections, the de-

velopment of numerical expressions to correct these effects are mainly based on the ap-

plication of the simple actuator disc theory and the use of empirical coefficients. The re-

sults presented by [20], [24], [25] shows the value of the corrected open-field velocity from 

a theoretical energy study, while [21], [26] provide empirical correction coefficients based 

on laboratory tests. In both cases, these studies are approached from numerical models, 

based on Computational Fluid Dynamics (CFD) and experimental tests. 

However, since the corrections of blockage effects are not yet sufficiently precise, 

other researching alternatives should be considered to address this issue. Accordingly, the 

study of blockage conditions is being approached by using two different devices: wind 

and water tunnel. Although the physical conditions are not the same since they are two 

different fluids, the way in which the turbine extracts energy is analogous, so results can 

be compared. Thus, the power characterization of the rotor under blockage conditions will 

be made at the water current flume while, at the wind tunnel, the turbine will be studied 

under open-field conditions. In this way, power parameters will be obtained such as the 

SC-Darrieus H-Darrieus Curved-Darrieus
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power coefficient (𝐶𝑝), the tip speed ratio (𝜆) and the conditions at the maximum power 

point (𝑀𝑃𝑃). 

Different authors have approached the study of blockage in crossflow turbines under 

confined and open-field conditions. 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 hydro-

dynamic operation of the acting forces. This study was approached using a high-speed 

camera and a torque meter. Also of interest is the work presented by Bachant et al [28] in 

which a comparison was made between Gorlov and Savonius rotors under blockage con-

ditions. 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. In the first case, the power stage of a tidal turbine 

at a wide water tunnel was studied, measuring wake effects when current velocity was 

increased. It was observed that there is a threshold beyond which wake effects which neg-

atively affects the power extraction. In the second work, carried out in a wind tunnel and 

complemented with a numerical model, it was concluded that when the blockage coeffi-

cient increases, there is also an increase of the rotation speed that favors energy extraction. 

Finally, some studies have been made using both wind and water tunnel. For exam-

ple, the studies presented by [31] and [32] carried out tests with wind turbines, obtaining 

the power stage behavior at wind tunnel and analyzing, using PIV (Particle Image Veloc-

imetry) techniques, the stall appearances on blades. Hence, it was possible to quantify the 

detachment effect so the blade design could be adjusted. Other studies such as the one 

carried by [33] or [34] tested axial turbines in wind and water tunnels to study in which 

fluid the chosen designs where more suitable. For that purpose, changes in the scale of 

prototypes were needed to measure dynamic stresses properly. Furthermore, in the work 

presented by [35], a Darrieus tidal turbine was studied in wind and water tunnel. 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 value and to obtain the maximum tip speed ratio of the turbine under low flow 

conditions. Finally, in the studies carried out by [36] or [37] they made an accurate study 

of blockage effects but only considering those produce by 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 focusing 

only on power parameters differences. 

This article shows the analysis of the power stage of a vertical axis turbine (squirrel 

cage-Darrieus type) with straight blades manufactured by the help of additive technology. 

The power characterization study has been made in a wind tunnel located at the Polytech-

nic School of Engineering of Gijon (EPI) and in a water current flume settled in the Poly-

technic School of Engineering of Mieres (EPM), both belonging to the University of 

Oviedo (Spain). Wind tests will obtain the behavior of the turbine at open-field conditions 

while water experiments will represent blockage conditions. Finally, both situations will 

be analyzed separately so the results will be contrasted. 

 

2. Theoretical bases 

The theoretical bases that describe the experimental tests at wind and water tunnels 

are distinct since the turbine is subject to the influence of two different fluids (air and 

water). However, the operation of the turbine is analogous in both cases, so the results 

could be compared thanks to the dimensionless characterization of the fluid movement, 

which is carried out by applying the Reynolds number. This dimensionless number, 
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which relates inertial and viscous forces, makes it possible the comparison between air 

and water since, after matching the expressions, the wind speed must be ten times greater 

than water velocity. Equalizing the Reynolds number of water and wind (𝑅𝑒𝑤𝑎𝑡𝑒𝑟 =

𝑅𝑒𝑤𝑖𝑛𝑑) implies that 𝑈𝑤𝑎𝑡𝑒𝑟 ≈ 10 · 𝑈𝑤𝑖𝑛𝑑; being 𝑅𝑒𝑤𝑎𝑡𝑒𝑟  and 𝑅𝑒𝑤𝑖𝑛𝑑 the number of Reyn-

olds at water and wind respectively (dimensionless) and 𝑈𝑤𝑎𝑡𝑒𝑟  and 𝑈𝑤𝑖𝑛𝑑 the current 

velocity of the water or the wind (m/s). 

2.1. Wind bases 

The experimentation of the turbine model in the wind tunnel is based on the appli-

cation of the actuator disk theory. In these circumstances the flow is incompressible, ho-

mogeneous, stationary and the rotor has and infinite number of blades, actuating a uni-

form thrust in all of them. The wind velocity upstream the disk (𝑈𝑤𝑖𝑛𝑑) is reduced as it 

approaches to the turbine (𝑈2), reaching its minimum value once the fluid has passed 

through the rotor (𝑈3) due to wake effects [38]. Also, far away from the disk (upstream 

and downstream) the static pressure of the air is equal to the atmospheric pressure (𝑃𝑎𝑡𝑚) 

(Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Actuator disk theory at wind tunnel. 

Thus, as the water current approaches the rotor, there is a decrease in the wind speed 

since there is an extraction of energy by the turbine. Therefore, applying the linear mo-

mentum conservation equation to the considered control volume, the power extracted by 

the turbine depends on the wind density, the area swept by blades, the cubic expression 

of wind velocity and the power coefficient of the rotor. At maximum power conditions 

(𝑀𝑃𝑃𝑤𝑖𝑛𝑑), power coefficient is limited to 0.59, which corresponds with the Betz limit [39] 

2.2. Water bases 

The turbine model testing conditions inside the water channel follows the one-di-

mensional actuator disc model that porposed by Houlsby et al [40]. In this model, the rotor 

is working as a hydrokinetic turbine in conditions of uniform and subcritical flow due to 

the tunnel itself. More specifically, it is considered: 

• There is a disk submerged in water and under blockage conditions produced 

by its presence in the channel. 

• Two different zones with uniform flow are distinguished upstream and 

downstream of the disk. A mixing zone will also appear due to turbulence 

phenomena, being located just after the disk. 

• Uniform flow zones have constant water velocity and subcritical conditions. 

These conditions are produced in the hydrodynamic water tunnel using a water gate 

that is situated downstream the rotor. Furthermore, since the channel is made of glass 
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(low roughness) and the slope is practically horizontal, a constant velocity profile can be 

assumed (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Actuator disk scheme at water tunnel. 

It should be noted that the calculation of power in water turbines is carried out by 

applying the same expression as wind turbines but, due to the appearance of blockage 

conditions, the power coefficient is not limited so it can be higher than the Betz limit [19]. 

2.3. Testing Parameters 

In both installations, the characterization of the power stage is carried out applying 

two dimensionless coefficients: tip speed ratio and power coefficient. Other parameters, 

such as the hydraulic and mechanical power, are also used. These are the equations used 

for their calculation: 

 

𝑇𝑆𝑅 =
𝜔 · 𝑅

𝑈
 (1) 

𝐶𝑝 =
𝑃𝑚
𝑃𝑡

 (2) 

𝑃𝑡 =
1

2
· 𝜌 · 𝐴𝑡 · 𝑈

3 (3) 

𝑃𝑚 = 𝑇 · 𝜔 (4) 

 

Where 𝑇𝑆𝑅 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), 𝑈 is the current velocity (m/s), 𝑃𝑡 is the hydraulic power (W), and 𝑇 is the 

torque measured by the torque meter (N). 

Another hydrodynamic parameter of interest is blockage coefficient. It 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 sheet (m). 

It is evident that wind and water tests will differ, and not only because two different 

fluids have been used. In this case, the tests made at the water tunnel are influenced by 
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blockage so it will be necessary to extrapolate the confined results to open-field condi-

tions. For this, expressions must be applied to obtain the velocity at open-field conditions. 

Although there are many different formulations, in this case the corrections proposed by 

Gauvin et al [21] (Eq 6 and Eq.7) and Werle [25] (Eq 8) have been applied because they are 

suitable for low blockage coefficients [41]. 

 

(
𝑈

𝑈𝑤
)

2

= 1 −𝑚 · 𝐵𝑅 (6) 

𝑚 = 8,14 · 𝐵𝑅2 − 7,309 · 𝐵 + 3,23 (7) 

𝑈𝑤

𝑈
= 1 − 𝐵𝑅 (8) 

𝑇𝑆𝑅𝐹 = 𝑇𝑆𝑅 (
𝑈𝑤

𝑈
) (9) 

𝐶𝑝𝐹 = 𝐶𝑝 (
𝑈𝑤

𝑈
)
3

 (10) 

 

Where 𝑈 is the water velocity at open-field conditions (m/s), 𝑚 is an empirical fac-

tor (dimensionless), 𝑇𝑆𝑅𝐹 is the tip speed ratio at open-field conditions (dimensionless) 

and 𝐶𝑝𝐹  is the power coefficient at open-field conditions (dimensionless). 

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 120 degrees. A NACA-0015 standard profile with a chord of 

c=0.05 m has been used, so its solidity is of 2. This blade profile has been selected for its 

good behavior under low flow velocity conditions, far superior to asymmetric profiles 

[42]. Also, it has been decided to use a three-bladed rotor because there are more advan-

tageous in terms of efficiency and cost [43]. Figure 5 shows (a) the geometric characteris-

tics of the turbine and (b) the blade fabrication on a 3D printer. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Geometric characteristics and fabrication process of the turbine model. 

 

The turbine and its coupling system have been built using 3D additive manufactur-

ing technology, being the Polylactic Acid (PA) the selected material. PA has an excellent 

behavior against dynamic stresses, has good durability working with water and is easily 

moldable so pieces can be adjusted to complex profiles like NACA 0015 [44]. For both 

experiments the shaft diameter has been of 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 x 0.68 

m, working like an open-air admission circuit and under subsonic conditions. In addition, 
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the discharge section where the different prototypes are located is also fully open, so there 

are no blockage conditions. The air movement is 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 up to 35.5 m/s. Figure 6 shows the characteristics of the wind tun-

nel, where (1) is the admission honeycomb panels, (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. 

To reduce turbulent phenomena, the wind tunnel has a stilling chamber and honey-

comb panels all along the facility. Also, the installation has different sensors that allow the 

parametrization of tests conditions. More specifically, Pitot tubes and differential and dig-

ital manometers are available, so wind speed and pressure are known. 

The prototypes are tested in the channel using a portable aluminum structure where 

the rotor and measurement instruments are located. This structure allows the variation of 

the height and distance of the position of the prototype so test conditions can be easily 

changed. The rotational axis is coupled above and below by two high-performance radial 

bearings, being the rotor located between them. In the upper part, it is situated the torque 

meter and electric brake to carry out the wind power characterization tests of the turbine. 

Figure 7 shows in (a) the different devices used during a wind test and (b) the turbine at 

the testing section. (1) are the power supply devices, (2) is the tested turbine, (3) is the 

computer where all data is collected, (4) is the aluminum structure, (5) is the torque meter 

and (6) is the digital manometer.  
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Figure 7. Turbine model at the wind tunnel. 

3.3. Water tunnel description 

The water current flume has a rectangular section with a length of 1.5 m, a height of 

0.55 m and a wide of 0.3 m, being the floor and walls made of laminated glass allowing 

the recording of the tests. The flow movement is generated by a hydraulic pumping sys-

tem with a total power of 30 kW that can move a maximum flow rate of 600 m3/h. Both 

pumps are controlled by two electronic inverters through the variation of the electrical 

supply frequency. The whole system works as a close circuit, suctioning the water from a 

recirculation tank of 5 m3 and driving it superiorly towards the hydraulic testing channel. 

At the end of the channel a metallic gate controlled by a gear system is installed to induce 

low-velocity hydrokinetic conditions. Figure 8 shows the description of the water tunnel, 

where (1) are the hydraulic pumps, (2) the electronic system, (3) the reassuring tank, (4) 

channel and rotor, (5) the water gate and (6) suction tank. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Water current flume including the turbine model. 

To test the turbine, it has been designed and built a water-resistant methacrylate box. 

This structure has in its submerged part a waterproof radial bearing that allows the rota-

tion of the axis in optimal conditions. In the upper part and out of the water current, a lid 

is available for the location of the torque meter and electric brake. It should be noted that 

this structure can be easily installed and removed due to the anchoring system based on 

slide clamps, so the different rotors can be quickly tested. 

3.4. Testing procedure 

To study the power stage of the described turbine, a high precision torque meter has 

been used together with an electromagnetic brake. This procedure has been used both in 

the wind tunnel and in the water current flume. On the one hand, the torque meter has a 

rated torque of 0.5 Nm and a maximum torque measurement of 1 Nm, being calibrated 

according to the standards of the Swiss Federal Institute of Metrology (METAS). This de-

vice allows measurements of torque, rotational speeds, and relative position of the blades 

with data-taking frequencies up to 80 data per second, achieving a good sampling spec-

trum. All collected data is sent to a database for further processing. On the other hand, the 

variation of the braking force is controlled by varying voltage using a power supply de-

vice. 
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The characterization procedure starts with an initial measurement where no braking 

force is applied, so the rotor has its maximum rotational speed but without power gener-

ation. This step is called “no-load condition”. Subsequently, the resistive torque of the 

electric brake is sequentially changed through voltage variations at power supply device, 

obtaining different extracted powers and rotational speeds for each one. That is, for each 

voltage, a TSR (λ) and power value will be captured. The procedure continues until the 

rotor stops its rotation (see  

Figure 9). 

 

 
 

Figure 9. Experimental test procedure. 

4. Results 

The turbine has been tested in the wind tunnel under real open-field conditions 

which following the actuator disc assumptions that have been listed before. It has been 

tested at four different wind velocities varying from 7 to 10 m/s. in fact, this model has 

been tested for flow velocities higher than 10 m/s reaching 20 m/s and proved stability, 

reliability, and durability, but it should be born in mind that these higher velocities are 

somewhat rare, particularly in the urban environment which make our point of investi-

gation is focused on real world performance, not the artificial one. 

During the different tests, continuous measurements of parameters, such as 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, minimizing discontinuities. As after 

loading the turbine rotor, it was desirable to wait and watch the rotational speed variation 

of the turbine rotor before recording results to assure that the turbine is working under 

stable conditions. Figure 10 illustrates the stability condition during one of the proposed 

tests. 
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Figure 10. Stability conditions for low and high rotational speeds test conditions at wind speed of 8 m/s. 

The variation of 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, as by loading the turbine rotor, the rotational speed decreased, and the 

output power increased dramatically till reaching the maximum power point. After that, 

the power output started to decline till reaching the point where the turbine stops and not 

able to produce more power. In fact, for high flow velocities, the power curve leans to 

complete after reaching the MPP, but for low velocities the power curve is nearly reached 

the MPP and does not complete. This due to the power to friction ratio, as for high flow 

velocity, the turbine model is able to produce power to overcome the friction and 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 an active control system is needed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Wind tunnel power curves at different upstream velocities. 

By tracking the maximum power point MPP variation with the upstream wind ve-

locity (Figure 12) it was found that the maximum power increases nearly with the cube of 

the upstream wind velocity, as Eq 3 indicates, to reach its maximum value of 2.5 W at 

wind velocity of 10 m/s. 
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Figure 12. Maximum power point variation with wind velocities. 

The turbine model characteristic curve inside the wind tunnel is shown in Figure 13. 

The rotor is observed to work in a stable 𝐶𝑝 range of approximately 0.13, being this max-

imum point reached at a 𝜆 of 1.1. Additionally, all curves seem to be identical which 

mean the turbine rotor works properly under open-field conditions without existing of 

other factor like blockage. In fact, the value of tip speed ratio is considered small compared 

with other turbines of the same model, this is returns to the high solidity value that was 

selected in the proposed model to allow a self-starting under low flow velocities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Characteristic curve for the turbine model at different wind velocities. 

To study the effects of blockage conditions and their correction to open-field behav-

ior, the turbine has been tested in the open-surface water channel. Four tests have been 

carried out for similar velocities and different blockage values ranging from 0.2 to 0.35. 

Figure 14.a. shows the variation of the characteristic curves with the blockage. Different 

curves have been 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 per-

formance, by increasing the blockage value the performance curves are shifted to higher 

values of tip speed ratios and power coefficients. It is a result of the flow acceleration 

around the turbine rotor while the blockage increased. As shown in Figure 14. b, with a 

turbine rotor blockage value of 6.8% inside the wind tunnel, which is considered as an 

open field condition, the maximum power coefficient value is of 0.13. By increasing the 

blockage value from 6.8% to 35%, 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, (b) Variation of Cpmax with Blockage ratio. 

The extrapolation of blockage to open-field conditions have been made using the 

flow velocity of 0.71 m/s with a 𝐵𝑅 of 0.2. Under these conditions, the rotor works Reyn-

olds number of 2.5 104 approximately, so results between wind and water can be com-

pared. After applying the formulation of Gauvin et al and Werle, the 𝑈 of 0.92 m/s and 

0.875 m/s have been obtained, respectively. Figure 15 shows a comparison between results 

obtained at wind tunnel, confined water channel and those corrected with the blockage 

correction formulation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Cp vs tip speed ratio for wind and water tunnel (Re = 2.5 104 approximately). 

The peak power coefficient for the confined flow condition reached a value of 0.31 

which is 1.5 times higher than the peak one for the experimental open field condition. 

Actually, the corrected results including (Werle and Gauvin) are quite similar to the re-

sults obtained from wind tunnel tests, however Werle formulations gives results slightly 

higher reaching 𝐶𝑝 value nearly of 0.16 which is higher than the experimental one by 

about 0.13. The tip speed ratio that corresponds to the maximum power coefficient values 

coincide in both cases and are greater than 1. 

5. Conclusions 

The combined use of hydrokinetic and wind turbines farms is considered one of the 

modern developments in the energy sector for urban communities and smart cities which 

will be able to provide energy to nearby consumption points. The use of vertical-axis 

crossflow turbine based on Darrieus designs is considered one of the best options for rural 

and urban areas with the installation of permanent magnet generators and the develop-

ment of new electronic power stage control systems.  
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A turbine has been tested in the wind tunnel under real open-field conditions at four 

wind velocities varying from 7 to 10 m/s. Stability conditions in terms of rotational speed 

and output torque which reflects the quality of the extracted results were showed. Power 

curves have been obtained for each tested wind velocity, also the maximum power point 

MPP increases nearly with the cube of the upstream wind velocity, to reach its maximum 

value of 2.5 W at 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 mean the turbine rotor works properly under open-

field conditions without existing of any other factors like blockage. 

The turbine has been tested at open-surface water channel for different blockage val-

ues ranging from 0.2 to 0.35. Different characteristic curves have been obtained for the 

same rotor due to the existence of different flow blockage conditions. Increasing the block-

age 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 in-

creased. The turbine has a maximum power coefficient of 0.13 for blockage ration of 6.8% 

(inside wind tunnel), increasing the blockage value from 6.8% to 35% rises the maximum 

power coefficient increased to reach its maximum value of 0.97.   

For a blockage of 20% the peak power coefficient for the confined flow condition 

reached a value of 0.31 which is 1.5 times higher than the peak one for the experimental 

open field condition at the same Reynolds number. In addition, two blockage correction 

formulations (Werle and Gauvin) are applied to the water channel tests, which gave val-

ues quite similar to the results obtained from wind tunnel tests, however Werle formula-

tions gives results slightly higher, reaching 𝐶𝑝 value nearly of 0.16, which is higher than 

the experimental one by about 23.1%. 
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