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Abstract— The objectives of this contribution is an enhanced design method of 3D blade geometries for fixed pitch horizontal axis tidal turbines with variable speed control, simultaneously targeting at maximum power output, minimum thrust load and an extended cavitation free range of operation. To optimize the blade's spanwise twist and chord distribution, an extended BEM code, allowing the prediction of the performance characteristics including cavitation inception, was coupled to an evolutionary algorithm, capable of global multi-objective optimization.  A case study is performed resulting in a set of novel blade geometries, providing optimum trade-offs between power, thrust and cavitation sensitivity. The comparison to an analytically designed rotor using standard design method showed that the presented optimization method yields rotor geometries with significantly lower thrust loads and cavitation sensitivity as compared to the analytical blade design.  While the BEM performance prediction model was validated successfully through experiments, a validation of the novel, optimization based design method has to be carried out in a future step.  
Keywords— Tidal stream turbine, rotor blade design, multi-objective optimization, blade element momentum theory I. INTRODUCTION There is in increasing interest in small horizontal axis free stream turbines, for instance to harvest energy from tidal currents. They are thought to be an alternative to large scale and hence capital-intensive turbines. Typical rotor diameters are 3 to 6 m. In order to keep the cost low and the design robust, no blade pitch mechanism is included, i.e. they are fixed-pitch designs. The preferred control of fixed-pitch turbines is some type of variable speed, known for many years in the turbine community. For instance, an advanced variable speed control is realized in the commercially available SCHOTTEL HYDRO SIT250 [1]. For an introductory illustration it is sufficient to consider the fundamental concept of variable speed control and to rely on synthetic turbine 
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. (4)  P is the shaft power available from the turbine, Fax the thrust on the rotor. The tip speed is obtained from the rotor diameter and its rotational speed utip = rtipΩ = π dtipn, A = π(dtip/2)² is the swept area of the rotor and c0 the free flow velocity far upstream of the turbine. pv is the vapor pressure of the fluid, patm the atmospheric pressure, g the gravity and hhub the immersion depth of the hub. Cavitation is avoided when the cavitation number exceeds a critical value σ0.7,crit. For any chosen rotor speed the two non-dimensional characteristics CP(λ) and CT(λ) can be converted into dimensional power and thrust curves as a function of c0, plotted as blue dotted lines in Fig. 2. The red solid lines in Fig. 2 connect all optimum operating points for each rotor speed, i.e. where λ = λopt = const. Preferably, the turbine is operated along these red lines. However, as c0 exceeds c0,rated the controller increases the rotor speed to limit the turbine power to a preset threshold Prated. This so called overspeed control unavoidably leads to an operating tip speed ratio of the turbine λoverspeed > λopt and 
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hence to an undesired increase of thrust T (lower diagram in Fig. 2 ).   Fig.1 Synthetic simplified non-dimensional power and thrust characteristics of a turbine (schematically)    Fig. 2 Dimensional power and thrust characteristics for different rotor speeds (derived from the synthetic simplified non-dimensional characteristics in Fig. 2). A controller drives the turbine into overspeed to limit the power output to Prated. The red circles indicate optimum operating points for each rotor speed, i.e. where λ = λopt.  It is important to note that the rate of increase of thrust depends not only on rotor speed but also on the slope of the non-dimensional CT(λ) characteristic in overspeed conditions; obviously, the less steep the slope, the lower is the thrust in 

overspeed operating points. Hence a target is to identify turbine designs with a very flat or even negative slope of the CT(λ) characteristic for λ > λopt while keeping CP,opt  as close as possible to its theoretical maximum. A similar analysis for the cavitation inception characteristic yields a third target: σcrit should be as low as possible at λopt and λ > λopt to minimize the required immersion depth of the turbine or enlarge the allowable inflow velocity range for a given immersion depth.      
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Fig. 3 Non-dimensional turbine performance characteristics and design targets  This leads to design targets as summarized in Fig. 3 in terms of non-dimensional turbine characteristics. Not only one single value such as CP,opt, but the shapes and levels of all three turbine performance characteristics are relevant. Most likely there is a trade-off between power output, thrust, non-cavitating operating range.  The overall objectives of this work is a multi-objective optimization scheme yielding an optimal 3D blade geometry for fixed pitch horizontal axis tidal turbines with variable speed control.  II. LITERATURE SURVEY  Design methods of axial tidal turbine blades are very similar to those of wind turbines. Pioneers of the widely used blade element momentum theory (BEM) are GLAUERT [2] and SCHMITZ [3]. BEM can also be used as an integral part of a performance prediction scheme for any existing turbine. An application to tidal turbines has been published e.g. by BATTEN et al [4] and MASTERS et al [5].  Da SILVA et al [6], GOUNDAR and AHMED [7], WU et al. [8] expanded the GLAUERT/SCHMITZ design method by integrating a cavitation model. Modifications of blade geometry obtained from these models, for instance larger chord lengths at the blade outer region, led to improved cavitation property of a particular turbine in one targeted design point. However, as already explained above, fixed-pitch turbines with their speed control are operated along a large range of operating points. Hence, the limitations of the existing design methods are obvious, as pointed out by ARNOLD et al [9] and SALE et al [10]. SALE et al, for instance, designed a stall-regulated tidal turbine via a combination of a fundamental BEM method with a genetic algorithm. Their optimization aimed for a maximum power output at rotor design speed and all relevant off-design speeds during control. Cavitation inception was assessed during the optimization - candidate designs with inadmissible cavitation properties were dismissed. RUOPP et al. [11] targeted at maximum power while limiting the thrust to a pre-defined value. The turbine performance was calculated utilizing a 3D RANS simulation which was coupled to a genetic optimization algorithm. A multi-objective optimization with respect to power and thrust coefficient has been carried out by HUANG and KANEMOTO in [12]. They applied a response surface method (RSM) to the NSGA-II algorithm by DEB et al. [13]. Cavitation has not been considered. Although these design methods enable to address one or two of the design targets (i) power output, (ii) thrust and (iii) cavitation separately, they had been applied successfully, for instance for the design of the SCHOTTEL HYDRO SIT250 tidal stream turbine, presented in section III and depicted in 

Fig. 6. Nevertheless, further progress is expected from a true multi-objective optimization of the three conflicting targets.   III. METHODOLOGY  Fig. 4 shows a schematic flow diagram of the complete design scheme presented in this contribution. The key ingredients are 
• a semi-empirical performance prediction model (BEM model) 
• an optimization method (evolutionary algorithm)  Multi-Objective OptimizationBEM Model:Performance PredictionEvolutionary AlgorithmPerformance Set of GeometriesInitializationPareto-Optimal GeometriesControl Strategy Geometry SelectionTurbineSpecifications Blade Design  Fig. 4 Complete design scheme based on a semi-analytical performance prediction model, embedded in a multi-objective algorithm   To initialize an optimization, rotor tip and hub diameter, inflow velocity and specifications of the fixed blade parameters have to be defined. The evolutionary algorithm (EA) yields a set of blade geometries for which the performance at the specified operating points is evaluated by the BEM model. Based on the performance, the EA updates the subsequent geometry set aiming for a further improved performance. The result of the multi-objective optimization is a set of geometries representing the optimal trade-offs between the conflicting design targets (Pareto-set). Finally, taking into account constraints and the control strategy chosen, the optimal design from the Pareto-set can be selected. The systematic selection of one optimal rotor geometry for a specific application will not be part of this paper, since we focus on the multi-objective optimization only.  
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A. A Validated Semi-empirical Performance Prediction Model  Here we use an enhanced in-house blade element momentum (BEM) method - briefly summarized in the next paragraph - for the prediction of the performance and critical cavitation number of a given turbine. In spanwise direction the turbine blade is segmented into a number of blade elements (BE). For every BE, the local power and thrust coefficients are derived based on momentum conservation (CP,M and CT,M) and the dynamic forces on a hydrofoil (CP,DF and CT,DF). Equating CP,M = CP,DF and CT,M  = CT,DF  yields two nonlinear equations for the unknown local axial and tangential velocity components and eventually the BEs' CP and CT. The overall turbine performance at a specific tip speed ratio then results from a summation over all BEs. Simplifying assumptions, such as a flow field that is purely 2-D, are limiting the precision of the basic BEM theory. In order to increase the accuracy of the method, various submodels are applied. BUHL's [14] correction of the thrust coefficient for large axial flow retardation is used, furthermore models by PRANDTL/GLAUERT [2] and SHEN [15] accounting for blade hub and tip losses.  The hydrodynamic forces (lift and drag) for all BEs are needed to determine CP,DF and CT,DF. Since lift and drag of the hydrofoil sections are functions of the Reynolds number Re and angle of attack α, they are calculated in advance and stored in a database. These polar data are obtained utilizing the public domain code XFoil by DRELA [16]. To mimic an incompressible flow, the Mach number is set to zero. The transition from a laminar to turbulent boundary is calculated using the en-method with a threshold amplification ratio of Ncrit = 1, which corresponds to a free stream turbulence level of 2% [17]. Post-stall data are extrapolated according to VITERNA et al. [18]. Although VITERNA's correlation is empirical and known for its limited accuracy, it ensures numerical stability. Cavitation in a turbine is a very complex phenomenon and affected by a variety of factors, which naturally cannot all be accounted for within a semi-analytic BEM method. The cavitation number σ0.7 introduced in eq. (3) is solely a function of the turbine's operating conditions, independent of the blade shape. As mentioned above, cavitation is avoided when the cavitation number exceeds a critical value σ0.7,crit. Hence, for a given rotor geometry, the turbine's cavitation characteristic is given by σ0.7,crit(λ), schematically shown in Fig. 5. For each λ the value of σ0.7, where cavitation inception is observed, is defined as σ0.7,crit. It is usually determined experimentally in a cavitation tunnel by varying the static pressure. For designing or optimizing a rotor blade, the a priori prediction of σ0.7,crit (λ) is crucial. Cavitation may occur on the blade suction surface and near the blade tip region due to the presence of the tip vortex. Typically, the onset of tip vortex cavitation is prior to blade suction surface cavitation. Since tip vortex cavitation does rarely harm the blade structure nor degrade the turbine performance, we concentrate on the blade suction surface cavitation. Then, an estimate of the turbine cavitation characteristics can be made on the basis of the chordwise 

pressure distributions of the BEs which are linked to lift and drag. These pressure distributions are also taken from XFoil, accepting that 3-D effects are not resolved.     Fig.5 Critical cavitation number as a function of tip-speed ratio (schematically)  A validation of the performance prediction model is presented for the 1:8 model scale fixed pitch SCHOTTEL HYDRO Instream Turbine 250 (SIT250), Fig. 6. It is a three-bladed turbine with a design tip-speed ratio λ = 5. The rotor diameter of the 1:8 scale model is 0.5 m. It is CNC-milled from brass. Since this turbine was originally designed by the first author of this paper, the full geometry of all blade elements forming the blade is known in detail, but cannot be published due to commercial interests. All model scale experiments were performed at the Schiffbau-Versuchsanstalt Potsdam GmbH (SVA Potsdam).    Fig. 6: 1:8 scaled brass model of the SCHOTTEL SIT250 for the validation experiments  The most relevant data of the towing tank are compiled in Table I. The shaft of the turbine is immersed one rotor diameter below the waterline. The cross-sectional blockage of 
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the open water tests was 0.5%. For cavitation studies the turbine is placed in a cavitation tunnel with a specification as in Table II. The basic testing procedure in the towing tank and the cavitation tunnel is the same. Tests were carried out over a range of tip speed ratios, which had been achieved by varying the rotational speed of the turbine for a given inflow velocity. 10 s- time records of thrust, torque, rotational speed and inflow speed were recorded synchronously, allowing an assessment of accuracy. According to the recommendations of the International Towing Tank Conference (ITTC) [28], the measured values for thrust and torque were corrected using a dummy hub of the same mass of the model turbine.   TABLE I SVA TOWING TANK FACILTIY Towing tank dimensions 280.0 m length 9.0 m width 4.5 m depth Maximum carriage velocity (corresponding to c0) 7.0 m/s Dynamometer type H39, Kempf and Remmers nmax = 60 s-1 Tmax = 1000 N Qmax = 50 Nm Shaft immersion depth 0.5 m  TABLE II SVA CAVITATION TUNNEL TEST FACILITY Cavitation tunnel test section (length) 2600 mm  Cavitation tunnel test section (cross section) 850 mm x 850 mm  Pressure variation 950 mbar – 1200 mbar Maximum flow velocity (corresponding to c0) 7.5 m/s Dynamometer H36, Kempf and Remmers nmax = 60 s-1 Tmax = 2000 N Qmax = 100 Nm  The cavitation inception tests were carried out from λ = 4.4 to λ = 8.9, following the ITTC standards for cavitation tests [29]. Due to the high cross-sectional blockage ratio of 27%, a blockage correction had to be applied in the cavitation tunnel to match the operation points at free flow conditions. Cavitation inception was triggered by decreasing the static pressure, coming from a non-cavitating condition. Cavitation inception was identified visually. The agreement between predicted and measured power and thrust coefficient characteristics is satisfactory, Fig. 7. The predicted inception of cavitation agrees well with the observed onset of cavitation related performance drop during the towing tank tests. The experimentally obtained σ0.7,crit (λ) values were somewhat smaller than the predicted characteristic, i.e. a conservative estimation. Hence, for the purpose of this work the semi-analytical performance prediction is regarded as validated. Further details of this and a second validation campaign are given in [19]. 
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Cavitation InceptionCavitation Inception  Fig. 7: 1:8 scaled model of the SCHOTTEL HYDRO Instream Turbine 250 (SIT250); upper: BEM-predicted power coefficient CP vs. tip speed ratio λ and comparison with experimental data; lower: BEM-predicted thrust coefficient CT vs. tip speed ratio λ and comparison with experimental data.  B. Multi-Objective Optimization: Parameters and Objective Functions  The parameters to be varied within the multi-objective optimization are the blade's spanwise chord length and twist angle distributions l(r) and γ(r), respectively, Fig. 8.    Fig. 8 Optimization parameter at a blade element (schematically)  They are parameterized through cubic Bézier curves to enable a high level of geometrical flexibility while keeping the number of parameters small. The radial positions of the resulting eight Bézier points (four per curve) are fixed, while 
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the l and γ values are varied during the optimization. For the presented work, the values at the hub were kept constant due to a given geometrical interface with the nacelle.  Beforehand, and hence not included in this multi-objective optimization scheme, the hydrofoil shapes have been created using another optimization workflow (similar as by GRASSO in [20]). For structural reasons the maximum thicknesses of the hydrofoil sections was fixed to 30% of the chord length at  the hub and decreased to 13.7% at the tip. For the hub part (r/rtip < 0.5), the hydrofoil shapes have been optimized to provide a maximum lift to drag ratio within the expected operating range. For blade elements closer to the rotor tip, the optimization also aimed at a reduction of the suction peaks to enlarge the non-cavitating operating range. Due to commercial interests, further details of the hydrofoils cannot be given.  Prior to an optimization a design inflow velocity c0 is fixed. Each performance characteristic is parameterized at two tip speed ratios λ1 and λ2. λ1 is the design tip speed ratio for c0 < c0,rated, λ2 an arbitrarily chosen shape control parameter. The first objective function becomes   ( )1 1Pobj C λ≡ , (5)  that has to be maximized to find the highest possible CP at λ1. It should be mentioned, that λ1 not necessarily equals λopt of the resulting turbine due to the repercussion of the other objectives.The second objective function λ2 is    ( )2 2Tobj C λ≡ , (6)  that has to be minimized in order to reduce the thrust in overspeed operating points. Since cavitation should be avoided at any operating point, the third objective function, to be minimized as well, is   ( ) ( )( )3 0 7 1 0 7 20 5 . ,crit . ,critobj . σ λ σ λ≡ + . (7)  Optimizing conflicting objectives results in a set of optimal solutions rather than one single optimal blade geometry. A solution set is called Pareto-optimal, if no objective of the set can be improved without a degradation of at least one other objective (see e.g. FONSECA and FLEMING [21]). Further information is needed, such as specific restrictions, to the suitable optimal solution from the Pareto-set.   C. Evolutionary Algorithm   The optimization is performed with an in-house evolutionary algorithm (EA). A detailed description of the code is given by BAMBERGER [22]. In many respects, the implementation follows the suggestions by FONSECA and FLEMING [21] as documented by THÉVENIN and JANIGA [23]. The algorithm applies three basic operators, selection, crossover, survival and mutation, to a population of blades geometries (individuals) to achieve an evolution of the turbine 

performance over a number of iterations (generations). To enable multi-objective optimization, the selection operator by BAMBERGER has been extended by the sorting method of the non-dominated sorting genetic algorithm NSGA-II by DEB et al [13].  Starting with an initial population of the size nP, the selection operator determines the individuals which are taken for the development of the following generation (offspring), based on their respective objective function values objn (with n = 1, 2, 3). The NSGA-II sorting uses the concepts of dominance and diversity.  Dominance: An individual xi of a set S dominates the individual xj of the same set if  
• all objective function values objn,i of xi are at least equally good as compared to the objective function values objn,j of xj and  
• at least one objective function value objn,i  is superior to the corresponding objective function value objn,j. The number of individuals by which an individual xi is dominated yields its non-domination rank Ri, where R = 1 relates the individuals which are not dominated by another individual (non-dominated).  Diversity: Subsequently, the individuals of each non-domination rank are sorted with respect to the spread, to favor solutions of less crowded regions of the objective space. Thus, individuals of same rank R are sorted such that an individual xi with a larger distance to its neighbors in the objective space is graded higher than individual xj of a more crowded region. Based on the resulting sorting, the best individuals (the number equals the population size nP) are selected to generate the offspring.  To produce the individuals of the following generation, crossover is applied in a first step. The crossover operator randomly mixes the parameters (genes, here Bézier points) of two parent individuals to create the offspring. A random and moderate mutation is applied to all individuals produced by crossover to enlarge the investigated parameter space. The maximum mutation of a parameter is limited to a percentage (mutation magnitude Δm) of the parameter range of the respective generation. All non-dominated individuals are passed unchanged (survival) to the offspring since they represent the current optimum. If the number of non-dominated individuals exceeds 80% of the population size, the survival of the non-dominated is suspended for one offspring generation to enable a new gene pool and to avoid local optima. When the maximum number of generations is reached, the non-dominated geometries of all nP∙nG investigated individuals are determined. While all elements of a true Pareto-set are non-dominated, the non-dominated members of a finite set are not necessarily Pareto-optimal [21]. Even though the true Pareto-set of the presented optimization task is unknown and the investigated parameter space is finite, the optimization result is called Pareto-set for simplicity. Table III summarizes the settings chosen for running the evolutionary algorithm.   
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  TABLE II OPTIMIZATION SETTINGS Parameter Value Population Size nP 1000 Number of Generations nG 500 Mutation Probability pm 100 % Mutation Magnitude Δm 35 % IV. RESULTS A. Case study As a case study the optimization of the blade for a turbine rotor with a diameter dtip = 6.3 m, hub diameter dtip = 0.36 m, inflow velocity c0 = 1.9 m/s and a rated power Prated = 85 kW is demonstrated. The design tip speed ratio was set to λ1 = 6 and the off-design point to λ2 = 1.5∙λ1 = 9.   
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providing the same CP value at design tip speed ratio, the optimized rotor 2 has a significantly slower increasing thrust coefficient as compared to rotor 3. At λ2 = 1.5∙λ1 = 9 the thrust of rotor 3 is 28% higher as compared to rotor 2 (CT (λ2) = 1.1 vs. 0.86). An even more substantial benefit is achieved for the critical cavitation number. Again comparing to rotor 2 which provides a similar power output, the critical cavitation number of rotor 3 is 216 % and 118 % larger at λ1 = 6 and λ2 = 9, respectively). Comparing rotor 1 and 2 shows that accepting a reduced power output of approximately 4% (CP (λ1) = 0.45 vs. 0.47) yields a thrust decrease of approximately 25% (CT  (λ2) = 0.64 vs. 0.86).  
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positive effect of a decreasing σ0.7,crit/λ curve for λ > λ1. Again, accepting less power output results in an improvement of a conflicting design target: rotor 1 can operate at shallower immersion depths as compared to rotor 2.  As a intermediate conclusion the optimization improves the turbine performance particularly in overspeed conditions, i.e. the method is addressing the design targets determined essentially by the variable speed control strategy. Nevertheless there is still a positive effect at the design point (λ = λ1).  
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The objectives of this contribution was an enhanced design method of 3D blade geometries for fixed pitch horizontal axis tidal turbines with variable speed control, simultaneously targeting at  

• maximum power output,  
• minimum thrust load and 
• an extended cavitation free range of operation. To optimize the blade's spanwise twist and chord distribution, an enhanced BEM code, allowing the prediction of the performance characteristics including cavitation inception, was coupled to an evolutionary algorithm, capable of global multi-objective optimization. The major benefit of the multi-objective optimization is, that  - upon a single creation of a Pareto-optimal geometry set - a designer can simply select the geometry which represents the best suitable trade-off between the conflicting design targets. Thus, no further optimization runs are required when the specifications change during the design process.  
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