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Abstract

:

Although improving the hydrodynamic performance is a key objective in the design of ocean-powered devices, there are some factors that affect the efficiency of the device during its operation. In this study, the impacts of a wide range of surface roughness as a tribological parameter on stream flow around a hydro turbine and its power loss are studied. A comprehensive program of 3D Computational Fluid Dynamics (CFD) modeling, as well as an expansive range of experiments were carried out on a Darrieus Hydro (DH) turbine in order to measure reduction in hydrodynamic performance due to surface roughness. The results show that surface roughness of turbine blades plays an important role in the hydrodynamics of the flow around the turbine. The surface roughness increases turbulence and decreases the active fluid energy that is required for rotating the turbine, thereby reducing the performance of the turbine. The extent of the negative impact of surface roughness on the drag coefficient, pressure coefficient, torque, and output power is evaluated. It is shown that the drag coefficient of a turbine with roughness height of 1000 μm is about 20% higher than a smooth blade (zero roughness height) and the maximum percentage of reduction of output power could be up to 27% (numerically) and 22% (experimentally).
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1. Introduction


Recently, due to the increase in price of energy produced from fossil fuels, as well as their harmful effects on the environment, there has been a growing interest in renewable energy, for instance from ocean power, wind, biomass, geothermal, and solar. These sources of sustainable energy have enormous potential for providing the energy required by humans [1]. Among the above options, oceans and seas provide a renewable resource with the advantage of being predictable many days in advance, stable during day and night, and significantly greater in energy density compared to wind and solar energies [2]. This clean energy can be used either directly for electricity generation [3] or/and for seawater desalination [4]. Ocean power can be divided into two major forms: Wave power and tidal power [5]. Tidal energy takes advantage of the natural ebb and current of marine tidal waters induced mainly by the interaction of earth, sun, and moon gravity fields [6]. Tidal convertors can be utilized for converting the kinetic energy of water to mechanical energy of shafts, similar to wind turbines [7]. Several turbines have been developed that can use hydrodynamic lift effectively [8,9,10,11,12,13]. In particular, a special design suggested by French engineer Georges J. Darrieus [14] in 1925 has been regarded as a promising idea for contemporary wind turbines. The main benefits of Darrieus turbines are (i) their design is relatively easy, (ii) their different parts can be adjusted at ground level, and (iii) they do not need a yaw system which is an auxiliary part of the wind turbine for orientation [15]. Attempts have been made, particularly in the UK, the US, and Germany, to develop this design for efficient wind turbines [16]. Japanese researchers were pioneers in using the Darrieus type turbine as tidal convertors (DH turbine) [17]. Parametric analysis of Darrieus turbines is necessary to find the best way to reduce the cost of manufacturing, as well as their maintenance.



One obvious weakness of tidal turbine is the price of manufacturing. These turbines were required to be submerged in the seawater which is quite costly, thus there have been attempts by designers to reduce the price of the turbine [18]. Nevertheless, there should be a trade-off between reducing the price and improving or maintaining the performance of the turbine. Solid particles, marine animals, and cavitation erosion [19] could increase the surface roughness of blades which could affect turbine’s efficiency. As the surface roughness of turbine increases, its power output greatly decreases [20]. Maruzewski et al. [21] carried out experimental and numerical investigation into the impacts of surface roughness on the performance of Francis Hydro (FH) turbine. According to their report, in a severe case of roughness, the performance could decrease to 15%. Although, this work provided valuable data for FH turbine, because of its configuration, the results cannot be generalized for DH turbine. Walker et al. [21] studied the effects of blade roughness on the performance of a two-blade horizontal hydro turbine experimentally and numerically. Their results showed about 18% reduction in output power with roughness height (Hr( of 625 μm. However, horizontal axis turbines are also different in shape and performance compared with DH turbines. Recently, Priegue and Stoesser [22] carried out an experimental study to investigate the effects of surface roughness on the performance of a vertical hydro turbine. They reported negative effect of blade roughness on the performance of the tidal turbine. Although this research is another useful contribution in this field, it was limited to an experimental work involving only three different roughness values and they did not study the physics of the flow around the turbine.



A review of the literature shows that there is a gap in detailed understanding of the effects of surface roughness on the performance of hydro turbines. In this work, a comprehensive CFD simulation and a number of laboratory experiments were carried out, covering a wide range of roughness values for a vertical hydro turbine, in order to quantify the impacts of roughness on the hydrodynamic performance of hydro turbines. The main goal of this research is to study the adverse effects of roughness on a DH turbine both numerically and experimentally. In the following sections the results of the numerical and experimental models are presented and discussed.




2. Numerical Modeling


2.1. Model Geometry


Some key parameters of DH turbine are presented in Table 1. In previous literature reports [23,24,25] NACA 0015 airfoil has been proposed for turbines. Therefore, in the current study NACA 0015 is selected for the experiments and numerical simulations. The water velocity was set at 1.0 m/s and height of blade and length of chord were selected as 0.45 and 0.3 m, respectively.



Figure 1 shows a CAD design of a three-blade DH turbine subject to a horizontal flow of water. The interaction of DH turbine with water is complex and various parameters are needed for their complete analysis.



The selection of a suitable computational domain is a key factor for the CFD model to be representative of the reality [26]. The domain should be optimized in order to reduce the time of computational runs and also provide enough space for appropriate meshing. Furthermore, the CFD domain should be suitable for reproducing DH turbine rotation without the effects of the walls. The domain sizes were selected based on Navabi’s [27] analysis of the domain size independence. To analyze the performance of the turbine, a 3D transient time-accurate and dynamic mesh CFD model was developed using the ANSYS Fluent 19 code. The geometry of the domain used is shown in Figure 2. Designing of the geometry was done in the SOLIDWORKS software. Mesh generation was done in the ANSYS ICEM CFD software. Figure 3 shows a circular domain and intensive mesh on the wall of the NACA 0015 airfoil. The distances between the centre of the turbine blades and the input and output of the domain are 2.4 and 4.35 m, respectively, and the distance between the blades and the upper and lower levels is 0.90 m. The height of the turbine blades is 0.45 m. An unstructured mesh was created around the blades while a structured mesh was used for the rest of the domain. The total number of cells in this simulation was 1,249,795 (after grid sensitivity study). The k-ω (SST) (Shear Stress Transport) turbulence model was used to simulate the problem, and the coupling of the speed and pressure equations was performed with the PISO (Pressure-Implicit with Splitting of Operators) algorithm [28]. Water velocity at the entrance was 1 m/s. For the entry, the velocity inlet and for the exit the pressure outlet were used as boundary conditions. The bottom, top, and side boundaries of the domain were specified as the wall boundary condition. The simulation was done as transient, and the time step selected (after time dependence test) was 0.0001s.




2.2. Grid Sensitivity (GS) Test


A Grid Sensitivity (GS) test was carried out by generating ten different meshes for the DH turbine with NACA 0015 airfoil. The results of the GS test as the variation of average torque coefficient (Cm) with the number of cells are presented in Figure 4. The number of cells was increased uniformly from 123,598 cells to 3,832,670 whilst y+ (nondimentional wall distance) was 1 [29] in all the tested meshes. Since the turbine’s torque is not constant, the mean output torque was used to calculate the mean Cm. By using Equations (1) and (2) [30], the average torque coefficient of each case with different number of cells was calculated (Figure 4).



The results showed that beyond 1,249,795 cells, the relative standard deviation (RSD) of Cm is about 1.3%. Since the computational cost of CFD analysis increases rapidly with the number of cells and RSD ≈ 1.3% was considered acceptable for similar works on Darrieus turbines (e.g., [8]), 1,249,795 cells were chosen for numerical analysis.


   T m  =  1 n   ∑  i = 1  n   T i   



(1)






   C m  =    T m     1 2  ρ A  U w 3     



(2)




where Tm: Average torque; Ti: Torque; Cm: Average torque coefficient;   ρ :   Density of water; Uw: velocity of water, A: Area of the blades; n: Number of data points.




2.3. Time Sensitivity (TS) Test


Time step is amongst the most important factors in unsteady simulations. It should be small enough to guarantee temporally independent results [31]. In order to understand the sensitivity of the solution to time step, a subsequent study at the tip speed ratio of ζ = 1.5 and water velocity of Uw = 1 m/s was carried out. To obtain a successful convergence in the final results, the time step used for each simulation must be carefully selected [32]. In the TS test, we seek to use a large time step that assures the minimum computational time without losing accuracy of the results. Five different simulations with time steps of Δt = 0.0125, Δt = 0.0025, Δt = 0.0005, Δt = 0.0002, and Δt = 0.00008 were carried out to determine how the time step affects the torque of DH turbine with NACA 0015 airfoil. For these different time steps, the variations of torque with azimuthal angle are plotted in Figure 5. The results show that, among the five different time step sizes, there is little difference in torque coefficient between Δt = 0.0005 and Δt = 0.00008. Therefore, a time step of 0.0005 was chosen for the rest of the CFD simulations in order to reduce computational time to a minimum.





3. Experimental Setup


An experimental setup was designed and prepared for measuring output power of the DH turbine (Figure 6). A three-blade DH turbine was made from Perspex with 3D printing at the Mechanical Workshop of the University of Exeter, using a NACA 0015 airfoil profile with a chord length of 300 mm. The manufactured DH turbine was submerged in a flume (see Figure 7) in order to measure the output energy of the turbine. An SEP energy meter, a resistance box, and a small electromotor were employed to measure the power output of the DH turbine. The accuracy of the energy meter is approximately ±1% for voltage and current. Moreover, an Acoustic Doppler Velocimeter (ADV) NORTEK AS was used to measure the characteristics of the upstream flow of the flume.



A comprehensive set of laboratory experiments was designed and carried out to measure energy losses due to surface roughness. Rolled waterproof sandpapers with uniform roughness were used in the experiments. Five different sandpapers with roughness values of 50, 100, 250, 500, and 1000 μm were used to study the effects of surface roughness on the flow and energy output. The experimental results will be presented and compared with the CFD results in the following sections.




4. Validation of the CFD Model


In this section, the experimental results and outcomes from some other studies from literature will be compared with the results of the CFD simulations of the DH turbine to examine the validity of the CFD model. For this purpose, Power Coefficient (Cp) was calculated at different tip speed ratios (ζ) both experimentally and computationally. The power coefficient can be calculated as [33]:


   C p  =    P o     1 2  ρ A  U w 3     



(3)




where Cp: Power coefficient; Po: Output power.



Moreover, Tip Speed Ratio (ζ) can be calculated as [34]:


  ζ =   ω R    U w     



(4)




where  ω : Angular velocity of turbine; R: Radius of turbine’s hub.



The calculated values of Cp at different values of ζ are plotted in Figure 8. It can be seen that the numerical results are in good agreement with the experimental results. The general trend of the present experimental and CFD results is also consistent with some results reported in the literature [34,35] on the performance of three-blade NACA type DH turbines.




5. Modeling of Roughness Based on Modified Law of the Wall


The k-ω SST turbulent model [35] focuses on the precision of the k-ω model in the areas close to the wall. The k-ω (SST) model’s transport equations which are used in the Fluent code are as follow [36]:


   ∂  ∂ t   ( ρ k ) +  ∂  ∂  x i    ( ρ k  u i  ) =  ∂  ∂  x j     [   L k    ∂ k   ∂  x j     ]  +  A k  −  B k   



(5)






   ∂  ∂ t   ( ρ ω ) +  ∂  ∂  x i    ( ρ ω  u i  ) =  ∂  ∂  x j     [   L ω    ∂ ω   ∂  x j     ]  +  A ω  −  B ω  +  C ω   



(6)




where ui: Mean velocity; Ak: The production terms of k; Bk: Production terms of k; Aω: The production terms of ω; Bk: Dissipation terms of k; Bω: Dissipation terms of ω; LK: The effective diffusivity of k; Lω: The effective diffusivity of ω; and Cω: The diffusion term.



For modeling surface roughness, the rough wall model is available in ANSYS Fluent [37] which was adapted from Sommerfeld and Huber’s work [38]. To implement surface roughness in ANSYS Fluent, the Roughness Height (Hr) and the Roughness Constant (C) should be defined [39]. These two parameters are explained here. The effects of surface roughness can be properly accounted for in CFD codes by modified wall law as follows [40]:


     U q   u 1     τ w  / ρ   =  1   k 1    ln  [  9.793    u 1   y q   μ   ]  − Δ G  



(7)




where Uq: Velocity at the wall near the cell at centre point q; yq: Height at the centre point q of the cells near the wall; µ: Viscosity; ΔG: Roughness function; τw: Wall shear stress; k1: Karman constant; and u1: The wall friction velocity which can be defined as [41]:


   u 1  = 0.55  k q  0.5    



(8)




where kq is the turbulent kinetic energy near the wall at point q of the cell. According to Cebeci et al., ΔG for fully rough regime can be defined as [42]:


  Δ G =  1 κ  ln ( 1 + C  H s    +  )  



(9)




where Hs+: nondimentional roughness height, and C: Roughness constant.



The range of roughness constant is 0–1 and according to Ming-gao et al. [43], who worked on impacts of roughness on the numerical centrifugal pumps using Fluent, the roughness constant has a small effect on the numerical prediction of centrifugal pump performance. In this work, the value of C is taken as 0.5. Moreover, the nondimensional roughness height is defined as:


   H s    +  =   ρ  u 1   H r   μ   



(10)








6. Results and Discussion


6.1. Numerical Results


6.1.1. Effects of Surface Roughness on Flow Pattern


The DH turbine with NACA 0015 airfoil was simulated using the CFD model in six different average roughness heights (Hr) of 0, 50, 100, 250, 500, and 1000 μm at ζ = 1.5. One of the most important factors for simulation of roughness is that the turbulence model should be proven and validated. The k-ω (SST) model was used as the turbulence model, the capabilities of which have been verified the by Sagol et al. [44] and Villalpand et al. [45] for impacts of roughness. To analyze and understand the phenomenon of flow across a structure such as DH turbine, the distribution of velocity and velocity vectors can be useful. The data obtained from the 3D CFD analysis are presented in Figure 9, Figure 10, Figure 11 and Figure 12. To better understand the effect of roughness height on the flow, the velocity distribution is presented in a cross-section (Figure 9) and the velocity vectors are shown in 3D (Figure 10). In order to obtain a comparison between the turbines with different roughness heights, we select a reference angle (180°) in the 6DOF (dynamic mesh) and then the turbine setup is simulated with different roughness heights. By using the CFD Post software at an angle of 60° related to the chosen reference, the velocity contours in a given plane and the velocity vectors are obtained in Figure 9 and Figure 10, respectively. It can be seen that the turbines with various surface roughness heights can make turbulence in the stream flow. This turbulence is not like passing fluid through the body of an airplane or an airfoil. The perturbations of all three blades accumulate and interact and cause the stream flow to change. Fluid turbulence always reduces the kinetic energy, which in turn, reduces the total turbine efficiency. It can be seen that at lower roughness heights (less than 100 μm) the hydraulic effects of roughness are negligible (see Figure 9 and Figure 10). At high roughness, the velocity vectors of the fluid flow have a significant leap and this has a significant effect on the fluid flow (especially for roughness heights greater than 500 μm). This effect will be discussed and quantified numerically in the following sections.




6.1.2. Effects of Surface Roughness on Pressure Coefficient (Kp) and Drag Coefficient (Cd)


The performance of a tidal turbine is very sensitive to the pressure and drag coefficients of the specific hydrofoil section used [20]. The pressure coefficient is defined as [46]:


    P −  P w     1 2  ρ A  U w 2     



(11)




where Kp: Pressure coefficient; P: Pressure; A: Area of the blades; Pw: Pressure of water.



The gradient of pressure between the suction surface and the pressure surface leads to a rotational torque for the shaft of the turbine [47]. To analyze this, the pressure coefficient (Kp) was calculated using the CFD model results and Equation (10) at various roughness heights and the results are presented in Figure 11.



It can be seen that the pressure coefficient is very sensitive to surface roughness. The margin of the pressure coefficient (Kp) between the top and bottom surfaces of the airfoil decreased with the roughness height increasing from 0 to 1000 μm, particularly for the front location of 30% of the chord length. In addition, at the leading edge, the pressure difference between the top and bottom surfaces is greater relative to the other positions. This reduction of the pressure coefficient will reduce the torque, as well as power output which will be explained in the following section. These results are consistent with those presented in Li et al. [48] who also reported that the margin of variation of the pressure coefficient decreases with increasing roughness.



Drag coefficient (Cd) is one of the most important flow parameters which has influence on the performance of tidal turbines [49]. In this section, the amount of change in drag coefficient due to the roughness height in DH turbine with NACA 0015 airfoil is quantified. Similar to Kp, Cd [50] was calculated using the CFD model for different roughness heights and the results are presented in Figure 12. The results show that Cd increases gradually (following a second order polynomial function) with increasing roughness. The value of Cd at Hr = 1000 μm is 20% higher than the smooth blade. This trend of variation is generally consistent with the results reported by Ren and Ou [51] for a wind turbine with a NACA 63–430 airfoil.




6.1.3. Effects of Surface Roughness on Torque, T


As mentioned above, surface roughness causes an increase in the drag coefficient and decrease in pressure coefficient, both of which reduce the output torque of the turbine. To evaluate this effect, the Torque (T) of the DH turbine was calculated in six different average roughness heights of 0, 50, 100, 250, 500, and 1000 μm. Furthermore, in order to determine which range of velocity inlet (which is representative of Reynolds number) has greater influence on the turbine, CFD simulations were carried out with Uw of 0.25, 0.5, and 1.0 m/s. The results of torque versus azimuthal angle for six different roughness heights for three different inlet velocities are presented in Figure 13. As it can be seen, amongst the three inlet velocities, the range of 0–250 μm roughness height has a negligible impact on output torque of the turbine. On the other hand, Hr between 250–1000 μm has a significant effect on the turbine and it is the worst at velocity of 1.0 m/s. The results indicate that the effect of roughness is much greater at high Reynolds numbers. This finding is in agreement with the results reported in previous research [52,53,54,55]. Since a lower torque usually produces a lower energy output [56], it can be concluded that energy losses are caused by increase in the roughness to the DH turbine blade.




6.1.4. Effects of Surface Roughness on Power Loss, Pl


Roughness on blades almost always reduces the power output of wind turbines, and the loss usually varies from 20% to 50% [57,58]. In the same way that insects reduce the output power of wind turbines [59,60,61], dogged marine animals and erosion can reduce the efficiency of hydro turbines by increasing roughness on blades. Equations (12) and (13), together with the CFD model results were used to calculate the power loss of the DH turbine in different roughness heights at velocity of 1 m/s [62].


  P =  T m  × ω  



(12)






   P l  % =    P c  −  P r     P r    × 100 %  



(13)




where P: Power; Pl: Power loss; Pc = Power of clean turbine; Pr: Power of roughed turbine; Tm: Mean torque; ω: Angular velocity.



The turbine’s output power is equal to its angular velocity (ω) times the torque (T) that acts on it (Equation (12)). Since the torque and angular velocity of DH turbine are not constant, the output power is also not constant. Thus, the average output power is calculated. The percentage of power loss of the DH turbine under six different roughness heights at Uw = 1.0 m/s is shown in Figure 14.





6.2. Experimental Results


The results of the laboratory experiments on the effects of surface roughness on the flow and energy loss are presented in this section. Figure 15 shows the DH turbine blades with six different surface roughness values created by rolled waterproof sandpapers with different surface roughness. The experimental results are shown in Figure 14. The results show that the energy loss increases nonlinearly with increase in the surface roughness. Amongst the roughness heights used, the maximum percentage of power loss could reach up to 27% (numerical) and 22% (experimentally) for 1000 μm roughness. The amount of reduction in power for Hr ≤ 100 μm is less than about 3%.





7. Conclusions


This paper presented an experimental and CFD analysis of impact of surface roughness on hydrodynamic performance of a DH turbine. It was shown that surface roughness is a crucial factor in designing a hydro turbine which should be considered as an initial design parameter such as the number of blades, size of blades, tip speed ratio (ζ), water velocity, and shape of airfoils. The higher the roughness of the blade of DH turbine, the lower is the turbine performance. CFD simulations were used to quantify the effects of roughness on stream flow and performance of the turbine. Furthermore, physical models of DH turbine with six different roughness heights were tested experimentally. The following conclusions can be drawn from the results obtained in this research:




	(1)

	
Velocity distributions show that turbulence will increase with increasing the surface roughness of DH turbine. Turbulence reduces the kinetic energy which in turn, reduces the total turbine efficiency.




	(2)

	
The surface roughness degrades the margin of pressure coefficient, especially at high values of roughness.




	(3)

	
The drag coefficient increases as a second order polynomial function of Hr. When NACA 0015 airfoil is used in DH turbine, the drag coefficient is very sensitive to the variations of Hr. The drag coefficient of roughed turbine (with Hr = 1000 μm) studied in this paper was 20% higher than the smooth blade.




	(4)

	
The average torque shows small changes at low flow velocities. The adverse impact of surface roughness is significantly greater at high inlet velocities (i.e., high Reynold numbers). In the CFD simulation, all parameters in the Re equation were constant except the velocity of water. It was shown that the negative impacts of roughness are much greater at high Reynolds numbers.




	(5)

	
The decrease in torque due to surface roughness reduces the output power of the turbine. For the turbine studied in this research, the maximum reductions in output power numerically and experimentally were about 27% and 22% for Hr = 1000 μm, respectively.




	(6)

	
The results of this research would be useful for manufacturers and operators of DH turbines in decisions about practical measures (e.g., coating or cleaning of blades) to reduce roughness of the turbine blades.
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Figure 1. Schematic of the Darrius hydro (DH) turbine. 
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Figure 2. Computational domain and mesh blocks. 
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Figure 3. Circular domain and intensive mesh on walls of the blades of NACA 0015 airfoil (using ICEM ANSYS 2019). 
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Figure 4. Average torque coefficient vs. number of cells for grid sensitivity test. 
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Figure 5. Torque coefficient (Cm) vs. azimuthal angle for five different time steps. 
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Figure 6. Measurement system for the DH turbine. 
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Figure 7. Experiments in hydraulic laboratory of University of Exeter. 
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Figure 8. Power coefficient (CP) vs. tip speed ratio (ζ) for validation of the computational fluid dynamics (CFD) model with the experimental work. 
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Figure 9. Distribution of velocity for various roughness heights on NACA 0015 airfoil at ζ = 1.5. 
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Figure 10. Velocity vectors in various roughness heights at ζ = 1.5 and angle of 60°. 
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Figure 11. Pressure coefficient (Kp) curves on a single NACA 0015 blade at different roughness heights. 
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Figure 12. Variations of drag coefficient (Cd) at different roughness heights. 






Figure 12. Variations of drag coefficient (Cd) at different roughness heights.



[image: Energies 13 00928 g012]







[image: Energies 13 00928 g013a 550][image: Energies 13 00928 g013b 550] 





Figure 13. Torque (T) vs. azimuthal angle for six different roughness heights at ζ = 1.5. 
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Figure 14. Percentage of power loss of the DH turbine with NACA 0015 airfoil for six different roughness heights (Uw = 1.0 m/s). 
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Figure 15. Experimental cases with different roughness values. 
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Table 1. Turbine geometrical and stream specifications.






Table 1. Turbine geometrical and stream specifications.





	Height of blade
	0.45 m



	Length of chord
	0.3 m



	Number of blades
	3



	Type of airfoil
	NACA 0015



	Velocity of water
	1 m/s
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