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Abstract

:

The efficiency and reliability of blades are key indicators for a tidal current turbine (TCT). A traditional blade design is often an empirical design on hydrodynamics and structure, sequentially. A hydrofoil with a low lift–drag ratio is considered when the structural strength cannot satisfy requirements. However, efficiency is then sacrificed. A redundant design is generally adopted to protect from load uncertainty, but this increases blade weight and cost. In this paper, we present an improved blade design method to enhance the blade reliability of TCTs with relatively high efficiency for energy generation. An equivalent S–N curve model describing the relationship between axial load and cycle times and a simplified load spectrum including load caused by shear flow and turbulence are proposed for the first time for convenient lifetime estimation. A multi-objective genetic algorithm is used to optimize the chord length, twist angle, and thickness of the blade for the best match between lifetime and efficiency. This blade design method was conducted on a 4.4 m length blade of a 120 kW TCT. Comparisons between the original design and optimal designs indicate that the comprehensive performance in terms of the hydrodynamics, structure, and lifetime of the blade presented significant improvements with a small, acceptable efficiency loss. The results also provide more alternative blade solutions for developers as a reference.
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1. Introduction


Tidal current energy, as a promising renewable energy type, has gained much more attention in recent years. A tidal current turbine (TCT), developed from a wind turbine, has a high ability to harness tidal current energy and is one kind of tidal energy converter that has been widely researched and developed around the world. However, TCTs often suffer from much larger axial loads than wind turbines because they work in a fluid with about a thousand times the density of air. This heavy axial load may induce a series of problems, such as blade failure, much larger driving torque of the pitch system, reduced reliability of the tower and anchor system, and so on. Hence, the blade should be strong enough to resist severe loads or have a special structure to relieve loads. Generally, the blades are designed with large margins to guarantee strength, such as by choosing a robust airfoil. In this way, more material will be needed, and the cost will then rise. One possibility to solve the problem is by reducing the load of the rotor using an advanced blade design.



The classic method to design a blade always takes into account the hydrodynamics and structure separately. Hydrodynamic design aims toward high efficiency and is followed by blade structure design based on the load distribution along the blade. Manual iterations are needed to get satisfactory results. In general, the method is more like a complicated trial-and-error and time-costly iteration process. One practical way to address this is to combine the hydrodynamic design and structure design together, i.e., hydrodynamics and structure co-design. As seen in the literature, Nicholls-Lee et al. developed a bending–twist coupled blade design method, where the axial thrust could be reduced by 12% with bending and twist deformation of the blade under the bending moment [1,2]. Lee and VanZwieten presented an individual pitch control method to reduce the load variation induced by flow shear [3]. Despite its high efficiency, the actuator was complicated. In addition, Arnold et al. proposed a speed control approach for load reduction of fixed-pitch TCTs by regulating the tip speed ratio [4]. Similar research was also reported in some other publications [5,6,7].



In the above research, extreme load was relieved by blade deformation, pitch system action, or a control strategy. However, due to the nonlinearity of interaction between the flow and blade structure and the flow turbulence, the structure would be subjected more often to fluctuating fatigue load. Further, higher requirements would be placed on the blade fabrication process. Considering the complex interaction between the blade and flow, this may be a good way to combine hydrodynamic design with the optimization of the blade structure.



This combination work can be done by a computer optimization program [8]. In a general optimization process where the goal is to find one or several extrema, the extremum can be the maximum of the power coefficient, maximum of annual power generation, minimum of the cost of energy (COE), or something else, according to different objectives. For example, the annual power generation and COE were chosen as two objectives by Benini and Toffolo [9] and have been widely used in the wind energy field. Besides this, Noruzi et al. adopted a blade element momentum (BEM)-based iteration method to design the initial blade airfoil. Related parameters of the blade, like blade length and twist angle distribution, were optimized by comparative analysis with the computational fluid dynamics (CFD) result, thus improving the blade efficiency [10]. Mohammadi et al. carried out the optimal hydrofoil design of hydrokinetic turbine for the low-speed current. Particle swarm optimization and XFoil were coupled to improve the hydrodynamic performance [11]. A numerical optimization scheme using a gradient-based algorithm was proposed for the airfoil design of tidal turbines in [12]. It used the RFOIL solver and composite Bezier geometrical parameterization. However, a global optimal solution cannot be guaranteed in such gradient-based quadratic programming.



In this paper, the co-design of hydrodynamics and structure is researched with the aim to decrease the redundancy in conventional structure design on the premise of sufficient structural strength and reduced load to prolong the blade life without sacrificing power efficiency. In this optimization design, the non-dominated sorting genetic algorithm II (NSGA-II) is employed as a multi-objective optimization algorithm, in which chord length, twist angle, and blade thickness are the optimization parameters, and maximum power coefficient and fatigue life are the optimization objectives. When the iteration process converges, the value of the obtained Pareto solution set is the optimal result for the design variables. Additionally, an equivalent S–N curve model and a simplified load spectrum are proposed based on the BEM theory for quick fatigue life estimation to avoid the time-costly iterations in traditional blade design.



The remainder of this paper is organized as follows. In Section 2, an equivalent S–N curve model of the blade is proposed to estimate the fatigue life of the blade as a parameter of reliability and load. In Section 3, a simplified load spectrum is presented, including the loading cycle caused by shear flow and turbulence during power production conditions. In Section 4, an outline of the employed multi-objective genetic algorithm and detailed optimizing procedures are presented. In Section 5, the Pareto front resulting from the optimization is first provided. Comparisons between the original design and optimal designs by both GH-bladed and ANSYS are analyzed and discussed. In the final section, conclusions are given.




2. Load Analysis and S–N Curve Model


2.1. Characteristics of the Power and Thrust of a TCT


Equation (1) indicates the relationship between the axial thrust and current velocity [13], and Equation (2) indicates the relationship among the density, rotor radius, and velocity.


  P = T · v  



(1)






  P =  1 2  ρ π  R 2   v 3   C P   



(2)




where P is the captured power of the turbine, v is the current velocity, T is the axial thrust, R is the rotor radius, ρ is the density of seawater, and CP is the power coefficient.



The density of seawater is about 800 times the density of air. Thus, for a given rated power, a TCT has to bear a larger axial thrust force with a smaller structure compared with a wind turbine. This axial thrust is mainly derived from a component of hydrodynamic force which drives the turbine to rotate. This characteristic makes it impossible for a blade design to optimize the power and thrust coefficients simultaneously. Figure 1 gives the performance boundary of blades with the common NACA 63421 hydrofoil. Each data point in the figure is a blade design candidate. As can be seen, low thrust coefficient and high power coefficient are conflicting parameters. However, because the thrust coefficient at the rated tip speed ratio is not an intuitive parameter of reliability, this figure is not enough to decide which blade design candidate to choose.




2.2. Equivalent S–N Curve


The S–N curve of a material, described in Equation (3), defines the alternating stress amplitude versus the number of cycles of fatigue load:


   S m  · N = C  



(3)




where S is the stress amplitude, N is the fatigue cycle number, and m and C are parameters depending on the material used.



When the blade material undergoes amounts of stress with different amplitudes for variable cycle numbers, the resultant effect of the stress can be predicted by Miner’s theory of fatigue damage accumulation [14]. Miner’s theory claims that each stress cycle will cause microscopic damage to the material. Failure occurs when the accumulated damage reaches the limit. Such a process can be described as Equation (4),


  D =   ∑  i = 1 , 2 , 3 …      Δ n  (   S i   )    N  (   S i   )       



(4)




where D is the accumulated damage, and it is equal to 1 when the failure occurs; Si is the ith case of stress amplitude; N(Si) is the cycle number needed to cause failure at Si; and   Δ n   is the cycle number at Si.



The standard S–N curve is often used for symmetrical stress cycles, which means that the mean stress is zero. However, in the TCT case, the stress cycle caused by axial load is asymmetrical, which means that the mean stress is non-zero. Hence, the Goodman relation was applied to modify the model here, as given in Equation (5) [15],


     σ a     σ  − 1     +    σ m     σ b    = 1  



(5)




where σa is the amplitude of the asymmetrical stress cycle, σm is the mean stress of the asymmetrical stress cycle, σ−1 is the amplitude of the symmetrical stress cycle that would cause the same damage as the asymmetrical stress cycle σa and σm do, and σb is the ultimate stress the material can withstand.



Equations (3)–(5) describe how to estimate the fatigue life of the blade via the S–N curve of the material and the load spectrum which contains the amplitude and mean stress of every stress cycle at the maximum stress zone. Nevertheless, the stress is unavailable before the structural design is complete. Thus, an equivalent S–N curve model is needed which essentially replaces the stress by the bending moment caused by axial load. Then, the results obtained by the two models will be equivalent. In this blade design stage, the axial load is attainable by the BEM theory, which only requires some moderate calculation.



2.2.1. Load Testing


To determine the relationship between the axial load and stress at the maximum stress zone, a load test was undertaken on a 4.4 m TCT blade, as shown in Figure 2. The blade was installed on a steel wall and connected through the flange with the suction side upwards. The bending load was exerted on two points, 2.4 m and 3.6 m away from the root, to imitate the distributed hydrodynamic force in real working conditions. According to previous experience and finite element analysis (FEA) simulation, the maximum stress zone was located in the main spar near the root. Therefore, seven points on the main spar were determined as the measurement points, on both the suction side and the pressure side. Resistance strain gauges were used to measure the stress. A dynamic strain indicator was used for data acquisition. The loading process is shown in Table 1, and the nominal load was 58.5 kN.



According to Figure 2, the strain of each blade section can be derived as


  ε = k  (   F  T 1   ×  2.4  +  F  T 2   ×  3.6   )  = k  M F   



(6)




where ε is the strain, FT1 is the load at 2.4 m, FT2 is the load at 3.6 m, MF is the total bending moment caused by the axial thrust, and k is a proportional coefficient which depends on the measurement point position and blade structure.



The results of this load test are plotted in Figure 3. As can be seen, the strain is proportional to the axial load.




2.2.2. Derivation of the Model


The stress–strain relation for unidirectional stress gives the following equation:


  σ = E ε = E k  M F   



(7)




where σ is the stress and E is the Young’s modulus of the material used.



By inserting Equation (7) into Equation (3), the relation between the bending moment and cycle number can be derived as


   M F m  · N =  C     (  E k  )   m    =  C 0   



(8)




where C0 is a parameter which depends on the blade material, structure, and measurement point position.



Similarly, the Goodman relation can be rewritten as a function of the bending moment:


   M  − 1   =    M a   M b     M b  −  M m     



(9)




where Ma is the amplitude of the asymmetrical bending moment cycle, Mm is the mean value of the asymmetrical bending moment cycle, M−1 is the amplitude of the symmetrical bending moment cycle that causes the same damage as the asymmetrical bending moment cycle Ma and Mm do, and Mb is the ultimate bending moment the blade could withstand.



The parameters m and C in an S–N curve model are obtained by material testing. Here, the parameters m and C0 of the equivalent S–N curve model were determined by comparison criteria of the axial thrust. The fatigue life was regarded as the design criterion in this work, where the blade structure was designed on the basis of the same rated working conditions. Then, the fatigue life of this conceptual blade structure could be estimated according to the load spectrum. The fatigue life at the rated current velocity should be equal to the designed lifetime, while at the ultimate current velocity, the fatigue life should be set to one cycle. According to these two design criteria, we can get Equations (10)–(12).


     (     M r   M b     M b  −    M ¯   r     )   m  ·  L  l i f e   × 525,600 × n · η =  C 0   



(10)






     (     M e   M b     M b  −    M ¯   e    ×  1.5   )   m  × 1 =  C 0   



(11)






   M b  =  M e  +    M e   ¯   



(12)




where Mr and      M r   ¯    are the amplitude and mean value of the bending moment at the rated current velocity, respectively; Me and      M e   ¯    are the amplitude and mean value of the bending moment at the ultimate current velocity, respectively; Llife is the designed lifetime, which is usually 20 years; n is the rated rotor speed; and η is the service rate of the turbine.



The parameters m and C0 could be derived from Equations (10)–(12); thus the equivalent S–N curve model is determined. Then, a convenient estimation of fatigue life could be derived according to this curve and the load spectrum.






3. Simplified Load Spectrum


During operation, TCT blades will experience hydrodynamic load, centrifugal load, gravitational load, etc., which are related to turbine working conditions such as power production, normal stop, start, emergency stop, grid faults, and so on. In this work, we focus on the hydrodynamic bending moments on the blades. Other loads could be dealt with in a similar way. Such a simplification would be beneficial to the understanding of optimization.



The simplified load spectrum includes the flap-wise bending moment cycle caused by shear flow and turbulence. Instead of using a Weibull distribution [16], the current velocity data used to derive the load spectrum were measured using an acoustic Doppler velocimeter at the TCT site of Zhejiang University in Zhoushan, Zhejiang Province, China [17]. Figure 4 shows the current velocity statistics that cover data obtained over more than one year. This figure is based on bulk data statistics of the TCT site. Considering the high predictability, periodicity, and continuity of a specific flow field, a probability distribution with sufficient x-axis resolution can mostly reflect the variation rule of the current velocity.



3.1. Load Cycle Caused by Shear Flow


Shear flow is a phenomenon caused by the viscosity of seawater, wherein the adjacent flow layers move parallel to each other with different velocities, as shown in Figure 5. The flow layer near the sea surface has maximum current velocity, and the velocity drops off as it goes deeper. Such a phenomenon can be described by Equation (13) [18].


  v  ( z )  =  v 0  ·    (    d + z  d   )   δ   



(13)




where v(z) is the current velocity at depth z,    v 0    is the current velocity at the sea surface, d is the sea depth, and δ is the shear exponent. At the TCT site, the sea depth is 20 m, and the shear exponent was set to be 1/7 according to in situ observations.



As the blade rotates, the current velocity varies at the blade position. When the blade moves to the 12 o’clock position, it is subject to maximum current velocity, with minimum current velocity at the 6 o’clock position. The cycle of current velocity leads to a cycle of axial load, and the axial load fluctuates at the frequency of the rotor rotating speed.



The BEM theory is used to predict the axial load when the hydrodynamic design is finished. The current velocity at a blade section location could be derived from the shear flow equation as


   v e  =  v 0  ·    (    d +  d  h u b   + r · sin  θ b   d   )   δ   



(14)




where    v e    is the current velocity at a blade element, dhub is the depth of the hub, r is the radius of the blade element, and    θ b    is the azimuth angle of the blade.



The axial force on a blade element could be derived as the following equation:


  d T = 4 ρ π  v e 2  a  (  1 − a  )  r d r  



(15)




where dT is the axial force of the blade element, and a is the axial induction coefficient, which can be derived as


  a =   B c  (   C L  cos φ +  C D  sin φ  )    B c  (   C L  cos φ +  C D  sin φ  )  + 8 π r F   sin  2  φ    



(16)




where B is the number of blades, c is the local chord length, ϕ is the inflow angle, F is the tip loss factor [16], and CL and CD are the lift and drag coefficients, respectively [19].



The flap-wise bending moment can be derived from the axial load integral of the blade elements as


  M =    ∫ 0 R   4 ρ π a  (  1 − a  )     (   v 0  ·    (    d +  d  h u b   + r · sin  θ b   d   )   δ   )   2   r 2     d r  



(17)




where M is the flap-wise bending moment and R is the radius of the rotor.



Equation (17) indicates that the bending moment is a function of    v 0    and    θ b   ; thus, the cycle amplitude of the bending moment could be described by the following equation.


  M  (  v 0  )  = M  (  v 0  ,  π 2  )  − M  (  v 0  , −  π 2  )   



(18)








3.2. Load Cycle Caused by Turbulence


Turbulence is a phenomenon wherein the current velocity changes chaotically. Such changeable fluctuation of the current velocity will lead to fluctuation of the axial load. The intensity of turbulence can be statistically described as the standard deviation of the 10-min current velocity divided by the 10-min mean current velocity. Considering the periodicity of tidal currents, 21 turbulence samples were picked with mean velocity varying from 0.5 m/s to 2.5 m/s. For convenience in the damage equivalent load calculation, the turbulences at different velocities were fitted. Figure 6 displays the tidal current velocity data for an entire day, detected once per second at the Zhejiang University TCT site. Figure 7 shows the turbulence intensity statistics of the variable current velocity at this operating site.



To simplify the computation, turbulence samples were used in the optimization code instead of the entire velocity dataset. Firstly, the annual velocity data were divided into fragments with length 60 s. Secondly, the fragments were picked out as the turbulence samples. In all, 21 turbulence samples were picked with mean velocity varying from 0.5 m/s to 2.5 m/s. Figure 8 shows one of the turbulence samples with a mean velocity of 2 m/s and sampling frequency of 1 Hz. Then, a rain-flow counting algorithm was applied to count the current velocity cycle in the turbulence sample [20]. Table 2 gives 16 velocity cycles counted from the turbulence sample. In addition, the probability of 2 m/s is 2.17% according to the probability distribution of current velocity in Figure 4. This means that the annual occurrence of this velocity cycle in Table 2 is 11,387 min in an annual period.



By applying the rain-flow counting algorithm to other turbulence samples, the annual statistics of velocity cycles were obtained as shown in Figure 9, in which the height of the bar indicates the annual occurrence.



The load cycle caused by the velocity fluctuation could be described as the following equations.


   M a  =   M  (   v m  +  v a   )  − M  (   v m  −  v a   )   2   



(19)






   M m  =   M  (   v m  +  v a   )  + M  (   v m  −  v a   )   2   



(20)




where    v a    is the amplitude of the velocity cycle, and    v m    is the mean velocity.





4. Multi-Objective Optimization


Based on the above analyses and models, a multi-objective genetic algorithm was used in the blade optimization design. The NSGA-II algorithm was employed as the multi-objective optimization algorithm. The approach to realize this blade optimization can mainly be presented as the following four steps:




	
Randomly initializing a population with N individuals whose attribute values should be the optimization objective parameters, such as chord length, twist angle, and blade thickness.



	
Calculating the power coefficient and fatigue life for each child individual, then non-dominated sorting and calculating the crowding degree on the calculated power coefficient and fatigue life.



	
Merging the parent and child individuals and non-dominated sorting them to obtain a new child generation.



	
Iterating the above steps until the termination condition, to get the Pareto solution set which includes the optimized parameter values of chord length, twist angle, and blade thickness.








The blade model can be described by three curves, namely, the chord, twist angle, and thickness distributions, in the optimization carried out on the 4.4 m TCT blade. These three distributions are fitted as Bezier curves to guarantee smoothness and to reduce the optimization parameters. An nth-order Bezier curve can be described as the following equation.


  B  ( t )  =   ∑  i = 0  n     n !   i !  (  n − i  )  !    t i     (  1 − t  )    n − i    P i     



(21)




where Pi refers to a control point. The order of the Bezier curve depends on the complexity of the distribution. In this case, the chord, twist angle, and thickness distributions were fitted as seventh-order, fifth-order, and sixth-order Bezier curves, respectively. In total, 21 optimization parameters were used to describe a blade: 8 chord, 6 twist angle, and 7 thickness parameters.



An optimal power coefficient was determined as the first objective function, supposing that the turbine operates in the vicinity of the optimal tip speed ratio in spite of the variable velocity. The optimization concerns the magnitude and frequency of the load cycle. Although a constant tip speed ratio was used for the power efficiency optimization, the current velocity used to calculate the tip speed ratio varies due to the shear flow and turbulence. So, the current velocity at the hub location was used for the controller when calculating the axial load cycle caused by shear flow. Additionally, mean current velocities were used for the controller while dealing with the turbulence.



The hydrofoils used at each blade section were optimized based on an existed hydrofoil pool. There were altogether seven standard hydrofoils in the pool, the respective thicknesses of which were 100%, 40%, 35%, 30%, 25%, 21%, and 16%. The lift and drag coefficients of a section with arbitrary thickness were interpolated using standard hydrofoils. The blade optimization schematic is shown in Figure 10.



In Objective Function 1, the power coefficient can be described as


   C P  =    ω  2 π      ∫ 0    2 π  ω     P d t      0.5 ρ π  R 2   v 3     



(22)




where ω is the rotating speed of the rotor under the optimal tip speed ratio. P refers to an instantaneous value of power at each rotor azimuth angle of a rotating cycle, which is calculated by the blade element power with the consideration of flow shear and turbulence. Hence, the numerator in Equation (22) refers to the average power in a full revolution. And, the rated value of current velocity v is generally used for the denominator to simplify the code. P is a complicated integral in the program, the function could be described as


  P = P  (  v  (   θ b   )  , a  (  c ,  C L  ,  C D  , φ  )  , R  )   



(23)







In Objective Function 2, the fatigue life can be described as


  D a m a g e =   ∑  i = 1  n      n i     C /     (     M a   M e     M e  −  M m     )   m         



(24)




where Damage refers to the accumulated damage, ni is the cycle number of load at current velocity vi.



Through the above optimization method, the maximum CP and minimum Damage could be found by using the genetic algorithm. In mathematical terms, the multi-objective optimization problem can be briefly formulated as follows:




	
min(1/CP(x), Damage(x))



	
such that   x ∈ X  








where set X is the feasible set of the blade structure.



Consequently, this multi-objective optimization can be done via the Matlab GA tool.




5. Results and Discussion


In Figure 11, the Pareto front obtained by the multi-objective genetic algorithm is presented, in which each data point represents a blade design candidate. The original design is also marked. As illustrated, the original design point of the blade has high efficiency but with a fatigue life much shorter than the required lifetime of 20 years, which is mainly induced by higher axial thrust.



Two solutions in Figure 11 were chosen to be the objects of comparative analysis as the optimal designs from the Pareto front. The first one, Optimal design 1, has a fatigue life of 20 years. The second one, Optimal design 2, has the same efficiency as the original design but a longer fatigue lifetime. For these two representative points on the Pareto solution curve, the detailed data are compared in Table 3.



The chord length, twist angle, and thickness distributions of these three design points are presented in Figure 12. From the figures, the chord and twist angle of the optimal designs show great improvement, while the difference in thickness is unnoticeable.



The blade designs presented in Figure 12 were verified in GH-Bladed [21]. The predicted power coefficient CP and thrust coefficient CT at the rated tip speed ratio are presented in Figure 13. Table 4 gives the corresponding fatigue life predicted by the equivalent S–N curve model. As can be seen, a small reduction in power coefficient leads to a large reduction in thrust coefficient and a much larger growth in fatigue life through the proposed improved blade design. In fact, it is an optimized compromise between efficiency and lifetime. Therefore, the solution points generated in Figure 11 could provide an effective reference for TCT blade developers once the expected power efficiency and work life are clear.



For a further evaluation, an FEA simulation of Optimal design 2 was carried out in combination with the layer method presented in [22], as shown in Figure 14. The nominal load under extreme conditions was imposed. A comparison of the FEA simulation results and the optimization effects is given in Table 5, demonstrating that the proposed blade design method has a significant optimization effect on both the hydrodynamics and structure.



In the above research, a BEM-based model is employed in both the blade optimization design and the simulation of performance coefficients in GH-Bladed. The structural parameters of this model mainly include chord length, twist angle, thickness, and lift/drag curves. However, the BEM-based model is almost ideal with the assumptions of infinitesimal blade element, no medium viscidity, no blade radial flow, and no radial interaction between the elements. Hence, the resultant characteristics of blade would keep a distance from the reality. In the ANSYS software, the CFD model depends upon the solution of the Navier-Stokes equations, representing the conservation of mass and momentum [23]. The water viscidity, blade radial flow, and the flow field features near the hub are all taken into consideration, that the model has 3D effects. This would increase the accuracy of the hydrodynamics and structural stress estimation. Therefore, the next design work will take into account CFD models with higher fidelity, to improve the optimization effect.




6. Conclusions


With the aim of enhancing the blade reliability of TCTs without efficiency loss, this article details an improved blade design method based on the multi-objective genetic algorithm. This optimization was carried out on a 4.4 m length blade of a 120 kW TCT. An equivalent S–N curve model and a simplified load spectrum were proposed to provide a convenient estimation of the blade fatigue life. Simulations of the comprehensive performance of the blade were conducted using both GH-bladed and ANSYS. The results show that the hydrodynamics, structure, and lifetime of the blade were all greatly improved, with a small sacrifice in terms of power efficiency.



In addition, the Pareto solution set provides other alternative solutions. Through this improved blade design method, a quick decision on blade solutions between lifetime and power output could be more easily made. Hence, it could be used to avoid the time-costly iterations and excessive redundancy in traditional blade design and provide more choices for TCT developers by allowing further economic assessments.
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Figure 1. Power and thrust coefficients for blade design candidates. 
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Figure 2. Load test of the blade: (a) Workshop test; (b) Loading scheme. 
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Figure 3. Strain versus load at the measurement points. 
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Figure 4. Probability distribution of current velocity at the tidal current turbine (TCT) site. 
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Figure 5. Sea flow shear. 
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Figure 6. Tidal current velocity over an entire day. 
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Figure 7. Turbulence at the TCT site. 
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Figure 8. Turbulence sample at 2 m/s. 
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Figure 9. Annual statistics of turbulence cycles. 
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Figure 10. Blade optimization schematic. 
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Figure 11. Pareto front of the multi-objective optimization. 
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Figure 12. Parameter distributions: (a) Chord; (b) Twist angle; (c) Thickness. 
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Figure 13. Performance coefficients: (a) Power coefficient; (b) Thrust coefficient. 
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Figure 14. Comparison of stress distribution: (a) Original design; (b) Optimal design 2. 
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Table 1. Steps of the load test.
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	2.4 m (kN)
	3.6 m (kN)
	Total (kN)





	0%
	0
	0
	0



	40%
	8
	15.4
	23.4



	60%
	12
	23.1
	35.1



	80%
	16
	30.8
	46.8



	100%
	20
	38.5
	58.5
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Table 2. Cycles counted in a turbulence sample at 2 m/s.
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	Cycle Number
	Amplitude (m/s)
	Mean Velocity (m/s)
	Cycle Number
	Amplitude (m/s)
	Mean Velocity (m/s)





	1
	0.0035
	2.0555
	9
	0.023
	2.046



	2
	0.033
	1.939
	10
	0.139
	1.98



	3
	0.006
	1.942
	11
	0.0275
	2.1205



	4
	0.0055
	1.9775
	12
	0.0095
	2.0255



	5
	0.002
	2.012
	13
	0.022
	1.988



	6
	0.005
	1.943
	14
	0.0425
	1.9765



	7
	0.006
	1.853
	15
	0.0905
	1.9795



	8
	0.0405
	1.9365
	16
	0.194
	2.033
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Table 3. Original and optimal designs.
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	Original Design
	Optimal Design 1
	Optimal Design 2





	Maximum CP
	46.21%
	42.29%
	46.27%



	Fatigue life (years)
	7.47
	20.08
	11.73
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Table 4. Comparison between the original and optimal designs.
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	Reduction in CP
	Reduction in CT
	Growth in fatigue life





	Optimal design 1
	10.29%
	21.73%
	282.10%



	Optimal design 2
	2.95%
	11.98%
	57.03%
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Table 5. Data on the hydrodynamics and structure.
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	Maximum Stress (MPa)
	Load Reduction
	Maximum Tip Deflection (mm)
	Deflection Reduction
	Weight (kg)
	Weight Reduction





	Original design
	170.27
	
	433.88
	
	190
	



	Optimal design 2
	145.96
	14.28%
	402.62
	7.20%
	172
	9.47%
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