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Abstract
This paper is concerned with the development of a fatigue life prediction methodology for preliminary design of polymer composites for ocean energy structures. To this end, a programme of fatigue testing of glass fibre reinforced laminates is employed to characterise the strain-life behaviour of two candidate material combinations. The test specimens are made from quasi-isotropic laminates of both vinyl-ester and epoxy matrices. A preliminary finite element model of a tidal turbine blade is developed to identify the relevant stresses and strains under representative hydrodynamic loading. The hydrodynamic (blade) loads are calculated using a stream tube momentum model, based on tidal current velocities predicted by a sinusoidal equation. The comparative fatigue behaviour of the candidate materials is assessed in the context of the turbine blade model. 
 
1. INTRODUCTION
The emerging field of ocean energy is naturally turning to composite materials because of their perceived non-corrosive properties in the harsh saltwater environment as well as their high specific strength and stiffness. Tidal turbines are to the forefront due to their reliable and predictable power delivery to the grid and the absence of overload conditions. A number of different designs of tidal turbines are already at utility scale trials. A low-solidity, two-bladed turbine, similar to wind turbines, and a high solidity, multi-blade, ducted rotor are presently undergoing customer testing [1]. Wave energy converters are also under consideration with a number of devices at full size prototype stage. Glass-fibre reinforced polymers (GFRP) are candidate low-cost materials for the blades of tidal turbines and the energy collection surfaces of wave devices. It is therefore important to understand the durability and performance of such materials for these applications. There have been recent reports of failure in the blades of tidal turbines. The structural properties of GFRP materials depend on orientation of the fibres, polymer type and fibre/polymer volume fraction. One of the main advantages of fibre reinforced materials is the ability to align the strong, stiff fibres with the main loads and thereby use the material to its maximum advantage. There are situations, however, particularly in relation to emerging technologies e.g. ocean energy, where (i) the loads are not very well understood, or (ii) the loads are complex and multi-directional in nature, for which a class of fibre-reinforced laminates called quasi-isotropic (QI) can be used. The typical QI layup has equal numbers of fibres at 0, 45, 90, and 135 degrees although many other configurations are possible. Often QI laminates are used for an entire structure or they can be implemented locally on other laminate types by adding extra plies of reinforcement around high stress features (e.g. holes). As suggested by the name, QI laminates can be considered to be isotropic for all in-plane properties (at least for 1st order approximations). The tensile strength of QI laminates is primarily determined by the volume fraction of glass fibre (Vf) in the laminate which normally varies between 30 and 70%. The fatigue strength at high stress is also related to the glass fibre strength, but at high cycles (low stress) the polymer matrix properties become more important in determining fatigue life [2]. 
The most common resin used with glass fibre reinforcement is orthophthalic polyester. This material is used extensively in the pleasure boat industry due to its low cost and ease of use.  A resin rich layer (“Gel coat”) of isophthalic polyester is normally applied to the outer surface of boat hulls to reduce the ingress of water. GFRP using these resins are the least durable of the thermosetting resins when immersed in water.  After approximately a year in room temperature water they lose 20% of their bending strength [3] and after 4 years it has reduced to 70% of their initial value [4]. Accelerated aging in higher temperature water (50° - 65°C ) reduces shear strength by an average 35% [5] and compression after impact by 50% [6].  A number of investigators have reported hydrolysis (leaching of matrix constituents) from these laminates [4] [5] [7], postcure is shown to reduce this considerably [8] and improve performance (e.g. retains 83% of strength after 2 years in 30° C water) [9]. 
Vinyl ester resins absorb less water than the other resins [10] [5]. E-glass/vinyl ester composites maintain their mechanical properties slightly better than polyester resins and combined with their higher initial performance it means they enjoy a 32% strength advantage after 2 years in water [9] .  
Epoxy resins absorb water at approximately the same rate as other resins but instead of saturating after a few months they continue to absorb water until they contain almost 2.5% moisture by weight [5]. Epoxy E-glass composites are shown to lose 8 to 30% of their shear strength after 18 months in room temperature water with the lower number achieved by post cured laminates[5][10]. The tensile strength of notched epoxy E-glass composites decreased by 13% after 125 days in room temperature water and by 47% after 42 days in 57° C water [11]. 
There are a number of “watch outs” in the literature when aging coupons in water.  Void content can have a large effect on the weight of water absorbed [12] and this may partially account for the warning that percent by weight of water absorbed is not a good predictor of mechanical property loss [13]. Distilled water is more aggressive than seawater in penetrating composites [14] and may have different damage mechanisms [5]. Accelerated aging by increasing the temperature of the water is desirable but difficult to calibrate [15] and becomes increasingly suspect as it nears the Tg of the material.
As regards the fatigue life of GFRP in seawater there are two aspects to be considered. First the effects of moisture degradation of the material and secondly effects due to fatigue cycling while immersed in water. It is tempting to assume that fatigue strength reductions will follow the changes in static strength but Talreja [2] has pointed out that the damage mechanisms are different in fatigue and therefore it is an unreliable assumption. Unfortunately the data is so sparse a trend cannot be established. The second effect is more marked with a couple of investigators reporting that cycling while immersed may reduce fatigue life by as much as a decade [16][17]. It is proposed that the cause is hydrodynamic effects from water in cracks in the laminate opening and closing. 
In this paper results are presented for fatigue of vinyl ester/E-glass and epoxy/E-glass coupons. Based on these results and results from the literature, the fatigue life of a representative tidal turbine is estimated using stress and strain data from a finite element model of a tidal turbine under a simplified but realistic loading.
Fatigue degradation of composites was best described by Talreja in 1981 as having three distinct zones where the mechanisms of failure are very different [18].  Zone 1 is high stress cycling where the strains are high enough to break the fibres directly and the number of cycles to failure depends on the random accumulation of fibre breaks at any cross-section reducing the strength of the material below the applied stress.  In zone 2 the matrix cracks under the combination of strain and cycling but these cracks are stopped by the fibres through a combination of mechanisms. Cracks accumulate and cause some fibre breaks until the damage lowers the material strength below the applied stress at some (random) cross-section and fracture occurs.  In zone 3 the strain is less than that needed to cause matrix cracking and although there is inevitably some small damage it does not grow at any appreciable rate and the number of cycles to failure is essentially infinite. 
Just as fibre orientation and volume fraction control the static strength of a composite they are also are the primary determinants of fatigue strength.  In fact in many cases fatigue strength is normalised by UTS and generally shown that zone 2 starts between 100 and 1000 cycles at approximately 80% of UTS and drops to approx. 25% at over 1 million cycles [19].  The matrix and size (bond promoter) also have an influence on both the UTS and fatigue strength with some resins being developed specifically for additional fatigue strength [20] thereby changing the UTS to fatigue strength relationship slightly (~ 5%).  Service temperature will impact both UTS and fatigue life in equal measure at least for an initial approximation [19]. Unfortunately UTS prediction is not an exact science but approximations are available [21], testing is much quicker than fatigue testing, and the equipment and skill needed is much less sophisticated. Other materials related influences are the detrimental effects of woven fabrics, tightly stitched fabrics and high volume fractions (above 40% for dry fabrics, above 60% for prepreg) [22]. 
The next set of influences on fatigue life has to do with the nature of the fatigue load experienced by the material.  First of these is the relationship between cyclic amplitude and mean stress.  This is usually represented by constant life lines on a Goodman diagram and by the R ratio found by dividing the minimum stress in the cycle by the maximum stress.  Data from [23] and [22] show that it is a complicated pattern where CLL's change shape as the number of cycles to failure rise.  In particular it is shown that for high cycle fatigue compressive mean stress is less detrimental and tensile mean stress is more detrimental than would be expected by the classical triangular Goodman lines. The influence of off-axis loading or normal and shear stresses on fatigue strength has been extensively studied [24] with shear stresses seen to be more detrimental [25]. Various models have been proposed and a review [26] shows that a modified Tsai-Hill criterion is promising. The sequence of load cycles is also shown to be important with random spectrum loading shown to reduce life by over 50% over more ordered spectra [27].  This is seen as a key deficit of Miner's summation method but so far no other method explains this phenomena well and work on fatigue damage evolution continues [28][29].
Fatigue testing of coupons using various measurement techniques provides insights into the fatigue behaviour of GFRP.  High frequency cyclic loading (>10 Hz) can cause autogenous heating and early failure [23] so low frequency testing is necessary.  Constant rate of strain application (RSA) testing is recommended and can help speed up testing at high cycles [19]. Waveform (Triangular, Sinusoidal, of Square wave) has some effect at low cycles [30] but little effect at high cycles [19].  All fatigue failures in laminated GFRP are preceded by significant matrix cracking.  In fact a characteristic of these materials is that damage spreads throughout the coupon (at least in straight sided tensile specimens) before becoming localised and causing failure [31]. Matrix cracking always starts in the most off-axis ply and fatigue matrix cracking starts at lower strains than during quasi-isotropic testing [32]. These cracks always start at the edge of the coupon [32] and appear to be significantly suppressed (2 decades) in structures with no free edges [30][33].  Matrix cracking causes an initial drop in stiffness followed by a further slow decline over most of the fatigue life finishing with a final sharp drop to failure [34]. Total stiffness loss during this process is on the order of 10 to 20% [35].  Residual strength has a similar pattern [36] and both phenomena have been used to model damage in composite laminates [37]. In fact many models have been proposed for composite fatigue [list] but they all require careful application by the analyst.  Fatigue testing of actual components under realistic loadings remains the only way to positively determine the fatigue life of composite materials.
Despite a vast and fascinating variety of proposed configurations for tidal (or marine current) turbines [38] it must be conceeded that the standard wind turbine configuration will be the benchmark against which all other proposals for tidal turbines are measured. Hydrodynamic design of tidal turbine blades can be expected to follow similar pattern to that of wind turbine blades.  Blade element momentum approaches have already been verified [39] and investigation of cavitation shows that it should not be a problem [40].  Blade element momentum theory is used for preliminary design of wind turbine rotors [41] following a method suggested by Glauert using tip loss factors according to Prandtl. Modelling wake rotation improves the accuracy of BEM and Van Briel has detailed a technique to avoid numerical difficulties near the hub [42].  Detailed design of wind turbine rotors uses specalised aeroelastic codes [43].


2. method
This analysis uses a series of linked models to design a tidal turbine blade and predict the life of its composite structure. The first model is a tidal model which predicts the tidal current speed at any time when given some local velocities.  That water velocity is then used in a hydrodynamic model which outputs the chord, angle with the rotor plane, and force applied to each section of the turbine blade.  A finite element model of the blade is constructed using these parameters and used to find the maximum strain in the blade.  The fatigue model takes each rotation of the blade explicitly and uses the models previously described to find the maximum strain in the blade on that cycle. It then takes that maximum strain (and an assumed cyclic component), compares them to an experimentaly determined Strain-Life curve for the material and obtains a damage fraction for that cycle. Summation of the damage fractions using Miner’s rule gives an estimate for the life of the tidal turbine blade. The flowchart shown in Figure 1 depicts the methodology just discussed.

2.1 Tidal Model
Normally there are two high and two low tides of roughly equal magnitude per day with the magnitude varying by approximately 40% in a repeating 29 day cycle. The highest tides, called spring tides, occur when the sun and moon are in alignment.  This happens twice in each cycle. The lowest tides, called neap tides, also happen twice per cycle when the moon is at 90° to the sun [1]. Figure 2a shows a typical tidal pattern from the west coast of Ireland [44]. Tidal currents become magnified in areas where large bodies of water are connected to the main sea by relatively small inlets. The water speed depends on the local topography, but if the spring and neap maximum velocities are measured, the full cycle can be approximated by a combination of  a semi-diurnal sinusoid and a fortnightly sinusoidal function [45] [46]. The tidal current velocity at any time t is 
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where  is the average of the peak tidal velocities,  is half the range of peak tidal velocities,  is the angular frequency of the tides, and  is the angular frequency of the spring-neap (14.7 day) cycle. Figure 2b shows the pattern given by Equation 1. 

 
2.2 Hydrodynamic Model
The tidal current flows over the turbine blades creating lift and drag which turn the blades and power the turbine.  The lift and drag forces can be estimated to a first order approximation using a stream tube momentum model [47].  The model, as shown in Figure 3, assumes a series of isolated concentric tubes within which momentum is conserved as it is transferred from the water to the blade. For steady state operation the fluid forces on the blades inside any stream tube must equal the momentum lost from that stream tube
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where  is the sum of the axial components of the lift and drag forces on the blade element inside the tube, N is the number of blades on the turbine and  is the mass flow rate through the tube,  is the tidal current velocity and  is the axial water velocity at the rotor disk. The factor of 2 appears in the equation because as [48] shows half the total reduction in velocity occurs upstream of the turbine blades. A similar argument pertains to the relationship between torque and angular momentum of the fluid. Within each stream tube the tangential components of the lift and drag forces sum to give a torque producing force and this imparts angular momentum to the blade. This angular momentum is balanced by an angular momentum of the fluid in the opposite direction, causing wake rotation. Transformation to a rotating coordinate system and making the assumption that the relative resultant water velocities are constant allows generation of equations [42] giving axial and rotational velocity at the disk, as follows:

	

	(3)



	

	(4)


where  is the axial velocity in a stream tube at the rotor disk,  is the tangential velocity of the fluid in a stream tube at the rotor disk,  is the fraction of axial velocity remaining at the downstream exit of the stream tube, and  is the local speed ratio given by
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where  is the angular velocity of the blade, R is the radius, and  is the freestream velocity of the fluid.  The blade also has a tangential velocity  at the stream tube due to its angular velocity:
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The apparent or relative velocity seen by the blade is then:
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and the angle between the relative velocity and the plane of the rotor is given by:
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The lift and drag forces generated by a stream tube on the blade section inside it are thus given by:
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where  and  are the coefficients of lift and drag for the aerofoil selected,  is the density of the fluid, S is the chord length of the blade at the stream tube radius and  is the radial thickness of the stream tube.  The lift force is always perpendicular to the fluid velocity and the drag force always parallel.  These are translated into axial and tangential forces by
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where  is the axial (thrust) force acting on the blade by that stream tube and  is the tangential (torque) force. For maximum power output:
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per the well-known Betz limit. The inputs to the hydrodynamic program are; blade length and number of blades, number of streamtubes to be used in the calculations, tip speed ratio, lift and drag coefficients of the aerofoil, optimum angle of attack for the aerofoil, water velocity and density, and finally a target for  which is fraction of velocity remaining far downstream.  The program then calculates all the parameters mentioned above and adjusts the chord length until the momentum balance is achieved. The output from the program at each radial increment is; chord length, angle the aerofoil makes with the rotor plane, axial force and tangential force on the blade at that radial increment.

2.3 Structural Model 
In common with modern wind turbines there is a significant structural challenge in reacting the loads placed on the turbine blades within the slender aerofoil shape of the turbine blade. A set of aerofoil shapes with relatively thick section (24%) compared to chord length have been developed e.g. NACA 63-421, RISO-A1-24 (see Figure 6) to achieve good lift and drag performance while maximizing the cross section area moment of inertia allowing for good structural characteristics [49]. The challenges associated with upscaling of wind turbines blades, e.g. see Garvey [50], are significantly more pronounced in the context of the increased fluid density associated with tidal turbine blades. Consequently, it can be anticipated that upscaling of tidal turbines will present significantly larger challenges. Preliminary calculations for the present paper with a simplified aerofoil shape (box beam with triangles front and back), and the material chosen for the turbine blade (i.e. quasi-isotropic GFRP), have indicated, that for turbine blades longer than 10 m, the bending stresses become prohibitively large, with respect to (fatigue) failure, due to the significant dependence of hydrodynamic loading on blade length.  This analysis is summarised in Table 1. 
Consequently, the present work is focussed on the fatigue life of a smaller "low cost" turbine. This low cost version is a 5 m radius, 3-bladed, downstream, free-yaw turbine, which should produce approximately 250 kW at 2.5 m/s tidal current velocity. This configuration eliminates expensive pitch and yaw systems and allows for a simple robust construction. A shell element model of the outer 3.5 m of the turbine blade has been constructed in the ABAQUS finite element program as shown in Figure 5. The blade chord length is 750 mm at the tip and makes an angle of 4 degrees with the plane of the rotor. It tapers and twists to 1250 mm and 20 degrees at 1.5 m radius. The aerofoil shape has been simplified in the structural model, representing the smooth aerofoil curved surface, shown in Figure 6, by a piecewise linear equivalent (Figure 7) but it maintains a 24% section thickness. Following the practice in the wind turbine industry, e.g. see [51], two shear webs have been inserted into the aerofoil shape creating a box section which becomes the structural core of the blade.  The top caps of this box are 70 mm thick laminates, the shear webs are 40 mm thick, and the nose and tail fairings are 25 mm thick. In the finite element model the panels of the blade are modelled as shell elements with QI material properties from standard laminate analysis [52]. The values chosen here are shown Table 1.  The laminates have constant thickness along the length of the blade.  High stress locations are modelled with individual plies near the surface. Material properties for the individual plies are calculated from the rule of mixtures and the Halpin-Tsai equations [53]. All elements are 4-node doubly curved shell elements with reduced integration.  

Effect of the control system
Control systems can have a significant effect on the loads experienced by a tidal turbine by reducing the power absorbed by the turbine during high water velocity.  However they are expensive to implement and errors or failures can cause catastropic damage to the turbine structure.  Wind turbine control system have evolved from simple spring loaded systems to sophisticated full span pitch control blades and they continue to improve.  Some of the reason for this is that wind turbines operate in an environment of large changes in power density.  Most machines work with average windspeeds of approximately 8.5 m/s, they must continue to operate up into a 25 m/s wind which could provide over 25 times as much power, and it is required to survive, when stopped, in 40 m/s winds which are over 100 times more powerful than 8.5 m/s.  In contrast a tidal turbine has much less range of power densities to deal with, for example a fast tidal current would have 2.0 m/s average with 4.0 m/s maximum which has only 8 times difference in power available.  It may be therefore that simpler control systems are appropriate for tidal turbines. Figure 8 shows the power curve and thrust moment curve for a pitch regulated tidal turbine where the power is regulated at 530 kW.  Figure 9 shows a similar graph for a stall regulated constant speed turbine which makes up to 630 kW in a 4 m/s tidal flow.  At the tidal pattern chosen for this study these turbines would have similar energy output in a year.  One of the questions this study will attempt to answer is how much heavier will the stall regulated blade have to be in order to have the same life expectancy.  


2.4 Experimental Method
Quasi-isotropic laminates have been manufactured using the VARTM (Vacuum Assisted Resin Transfer Moulding) process.  Biaxial stitched glass-fibre mat (0°-300 g/m2, 90°-300 g/m2) was cut to give ±45° material and 0°/90° material and then stacked to create a [(45\135\90\0)2]s laminate.  Either vinyl ester or epoxy resins were introduced under vacuum to complete the laminate (see Figure 10).  After a room temperature cure for 48 hours, the laminates were oven cured at 80° C for 3 to 5 hours.  Volume fractions of approximately 50% were achieved at an average thickness of 3.75 mm. The laminates were cut into 25 x 250 mm coupons using a water cooled diamond abrasive disk.  
Fatigue tests were performed with an Instron 8500 test machine and 8800 controller applying a sinusoidal force in tension-tension mode (R = 0.1) between 5 and 12 Hz. The frequency is decreased to maintain a constant rate of strain application as the strain level increases [19].  A fan was used to cool the coupon during testing and a radiation thermometer measured less than 10° C temperature rise in surface temperature during the highest stress cycling test. Five coupons were tested at each of four separate stress levels.  A relationship between maximum initial strain () and fatigue life of the form 
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where  is the number of cycles to failure, and A and B are constants, is found to be a good fit for the data (as shown below) so that it can be used in the fatigue model.


2.5 Fatigue Model
The fatigue model focuses on the highest tensile strain in the blade, which is predominantly attributed to bending-induced strain. Each cycle of the tide causes a slow increase and then a decrease in the maximum strain on the blade – this is a cycle in itself but there are only 2 per day. Simultaneously the blade experiences a cyclic load for each revolution of the machine, caused by the blocking (‘shadow’) effect of the support tower as shown in Figure 4. The tower causes a reduction in the water velocity downstream of itself and consequently a loss of lift on the blade, leading to reduced bending moment on the blade for a short time (see Figure 12). The magnitude of this brief reduction in bending moment depends on the geometry of the particular turbine. Obviously if the tower blocks the flow completely, the drop in bending moment, and hence strain, approaches 100%. Test data on a downwind wind turbine shows a 30% drop in bending moment [48]. Wave interaction can also lead to fluctuations in the load on tidal turbine blades.  Experiment with scaled models of tidal turbines in a wave tank have found flapwise bending moment amplitudes of 50% [54]. For the present study two cases are considered, reductions of either 50% or 90% of the bending moment in the tidal turbine blade. This corresponds to a fatigue loading R-ratio ( ) of 0.5 and 0.9 respectively.  
There is no generally accepted method for dealing with the effect of mean stress in fatigue of composites, i.e. for inferring the ε-N curves from one (test) R-ratio to a different R-ratio. The approach adopted here, to infer the R = -1 and R = 0.5 ε-N data from the (measured) R = 0.1 data, is based on that described in [56]. This is based on the following assumed behaviour for constant life diagrams (CLD) as illustrated in Figure 11: 
1. For -1 ≤ R ≤ 0.5, the constant life lines are assumed to be parallel between R = -1 and R = 0.5, based on experimental observations, e.g. [57]. 
2. The Nf = 5000 points for each of R = 0.5, R = 0.1 and R = -1 all lie on a straight line which also passes through the material UTS (equivalent strain, in this case).  
The present work is only concerned with R ≤ 0.5. 
[For a constant tip speed ratio, the bending moment (and strain) in the blade is related to the square of water velocity.  Therefore the maximum strain at any time j is found from the following equation:
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where  is the tidal current velocity (from Equation 1) at time j, as predicted by the tidal model,  is the maximum velocity on the spring tide, and  is the maximum strain on the spring tide.]  This section is not correct any more and in the model I use equations to for bending moment to interpolate the strain levels – will fix later.
The fatigue model has two components, the first looks at the damage caused by the tidal cycles themselves as the turbine strains increase in parallel with the increase in water velocity as the tide comes in and then dies away to zero as the tide turns. The turbine yaws into position for the outgoing tide and a similar cycle is repeated.  In this section the fatigue model steps through time in increments that correspond to the tidal period. It finds the tidal velocity from Equation 1 and uses Equation 16 to find the maximum strain in the blade during peak tidal flow. The number of cycles before failure in a coupon at that strain is found from strain-life equation for R = 0 and used in Equation 17 to give the damage fraction for each tidal cycle. 
The second section in the fatigue model looks at the damage caused by the cycles due to tower shadow. The fatigue model steps through time in increments of the time required for one revolution of the turbine. Again it finds the tidal velocity from Equation 1 and uses Equation 16 to find the maximum strain in the blade during that revolution. Depending on which case is being investigated (R = 0.1 or R = 0.5) it uses Equation 15 and the appropriate coefficients to find the number of cycles to failure at that load level for use in Equation 17. The model then increments to the next revolution and repeats the process. In this way the damage fractions are summed by Equation 17 to find the 7-day damage and hence the turbine life, using a Miner’s rule approach, as follows:
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where N7-day is the total number of time increments at which damage is calculated, Nf,j is the number of cycles to failure (calculated from Equation 15, incorporating the mean stress effect) at the strain level in a given time increment, k is the increment of tidal cycles, and j is the increment of cycles due to revolutions of the turbine.
 
3. Results
Results are shown in Table 1 for the preliminary investigation into possible blade lengths. This used bending moments from the hydrodynamic model and an estimated moment of inertia for the chosen aerofoil section. Comparing the bending stress to the stress which is estimated to equate to 20 year fatigue life shows that a 10 m blade from QI epoxy / E-glass laminates is not feasible in a 4 m/s tidal current. (This was true for constant tip speed ratio blades but it SR and PR blades have less moment so it may not be true, or it may only be true only if we include reliability offsets – this would take time to analyse and explain – so I may have to leave this section out.)

Figure 14 shows the distributions of tangential and thrust forces versus radial distance along the 5 m blade (from hub), as predicted by the hydrodynamic (stream-tube) model described above for a 2.6 m/s tidal velocity. Clearly, the thrust force, which increases linearly with increasing radius from about 0.7 kN to about 2.3 kN at the extreme blade radius, is significantly more than the (power-generating) tangential force which increases asymptotically with radius from about 320 N at a small radius to a value of about 410 N at the extreme blade radius. These forces cause a flapwise bending moment of 150 kN.m and an edgewise bending moment of 35.7 kN.m at 1.5 m radius from the rotor centre. The model uses 45 streamtubes of 78 mm “wall thickness” out along the blade, and assumes that the water in each of these tubes is slowed to 1/3 its final velocity. It uses a coefficient of lift of 1.0 for the airfoil, a lift to drag ratio of 70, 16.75 rpm, and produces 330 kW.
Figure 16 shows the deflected shape of the blade under these applied forces, as predicted by the FE model described above. The forces are applied as surface traction distributions (in the relevant directions) on the spar caps of the blade. This is based on the assumption that the resultant forces act through the ¼ chord point ( ¼ of the chord length back from the leading edge of the aerofoil) of each blade section [48]. The tip deflects axially approximately 132 mm under these loads which is less than the blade thickness at the tip. This amount of deflection will not introduce any significant error into either the structural or hydrodynamic calculations. The highest stresses and strains are predicted near the hub in the caps of the box section spar which form the main structural member of the blade. These are primarily caused by the large bending moments due to the thrust force.  Bending strains are at their maximum on the outer surface but the 3 outermost plies are at ±45° and 90° which reduces their fibre strains. The 4th outermost ply is at 0° and the fibres are aligned with the main bending strains. The maximum fibre strains are predicted in this ply, as shown in Figure 17.  
Figure 18 shows the strain-life fatigue test results for the epoxy/E-glass and vinyl ester/E-glass materials along with the corresponding power law curve fits, as per Equation 15. The identified fatigue strain-life power-law constants for the two materials are given in Table 3, along with the inferred R = 0.5 constants, based on the mean stress diagram procedure described above. The superior performance of the epoxy resin over the vinyl ester resin is obvious. It is observed during the testing that epoxy appears more tolerant of the cracks and minor delaminations that appear at the edges of the coupon during testing.  Certainly the epoxy specimens are more obviously damaged before they finally fail as can be seen in Figure 20.  
Figure 10 shows the predicted relationships between maximum fibre strains in the turbine blade and life to failure, based on the data of Table 2 and the fatigue life methodology described above. Clearly, the combination of relatively flat -N curve for the material and the cyclic load spectrum modelled here leads to a high degree of sensitivity of predicted fatigue life to predicted strain level.  Just 13% (epoxy) or 16% (vinyl ester) increase in strain levels will decrease life from 20 to 5 years. 




The advantage of this flat sensitivity curve is that when maximum strains are kept below the critical levels a long life is assured. If the 5m tidal turbine modelled here is in a tidal zone with a maximum tidal current velocity of 4.0 m/s, the combined hydrodynamic and structural FE methodology described above predicts a maximum strain of 0.61%. If the neap tide velocity in that zone is 2.4 m/s and the R ratio is 0.5 as discussed then the fatigue model described gives a predicted fatigue life of 2,500 years for epoxy/E-glass. A change in stress ratio of the cyclic load will have a significant effect on the fatigue life of the turbine blades. If the tower shadow effect discussed earlier changes from a 50% dip in load to a 90% dip in load the stress ratio changes from 0.5 to 0.1. The maximum strain in the R = 0.1 case must be 19% less if the blade is to have the same life as in the R = 0.5 case. The other factor in the turbine life is the material choice.  Vinyl ester / E-glass must have approximately 25% less strain than epoxy / E-glass to achieve the same life. 
Figure 19 shows energy capture and damage for the different control schemes.  This graph is obtained by “binning” the data [57]. For each rotation of the turbine the data for energy created during that rotation, and damage sustained during that rotation, are added to a series of bins based on water velocity. At the end of the period the sum of the data in each bin is reported. As mentioned earlier the stall characteristics and the pitch regulating point of the corresponding blades were chosen to give the same energy capture over the 20 year design life.  The graph also shows the pattern of damage accumulation over the life of the blade.  The stall regulated blade sustains a lot of its damage at high water velocities and this does cause proportionaly more damage than that sustained by the pitch regulated blade.  A blade that survives 20 years on the pitch regulated machine will only survive 12.8 years on the stall regulated machine.  On the other hand, if the laminates in the spar cap of the blade are increased by just 10% it would survive 22 years on the stall regulated machine.
If the maximum or average speeds at the turbine site do not match the design speed of the turbine it can have significant impacts on energy production or life of a stall regulated turbine. A 10% decrease in the pattern of tidal flows will reduce energy production per year by 20%, whereas a 10% increase in tidal speed will reduce life from 20 to 12.1 years. A pitch regulated turbine would not suffer nearly so badly in this situation.  An increase in water velocity will not decrease life because the blades will feather at maximum power either way. There will be some loss in energy produced because the average will be lower but looking at the bins data (Figure 19) it can be seen that only 1/4 of the energy is produced before the pitch regulation point and will be effected by the loss in speed, above this point the turbine will make the same power either way.


4. conclusion
A combined hydrodynamic and structural fatigue life assessment methodology for tidal turbine blades, based on a stream tube model for determination of hydrodynamic loads and an FE model of a composite material blade for the fatigue stress and strain history prediction, is presented. The results show that the fatigue life of this design of tidal turbine is sensitive to the maximum strain level experienced.  Epoxy / E-glass is approximately 25% more fatigue resistant than vinyl ester / E-glass in this application. These materials are also both sensitive to the stress ratio of the cycles experienced by the material with approximately 20% less resistance to fatigue when they undergo R = 0.1 cycles than when they experience R = 0.5 cycles. Details that have not been considered in this analysis (e.g. joints, stress concentration at holes.) will need to be incorporated in future developments of this methodology for more realistic lifetime analysis and design. Future work will also need to address more detailed modelling of the material, e.g. micromechanical models or laminate analyses, to furnish better mechanistic understanding of the failure modes, and, in particular, modelling of individual plies with associated orientations, e.g. other than quasi-isotropic laminates. 
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[bookmark: _Ref297716702]Figure 1  Flowchart of fatigue life methodology
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(a) tide height data



(b) sinusoidal model output

[bookmark: _Ref297719308]Figure 2 (a) Typical tidal pattern around Ireland [44], and (b) sinusoidal model for water velocity
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[bookmark: _Ref297719438]Figure 3 Stream tube model
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[bookmark: _Ref297797607]Figure 4 Tower shadow effect
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[bookmark: _Ref297747043]Figure 5 Finite Element Model
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[bookmark: _Ref297725522]Figure 6 Example of thick section aerofoil
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[bookmark: _Ref297725569]Figure 7 Simplified aerofoil shape used for analysis



[bookmark: _Ref298136213][bookmark: _Ref298136181]Figure 8 Power and Root bending moment for pitch regulating tidal turbine

[bookmark: _Ref298136239]Figure 9  Power and Root bending moment for stall regulated constant speed turbine
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[bookmark: _Ref297752905]Figure 10 Laminates being manufactured by Vacuum Assisted Resin Transfer Moulding (VARTM) process
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[bookmark: _Ref297815303]Figure 11 Schematic for constant life extrapolation from R = 0.1 test data to equivalent R = 0.5 data.




[bookmark: _Ref297818546]Figure 12 Schematic of effect of tower shadow on maximum strain in the turbine blade



Figure 13 Blade angle and chord output from Hydrodynamic model




[bookmark: _Ref297723987]Figure 14 Axial (FA) and tangential (FC) forces from hydrodynamic model at 2.5 m/s



Figure 15 Loads on blade at 4.0 m/s tidal velocity
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[bookmark: _Ref298157568]Figure 16 Undeformed and deformed shape of blade at full load (displacements magnified by 5)


[bookmark: _Ref298157592]Figure 17 Fibre strain in outermost 0° ply



[bookmark: _Ref298157634]Figure 18 Test results for QI laminates (R = 0.1)

[bookmark: _Ref298161830]Figure 19 Energy capture compare to damage for PR and SR blades
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[bookmark: _Ref298170435]Figure 20 Post fatigue-test specimens of Vinyl ester (left) and Epoxy (right)

Fig. 10 Fatigue life versus  maximum strain for Epoxy / E-glass and Vinyl ester / E-glass laminates.







[bookmark: _Ref297746846]Table 1  Effect of blade length on bending stress
	Blade length (m)
	Chord near root (mm)
	Flapwise moment (kN.m)
	Bending stress (MPa)
	Factor of safety on 20 year stress

	2.5
	593 
	44
	83
	2.1

	5
	1,186 
	349
	110
	1.6

	10
	2,372 
	2,792
	175
	1.0

	12.5
	2,965 
	5,453
	208
	0.9






[bookmark: _Ref297751521]Table 2 Glass fibre/epoxy material properties
	Inputs
	Single unidirectional ply properties
	Quasi-isotropic laminate
[(45\135\90\0)2]s

	Vf
	50%
	E1
	38 GPa
	Ex, Ey
	19.3 GPa

	Ef
	72.4 GPa
	E2
	11.6 GPa
	Gxy
	7.2 GPa

	νf
	0.22
	G12
	3.5 GPa
	νxy
	0.330

	Em
	3.5 GPa
	ν12
	0.285
	
	

	νm
	0.35
	
	
	
	




Table 3. Constants for power law fit to fatigue data

	Material
	Coefficient (A)
	Exponent (B)

	Epoxy / E-glass  R = 0.1
	0.02830
	0.0863

	Epoxy / E-glass  R = 0.5
	0.03507
	0.0863

	Vinyl ester / E-glass  R = 0.1
	0.02908
	0.1063

	Vinyl ester / E-glass  R = 0.5
	0.03704
	0.1063
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Water velocity (m/s)

Power (PR)	1	1.5	2	2.5	3	3.05	4	18.639484820497291	62.908261269178304	149.11587856397821	291.24195032026995	503.266090153427	528.85111300516155	528.85111300516155	Thrust moment (PR)	1	1.5	2	2.5	3	3.05	4	21797013.04047747	49043279.341074325	87188052.161909938	136231331.50298429	196173117.36429748	202766713.80904195	202766713.80904195	Water Velocity (m/s)
Power (kW)
Thrust moment (kN.m)

Power	1	1.5	2	2.5	3	3.5	4	20.24026244707661	48.330838624800869	140.69510687093154	291.24195032027001	447.52537817181991	551.49844201235192	628.07569693571486	Thrust mom (16 rpm)	1	1.5	2	2.5	3	3.5	4	22658800.632310081	54007263.568336345	97588039.452496707	136231331.50298432	180266747.34065601	216799001.04103348	240810394.37981784	Water Velocity (m/s)
Power (kW)
Thrust Moment (kN.m)
2.4999999999999911E-2	4.9999999999999933E-2	7.4999999999999914E-2	0.10000000000000003	0.12499999999999956	0.15000000000000019	0.17500000000000004	0.19999999999999996	0.22499999999999976	0.25	0.27500000000000002	0.30000000000000032	0.32500000000000051	0.35000000000000009	0.37500000000000028	0.40000000000000008	0.4250000000000001	0.44999999999999946	0.47499999999999964	0.5	0.52499999999999813	0.54999999999999805	0.57499999999999862	0.59999999999999787	0.62499999999999989	0.65	0.67499999999999993	0.69999999999999762	0.72499999999999765	0.74999999999999944	0.7749999999999998	0.7999999999999976	0.82499999999999762	0.84999999999999765	0.874999999999999	0.8999999999999968	0.92499999999999671	0.94999999999999662	0.97499999999999665	0.99999999999999689	1.024999999999993	1.0499999999999921	1.0749999999999942	1.0999999999999934	1.1249999999999978	1.1499999999999948	1.1749999999999994	1.199999999999996	1.2249999999999954	1.2500000000000004	1.2750000000000008	1.300000000000002	1.3250000000000015	1.3500000000000021	1.3750000000000022	1.4000000000000026	1.4250000000000018	1.4500000000000033	1.4750000000000036	1.500000000000004	1.5250000000000044	1.5500000000000047	1.5750000000000051	1.6000000000000061	1.625000000000006	1.6500000000000061	1.6750000000000065	1.7000000000000068	1.7250000000000072	1.7500000000000075	1.7750000000000079	1.8000000000000083	1.8250000000000086	1.8500000000000101	1.8750000000000093	1.9000000000000101	1.92500000000001	1.9500000000000142	1.9750000000000107	2.0000000000000111	2.0250000000000115	2.0500000000000118	2.0750000000000122	2.1000000000000152	2.1250000000000142	2.1500000000000132	2.1750000000000136	2.2000000000000202	2.2250000000000152	2.2500000000000151	2.275000000000015	2.3000000000000154	2.3250000000000157	2.3500000000000161	2.3750000000000164	2.4000000000000172	2.4250000000000171	2.4500000000000175	2.4750000000000179	2.5000000000000182	2.5250000000000186	2.5500000000000189	2.5750000000000193	2.6000000000000196	2.62500000000002	2.6500000000000203	2.6750000000000207	2.700000000000021	2.7250000000000214	2.7500000000000218	2.7750000000000221	2.8000000000000225	2.8250000000000228	2.8500000000000227	2.8750000000000187	2.9000000000000239	2.9250000000000238	2.9500000000000237	2.9750000000000227	3.0000000000000253	3.0250000000000257	3.050000000000026	3.0750000000000264	3.1000000000000272	3.1250000000000271	3.1500000000000274	3.1750000000000278	3.2000000000000282	3.2250000000000285	3.2500000000000289	3.2750000000000288	3.3000000000000287	3.3250000000000277	3.3500000000000303	3.3750000000000231	3.400000000000031	3.4250000000000314	3.4500000000000317	3.4750000000000321	3.5000000000000342	3.5250000000000332	3.5500000000000331	3.5750000000000335	3.6000000000000352	3.6250000000000342	3.6500000000000346	3.6750000000000349	3.7000000000000401	3.7250000000000356	3.7500000000000382	3.7750000000000372	3.8000000000000371	3.825000000000037	3.8500000000000374	3.8750000000000377	3.9000000000000381	3.9250000000000385	3.9500000000000388	3.9750000000000387	4.0000000000000391	4.0250000000000385	4.0500000000000398	4.0750000000000401	4.1000000000000405	4.1250000000000355	4.1500000000000385	4.1750000000000416	4.2000000000000419	4.2250000000000405	4.2500000000000426	4.275000000000043	4.3000000000000425	4.3250000000000375	4.3500000000000441	4.3750000000000444	4.4000000000000474	4.4250000000000451	4.4500000000000464	4.4750000000000494	4.5000000000000462	4.5250000000000465	4.5500000000000469	4.5750000000000473	4.6000000000000476	4.6250000000000355	4.6500000000000465	4.6750000000000487	4.700000000000049	4.7250000000000485	4.7500000000000497	4.7750000000000501	4.8000000000000496	4.8250000000000455	4.8500000000000485	4.8750000000000515	4.9000000000000519	4.9250000000000496	4.9500000000000526	4.9750000000000529	5.0000000000000515	5.0250000000000465	5.050000000000054	5.0750000000000544	5.1000000000000547	5.1250000000000391	5.1500000000000545	5.1750000000000558	5.2000000000000561	5.2250000000000565	5.2500000000000568	5.2750000000000572	5.3000000000000576	5.3250000000000455	5.3500000000000565	5.3750000000000586	5.400000000000059	5.4250000000000576	5.4500000000000597	5.4750000000000734	5.5000000000000604	5.5250000000000608	5.5500000000000611	5.5750000000000624	5.6000000000000618	5.6250000000000462	5.6500000000000625	5.6750000000000629	5.7000000000000632	5.7250000000000636	5.7500000000000639	5.7750000000000714	5.8000000000000664	5.825000000000065	5.8500000000000654	5.8750000000000684	5.9000000000000714	5.9250000000000664	5.9500000000000703	5.9750000000000734	6.0000000000000684	6.0250000000000679	6.0500000000000682	6.0750000000000703	6.1000000000000689	6.1250000000000675	6.1500000000000696	6.17500000000007	6.2000000000000703	6.2250000000000707	6.2500000000000711	6.2750000000000714	6.3000000000000718	6.3250000000000695	6.3500000000000725	6.3750000000000728	6.4000000000000732	6.4250000000000735	6.4500000000000739	6.4750000000000814	6.5000000000000764	6.525000000000075	6.5500000000000753	6.5750000000000774	6.600000000000076	6.6250000000000755	6.6500000000000767	6.6750000000000771	6.7000000000000774	6.7250000000000778	6.7500000000000782	6.7750000000000794	6.8000000000000789	6.8250000000000766	6.8500000000000796	6.8750000000000799	6.9000000000000803	6.9250000000000806	6.950000000000081	6.9750000000000814	7.0000000000000817	7.0250000000000785	7.0500000000000815	7.0750000000000828	7.1000000000000805	7.1250000000000755	7.1500000000000785	7.1750000000000842	7.2000000000000854	7.2250000000000849	7.2500000000000853	7.2750000000000874	7.300000000000086	7.3250000000000846	7.3500000000000867	7.375000000000087	7.4000000000000874	7.4250000000000878	7.4500000000000881	7.4750000000000894	7.5000000000000888	7.5250000000000865	7.5500000000000895	7.5750000000000899	7.6000000000000885	7.6250000000000755	7.6500000000000865	7.6750000000000895	7.7000000000000917	7.7250000000000885	7.7500000000000915	7.7750000000000927	7.8000000000000895	7.8250000000000846	7.8500000000000885	7.8750000000000941	7.9000000000000954	7.9250000000000949	7.9500000000000952	7.9750000000000973	8.0000000000000977	8.0250000000000963	8.0500000000000966	8.0750000000001005	8.1000000000000973	8.1250000000000977	8.1500000000000998	8.1750000000001002	8.2000000000000988	8.2250000000000991	8.2500000000000995	8.2750000000000998	8.3000000000001002	8.3250000000001005	8.3500000000001027	8.3750000000001048	8.4000000000001016	8.425000000000102	8.4500000000001023	8.4750000000001027	8.500000000000103	8.5250000000001034	8.5500000000001037	8.5750000000001041	8.6000000000001009	8.625000000000103	8.6500000000001052	8.6750000000001055	8.7000000000001059	8.7250000000001009	8.750000000000103	8.7750000000001069	8.8000000000001073	8.8250000000001076	8.8500000000001098	8.8750000000001208	8.9000000000001087	8.9250000000001091	8.9500000000001094	8.9750000000001098	9.0000000000001101	9.0250000000001105	9.0500000000001108	9.0750000000001148	9.1000000000001116	9.1250000000001137	9.1500000000001123	9.1750000000001126	9.200000000000113	9.2250000000001133	9.2500000000001137	9.275000000000114	9.3000000000001144	9.3250000000001148	9.3500000000001204	9.3750000000001208	9.4000000000001158	9.4250000000001162	9.4500000000001165	9.4750000000001204	9.5000000000001172	9.5250000000001176	9.5500000000001197	9.5750000000001201	9.6000000000001187	9.625000000000119	9.6500000000001194	9.6750000000001197	9.7000000000001183	9.7250000000001187	9.750000000000119	9.7750000000001211	9.8000000000001215	9.8250000000001236	9.8500000000001222	9.8750000000001226	9.9000000000001229	9.9250000000001233	9.9500000000001236	9.975000000000124	10.000000000000123	10.025000000000125	10.050000000000125	10.075000000000125	10.100000000000119	10.125000000000123	10.150000000000125	10.175000000000127	10.200000000000118	10.225000000000128	10.250000000000128	10.275000000000128	10.300000000000129	10.325000000000129	10.350000000000129	10.375000000000156	10.40000000000013	10.42500000000013	10.450000000000134	10.475000000000136	10.500000000000131	10.525000000000132	10.550000000000132	10.575000000000134	10.600000000000133	10.625000000000133	10.650000000000134	10.675000000000134	10.700000000000133	10.725000000000135	10.750000000000135	10.775000000000135	10.800000000000136	10.825000000000136	10.850000000000136	10.875000000000156	10.900000000000137	10.925000000000137	10.95000000000015	10.975000000000152	11.000000000000139	11.025000000000139	11.050000000000139	11.07500000000015	11.10000000000014	11.12500000000014	11.150000000000142	11.175000000000146	11.200000000000141	11.225000000000142	11.250000000000142	11.275000000000142	11.300000000000146	11.32500000000015	11.350000000000152	11.375000000000156	11.400000000000144	11.425000000000146	11.45000000000015	11.475000000000152	11.500000000000146	11.525000000000146	11.550000000000146	11.57500000000015	11.600000000000147	11.625000000000147	11.65000000000015	11.67500000000015	11.700000000000149	11.725000000000149	11.750000000000149	11.77500000000015	11.80000000000015	11.82500000000015	11.850000000000152	11.875000000000156	11.900000000000151	11.925000000000152	11.950000000000152	11.975000000000152	12.000000000000153	12.025000000000153	12.050000000000153	12.075000000000154	12.100000000000151	12.125000000000155	12.150000000000155	12.175000000000155	12.200000000000149	12.225000000000151	12.250000000000155	12.275000000000157	12.300000000000157	12.325000000000157	12.35000000000017	12.375000000000172	12.400000000000158	12.425000000000159	12.450000000000159	12.47500000000017	12.50000000000016	12.52500000000016	4.5517411394514857E-3	7.5897931794076748E-4	6.0677253386638803E-3	1.3652355305126401E-2	2.1234717106046498E-2	2.8813596960688827E-2	3.6387781659556771E-2	4.3956058758812852E-2	5.1517216774573611E-2	5.9070045377049671E-2	6.6613335584497238E-2	7.4145879956952904E-2	8.166647278971674E-2	8.9173910306554693E-2	9.6666990852595724E-2	0.10414451508687562	0.11160528617451716	0.11904810997850114	0.12647179525100372	6.6937576912134533E-2	7.0628500400491595E-2	7.4308077372062312E-2	7.7975718933127339E-2	8.1630838109110704E-2	0.17054569987724658	0.17780234313436244	0.18503044468117319	0.19222884779590521	0.19939640052872584	0.20653195588628173	0.21363437201545443	0.22070251238628338	0.22773524597402894	0.23473144744035518	0.24168999731359708	0.24860978216808829	0.25548969480250738	0.26232863441723181	0.26912550679066388	0.27587922445449087	0.28258870686787091	0.28925288059048831	0.14793533972725101	0.1512205223676365	0.15448146266047857	0.15771763894040763	0.32185706703231864	0.32822726550695597	0.33454485431473996	0.34080882290738423	0.34701816934012797	0.35317190043217189	0.35926903192571635	0.36530858864355548	0.37128960464521332	0.3772111233816155	0.38307219784822238	0.38887189073665179	0.39460927458473782	0.40028343192501331	0.40589345543157029	0.41143844806531543	0.41691752321755793	0.4223298048519234	0.21383721382229251	0.21647526856137558	0.21907864490071516	0.22164692665921437	0.4483594065675483	0.45335313982999381	0.4582742549039458	0.46312196523228527	0.46789549602844088	0.47259408440036976	0.47721697947259972	0.48176344250635617	0.48623274701775632	0.49062417889400073	0.49493703650761012	0.49917063082865454	0.50332428553493258	0.50739733712015933	0.51138913500004557	0.51529904161634321	0.5191264325387811	0.52287069656488661	0.26326561790885572	0.26505373292070011	0.26679940784730077	0.26850236402085964	0.27016232962098446	0.5435580794362711	0.54670447263188582	0.54976333678483491	0.55273418388013651	0.55561654000970451	0.55840994544804878	0.56111395472567249	0.56372813670019606	0.5662520746251537	0.56868536621653465	0.57102762371693838	0.5732784739574518	0.57543755841715549	0.57750453328029683	0.57947906949109262	0.58136085280617122	0.58314958384463611	0.29242248906787877	0.29322338308210738	0.29397734670652975	0.29468426020206989	0.29534401136808924	0.59191299112045093	0.59304323141400794	0.59407856465044451	0.595018827068302	0.5958638701369765	0.59661356058020509	0.59726778039711048	0.59782642688078225	0.59828941263440694	0.59865666558495256	0.59892812899440628	0.59910376146851152	0.59918353696308768	0.59916744478786232	0.59905548960787069	0.59884769144233552	0.59854408566115858	0.29907236148945177	0.29882483472315291	0.29852950321969846	0.29818641532303536	0.29779562702514006	0.59471440391373853	0.59374242275517264	0.59267546832714568	0.59151371359043159	0.59025734668594432	0.58890657090424925	0.58746160465262776	0.58592268141972959	0.58429004973780319	0.58256397314252939	0.5807447301304266	0.57883261411386688	0.57682793337371496	0.57473101100956758	0.57254218488762032	0.57026180758620004	0.56789024633885565	0.56542788297519664	0.28143755692967831	0.28011617491304897	0.27875000805731476	0.27733927615006382	0.55176841222291684	0.54877006391540761	0.54568398952673258	0.54251068524513957	0.5392506612181216	0.53590444147031635	0.53247256381918651	0.52895557978848262	0.52535405451951622	0.52166856668024331	0.51789970837220445	0.5140480850352771	0.51011431535032159	0.50609903113969634	0.50200287726565529	0.49782651152669488	0.49357060455177398	0.48923583969253714	0.24241145645672801	0.24016626633998295	0.23788270992231192	0.23556115376562095	0.46640394101708182	0.46161107761310899	0.45674448654229777	0.45180494881604932	0.44679325710871154	0.44171021563024482	0.43655663999701988	0.43133335710081083	0.4260412049759803	0.42068103266487261	0.41525370008144585	0.40976007787318031	0.40420104728124928	0.3985774999990106	0.39289033802880674	0.38714047353715203	0.38132882870825091	0.37545633559593738	0.18476196798702357	0.18176629059260013	0.17874161599404145	0.17568842920161437	0.34521443955728381	0.33899696352585301	0.33272542717488851	0.32640083600070113	0.3200242039685704	0.31359655334999903	0.30711891455866486	0.30059232598504593	0.29401783382978214	0.28739649193579536	0.28072936161917472	0.27401751149888348	0.26726201732528931	0.26046396180756065	0.25362443443994681	0.24674453132699206	0.23982535500766841	0.23286801427850787	0.11293681200785848	0.10942165249816869	0.10588909185922445	0.10233969611024001	9.8774033949809423E-2	0.19038535332937426	0.18319239607633012	0.17597034851606794	0.16872036764836321	0.16144361491162126	0.15414125599661321	0.14681446065953954	0.13946440253444609	0.13209225894501472	0.12469921071579064	0.1172864419828252	0.10985514000381857	0.10240649496775163	9.4941699804064833E-2	8.7461949991395005E-2	7.9968443365913314E-2	7.2462379929293969E-2	3.2472480828167012E-2	2.8708696151136977E-2	2.4940438604914392E-2	2.116831155798678E-2	1.739291897925873E-2	2.7229730682481811E-2	1.9669511046331811E-2	1.2106389428078309E-2	4.5415766312875304E-3	3.0237163089674645E-3	1.058827832019254E-2	1.8150898486550947E-2	2.5710366242914982E-2	3.3265471568855391E-2	4.0815005182531582E-2	4.8357758734465087E-2	5.5892525001148899E-2	6.3418098078476093E-2	7.09332735749479E-2	7.8436848804631434E-2	8.5927622979841647E-2	9.3404397403505493E-2	0.10086597566119516	5.4155581906388965E-2	5.7869385291831991E-2	6.1573803777816787E-2	6.526824467859009E-2	0.13790423385337436	0.14524966233519179	0.15257159970829071	0.15986887468120795	0.16714031995292294	0.17438477239979414	0.18160107326180788	0.18878806832812217	0.19594460812187617	0.20306954808423724	0.21016174875764876	0.21722007596825438	0.22424340100746831	0.23123060081266336	0.23818055814694958	0.24509216177801149	0.2519643066559718	0.25879589409026116	0.13279291596273271	0.13616651735805438	0.13951821195018541	0.14284746398633583	0.29230748265513512	0.29887303106789698	0.30539052389818272	0.31185891956821138	0.31827718440181807	0.32464429278983026	0.33095922735411565	0.33722097911033283	0.34342854762931246	0.3495809411970684	0.35567717697339407	0.36171628114905846	0.36769728910149868	0.37361924554909737	0.37948120470389785	0.38528223042282428	0.39102139635734839	0.39669778610155981	0.2011552466693349	0.20392931099292724	0.20667064316873607	0.20937880560331187	0.42410673206498828	0.42938779518097125	0.43459995775609978	0.43974238805968591	0.44481426556166503	0.44981478106367889	0.45474313682830508	0.45959854670647615	0.46438023626298663	0.4690874429001643	0.47371941597962297	0.47827541694207582	0.4827547194252384	0.4871566093797437	0.49148038518308701	0.49572535775158555	0.49989085065031441	0.50397620020099898	0.25399037779393741	0.25595193948073774	0.25787247277016717	0.2597516718552908	0.26158923756172603	0.52676975479062349	0.53027661117743852	0.53369848629395555	0.53703483578381372	0.5402851290109385	0.54344884914401503	0.54652549323874211	0.54951457231787892	0.55241561144904894	0.55522814982025415	0.55795174081317378	0.56058595207411732	0.56313036558276319	0.56558457771855519	0.5679481993247637	0.57022085577028081	0.57240218700904566	0.28724592381857289	0.28824475347377315	0.28919742449124625	0.29010378629176131	0.29096369571955527	0.58355403412991658	0.58508724417169156	0.58652678005571168	0.58787241528688461	0.5891239384193786	0.59028115308990359	0.59134387804852362	0.59231194718705849	0.59318520956507881	0.59396352943341457	0.59464678625529477	0.59523487472499059	0.59572770478404857	0.59612520163506433	0.59642730575300706	0.5966339728941159	0.5967451741023041	0.29838044785658141	0.29834056967773293	0.29825296097512832	0.29811763785373685	0.2979346240600545	0.59540790195592308	0.59485131524675638	0.59419958127529149	0.59345280855948668	0.59261112083448697	0.59167465703213262	0.59064357125801481	0.58951803276611459	0.58829822593100156	0.58698435021761175	0.58557662014861789	0.58407526526937004	0.58248053011043432	0.58079267414775249	0.57901197176036256	0.57713871218578183	0.57517319947295376	0.57311575243290214	0.28548335229345972	0.284363202056239	0.28319760689338624	0.28198675546395247	0.56146168733375079	0.558860149218533	0.55616931714703932	0.5533896259665807	0.55052152473664018	0.54756547665627264	0.54452195898919165	0.5413914629866674	0.53817449380813775	0.53487157043961264	0.53148322560986028	0.52801000570439949	0.52445247067730016	0.52081119396081188	0.51708676237284157	0.51327977602228669	0.50939084821223657	0.50542060534107314	0.25068484340073233	0.24861937243864649	0.24651422231925341	0.24436973191697076	0.48437249278209815	0.47992823425992553	0.4754074033896038	0.47081072752334691	0.46613894612626766	0.46139281065728832	0.45657308444814149	0.45168054258047291	0.44671597176106931	0.44168017019522132	0.43657394745825373	0.43139812436523589	0.42615353283890262	0.42084101577579391	0.41546142691064353	0.41001563067903046	0.40450450207834382	0.39892892652702955	0.19664489986109537	0.19379401374777724	0.19091226283390161	0.1880001099506578	0.18505802277567648	0.36417294751567597	0.35817188008265155	0.35211380677786214	0.34599970020923848	0.33983054191074713	0.33360732218463857	0.32733103994232932	0.32100270254388125	0.31462332563614581	0.30819393298959608	0.3017155563338475	0.29518923519192181	0.28861601671327292	0.28199695550558784	0.27533311346540584	0.26862555960757917	0.26187536989360177	0.12754181352940941	0.12412571021929542	0.12068992289668452	0.11723500256639015	0.11376150326935019	0.22053996398737671	0.21352199717060474	0.20647023131600045	0.19938579700639444	0.19226982999838307	0.18512347104004534	0.17794786568788451	0.17074416412299387	0.16351352096650437	0.1562570950943247	0.14897604945119503	0.14167155086412606	0.13434476985520274	0.12699688045381091	0.11962906000831799	0.11224248899722286	0.10483835083982138	4.8708915853201633E-2	4.4991060164011429E-2	4.1266203902934014E-2	3.7534943710130692E-2	3.3797877219658455E-2	6.01112059272918E-2	5.2617440552659739E-2	4.5115658395941713E-2	3.7607060757310212E-2	3.0092849964019959E-2	2.2574229177675213E-2	1.5052402201380641E-2	7.5285732867938909E-3	3.9469411194654692E-6	7.5202722659241678E-3	1.5042879895145351E-2	Time (hr)

εmax
 (%)

Angle	1.5388888888888901	1.6166666666666667	1.6944444444444444	1.7722222222222219	1.8499999999999988	1.927777777777778	2.0055555555555555	2.0833333333333357	2.1611111111111141	2.2388888888888872	2.3166666666666647	2.394444444444443	2.4722222222222228	2.5500000000000007	2.627777777777784	2.7055555555555593	2.7833333333333377	2.8611111111111152	2.9388888888888882	3.0166666666666666	3.0944444444444468	3.1722222222222247	3.2500000000000031	3.3277777777777833	3.4055555555555586	3.4833333333333387	3.5611111111111167	3.6388888888888924	3.7166666666666703	3.7944444444444483	3.872222222222224	3.9500000000000037	4.0277777777777759	4.1055555555555507	4.1833333333333416	4.2611111111111164	4.3388888888888895	4.4166666666666714	4.4944444444444471	4.57222222222223	4.6499999999999995	4.7277777777777752	4.8055555555555483	4.88333333333334	4.9611111111111121	19.134498471203958	18.490617569244026	17.863196738933009	17.253168540619924	16.661134893932619	16.087426724026788	15.532155311802082	14.995256031103866	14.476525257416926	13.975651258304612	13.492239852807481	13.025835574780308	12.575939007479011	12.142020882932441	11.723533465790268	11.319919671122623	10.930620301118367	10.555079727740409	10.192750297385821	9.8430956892583161	9.5055934210269388	9.1797366628256452	8.8650354931084721	8.5610177066789834	8.2672292657687318	7.9832344688019461	7.7086158979691586	7.442974195515859	7.1859277093661982	6.9371120410310869	6.6961795224260934	6.4627986430222393	6.2366534444796367	6.0174428964121791	5.8048802640662007	5.5986924763576313	5.3986195008068467	5.2044137303641724	5.0158393858639734	4.8326719368351965	4.6546975425818085	4.4817125147960324	4.3135228024494499	4.1499434992977591	3.9907983740145667	Chord	1.5388888888888901	1.6166666666666667	1.6944444444444444	1.7722222222222219	1.8499999999999988	1.927777777777778	2.0055555555555555	2.0833333333333357	2.1611111111111141	2.2388888888888872	2.3166666666666647	2.394444444444443	2.4722222222222228	2.5500000000000007	2.627777777777784	2.7055555555555593	2.7833333333333377	2.8611111111111152	2.9388888888888882	3.0166666666666666	3.0944444444444468	3.1722222222222247	3.2500000000000031	3.3277777777777833	3.4055555555555586	3.4833333333333387	3.5611111111111167	3.6388888888888924	3.7166666666666703	3.7944444444444483	3.872222222222224	3.9500000000000037	4.0277777777777759	4.1055555555555507	4.1833333333333416	4.2611111111111164	4.3388888888888895	4.4166666666666714	4.4944444444444471	4.57222222222223	4.6499999999999995	4.7277777777777752	4.8055555555555483	4.88333333333334	4.9611111111111121	1.2349403229200813	1.241959308847074	1.2453629123220658	1.2456263129363725	1.2431811622004179	1.2384157379439975	1.2316764970070755	1.223270511805834	1.2134684109768779	1.2025075516086901	1.1905952337234391	1.1779118305602301	1.1646137547141613	1.1508362138150738	1.13669573317504	1.1222924391398761	1.1077121076886571	1.0930279896427324	1.0783024278191742	1.063588283451824	1.0489301898401273	1.0343656509330599	1.0199260017428302	1.005637246344125	0.99152078791048959	0.97759406387918801	0.96387109799099702	0.95036297966655348	0.93707827998221649	0.92402341240910146	0.91120294548357461	0.89861987368497787	0.88627585200205961	0.87417139896705387	0.86230607231770162	0.85067862090489765	0.83928711598917061	0.82812906465511771	0.81720150771243438	0.80650110413869169	0.79602420384664307	0.78576691032262658	0.77572513447761504	0.76589464087481318	0.7562710873437376	Radius (m)

Angle (Degrees)

Chord Length (m)

Tangential force	1.5388888888888896	1.6166666666666667	1.6944444444444444	1.7722222222222219	1.8499999999999992	1.927777777777778	2.0055555555555555	2.0833333333333348	2.1611111111111132	2.238888888888888	2.316666666666666	2.3944444444444439	2.4722222222222228	2.5500000000000007	2.6277777777777818	2.7055555555555584	2.7833333333333363	2.8611111111111143	2.9388888888888896	3.0166666666666675	3.0944444444444468	3.1722222222222247	3.2500000000000031	3.3277777777777819	3.4055555555555586	3.4833333333333378	3.5611111111111158	3.6388888888888924	3.7166666666666703	3.7944444444444483	3.8722222222222249	3.9500000000000037	4.0277777777777777	4.1055555555555543	4.1833333333333398	4.2611111111111164	4.3388888888888895	4.4166666666666714	4.4944444444444471	4.5722222222222282	4.6499999999999995	4.727777777777777	4.8055555555555518	4.8833333333333382	4.9611111111111121	323.77796629940218	331.29962832061204	338.17313173449469	344.45504402526132	350.19767662296175	355.44909442590875	360.25324460974133	364.65016103258506	368.67621254883227	372.3643727456664	375.74449554149334	378.843586211473	381.68606114027449	384.29399227999761	386.68733417735245	388.8841327352859	390.90071574818182	392.75186581561735	394.450976586293	396.01019347661105	397.44054009529924	398.75203162120556	399.95377635060299	401.05406657077475	402.06045984047825	402.97985167372326	403.81854053670435	404.58228598260143	405.2763606675191	405.90559691456224	406.4744284225572	406.98692765155005	407.44683935885644	407.857610706868	408.22241831672875	408.54419259991732	408.82563966232783	409.06926104216075	409.27737151343928	409.45211516081923	409.59547990822063	409.70931066337687	409.79532122225777	409.85510506138695	409.89014513187016	Thrust force per blade	1.5388888888888896	1.6166666666666667	1.6944444444444444	1.7722222222222219	1.8499999999999992	1.927777777777778	2.0055555555555555	2.0833333333333348	2.1611111111111132	2.238888888888888	2.316666666666666	2.3944444444444439	2.4722222222222228	2.5500000000000007	2.6277777777777818	2.7055555555555584	2.7833333333333363	2.8611111111111143	2.9388888888888896	3.0166666666666675	3.0944444444444468	3.1722222222222247	3.2500000000000031	3.3277777777777819	3.4055555555555586	3.4833333333333378	3.5611111111111158	3.6388888888888924	3.7166666666666703	3.7944444444444483	3.8722222222222249	3.9500000000000037	4.0277777777777777	4.1055555555555543	4.1833333333333398	4.2611111111111164	4.3388888888888895	4.4166666666666714	4.4944444444444471	4.5722222222222282	4.6499999999999995	4.727777777777777	4.8055555555555518	4.8833333333333382	4.9611111111111121	685.40070186458479	722.2533397220343	759.08510880700658	795.8937235005568	832.67779774546341	869.43661978847592	906.16997907536302	942.8780334388988	979.56120739366247	1016.2201144336054	1052.8554978438028	1089.4681857880182	1126.0590573995537	1162.6290173484454	1199.1789769330358	1235.7098401877447	1272.2224938411091	1308.7178002225421	1345.1965924204069	1381.6596711519617	1418.1078029278906	1454.5417191888337	1490.9621161646573	1527.3696552642432	1563.764963847635	1600.1486362668836	1636.521235088469	1672.8832924309688	1709.2353113677941	1745.5777673571833	1781.9111096714823	1818.2357628051489	1854.5521278467359	1890.8605838046387	1927.1614888796842	1963.4551816803967	1999.7419823786502	2036.0221938049558	2072.29610248373	2108.5639796096507	2144.8260819668603	2181.0826527930767	2217.3339225910377	2253.5801098897373	2289.8214219581114	Radius (m)

Forces on each blade section (kN)

5	4.9701226175114162	4.9402456338252874	4.9103682513367	4.8804908688481055	4.8506135860601454	4.8207363032721737	4.7908580234780702	4.7609797436839694	4.7311004668837304	4.7012211900835972	4.6713409162771224	4.6414596454646784	4.6115783746521162	4.5816961068334834	4.5518138390148444	4.5219295771839345	4.4920453153530424	4.4621600565159385	4.4322747976789714	4.4023875448296694	4.3725002919803684	4.3426110451188009	4.3127217982572326	4.2828315543895306	4.2529403135156985	4.2230480756357336	4.1931548407495667	4.1632616058635534	4.1333663769651698	4.1034711480668049	4.0735749221623072	4.0436776992517034	4.0137794793349109	3.9838812594181472	3.9539810454891202	3.9240808315600866	3.8941806176310592	3.8642704336406632	3.834370219711666	3.8044700057826359	3.7745598217922751	3.7446596078632437	3.7147494238728767	3.6848392398825252	3.6549390259534942	3.6250288419631342	3.5951186579727752	3.565208473982413	3.5352982899920526	3.5053881060016918	3.4754679519500007	3.4455577679596412	3.4156475839692422	3.3857274299175906	3.3558172459272302	3.3258970918755395	3.2959869078851791	3.2660667538334889	3.2361465997817978	3.2062364157914391	3.1763162617397476	3.1463961076880582	3.1164759536363627	3.0865557995846737	3.0566356455329853	3.0267154914812937	2.9967853673682727	2.9668652133165767	2.9369450592648461	2.9070249052132024	2.8770947811001819	2.8471746270484912	2.8172445029354711	2.7873243488838311	2.7573942247707612	2.7274641006577411	2.6975439466060491	2.6676138224930281	2.637683698380008	2.6077535742670115	2.5778334202152964	2.5479032961022812	2.5179731719892553	2.4880430478762352	2.4581129237631782	2.4281728295888567	2.3982427054758162	2.3683125813628232	2.3383824572497987	2.3084523331367364	2.2785122389624655	2.2485821148494098	2.2186519907363889	2.1887118965620815	2.1587817724490499	2.1288416782746666	2.0989015841003202	2.068971459987325	2.0390313658129702	2.0090912716386002	1.9791511774642441	1.9492210533512224	1.919280959176886	1.8893408650025221	1.8594007708281699	1.82946067665382	1.7995205824794485	1.7695804883051178	1.7396403941307677	1.7097002999564053	1.6797502357207363	1.6498101415463966	1.6198600773107046	1.5899000430136934	1.5599400087166824	1.5299799744196712	1.5	1.4678601813881481E-3	1.3146569620038021E-3	1.1185469805509761E-3	1.135426840681312E-3	1.4954570011400745E-3	2.3214543381714892E-3	3.5692535605506628E-3	5.1799243648862486E-3	7.1056426432302934E-3	9.3122724140278067E-3	1.1774526323401801E-2	1.4473344790620898E-2	1.7392094471575144E-2	2.0517268883254856E-2	2.3836671969916116E-2	2.7338237421089876E-2	3.1010807143221852E-2	3.4844261004951596E-2	3.8829127601286401E-2	4.2956584253603942E-2	4.721767853800473E-2	5.1604495992785313E-2	5.6109122156238839E-2	6.0724031802481884E-2	6.5442218686722592E-2	7.0256676564174989E-2	7.5161047916418533E-2	8.0148975225033725E-2	8.5214490207422763E-2	9.0351754326260497E-2	9.5555318280047694E-2	0.10081986251254781	0.10614032695809029	0.11151165155098776	0.11692942495193161	0.12238910607633276	0.12788628358488321	0.13341706511936796	0.13897665010464702	0.14456218414470401	0.15016977488131544	0.15579682740900824	0.16143815191682856	0.16709115349929579	0.17275323725093308	0.17842180826626294	0.18409427163981021	0.18976673501335886	0.19543660348142983	0.20110257959128108	0.20676077098470283	0.21241117766169432	0.21804860981129826	0.22367436488624956	0.22928455052833976	0.23487786928482687	0.24045172625023395	0.24600482397182191	0.25153586499685232	0.25704355187258576	0.26252528969354588	0.26798107845973218	0.27340832326567244	0.27880572665861258	0.28417328863856794	0.28950841430006014	0.29481110364307994	0.30008005921489783	0.30531268611002904	0.31051028178121604	0.31567025132298143	0.32079259473531962	0.32587471711277199	0.33091791590805369	0.33591959621569811	0.34087846058296661	0.34579580646259073	0.35066903894910584	0.35549815804250534	0.36028056883731585	0.36501627133353126	0.36970526553114735	0.37434495652470151	0.3789353443141793	0.38347513144685486	0.3879617230172413	0.39239641647807538	0.3967753194711498	0.40109843199646356	0.40536445660126935	0.40956950092736188	0.41371356497473188	0.41779275638516905	0.4218044802531975	0.42574354676785381	0.42960606357093345	0.43338424594599811	0.43706901172387225	0.44065127873538729	0.44411547754768682	0.44744863363337811	0.45063258265412026	0.4536504577243104	0.456495771580258	0.45916722676921501	0.46170115196787431	0.46417798924603132	0.46678457179806188	0.46982450356481276	0.47389850516429255	0.47980710493627587	0.48904367098300405	0.5028745171774236	0.52344303544385662	0.5497592693426806	0.57681505130255761	0.60001350627031269	0.61000000000000065	Radius (m)

Strain in outermost 0° ply (%)

QI Epoxy / E-glass	947	1075	1049	1298	1173	4346	4346	4050	4128	4860	46556	52041	1755397	1837244	2448280	4000456	1535530	20170000	11590925	2810840	4924561	1410526	246097	36650	29218	28041	70000	83012	5764	0.62022181544094523	0.83557661246904946	0.83557661246904946	0.83557661246904946	0.93975090628478086	0.93975090628478086	1.1485589174832347	1.1485589174832347	1.1485589174832347	1.1485589174832347	1.4618283622267678	QI Vinyl ester / E-glass	947	1075	1049	1298	1173	4346	4346	4050	4128	4860	46556	52041	1755397	1837244	2448280	4000456	1535530	20170000	11590925	2810840	4924561	1410526	246097	36650	29218	28041	70000	83012	5764	1.4618283622267678	1.4618283622267678	1.4618283622267678	1.4618283622267678	1.4618283622267678	1.1485589174832347	1.1485589174832347	1.1485589174832347	1.1485589174832347	1.1485589174832347	0.83557661246904946	0.83557661246904946	0.62022181544094523	0.62022181544094523	0.62022181544094523	0.62022181544094523	0.62022181544094523	0.5220774559419975	Number of cycles to fracture

Maximum strain (%)


 Energy (PR) 	0	0.1	0.2	0.30000000000000016	0.4	0.5	0.60000000000000031	0.70000000000000029	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9000000000000001	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	0	0	0	0	0	0	14.837905672833267	24.458849079461888	36.454798075660229	51.298322411099392	71.789620594550414	97.391968815637156	127.86241349708448	166.09169122256645	211.54359216552314	267.02490629916338	331.67643016373864	410.52288032930028	506.21134958447976	619.6778883504079	762.70366135549966	941.37024375198712	1181.1866581360043	1561.0262150147112	2332.4720745507125	1947.0318918151693	1954.9131698247677	1904.3511166251772	2073.8063526232813	2139.8141279936895	2179.6313140733491	2197.347575767229	2114.9126938084769	2041.1792716120349	1988.9705130381581	2029.2720108846595	1774.1818483789605	1757.6948719872112	1768.2282180152743	1698.6165399167712	854.11697140598778	 Energy (SR) 	0	0.1	0.2	0.30000000000000016	0.4	0.5	0.60000000000000031	0.70000000000000029	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9000000000000001	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	0	0	0	0	0	0	30.416666666666671	61.996216964712801	67.351468661607512	71.961050959554015	77.95276182716087	87.471820471149314	102.70532882073898	126.03334963039961	159.3685125946038	205.44901835114226	266.2469421485622	344.12377916840484	442.86939144922826	566.17180172999554	719.46824380337216	913.61047323725768	1170.9921365210748	1561.1617558291755	2341.5497653924244	1951.584564884876	1938.5302276381663	1857.5238174555634	1974.8641865078384	1975.3140992156998	1939.8505756887653	1973.4877137505689	1988.3533863653013	2004.7227265207541	2019.4928341697887	2122.7573394075625	1904.3368073410552	1931.6996756636759	1989.2323846559511	1961.455580963144	1010.1450465503345	Damage (PR)	0	0.1	0.2	0.30000000000000016	0.4	0.5	0.60000000000000031	0.70000000000000029	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9000000000000001	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	2.9512547607285877E-38	8.051341623460508E-29	2.0866235168865712E-24	1.8378394683241897E-21	2.5953147584936435E-19	1.3298166031500142E-17	3.4850258681252712E-16	6.1830286317162151E-15	7.2502857465782041E-14	6.182353167998258E-13	2.0560813913736623E-11	1.8714245915434874E-10	1.0365830657837297E-9	5.0809026847142372E-9	2.218578603530107E-8	8.8403282796825868E-8	3.2169648761766589E-7	1.0928574560001364E-6	3.4989290445190677E-6	1.0561927419921432E-5	3.0634473104819689E-5	8.5533809593996181E-5	2.3385118109284402E-4	6.533742373351773E-4	1.9665642229810773E-3	3.2106389534097462E-3	6.2462402777472489E-3	1.1447832670555434E-2	2.3002433201803361E-2	4.2970977625595402E-2	7.7120001113498649E-2	0.10068668500188439	9.6909360429075567E-2	9.3530753450063342E-2	9.1138447887284396E-2	9.2985139900657571E-2	8.1296418861466047E-2	8.0540953946904234E-2	8.1023612086763147E-2	7.7833871336391358E-2	3.9137279601609669E-2	Damage (SR)	0	0.1	0.2	0.30000000000000016	0.4	0.5	0.60000000000000031	0.70000000000000029	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9000000000000001	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	2.3798415748290334E-21	6.9944111632208165E-20	4.7780013970813132E-19	2.6793960735089359E-18	2.0940758633486492E-17	2.3905834938545505E-16	3.3868933436384039E-15	4.8536768445833029E-14	6.2698195664632184E-13	6.8322794542234442E-12	6.1490164215960007E-11	4.5722811161427247E-10	2.839471232431307E-9	1.4984690538943488E-8	6.8021967139205932E-8	2.7072092111503082E-7	9.5597957505225786E-7	3.03310965478271E-6	8.7825351884720781E-6	2.3471521246427886E-5	5.8535783127605408E-5	1.381674359407862E-4	3.1427037385565245E-4	7.1530228875580336E-4	1.7470667576475077E-3	2.2997443075469686E-3	3.5579016992803251E-3	5.1780152694687704E-3	8.2130982699989055E-3	1.2075969035148485E-2	1.7086792257177633E-2	2.4589789782992318E-2	3.4597743516407299E-2	4.8024891707894299E-2	6.5563338736098778E-2	9.2046554577644393E-2	0.10659942080065252	0.1340151939731255	0.16439897602257519	0.18337150772616095	9.914914287014949E-2	Water Velocity (0.1 m/s Bins)
Energy capture over 20 yr.  (MW.hr)
Damage fraction
Epoxy R = 0.5	5	10	20	5	10	20	5	10	20	5	10	20	1.0449999999999886	0.98499999999999999	0.92749999999999999	Epoxy R = 0.1	5	10	20	5	10	20	5	10	20	5	10	20	0.84500000000000064	0.79549999999999998	0.74950000000000061	Vinyl ester R = 0.5	5	10	20	5	10	20	5	10	20	5	10	20	0.19138755980861089	0.19238578680203094	0.19191374663072774	0.81499999999999995	0.75800000000000634	0.70400000000000063	Vinyl ester R = 0.1	5	10	20	5	10	20	5	10	20	5	10	20	0.64100000000000634	0.59599999999999997	0.55349999999999999	Time to failure (years)

Maximum strain (%)
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