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Abstract 

There is substantial opportunity in the development of wind and tidal current turbines to help 

decarbonise national energy systems and to expand the economic potential of the European 

Union. However, well-documented cases of renewable energy device failures have highlighted 

the issue of reliability and the importance of durability in the structural design of blades. 

Furthermore, electricity generated by tidal devices is currently over twice the price of electricity 

generated by offshore wind turbines, due to the infancy of the technology, remote installation 

locations and short maintenance windows for these devices. A significant component of the 

total costs for both types of turbine is the high cost of rotor blade manufacturing (up to 15% of 

the turbine capital expenditure). Additionally, the long-term loading on tidal turbines is yet to 

be fully characterised, with the effects of fatigue damage an area of particular concern. There 

is a need to ensure the effective functioning of every component of the turbine and to minimise 

the associated costs. This thesis presents the application of numerical techniques and design 

optimisation strategies for wind and tidal turbine blades. The design studies contained in the 

thesis advance upon previous studies in this field by combining blade element momentum 

theory, damage and fatigue analysis methods and genetic algorithm design optimisation 

routines for composite turbine blades. The contributions made to the state of the art are relevant 

from both a scientific and an industrial perspective. 

At the core of this research is the development of an automated computational design and 

analysis methodology for wind and tidal turbine blades. The first iteration of the methodology 

included novel aspects such as: non-linear damage modelling of composite materials under 

static loading conditions, hydrodynamic modelling using blade element momentum theory 

(BEMT) and finite element (FE) sub-modelling techniques. The concept design of the blade for 

a 1 MW tidal turbine was performed, investigating the application of glass and carbon fibre-

reinforced materials and the subsequent effects on blade stiffness and composite damage. 
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The analytical capacity of the computational methodology for full-scale composite structures 

was confirmed against physical testing of a 13 m long glass fibre-epoxy wind turbine blade. 

Once the FE representation of the blade was validated, the methodology was combined with a 

genetic algorithm (GA) to optimise the mass of the blade. The automated nature of the 

methodology enabled the efficient variation of model parameters and a set of near-optimum 

blade designs were evaluated. The methodology was further developed to incorporate a multi-

objective GA and an optimisation study was performed on 4.5 m long glass fibre-reinforced 

polypropylene blades. Experimental tests were carried out to characterise the blades and to 

calibrate the FE blade models. The optimisation approach was validated by testing a custom-

made glass fibre blade and comparing the results to numerical models. 

Finally, the fatigue performance of a concept tidal turbine blade was examined. The BEMT 

model was enhanced and validated against published experimental results and applied to actual 

tidal current data to determine the fatigue loading on the blades. A post-processing code for 

assessing the damage to the composite material was also developed, based on constant life 

diagrams for representative glass fibre-reinforced materials, Miner’s rule and Rainflow 

counting. The fatigue design study incorporated the aspects of structural modelling and 

hydrodynamic modelling, together with the optimisation techniques developed throughout the 

thesis, to successfully design and analyse a full-scale composite blade. 

The automated computational design methodology allowed a variety of blade designs to be 

assessed before testing. Coupled with the optimisation approaches, the methodology showed 

significant mass reductions for wind and tidal turbine blade designs, while retaining the strength 

and stiffness of the composite structures. Mass savings result in lower material and labour costs, 

thereby reducing the levelised cost of energy for the devices. Ultimately, the developed 

methodology will lead to reduced manufacturing and design costs for rotor blade manufacturers 

and facilitate the development of more efficient and robust wind and tidal turbine devices. 
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Chapter 1. Introduction 

 

 

1.1 Chapter Summary 

Marine renewable energy has been advocated as a major component in the future energy mix 

of several countries with a sizable resource, such as Ireland, France, the UK, South Korea and 

Canada. Two main routes exist for harnessing the oceans’ kinetic energy: wave energy capture 

devices and tidal current turbines. The Ocean Energy Strategic Roadmap (“Building Ocean 

Energy for Europe”) [1] states that there could be an estimated 100 GW of wave and tidal 

energy capacity deployed in Europe by 2015. By mid-2016 approximately 17 MW of tidal 

stream energy had been deployed as part of demonstration projects, with a further 15 MW under 

construction and 78 MW permitted. The market is growing quickly and is Europe-centred. 

There is good engagement from the EU to accelerate this growth as a key economic area for the 

future of the decarbonised EU energy system. Of the two main methods for harnessing ocean 

energy, tidal turbines have proven the quicker to develop, due in part to the existing wind 

turbine industry and the potential for technology transfer to the marine application. Over three 

quarters of companies currently developing tidal stream turbine devices have adopted the 

horizontal axis turbine design. Figure 1.1 (from the JRC Ocean Energy Status Report [2]) shows 

the prevalence of this type of device compared to the alternatives in tidal energy. 

This thesis presents a novel methodology for the design and optimisation of composite blades 

for wind and tidal turbine applications. The design studies that make up each of the chapters of 

the thesis demonstrate advancements from the literature with the application of blade element 

momentum theory, damage and fatigue models and genetic algorithms for design optimisation. 
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The combination of numerical techniques for the static analysis, fatigue analysis and 

optimisation of blades constitute a significant contribution to the field of blade design. 

This chapter serves as an introduction to the core topics of the thesis, as well as the main tools, 

techniques and models developed and employed throughout. Section 1.2 provides an overview 

of the state of the art in relation to the wind and tidal energy sectors. Section 1.3 describes the 

various characteristics of blade design and Section 1.4 provides an overview of blade testing. 

Section 1.5 introduces fibre-reinforced composite materials, from which the blades are 

constructed. Section 1.6 provides details on the key numerical analysis techniques used in the 

design methodology. Section 1.7 asserts the motivations and objectives for the thesis and 

Section 1.8 presents a brief summary of each chapter of the thesis. 

 

Figure 1.1 - R&D for tidal energy technologies tested at full-scale. JRC Ocean Energy 

Database [2]. 

 

1.2 Tidal & Wind Energy 

1.2.1 Tidal Current Turbines 

Due to the remote locations and associated access difficulties of tidal turbine devices 

maintenance costs tend to be extremely high, often requiring large modified barge technology 

from the oil and gas industry. Hence, there is a need to ensure the effective design and low-

maintenance operation of every component of the turbine in order to minimise operating costs. 
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In locations of greatest tidal resource the sizes of the structures will be limited by the water 

depth and the loads experienced will be significantly higher than for wind turbines, due to the 

higher density of water. For the largest tidal turbines (1 MW rated power, approximately 20 m 

diameter) blade manufacture is a key challenge, requiring prohibitively thick laminates. The 

loads experienced by turbines throughout their lifetimes are yet to be fully characterised. The 

long term effects of fatigue damage due to wave interaction and turbulence are a key area of 

uncertainty in design and operation. 

Presently, the market includes companies at a range of technology readiness levels (TRLs), 

varying from proof of concept to pre-commercialisation [2]. For the most developed devices, 

the crucial step is to reduce the levelised cost of energy (LCOE). The LCOE is the lifetime cost 

of an electricity generating system (construction, maintenance, waste disposal, pollution, etc.) 

divided by the amount of electricity produced during its lifetime. The blades in a turbine system 

represent a significant proportion of the initial costs (capital expenditures or CAPEX [3]) and 

their long-term performance will have a major bearing on the operating and maintenance costs 

(operating expenditure or OPEX [3]). From an analysis of the reduction in costs on the LCOE 

for tidal stream turbines in the JRC Ocean Energy Status Report [2], a reduction of the civil and 

structural costs (which includes the blades, as well as the turbine structure and foundations) by 

50% could lead to a decrease in total LCOE of almost 20%. Improvements in design and 

reduction in costs across all the turbine components is important. The current LCOE ranges 

between 54 and 71 cEUR/kWh for an average tidal turbine resource and one goal for 

competitive performance on the energy market is 15 cEUR/kWh, requiring an almost 75% 

reduction in LCOE [2]. 

1.2.2 Wind Turbines 

The predominant device for the capture of wind energy is the three-bladed horizontal axis wind 

turbine. The scale of wind turbines has increased dramatically over the last few decades with 

the average power rating of a wind turbine at around 1.16 MW in 2011 [4], with single devices 

of up to 8 MW now feasible (e.g. the Vestas V164 with a diameter of 164 m). Offshore wind 

farms in particular have shown major growth for several reasons. First, offshore wind flows are 

more uniform, generally experience higher wind speed than onshore farms. Secondly, many 

major cities are located in coastal areas, so that power transmission distances can be minimised 

[5], thereby reducing costs. According to the International Energy Agency Technology 
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Roadmap [6], the cost of generating energy for onshore wind is expected to drop by 26% and 

the cost of offshore wind by 52% thanks to factors such as: 

 Reduction in investment costs. 

 Reduction in the operating and maintenance costs. 

 Increased capacity factors, due to improvements in wind turbine technology and better 

knowledge of the resource. 

 Improvements in foundation designs and grid connections. 

 Larger markets, resulting in improved economies of scale with stronger supply chains.  

Figure 1.2 shows a breakdown of the major costs associated with onshore and offshore wind 

power systems. Damage to the blade is among the most expensive types of damage to repair 

[7], requiring considerable turbine downtime. The breakdown of the costs for each component 

in a turbine system varies for every project, however, the blades are expected to cost 

approximately 20% of the total wind turbine cost (i.e. 20% of the blue segments from each pie 

chart in Figure 1.2). Hence, incremental improvements in blade design and reductions in the 

cost of blade design and manufacture will contribute to lowering the LCOE of wind turbines. 

 

Figure 1.2 - A breakdown of the capital costs associated with a typical onshore and offshore 

wind turbine power generation system [4]. 
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1.3 Blade Design 

The working principle of horizontal axis tidal turbines is similar to that of horizontal axis wind 

turbines, with a two- or three-bladed turbine rotor orientated perpendicular to the direction of 

the flow. The basic tidal flow is significantly more predictable, which is one of the main 

advantages of tidal turbines. However, the actual loading conditions on the device are 

complicated by several factors. These factors include:  

 The profile of the tidal current velocity through the water column. 

 Interaction of the current with surface gravity waves [8]. 

 Yaw misalignment of the flow [9] due to local bathymetric effects. 

 The turbulence intensity of the flow [10]. 

 Cavitation on the blades [11].  

 Interaction with the wakes of other tidal turbine devices further upstream.  

Hence, while the structural layout of the blades in tidal turbines is similar to that of wind 

turbines, the long-term operation of the two types of turbines differs significantly.  

The same structural layout is considered for both the wind and tidal turbine blades investigated 

in this work. The internal structural configuration of the blade is generally a box-spar. The box-

spar runs along the length of the blade and is constructed from two horizontal spar caps, which 

provide most of the bending stiffness to the blade, and two vertical shear webs, which provide 

the required shear stiffness [12]. The aerodynamic-hydrodynamic shells are fixed to the spar 

caps and add to the torsional stiffness of the blade structure. Blades constructed in this fashion 

are generally made from either glass or carbon fibre-reinforced polymer (FRP) composite 

materials. The desired stiffness (in bending, shear or torsion) for each region of the blade is 

determined by the orientation of the stiff fibres in the composite materials (Figure 1.3). The 

mechanics of FRP composites are discussed in Section 1.5. 

Blade design encompasses the topics of fluid dynamics, structural engineering and materials 

science. The area of structural blade design focuses on the characteristics such as blade strength, 

stiffness, natural frequencies and fatigue life. Wind and tidal turbine blades are expected to 

withstand variable loading for a 20-year operating life [13] to ensure a return on investment and 

to keep their LCOE low. For tidal turbines there is the additional factor of the difficulty of 

maintenance. Tidal turbines are located in areas of high tidal flow speeds in the open ocean, 

where the windows for maintenance are short. Some companies use innovative designs for their 
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support structures, such as ScotRenewables where the rotors retract to allow maintenance, or 

the SeaGen device which raises the turbine to the surface on the monopile [14]. Another 

solution is to use custom-built fast deployment barges, with cranes for raising the turbine from 

the seafloor (e.g. OpenHydro). The associated expense due to these maintenance methods and 

turbine downtime can be extremely high, consequently tidal turbine blades will need to be 

designed even more conservatively than wind turbine blades. The main variables for the 

structural design (once the blade geometry has been established) are the thicknesses and 

orientations of the layers of composite materials in the different regions of the blade. The type 

of construction material, e.g. glass or carbon fibre, also need to be considered.  

For this work, the aerodynamics of the wind turbines under investigation have been defined and 

the external geometries of the blades are not varied. Hence, the design optimisation studies 

(Chapters 4, 5 and 6) are focused solely on the structural characteristics of the blades. For the 

tidal turbines (Chapters 3 and 7) the operation of the turbine is also considered; therefore, a 

blade element momentum theory code (discussed in Section 1.6.2) is used to determine the 

loading on the turbine blades. 

 

Figure 1.3 - Schematic of a turbine blade showing the layup of the composite materials in 

various regions [12]. 
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1.4 Blade Testing 

Blades are tested to ensure that the composite structure meets the minimum values for the 

designed strength and stiffness and to confirm their long-term survivability with respect to both 

ultimate loads and fatigue life. Construction and testing of wind and tidal turbine blades is an 

expensive process and only a small number of full-scale blades may be produced for verification 

of the manufacturing design specifications. When testing wind turbine blades, the IEC TS 

63400-23 [15] test standard is typically used as a guide to the design of the test set-up. Since 

there is currently no specific international test standard for tidal turbine blades, the wind turbine 

standard may be used as the initial basis, modifying the test set-up to reflect the differences in 

loading experienced by a tidal turbine.  

In general, there are two types of tests for turbine blades: static tests and fatigue tests. In the 

IEC standard, static testing is required in both the edgewise and flapwise directions. The tests 

are conducted by applying mechanical loads at several locations along the length of the blade. 

Loads are often applied via clamps or pressure pads attached to the surface of the blade and the 

load is generated using an electric winch system or hydraulic actuators [16]. The higher the 

number of load points the more representative the loading is of the bending moment distribution 

on an actual blade. For a load-based test, the ability of the blade to withstand the design loads 

is the objective. Testing blades to failure is another objective, in order to determine the failure 

loads, the nature of the failure mechanisms and the locations of failure and of lowest strength 

in the blade. 

While the test standard does not require fatigue testing, it does recommended it. Fatigue tests 

aim to verify the durability and reliability of the blade design for a cyclically varying load 

profile. Typically, the majority of load cycles are required in the flapwise direction, with a 

smaller proportion of cycles in the edgewise direction. Combined flapwise and edgewise 

loading may reduce the total number of load cycles required for testing. Since flapwise 

deflections can be quite large for wind turbine blades, resonant oscillation testing is often 

conducted, where a mass attached to the blade rotates at the first flapwise resonant frequency 

to excite the blade [16]. Tidal turbine blades are considerably stiffer, giving more manageable 

flapwise deflections, so that hydraulic actuators may be used to control the cyclic loading on 

the turbine blade (see Figure 1.4). The review by Zhou et al. [7] provides an overview of the 

many factors under consideration in static and fatigue loading of composite blades. 
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Figure 1.4 - The test rig for a 9 m long tidal turbine blade at the MaREI tidal turbine test facility 

at NUI Galway. Loading is applied using clamps and three hydraulic actuators. 

 

1.5 Fibre-Reinforced Polymer Composites 

Fibre-reinforced polymer (FRP) composites consist of stiff fibres embedded in a polymer 

matrix. The fibres are typically made from glass, carbon, basalt or aramid and their inclusion 

enhances the elasticity and strength of the polymer matrix. A composite laminate is made up of 

a number of plies stacked on top of one another. Each single ply, or lamina, has fibres oriented 

in a specific direction (or directions in multi-directional plies) and by stacking the plies the 

stiffness of the entire composite laminate can be tailored to meet the needs of the application.  

Talreja describes in detail the physical mechanisms involved in the failure of fibre-reinforced 

composite materials [17]. Failures in composites can be broken down into six primary failure 

modes related to the fibres and the matrix under various loadings: 

(1) Fibre failure in tension is characterised by the accumulation of clusters of fibre breaks 

at random locations in the stressed region until catastrophic failure occurs (Figure 1.5 

(a)). 

(2) Fibre failure in compression is caused by the localisation of shear deformation in the 

matrix caused by fibre waviness, which leads to the formation of kink bands and a 

microbuckling failure of the fibres (Figure 1.5 (b)). 
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(3) Matrix failure under transverse tensile loading may occur due to fibre-matrix debonding 

which initiates a brittle crack that grows in the matrix material between fibres [18] 

(Figure 1.5 (c)). Talreja has indicated that there is evidence to support the idea that other 

failure mechanisms may be at play, such as brittle failure in the matrix or defects and 

inclusions coalescing to form cracks.  

(4) Matrix failure under transverse compression is caused by either a shear failure in the 

matrix material or due to matrix shear failure combined with fibre-matrix debonding 

and fibre crushing [18]. The failure occurs on planes parallel to the fibres and inclined 

to the direction of loading (Figure 1.5 (d)). 

(5) Matrix failure in in-plane shear is characterised by microcracks developing along planes 

inclined to the fibres, which then turn in-line with the fibres and form axial cracks 

through the composite (Figure 1.5 (e)). 

(6) Finally, there are failure modes associated with combinations of longitudinal, transverse 

and shear loading. For fibre failure in tension combined with transverse or in-plane shear 

stresses, the behaviour of the failed composite will depend on how the local load transfer 

from any failed fibres to the surrounding area is affected by the combined stresses. For 

fibre failure in compression, the presence of additional in-plane shear did not change 

the failure mechanism, i.e. microbuckling. Matrix failures under combined loading will 

depend on the local stress field for the physical initiation mechanism. The failure theory 

of Puck and Shurmann [19] deals with the combination of transverse and in-plane shear 

stress on the failure envelope for FRP composites.  

Detailed discussion of the failure theories available and the Puck failure theory in particular 

(which has been applied in this work) is presented in Chapter 2. 

 

 

Figure 1.5 - Schematic diagram of FRP composites showing the failure modes (a) tensile fibre 

failure, (b) compressive fibre failure, (c) transverse tensile matrix failure, (d) transverse 

compressive matrix failure and (e) in-plane shear matrix failure. 
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Several blades constructed from different FRP composites were studied as part of this work. 

The concept tidal turbine blades in Chapter 3 use glass and carbon fibre epoxy materials. The 

large wind turbine blade tested and modelled in Chapter 4 was constructed from glass fibre 

with a powder epoxy matrix. This blade was manufactured using vacuum forming, where the 

glass fibre and powder epoxy plies were laid up on the mold with a plastic vacuum bag 

enclosing the structure, then a vacuum was drawn on the bag during the curing cycle [20]. The 

small wind turbine blades tested and modelled in Chapters 5 and 6 were made from either glass 

fibre polypropylene (GFPP) or GFPP with additional carbon fibre epoxy plies to reinforce the 

spar caps. The GFPP material is a type of prepreg thermoplastic created using the process of 

commingling. Prepregs already contain the thermoplastic resin and once laid up in the mold the 

part is cured under atmospheric pressure. The carbon fibre epoxy spar caps are preconsolidated 

using vacuum forming before being laid up with the GFPP plies in the blade mold. Finally, the 

concept tidal turbine blade for the fatigue analysis in Chapter 7 uses glass and carbon fibre 

epoxy due to the availability of fatigue test data from the OPTIMAT material database [21]. In 

each chapter the relevant blade material is introduced and its material properties are identified, 

typically including: fibre direction stiffness, stiffness transverse to the fibre direction, shear 

stiffness, tensile and compressive strengths and failure strains. 

 

1.6 Numerical Techniques 

A range of numerical analysis methods have been developed for the analysis of wind and tidal 

turbine blades in this work. The three most critical techniques are: (i) finite element analysis of 

materials and structures, (ii) blade element momentum theory modelling of the loading and 

performance on horizontal axis tidal turbines and (iii) genetic algorithms for design 

optimisation. All of the numerical modelling described in the following subsections was 

conducted using the Python programming language, except the composite material degradation 

model, which was coded in FORTRAN. The Python language provides a flexible and powerful 

tool for implementing the various models and for visualising results. 

1.6.1 Finite Element Analysis (FE) 

Finite element modelling, when appropriately calibrated and validated, can be a powerful tool 

to analyse the structural response of large composite structures. The wide range of design 

variables which can be investigated through the use of FE software help to reduce costs and 
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minimise the number of blades that need to be constructed and tested in the design phase of a 

project. The software package used in this work is Abaqus Standard, developed by SIMULIA 

Dassault Systemes [22]. Composite materials are generally modelled in FE using shell 

elements, since large length-to-thickness ratios are common for most applications of composite 

laminates. Abaqus provides an in-built scripting environment using the Python programming 

language, through which most of the functionality of the software can be manipulated. This 

allows the user to automate any and all of the steps through model generation, post-processing 

and analysis of results. The composite shell element approach requires definition of the 

laminates throughout the blade. A key novelty of the present work is the automated definition 

of these complex layups, to allow efficient development of blade models, for calibration against 

test data and for optimisation of the blade design. 

In addition to control over the general functionality, Abaqus also provides more in-depth control 

over many of the internal analysis tools, such as those used for material modelling. Two user-

defined tools adopted in this work for wind and turbine blade analysis and design are the user-

material subroutine (UMAT) and the user-defined output variable subroutine (UVARM). These 

sub-programs are written in the FORTRAN programming language and allow the user to define 

custom behaviours beyond what is offered by Abaqus. For example, the UMAT sub-routine is 

used to define non-linear material behaviour and the UVARM sub-routine is used to define 

custom output variables, which can be used to determine the material factors of safety 

throughout the model. 

1.6.2 Blade Element Momentum Theory (BEMT) 

Blade element momentum theory is a combination of momentum theory and blade element 

theory. Momentum theory is used to determine the axial and tangential flow factors of the fluid 

passing through the turbine’s rotor. Blade element theory splits the streamtube into a number 

of annular sections and for each section the lift and drag forces on a 2D airfoil are determined. 

Combining the two theories involves balancing the power and thrust loads on each blade 

element with the forces due to lift and drag [23]. A schematic of a BEMT model is shown in 

Figure 1.6. The application of BEMT in computer programs provides a useful tool for designers 

at the early stages of turbine development. When applied with accurate lift and drag data, 

BEMT models can provide predictions of power output and blade loading on wind and tidal 

turbine blades at low computational cost. 
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BEMT codes were first developed for wind turbines; however, they have recently been 

successfully applied to the application of tidal turbines by several research groups, e.g. the 

Sustainable Energy Research Group (SERG) at the University of Southampton [23], Masters et 

al. at Swansea University [25] and by Kennedy et al. with MaREI at NUI Galway [24]. The 

method has been put to use in commercially available design codes, e.g. Garrad Hassan’s Tidal 

Bladed [26] software. While the BEMT method is valuable due to its computational efficiency, 

care must be taken in its use as it is known to be imprecise under certain flow conditions (such 

as three-dimensional flows, high angles of attack and for wake effects). 

 

Figure 1.6 - Schematic of a blade element momentum theory model showing one of the annular 

stream tubes and the velocities and forces acting on a blade element [24]. 

1.6.3 Genetic Algorithm (GA) 

Genetic algorithms have gained popularity in recent years as an effective method for tackling 

complex engineering and optimisation problems. Genetic algorithms arise from the application 

of evolutionary systems, such as natural genetic variation and natural selection, in a 

computational framework. Mitchell’s book [27] provides a brief history of the fascinating 

development of these algorithms, as well as insight into their use for problem solving and 

scientific modelling. Additionally, the book by Gen and Cheng [28] provides an in-depth look 

at genetic algorithm set-up and application for a range of complex engineering problems. The 

genetic algorithm consists of five basic components: 

1. An encoded representation of the solution to the problem. 
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2. A means of creating an initial population of solutions. 

3. A function to evaluate the fitness of each individual solution. 

4. Operators to modify the genetic representation during reproduction, e.g. mutation or 

crossover. 

5. Values for the operational parameters of the algorithm. 

The general procedure for the algorithm is outlined in Figure 1.7. The steps are as follows: (i) 

generate an initial population and evaluate its fitness, (ii) for each subsequent generation of the 

algorithm, use the parent population to create an offspring population, (iii) evaluate the fitness 

of the offspring, (iv) select a new parent population and (v) repeat steps (ii)-(iv) until the end 

criteria for the search are met.  

The algorithm described is used for optimisation of a single objective, e.g. minimising blade 

mass or maximising blade stiffness. With some modifications, the algorithm can be extended 

to two or more objectives. The result of a multi-objective optimisation is a set of solutions 

where it is impossible to reallocate resources to make any one individual objective better off 

without making another objective worse off, known as a Pareto-optimal set or Pareto efficiency. 

Algorithms may provide solutions which are not Pareto optimal but satisfy other criteria, 

making them potentially useful for practical design purposes [29]. The set of Pareto efficient 

solutions is useful in engineering since it restricts the potential set of solutions a designer needs 

to consider. Trade-offs can be made between the objectives, without consideration of the full 

range of problem variables. 

 

Figure 1.7 - Flowchart describing the main components in a genetic algorithm. 
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1.7 Motivation and Aims 

The composite blades in any wind or tidal turbine system represent a significant proportion of 

the overall production and maintenance costs. This thesis aims to apply numerical optimisation 

techniques to the task of blade design with the goal of reducing costs, while retaining or 

improving on structural performance. The methodology presented is calibrated and validated 

against experimental data from wind turbine blade structural tests and is applied to concept tidal 

turbine blades. The main aims are: 

1. To accurately model the static and fatigue structural response of full-scale composite 

tidal turbine blades. 

2. To develop finite element models of composite blades and calibrate them against 

experimental test data from wind turbine blade tests. 

3. To use hydrodynamic models, based on blade element momentum theory, to predict the 

unsteady loading on tidal turbine blades. 

4. To implement novel material damage models and advanced failure criteria in a finite 

element framework for glass and carbon fibre-reinforced materials. 

5. To optimise the structural design of blades using advanced numerical search techniques, 

i.e. genetic algorithms. 

6. To incorporate the previous steps into a single automated methodology for the design 

of wind and tidal turbine blades. 

In achieving each of these objectives, this thesis describes a novel methodology for the effective 

structural design of composite wind and tidal turbine blades. Figure 1.8 identifies each of the 

objectives, indicating their validation against experimental testing or sources from the literature. 

 

Figure 1.8 - Flowchart highlighting the main features and objectives of this work. Each 

component of the blade design methodology has been validated against either experimental 

testing or results from the literature. 
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1.8 Thesis Overview 

Chapter 1 of the thesis provides an introduction to the project, outlining the background to the 

key aspects of the research and providing the overall motivations and aims. Chapter 2 delves 

into the literature in greater detail to demonstrate an understanding of the many aspects central 

to blade design, as well as a detailed discussion of the core principles underpinning the topics 

outlined above.  

Chapter 3 introduces a finite element based design methodology for composite tidal turbine 

blades under static loading. The methodology incorporates a novel material model for the non-

linear damage behaviour of glass and carbon fibre-reinforced composites. Damage modelling 

is combined with a submodeling technique to reduce the computational cost by investigating 

the damage at specific locations along the blade’s length. The iterative design of the tidal turbine 

blades in this chapter is not automated (subsequent chapters present a fully automated 

methodology). 

Chapter 4 advances the design methodology by (i) experimental validation against full-scale 

wind turbine blade static testing and (ii) the application of a single-objective genetic algorithm. 

The results of static tests on a 13 m blade are compared to an FE model on the basis of deflection 

and mass. A detailed description of the single-objective genetic algorithm developed for 

optimisation is provided. The optimisation algorithm was used to significantly reduce the mass 

of the blade, while retaining structural stiffness and remaining within acceptable limits of 

material safety. 

Chapter 5 continues this experimental validation on a smaller scale blade and with different 

construction materials, to demonstrate the robustness of the methodology. In this chapter, two 

4.5 m long blades, made primarily from glass fibre-reinforced polypropylene, are tested and 

compared to FE models. Measurements from these tests include strains, deflections, mass and 

modal properties of the blade. A good comparison was found between models and test results. 

The genetic algorithm was further developed to enable multi-objective optimisation and a study 

was performed to design a blade with improved mass and stiffness properties.  

Chapter 6 presents further experimental testing on the 4.5 m long blades. A bespoke blade is 

manufactured and tested based on the results of the design optimisation methodology of 

Chapter 5 and the structural test results are compared to the original blade designs. 
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Chapter 7 extends the methodology to include a fatigue failure analysis for tidal turbine blades. 

In addition, an advanced blade element momentum theory code is presented. This 

hydrodynamic code is applied to tidal current data from a site at the Pentland Firth in Scotland 

to analyse and quantify the blade loading on a concept tidal turbine. A lifetime prediction of the 

blades is made using the Rainflow counting algorithm and Miner’s linear damage calculation 

and an optimisation study is performed to maximise blade life and structural performance. 

Chapter 8 provides discussion of the main results of the thesis and conclusions on the advances 

in the field of blade design made in this work. Three appendices are included which provide 

greater detail on several aspects of the project. These include (i) the composite damage UMAT 

and the failure criteria UVARM codes, (ii) the code for the blade element momentum theory 

model and (iii) the fatigue analysis code. 
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Chapter 2. Literature review 

 

 

2.1 Chapter Summary 

Successful wind and tidal turbine blade design requires expertise in a wide range of subjects, 

such as material and structural testing, composite material modelling and fluid dynamics for 

modelling turbine loading. Full-scale blade testing is required to demonstrate that designs meet 

standards of safety and perform as expected. Finite element modelling is common practise in 

the design and analysis of blades, and advanced failure theories are often used to determine the 

risk of different failure modes. Wind and tidal turbine blades are commonly made from 

composite materials. Composites enable the tailoring of complex structural designs, providing 

a large design space which optimisation algorithms are well suited to exploit. This chapter 

provides an overview of existing literature on structural blade testing (Section 2.2), the 

performance and modelling of composites (Section 2.3) and design optimisation (Section 2.4). 

Section 2.2.1 and Section 2.2.2 describe full-scale static and fatigue blade testing, respectively, 

and identify the types of failures typically observed in large composite structures. Section 2.3.1 

outlines the major failure theories applied to composite materials, while Section 2.3.2 examines 

the results of material testing and the application of finite element analyses to failure prediction. 

Section 2.3.3 outlines structural modelling techniques for full-scale turbine blades and their 

efficacy for predicting structural performance. Section 2.4.1 summarises many of the aspects 

of blade and turbine design, while Section 2.4.2 details the primary sources of loading for tidal 

turbines. Section 2.4.3 provides an overview of optimisation studies using evolutionary 

algorithms and their application to blade design. 
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2.2 Experimental Blade Testing 

The blades of tidal and wind turbine rotors are generally regarded as one of the most critical 

components of these turbine systems. Full scale testing of blades is often a requirement for 

certification. Static tests, in which a specific load of constant magnitude and direction, are 

useful to show that the blades possess adequate strength and stiffness to withstand ultimate 

loads expected during their service life. On the other hand, high cycle fatigue tests, in which a 

load of constant or variable amplitude is applied to the test specimen, is necessary to 

demonstrate that the blades have the load bearing capacity to withstand repetitive loading that 

the blades are expected to be subjected to over their service life. 

2.2.1 Static Testing 

Structural testing is instrumental in understanding the types of failures observed in full-scale 

blades under extreme loading conditions. Static testing may be performed for a variety of 

reasons: 

(i) To determine the nominal strength and stiffness of a turbine blade.  

(ii) To compare with designs and computational models.  

(iii) To determine the ultimate strength of the blade and its critical failure modes.  

(iv) To complete the blade certification process. 

When conducting a structural test, the IEC [1] and DNV [2] testing standards should be 

consulted. The standards outline, in varying levels of detail, the test requirements for blade 

certification. For example, the IEC standard provides instructions for, 

 Reporting the blade geometry, manufacturing details and material properties. 

 Any modifications of the design load required to meet test conditions. 

 Environmental and load factors, as well as testing procedures. 

 Reporting of additional blade properties, e.g. natural frequencies, damping, mode 

shapes and mass distribution. 

Due to the cost and complexity of testing blades, certain aspects of testing (such as load 

application method and fatigue loading sequence) are entrusted to the prior experience of the 

test house. While no dedicated test standard exists for tidal turbine blades, the sections devoted 

to blade design in the DNV tidal turbine standard provide a wealth of useful information. The 

standard provides guidance on the types of tests that should be carried out, e.g. flapwise and 

edgewise loading, and the magnitude of the test loads. Safety factors are required to account 
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for scatter in the blade characteristics due to uncertainties in marine loading conditions and 

manufacturing conditions. The standard also provides information on the nature of the failures 

that may be found during testing and their criticality, i.e. the risk associated with matrix 

cracking, local panel buckling or adhesive joint failures. 

Static structural testing of wind turbine blades has been well reported and the most prominent 

studies are reviewed here, providing detail on the test set up, instrumentation techniques and a 

description of the final failure of the blade structures. The study by Yang et al. [3] detailed the 

test results from full-scale static testing of a 40 m long blade (Figure 2.1). The blade was loaded 

in the flapwise direction using three cranes. Videometric techniques were used to determine 

that the blade tip deflection (often used as a measure of the stiffness of the structure) was 160% 

of the design value at the point of collapse. The combination of numerical modelling and 

detailed local deformation data provided by the videometric method allowed the authors to 

determine the dominant failure mode for the blade. Initially, it was expected to be due to the 

Brazier effect, which is an ovalisation of the cross-section of the blade caused by large bending 

stresses. However, analysis of the results indicated that the initial failure was due to the 

aerodynamic shells debonding from the adhesive joints (Figure 2.1), followed by a progressive 

damage evolution until structural collapse.  

Wind turbine blades are long slender beam-like structures, which are susceptible to buckling 

failures if designed incorrectly. The composite panels that make up the blade may also 

experience local buckling. Hence, many wind turbine blades are constructed with sandwich 

panels, with a polyurethane or balsa wood core layer, to increase the critical buckling load. 

Jensen et al. [4] tested a 34 m blade to failure under flapwise loading, after the blade had passed 

static and fatigue testing requirements. From their measurements, it was determined that 

delamination of the outer skin was the initial failure mode, leading to a severely reduced 

buckling capacity of the blade and, finally, structural collapse. Under the extreme loads at 

failure, non-linear structural behaviour was shown to dominate the response of the blade. 

Static tests and modal tests are also conducted before, during and after fatigue testing, which 

can identify changes in stiffness and residual strength in a blade. Furthermore, in fatigue testing, 

the loads are generally increased in magnitude to enhance the induced damage in the blade and, 

thereby, accelerate the test. Hence, the peak fatigue loads may be on the same order of 

magnitude as the static loads and initial static testing should be considered. For example, 

Larwood and Musial [5] performed static tests prior to fatigue on two 12 m long blades, to 
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determine if there was any non-linear behaviour (such as buckling) evident at that level of load. 

The results of interest for the tests were the natural frequencies, damping characteristics, blade 

displacements and strains. Modal testing is often conducted to capture the natural frequencies 

and vibrational characteristics of a blade. 

 

 

Figure 2.1 - Structural testing of a 40 m long wind turbine blade using three cranes [top] and 

the failed blade [bottom], caused by failure along the adhesive bond line between the outer 

aerodynamic shells [1]. 

Testing to failure provides information on the weakest link in the blade structure and can help 

guide future design iterations, as well as, maintenance and repair strategies. Lee and Park [6] 

described in detail the failure process for a 48.3 m long wind turbine blade. The blade was tested 

to failure after previous static and fatigue testing. They ascertained that the process leading to 

ultimate failure was delamination of the 0° layers at the trailing edge. From their analysis, they 

were able to recommend changes to the layups of the blade to help arrest this type of crack 

formation in the future. They used extensive inspection of the failed blade, along with finite 

element shell models, to determine the root cause of the failure modes. 
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Chen et al. [7] provided valuable insight into the failure modes that affect some of the largest 

wind turbine blades. They performed static testing to failure of a 52.3 m long glass fibre-

reinforced epoxy wind turbine blade for a 2.5 MW turbine. The larger blade design required 

significantly thicker laminates than typical wind turbine blades. It was determined that the only 

explanation for several of the failure modes was the presence of through-thickness stresses in 

the composite laminates and sandwich panels. For most wind turbine blades, plane stress in the 

laminates is assumed. A single failure mode could not be ascertained since laminate fracture, 

delamination, skin-core debonding, core failure and shear web fracture were all noted at the 

failure region. The authors conclude with a recommendation to use more sophisticated solid 

element FE models for blade analysis on this scale, to fully capture the failure modes. The 

added complexity in failure modes due to the presence of thick laminates should be of concern 

for tidal turbine blade designers, since thick laminates at the blade root will be necessary to 

resist the large bending moment during operation. 

Structural testing at full-scale presents challenges in certain key areas, most notably the load 

application method. Load application via clamps or saddles is typically used, which can affect 

the blade stresses locally. Chen [8] investigated the effect of combined flapwise and torsional 

loading in a 47 m long blade. The author determined that the root cause of the blade collapse 

was compressive crushing failure, followed by delamination of the spar cap on the suction side 

of the blade. However, local buckling in the spar cap initiated this failure mode, and it was 

found that the constraint of the load saddle on the blade surface was a factor in this buckling. 

This failure demonstrates some of the inherent difficulties in structural blade testing. 

Overgaard et al. [9] performed similar static testing to find the failure mechanisms for a 25 m 

long blade. The blade was extensively instrumented with unidirectional strain gauges, linear 

variable displacement transducers (LVDTs) and an acoustic emission system (AES) to capture 

the non-linear behaviour of the structure at extreme loads. It was determined that the localised 

out-of-plane deformation caused by buckling (induced by a local geometric imperfection) led 

to the onset of delamination. The delamination originated at the material transition regions in 

the blade cross-section, and the subsequent result was compressive fibre failure. In this case, 

geometric imperfections led to local instability phenomena and exceedance of the material 

strength. 

The structural testing reported thus far is solely focused on wind turbine blades. To the author’s 

knowledge, no papers have yet been published on structural testing of full-scale tidal turbine 



Chapter 2. Literature review 

- 24 - 

 

blades. However, the study by Jeffcoate et al. [10] demonstrates the magnitudes of the structural 

loading that can be expected. The authors performed full-scale testing on a 4 m, 50 kW tidal 

turbine in real, tidal flows over the course of 48 days. From this extensive testing period, they 

found fluctuations in the thrust loading on the turbine (i.e. the flapwise blade loading) up to 

30% of the mean level at the maximum flow speed (see Figure 2.2). The variations in power 

produced at the maximum flow were even larger, approximately 50% of the mean. Since the 

power is linearly related to the torque (i.e. the edgewise blade loading), this indicates large 

magnitude load variations for both directions on the blades. More detailed discussion of the 

loading on tidal turbines is provided in Section 2.4.2. 

The studies discussed in this section were identified as important examples of test set ups and 

structural failures for wind turbine blades. These studies provided insight and guidance for the 

experimental tests performed in Chapters 5 and 6 of this work. For a comprehensive review of 

full-scale structural testing from the literature, the review by Zhou et al. [11] is recommended. 

The review also describes the advances in non-destructive testing techniques now commonly 

available for testing, such as digital image correlation (DIC) and laser scanning. Non-contact 

measurement technologies are playing an increasingly important role in testing due to ease of 

use and the vast amount of high fidelity data they can collect. The review by Yang et al. [12] 

provides an exhaustive analysis of the wide variety of such testing techniques available to blade 

designers. Chapters 5 and 6 utilised a non-contact laser scanning technique for measuring the 

shape of the undeformed and deformed blades during static testing. 

2.2.2 Fatigue Testing 

While the work presented in this thesis is predominantly focused on static testing, fatigue is 

often the motivating factor in design. Fatigue testing of coupon materials is typically used to 

define the structural test. The coupon tests produce S-N data, which is used to transform the 

turbine operating loads into an equivalent test load spectrum, to suit the equipment and 

timeframe available for testing [13]. The S-N data should cover multiple mean stress and stress 

amplitude levels that blades are commonly exposed to during operation. It is noted in the IEC 

[1] and DNV [2] standards that the decision on whether to pursue fatigue testing is made for 

each individual case. Hence, material characterisation and numerical analyses are instrumental 

in determining the risk of blade failure due to fatigue. In general, measurements and reporting 

should be carried out on the loads and strains, the number of cycles completed, any repairs 

necessary to complete the test and any changes in blade stiffness [1]. 
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Figure 2.2 - A full-scale 50 kW tidal turbine [top left], a scatter plot of the thrust on the turbine 

over a range of tidal velocities (showing the maximum, minimum, mean and standard deviation) 

[top right] and a time-series plot of power and thrust over the course of 6 hours of operation 

[bottom] reported by Jeffcoate et al. [10].  

One of the first decisions in designing a fatigue test is the method of load application. Larwood 

and Musial [5] performed fatigue tests using two loading methods. The first blade was tested 

with a single actuator (single-axis), combining the edgewise and flapwise loads into a resultant 

load by pitching the blade on its axis. The second blade used two actuators (dual-axis) in a 

configuration that allowed edgewise and flapwise loads to be applied in concert. They report 

the same damage distribution for both blades, but with the onset of damage occurring earlier in 

the single actuator test, due to higher strains noted at some of the strain gauge locations. Their 

report indicates that, while the single actuator test was a more manageable test set up, the double 

actuator test was more representative of the theoretical damage. 

Resonant testing is performed by attaching a rotating mass to the blade to excite the first natural 

frequency. Initially, this type of testing was only applied to single-axis (flapwise) testing; 

however, dual-axis testing has since been successfully developed, e.g. White [14]. For large 

wind turbine blades, the edgewise bending moment is a significant loading factor. This is due 

to the increasing blade weight and the twice-per-rotation fatigue loading effect it causes. Eder 

et al. [15] described a method for resonant testing of wind turbine rotor blades using a multi-
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frequency approach to control the damage accumulation throughout the blade. This approach 

excites multiple natural frequencies in the blade at once, to more realistically represent the load 

history of the blade. This multi-frequency approach also significantly reduced the testing time, 

up to 30% depending on the test set up, while fulfilling the requirements for a full-scale fatigue 

test. Reducing the time for full-scale testing is a valuable advantage, since it results in lower 

overall costs for turbine development. Malhotra et al. [16] detailed the design process of a novel 

tri-axial resonance excitation system, where edgewise loading was applied through two 

actuators and a linear guide rail system. The system was designed to perform dual-axis testing 

on wind turbine blades over 40 m in length. These studies demonstrate the continuing progress 

in full-scale blade testing. 

Final structural failure in fatigue is complex and often involves interaction between several non-

linear modes, such as matrix cracking, delamination and local buckling. Marin et al. [17] 

detailed the inspection and analysis of a blade from a 300 kW wind turbine that had experienced 

extensive damage due to fatigue. It was found that the causes of damage were transition regions 

in the blade thickness (ply drops), local geometric effects and manufacturing defects. They 

concluded that cracking to the outer shell laminates likely started from stress concentrations 

where the shell meets the root section, leading to delamination with the blade spar. Combining 

this situation with an abrupt change in thickness induced total failure in the load carrying 

laminates.  

The root section of the blade requires careful design due to the high bending moment and shear 

forces. Lee et al. [18] examined in detail the causes of fatigue failure of the blade root 

connection for a 56 m long blade. The failure was found after 510,000 flapwise cycles and 

780,000 edgewise cycles under dual-axis resonance testing. A typical root joint, the T-bolt, was 

in use in the blade, which failed when the T-bolt joint experienced bending-induced separation 

from the surrounding laminate. The authors carried out detailed FE sub-modelling of the 

connection region to identify the causes of the failure. They found that the initial design 

assumptions about the load distribution were inaccurate, implying a more detailed analysis of 

such key regions was required at the design stage. 

This review of static and fatigue testing demonstrates the variety in test set ups and identifies 

the common failure mechanisms that affect blade structures. Full-scale structural testing will 

be increasingly important for wind turbine blades, as the average size of blades increases, as 

well as for tidal turbine blades as they move towards full commercialisation. Larger blades and 
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thicker laminates are pushing the bounds of structural and material limits, inducing more 

complex and interconnected failure mechanisms [11]. Testing can help to refine blade 

designers’ understanding of long-term structural performance and reduce the costs associated 

with construction and maintenance. Understanding the requirements for fatigue testing and the 

types of failures commonly detected in full-scale composite structures has helped to inform the 

fatigue analysis performed on tidal turbine blades in Chapter 7.  

 

2.3 Composite Materials and Finite Element Modelling 

2.3.1 Failure Theories 

Over the last few decades, a significant body of research has developed around failure theories 

to aid engineers in designing structures with composite materials. To coordinate the process, 

the World Wide Failure Exercise (WWFE) [19] set out to test, analyse and compare the most 

prominent failure theories in a rigorous, large-scale benchmarking exercise. Hinton and 

Kaddour [19] provide an overview of the WWFE, which has developed in three phases. The 

goal of the exercise was to determine the strengths and limits of applicability of each theory 

and to provide a consensus on the best criteria available to designers. Each subsequent phase of 

the exercise sought to close the gaps in understanding exposed in the first phase. The results of 

the first phase are summarised in two papers ([20] and [21]), 19 methodologies in total were 

assessed between the two papers. Each of the failure theories were quantitatively assessed under 

categories such as predicting biaxial laminate strength, predicting the final strength of multi-

directional laminates and predicting stress and strain. The theories were then ranked based on 

their success in each category.  

The final rankings from the WWFE phase I are shown in Figure 2.3. In the overall rankings, 

the best performing theories were those of Zinoviev, Bogetti, Puck and Cuntze. Zinoviev’s 

approach was based on the Maximum-Stress theory and had been developed to include factors 

such as the unloading behaviour of damaged laminates and non-linear behaviour caused by 

changing ply angles for increasing laminate deformations [22]. The theory performed well for 

predicting initial failure events for multi-directional laminates and reasonably well at predicting 

final failure envelopes. Bogetti used the Maximum Strain criterion in a progressive failure 

analysis, which provided good predictions for the non-linear stress-strain curves of laminates, 

as well as the final strengths of the laminates for fibre failure modes. However, the theory 
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required further evaluation to fully test all of its features. The Puck and Schürmann failure 

theory (referred to as the Puck failure theory) is phenomenologically based and distinguishes 

between fibre failure and inter-fibre failure using five separate criteria [19]. The theoretical 

failure envelopes derived from the Puck failure theory were in very good agreement for 

unidirectional laminates and were generally in good agreement for multi-directional laminates 

[21]. The largest differences between theory and experimental results were for cases of large 

non-linear deformations. Cuntze’s theory is based on the theory of Puck, with an added 

consideration for the interaction between the failure mechanisms. The theory performed well 

overall; however, it required some improvement for cases of large deformations and combined 

(shear and transverse) non-linearity. The failure theory of Tsai was also examined. The Tsai-

Wu quadratic failure criterion is an example of a failure theory that is easy to implement, based 

on a mathematically rigorous framework and can be applied to a wide range of conditions [22]. 

The theory proved to be in the leading group of those examined, though its weaknesses stemmed 

from its failure to predict the initial failure envelopes for multi-directional laminates and its 

inability to predict large non-linear strains in cases of high lamina shear. The failure theories 

described above are based on stress interaction equations and while some (such as Puck) 

provide a robust treatment of some of the underlying physical mechanisms, the theories treat 

the composite as a homogenised orthotropic material. The individual fibre and matrix materials 

are not explicitly modelled, nor are their interactions during different failure modes. In order to 

improve the applicability of the theories a certain amount of experimental characterisation to 

determine parameters in the failure equations is typically required. Hence, there is an inherent 

difficulty in finding a composite failure theory that robustly and accurately predicts failure for 

all combinations of composites under every loading regime. Even so, when appropriately 

applied with careful calibration they can be effective tools in the design and analysis of 

composite structures. 

As previously noted, thick root laminates will be required to resist large bending moments in 

large wind and tidal turbine blades. Hence, 3D stress states will be a common problem for blade 

designers. The second phase of the WWFE investigated the problem of 3D failure criteria, the 

results of which are summarised in Kaddour and Hinton [24]. The Puck failure theory, for 

example, performed reasonably well in this phase of the exercise (though not as well as for the 

2D failure predictions in phase I). The authors note that the while Puck’s ranking is not as 

impressive in terms of the accuracy of its prediction for the range of test cases, its 

implementation in finite element analyses is competitive with the other methods analysed. The 
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final phase of the WWFE focused on the capabilities of the failure theories for predicting 

damage evolution in composites subjected to multi-axial loading [25]. Further detailed 

discussion of the capabilities, limitations and advantages of the failure theories can be found in 

the paper by Soden et al. [26]. 

 

Figure 2.3 - The ranking of the WWFE failure theories for their predictive capability at 

modelling five categories of composite material performance, including biaxial strength, initial 

and final strength of multi-directional laminates and stress/strain curves [21]. 

One of the primary goals of the WWFE was to highlight problems in existing failure theories 

and, thereby, promote further development. In this regard, the WWFE has been a success with 

significant research ongoing into improving the failure theories. For example, Galkin et al. [27] 

have developed a phenomenological model for non-linear behaviour of composites under 

combined tension and shear stress states. This model enhanced the predictive capabilities of the 

Puck failure theory and showed good agreement with the results of the WWFE.  

The WWFE demonstrated the advantages and limitations of the many failure theories. The 

choice of a suitable theory for a particular application depends on factors such as, 

 The time and computational resources available. 

 The complexity of the theory’s application. 

 The desired properties for prediction. 

 The required accuracy of prediction. 

A balance can be found and the appropriate theory applied, thanks to the combined efforts of 

the WWFE. Chapter 3 applied the Puck failure theory in a finite element damage model to 

determine the phenomenologically-based degradation of the elastic moduli for glass and carbon 

fibre materials. The results of the UMAT implementation of the Puck failure theory were 

compared to experimental test results for two material systems in Chapter 3, with additional 
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results presented in Appendix A. Chapter 4 used the Puck theory equations as failure criteria 

to constrain the risk of multiple failure modes in a design optimisation study. The fatigue 

analysis in Chapter 7 used a version of the Tsai-Wu [28] failure tensor polynomial for 

orthotropic materials, following the method laid out by Philippidis and Vassilopoulos [29]. The 

Tsai-Wu method applied in Chapter 7 determines the effect of combined multi-axial stress 

states, similar to the Puck theory; however, the model only requires the definition of the S-N 

curves for the composite material, while the Puck method requires a number of curve fitting 

parameters. The approach to the fatigue analysis was therefore dictated by the availability of 

material data for calibration and validation (the extensive OPTIMAT [30] fatigue test database 

was used to supply the material properties for the analysis). 

2.3.2 Performance and Modelling of Composites 

2.3.2.1 Performance of composites 

Characterising the static and fatigue behaviour of composite materials has elicited several large-

scale experimental studies. The OPTIMAT research programme [30] was conducted over four 

years, with 17 partners from 8 EU countries. The programme’s goal was to extensively 

investigate the mechanical properties of glass fibre materials typically found in modern wind 

turbine blades. The programme covered key topics such as,  

 Lifetime prediction models. 

 Fatigue tests for unidirectional and multi-directional laminates. 

 Complex stress effects. 

 Extreme operating conditions. 

 The application of the OPTIMAT test data in design.  

The programme reports provide an invaluable resource to aid in the detailed design of fibre-

reinforced polymer (FRP) composite blades and include recommendations and guidance on 

future research.  

A similar project on material use in wind turbine blades led to the development of the 

DOE/MSU composite materials fatigue database [31]. This database contains over 4100 data 

points for a wide variety of E-glass material systems and loading conditions. The report by 

Mandell and Samborsky [31] explored and analysed the resultant trends in the static and fatigue 

behaviour of the materials. The scatter and variability in test results is an important feature of 

composite material characterisation and the degree of scatter depends on factors including, 
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 Variations in fibre and matrix material properties. 

 Test coupon geometry and size. 

 Stress/strain level and R-value (the ratio of minimum to maximum stress in a constant 

amplitude fatigue cycle). 

 Test set up (due to significant variation between test machines and laboratories). 

Manufacturing conditions can also significantly contribute to the variation in material 

performance. Whether manufacturing test coupons or full-scale structures, variations between 

samples can be expected due to: fibre volume fraction, uneven fibre wetting, curing conditions, 

coupon thickness, fibre alignment and fibre bundle strength [32]. As wind turbines increase in 

size, stiffer fibres are required in their spar caps. Therefore, many manufacturers are now using 

carbon fibre or mixed-fibre designs [33]. Carbon fibre materials present advantages, due to 

improved fatigue resistance and specific weight over glass fibre laminates [34]; however, the 

added cost is still a deterrent for designers. To meet similar stiffness and weight constraints, 

tidal turbine blades may also need to incorporate carbon fibre composites. 

2.3.2.2 Modelling FRP composites 

Predicting the behaviour of composite structures is a challenging task due to the complex 

interactions between a large variety of parameters including geometry, material, laminate 

sequences, load history and interacting failure modes [35]. Orifici et al. [35] provided a 

comprehensive review of modelling the constitutive behaviour and failure of composite 

materials. The review covers topics from fibre and matrix failure to progressive ply damage 

and fracture mechanics. The review also discusses the consideration of appropriate length scales 

in analyses. A comprehensive understanding of the damage mechanisms at sub-ply, ply, 

laminate and structural scales is necessary to develop an accurate modelling methodology. 

Damage mechanics is a common method for modelling the macroscopic effect of damage 

initiation and progression in composite materials. Damage mechanics analyses the structure as 

a homogeneous continuum, using an anisotropic constitutive law to define its behaviour [36]. 

The homogenization of material properties can be performed at the macro-scale (of the entire 

laminate), the meso-scale (of the individual plies) or at the micro-structural level (see Figure 

2.4). The meso-scale is particularly useful since physical degradation, such as inter-fibre 

cracking and fibre breakages, occurs within the plies and delamination occurs between the plies 

[36]. The process of homogenizing the microstructure results in a loss of ability to predict the 

physical initiation and progression of the underlying failure mechanisms [37]. However, the 
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approach is well suited to structural design using numerical models, since modelling 

microscopic features at structural scale can be computationally prohibitive.  

 

Figure 2.4 - Multi-scale modelling of damage in composites, from structural level to 

micromechanics (CDM refers to the process of homogenization in continuum damage 

mechanics) [38]. 

A common approach to damage modelling at the meso-scale is cohesive zone modelling. The 

cohesive zone model (CZM) is based on fracture mechanics, and assumes the separation of two 

surfaces occurs along an extended cohesive zone in front of the crack tip [39]. CZM also 

assumes the fracture properties of the crack are controlled by a cohesive traction-displacement 

relationship. In a traction-displacement curve stress increases from zero to the maximum 

allowable stress of the interface, then degrades to zero. The crucial characteristic of this 

relationship is that the total area under the curve is equal to the critical fracture energy of the 

material (𝐺𝐶) [40]. The CZM approach requires detailed consideration of mesh sensitivity, a 

coarse mesh may result in a non-smooth response and exhibit snap-back as the crack propagates 

[41]. CZM analyses require a large number of elements to accurately model the crack growth 

in the cohesive zone, otherwise the model may demonstrate non-physical behaviour or the 

solution may not converge. Therefore, significant computational resources are required to 

perform these analyses on the scale of a full turbine blade. 

When applying CZM in an analysis a layer of cohesive elements are applied in the stacking 

sequence, typically in a location where crack propagation and delamination is likely to occur. 

This may require an initial global analysis to determine the locations of stress concentrations 

and areas susceptible to failure. The plies on either side of the cohesive layer are modelled with 

material properties oriented along the fibre direction and the cohesive layer is given properties 

determined from experimental characterisation of the Mode I, Mode II and mixed mode fracture 

behaviour [40]. Cohesive elements may also be inserted along bond-lines to represent 

interfacial failures. The delamination, should it occur, will initiate and propagate along the 
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cohesive layer. More complex analyses may include layers of cohesive elements between 

multiple plies through the thickness of the laminate, allowing several delaminations in the 

structure to be modelled simultaneously. 

Two prevalent methods for calculating the design life of composites are the Palmgren-Miner 

linear damage accumulation rule (commonly referred to as Miner’s sum or Miner’s rule) and 

the strength-based life prediction method. Miner’s rule describes the total damage accumulated 

in a structure in terms of the fraction of life consumed at each stress level. The equation is given 

by, 

𝐷 = ∑
𝑛𝑖

𝑁𝑖
𝑖

 (2.1) 

where 𝐷 is the total damage, 𝑁𝑖 is the number of cycles to failure for a particular stress level, 

𝑛𝑖 is the number of cycles at a particular stress level and 𝑖 is the  cycle type [32]. Rainflow 

counting is typically paired with Miner’s rule to determine the total damage in composites (e.g. 

[42] and [43]). Rainflow counting is an approach for determining the number of cycles of mean 

and alternating stress a laminate is subjected to [44].  Equation 2.1, though widely used, is often 

found to give non-conservative results, predicting fatigue lives of composites considerably 

greater than found in experiments, because Miner’s rule is not physically representative of the 

damage mechanisms of gradual and ultimate failure in composites [45]. The limits of Miner’s 

rule can be observed from block and variable amplitude testing of composites, due to the linear 

accumulation rule not accounting for sequence effects in loading. Harris et al. [46] investigated 

the effect of block loading on several carbon fibre epoxy material systems. They found that 

under block loading conditions of either all tension or all compression stresses, the Miner’s sum 

was typically close to unity, while for cases where the loading changes direction the actual 

fatigue lives of the samples were well below those of the Miner’s rule predictions. From these 

experiments it becomes evident that the process of stress reversal, from tension to compression 

and vice versa, is highly damaging, requiring careful consideration of the loading spectrum 

when using Miner’s rule.  

A key requirement in the use of the Miner’s rule is the constant life diagram. The constant life 

diagram (CLD) is a method of analysing aggregate S-N data for a composite material. The 

cycles to failure (S-N test data) are plotted as a function of mean stress on the x-axis and stress 

range on the y-axis, with the data from a single S-N curve radiating out along lines of constant 

R-values. The more R-values a material is tested at, the more comprehensive the picture of the 
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fatigue behaviour of that laminate. Typically, up to three R-values are used to define a CLD (R 

= 0.1, R= 10 and R = -1), although examples of more comprehensive material characterisations 

exist, e.g. the 13 R-value CLD of Sutherland and Mandell [31]. Analysing the impacts of using 

different numbers of R-values, Sutherland and Mandell [47] recommended a CLD constructed 

from five S-N curves as a balance between predictive accuracy and the difficulties and costs of 

obtaining the data. 

The strength-based method tracks the damage due to fatigue loading, degrading the material 

strengths and predicting the life based on exceedance of the residual strength by the current 

load. Philippidis and Passipoularidis [48] offer an in-depth review of several residual strength 

models, detailing the history of the technique and testing modifications to existing models. 

Their review found that, while some of the models provided satisfactory predictions to the test 

cases, many of the models struggled due to the large scatter in the residual strength data and the 

initiation and propagation of multiple damage mechanisms during fatigue testing. 

Phenomenological strength reduction models also depend on large experimental data sets for 

each material, laminate sequence and loading condition considered. From a comprehensive 

comparison of the two life prediction methods, Nijssen [32] concluded that the advantages in 

predictive accuracy from the more accurate strength-based approach were not justified against 

the increase in computational effort, compared to the Miner’s rule approach. Passipoularidis 

and Philippids [49] presented a study comparing the fatigue life predictions of the Miner’s rule 

and residual strength approaches for laminates under different loading spectra. The study also 

investigated the effect of parameters such as the constant life diagram formulation and the 

counting algorithm. They found that the setup of the constant life diagram (i.e. the number of 

sets of R-values) had a large effect on the quality of predictions for block loading with varying 

mean stress. The cycle counting method had the biggest impact when the loading spectrum was 

more stochastically distributed, with the Rainflow counting method providing the best 

predictions. The authors found that the residual strength models provided small improvements 

in life predictions; however, the benefit may not justify the increased experimental test 

requirements. 

Overall, investigations of the various methodologies employed in the fatigue analysis of 

composite structures indicate that extreme care must be taken in the choice of methods and the 

interpretation of their predictions. The lower computational cost associated with the Miner’s 

rule approach led to the adoption of this method for the design methodology in Chapter 7 of 
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this work. Whether using Miner’s rule or a strength-based approach, the following list of tasks 

make up the formulation of a fatigue life prediction scheme [45]: 

 S-N curves determination 

 Constant-life diagram definition 

 Cycle counting methods 

 Multiaxial fatigue strength criterion 

 Damage accumulation rule 

The implementation of each of these tasks have been fully described in the methodology of 

Chapter 7. The development of computational techniques for modelling structural failures 

provides the opportunity for a reduction in the quantity and cost of physical validation tests for 

full-scale structures, hence, improving blade designs and reducing the overall cost of blade 

manufacture.  

2.3.2.3 Modelling using the Puck failure theory 

As identified in Section 2.3.1, the Puck failure theory was deemed suitable for application in 

Chapters 3 and 4 of this work. A large number of researchers have developed damage 

mechanics models incorporating the Puck theory, often including modifications or 

improvements to address its weaknesses. An overview of a number of these methodologies is 

presented here. 

Dong et al. [50] addressed the effect of ply thickness and stacking sequence on the failure 

analysis of FRPs with the goal of improving the prediction of the initial failure stress using 

Puck’s theory. The authors presented a modification based on the in situ strength effect; the 

effect involves the delayed formation of cracks in thin plies that are embedded between stiff 

plies. The initial failure strength was modelled as a function of the thickness of the lamina and 

the ply angles of its neighbouring laminae. The resulting model accurately predicted the initial 

failure stress. The modified Puck model was then applied in a novel fatigue failure theory [51] 

using a residual strength and residual stiffness approach. The fatigue life predictions and failure 

envelopes showed good agreement to experimental results. Kruger et al. [52] also introduced a 

damage model for the fatigue behaviour of composite materials. The proposed model used an 

energy based continuum damage mechanics theory in place of the common damage 

accumulation theory of Palmgren-Miner. The method was advantageous since it was physics 
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based and not phenomenological, hence, less experimental material characterisation was 

required. The model compared favourably to results from the OPTIMAT test database. 

Kennedy et al. [53] presented another approach to fatigue modelling of composites using the 

Puck theory. The authors applied a residual strength model, a damage evolution equation and a 

formula to estimate the irrecoverable strain in the material in the FE model. The Puck failure 

criteria were used to control the degradation of the transverse and shear moduli of the material 

using empirically based formulae. The model showed good agreement with test results for 𝑅 =

0.1 tension-tension fatigue. Lee et al. [54] presented a progressive failure analysis using the 

Puck theory and damage mechanics. The method used separate fibre and matrix damage 

variables for tensile and compressive stresses to degrade the components of the constitutive 

stiffness matrix. Once failure states were determined using the Puck theory, the failed element’s 

material stiffness was reduced to zero (known as the element weakening method). The authors 

tested their model against a wide variety of biaxial load cases and found that the analysis results 

for initial failure were conservative and in close agreement with the physical experimental 

results. 

Deveci et al. [55] demonstrated a novel application of the Puck failure theory as a constraint in 

an optimisation analysis. The goal of the optimisation was to maximise the buckling load factor 

for a range of stacking sequences, while avoiding static fibre failure and inter-fibre failure. The 

authors compared optimisation results using Tsai-Wu, Hashin-Rotem and Puck failure theories 

as the constraint methods. It was determined that the optimum stacking sequence depended on 

the choice of failure criteria and that using the Puck theory determined the most reliable 

laminate designs. The examples discussed provide a sense for the variety of applications of the 

Puck failure theory and demonstrate its effectiveness as a design tool. The finite element 

damage model presented in Chapter 3 has its roots in the fatigue damage model of Kennedy et 

al. [53]. 

2.3.2.4 Environmental factors 

Environmental factors present an additional concern for blade designers. High moisture 

climates are known to have deleterious effects on wind turbine blades [56] and the combination 

of humidity and temperature effects is a primary environmental consideration for the fatigue 

design of blades [33]. Tidal turbine blade designers need to be aware of the detrimental effects 

of water saturation on the long-term strength and stiffness of FRP materials. Kennedy et al. [57] 

compared results from fatigue testing of water saturated and dry E-glass epoxy and vinyl-ester 
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coupons (Figure 2.5). The coupons were fatigue tested while immersed in water, since drying 

the coupons recovered most of their original strength. It was found that at high stresses the 

fatigue strength of the wet E-glass epoxy coupons was 20-25% lower than the dry coupons, 

while at low stress (high cycles) the wet fatigue strength was 8% lower. Hence, the fatigue 

strength of the GFRP material under water saturation conditions is stress-level dependent. In 

addition, the tests showed negligible difference in the tensile modulus or the fatigue modulus 

between wet and dry coupons during testing. Tual et al. [58] studied the effect of sea water 

aging on carbon fibre materials and found quite a severe impact on the static strength 

characteristics of the materials. A decrease of 20% to 40% was found in the longitudinal and 

transverse failure strengths. Meng et al. [59] presented 3-point and 4-point bending tests on 

water saturated unidirectional and cross-ply laminates made from carbon fibre material. The 

proposed mechanism for the reduction in fatigue strength of the materials when immersed in 

water is that as cracks develop in the composite the capillary effect draws water into the cracks. 

The water then prevents crack closure when the specimen is unloaded, thereby accelerating the 

propagation of the crack. Protective materials, such as gelcoat used on wind turbine blades [60], 

may help to mitigate some of the effects of water immersion. 

   

Figure 2.5 - Immersed fatigue testing of glass fibre composites [left] and the degrading effect 

on fatigue strength [right] [57]. 

2.3.3 Structural Blade Models 

Finite element blade modelling often accompanies experimental testing to (i) define the test set 

up, (ii) confirm failure analyses and/or (iii) validate the models for use in future design 

iterations. A number of the studies reviewed in Section 2.2 provided details of FE modelling 

alongside the structural test results.  
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Lekou et al. [61] performed a benchmarking study on the variations in a range of computational 

modelling methods in collaboration with six organisations made up of research institutes and 

universities. Identical information was supplied to each partner for a comparative study of their 

in-house modelling techniques. The outcomes were compared for displacements, stresses, 

strains, natural frequencies, buckling loads and Miner’s rule damage values. A variety of finite 

element analysis tools were used in the study to provide a statistical measure of the variation 

caused by choices such as, 

 Linear or non-linear analysis. 

 Beam, shell or solid element approaches. 

 Load application methods. 

The authors found that there was only small variation in most of the structural properties of the 

blades (mass, centre of gravity, mass moment of inertia). The modal analysis results were also 

in close agreement for all of the modelling methods, with coefficients of variation less than 

3.2% for the first five mode shapes (three bending and two edgewise mode shapes). The largest 

disagreements between modelling methods occurred for the predicted frequencies for the 

torsional mode shape.  

Analysis of the deflection results showed that the coefficient of variance was quite low (below 

4.8%) for the flapwise deflection along the blade for the reference load case. The variance in 

the edgewise values between the various modelling methods, however, was up to 14.6%. In 

combination with this fact, an initial check of the blade torsion showed significant variation 

(predictions varying between approximately 0.5° and 2.4°). The variations in torsion can be 

attributed at least partly to the load application method used by the groups, where some groups 

applied the load using links while others applied the loads directly to the shell structure. One of 

the groups determined the difference in results between linear and non-linear geometric 

analyses, and found that the non-linear model predictions were within the range of the other 

linear estimations. The non-linear models also predicted a significant axial (along the blade) 

displacement that the linear models were unable to capture. The deviations in torsional response 

between the different loading and modelling methods were considerable, with a standard 

deviation of the torsion of 1°. The choice of a linear or non-linear analysis resulted in a 

difference of over 1° for one of the participants, while the difference in loading method resulted 

in differences of approximately 2°. 
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The buckling analyses showed considerable variation between the various groups, with a 

coefficient of variation of 23% and buckling load factors ranging from 1.8 to 3.1, with varying 

failure locations between groups. Further analysis showed, the first five Eigenmodes were in 

close proximity and slight modifications in the load application methods lead to variations in 

the buckling mode shape. The authors concluded that the large variations were primarily due to 

the choice of load application method. The variation in the longitudinal strains between the 

groups was below 5% in the spar caps and 15% for the loading and trailing edge regions, with 

even larger differences noted in the shear and transverse strains throughout the blade. The large 

differences in static strength/first ply failure prediction were likely due to these differences in 

strains. Some large deviations were found between the models for the fatigue analysis results. 

The method of determining the damage accumulated in the structure from the GL standard [62] 

for wind turbine blade design was used by all of the participants, with some variation in cycle 

counting algorithms used. It was found that some of the modelling methods significantly under-

predicted the stresses at certain locations (such as the leading and trailing edge points) and 

therefore under estimated the degree of fatigue damage accumulation in these locations. This 

effect compounded with slight differences in counting algorithms and variations in loading 

method resulted in a coefficient of variation up to 34% among the fatigue stress factors (stress 

multiplication factor required to obtain a damage index of 1, scales with an inverse power law 

of the damage index) at the leading edge at approximately 60% of the blade length. One of the 

reasons that such large differences in damage index prediction exist between the models is that 

relatively small differences in stiffness, introduced by different modelling methods, magnify 

the differences in damage index due to the slope of the fatigue life (S-N) curve.  

The choice of loading method and analysis type had a greater impact on results. Buckling and 

fatigue strength predictions showed the greatest variations between modelling methods. This 

work demonstrated the uncertainty in blade modelling methods and the structural characteristics 

and responses that are most sensitive to modelling methods. Lekou concluded with a 

recommendation for experimental testing to validate numerical results and to determine the 

accuracy of the computational methods utilised. This conclusion has provided additional 

motivation for the comparison of the numerical models with experimental static and modal test 

results in Chapters 4, 5 and 6 of this work. The impact of load application method on the 

accuracy of the numerical models is directly addressed in Chapters 5 and 6. 

A similar study comparing FE modelling strategies for their accuracy in predicting the structural 

performance and characteristics of wind turbine blades was carried out by Branner et al. [63] 
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and Berring et al. [64]. The studies determined that the shell model was incapable of correctly 

modelling the torsional behaviour and bend-twist coupling with a difference of up to 32% 

between numerical predictions and experimental results. Further discussion of the results of the 

study is provided by O’Brien et al. [65].  The studies found that the shell-solid models were 

capable of accurately predicting the flapwise, edgewise and torsional behaviour of the blades. 

However, the shell/solid element models required more computational resources than the shell 

approach, requiring a balance to be found depending on the requirements of the FE models. 

Shell element FE models can provide global/far field stress and strain predictions and, hence, 

can highlight the point of failure in a structure. However, they do not provide any information 

on what happens after failure, e.g. the stress redistribution and eventual structural collapse. 

Hence, progressive damage mechanisms should be included in the analysis to determine the 

subsequent structural behaviour. Overgaard et al. [41] noted in their paper modelling the 

delamination failures in a full-scale wind turbine blade, that while shell element formulations 

can adequately predict model structural stiffness and far field stresses and strains (used to 

determine in-plane failure functions), solid-shell finite element models are required to 

determine the out-of-plane stress and strain components for the determination of the onset of 

interlaminate failure. Combining this solid-shell method with fracture mechanics models (such 

as cohesive zone modelling discussed in Section 2.3.2.2), allowed the authors to accurately 

predict the location and extent of the delamination failure in the box-spar of a wind turbine 

blade and to gain an understanding of the underlying causes of the collapse of the structure. The 

authors defined cohesive layers in the stacking sequence, located between the biaxial plies and 

the core material, to match the delamination paths typical of a blade under static flapwise 

testing. The results of the analysis found that the failure load of the FE model was 6% lower 

than the first ply failure event in the full-scale experiment. The analysis showed that the 

delamination was triggered first by a geometric instability, which interacted with material 

instabilities as it progressed. The location of the damage predicted by the model correlated 

exactly with the location from the physical test, implying the model accurately captured the 

failure behaviour of the turbine blade. Figure 2.6 shows the comparison to the damage pattern 

detected by an acoustic emission system. A further comparison between test and FE model 

results demonstrated that the ultimate structural collapse of the blade was caused by a coupled 

delamination and buckling process in the compressive load-carrying spar cap material [66].  

Cohesive zone modelling has also been demonstrated in debonding analysis of the blade root 

joint in a wind turbine blade [67] and to analyse manufacturing defects such as embedded 
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wrinkles in composite laminates [68]. Harper and Hallett [40] incorporated a CZM analysis, 

combined with a fatigue degradation law (based on the Paris law for crack growth), into the 

blade design process for tidal turbines. The authors investigated the failure modes of a laminate 

with ply drops representative of the spar cap of a blade. The results demonstrated a potential 

avenue for modelling the fatigue-driven delamination behaviour of composite blade structures. 

Cohesive zone modelling presents an effective analysis tool for the designer of composite 

structures and allows the complex delamination failures of full-scale blade structures to be 

accurately modelled. 

 
Figure 2.6 - Comparison between the results of an acoustic emission system [above] and finite 

element model [below] for a spar cap delamination before complete structural collapse of the 

blade [41]. 

Chen et al. [69] used a full-scale shell element model of a blade to provide the boundary 

conditions for a solid element local model. The location of interest in the blade was the root 

transition region, hence the loads and boundary condition could be set up as the normal fixed 

root boundary condition and a multi-point constraint (MPC) derived from the global shell 

model. The local model was created with layered orthotropic solid elements and interspersed 

with cohesive zone layers of negligible thickness (approximately 0.001 mm) to capture any 

delamination behaviour of the structure. Comparing the model results to experimental testing 

to failure, it was found that the modelling approach was effective at capturing the failure models 

of the blade and the global-local submodeling with solid elements significantly reduced the 

computational expense of the exercise. 

More detailed studies of specific blade components and failures inevitably require the use of 

solid elements, for example the study by Laustsen et al. [70] on the failure behaviour of grid-

scored foam cored sandwich panels in the outer shells of wind turbine blades under multiaxial 

loading conditions. The interactions between the resin grid and foam core material were 

required to analyse the subsequent failure in the section and these features were modelled in the 
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local model. The global model applied a homogenisation of the two material properties for the 

core layer and each of the layers were applied using solid elements. For similar studies of the 

detailed failure analysis around small scale blade features, only solid element modelling is 

suitable to determine the structural performance with any degree of accuracy. 

Lee and Park [6] compared a shell element FE model to their test data to determine the cause 

of the blade failure. The deformation of the trailing edge laminates in the model confirmed their 

hypothesis, that large edgewise loading created peeling strain in the trailing edge bond line. 

Coupled with fibre-matrix damage (caused by edgewise fatigue testing), this lead to 

delamination failure. Jensen et al. [4] used non-linear submodeling of blade sections in their 

investigation of the Brazier effect. They determined that a non-linear FE model was required to 

capture the true behaviour of the blade, due to the combination of Brazier effect and the final 

buckling failure. The spar cap and shear web deflections compared favourably to test results up 

to about 80% of the failure load, after which the FE model predictions for the blade were overly 

stiff. Kong et al. [71] demonstrated a design methodology using FE blade models and 

experimental testing. The models showed good agreement with static test results and the 

analysis was extended to fatigue [72]. The subsequent fatigue methodology was applied in a 

preliminary design study and used strength-life (S-N) data and Miner’s rule to determine the 

safety factors for the blade. The stresses in the FE model were compared to the allowable tensile 

and compressive stresses for a 20 year fatigue life.  

In conclusion, shell based FE models are typically suitable for determining the global behaviour 

of blades for characteristics such as: Eigenfrequencies, tip deflections and global stress/strain 

distributions. More accurate shell/solid or fully solid element blade models are required to 

comprehensively determine the local deformations and stresses and to more accurately capture 

torsional and coupled bend-twist behaviour of blades. Often highly detailed solid element 

models can struggle to capture the local deformations and stresses without calibration against 

experimental testing, due to large manufacturing tolerances which entail imperfections in 

geometry and adhesive joints [4]. These differences from the design specifications may 

significantly affect strength and structural performance. Jensen et al. [4] demonstrated this 

effect by calibrating the rotational stiffness of the corners of the box-spar in shell element 

models against experimental test results for a full-scale blade. Good correlation between the FE 

model and test results was found for lower loads (up to 50% of the ultimate load) with the effect 

of material or geometric non-linearities becoming more pronounced in the test results at higher 

percentages of ultimate load. 
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In a review of 25 years experiences in the field of composites, Talreja [38] proffered an 

overview of the challenge faced by the composites design and manufacturing community. Due 

to the limited availability of material and energy resources for future generations, it is 

imperative to incorporate cost analysis, manufacturing considerations, material characterisation 

and performance evaluation into a single “big picture” of composite product design. This 

philosophy has been very influential on this work and it establishes the rationale for the final 

section of the review. 

 

2.4 Design and Optimisation 

Although the field of research for tidal turbines is relatively new, recent years have seen a surge 

in the number of studies evaluating the many aspects of turbine design and performance. Studies 

range from small-scale model experiments (for example [73], [74] and [75]), to complex 

numerical simulations (for example [76], [77] and [78]), to results of full-scale turbines in 

operation (for example [10]). Meanwhile, the state of the art in wind turbine blade design has 

reached relative maturity. Advances in material science and failure prediction underpin the 

challenges still faced in this sector. Therefore, the following two sub-sections will focus on 

features of tidal turbine and tidal turbine blade design. The final section focuses on the field of 

structural optimisation and is common to both types of turbine blade. 

2.4.1 Blade and Turbine Design 

Successful tidal turbine design requires consideration of topics including, 

(i) Turbine location, blade geometry and material. 

(ii) Array effects and environmental factors. 

(iii) Techno-economic challenges. 

One of the first considerations for placement of tidal turbines is the installation depth. The 

available power output is constrained by the flow speed and turbine swept area. Tidal flows are 

characterised by a velocity shear profile, where the maximum velocity occurs at the surface, 

decreasing with water depth [79]. Hence, greater power output is achieved with a turbine placed 

higher in the water column. However, due to wave action near the surface, this can introduce 

oscillations in power output and blade loads [80]. Cavitation also presents an issue for blade 

designers, as its presence can degrade hydrodynamic performance, cause surface erosion, noise 
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and may excite vibration in the blade [81]. Cavitation inception occurs when the local pressure 

on a blade section falls below the vapour pressure of the liquid. Novel blade designs can delay 

cavitation inception. For example, a novel raked tip design has been investigated by Lee et al. 

[82] using a CFD approach. The raked tip was found to improve turbine performance at low tip 

speed ratios (TSRs) due to a reduction in the tip vortex for high angles of attack. 

Zhou et al. [83] have reviewed the largest tidal turbine projects from around the world, as of 

2017. The majority of the turbines near commercialisation use a horizontal axis design, these 

include the Andriz Hydro Hammerfest 1.5 MW device, the Atlantis resources 1.5 MW device 

[84], the SeaGen S 2 MW turbine and the ScotRenewables SR2000 2 MW turbine system. The 

notable exception is the open centred rotor design of the OpenHydro 1 MW and 2 MW devices. 

Chapters 3 and 7 of this work take a detailed look at the design of blades for turbines similar 

in scale and operation to the SeaGen and ScotRenewables devices, considering their static and 

long-term fatigue performance. 

 

 

Figure 2.7 - The biomimetic design features leading edge bumps which resemble the tubercles 

present on the pectoral fins of humpback whales [85]. 
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The turbine device developers also vary in their installation methods, using floating platforms 

(ScotRenewables), monopile structures (SeaGen) or mounting the device on the seabed 

(OpenHydro). Several small companies are also developing turbine systems using transverse 

horizontal turbine designs which are also suitable for river applications, e.g. the ORPC OCGen 

500 kW power system. Many researchers have also proposed novel turbine and blade designs. 

Inspired by the shape of the humpback whale’s fins, Shi et al. [85] have applied a series of 

bumps (known as tubercles) to the leading edge of tidal turbine blades and demonstrated 

significant improvement in the power produced (Figure 2.7).  

Other novel blade and material designs include, 

 Twisted blades and nacelle shapes [86]. 

 Blades that morph their shape to alleviate load [87]. 

 Passively adaptive blade designs, where deflection under load is tailored to improve the 

hydrodynamic performance of the blade [88]. 

Once fully commercialised, tidal turbines will operate in arrays, similar in layout to wind farms. 

The first small array has already been developed by NovaInnovation, consisting of four turbines 

rated at 1.5 MW [89]. Fallon et al. [90] investigated the effects of different turbine spacings on 

the hydro-environmental impacts to the Shannon estuary, on the west coast of Ireland. They 

found that the tidal current was reduced inside the array, due to the energy extracted, and 

accelerated around the array due to blockage effects. The array spacing can also impact the tidal 

range, lowering the high water level and raising the low water level, which could prove 

advantageous for the depth-wise placement of turbines. The configuration of the array can have 

significant impacts on the flow behaviour around any one turbine. Turbines operating in arrays 

will almost unavoidably experience flow effects from the wakes of surrounding turbines 

(discussed in further detail in the following section). Fallon et al. and Phoenix and Nash [91] 

also identified potentially damaging effects on local fisheries due to sound pollution from 

turbine arrays. Examining the potential impacts of turbine sound on four species of fish, 

Schramm et al. [92] found only minor effects on behaviour; however, the authors stress that 

this was an initial study for a single turbine and a large range of effects need to be investigated 

before a definitive conclusion can be drawn on the ecological impacts of turbine arrays. 

The techno-economic challenges faced by tidal turbine developers were reviewed by Segura et 

al. [93]. There are several technical challenges that require cost effective solutions, such as the 

reliability of the materials and structures, poor knowledge of the resource at high resolution and 
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limited experience with turbine arrays. These factors all impact the economics of device 

development, resulting in higher levelised cost of energy (LCOE) than for competing energy 

sources. They also result in a high risk profile for investors and insurers and make it difficult to 

accurately predict the future reduction in costs as more devices are deployed. Practical 

approaches for managing ageing device components can help mitigate the costs associated with 

long periods of turbine downtime (downtime reduces the overall capture capacity of the device). 

An ageing asset management framework could include monitoring material degradation using 

structural health monitoring (SHM), utilising an inventory of spare parts and instituting an 

organisational model for managing personnel and decision making related to maintenance 

requirements [94]. 

2.4.2 Turbine and Blade Loading  

The operational conditions for tidal turbines are considerably different to those for wind 

turbines due to the Reynolds number, operation at lower tip speed ratios and the higher density 

of water [95]. Nevalainen et al. [96] performed a sensitivity study on the variation in tidal 

turbine loads due to a wide range of parameters including geometry and operating conditions. 

It was found that the most critical parameters were the velocity shear profile, the rotor radius, 

the surface velocity and the wave height. The analysis also found a large degree of eccentricity 

in the thrust loads, which could be potentially damaging to blades and the internal turbine 

components. 

The tidal boundary layer is often characterised by a 1/7th power law fit. Mason-Jones et al. [79] 

presented measurements of the velocity profile from a location in the Severn Estuary in the UK. 

The velocities were measured using a vessel-mounted Acoustic Doppler Current Profiler 

(ADCP) device. The authors noted that the ideal location for a turbine from a power production 

perspective is towards the surface, since the rate of shear is lowest in this region. However, due 

to shipping restrictions this may not prove feasible in reality. A study by Lewis et al. [97] on 

the applicability of the 1/7th power law profile fit found that, for the two locations they 

monitored using ADCPs, the power law provided a good fit. However, both spatial and 

temporal variability existed for sites around the Irish Sea. Hence, data from specific locations 

over a representative period of time should be used to improve predictions and tailor the blade 

and device design to ensure long-term structural performance. 

The interaction of waves with tidal turbine blades has garnered a significant amount of study, 

since turbines will likely be situated within their influence. If the wave velocity is a significant 
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proportion of the tidal current velocity then their impact on the unsteady loads may be 

considerable [98]. Nevalainen et al. [96] noted that parameters such as the wave height impacted 

the variance of the loads, without much effect on their mean value. Barltrop et al. [98] confirmed 

this finding in experimental tests on a model turbine. They found, under extreme wave loading 

conditions, the mean values of thrust and torque are not overly sensitive to the wave height; 

however, the peak values may experience increases on the order of 40%. This assessment is 

also consistent with experimental testing performed in two other studies [99], [100].  

Initial attempts at predicting the effect of waves using blade element momentum theory 

(BEMT) used linear wave theory. A comparison of this approach with experimental testing on 

a model-scale turbine by Faudot and Dahlhaug [101], found that this method was satisfactory 

for a range of loading conditions. However, without application of dynamic stall and wake 

models to account for dynamic flow effects in high and steep waves, the BEMT approach was 

unable to accurately predict the extreme loads on the blades (Figure 2.8). Many of the studies 

on wave effects have modelled or tested waves propagating in the direction of the tidal current 

(perpendicular to the turbine rotor). In a comprehensive numerical study on the direction of the 

waves relative to the current, Lewis et al. [102] found a large proportion of the wave conditions 

did not match this assumption. They found that between 49% and 93% of the time the waves 

were oblique (at an angle of over 20°) to the current and that waves had a significant impact on 

the power production capacity at all locations. It was recommended that wave angle should be 

considered when investigating the effects of wave interaction on turbine structures. 

A blade moving in a fluid experiences an additional force called the added mass. This force can 

be thought of as the weight due to the fluid which must be moved around the blade as it 

accelerates or decelerates [101]. Added mass effects have been studied by several authors with 

somewhat conflicting results (see Maniaci and Li [103] and Whelan [104]). However, 

according to Faudot and Dahlhaug [101] the added mass can be considered as a constant force 

applied to the blades. Added mass effects were not considered a significant form of loading for 

the tidal turbine blades in this work, since the loading modelled in Chapters 3 and 7 did not 

include large flow accelerations from conditions like large turbulence intensities or wave 

effects. 
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Figure 2.8 - BEMT model predictions for the thrust force on a blade compared to model-scale 

experimental test results. The BEMT model predicts the overall trend but fails to capture the 

magnitude of the peak loads under wave loading [101]. 

Turbulent flow interacting with a tidal turbine has the potential to cause significant unsteady 

loading effects. The unsteady circulatory loading effects are due to dynamic inflow, delayed 

separation and dynamic stall of the blades [105]. Developing the understanding of turbulence 

intensity across the rotor and its effects, will help to develop fatigue loading prediction and 

mitigation strategies for blades. For example, a study of the turbulence at the EMEC tidal 

energy test site using a seabed mounted ADCP, found that the turbulent kinetic energy 

production was enhanced near the seabed [106]. From laboratory experiments in the circulating 

water channel at IFREMER, Blackmore et al. [107] found that the turbine power and thrust 

coefficients experienced variations in excess of 10% due to turbulence. They also found that 

turbulence caused load fluctuations on the blades up to a 5 fold increase in the most extreme 

case tested. For further reading, Milne et al. [105] provide an excellent review of the current 

level of published research on the topic of turbulent loading of tidal turbines. The review covers 

unsteady loading due to dynamic stall and inflow effects from a range of experimental studies. 

Ahmed et al. [108] performed CFD simulations of a full-scale turbine to investigate the effect 

of velocity shear layer and turbulence. They compared simulations using two turbulence models 

(RANS and LES) to experimental data from a 1 MW turbine. From the analysis, they 

determined that the turbine causes a velocity deficit and enhanced turbulence extending beyond 



Chapter 2. Literature review 

- 49 - 

 

10 turbine diameters downstream in the wake. The reduced velocity and the enhanced 

turbulence intensity decrease the power output and increase the load variability on downstream 

turbines. The velocity deficit in the wake of a turbine ranges from 60-90% of the free-stream 

velocity near the turbine and recovers to between 10-25% at 10 rotor diameters (RDs) 

downstream with further recovery to 5-10% of free-stream levels at 20 RDs [91]. The structure 

of the flow in the near-wake (up to 2-5 RDs downstream) is characterised by slow moving fluid, 

intense turbulence and a large degree of swirl.  While in the far-wake region, the turbulence and 

swirl have largely dissipated through turbulent mixing between the wake and surrounding fluid 

[109]. Sufficient turbine spacing can alleviate this effect and improve the overall efficiency of 

the array (where the array efficiency is defined as the net power produced by the array divided 

by the sum of the power produced by the individual turbines acting in isolation [110]). 

However, some negative effects due to increased turbulence will be unavoidable and will 

constrain the power output from a given site. Experimental testing by Chen et al. [111] on a 

model scale turbine found that the turbulence intensity spread laterally behind the turbine, 

indicating that wakes will affect turbines situated both downstream and on either side of each 

turbine. 

The experimental study by Milne et al. [112] investigated unsteady hydrodynamic loading on 

tidal turbines. The authors concluded that for attached flow, the contribution from unsteady 

loading was relatively small in magnitude. However, at low tip speed ratios flow separation on 

the blades may occur, resulting in dynamic stall and significantly higher magnitude unsteady 

loads. A follow-up experimental study aimed to quantify the component of the total blade root 

bending moment due to unsteady loading [73]. The test used single frequency oscillations to 

approximate the forcing due to the onset of turbulence. For a blade with attached flow 

conditions, the unsteady loads were greater in magnitude than the steady loads by more than 

15%. 

Additional sources of load variability, recommended for further reading, include, 

 Yaw misalignment [113], [114].  

 Combined wave and yaw effects [115]. 

 Variation in performance with flow directionality [116]. 

 Pitching effects on turbine blades [117]. 

 Blade roughness [118]. 

 Wake effects of an upstream support stanchion [119]. 
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 Tidal turbine vibration effects [120].  

In Chapter 3 the hydrodynamic loads on the blades under static loading conditions are 

determined using a BEMT model. Chapter 7 outlines the development of a more advanced 

BEMT model and the subsequent validation against experimental test results reported in the 

literature. The model is used to examine the effects of variable loading due to the tidal boundary 

layer and the cycle of the tides in the fatigue design of blades.  

2.4.3 Design Optimisation 

The choice of optimisation algorithm is an important initial task for the blade designer. The 

choice of algorithm can impact the quality of the final results, the speed and accuracy of the 

search and its sensitivity to local minima in the design space. Blade design is typically 

considered a discrete combinatorial optimisation problem, in other words, all information on 

the design problem is available from the start of the analysis. More complex combinatorial 

optimisation problems introduce aspects of uncertainty in the variables (known as stochastic 

combinatorial optimisation problems) and time-dependent variable behaviour [121]. Many 

discrete combinatorial optimisation problems require considerable computation time to 

determine the exact optimum solution, hence, for practical purposes algorithms that can find 

solutions that are as good as possible in a reasonable timeframe are highly sought after. 

Metaheuristics describes a set of algorithms that are effective at solving these kinds of 

optimisation problems. Metaheuristics combine multiple problem-specific search strategies 

into a single high level algorithm for effectively exploring search spaces. Metaheuristics are 

mainly made up of two types of algorithms: constructive algorithms which build on the 

accumulated search experience of particular solutions (in a process known as intensification) 

and local search algorithms which explore the search space (a process known as diversification) 

[122]. Specific metaheuristics that have been used extensively in the literature and in practise 

include: Ant Colony Optimisation, Simulated Annealing and Evolutionary Computation. While 

these examples of metaheuristics have been inspired by natural processes, it is not a rule that 

metaheuristics in general need to be based in nature. Of these examples, Evolutionary 

Computation refers to the wider group of algorithms inspired by the processes of Darwinian 

evolution. They can be broken down into three categories: Evolutionary Programming, 

Evolutionary Strategies and Genetic Algorithms. Genetic Algorithms (first proposed by 

Holland [123] in the 1970s) are typically applied to discrete combinatorial optimisation 

problems. 



Chapter 2. Literature review 

- 51 - 

 

A significant number of studies have demonstrated optimisation of wind turbine blades, 

although many studies are from the perspective of aerodynamic performance and shape 

optimisation (see [124]-[127]). Shape design optimisation studies have also been performed for 

marine turbine blades for river applications [128] and for tidal applications [129]. The review 

by Chehouri et al. [130] provides an exhaustive look at optimisation strategies, objective 

functions and design constraints (geometrical, aerodynamic and structural) for wind turbine 

blade design. The authors found that the main optimisation methods used to tackle the problem 

of blade and rotor design in the literature could be categorised as either gradient based approach 

methods (GBA) or metaheuristic methods. The metaheuristic methods primarily constitute 

genetic algorithms (GA) and particle swarm optimisation (PSO) algorithms. GBA algorithms 

allow the designer to include a greater number of design variables in the optimisation problem 

than are typical in GAs; however, they are often more computationally expensive and risk 

converging to local optima rather than a global solution to the problem [130], [131]. Hybrid 

GA and GBA algorithms have been used in the design of airfoils [132], [133]; taking advantage 

of the global search capabilities of GAs to find a near optimum design, which is used as the 

first stage of a GBA local search. 

A number of structural optimisations have demonstrated effective approaches to improving the 

material and structural performance of blades. Structural optimisation studies generally focus 

on manufacturing variables (such as layups, thicknesses and core materials) while maintaining 

the standard internal blade geometry. For example, Domnica et al. [134] used design variables 

specifically taken from technical specifications for composites manufacture in an optimisation 

study. Jureczko et al. [135] used several variables to represent changes to the number of 

stiffening ribs and the thicknesses of the shell and rib laminates. Paluch et al. [136] optimised 

the stacking sequences and thicknesses of blade laminates, using internal procedures that 

ensured ply continuity between subdomains of the blade. Lund and Stegmann [137] approached 

blade optimisation from two perspectives: initially they tackled the problem with a method that 

produced an optimised blade, but whose manufacturability was questionable. Subsequently, 

they constrained the optimisation variables to find a more easily manufactured design. This 

approach allowed the authors to determine whether incorporating manufacturing constraints 

into the optimisation routine might impede the procedure from finding the most effective 

designs. Barnes and Morozov [131] investigated a range of novel internal geometries, varying 

the number and locations of the shear webs and a trailing edge reinforcement. They noted that 

while the potential for mass savings was good, the structural response of the blade varied 
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significantly between blade designs and a wider range of loading cases were needed to account 

for these variations. Similarly, Monte et al. [138] found that after optimising for flapwise 

rigidity and blade mass characteristics, the edgewise stiffness of the blade was reduced. Hence, 

comprehensive testing of blade designs generated by optimisation routines should be performed 

to ensure the quality of the design. While structural optimisation is often accomplished with the 

application of evolutionary algorithms (EAs), Monroy Aceves et al. [139] have demonstrated a 

database approach, using a graphical selection stage to find the lightest blade design within 

certain constraints (Figure 2.9). This approach appears to be an effective method for identifying 

the interrelationships between the many structural variables. However, it is more 

computationally expensive than design space searching algorithms like EAs, requiring the 

generation of a large set of blade models for comparison. 

 

Figure 2.9 - Scatter plot of the effect of varying the aerodynamic shell lay-ups on the 

mechanical performance (twist and flapwise deflection) of GFRP blades (each colour 

represents blades with a specific layup) [139]. 

The successful application of an EA is dependent on its control parameters such as population 

size, maximum number of generations and elitist strategy. Zitzler et al. [140] investigated the 

influence of population size on the ability of several multi-objective EAs to converge to the 

Pareto-optimal front. They found that the population size was strongly influential on the success 

of the algorithm, since small populations don’t provide enough diversity among the individuals. 
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They warned, however, that increasing the population will not guarantee an improvement in 

performance and the same result can be seen with the total number of generations. They found 

that the application of an elitist strategy was the most effective way to prevent premature 

convergence of the algorithm and its application resulted in the best performance out of all of 

the EAs tested. Elitism consists of transferring one or more of the best individuals from the 

current population into the new population, preserving their favourable genetic traits. The 

NSGA-II multi-objective genetic algorithm developed by Deb et al. [141] incorporates elitism 

and was used in Chapters 6 and 7 of this work. 

Most engineering problems require the solution of constrained optimisations, i.e. problems with 

equality or inequality constraints. The constraints apply restrictions to the objective function 

values of each individual. These generally have physical analogues, e.g. the distance between 

the blade tip and the support structure acts as a physical limitation on the deflection of the blade. 

These constrains direct an EA so that the fitness of the individuals in the final population tends 

towards the boundary between feasible and infeasible solutions [142]. Here, infeasibility refers 

to the situation where the EA generates a solution that does not satisfy the constraints on the 

problem. A similar concept to infeasibility is illegality, where the chromosome generated by 

the EA does not represent a solution to the problem [143]. Constraints can be handled in a 

number of ways, generally classified as rejection methods, penalty methods or repair methods. 

Rejection methods simply eliminate infeasible solutions. Penalty functions transform a 

constrained optimisation problem into an unconstrained problem by penalising the infeasible 

solutions. In this way, the infeasible solutions are not rejected outright, since some infeasible 

solutions may contain information that is more useful to the optimisation than certain feasible 

solutions and, therefore, are worth retaining. The designer is required to determine an 

appropriate penalty function, one that will hasten convergence, avoid premature termination or 

the determination of local optima and avoid both over-penalty and under-penalty. Repair 

techniques can be adopted to convert illegal individuals into legal ones, rather than penalising 

or rejecting them [143]. 

Some of the common constraints applied in composite optimisation studies include: limits to 

the maximum blade tip displacement [144], limits to the maximum stress in the components 

[55] , [145], constraints on material used [137], buckling constraints [146] and minimum values 

for the material fatigue life [42] . While the application of constraints is inherently problem-

specific, penalty functions for handling the constraints generally take one of several forms. A 

step penalty involves applying a large penalisation to the objective function once the constraint 



Chapter 2. Literature review 

- 54 - 

 

has been violated. A linear penalty uses a user-specified slope/gradient to increase penalisation 

in proportion to the magnitude of the violation. A power law function applies minimal 

penalisation for small violations of the constraints and exponential penalisations as the 

magnitude of the violation increases. Combinations of all three approaches may be applied in 

an optimisation. Herath et al. [147] performed an optimisation study on self-twisting composite 

laminates in wind turbine blades and used a penalty function to limit the deformation and 

flexibility of the blade. The authors describe their initial attempts at applying a step penalty, 

followed by a linear penalty approach. Convergence issues of the GA were found with both of 

these methods. The application of a step penalty caused issues for the GA when searching near 

the edge of the feasible space, while the linear method resulted in the GA minimising the 

penalty function rather than the objective function. Hence, to avoid these issues, the authors 

applied a power law function based on the tip deflection of the blade. Comparing the results to 

an unconstrained GA analysis, the authors observed improved structural characteristics and 

layups for the constrained optimisation with suitable deflection properties.  

In more complex optimisation problems, a combination of approaches may prove more 

effective. In their optimisation study of the buckling resistance of composite panels, Le Riche 

and Haftka [148] defined problem constraints of: buckling, strength exceedance, laminate 

symmetry, laminate balance and ply contiguity. The authors handled these constraints in a 

number of ways; firstly, they ensured the symmetry and balance constraints on the laminates 

by structuring the design variables in such a way that always produced feasible solutions. 

Secondly, they used repair operators to convert some infeasible solutions into feasible ones. 

Lastly, they applied separate penalty functions to the strength, buckling stability and contiguity 

constraints, using a combination of fixed penalty and variable penalty methods. The authors 

provided detailed discussion on the formation of these penalty functions and their interactions 

and effects on the objective function for the problem. They found that, for their problem, the 

combination of fixed penalty and variable penalty functions resulted in a more efficient search 

and guaranteed convergence to feasible designs (whereas just applying a variable penalty 

function resulted in solutions in the infeasible space). 

The application of a penalty function can have a profound effect on both the analysis quality 

and the computational effort required to find a solution. Restricting the search too severely 

makes it difficult to find the optimum solution. However, not penalising enough will result in 

too large a region in the infeasible space being searched, consequently wasting time and 

resources. There is no general rule to determine how effective a penalty function is for a 



Chapter 2. Literature review 

- 55 - 

 

particular problem; instead, it is the responsibility of the user to experiment with different 

values of the parameters [149]. Further discussion of the applicability and usage of penalty 

functions is outlined in Michalewicz [150], Yenjay [149] and Smith and Coit [142]. Additional 

examples of studies that apply penalty functions in composite laminate design include 

Nagendra et al. [151] and  Herath et al. [152]. Chapter 4 includes a single-objective genetic 

algorithm with a penalty function and its effectiveness for the problem of blade structural design 

is discussed. The multi-objective genetic algorithm in Chapters 5 and 6 applied a repair 

strategy, due to the increased complexity in the genetic encoding method. 

 

2.5 Conclusions 

Some of the key gaps in the literature that were identified and tackled in this work include: (i) 

confirmation that optimisation and design methodologies are effective at improving blade 

designs (including examples of blades taken from the design stage to manufacture and testing) 

and (ii) comprehensive studies of the structural performance of tidal turbine blades for both 

static and fatigue conditions.  

The techniques identified in the literature that were used throughout this work include: (i) FE 

models for investigating different blade designs and analysing the blade failures, especially 

when paired with advanced failure theories and fatigue analysis methods, (ii) static and modal 

testing methods for the validation of FE models, (iii) genetic algorithms with effective operating 

functions for structural optimisation and (iv) the use of ADCP tidal current data to provide a 

more accurate assessment of the actual loads on tidal turbine blades. 

This review of the various aspects of structural testing, material testing, computational 

modelling, blade design and optimisation aims to build a picture of the complex design task 

faced by engineers of wind and tidal turbine blades. The inherent variability in many of the 

characteristics of the loading and material performance elucidate why modern blade designs 

are conservative in nature. Design methodologies that incorporate optimisation present an 

opportunity to reduce this level of conservativeness and improve on current blade structures 

and this is especially true for the relatively nascent field of tidal turbine blade design. 
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Chapter 3. Damage mechanics based design 

methodology for tidal current turbine composite 

blades 

 

 

Article overview 

This work introduces the finite element (FE) based design methodology for composite turbine 

blades that underpins all of the studies in the thesis. The automated methodology generates the 

FE models from user input data, such as the blade geometry, the composite materials properties 

and the layups throughout the blade. This was the first work published and a method of 

exploring the full design space had not yet been implemented, therefore, the iterative design 

study was performed manually. Although not fully automated, the design methodology 

significantly reduced the generation time for each of the complex blade designs investigated. 

The performance of the concept turbine and the hydrodynamic loading on the blades was 

determined using a blade element momentum theory model. The hydrodynamic model was used 

to define several load cases of interest for the design of the blades, including a highly pitched 

blade and a turbine fault case. 

In addition to the design methodology, a novel material model incorporating fibre and inter-

fibre failure of composites was presented in this chapter. The model was based on the Puck 

multi-axial failure criterion and adapted from work by Kennedy et al. Guidance on the 

development of the material model was provided by Dr Kennedy. Implementation of the 

material model was presented for two test cases (for glass and carbon fibre materials). The code 

for the damage model is provided in Appendix A. Once tested, the material model was applied 

to specific target regions of the tidal turbine blade using a submodeling technique. The results 
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of the material model were used to assess the risk of failure in the laminates of the blade for 

each design load case. The result of the study was a tidal turbine blade design composed of both 

glass and carbon fibre-reinforced materials that achieved the necessary bending stiffness and 

blade strain objectives. The combination of blade element momentum modelling, structural 

blade modelling and a material failure onset and damage subroutine is a significant contribution 

to the field of tidal turbine blade design. This work has been published in the journal Renewable 

Energy (2016). 

 

Abstract 

A material model based on the Puck phenomenological failure criteria for fibre and inter-fibre 

failure of glass fibre and carbon fibre-reinforced polymer composites is presented. The model 

is applied through a user-defined material subroutine for 3D shell elements. Sub-modelling is 

used for detailed analysis of the highest stressed regions in the blades. The material model is 

incorporated into a methodology for the design and analysis of composite tidal current turbine 

blades. The methodology employs an iterative design process with respect to a number of 

failure criteria to ensure optimal structural and material performance of the blade. The 

methodology is automated using the Python programming language to enable efficient variation 

of model parameters for various design conditions. The forces acting on the blades are 

determined from blade element momentum theory for a number of turbine operating conditions. 

The results of a design case study for a typical horizontal axis device are presented to 

demonstrate the methodology. 

 

3.1 Introduction 

Tidal current turbines take advantage of highly predictable tidal cycles, without the issue of 

intermittency faced by other forms of renewable energy capture devices [1]. Ireland’s coasts 

have good potential for consistent tidal energy. Tidal turbines can achieve significantly higher 

power output than wind turbines for a similar blade length, due to the higher density of water, 

leading, however, to considerably higher loads. The increased root bending moments on a blade 

become prohibitive with respect to material structural capacity as blade length increases. 

Existing tidal energy devices, therefore, are typically limited to tidal velocities of between 2 

and 3 m/s. Composite materials are a candidate design solution [2] due to their high specific 
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stiffness, specific strength and fatigue performance. Glass fibre-reinforced polymer (GFRP) 

composites, such as glass fibre epoxy or glass fibre with vinyl ester, are often used as the 

material of choice in wind turbine blade design due to their relatively low cost, with carbon 

fibre (CFRP) being used for larger blades. The increased stiffness required for large-scale 

horizontal axis tidal turbines is likely to necessitate a combination of these materials [3]. 

Damage in fibre-reinforced composite materials is characterised by gradual stiffness and 

strength degradation due to the accumulation of micro-damage in the matrix and fibres. This 

includes such damage as matrix cracking, fibre fractures, and fibre debonding (see, for example, 

[4], [5] and [6]). Composites exhibit extensive and distributed damage throughout the stressed 

region before eventual ply failure [4]. Most cyclically-stressed composite structures experience 

early-stage damage; this damage does not always reduce strength, but generally decreases 

stiffness [7]. Phenomenological approaches to damage modelling utilising residual stiffness and 

residual strength models have been developed by a number of authors (for example, [7] to [11]). 

The model applied in this work is based on the fibre failure and inter-fibre failure criteria 

defined by Alfred Puck [12]. The stiffness degradation models of Knops and Bogle [7] and 

Puck and Mannigel [13] are used to predict the damage in the laminates before and after inter-

fibre failure (matrix cracking) occurs. The results of the World Wide Failure Exercise (WWFE) 

[14] indicate that this is a valid method for prediction of static failure of composites, as applied 

by a number of authors (for example, [15] to [18]). 

For a typical 20-year operating life of a tidal turbine, the eventual failure in the blades is most 

likely to be caused by (i) structural damage to the blade resulting in loss of functionality, or (ii) 

stiffness degradation leading to inefficiency [19], [20]. Predictive modelling methods can help 

to reduce the potential costs by improving the structural design and analysis of the blades. In 

this paper, the forces acting on the blades are determined using a hydrodynamic model based 

on blade element momentum theory (BEMT), finite element models of the blade designs are 

generated using Python coding, and a stress-strain and failure analysis is performed using a 

user-defined material sub-routine and sub-modelling methods within Abaqus. The automation 

steps were implemented with the Python open source programming language, which Abaqus 

has built-in functionality to support. This enables efficient variation of model parameters such 

as the forces acting on the blade, the thickness of the laminates at each section and the pitch 

angle of the blade. The methodology is applied to a case study for the design of a horizontal 

axis device. The conditions were determined for a turbine situated in 30 to 40 m water depth. 
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O’Rourke et al. [21] indicate that the Irish resource is highest in this depth range. Some key 

novel features of the presented research are as follows: 

1 Computationally efficient automated processes for the development of shell element 

models of composite blades within a finite element framework. 

2 A novel methodology for the structural design and analysis of tidal turbine blades. 

3 A new efficient shell-element damage mechanics material model for glass fibre and 

carbon fibre-reinforced composites. 

 

 

3.2 Methodology 

The blade design and analysis methodology presented here is outlined in the flowchart of Figure 

3.1.  

 

Figure 3.1 - Methodology for generating tidal turbine blade models, and analysing their 

response under static loading. The flowchart for the damage analysis (UMAT) is located in 

Figure 3.6. 

A hydrodynamic analysis using a blade element momentum theory (BEMT) model is used to 

define the forces on the blade, while finite element models in Abaqus determine the structural 

response. The structural analysis includes a user-defined material subroutine for modelling the 

damage in fibre-reinforced composite materials. Additionally, a check of the highest risk 

regions of the blade is performed using sub-modelling within Abaqus with a higher resolution 

mesh. 
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3.2.1 Hydrodynamic Analysis 

In order to accurately determine the validity of a potential blade design, a hydrodynamic 

analysis of the turbine is first performed. BEMT is often used in the design and analysis of the 

loads on wind turbines. It is applied here to the tidal turbine case where the increased density 

of water compared to air is the main difference between the two. In a BEMT model the rotor 

area is split into a number of concentric annular streamtubes which are radially independent 

and experience purely 2D flow. Figure 3.2 [22] shows the incident velocity (𝑉𝑟𝑒𝑙) and its 

component axial (𝑈) and tangential (𝜔𝑟) velocity vectors on a single blade element. The axial 

and tangential flow induction factors, 𝑎 and 𝑎′ respectively, are modifications to the incoming 

flow velocities of the blade section. An iterative process is used to solve for the two induction 

factors. When the induction factors have been determined the lift and drag forces (𝐿 and 𝐷 in 

Figure 3.2 respectively) are computed and are resolved into the in-plane (𝐹𝑇) and out-of-plane 

(𝐹𝑁) forces for each blade section. The BEMT model includes Prandtl’s tip loss factor, in order 

to correct the initial assumption for a rotor of infinite blades. The Glauert correction [23] for 

high values of axial induction factor is also incorporated. A full description of the equations 

and operation of a BEMT code has been provided by Hansen [23], for example. 

The main addition to the normal operation of the BEMT in this case is to utilise the 2D panel 

method code XFOIL [24] to determine the lift and drag coefficients of the airfoils. XFOIL is 

used to calculate the flow coefficients for angles of attack in the range -20° ≤ 𝛼 ≤ 20°. Above 

approximately 15 to 20° flow separation can occur, where the flow over the blade is no longer 

attached due to the formation of thick boundary layers; this phenomenon is known as stall. Due 

to the onset of flow separation XFOIL is only accurate for a couple of degrees past the 

maximum lift. Therefore, the valid results are isolated and returned to the BEMT model. In this 

work, the values of the lift and drag coefficients for the stall region were extrapolated using the 

method developed by Viterna et al. [25]. The method assumes the hydrofoil behaves like a flat 

plate for high angles of attack. This extrapolation provides values of lift and drag outside of the 

region for which XFOIL is valid. The BEMT model and its interaction with XFOIL is achieved 

using Python code. At the start of the analysis, XFOIL is called from within the BEMT model 

to generate an array of lift and drag values for each airfoil type for a given range of Reynolds 

numbers. Linear interpolation between these discrete Reynolds number data for a given 

Reynolds number determines the local distribution of lift and drag coefficients for each radial 

element of the blade. 
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Figure 3.2 - Velocity and resultant force diagram for a radial section of the blade in the BEMT 

model [22]. 

The geometry of the blade is provided in Table 3.1, including the radial distributions of chord 

length and twist angle for the blades (variables 𝑐 and 𝛽 in Figure 3.2 respectively). The 

designation of airfoil for each section is also included, as required by XFOIL to calculate 

accurate lift and drag data. The root connection of the blade to the hub was assumed to be 

circular, since pitch controlled blades rotate on a circular bearing to which the blade root is 

bolted. A combination of NACA 5-digit and 4-digit profiles were used for the blade 

hydrodynamic profile. The 5-digit series was applied in the region closest to the root where the 

added thickness is of structural benefit, due to a greater proportion of the blade material being 

further from the neutral (bending) axis of the profile, increasing the second moment of area for 

the section. Due to the higher root bending moments in tidal turbine blades than equivalently-

rated wind turbine blades, this appears to be an effective and efficient design method for 

resisting the loads, instead of adding additional material to the sections close to the root. The 

thickness of the profiles is defined by the last two digits in each designation, varying from 24% 

of the chord length at the root to 12% at the tip, and thereby controlling the drop in thickness 

along the blade. 

The BEMT model was used to analyse a 16 m diameter, variable speed, pitch-controlled 

turbine. Pitch control systems are typically more expensive than alternatives, such as stall 

control; however, with the significant in-plane and out-of-plane loads on the blade structure it 

may be cost effective, in the long term, to limit blade stresses and hence reduce the failure risk. 

The operating parameters for the turbine are outlined in Table 3.2. These include cut-in and cut-

out flow speed for the turbine, water depth, and overall dimensions.  
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Table 3.1 - Blade geometry details. 

Radius (m) Chord (m) Twist (°) Section 

0.5 0.500 0.0 Circular 

1.0 1.300 9.0 NACA 25024 

1.5 1.280 8.8 NACA 25024 

2.0 1.300 8.6 NACA 25020 

2.5 1.250 8.4 NACA 25018 

3.0 1.150 8.2 NACA 4415 

3.5 1.050 8.0 NACA 4412 

4.0 0.970 7.5 NACA 4412 

4.5 0.900 7.0 NACA 4412 

5.0 0.815 6.0 NACA 4412 

5.5 0.750 5.0 NACA 4412 

6.0 0.700 4.0 NACA 4412 

6.5 0.650 3.0 NACA 4412 

7.0 0.625 2.0 NACA 4412 

7.5 0.580 1.5 NACA 4412 

8.0 0.550 1.0 NACA 4412 

 

The BEMT model was used to determine a power curve for the turbine (Figure 3.3 (a)). The 

power output remains constant for flow speeds greater than approximately 2.3 m/s by increasing 

the pitch, shown in Figure 3.3 (b) and (c). The thrust force is the sum of the out-of-plane forces 

acting along the blade and is the principal loading on the turbine blade. Figure 3.3 (d) indicates 

that, at the rated power, before the blade begins to pitch, the thrust is highest. Hence, this is 

designated as the design case (labelled Load Case 1 in Figure 3.3) for the remainder of the 

paper. Four load cases in total are investigated in this study, as given in Table 3.3. Load Cases 

2 and 3 have the same thrust load acting on the blades. However, the difference between the 

two is an increased pitch angle of the blade once the turbine has reached its rated power in Load 

Case 3. The final load case is designated “Fault” and represents an investigation of the effect 

of the pitch control system failing and the turbine continuing to operate in 3 m/s flow. The 

calculated distributions of in-plane (edgewise) and out-of-plane (flapwise) forces from the 

hydrodynamic analysis for each of the four load cases are shown in Figure 3.4. 

 

 



Chapter 3. Damage mechanics based design methodology for tidal current turbine composite 

blades 

- 76 - 

 

Table 3.2 - Input conditions to the BEMT model. 

Turbine Operating Parameters  

Cut-in speed (m/s) 1.0 

Cut-out speed (m/s) 4.0 

Hub height (m) 20.0 

Water surface height (m) 40.0 

Inner radius (m) 0.5 

Outer radius (m) 8.0 

Number of blades 3 

Water density (kg/m3) 1027.0 

Kinematic viscosity (kg/ms) 1.31 x 10-6 

 

Table 3.3 - Description of the load cases investigated for the turbine. 

Load 

Case 
U (m/s) rpm TSR 𝐂𝐩 

Power 

(kW) 

Thrust 

(kN) 

Torque 

(kNm) 
𝛃 (°) 

1 2.3 13 4.69 0.404 507 441 376 0 

2 1.8 10 4.69 0.403 243 271 230 0 

3 2.7 13 4.0 0.249 506 272 375 10 

Fault 3.0 13 3.6 0.357 996 610 738 0 
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Figure 3.3 - BEMT results include (a) power vs tip speed ratio curve, (b) power vs incoming 

tidal current velocity, (c) pitch angle of the blade vs tidal current velocity, and (d) total rotor 

thrust vs tidal current velocity. The orange markers represent three load cases for the design. 
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Figure 3.4 - In-plane (a) and out-of-plane (b) blade forces for Load Cases 1, 2, 3 and Fault. 

3.2.2 Structural Analysis 

With reference to Figure 3.1, the failure criteria used in the analysis include: a limit on the 

maximum strain in the spar cap and shear web laminates, and a limit to the blade tip deflection. 

Iteration is performed to optimise the thickness of the laminates and to determine the FRP 

material (GFRP or CFRP) applied to each section of the blade. A laminate is made up of a 

number of layers of unidirectional material, called plies, stacked together. By varying the angle 

of orientation of the plies the overall stiffness of the laminate can be modified to suit specific 

design conditions. For example, the shear webs predominantly experience shear stress and so 

consist of layers of alternating ±45° plies. Table 3.4 indicates the sequences of layers (layups) 

for different sections of the blade including spar caps, shear webs, leading and trailing edge 

shells, and the root section. The essential steps in the automated process of the methodology 

are outlined next. 
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Table 3.4 - Layup configurations for each section of the blade. N refers to the number of layers 

in the layup, and S implies the layup is symmetric. 

Section Layup 

Blade root and hydrodynamic shells [0°/90°/45°]NS 

Spar caps [0°]NS 

Shear webs [45°]NS 

 

3.2.2.1 Abaqus global model 

Each blade shares the basic design features of a box spar consisting of spar caps made from 

unidirectional FRP laminates, shear webs of cross-ply laminates, and hydrodynamic shells 

forming the blade shape made from quasi-isotropic laminates (Table 3.4). The blade is 

generated from a total of 15 radial sections, each 500 mm long, referred to as S1 to S15 from 

root to tip, respectively (Figure 3.5). The shear webs are located from S2 to S15, and the spar 

caps extend from 15% to 50% of the chord length for each blade profile.  

The various steps required to generate the full blade model using Python are as follows: 

1. The inputs from Table 3.1 and Table 3.2 are read in, along with the chord-normalised 

geometry of each of the airfoils. 

2. Arrays containing the coordinates for each section are generated, the hydrodynamic 

twist is applied to each, and the locations for the webs and spar caps are determined.  

3. Sketches for each blade profile are generated using splines. 

4. Lofts are generated between each splined section and the geometric loft features are 

given appropriate names based on their location (for applying laminate properties later). 

5. Node sets are generated from the loft features for data output purposes. 

6. The layups for each region of the blade are read from an input file. A material definition 

is created for either the linear elastic material or the user defined material model. 

7. Reference points are generated at the leading edge of each of the load sections (S2 

through S15) and coupled to their respective sections using multi-point constraints 

(MPCs). The in-plane and out-of-plane forces obtained from the BEMT model are 

applied as point loads to the reference points. 

8. The mesh is generated using the converged global seed size from a mesh independence 

study and the job definition is created. 
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Figure 3.5 - Finite element global model of 7.5 m blade, and submodel (inset) of a 3 m section 

of the blade, showing loads and boundary conditions. 

For the load case with the pitched blade, the pitch angle is added to the twist angle, so that the 

whole blade is rotated in the global coordinate system. In this way the loads can be applied in 

the x- and y-directions that are equivalent to the rotor plane. Figure 3.5 demonstrates the loads, 

boundary conditions, and section names on a typical blade model. A coupling constraint is used 

to link the degrees of freedom of each blade section with their respective reference point. This 

type of coupling constrains the motion of the coupled nodes (the load sections) to the translation 

and rotation of the reference node (reference point). The constraint distributes forces such that 

the forces acting on the load sections are equivalent to the forces at the reference point [26]. 

The forces acting on the reference points are shown in Figure 3.5, where the reference points 

are located on the leading edge of the blade. Similar methods have been used by other authors 

[27] in modelling the structural loading of tidal turbine blades.  

The models generated use three-dimensional shell elements; the composite laminate function 

in Abaqus allows the shells to consist of layers of material of different orientations. During the 

analysis, Abaqus integrates the strains in the shell sections through the thickness, using the 

section integration points, in order to calculate the cross-sectional behaviour. This can be 

performed with any number of plies through the thickness, and a symmetric layup can be 

defined. The blade model uses 4-node reduced integration (S4R) linear shell elements with 

enhanced hour-glass control. The shell elements assume a plane stress condition, so all out-of-

plane stresses are zero, leaving only longitudinal, transverse, and shear stresses. A detailed 

analysis of the root connection region is not considered in this study; attention is focused on the 

blade proper. The plane stress assumption does not account for the through-thickness stresses 
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around the joints and bolted connections in this region of the blade; which is expected to be 

also important in blade design. Future work will investigate this region. An encastre boundary 

condition is assumed here on the root edge of the blade. 

The thicknesses of the laminates in the highest loaded sections are iteratively varied until the 

blade design meets the performance criteria. The first criteria determines the serviceability of 

the blade: a blade structure must be sufficiently stiff to provide efficient energy production, as 

well as avoiding tip fouling. For these reasons, a maximum allowable tip deflection (𝛿𝑡𝑖𝑝,𝑎𝑙𝑙𝑜𝑤) 

of 15% of the blade length (1125 mm) was chosen as the design criterion here. Alternate 

measures can be easily adopted. The second criteria ensures that the blade material remains 

within its operating limits: maximum spar cap strains are not to exceed 30% of the failure strains 

for GFRP or 25% for CFRP (Table 3.5). Furthermore, the blade should ideally be uniformly 

loaded over its length, avoiding any stress concentrations due to ply drops or geometric non-

linearity. 

Table 3.5 - Material properties for Silenka E-Glass MY750 epoxy (GFRP) and AS4 Carbon 

Fibre 3501-6 epoxy (CFRP) laminates [7], [13], [28] and [29]. 

Material Characteristics for a Unidirectional Layer GFRP CFRP 

Longitudinal modulus, 𝐸1 (GPa) 45.6 126 

Transverse modulus, 𝐸2 (GPa) 16.2 11 

In-plane shear modulus, 𝐺12 (GPa) 5.83 6.6 

Major Poisson’s ratio, 𝜈12 0.278 0.28 

Longitudinal tensile strength, 𝑋𝑇 (MPa) 1280 1950 

Longitudinal compressive strength, 𝑋𝐶 (MPa) 800 1480 

In-plane shear strength, 𝑆12 (MPa) 73 79 

Transverse tensile strength, 𝑌𝑇 (MPa) 40 48 

Transverse compressive strength, 𝑌𝐶 (MPa) -145 -200 

Longitudinal tensile failure strain, 휀1𝑇 (%) 2.807 1.38 

Longitudinal compressive failure strain, 휀1𝐶 (%) -1.754 -1.175 

Transverse tensile failure strain, 휀2𝑇 (%) 0.246 0.436 

Transverse compressive failure strain, 휀2𝐶 (%) -1.2 -2.0 

In-plane shear failure strain, 𝛾12 (%) 4 2 

Mean stress magnification factor for the fibres, 𝑚𝜎𝑓 1.3 1.1 

Shape parameter, 𝑝∥⊥
(+)

 0.3 0.35 

Shape parameter, 𝑝⊥∥
(−)

 0.25 0.3 

Shape parameters, 𝑝⊥⊥
(+)

, 𝑝⊥⊥
(−)

 0.2 - 0.25 0.25 - 0.3 
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Density, 𝜌 (g/cm3) 2.0 1.58 

𝑛(𝜎2), 𝑛(𝜏12) 3.0 2.0 2.5 1.7 

𝐶(𝜎2), 𝐶(𝜏12) 0.6 0.6 0.6 0.6 

𝜂𝐸 , 𝜂𝐺  0.03 0.25 0.03 0.67 

𝐶𝐸, 𝐶𝐺 5.3 0.7 5.3 0.95 

𝜉𝐸, 𝜉𝐺 1.3 1.5 1.3 1.17 

𝑓𝐸 𝑡ℎ𝑟
(𝜏21)

, 𝑓𝐸 𝑡ℎ𝑟
(𝜎2)

 0.3 0.3 0.22 0.3 

 

3.2.2.2 Abaqus sub-modelling 

Due to the computational expense associated with modelling large composite structures, a sub-

modelling technique has been adopted to investigate the regions of highest stress and strain. 

The method interpolates from the solution of an initial relatively coarse global mesh [26]. Once 

the region of interest has been determined, the Python code is used to automatically generate a 

submodel of the requested portion of the blade. This is a simple reapplication of the code 

outlined in the previous section. The modifications include: generating only a specified segment 

of the blade, applying submodel boundary conditions and specifying the global model. The 

submodel is driven by nodal displacements from the global analysis. An advantage of sub-

modelling is that it allows a combination of linear and non-linear procedures between the two 

models. Hence, the non-linear material damage effects introduced in the user material 

subroutine (Section 3.2.3) can be catered for within the submodel. 

To ensure a high level of accuracy, the solution at the boundary of the submodel must not be 

altered significantly by the local modelling. This requires the driven nodes in the local model 

to be coincident with the driving nodes in the global model (to within a certain tolerance). To 

achieve this, the Python code generates submodels consisting of whole sections of the blade, 

e.g. sections S5 to S10 (Figure 3.5).  All components of the solution variables (including 

displacements, rotations, etc.) at the nodes for every degree of freedom are driven by the global 

solution. Any in-plane and out-of-plane loads that are applied in the submodel region must also 

be applied in the local analysis. 

3.2.3 Damage UMAT 

A UMAT is a user defined subroutine in Abaqus which enables the application of mechanical 

constitutive behaviour other than the material models already existing in the Abaqus material 

library. The UMAT is called at every integration point in each element in the model to which 
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the user material has been applied. The UMAT should provide the material Jacobian matrix 

(
𝜕Δ𝜎

𝜕Δε
) for the integration point to Abaqus in order to construct the global stiffness matrix; the 

UMAT must also update the stresses and solution dependent state variables (additional 

variables for the user) at the end of each increment. As part of this work a novel UMAT has 

been developed for shell models in Abaqus. It is calibrated against test data from the literature 

[28] for both GFRP and CFRP. 

The material model first checks for fibre failure or inter-fibre failure (matrix cracking) based 

on a number of stress interaction equations shown below [12]; then, depending on the stress 

state of the lamina, the UMAT degrades the local ply material moduli using empirical relations 

for static failure of FRPs [7], [13]. The fibres are the stiff supporting structure within a 

composite ply; when their strength is exceeded the laminate has failed. Inter-fibre failure 

constitutes cracking of the matrix surrounding the fibres. Cracking can occur when the matrix 

is in tension or compression, however, the cracks are less detrimental to the lamina stiffness in 

compression due to the crack surfaces closing together and thereby allowing the transfer of 

stresses. The formation of these cracks affects the overall macro-scale stiffness of the plies. 

Empirical formulae for this stiffness degradation are applied by the UMAT according to the 

flowchart in Figure 3.6, depending on: the stress state in the ply, whether or not cracks are 

already present, and the magnitude of the cracking.  

 

Figure 3.6 - Flowchart for the UMAT damage analysis for fibre failure and inter-fibre failure 

of composite materials. (*Equations 3.10 and 3.13 are applied to the material properties when 

IFF has occurred in a previous time step.) 
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There are several advantages to the shell element UMAT over a brick element approach. One 

of the most computationally expensive procedures for the Puck method is the calculation of the 

angle of the fracture plane (aka Action plane) for each element; this involves iterating over 

angles from 0° to 180° until the Action plane is found. For the plane stress situation, however, 

there exists an analytical solution for the angle of the fracture plane [12]. Removing the need 

to find the angle of the Action plane reduces the computational time for the shell-based 

application. The first step in the analysis is to determine the risk of failure from either FF or 

IFF as described next. 

3.2.3.1 Failure criteria 

The interaction equations used in the stress analysis are applied to the plane stress situation, for 

which the constitutive equation for 3D plane stress is defined as:  

[

𝜎1

𝜎2

𝜏12

] =

[
 
 
 
 
 𝐸1 (

1

1 − ν12𝜈21
) 𝐸1 (

𝜈21

1 − ν12𝜈21
) 0

𝐸1 (
𝜈21

1 − ν12𝜈21
) 𝐸2 (

1

1 − ν12𝜈21
) 0

0 0 𝐺12]
 
 
 
 
 

[

ε1

ε2

γ12

] (3.1) 

where 𝜎1, 𝜎2 and 𝜏12 are the in-plane lamina oriented longitudinal, transverse and shear stresses 

respectively. Similarly 휀1, 휀2 and 𝛾12 refer to the in-plane lamina oriented engineering strains. 

𝐸1 is the fibre-direction modulus, 𝐸2 is the modulus transverse to the fibre-direction, 𝐺12 is the 

shear modulus, and 𝜈12 and 𝜈21 refer to the major and minor Poisson’s ratios respectively. 

The stress interaction equations for fibre failure (FF) and inter-fibre failure (IFF), originally 

defined by Puck and Schurmann [12], form a set of failure criteria for the model, providing a 

measure of the risk of failure for each of five different failure modes. The following two 

equations determine if the ply will suffer from FF in tension or compression respectively: 

𝑓𝐸(𝐹𝐹)+ =
1

휀1𝑇
 (휀1 +

𝜈12

𝐸1
𝑚𝜎𝑓𝜎2) (3.2) 

𝑓𝐸(𝐹𝐹)− =
1

휀1𝐶
 |(휀1 +

𝜈12

𝐸1
𝑚𝜎𝑓𝜎2)| + (10𝛾12)

2 (3.3) 

where 𝑓𝐸(𝐹𝐹)+ and 𝑓𝐸(𝐹𝐹)− are the stress exposure for FF in tension and compression 

respectively. These stress exposure values indicate the proximity to a particular failure mode 

for the current state of stress. 휀1𝑇 is the failure strain in tension, 𝑚𝜎𝑓 is the mean stress 
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magnification factor for the fibres in the transverse direction and 휀1𝐶 is the failure strain in 

compression.  

A failure enveloped is formed by the stress exposure equations for IFF for Modes A, B and C 

in 𝜎2 − 𝜏12 stress space. Figure 3.7 shows this failure envelope and indicates the stress state for 

each form of IFF. Mode A is a tensile-shearing failure of the matrix and is determined by: 

𝑓𝐸(𝐼𝐹𝐹)𝐴 = √(
𝜏12

𝑆12
)
2

+ (1 − 𝑝∥⊥
(+) 𝑌𝑇

𝑆12
 )

2

(
𝜎2

𝑌𝑇
)
2

+ 𝑝∥⊥
(+) 𝜎2

𝑆12
 (3.4) 

where 𝑓𝐸(𝐼𝐹𝐹)𝐴 is the stress exposure for IFF for Mode A. 𝑆12 is the in-plane shear strength of 

the lamina, 𝑌𝑇 is the transverse tensile strength, and 𝑝∥⊥
(+)

 is a parameter that controls the shape 

of the failure envelope [29]. Mode B is a compressive-shearing failure of the matrix and is 

determined by the following stress interaction equation: 

𝑓𝐸(𝐼𝐹𝐹)𝐵 =
1

𝑆12
  (√𝜏12

2 + (𝑝⊥∥
(+)

𝜎2)
2

 + 𝑝⊥∥
(−)

𝜎2) (3.5) 

where 𝑓𝐸(𝐼𝐹𝐹)𝐵 is the stress exposure for inter-fibre failure for Mode B and 𝑝⊥∥
(−)

 is a parameter 

that controls the shape of the failure envelope for this region. For high levels of compressive 

stress the mode of failure changes from B to C (demarcated by the dotted grey line in Figure 

3.7). Mode C is an extreme form of compressive-shearing and generally results in final failure 

of the laminate. The failure envelope for this region of the 𝜎2 − 𝜏12 stress space is given by: 

𝑓𝐸(𝐼𝐹𝐹)𝐶 = [(
𝜏12

2(1 + 𝑝⊥⊥
(−)

)𝑆12

)

2

+ (
𝜎2

𝑌𝐶
)

2

] 
𝑌𝐶

(−𝜎2)
 (3.6) 

where 𝑓𝐸(𝐼𝐹𝐹)𝐶 is the stress exposure for inter-fibre failure for Mode C, 𝑌𝐶 is the transverse 

compressive strength and 𝑝⊥⊥
(−)

 is a parameter that controls the shape of the failure envelope. 

Once the value of 𝑓𝐸 ≥ 1 that failure mode has occurred. The occurrence of some failure modes 

are considered tolerable, for example, the matrix cracking in Modes A and B will affect the 

overall laminate stiffness but may not be detrimental to the blade’s operation. In contrast, Mode 

C failure corresponds to an immediate failure of the entire laminate. 
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Figure 3.7 – Failure envelopes for inter-fibre failure for GFRP and CFRP used in this study. 

The portion of the failure envelope for tensile 𝜎2 is designated as Mode A. The regions 

designated by Modes B and C are separated by the dotted grey line. 

3.2.3.2 UMAT degradation procedure 

The distributed nature of micro-cracking in a composite laminate causes a change in the 

stiffness measured at the macro scale [13]. In addition, an initial distribution of voids and 

inclusion is typically measured in FRPs [30]. Hence, in the analysis it is assumed that a random 

distribution of small initial degradation to the material stiffness and strength values is present, 

essentially adding some variability to the nominal laminate material properties. The first step 

of the analysis applies an initial damage value to the longitudinal (𝐸1) and transverse (𝐸2) 

moduli, as well as the longitudinal (𝑋𝑇) and transverse (𝑌𝐶) strengths. The initial damage is 

randomly assigned to the elements using the user subroutine SDVINI with a maximum value 

of 0.05%, similar to the method of Kennedy et al. [31]. Damage is applied to the ply moduli at 

each integration point before the stiffness matrix is formed and the ply stresses determined. 

Damage to the longitudinal modulus is applied using a damage variable of the form: 

𝐷1 = 1 −
𝐸1

𝐸1𝑜
 

(3.7) 

where 𝐸1𝑜 is the initial longitudinal modulus. Similarly, degradation to the transverse modulus 

is applied as: 

𝐷2 = 1 −
𝐸2

𝐸2𝑜
 

(3.8) 
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where 𝐸2𝑜 is the initial transverse modulus. Lastly, degradation to the shear modulus is applied 

as, 

𝐷12 = 1 −
𝐺12

𝐺12𝑜
 

(3.9) 

where 𝐺12𝑜 is the initial shear modulus. 

For each load increment, the UMAT first checks for FF and IFF (Equations 3.2 to 3.6), then 

degrades the transverse and shear moduli of the plies using physically based degradation 

equations. These equations use the values of the stress exposure to determine the drop in 

stiffness, in this way the drop in stiffness of the material is controlled based on the level of 

matrix cracking in the laminate. The choice of degradation equation to use is dependent on the 

mode of IFF, and whether or not IFF has already occurred in a previous time increment as 

shown in the flowchart of Figure 3.6. The degraded transverse ply modulus for a lamina in the 

stress range for Mode B failure, before IFF occurs, is given by [13]: 

𝐸2 = 𝐸2𝑜 − (
[𝑓𝐸

(𝜎2)
+ 𝐶(𝜏12)(𝑓𝐸

 (𝐼𝐹𝐹) − 𝑓𝐸
(𝜎2)

)] − 𝑓𝐸 𝑡ℎ𝑟
(𝜎2)

1 − 𝑓𝐸 𝑡ℎ𝑟
(𝜎2)

)

𝑛(𝜎2)

(𝐸2𝑜 − 𝐸2
′) (3.10) 

where 𝑓𝐸
(𝜎2)

 is the stress exposure value for purely compressive loading (from Equations 3.4 to 

3.6), 𝑓𝐸
 (𝐼𝐹𝐹) is the stress exposure value (for either Mode A, B or C), 𝑓𝐸 𝑡ℎ𝑟

(𝜎2) 
 is the threshold 

stress exposure below which no damage occurs, 𝑛(𝜎2) and 𝐶(𝜏12)  control the response of the 

degradation, and 𝐸2
′  is the transverse modulus at IFF initiation with only transverse stress 

applied (Table 3.5). The degraded shear ply modulus for a lamina before IFF for all three modes 

is given by: 

𝐺12 = 𝐺12𝑜 − (
[𝑓𝐸

(𝜏21)
+ 𝐶(𝜎2)(𝑓𝐸

 (𝐼𝐹𝐹) − 𝑓𝐸
(𝜏21)

)] − 𝑓𝐸 𝑡ℎ𝑟
(𝜏21)

1 − 𝑓𝐸 𝑡ℎ𝑟

(𝜏21)
)

𝑛(𝜏21)

(𝐺12𝑜 − 𝐺12
′ ) (3.11) 

where 𝑓𝐸
(𝜏12)

 is the stress exposure value for purely shear loading (from Equations 3.4 to 3.6), 

𝑓𝐸
 (𝐼𝐹𝐹) is the stress exposure value (for either Mode A, B or C), 𝑓𝐸 𝑡ℎ𝑟

(𝜏12) 
 is the threshold stress 

exposure below which no damage occurs, 𝑛(𝜏12) and 𝐶(𝜎2)  control the response of the 

degradation, and 𝐺12
′  is the shear modulus at IFF initiation with only shear stress applied. 

Equations 3.10 and 3.11 model the effect of the interaction of transverse compressive stress 
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(𝜎2) on the shear strain (𝛾12) and also the influence of the shear stress (𝜏12) on the transverse 

strain (휀2) for a combined (𝜎2, 𝜏12)-stress [13]. The equations were developed as an 

approximation to the non-linear portion of the stress-strain curve and have been calibrated for 

the GFRP and CFRP used in this study. 

The degraded transverse modulus for IFF Modes A or B is given by [7]: 

𝐸2 =  (
1 − 𝜂𝐸

1 + 𝐶𝐸(𝑓𝐸(𝐼𝐹𝐹) − 1)𝜉𝐸
+ 𝜂𝐸)𝐸2𝑠 (3.12) 

where 𝑓𝐸
 (𝐼𝐹𝐹) is the stress exposure value for either Mode A, B or C. 𝜂𝐸 , 𝑐𝐸 and 𝜉𝐸 are 

parameters that require calibration by experiments, and 𝐸2𝑠 is the secant transverse modulus at 

IFF initiation, i.e. the damaged modulus at that time increment (Table 3.5). The degraded shear 

modulus for IFF Modes A and B is given by: 

𝐺12 =  (
1 − 𝜂𝐺

1 + 𝐶𝐺(𝑓𝐸(𝐼𝐹𝐹) − 1)𝜉𝐺
+ 𝜂𝐺)𝐺12𝑠 (3.13) 

where 𝑓𝐸
 (𝐼𝐹𝐹) is the stress exposure value for either Mode A, B or C. 𝜂𝐺 , 𝑐𝐺 and 𝜉𝐺 are 

parameters that require calibration by experiments, and 𝐺12𝑠 is the secant shear modulus at IFF 

initiation, i.e. the damaged modulus at that time increment. Equations 3.12 and 3.13 were 

developed to model the gradual loss of stiffness in laminates under static loading [7]. The 

equations were developed to correlate the loss in stiffness with the increase in crack density in 

the laminate and the experimentally calibrated constants control this correlation. 

The process, applied by the UMAT, for degrading the material moduli and for determining the 

failure mode is outlined graphically in the flowchart of Figure 3.6, and detailed in full below. 

The first major branch of the UMAT is to check for fibre failure and then for inter-fibre failure. 

Fibre failure 

The stress exposure is calculated using Equations 3.2 and 3.3 to determine whether fibre failure 

has occurred for tension or compression respectively. Failure is achieved by reducing the 

longitudinal stiffness (𝐸1) of the damaged ply to a near-zero value in that increment. 

Exceedance of the ultimate failure values for strength, given in Table 3.5, is also monitored by 

the UMAT. 
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Inter-fibre failure 

The mode of inter-fibre failure is designated by the stress state of the lamina, i.e. the magnitude 

of the transverse stress and whether it is tensile or compressive (see Figure 3.7). After 

determining the mode of IFF the appropriate stress exposure value is calculated from Equations 

3.4 to 3.6, and the following steps are followed to degrade the moduli of the laminates: 

For Mode A, the tensile-shearing failure of the matrix, 

 If IFF has not already occurred and does not occur in this increment the shear modulus 

(𝐺12) of the ply is degraded according to Equation 3.11. 

 If IFF does occur in this increment then the transverse modulus (𝐸2) and the shear 

modulus are reduced according to Equations 3.12 and 3.13 respectively.  

 If IFF has already occurred in the previous increment then the “fictive” stresses are 

calculated based on the damage level in the ply just prior to IFF (this is a process 

outlined in detail in [7] for failure in FRPs) and the transverse stiffness and shear 

stiffness are degraded according to Equations 3.12 and 3.13 respectively. 

For Mode B IFF, the compressive-shearing failure of the matrix,  

 If IFF has not already occurred and does not occur in this increment the transverse 

modulus and shear modulus are degraded according to Equations 3.10 and 3.11 

respectively. 

 If IFF does occur in this increment then the transverse modulus and shear modulus are 

degraded according to Equations 3.12 and 3.13 respectively.  

 If IFF has already occurred a similar process to Mode A is followed vis-à-vis fictive 

stresses. In this case, however, the transverse modulus and shear modulus are degraded 

according to Equations 3.10 and 3.13 respectively. 

Mode C is also a compressive-shearing failure, but one that is typically sudden and commonly 

leads to laminate failure when it occurs.  

 If a compressive transverse stress is in the range for Mode C failure and if IFF has not 

occurred then the shear modulus is degraded by Equation 3.11.  

 If Mode C failure occurs then the analysis is aborted. 
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3.2.3.3 Model validation 

The UMAT was validated against data from coupon testing of GFRP and CFRP from the World 

Wide Failure Exercise [7]. The values for the material constants were identified in Kennedy 

[31] and Puck [7], [13] papers and are presented in Table 3.5. Two validation cases were 

considered, the details of which are outlined in Table 3.6. Case 1 was a cross-ply GFRP 

laminate in uniaxial longitudinal tension [12]. Case 2 was a quasi-isotropic CFRP laminate in 

uniaxial transverse tension [12]. For validation, a rectangular unit cell model (Figure 3.8 (a)) 

consisting of 3D plane stress shell elements (S4R) was utilised. Each element has 3 integration 

points per ply. Symmetry boundary conditions were applied on the z-face and x- and y-edges 

as shown. Shell edge loads were applied to the remaining edges. The level of mesh refinement 

shown in Figure 3.8 (a) was found to be sufficient from a mesh convergence study of laminate 

stresses. Figure 3.8 (b) and (c) shows that the UMAT results correlate closely with the original 

data. 

Table 3.6 - Details of the material model validation cases [12]. 

 Case 1 Case 2 

Layup [0°/45°/90°]S [0°/90°]S 

Material CFRP GFRP 

Loading Uniaxial transverse tension (𝜎𝑦) Uniaxial longitudinal tension (𝜎𝑥) 

Dimensions 

(mm) 
1.0 x 1.0 x 1.0 1.04 x 1.04 x 1.04 
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Figure 3.8 – (a) FE model of unit cell indicating boundary conditions and loads, (b) stress-

strain response of a [0°/45°/90°]S CFRP laminate in uniaxial transverse tension (𝜎𝑦) with 

validation, and (c) stress-strain response of a [0°/90°]S cross-ply GFRP laminate in uniaxial 

longitudinal tension (𝜎𝑥) with validation [12]. 

A mesh convergence study was also performed on the blade model (Figure 3.4). A combination 

of S4R linear quadrilateral and S3 linear triangular elements were used to create the mesh. The 

maximum stress in the model was used as the convergence criterion. Figure 3.9 shows the 

results of the study. It was found that a suitable level of mesh refinement was achieved with a 

total of approximately 40,000 nodes, i.e. an element side length of 20 mm. This mesh density 

achieved a solution within 4% of the converged solution and balanced accuracy of results with 

model simulation time. Quadratic elements were also investigated as part of the study; it was 

found that these did not significantly increase the accuracy for the associated increase in 

computational cost. From a computational standpoint the methodology is extremely quick. The 
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total time required to create the full Abaqus model or submodel with the Python script, once all 

inputs have been defined, is less than one minute. The FE analyses without damage (no UMAT) 

take 5 to 6 minutes on average. While, the submodels with damage (UMAT) take considerably 

longer, i.e. approximately 40 minutes per analysis. An Intel Core i7 Desktop PC with 16 GB of 

RAM was used for the analyses. 

 

Figure 3.9 – Results of the mesh independence study, maximum stress in the blade model was 

used as the convergence criterion. 

 

3.3 Results and Discussion 

3.3.1 Hydrodynamic Analysis 

Figure 3.3, which presents the results of the hydrodynamic (BEMT) model, with particular 

reference to the four load cases of Table 3.3, describes the performance of the turbine. The plots 

include the predicted mechanical power output, the variation in pitch angle required as the tidal 

velocity increases and the resulting thrust loads and torque on the rotor. It is assumed that the 

variable speed turbine operates with a constant tip speed ratio (TSR) of approximately 4.69 up 

to its rated power of 500 kW by adjusting its speed of revolution. Figure 3.3 (b) shows that, 

once the rated power has been reached, the blade is then assumed to pitch (Figure 3.3 (c)) to 

produce constant power output for increasing tidal flow speeds. The required magnitude of the 

pitch angle increases up to 20° for 4 m/s tidal current. Due to the increase in pitch angle the 
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thrust loading on the blades is dramatically reduced for increasing flow speeds (Figure 3.3 (d)). 

The four load cases of Table 3.3 were investigated to determine the structural response of the 

blade at several stages of the turbine operation. As previously outlined in Section 3.2.1, Load 

Case 1 is designated the design case for the iterative methodology. Load Cases 2 and 3 have 

approximately the same magnitude of thrust on the blades but different blade pitch angles and 

were chosen for comparison to investigate the effect of pitch angle on the blade structure. The 

Fault Load Case experiences significantly larger thrust and torque loading, approximately 1.4 

and 2.0 times those of Load Case 1, respectively, for an increase in tidal current of only 0.7 m/s 

from the design case. The forces shown in Figure 3.4 are predicted by the BEMT analysis and 

applied in the FE models. The out-of-plane forces are considerably larger than the in-plane 

forces, by an order of magnitude towards the tip, and constitute the primary loading on the 

blades. The shape of the load curves are similar for Load Cases 1, 2 and Fault (which all operate 

at zero pitch angle), whereas, the magnitude of the force curves for Load Case 3 is significantly 

different, due to the 10° blade pitch angle. This is most notable for the in-plane forces (Figure 

3.4 (b)), where the magnitude towards the root is higher than at the tip as a result of the higher 

drag on the thicker root profiles. 

3.3.2 Structural Analysis 

Table 3.7 presents the results from the iterative design process. This process corresponds to the 

“Blade Design” portion of the methodology flowchart, outlined in Figure 3.1. The blade 

geometry and loads have been used to develop a base case design. Each iteration of the 

methodology involves modifying the section properties of the blade for the base case, i.e. 

changing the thickness of the laminates or introducing CFRP laminas. The design criteria for 

tip deflection and maximum strain, defined in Section 3.2.2.1, determine whether or not a 

design iteration is successful.  

Table 3.7 - Results from the iterative methodology, all iterations were performed for Load Case 

1. (T) and (C) refer to the tension and compression sides of the blade respectively. 

Iter. GFRP/CFRP 𝛅𝐭𝐢𝐩\𝛅𝐭𝐢𝐩,𝐦𝐚𝐱 𝛆𝟏\𝛆𝟏𝐓 Location of 𝛆𝟏\𝛆𝟏𝐓 Mass (kg) 

1 GFRP 1.29 0.526 S10 Spar cap (C) 1395.3 

2 GFRP 1.27 0.501 S9 Spar cap (C) 1332.5 

3 GFRP 1.23 0.475 S9 Spar cap (C) 1389.6 

4 GFRP + CFRP 0.71 0.290 S10 Spar cap (C) 1088.0 

5 GFRP + CFRP 0.67 0.272 S7 Trailing Edge (T) 1170.8 

6 GFRP + CFRP 0.64 0.269 S8 Trailing Edge (T) 1250.0 

7 GFRP + CFRP 0.65 0.235 S8 Spar Cap (C) 1218.8 
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After a total of seven iterations the design criteria were satisfied. The development of the blade 

design through this process (Table 3.7) proceeded as follows: 

 Iteration 1 began with a GFRP blade, due to the low cost compared to CFRP. However, 

the lower stiffness of GFRP leads to a requirement for a larger volume of material to 

meet the tip deflection criterion. Note that, in Table 3.7 the mass of the GFRP blade is 

consistently greater than 1300 kg without meeting either design criterion. 

 For Iterations 2 and 3 the laminate thicknesses in the spar cap regions were increased 

to improve the bending stiffness of the blade. This reduced both the tip deflection and 

maximum strain in the blade but not substantially enough to satisfy either design 

criteria. 

 For Iteration 4 the CFRP laminates replaced GFRP in the spar caps. This change 

satisfied the tip deflection criteria and reduced the maximum strain in the blade to 

0.29 휀1𝑇 (the strains are limited to 25% of the failure strain for CFRP laminates as the 

design criteria). 

 Further modification to the laminate thicknesses for Iterations 5, 6 and 7 lead to the 

strains throughout the model satisfying the failure criteria. 

Figure 3.10 shows a comparison between the deflection of the blade for Iterations 1 and 7. 

Clearly, the design process has led to a significant improvement in blade stiffness, leading to a 

50% reduction in tip deflection. The final iteration resulted in a tip deflection of approximately 

0.6 𝛿𝑡𝑖𝑝,𝑎𝑙𝑙𝑜𝑤 (730 mm). The maximum strain is predicted to occur in the outer-most plies. 

Figure 3.11 (a) shows the spar cap fibre-direction strains along the length of the blade for the 

first and last iterations. For the initial blade design, the spar caps exceed the strain limit along 

approximately half of the blade length. Several discontinuities are also apparent due to large 

drops in laminate thickness between sections of the blade. The final iteration results in a more 

uniform strain distribution within the design limits. 
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Figure 3.10 – Blade deflection normalised by the design limit (𝛿𝑡𝑖𝑝,𝑎𝑙𝑙𝑜𝑤 = 1125 𝑚𝑚) vs 

normalised radius for the design load case. Results for Iteration 1 (fully GFRP blade) and 

Iteration 7 (final blade design with CFRP spar caps). 
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Figure 3.11 - A comparison of the spar cap strains for (a) the first and last iterations of the 

methodology (Load Case 1), and (b) Load Cases 1, 2, 3 and Fault for iteration 7. 

Once the design criteria were satisfied all four load cases were analysed without the damage 

model and the results compared (Figure 3.11 (b)). The change in pitch angle between Load 

Cases 2 and 3 has a notable effect on the strain distribution. Between 
𝑟

𝑅
= 0.3 and 

𝑟

𝑅
= 1, the 

spar cap strains on the tension and compression sides of the blade decrease; however, the strains 

towards the root of the blade on the tension side are notably higher. However, the strains for 

both load cases are also well within the design limits. The strains for the Fault Load Case exceed 

the design limit. 

Figure 3.12 shows the final design thicknesses of the laminates in each section of the blade: 

spar caps, shear webs, and hydrodynamic shells. The laminates in the regions close to the root 

of the blade are relatively thick, ranging from approximately 40 to 60 mm (excluding the root 

section itself). The laminates in the spar cap regions are generally thickest, to resist the large 

out-of-plane forces (Figure 3.4). 
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Figure 3.12 – Laminate thickness distribution for each section of the blade, for the final design 

iteration. 

3.3.3 Damage UMAT 

Figure 3.13 shows a comparison of the fibre-direction strain distribution along the spar caps in 

the submodel and the global model. The submodel was generated for sections S6 through S13 

(Figure 3.5), i.e. 0.4 ≤
𝑟

𝑅
≤ 0.9, where the spar cap strains were highest. 

 

Figure 3.13 – Results of submodel analysis overlaid on the global results. 
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In the submodel, it was possible to apply the non-linear UMAT material model and investigate 

the level of damage induced in the blades for the four load cases. Table 3.8 displays the results 

of the analysis, providing the highest stress exposure values for FF and IFF from Equations 3.2 

to 3.6 and also reporting the highest damage values for the transverse and shear moduli. Some 

key aspects of these results are as follows: 

 The FF stress exposure values in tension are lower than for compression for all four 

load cases. As expected, the Fault Load Case experiences the higher risk of failure; 

however, the results indicate that FF is not likely to occur, even in the case of a pitch 

control system failing. 

 The IFF Mode A stress exposure indicates that the highest loaded elements are close 

to matrix-cracking, with a value of 0.973. The results are lower for Load Cases 2 and 

3, though not the same, with higher values for Load Case 2 than 3. Most notably, IFF 

Mode A failure is predicted for several shear web elements in the Fault Load Case. 

 The stress exposure values for IFF Mode B are considerably lower than for Mode A 

for all four load cases. IFF Mode B is not predicted for any of the load cases. 

 The stress exposure values for IFF Mode C failure are lower than either Mode A or 

Mode B, indicating a lower risk of the catastrophic laminate failure associated with 

Mode C.  

 The predicted damage is significantly higher for the shear modulus (𝐷12) than for the 

transverse modulus (𝐷2). The high stress exposure values for Mode reduce the shear 

modulus by approximately 20% for Load Case 1 and by 33% for the Fault Load Case. 

 Predicted transverse modulus damage is low (approximately 5%) for the three load 

cases, whereas, for the Fault Load Case, due to the prediction of IFF Mode A, the 

transverse modulus is reduced by almost 50% in the leading edge shear web. This is 

shown in Figure 3.14, where localised failure is predicted. Surrounding elements also 

experience increased stress exposure levels, attributed to redistribution of stress due to 

loss in stiffness in the failed elements. 
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Table 3.8 - Results from sub-modelling of sections S6 to S13. The maximum value in the model 

from Equations 3.2 to 3.6 and Equations 3.8 and 3.9 are provided. Once the value of 𝑓𝐸 ≥ 1 

that failure mode has occurred. 

Load Case 1 2 3 Fault 

𝑓𝐸(𝐹𝐹)+ 0.218 0.142 0.115 0.287 

𝑓𝐸(𝐹𝐹)− 0.275 0.175 0.139 0.362 

𝑓𝐸(𝐼𝐹𝐹)𝐴 0.973 0.636 0.441 1.187 

𝑓𝐸(𝐼𝐹𝐹)𝐵 0.351 0.223 0.213 0.464 

𝑓𝐸(𝐼𝐹𝐹)𝐶 0.297 0.194 0.15 0.386 

𝐷12 0.214 0.129 0.129 0.334 

𝐷2 0.05 0.046 0.045 0.492 

 

Figure 3.15 shows contour plots of shear modulus damage for all four load cases. Damage is 

widespread towards the leading and trailing edges of the blade. Damage is also visible on the 

leading edge side of the spar caps for Load Case 1 and the Fault Load Case. Similarly, Figure 

3.16 shows the distribution of transverse modulus damage. In this case, the predicted damage 

is concentrated throughout the spar cap regions (i.e. structural components) and is negligible in 

the shell sections and shear webs and it is considerably lower in magnitude than the shear 

modulus damage. 

 

Figure 3.14 - Contours of the transverse modulus damage variable 𝐷2 for the box-spar section, 

showing the damaged regions on the leading edge shear web for the Fault Load Case. 

Load Cases 2 and 3 illustrate the effect of increased pitch angle on structural response of the 

blade. Recall, Load Case 3 is the same as Load Case 2, except for a non-zero pitch angle. The 
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stress exposure values in Table 3.8 and the damage variables in Figure 3.15 and Figure 3.16 

indicate a generally lower risk of failure for Load Case 3 than 2. This is attributed to the loads 

being closer aligned to the stiffer edge-wise bending direction in the pitched blade than in the 

unpitched blade.  

 

Figure 3.15 - Contours of the shear modulus damage variable 𝐷12 obtained from the submodel 

for each of the Load Cases 1, 2, 3, and Fault. 

 

Figure 3.16 - Contours of the transverse modulus damage variable 𝐷2 obtained from the 

submodel for each of the Load Cases 1, 2, 3, and Fault. 
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3.4 Conclusions 

A damage based design and analysis methodology is presented for fibre-reinforced composite 

tidal turbine blades. The methodology uses the Python programming language to generate FE 

models of tidal turbine blades. This enables more rapid variation of model parameters, such as 

loads and section properties, for efficient blade design. A BEMT model provides the forces on 

the blade for the FE analysis. The methodology was used to design a tidal turbine blade for 

representative operating conditions corresponding to a location on the Irish coastline. The 

methodology includes the use of sub-modelling techniques in Abaqus and the application of a 

novel shell element material model (UMAT) for FRP composites. The conclusions are as 

follows: 

1 From the representative conditions considered, a GFRP blade failed to satisfy blade 

deflection and material strain criteria. Hence, a hybrid blade with glass- and carbon 

fibre materials was required. 

2 A 10° change in blade pitch gave lower spar cap strains and, hence, risk of fibre failure 

and inter-fibre failure.  

3 For an extreme (fault) load case, the design limits were exceeded and inter-fibre failure 

was predicted in the shear webs, leading to a predicted significant increase in damage 

to the transverse ply modulus. 

4 The UMAT predicted some damage for all load cases. The damage resulted in an 

almost 50% reduction in transverse modulus for IFF failure. 12% shear modulus 

reduction was predicted for every load case, irrespective of IFF. This increased to over 

33% in the extreme (fault) load case. 

5 Application of the UMAT is necessary to fully predict the effect of damage on the 

structural response of tidal turbine blades and to ensure the successful long-term 

operation of tidal turbines. 

6 The methodology provides a computationally efficient and novel method for shell 

element design of tidal turbine blades. 
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Table 3.A.1 - Nomenclature. 

UMAT user material sub-routine in Abaqus 

BEMT blade element momentum theory 

FE finite element 

FRP fibre-reinforced polymer (glass or carbon) 

WWFE World Wide Failure Exercise 

TSR tip speed ratio 

𝛿𝑡𝑖𝑝 blade tip deflection 

𝛿𝑡𝑖𝑝,𝑎𝑙𝑙𝑜𝑤 maximum allowable blade tip deflection 

𝐶𝑝 power Coefficient 

𝐶𝑡 thrust Coefficient 

FF fibre failure 

IFF inter-fibre failure 

XFOIL 2D panel method code for determining airfoil performance 

𝑈 incoming tidal current velocity 

𝜔 blade angular velocity 

𝑉𝑟𝑒𝑙 relative velocity on blade section 

𝑎, 𝑎′ axial and tangential load induction factors 

𝜙 flow angle 

𝛼 angle of attack 

𝛽 twist angle 

𝑐 chord length 

𝐿, 𝐷 lift and drag forces 

𝐹𝑇, 𝐹𝑁 in-plane and out-of-plane forces 

𝜕Δ𝜎

𝜕Δ휀
 material Jacobian matrix 

𝜎1, 𝜎2, 𝜏12 in-plane lamina oriented longitudinal, transverse and shear 

stresses 

휀1, 휀2, 𝛾12 in-plane lamina oriented longitudinal, transverse and shear 

strains 

𝜈12, 𝜈21 major and minor Poisson’s ratios 

𝐸1 fibre direction (longitudinal) modulus 

𝐸2 transverse modulus 

𝐺12 in-plane shear modulus 
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𝜌 density 

𝐷1, 𝐷2, 𝐷12 longitudinal, transverse, and shear moduli damage variables 

𝑓𝐸  stress exposure or risk of failure 

𝑓𝐸(𝐹𝐹)+, 𝑓𝐸(𝐹𝐹)− tensile and compressive FF stress exposure 

𝑓𝐸(𝐼𝐹𝐹)𝐴, 𝑓𝐸(𝐼𝐹𝐹)𝐵, 

𝑓𝐸(𝐼𝐹𝐹)𝐶 

Mode A, Mode B, and Mode C IFF stress exposure 

𝑋𝑇 longitudinal tensile strength 

𝑋𝐶 longitudinal compressive strength 

𝑆12 in-plane shear strength 

𝑌𝑇 transverse tensile strength 

𝑌𝐶  transverse compressive strength 

휀1𝑇 longitudinal tensile failure strain 

휀1𝐶  longitudinal compressive failure strain 

휀2𝑇 transverse tensile failure strain 

휀2𝐶  transverse compressive failure strain 

𝛾12 in-plane shear failure strain 

𝑚𝜎𝑓 mean stress magnification factor for the fibres 

𝑝∥⊥
(+)

, 𝑝⊥∥
(−)

, 𝑝⊥⊥
(+)

, 𝑝⊥⊥
(−)

 shape parameters for IFF failure envelopes 

𝑛(𝜎2), 𝑛(𝜏12) exponents in stiffness degradation equations 

𝐶(𝜎2), 𝐶(𝜏12) coefficients in stiffness degradation equations 

𝜂𝐸 , 𝜂𝐺  factors in stiffness degradation equations 

𝐶𝐸, 𝐶𝐺 coefficients in stiffness degradation equations 

𝜉𝐸, 𝜉𝐺 exponents in stiffness degradation equations 

𝑓𝐸 𝑡ℎ𝑟
(21)

, 𝑓𝐸 𝑡ℎ𝑟
(𝜎2)

 threshold stress exposures for shear and transverse stresses 

𝐸2𝑠, 𝐺12𝑠 secant transverse and shear moduli 
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Chapter 4. Physical experimental static testing and 

structural design optimisation for a composite wind 

turbine blade 

 

 

Article overview 

This chapter presents the first application of the fully automated design methodology for blade 

optimisation using a genetic algorithm. Genetic algorithms are extremely effective at finding 

improved solutions to engineering problems with very large design spaces, such as the structural 

design task under investigation. At each generation of the search, potential blade designs were 

subjected to processes that mimic the features of evolution, such as reproduction and mutation. 

The algorithm presented in this chapter used penalty functions to control the feasibility of the 

solutions, while following chapters move away from penalisation towards repair strategies. 

Since the algorithm required the analysis of a large number of models, the computationally 

expensive UMAT from Chapter 3 was not employed. Instead, the user output subroutine 

UVARM was used to implement the Puck failure theory in the models. This enabled the 

determination of the material safety factors for five failure modes as additional constraints on 

the optimisation. Details of the UVARM code can be found in Appendix A. 

This chapter also describes the first opportunity for calibration of the structural finite element 

models against test data. One of the motivations for this work, was a lack of examples of blade 

models that have been successfully calibrated against physical testing and then subsequently 

used as the basis for optimisation studies. The static tests were conducted at the ÉireComposites 

facility, without the direct involvement of the author. The blade mass and deflection data were 

made available for calibration. Since the 13 m long wind turbine blade is similar in design and 
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construction to a tidal turbine blade, it is considered a suitable candidate for calibration of the 

methodology. The main contribution to the literature from this chapter consists of the 

application of a genetic algorithm, with penalty function and material safety constraints, for the 

design optimisation of a wind turbine blade, producing an optimal design targeting the 

minimisation of blade mass. This work has been published in the journal Composite Structures 

(2016). 

 

Abstract 

This study presents experimental testing on a 13 m long glass fibre epoxy composite wind 

turbine blade. The results of the test were used to calibrate finite element models and a design 

optimisation study was then performed using a genetic algorithm. The goal of the optimisation 

was to minimise the material used in blade construction and, thereby, reduce the manufacturing 

costs. The thickness distribution of the composite materials and the internal structural layout of 

the blade were considered for optimisation. Constraints were placed on the objective based on 

the stiffness of the blade and the blade surface stresses. A variable penalty function was used 

with limits derived from the blade test and the structural layout of the turbine. The model shows 

good correspondence to the test results (blade mass within 6% and deflection within 9%) and 

the differences between test and model are discussed in detail. The genetic algorithm resulted 

in five optimal blade designs, showing a reduction in mass up to 24%. Structural modelling in 

combination with numerical search algorithms provide a powerful tool for designers and 

demonstrates that the reader can have confidence in the claimed potential savings when the 

reference blade models are calibrated against physical test data. 

 

4.1 Introduction 

Even as the scale of wind turbine blades is reaching for and exceeding the 60 m mark, there is 

considerable demand for medium-sized turbines. A recent review [1] of the current wind energy 

sector placed emphasis on the advantages of smaller scale wind turbines. The authors claim that 

smaller scale turbines are suitable for meeting domestic and commercial energy needs in a grid 

system that has less local environmental impact than large scale wind farms. The blade under 

investigation in this study is 13 m in length (for a 225 kW rated turbine), placing the turbine in 

the medium commercial range of device size. One of the major disadvantages for smaller wind 

turbines is the high initial and maintenance costs, a major component of which is the blades. A 
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combination of structural testing and finite element (FE) modelling can be used to help reduce 

these costs through improvements to the blade design.  

Full-scale structural testing is used in the blade certification process to help ensure a reliable 

and secure blade design. The IEC 61400-23 [2] international standard for testing provides an 

outline of the structural design requirements that blades must meet. A primary requirement for 

the blades, and the one that is the focus of the present study, is the structural response under 

static loading. A number of authors have presented results from such static blade testing. 

Overgaard et al. [3] performed a static test to collapse of a 34 m wind turbine blade in order to 

investigate the ultimate failure modes. Yang et al. [4] performed similar testing to failure for a 

40 m wind turbine blade and found that a complex series of failure modes resulted from an 

initial debonding of the adhesive joints of the outer aerodynamic shells. Larwood and Musial 

[5] report on static and fatigue structural testing of 12 m blades, identifying several regions of 

the blades for failures quite early in the fatigue tests. The blades are the key component in the 

turbines and failures in the blade structure are among the most common failure types during 

operation [6]. Failures in the blades can lead to significant downtime for the turbine and, due 

to the often remote location of wind turbines, it may not be a simple operation to repair a 

damaged blade, or worse, replace one completely [7].  

In addition to full-scale structural testing, computational modelling methods have the potential 

to improve on standard blade designs. The most common form of modelling wind turbine blades 

uses 3D plane stress shell elements to represent the thin-walled composite laminates from which 

the blade is composed. The plane stress assumption is quite valid for wind turbine blades, except 

for complex regions with significant through-thickness stresses such as the root-hub connection 

of the blade. Many authors have taken this approach and used it to develop parametric blade 

models for investigating various structural and aerodynamic aspects of the design. Bonnet and 

Dutton [8] demonstrated the adaptability of the combination of the Python scripting language 

and Abaqus finite element software in the generation of parametric blade models. Montesano 

et al. [9] developed a methodology incorporating micromechanical material modelling and 

continuum damage mechanics and showed how parameters such as chord length and twist angle 

of the blade can affect the damage distribution. Vucina et al. [10] have developed a 

methodology for the custom shape design of wind turbine blades to achieve maximum energy 

production. This approach to modelling has been shown to be robust, demonstrating good 

correspondence between tests and models [11] [12], and can investigate various aspects of blade 

structural and aerodynamic design. 
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The modelling methods presented in this study have been developed from a tidal turbine blade 

design methodology [13], [14]. The methodology generates parametric FE models of blades 

from basic design information, such as chord length, twist angle and aerodynamic load 

distributions. In order to assess the risk of failure, the FE models include a check for fibre failure 

and inter-fibre matrix failure based on the Puck failure criterion. The criterion is a ply-level 

(meso-scale) analysis and consists of five multi-axial stress interaction equations which define 

failure surfaces for the different failure modes [15]. The criterion defines three modes of failure 

for matrix cracking, depending on the combination of transverse and shear stress in the ply. 

Some failure modes, such as matrix cracking, are often tolerable in a structure. However, the 

failure mechanisms can induce local deterioration in the laminates which can act as the starting 

point for more serious failures, e.g. matrix cracking leading to local delaminations [16]. The 

failure analysis is performed by the user-defined subroutine UVARM in the commercial FE 

program Abaqus for each elemental integration point. 

In this paper, a genetic search algorithm is used for the structural optimisation task to take 

advantage of the parametric models, and the large design space they represent. Genetic 

algorithms effectively provide a directed random search through a complex design space [17]. 

The directed aspect is due to the user-defined objective function which is a measure of 

preference of one design over another. The effectiveness of this optimisation method for 

complex composite laminates has been demonstrated over the last two decades. For example, 

it has been applied to problems of variable thickness distribution in composite structures [18] 

and combinatorial problems with multiple materials and varying fibre direction [19]. Some 

authors have focused specifically on wind turbine blades for structural and aerodynamic design. 

Pourrajabian et al. [20] focused closely on the aerodynamic effects of varying blade designs, 

using beam theory for structural analysis to reduce computational effort. Barnes and Morozov 

[21] investigated novel internal structural layouts for wind turbine blades in an effort to reduce 

mass. Fischer et al. [22] describe their tool for a multi-objective optimisation of the annual 

energy production, blade mass and rotor thrust. These all demonstrate how optimisation tools 

can be combined with aerodynamic, structural or power performance tools to study complex 

blade design problems. 

The goal of the present study is to apply a genetic search algorithm, aided with an advanced 

failure analysis, to the problem of wind turbine blade structural design. The parametric blade 

models that enable the design optimisation are first compared to the results from a static 

structural test of a 13 m blade. The details of the test campaign are provided and the differences 
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between model and test results are investigated. The design features explored in the 

optimisation relate to the internal blade structure and the thickness of the laminates used in the 

blade construction. The objective of the design study is to reduce the mass of the wind turbine 

blade without degradation of the structural performance. 

 

4.2 Methodology 

The design methodology is outlined in four parts:  

(i) A description of the details of the wind turbine blade geometry. 

(ii) An overview of the design loads and the mechanical test loads.  

(iii) Details of the construction of the parametric FE models. 

(iv) An explanation of the genetic algorithm and the details of its operation. 

4.2.1 Blade Definition 

The wind turbine blade examined in this study is based on the Vestas V27 turbine with a 

standard power rating of 225 kW. The blade was manufactured using a novel “one-shot” 

manufacturing process [23]. Commonly, the manufacture of wind turbine blades involves 

producing several distinct parts, which are then assembled together to form the blade. The one-

shot approach involves polymerising the entire structure, including the embedded metal inserts 

at the root, in one single process, thereby eliminating the need for gluing. Further details on the 

advantages and disadvantages of the one-shot process for the manufacture of large scale 

composite structures are available in the review by Flanagan et al. [23]. 

The blades are constructed from glass fibre (GF) with a powder epoxy resin. Steel inserts in the 

root of the blade provide a connection to the turbine hub. The blades follow the normal 

structural convention for wind turbines with a box spar providing flexural and torsional stiffness 

and with the aerodynamic outer shells forming the blade shape. The box spar is made up of the 

spar caps, with unidirectional (UD) plies oriented along the length of the blade, and webs which 

provide shear strength to the structure. The shear webs are constructed from triaxial layers of 

GF-epoxy; each triaxial layer consists of the layup [0°/±45°] oriented to the length of the blade. 

In the FE analysis, each triaxial layer is made up of three plies of UD, with the appropriate 

orientations applied. The outer shell is composed of layers of the triaxial weave with an 

imbedded balsa core towards the tip. Figure 4.1 shows the various regions in detail on a cross-

section of the blade. 
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Figure 4.1 - The principal layups for the three main sections of the wind turbine blade: the spar 

caps, shear webs and outer aerodynamic shells. 

Table 4.1 reports the in-plane stiffness values for a unidirectional layer of the GF-epoxy 

material. Table 4.1 also indicates the material properties for the balsa wood core layer and the 

gelcoat. The balsa wood increases the panel buckling resistance in the aerodynamic shell 

laminates and the gelcoat is used for protecting the outer surface of the blade from 

environmental damage [24]. 

Table 4.2 shows the composite layups for the three main sections of the blade, i.e. the spar caps 

region, the outer aerodynamic shells and the shear webs. The number of unidirectional and 

triaxial plies at each radial blade station are noted as well as the locations of the core material. 

The layups used in the optimisation study take a more generic form and are detailed in full in 

Section 2.4.1. 

Table 4.1 - Mechanical properties of the various materials used in the blade models. * Triaxial 

layers were assumed to consist of three layers of UD material. The density of a single triaxial 

layer is slightly lower than a UD layer. ** Values for the mechanical properties of the gelcoat 

and core/balsa layers were obtained from [24]. 

 UD* Gelcoat** Balsa** 

𝐸1 (MPa) 35,000 0.00001 10 

𝐸2 (MPa) 11,000 0.00001 10 

𝐺12 (MPa) 4,000 0.000001 0.2 

𝜈12 0.2 0.3 0.3 

Density, 𝜌 (kg/m3) 1,900 1830 80 

 

A study by Sandia National Labs [25] on the costs associated with wind turbine blades indicated 

that, for large wind turbine blades (30 m in length and greater), the combined costs of materials 

and labour contributed approximately 68% to the total costs of each blade. The material costs 
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cover such items as the unidirectional and double-bias glass fibre mat materials, gelcoat for 

surface protection, balsa core material, resin and the root attachment system. The labour costs 

were estimated based on the work flow, labour hours and equipment requirements for 

manufacturing each of the separate blade components, assembling the blade, finishing, 

inspection, shipping and testing of the blade. The remaining 28% of the total overall blade costs 

were associated with design development, manufacturing plant overhead and blade 

transportation. This figure for costs of materials and labour has been confirmed to be accurate 

with respect to the blade under investigation in the present study and was used to determine the 

total percentage saving per blade achieved by the optimisation methodology. 

Table 4.3 outlines the geometry of the blade and includes the radial distributions of the chord 

length, twist angle, aerodynamic profiles and blade thickness. The centreline of the spar caps is 

located at approximately 32% of the chord length along the entire length of the blade. All of 

the necessary details to model the blade were determined either from the masters theses of 

Mohamed [26] and Froyd [27] or correspondence with the industrial partner. 
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Table 4.2 - Details of the composite layups for the three main sections of the blade: the spar caps, outer aerodynamic shells and the shear webs.  

 Spar Caps     Outer Shells   Webs  

0.00 UD x 32 TRIAX x 2 Gelcoat         
1.00 UD x 16 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat UD x 4 TRIAX x 10 
2.00 UD x 16 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat UD x 3 TRIAX x 10 
3.00 UD x 16 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat UD x 2 TRIAX x 10 
4.00 UD x 16 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat UD TRIAX x 10 
5.00 UD x 15 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat UD TRIAX x 10 
6.00 UD x 14 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat TRIAX x 4  
7.00 UD x 14 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat TRIAX x 4  
8.00 UD x 14 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat TRIAX x 4  
9.00 UD x 14 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat TRIAX x 4  
10.00 UD x 14 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat TRIAX x 4  
11.00 UD x 14 TRIAX x 2 Gelcoat   TRIAX Core TRIAX Gelcoat TRIAX x 4  
12.00 UD x 2 TRIAX x 2 Core TRIAX x 2 Gelcoat TRIAX Core TRIAX Gelcoat TRIAX x 4  
12.50 UD TRIAX x 2 Core TRIAX x 2 Gelcoat TRIAX Core TRIAX Gelcoat TRIAX x 4  
13.00 TRIAX x 4 Gelcoat    TRIAX x 4 Gelcoat   TRIAX x 4  
13.15 TRIAX x 4 Gelcoat    TRIAX x 4 Gelcoat     
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Table 4.3 - The distributions along the length of the blade of some of the key geometric (and 

structural) data, including: chord length, twist angle, blade thickness and aerodynamic profiles 

[26]. Note: Some of the quantities have been normalised. *** The thickness distribution of the 

blade along its length is determined by the chord length and the designation of NACA profile 

applied at each section. 

Radius (m) Chord (m) Twist (°) Profiles*** Thickness (%) 

0.00 0.600 0.00 Circular 100 

0.50 0.600 0.00 Circular 100 

1.00 1.366 12.4 NACA 63-240 40 

2.00 1.294 13.2 NACA 63-235 35 

3.00 1.223 11.4 NACA 63-230 30 

4.00 1.151 9.68 NACA 63-230 30 

5.00 1.079 8.05 NACA 63-225 25 

6.00 1.008 6.53 NACA 63-225 25 

7.00 0.936 5.13 NACA 63-222 22 

8.00 0.864 3.87 NACA 63-220 20 

9.00 0.793 2.77 NACA 63-220 20 

10.00 0.721 1.85 NACA 63-218 18 

11.00 0.649 1.12 NACA 63-216 16 

12.00 0.574 0.59 NACA 63-216 16 

13.00 0.505 0.32 NACA 63-215 15 

13.15 0.494 0.29 NACA 63-214 14 

 

4.2.2 Test and Load Definition 

Structural testing of wind turbine blades involves applying an equivalent mechanical load to 

match the aerodynamic loading the blade experiences during operation. In typical static testing, 

the loads are applied via weights, cranes, hydraulic or electronic actuators connected to the 

blade at a number of load points [28]. The greater the number of load points, the more accurately 

the bending moment distribution is reproduced. Figure 4.2 shows the set-up for the static test 

performed on the 13 m wind turbine blade. In this set-up, two blades are mounted on a support 

structure and are loaded using chains and chain blocks. The load is transferred to each blade 

through three load saddles. The load saddles contain plywood inserts which match the 

aerodynamic profile of the blade at the load application points. Silicone sheeting was placed 

between the blade surface and the plywood inserts in order to ensure an even distribution of 

load across the blade surface and to avoid any stress concentrations due to the clamping force. 

One major advantage for the chosen set-up is the lower cost, achieved by reacting one blade off 

of the other and, hence, significantly reducing the reactive loads on the support structure. One 

caveat to the testing is that the support structure was not bolted to the floor and the weight of 
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the blades was supported by trolleys positioned at 10 m along each blade. Some error was 

introduced into the blade deflection measurements due to movement of the reaction frame; 

however, this was recorded and corrected for in the presented results.  

 

Figure 4.2 - Set-up for the static test on the 13 m wind turbine blade. 

The load saddles were located at 5 m, 10 m and 12 m from the root of the blade. The IEC test 

standard [2] states that one of the key areas of interest in the blade is the region inboard up to 

where the change in cross-section slows down. On the blade under investigation this includes 

the blade from root up to approximately 9 m. Since the load saddles typically invalidate the 

results of the blade tests locally (due to induced stress concentrations not experienced in 

operation) the outer two load saddles were located at 10 m and 12 m. The chain block attached 

to each load saddle was adjusted to match the target load sequentially. When all three load 

saddles reached their respective targets, the deflections were recorded. Since the two blades 

were mounted with the same orientation, they experienced different loading. The first blade 

was loaded with a positive bending moment and the second with a negative bending moment 

referring to the flapwise direction (see Figure 4.2). Only the results for the blade with positive 

flapwise bending moment, the left hand blade in Figure 4.2, are presented since this 

configuration is representative of the blade loading during operation. The blades were 

monitored for any signs of failure during the test, such as cracking, surface buckling or acoustic 

emissions. No such signs of failure were observed and the blades passed the test for 

certification. 
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Normal operation of the turbine is for wind speeds between 3.5 and 25 m/s, with a nominal 

wind speed of 14 m/s, after which the turbine uses a pitch control system to maintain constant 

power production. The test loading on the blade was determined from a report by Riso contained 

in [26] and is shown in Figure 4.3 (a). The test loads were determined from an expression for 

the wind load on the blade for an extreme 50 m/s gust.  Figure 4.3 (a) also shows the magnitude 

of the forces applied to the blade at the load saddle locations.  Figure 4.3 (b) shows a comparison 

of the bending moment profiles along the blade for both load types.  

The bending moment on the blade due to the load saddles is slightly higher (up to 13.4 kNm at 

2 m along the blade) than that due to the original wind loads indicating that the testing is 

conservative in nature. In the design optimisation study, the original wind loading is applied to 

the models, not the test loading. The three test loads (acting on a much smaller area) may induce 

local non-linear behaviour, hence the wind loads are more representative of the actual 

operational loads of the turbine. 

 

(a) 
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(b) 

 

Figure 4.3 - (a) Wind loads and mechanical test loads and (b) their respective bending moment 

profiles along the blade. 

The aerodynamic lift and drag forces experienced by a wind turbine blade can be resolved into 

the forces in the flapwise (perpendicular to the rotor plane) and lead(-lag)wise or edgewise 

(parallel to the rotor plane) directions [29]. The edgewise forces contribute to the torque driving 

the turbine, while the flapwise forces comprise the thrust acting on the blade. The thrust is the 

most significant force acting on the blade.  

The static test is restricted to testing the blade in the flapwise direction only. Hence, further 

testing to account for the edgewise loading (and high-cycle fatigue testing for lifetime 

assessment) is necessary to fully analyse the response of the structure under all loading 

conditions. Table 4.4 shows the distribution of the wind loads along the length of the blade. 
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Table 4.4 - Radial distribution of the out of plane loads on the wind turbine blade applied in 

the optimisation study [26]. 

Radius (m) Load (N/m) 

1 3710 

2 3510 

3 3320 

4 3120 

5 2930 

6 2730 

7 2540 

8 2340 

9 2150 

10 1960 

11 1760 

12 1570 

13 1370 

 

4.2.3 FE Model Set-up 

The blades are made up of 3D lofted shell sections. The composite layups are then applied to 

the shells in the FE models. This enables the development of parametric models for the quick 

and efficient evaluation of a design’s structural response. Computational efficiency is a key 

driver of the methodology due to the large number of models required for the optimisation 

study. The FE models are generated using a Python code developed in-house. The inputs to the 

code include: 

 Chord length distribution along the blade, 

 Aerodynamic twist distribution along the blade, 

 Location of the leading edge of the blade in the x- and y-directions, 

 Distribution of airfoils along the blade, and the chord-normalised coordinates for each 

airfoil designation, 

 Distribution of the location and width of the spar caps (normalised by the chord length), 

 Distribution of the number and location of the shear webs, 

 Material properties and layup sequences for each radial blade section, 

 Flapwise and edgewise loads on the blade, 

 Mesh and FE job analysis settings. 
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The code automatically generates the full FE model and performs the analysis. Any of these 

parameters can easily be considered for optimisation. However, the study presented here 

focuses on the thickness distribution of the laminates and number of shear webs. Due to the 

large number of potential layup sequences, this is an expansive design space for the search. 

Post-processing of the results is also conducted using Python. The code has been previously 

used in the analysis of small-scale wind turbine blades [30] and concept tidal turbine blades 

[14] and is well suited for parametric studies. 

The loads are applied to the blade using a form of multi-point constraint (MPC). All of the 

nodes in the section where the load is applied are constrained to a single reference point onto 

which the force is applied as a point load. The coupling distributes the load between the 

reference point and the nodes in the section. The root of the blade is constrained in all six 

degrees of freedom. The blade models use a combination of 4-node reduced integration (S4R) 

plane stress linear shell elements with hourglass control and 3-node triangular (S3) linear shell 

elements. A mesh convergence study was conducted as part of the development of the FE 

models, using the blade tip deflection as the convergence criterion. From the study it was 

determined that a mesh with approximately 19500 elements (18800 nodes) was suitable for 

accurately modelling the test set-up. This level of mesh refinement utilised elements with a side 

length of approximately 40 mm. 

4.2.4 Genetic Algorithm Optimisation 

The genetic algorithm (GA) is used to evaluate a population of randomly generated potential 

designs. Then, applying genetic operations, it searches through the design space to find the 

optimum solution to the problem. The flowchart in Figure 4.4 outlines the steps in the GA: 

 Generate the initial population of potential designs. 

 Evaluate the relative fitness of each individual in the population and rank the population. 

 Evolve the population for the next generation by the following methods: 

o Retain the best individuals. 

o Cross pairs of individuals to create new individuals. 

o Randomly mutate the design variables of some of the population. 

 Evaluate the relative fitness of the new population and repeat the previous step until the 

stop criterion is reached. 

 Further analyse the optimum blade design. 



Chapter 4. Physical experimental static testing and structural design optimisation for a 

composite wind turbine blade 

- 121 - 

 

The following sections provide a detailed description of the key processes involved in the 

genetic search algorithm under the headings: genetic encoding, crossover, gene mutation, elitist 

selection and objective function. 

 

Figure 4.4 - Flowchart describing the genetic algorithm’s functions. 

4.2.4.1 Genetic encoding 

Each potential blade design is completely defined by a design vector which consists of thirty-

two variables. These variables define the distribution of biaxial and triaxial layers in the blade. 

Biaxial layers are formed from two unidirectional plies with a layup oriented ±45°. In the 

optimised blades, biaxial layers replace the triaxial layers used in the shear webs of the original 

blade. Since the webs predominantly support the blade in shear, the biaxial layers provided a 

similar level of support while using less material. 

The thirty-two variables in the design vector are split into four categories. The first three 

categories relate to the outer shells, the spar caps and the shear webs respectively and each are 

made up of ten design variables. The last category contains two variables that relate to the blade 
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as a whole. Table 4.5 defines each of the variables and indicates each variable’s upper and lower 

limit.  

Table 4.5 - Outline of the design variables and their limits. 

Variable Description Lower Limit Upper Limit 

𝑥1 Triaxial plies 𝑆0 − 𝑆10 3 5 

𝑥2 Triaxial plies 𝑆0 − 𝑆9 0 5 

𝑥3 Triaxial plies 𝑆0 − 𝑆8 0 5 

𝑥4 Triaxial plies 𝑆0 − 𝑆7 0 5 

𝑥5 Triaxial plies 𝑆0 − 𝑆6 0 5 

𝑥6 Triaxial plies 𝑆0 − 𝑆5 0 5 

𝑥7 Triaxial plies 𝑆0 − 𝑆4 0 5 

𝑥8 Triaxial plies 𝑆0 − 𝑆3 0 5 

𝑥9 Triaxial plies 𝑆0 − 𝑆2 0 5 

𝑥10 Triaxial plies 𝑆0 − 𝑆1 0 5 

𝑥11 UD plies 𝑆0 − 𝑆10 1 10 

𝑥12 UD plies 𝑆0 − 𝑆9 0 10 

𝑥13 UD plies 𝑆0 − 𝑆8 0 10 

𝑥14 UD plies 𝑆0 − 𝑆7 0 10 

𝑥15 UD plies 𝑆0 − 𝑆6 0 10 

𝑥16 UD plies 𝑆0 − 𝑆5 0 10 

𝑥17 UD plies 𝑆0 − 𝑆4 0 10 

𝑥18 UD plies 𝑆0 − 𝑆3 0 10 

𝑥19 UD plies 𝑆0 − 𝑆2 0 10 

𝑥20 UD plies 𝑆0 − 𝑆1 0 10 

𝑥21 Biaxial plies 𝑆0 − 𝑆10 1 5 

𝑥22 Biaxial plies 𝑆0 − 𝑆9 0 5 

𝑥23 Biaxial plies 𝑆0 − 𝑆8 0 5 

𝑥24 Biaxial plies 𝑆0 − 𝑆7 0 5 

𝑥25 Biaxial plies 𝑆0 − 𝑆6 0 5 

𝑥26 Biaxial plies 𝑆0 − 𝑆5 0 5 

𝑥27 Biaxial plies 𝑆0 − 𝑆4 0 5 

𝑥28 Biaxial plies 𝑆0 − 𝑆3 0 5 

𝑥29 Biaxial plies 𝑆0 − 𝑆2 0 5 

𝑥30 Biaxial plies 𝑆0 − 𝑆1 0 5 

𝑥31 Balsa core drop off 0 9 

𝑥32 Number of shear webs 1 2 
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The categories for the variables are defined as follows: 

1. The first ten design variables define the number of triaxial layers in the outer shells.  

2. The next ten variables define the number of unidirectional plies in the spar caps.  

3. The next ten variables define the number of biaxial layers in the shear webs.  

4. The second last variable defines the end point of the balsa core in the shear webs 

and the last variable defines the number of shear webs in the blade. 

All of the variables are integer values within the set limits. The description alongside each 

variable in Table 4.5 indicates what type of composite layer it relates to and to what region it is 

applied.  

The schematic in Figure 4.5 outlines the convention used in setting up the blade’s composite 

structure. The three levels to the hierarchy are defined as S for the radial section along the blade, 

R for the region within a blade section (e.g. suction side leading edge laminate) and L for layer 

in each region (where the layers are numbered from the outer aerodynamic surface inwards). 

Defining ten design variables for each structural component means there are ten possible 

locations for ply drop-offs (discrete locations where the thickness of the composite laminates 

change). The radial sections are located evenly along the length of the blade; these locations 

range from 2 m to 12 m along the blade in 1 m intervals.  

In order to maintain ply continuity along the blade, the design variables define the number of 

plies for a certain length of the blade. For example, Figure 4.5 demonstrates a general case of 

the spar cap laminates. The variable 𝑥11 refers to the number of unidirectional layers that span 

the entire length of the blade (from 𝑆0 to 𝑆10). The variable 𝑥12 refers to the number of layers 

spanning the blade from 𝑆0 to 𝑆9 and so on until the final variable, 𝑥20, defines the number of 

unidirectional plies in the region spanning from 𝑆0 to 𝑆1. 
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Figure 4.5 - Overview of the naming/numbering convention for processing the results of the FE 

analysis. TE = trailing edge, LE = leading edge. Sections are labelled radially along the blade 

from root to tip, regions are labelled counter-clockwise from the leading edge of the blade for 

each section and layers are labelled from the top surface of the blade/laminate inwards for 

each region. 

4.2.4.2 Crossover 

In order to create the next generation’s population, a crossover method is applied. The method 

used in this work is known as fitness proportionate selection or roulette wheel selection. An 

individual’s probability of being chosen as parent is based on its fitness value; the better the 

fitness, the higher the chance it will be used to create a new individual. With this method there 

is still a chance that a less fit individual may be selected as a parent, which may prove beneficial 

overall if the weak solution has some component that is favourable to the new child. New 

individuals are generated from two parent individuals. The crossover involves setting a split 

point at a random location in the parents’ vectors of design variables. Then the child inherits all 

of the design variables to the left of the crossover point from the male parent and all of the 

design variables to the right of the crossover point from the female parent. 
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4.2.4.3 Gene mutation 

Once the new population has been generated, each variable in each individual in the population 

has a small chance of a random mutation. The mutation, if it occurs, is constrained by the 

original limits on the design variables (Table 4.5). The objective of the mutation is to further 

promote genetic diversity and to explore the design space around any local optima. This can 

also help to avoid early convergence and has the largest impact on the results in later 

generations. 

For each design variable in an individual, a random number is generated between zero and one. 

If the number is smaller than the chance of mutation (𝑚), then the variable’s value is reassigned. 

For this study, the value of 𝑚 is varied based on the number of generations evaluated. The 

following equation describes the variation in 𝑚 over the course of the analysis: 

𝑚(𝑔) = 𝑚𝑖 + (𝑚𝑓 − 𝑚𝑖)
𝑔𝑓

𝑔  (4.1) 

where 𝑚(𝑔) is the chance of mutation at the current generation, 𝑚𝑖 is the chance of mutation 

at the beginning of the analysis, 𝑚𝑓 is the chance of mutation at the end of the analysis, 𝑔𝑓 is 

the total number of generations and 𝑔 is the current generation. Figure 4.6 shows the results of 

the power law function as it increases from the initial value for the chance of mutation to the 

final value over the course of the analysis.  

 

Figure 4.6 - Variation in the chance of mutation for the design variables over the course of the 

genetic search. 
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With this function the change in the chance of mutation only becomes significant after the 

analysis has proceeded through approximately 60% of the generations. The higher chance of 

mutation is considered beneficial in the latter stages of the analysis in order to avoid premature 

convergence and to promote localised searching about the optimum solutions determined thus 

far. 

4.2.4.4 Elitist selection 

Several varieties of elitist selection are used in practise, e.g. single, multiple and variable elitist 

strategies. A single elitist method works by retaining the fittest parent in the new generation in 

place of the weakest new individual. In multiple elitist methods, a number of parents may be 

retained. On the other hand, in variable elitist strategies, the retention rate varies during the 

analysis, e.g. as a function of the number of generations. Soremekun et al. [31] studied the 

effectiveness of several such strategies and found the multiple elitist method to perform the 

strongest. This method performed well in terms of number of optima found for a particular 

problem, effectiveness at searching through a large number of similar near-optimum designs 

and in terms of overall computational effort. This multiple elitist method involves retaining the 

top designs from the parent population, placing them into the new population and simply 

generating the number of child designs to fill the population to its required number. This is less 

computationally expensive than other methods where a whole new child population is generated 

and ranked and then the best parent designs replace the weakest child designs. In this study, 

five individuals from the previous generation with the highest fitness were retained into the new 

population. 

4.2.4.5 Objective function 

The objective function is used to evaluate the performance, or fitness, of each individual. 

Providing an appropriate evaluation function for the optimisation problem is a key task for the 

designer and requires a strong understanding of the problem at hand. The goal of this study is 

to minimise the mass of the blade, and, hence, reduce the manufacturing costs. 

If the design space is the complex landscape formed by the limits of the design variables, then 

the solution space is the resulting landscape after the evaluation of the results of each of those 

potential designs. The solution space can be considered to be made up of three regions: the 

feasible space, the infeasible space and the illegal space. Illegal solutions do not meet the design 

constraints and can’t be considered as viable designs, e.g. a blade that fails one or more material 

failure criteria. Infeasible solutions have met the basic criteria for a solution, but are still outside 
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of the limits set by the design, e.g. a blade with a large tip deflection which could negatively 

impact the turbine aerodynamics. Often the optimum solution lies on the border between the 

infeasible and feasible regions. In order to keep some infeasible solutions in the population a 

penalty is applied to the objective function values of individuals that exceed the tip deflection 

from the physical test. The objective function is given by: 

min( 𝑓(𝒙) = 𝑀(𝒙)𝑝(𝒙) ) (4.2) 

where 𝑀(𝒙) is the mass of the blade, 𝒙 is the vector of design variables for each individual and 

𝑝(𝒙) is the penalty function given by, 

𝑝(𝒙) = 𝑒
𝛿𝑡𝑖𝑝−𝛿𝑡𝑒𝑠𝑡

𝛿𝑡𝑒𝑠𝑡       𝑓𝑜𝑟 𝑝(𝒙) ≥ 1 

𝑝(𝒙) = 1      𝑓𝑜𝑟 𝑝(𝒙) < 1 

(4.3) 

where 𝛿𝑡𝑖𝑝 is the tip deflection of the current individual and 𝛿𝑡𝑒𝑠𝑡 is the tip deflection of the 

blade from the static test. The penalty function is only applied when it exceeds a value of one. 

The function exponentially increases with increasing tip deflection. However, an additional 

legality constraint is placed on the tip deflection to account for the limited allowable distance 

to avoid tip fouling (the blade tip striking the tower). This limit is: 2.5 𝛿𝑡𝑖𝑝,𝑡𝑒𝑠𝑡 ≈ 1.5𝑚. These 

inherent limits on the deflection act as a means of quantifying the distance metric for the 

constraint. The distance metric is described by Smith and Coit [32] as a means of determining 

the closeness of a solution to feasibility. Other penalty methods exist which apply a linear 

penalisation or take a power law approach to the problem (such as those outlined by Herath et 

al. [33]), but the exponential function method worked well for this study.  

A legality constraint is applied to the stresses in the blade laminates. The values of the risk of 

failure (stress exposures) for fibre failure and inter-fibre failure are calculated for the outer plies 

of the blade and factors of safety are applied. If the risk values exceed the set limits then that 

individual is deemed illegal and is removed from the population before the evolution stage.  

The failure criterion defined by Puck [15] is phenomenologically based. The criterion provides 

a robust and effective approach to the prediction of failure in composites based on extensive 

testing of composites and using the brittle fracture theory of Mohr as its basis. It is made up of 

five stress interaction equations, two to determine the risk of fibre failure (FF) in tension and 
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compression and three to determine the risk of different forms of inter-fibre failure (IFF) 

occurring [15]. The equations defining the risk of failure (or stress exposure) for FF are: 

𝑓𝐸(𝐹𝐹)+ =
1

휀1𝑇
 (휀1 +

𝜈12

𝐸1
𝑚𝜎𝑓𝜎2) (4.4) 

𝑓𝐸(𝐹𝐹)− =
1

휀1𝐶
 |(휀1 +

𝜈12

𝐸1
𝑚𝜎𝑓𝜎2)| + (10𝛾12)

2 (4.5) 

where 𝑓𝐸(𝐹𝐹)+ and 𝑓𝐸(𝐹𝐹)− refer to the stress exposure values for tension and compression 

respectively; 휀1𝑇 and 휀1𝐶 refer to the failure strain in tension and compression, respectively; 휀1 

is the in-plane longitudinal strain; 𝜎2 is the in-plane transverse stress; 𝛾12 is the in-plane lamina 

oriented engineering shear strain ((10𝛾12)
2 is an empirical correction factor); 𝜈12 is the major 

Poisson’s ratio; 𝐸1 is the in-plane fibre direction modulus and 𝑚𝜎𝑓 is the mean stress 

magnification factor. 

IFF can be separated into three distinct types: Mode A, Mode B and Mode C, which depend on 

the combined state of transverse and shear stress in the laminate. Mode A IFF refers to a tensile 

transverse stress and shear stress combination, Mode B a combination of compressive 

transverse stress and shear stress and Mode C is a similar compressive-shearing stress state 

though with significantly higher compressive stress, generally resulting in failure of the 

laminate. The three equations for IFF are: 

𝑓𝐸(𝐼𝐹𝐹)𝐴 = √(
𝜏12

𝑆12
)
2

+ (1 − 𝑝∥⊥
(+) 𝑌𝑇

𝑆12
 )

2

(
𝜎2

𝑌𝑇
)
2

+ 𝑝∥⊥
(+) 𝜎2

𝑆12
 (4.6) 

𝑓𝐸(𝐼𝐹𝐹)𝐵 =
1

𝑆12
  (√𝜏12

2 + (𝑝⊥∥
(+)

𝜎2)
2

 + 𝑝⊥∥
(−)

𝜎2) (4.7) 

𝑓𝐸(𝐼𝐹𝐹)𝐶 = [(
𝜏12

2(1 + 𝑝⊥⊥
(−)

)𝑆12

)

2

+ (
𝜎2

𝑌𝐶
)

2

] 
𝑌𝐶

(−𝜎2)
 (4.8) 

where 𝑓𝐸(𝐼𝐹𝐹)𝐴, 𝑓𝐸(𝐼𝐹𝐹)𝐵 and 𝑓𝐸(𝐼𝐹𝐹)𝐶 refer to the stress exposure values for the three modes 

of IFF; 𝜎2 and 𝜏12 refer to the in-plane transverse and shear stress in the laminate, respectively; 

𝑆12 is the in-plane shear strength of the ply; 𝑌𝑇 is the transverse tensile strength; 𝑌𝐶 is the 

transverse compressive strength; and 𝑝∥⊥
(+)

, 𝑝⊥∥
(+)

, 𝑝⊥∥
(−)

 and 𝑝⊥⊥
(−)

 are parameters for controlling the 

shape of the failure envelope formed by the three equations [34]. The values of the all of the 
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material parameters necessary for assessing glass fibre epoxy laminates are contained in Table 

4.6. The Puck failure criterion has been shown to be effective when paired with an optimisation 

procedure [35]. When used to identify first ply failure (FPF) in a buckling study of composite 

plates it produced optimum designs satisfying both FPF strength and buckling requirements 

over other material failure criteria. 

Table 4.6 - Parameters required for Puck failure criterion. 

Material Parameter Value 

Tensile failure strain, 휀1𝑇 (%) 2.807 

Compressive failure strain, 휀1𝐶 (%) -1.754 

Mean stress magnification factor, 𝑚𝜎𝑓 1.3 

In-plane shear strength, 𝑆12 (MPa) 73 

In-plane transverse tensile strength, 𝑌𝑇 (MPa) -145 

In-plane transverse compressive strength, 𝑌𝐶 (MPa) 40 

Failure envelope shape parameters, 𝑝∥⊥
(+)

, 𝑝⊥∥
(+)

 0.3 

Failure envelope shape parameters, 𝑝⊥∥
(−)

, 𝑝⊥⊥
(−)

 0.25 

 

A factor of safety of two was applied to both of the FF stress exposure values. Similarly, for 

the three inter-fibre failure modes, if the value in any of the blade’s laminates exceeds 0.75, 

then the legality constraint is violated. The failure criterion are calculated in the FE program 

using UVARM, a user-defined subroutine for generating output variables. Any of the regular 

output quantities for the integration point (such as stress, strain, displacement, etc.) are available 

to UVARM. The UVARM code produces six output variables: the five stress exposure values 

and a marker variable to indicate the mode of IFF the element is within range of. 

4.2.4.6 Genetic algorithm operating parameters 

Table 4.7 contains general information on the search performed. The total number of 

individuals in the population was set at 25. The total number of generations for each 

optimisation problem was 300, while the number of retained individuals in the multiple elitist 

scheme for each generation was 5 and the chance of mutation varied from 0.03 to 0.05 according 

to Equation 4.1. The GA was implemented in Python to easily interface with the parametric FE 

model generation code and Abaqus. 
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Table 4.7 - Information on the set-up of the genetic algorithm. 

Population Generations Retained Individuals Chance of Mutation 

25 200 5 0.03 - 0.05 

 

4.3 Results and Discussion 

4.3.1 Model Validation 

Figure 4.7 shows the results of the static test on the 13 m wind turbine blade along with the 

associated FE model results. The blade deflections are shown for the maximum load applied. 

A comparison of the results at the load saddle locations indicates that the FE model 

overestimated the blade deflections by 9% (56 mm) at the 12 m load saddle. This implies that 

the physical blade is stiffer than the FE model predicts. During the test, the blade rotated relative 

to the support structure, which was only noted once the test was completed. It is believed that 

the deflection results may be overestimated by up to 24 mm at the outer load saddle location, 

due to this error. The load deflection curve for the three load saddles is shown in Figure 4.8. 

The three curves are linear in nature and in combination with manual inspection of the blades 

during testing indicate that no damage or non-linear deflection occurred for the extreme load. 

The kinks in the curves for the 5 m and 10 m saddles are due to the issue with fixing the rotation 

of the root connection fixture.  

 

Figure 4.7 - Blade deflection results from the static test and numerical model. 
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Figure 4.8 - Load versus deflection curve for the three load saddles measured in the physical 

test of the blade. 

The mass of the physical blade and blade model was compared as part of the model validation. 

The mass of the blade components modelled (excluding the metal inserts) is approximately 529 

kg, while the numerical model’s mass is 497 kg, a difference of 6%. The discrepancies between 

the blade model and the physical blade may be attributed to several factors:  

 Additional glass fibre material added during the manufacturing procedure, but not 

accounted for in the original manufacturing documents. 

 A slight variability in material density and fibre volume content, which is inherent in 

the production of composite structures. 

 Additional non-structural material which was omitted from the FE models. 

 The through-thickness stresses in the root region are not accounted for by plane stress 

elements. 

The results from the blade model are used as the reference for comparison with the design 

optimisation results in the following sections. 

4.3.2 Optimisation Results 

4.3.2.1 Optimum blade designs from GA 

Table 4.8 shows the optimised values of the design variables after application of the GA. Five 

near-optimum solutions (objective function values within approximately 0.5%) were found 
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using the multiple elitist method described in Section 2.4.4. The final generation also contained 

a number of additional designs with high levels of competitiveness.  

The variables 𝑥1 to 𝑥10, controlling the thickness of the outer shells, show no variation between 

the five optimum designs. Since the outer shells don’t significantly contribute to the overall 

stiffness of the blade, it is not surprising that these variables have nearly all reached the 

minimum possible value. There is more variation in variables 𝑥11 to 𝑥20, which control the 

thickness of the spar caps. However, the differences in these variables are minimal, with only 

𝑥13, 𝑥14 and 𝑥19 varying slightly. The variables controlling the shear web thicknesses𝑥21 to 

𝑥30, are also all quite similar and, since they are all close to their lower limits, indicate that they 

do not significantly affect the fitness of their blade designs. Variable 𝑥31 controls the location 

of the drop-off of the balsa layer in the shear web and was found to be close to a minimum in 

all but the second solution. The last variable 𝑥32 indicates that all five blade designs have only 

one shear web. This is a promising result as manufacturing a blade with only a single web using 

the one-shot process is less complex and costly than with two webs. 

Table 4.8 - The optimum values for each of the design variables from the genetic search 

algorithm. 

Variable Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 

𝑥1 3 3 3 3 3 

𝑥2 0 0 0 0 0 

𝑥3 0 0 0 0 0 

𝑥4 0 0 0 0 0 

𝑥5 0 0 0 0 0 

𝑥6 0 0 0 0 0 

𝑥7 1 1 1 1 1 

𝑥8 0 0 0 0 0 

𝑥9 0 0 0 0 0 

𝑥10 0 0 0 0 0 

𝑥11 2 2 2 2 2 

𝑥12 6 6 6 6 6 

𝑥13 3 3 2 2 3 

𝑥14 2 2 3 3 2 

𝑥15 1 1 1 1 1 

𝑥16 0 0 0 0 0 

𝑥17 1 1 1 1 1 

𝑥18 0 0 0 0 0 

𝑥19 1 1 0 0 1 
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𝑥20 2 2 2 2 2 

𝑥21 1 1 1 1 1 

𝑥22 1 1 1 1 1 

𝑥23 0 0 0 0 0 

𝑥24 0 0 0 0 0 

𝑥25 0 0 0 0 0 

𝑥26 0 0 0 0 0 

𝑥27 0 0 1 1 1 

𝑥28 0 0 0 0 0 

𝑥29 0 0 0 0 0 

𝑥30 0 0 0 0 0 

𝑥31 1 7 0 1 0 

𝑥32 1 1 1 1 1 

 

Table 4.9 shows the layups for spar caps, outer shells and shear web for the Solution 1 blade. 

The number of unidirectional, triaxial and biaxial plies are indicated for each radial section as 

well as the gelcoat and core layers.  

Table 4.9 - Details of the composite layups for Solution 1 optimum blade for the three main 

sections of the blade: the spar caps, outer aerodynamic shells and the shear webs. 

 Spar Caps   Outer Shells Web   

0.00 UD x 18 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX Core BIAX 

1.00 UD x 18 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX Core BIAX 

2.00 UD x 18 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX Core BIAX 

3.00 UD x 18 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX Core BIAX 

4.00 UD x 16 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX Core BIAX 

5.00 UD x 15 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX x 2   

6.00 UD x 15 TRIAX x 4 Gelcoat TRIAX x 4 Gelcoat BIAX x 2   

7.00 UD x 14 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX x 2   

8.00 UD x 14 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX x 2   

9.00 UD x 13 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX x 2   

10.00 UD x 11 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX x 2   

11.00 UD x 8 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX x 2   

12.00 UD x 2 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX   

12.50 UD x 2 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX   

13.00 UD x 2 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX   

13.15 UD x 2 TRIAX x 3 Gelcoat TRIAX x 3 Gelcoat BIAX   

 

Table 4.9 demonstrates how the encoding of the thirty-two design variables is used to generate 

the blade layups. Table 4.10 shows the results for the five optimum blade designs. The results 

include: the fitness value, blade mass, tip deflection, tip rotation, the maximum values of each 

of the five stress exposures, the radial location of the blade centre of mass and the generation 
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when each design was first found. The results for fitness, mass and tip deflection were as 

follows: 

 Solution 1 resulted in the best fitness value (387.2 kg). The design demonstrated a mass 

saving of 22.9% (113.9 kg) from the reference blade. However, this resulted in a tip 

deflection of approximately 809 mm, and was subsequently penalised.  

 The next fittest design showed a saving in mass from the reference blade of 22.8% 

(113.3 kg). This blade design also resulted in a tip deflection of approximately 809 mm.  

 Solution 3 resulted in a mass saving of 24.1% (120 kg) and a tip deflection of 824 mm.  

 Solution 4 resulted in a mass saving of 24.1% (119.8 kg) and a tip deflection of 823 

mm.  

 Solution 5 resulted in a mass saving of 22.3% (111 kg) and a tip deflection of 807 mm.  

The cost saving per blade is also shown in Table 4.10. The optimisation resulted in savings of 

between 15.1% and 16.3% of the total costs of the blade, due to the reduction in material 

required and the associated labour costs. 

Table 4.10 - Breakdown of the results of the optimum designs found by the genetic algorithm. 

 Sol. 1 Sol. 2 Sol. 3 Sol. 4 Sol. 5 Ref. Blade 

Fitness (kg) 387.2 387.9 388.3 388.4 389.3 497.0 

Mass (kg) 383.1 383.7 377.0 377.2 386.0 497.0 

Mass Saving (%) 22.9 22.8 24.1 24.1 22.3 - 

Cost Savings (%) 15.5 15.4 16.3 16.3 15.1 - 

𝛿𝑡𝑖𝑝 (mm) 809 809 824 823 807 800 

Tip Rotation (°) 10.6 10.6 10.7 10.7 10.6 7.9 

Max 𝑓𝐸(𝐹𝐹)+ 0.081 0.081 0.081 0.081 0.081 0.197 

Max 𝑓𝐸(𝐹𝐹)− 0.148 0.147 0.147 0.147 0.148 0.254 

Max 𝑓𝐸(𝐼𝐹𝐹)𝐴 0.730 0.731 0.742 0.743 0.720 0.745 

Max 𝑓𝐸(𝐼𝐹𝐹)𝐵 0.238 0.238 0.238 0.238 0.238 0.136 

Max 𝑓𝐸(𝐼𝐹𝐹)𝐶 0.234 0.234 0.234 0.234 0.234 0.200 

Centre of Mass (m) 4.38 4.38 4.41 4.41 4.37 4.25 

Generation 

Determined 

190 195 192 175 176 - 

 

All of the designs were found to be slightly on the infeasible side of the solution space. A more 

severe penalisation method would drive the GA to finding only solutions that meet this 

constraint; however, the current penalty method was applied since some leeway is allowed in 
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the final deflection of the blade. Several of the alternative designs in the final population 

demonstrated a feasible tip deflection of 800 mm or less. However, the best fitness value among 

these solutions was 412.6 kg, with a mass saving of 17% from the reference blade design. This 

indicates the strong influence the penalty function has in controlling the results of the genetic 

search and the added flexibility granted by approaching the optimum from the infeasible space, 

as well as the feasible. 

The tip rotation was determined to be approximately 10.6°, with the five optimum designs 

showing little variation between them (~0.1°). The tip rotation of the reference blade was 

approximately 7.9° in magnitude. The difference between the optimum and reference blades is 

attributed to the optimum designs all containing only a single thinner shear web and the reduced 

thickness of their outer shells. Both of these factors reduce the torsional stiffness of the optimum 

blade designs. Since the loading situation under investigation is an extreme gust, and not an 

operational wind speed, the degree of twist is not a major concern. Further investigation of the 

response of the structure should be conducted to determine the level of twist in the blade for 

operating wind loads, since added twist could significantly affect the aerodynamics of the 

turbine. Table 4.10 also shows the radial location of the centre of mass of the blade designs. 

Large changes in the location of the centre of mass may affect the dynamics of the turbine. The 

largest change in radial location from the reference blade was 160 mm towards the tip, resulting 

from solutions 3 and 4. 

The results for the five stress exposure values for each of the blades showed little variation, 

indicating the stresses in the blades to be of similar magnitude. The stress exposure values for 

FF in tension and compression were the lowest of all the failure modes, with the value of the 

stress exposure for compressive failures slightly higher than for tensile. A factor of safety was 

applied to the stress exposures for the three IFF modes, which limited their values to 0.75. The 

result was that the GA found designs bordering on this upper limit for Mode A IFF. The five 

designs show values between 0.720 and 0.743. The stress exposure values for Mode B and C 

are lower, with values of 0.234 and 0.238, respectively. Modes A and B of IFF are generally 

considered a tolerable failure mode. However, the current design was specified to avoid all 

possible failures for the extreme load case. The optimum blade designs showed a decrease in 

the stress exposure values from the reference blade for the FF failure modes and Mode B IFF. 

From Table 4.10 it can be seen that many of the designs are close to the optimum, but with 

slightly varying design variables. As noted by Soremekun [31], for the blade bending problem, 
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the outermost plies have the greatest effect on the design’s fitness value and adding inner plies 

may not significantly change the results. Therefore, it’s possible to end up with many solutions 

with high fitness values, but slightly varying composite layups. The higher chance of mutation 

in the last number of generations is intended to locally explore the design space around the 

optimum solutions. Table 4.10 shows the generation that each of the optimum blade designs 

was first determined. Solutions 3 and 4 were determined first, at generation 175 and 176, 

respectively. By retaining these individuals into the following generations, and using them in 

the crossover process, their strong structural characteristics were further exploited. Solutions 1, 

2 and 3 were then determined at generation 190, 195 and 192, respectively. 

A number of the blade designs in the final population which met the overall design criterion 

also showed the onset of local buckling in the shear web towards the root of the blade. A similar 

situation was reported by Barnes and Morozov [21], who outlined a number of options for 

including bucking checks, including: incorporating a buckling constraint using design 

formulae, conducting an additional eigenvalue analysis or including additional high modulus 

material options in the design variables. Future work will extend the GA to include a buckling 

load factor or a constraint on the ratio of length to thickness of the shear web panels to avoid 

buckling. 

Figure 4.9 shows a comparison between the thickness of the spar cap laminates for the reference 

and the optimum blade (Solution 1) designs. Figure 4.10 shows the thickness variations of the 

laminates in the optimum blade; the same layups are applied to both the suction and pressure 

sides of the blades.  

 

Figure 4.9 - Comparison of the thickness distribution in the spar caps along the length of the 

blades between the reference blade and the optimum blade design found by the GA. 
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The GA resulted in relatively evenly spaced drops in the thickness of the UD material over the 

length of the blade. Stress concentrations appear in locations with a large drop in thickness. The 

largest single drop in thickness occurs at 11 m on the optimum blade. 

 

Figure 4.10 - Thickness distribution of the laminates in the optimum blade. 

4.3.2.2 Blade analysis 

The following results are displayed for Solution 1. Figure 4.11 shows the distribution of the 

fibre direction stress (𝜎11) along the centreline of the spar caps for the optimum blade and 

reference blade designs. As can be seen from Figure 4.9, the thickness of the two blade designs 

is not significantly different up to 9 m on both blades. The result is a similar stress distribution 

in both blades up to this location. The stress is nearly symmetric for the pressure and suction 

sides of the blade and is below 45 MPa for the majority of the blade.  

 

Figure 4.11 - Fibre direction stress (𝜎11) distribution along the centreline of the spar caps of 

the optimum and reference blades. 

The reduction in thickness of the laminates towards the tip of the blade has a notable effect on 

the stresses with a major spike at the 11 m location in the optimum blade. The root region of 

the optimum blade also shows higher stresses than the reference blade; however, the stresses 
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are of a similar magnitude to the rest of the spar caps. The drop in thickness of the spar caps 

near the root in the reference blade also causes a large spike in stress, which is not evident in 

the optimum blade design. 

Figure 4.12 shows contour plots of the distribution of the fibre direction strain (휀11) in the plies 

on the outer surface of the optimum blade at the maximum load applied. The strain is highest 

along the spar caps and does not exceed 0.23% in tension or compression over the blade. Stress 

concentrations can be seen where the cross-sectional shape of the blade changes from circular 

to the aerofoil shape at the root. The geometry in this region is complex and may not be fully 

captured by the parametric models. Future work will investigate mesh smoothing options to 

obtain a closer approximation to the geometry of the blade in this location. 

 

Figure 4.12 - Contour plot of the fibre direction strain (휀11) distribution on the outer surface 

of the blade at the extreme wind load. 

Figure 4.13 shows a contour plot of the stress exposure values for Mode A inter-fibre failure. 

The risk of IFF Mode A is higher on the suction side of the blade (the side in compression) than 

the pressure side. Most notably, the trailing edge laminates along the length of the blade 

experience both transverse and longitudinal compression and may be under risk of local 

buckling.  

 

Figure 4.13 - Contour plot of the stress exposure values for inter-fibre failure Mode A 

(𝑓𝐸(𝐼𝐹𝐹)𝐴) on the outer surface of the blade at the extreme wind load. 

At approximately 3 m along the blade, there is a stress concentration where the spar cap meets 

the outer shell. This region requires closer inspection to avoid possible delamination between 

shells and spar cap during operation. 
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4.3.2.3 GA performance 

Figure 4.14 shows the progression of the fitness of the population during optimisation. The 

shaded area indicates the upper and lower bounds of the objective function values for the 

population at each generation. The fitness of the population improves rapidly in the first 25 

generations and by generation 50 the GA has already determined several designs with 

improvements in fitness from the reference blade (objective function value was 497). The large 

range of the fitness values in the last generations is caused by the higher chance of mutation.  

 

Figure 4.14 - Results from the GA search. The bounds for the minimum and maximum values 

of the objective function for each individual in the population are shown. 

As seen in the previous section, the multiple elitist scheme is capable of finding multiple optima 

per analysis run. Future work will investigate the precision/accuracy trade-off for the GA and 

determine the most effective values for the genetic operators. This will help determine the total 

number of generations required by the algorithm to determine optimum solutions and minimise 

computational time. Although the genetic operators are often problem specific, the study by 

Soremekun et al. [31], which examined the trade-off between computational cost and search 

effectiveness, was useful in initially determining the GA parameters. 
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At several points in the analysis illegal individuals were generated through either crossover or 

mutation processes. Examination of the illegal individuals indicated Mode A IFF failures for 

many of the designs. As noted in the results in Table 4.10, the highest stress exposure values 

were for IFF Mode A with the GA converging on results bordering the design limit value of 

0.75. Therefore, it is not surprising that individuals with higher values of 𝑓𝐸(𝐼𝐹𝐹)𝐴 were 

generated. Several blade designs were also found with tip deflections beyond the limit of 

2.5 𝛿𝑡𝑒𝑠𝑡, which would lead to tip fouling.  

The total number of models analysed in the GA search was approximately 3300. Since a number 

of designs were retained each generation, significant computational savings were made by not 

re-running previously completed analyses. This led to a saving of approximately 34% of the 

total possible computational time. All computations were performed on an Intel core i7 desktop 

computer with 8 CPUs and 16 GB RAM. Each single analysis took approximately 1 minute to 

generate the model, run the analysis and post-process the results and the entire search took 

approximately 55 hours to complete. 

 

4.4 Conclusions 

The present study demonstrates the effectiveness of pairing a genetic search algorithm (GA) 

with parametric finite element models for composite wind turbine blades. The FE models were 

successfully calibrated against test data, working with the manufacturers to ensure the models 

accurately reflect the structural makeup of the blade. The models and test showed good 

correspondence for the mass and deflection data and the differences between blade model and 

physical blade were discussed in detail. The static structural testing showed the current blade 

design is sufficiently durable for an extreme 50 m/s gust loading. The most significant findings 

from the design optimisation include: 

 The GA determined a number of potential design options and resulted in a mass saving 

of 23% for the optimum blade design. 

 The optimum blade resulted in a saving of approximately 15.5% on the total blade 

manufacturing costs due to the reduction in mass of glass fibre epoxy required. 

 Due to the application of constraints on the optimisation this improvement in mass 

subsequently results in a slight increase in blade deflection and in blade surface stresses. 
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 The multiple elitist scheme preserved a number of good designs (five) through each 

generation, resulting in the GA finding several near-optimum designs for further 

analysis. 

 It was found that a single shear web was sufficient in all five of the optimum designs. 

From a manufacturing perspective this represents an opportunity for reductions in 

complexity and cost. 

 A combination of a relatively high number of retained designs and a variable chance of 

mutation of the design variables resulted in a good balance between global searching of 

the design space and localised searching around the optimum designs. This produced 

individuals with superior fitness values, especially in later generations when the chance 

of mutation was highest. 

 The use of the Puck failure criterion enabled an analysis of the risk of failure of the plies 

in the blades for several different failure modes, providing additional constraints for the 

GA. The optimised blade models are within safety factors for fibre failure and inter-

fibre failure (matrix cracking) of the laminates. 

 A number of the designs in the final population exhibited the onset of local buckling in 

their shear web laminates, future work will include buckling checks as an additional 

constraint. 

 Significant computational savings were made by storing the results from analyses for 

future reference. 

The GA analysis will also be expanded to include additional load cases, such as combined 

flapwise and edgewise loading and operational static and dynamic loading. The methodology 

has been proved effective for medium scale wind turbine blades and is equally applicable to 

other composite blades and propellers. Hence, future uses include the analysis and design of 

small/domestic scale (15 kW) wind turbine blades and large scale (1 MW) tidal turbine blades. 
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Chapter 5. Experimental investigation, numerical 

modelling and multi-objective optimisation of 

composite wind turbine blades 

 

 

Article overview 

This work presents detailed experimental testing of two distinct designs for wind turbine blades 

for a 15 kW turbine. Static structural testing was performed on the two blades to determine the 

stiffness and strain distributions under operating and extreme conditions. Modal testing was 

also conducted to determine the flapwise natural frequencies of the blades. Dr de la Torre 

assisted in the test set up and data acquisition, as well as post-processing the modal test results. 

Following the method of calibration outlined in Chapter 4, the test results were used to develop 

and verify the accuracy of finite element models produced by the automated design 

methodology (Chapter 3). While differences exist between the models and test results, due to 

uncertainties in the manufacturing process which have been identified and discussed, the 

calibration was considered successful. 

This chapter also lays out the next stage in the development of the optimisation approach, with 

the introduction of a multi-objective version of the genetic algorithm. The objectives for this 

chapter’s optimisation related to the stiffness and mass of a new glass fibre blade design. The 

genetic algorithm identified a large set of potential designs, many of which demonstrated 

improved mass or stiffness properties from the reference test blade; a smaller set of blade 

designs showed improvements for both objectives. A repair strategy was employed in the new 

version of the algorithm to replace the penalty function applied in Chapter 4. The repair 

strategy was implemented due to the increased complexity in the genetic encoding method of 
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the design variables. Additional variables were introduced to allow the locations of the ply 

drops (the changes in thickness along the blade length) to change during the search, providing 

greater flexibility in the new designs. The multi-objective design study provided the basis for a 

bespoke blade, which was designed, manufactured and tested in Chapter 6. The multi-objective 

optimisation of an experimentally validated wind turbine blade model is demonstrated in this 

chapter, a significant addition to the literature on design optimisation of composite wind turbine 

blade structures. This work has been published in the Journal of Structural Integrity and 

Maintenance (2017). 

 

Abstract 

Static and modal testing of two blades from a 15 kW wind turbine is presented. The two blades 

are made from glass fibre-reinforced polypropylene, one of which has been reinforced with 

additional carbon fibre plies. Static testing is performed with a Whiffle tree test rig to determine 

the structural response of the blades. Blade mass, deflections, strains and natural frequencies 

are reported. The following objectives are undertaken: (i) evaluate and compare the test results 

of the two wind turbine blade designs, (ii) use the results to validate finite element models of 

the blades and (iii) utilise the validated models in a design optimisation study. Parametric blade 

models are generated using the Python programming language and are based on manufacturing 

specifications for the blades. The models show good correspondence with the experimental 

results. The goal of the optimisation study is to maximise the stiffness and reduce the mass of 

the glass fibre blade. A multi-objective genetic algorithm is used to determine the optimum 

laminate thicknesses along the length of the blades. The optimisation study produced a set of 

Pareto efficient blade designs with up to 17% improvement in stiffness and 30% reduction in 

mass for the glass fibre blade design. 

 

5.1 Introduction 

Small-scale wind turbines are defined as having a rotor diameter from 0.5 to 10 m and typically 

have a standard power rating of between 1.4 and 16 kW [1]. The blades under investigation in 

this study are from a 15 kW turbine. This scale of device is aimed primarily at household power 

generation, focusing also on farms and small businesses. These turbines present a useful power 

source, but their construction is dependent on two factors: (i) the initial costs and (ii) the unit 



Chapter 5. Experimental investigation, numerical modelling and multi-objective optimisation 

of composite wind turbine blades 

- 147 - 

 

cost per kWh produced. A major component in the initial and subsequent maintenance costs is 

the blades of the turbine. Hence, minimising the blade production costs is important for both 

initial installation and for replacement due to the damage accumulated during operation. The 

efficiency of power generation is also of importance; from a mechanical perspective this 

represents the stiffness of the blades and, thereby, their energy conversion efficacy. The two 

blades tested in this study are constructed from glass fibre-reinforced polypropylene. One of 

the blades has additional carbon fibre epoxy plies embedded in the spar caps to increase its 

stiffness. The addition of carbon fibre dramatically increases the costs of production and also 

complicates the manufacturing process. Therefore, a balance is required between blade stiffness 

and the cost of production. Other than the construction materials, the blades are 

aerodynamically identical and are interchangeable in the 15 kW turbine. 

Structural testing is performed to demonstrate to a reasonable level of certainty that the wind 

turbine blade possesses the strength and service life for its original design [2]. The strength and 

stiffness requirements for the blades ensure that they are strong enough not to break, while also 

stiff enough to avoid striking the tower. The natural frequencies of the blades are of importance 

and should not coincide with the rotational frequency of the turbine to avoid resonance. 

Resonance will result in amplified vibrations leading to either tower strikes or fatigue failures 

of blades or other turbine components [3]. Static testing is often conducted before and after 

fatigue tests to provide a measure of the residual strength and stiffness of the structure due to 

the accumulation of damage [4]. Static tests are conducted by loading the blade at a number of 

discrete points along its length. Loading is generally applied via weights, cranes and clamps or 

hydraulic actuators [5]. The loads produce the equivalent bending moment distribution in the 

blade as from operational or extreme winds. Published studies present a wide range of scales of 

wind turbine blade tests: Chen [6] investigated the local buckling and eventual structural 

collapse of a 47 m long blade under combined bending and torsional loading, Yang et al. [7] 

present 40 m blade static tests under flapwise loading, Overgaard et al. [8] report on static tests 

and computational modelling [9] of 25 m long blades and Larwood and Musial [10] have shown 

results from static, fatigue and modal testing of 12 m long blades. From a review of small-scale 

wind turbines [1] only one study was cited for the design and testing of a turbine blade similar 

to the scale presented here [11]. One point noted by the review author was a lack of research 

on the optimisation of the blade design considering ease of manufacturing for this scale of blade. 

The majority of research instead focused on the aerodynamic performance characteristics such 

as varying tip speed ratio, rotor speed and pitch angle. 
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Numerical optimisation techniques provide a powerful tool for designers to assess a myriad of 

structural and aerodynamic variables related to blade design. A number of researchers have 

demonstrated the effectiveness of these techniques for the design of composite wind turbine 

blades. Jureczko et al. [12] presented a modified genetic algorithm for the multi-criteria 

optimisation of blade structures, resulting in significant mass savings. Chen et al. [13] 

demonstrated the use of a particle swarm algorithm for blade mass reduction. Lund and 

Stegmann [14] developed an optimisation procedure focused on blade stiffness or 

eigenfrequencies, using a gradient-based technique. Paluch et al. [15] used a genetic algorithm 

to investigate the effect of ply thickness and fibre orientation on blade mass for composite 

structures. The technique used in the current study is the nondominated sorting genetic 

algorithm (NSGA-II) developed by Deb et al. [16] for multi-objective optimisations. This 

approach has been modified to use finite element models, which have been calibrated against 

experimental static tests, to assess the objective functions in the study. The parametric finite 

element blade models are generated from geometric and manufacturing data. The variables 

under consideration are the thickness distribution of the laminates and the location of discrete 

changes in thickness (ply drops) along the length of the blade. The aim for the study is to find 

the optimum structural design for a glass fibre blade to achieve the maximum stiffness with 

minimal increase in mass. 

 

5.2 Methodology 

5.2.1 Experimental Testing 

Structural testing of wind turbine blades involves applying an equivalent mechanical load to 

match the aerodynamic loading the blade experiences. The greater the number of load points, 

the more accurately the bending moment distribution is reproduced. Figure 5.1 shows the 

Whiffle tree rig used in the experiments. The Whiffle tree splits the crane load between eight 

separate loading points. The eight points each apply a percentage of the total load to the surface 

of the blade via bars. This distribution has been determined from the operating conditions of 

the wind turbine. Figure 5.1 highlights some of the features of the test set up including, the load 

cell that is connected between the Whiffle tree rig and the crane, several of the strain gauge 

locations on the compressive side of the blade and the locations of several of the loading points. 

Figure 5.2 (a) shows the locations of the load points and the percentage of the total load applied 

at each. As can be seen in Figure 5.3, the root connection of the blade is slanted at approximately 
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50° to the length of the blade. For all of the figures in this paper, the starting point of the root 

region is considered the zero point lengthwise. Hence, the negative value for the first load bar 

in Figure 5.2 (a). Figure 5.2 (b) shows the resulting bending moment distribution over the blade. 

 

Figure 5.1 - The Whiffle tree rig applies the total load to the blade at eight locations distributed 

along its length. 

 

(a) 

(b) 
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(b) 

(d) 

 

Figure 5.2 - (a) Locations of the load bars and their proportion of the total load and (b) the 

bending moment distribution over the blade for a 1 kN load applied by the crane. 

The blades were instrumented with a combination of 120±0.4% Ω (model Micro Measurements 

EA-06-060RZ-120) linear electrical resistance strain gauges and 120±0.5% Ω (model Tokyo 

Sokki Kenkyujo Co. Ltd. FLA-6-11-3LT) linear electrical resistance strain gauges. The strain 

gauges were orientated along the length of the blade. Three draw-wire displacement sensors 

(model Micro-Epsilon WDS-500-P60-CR-P) with a measuring range of 500 mm (linearity 

±0.1% FSO) and one draw-wire displacement sensor (model Micro-Epsilon WDS-1000-P60-

BH-PB) with a measuring range of 1000 mm (linearity ±0.1% FSO) were used to measure the 

blade deflection. The locations of the strain gauges and draw-wire displacement sensors (also 

known as stringpots) are provided in Table 5.1. The load applied through the crane to the 

Whiffle tree was measured with a Sensotec 50000 lbs (222.4 kN) load cell (model 41/0573-01, 

linearity ±0.1% full scale). 

Additionally, modal tests were conducted using an impact hammer and a number of 

accelerometers. The modal tests were used to determine the natural frequencies for the first 

three flapwise bending modes of the blades. The tests required a Dytran model 5805A impulse 

sledge hammer with a one pound head (sensitivity 1 mV/lbf) and four accelerometers (model 

ENDEVCO 752A12). Table 5.1 also shows the locations of the accelerometers and the location 

of impact hammer strikes on the blade. A Leica C10 ScanStation laser scanner was used to scan 

the blades before and after applying the static load. The scanner has a resolution of one point 

every 20 cm at the lowest level and one point every 10 cm at the medium level of operation, at 
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a range of 100 m. At an average distance of 3 m (as operated during the testing), the low 

resolution scans resulted in a point measurement every 6 mm and for medium resolution a point 

every 3 mm. The mass of the blades was measured before each static test using a weighing 

scales (linearity 0.25% FSO) and harness. 

Table 5.1 - Normalised blade locations of the strain gauges, accelerometers, stringpots and the 

impact hammer strikes. 

Stain Gauges CFPP GFPP 

SG1 0.10 0.10 

SG2 0.22 0.22 

SG3 0.37 0.36 

SG4 0.54 0.54 

SG5 0.59 0.59 

SG6 0.69 0.68 

SG7 0.82 0.83 

Stringpots   

SP1 0.30 0.30 

SP2 0.44 0.44 

SP3 0.68 0.68 

SP4 0.99 1.00 

Accelerometers   

A1 0.22 0.22 

A2 0.37 0.36 

A3 0.74 0.81 

A4 0.98 0.98 

Impact Hammer   

L1 0.90 0.90 

L2 0.63 0.63 

L3 0.34 0.34 

 

During the test the carbon fibre-reinforced blade (CFPP) was loaded to approximately 1000 N, 

while the glass fibre blade (GFPP) was loaded to approximately 500 N. The difference in total 

loads was due to the upper limits on the stringpots being reached in the case of the GFPP blade. 

As an additional strength check, both blades were also loaded to approximately 1.3 times the 

full load with the stringpots removed, while still recording the blade strains. The results reported 

in Section 5.3 state the total crane load as appropriate. 

The key measurements sought in the experiment were the distribution of strain along the blades, 

the blade deflections and the natural frequencies for comparison with the finite element (FE) 

models. The strain gauges were located along the centreline of the spar cap on the compression 

side of the blade. From the initial FE models, the highest strains in the blades were found on 
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the compression side. This also helped to avoid the load application bars from damaging the 

gauges when installing the rig. 

The blades were constructed primarily from laminates made from glass fibre polypropylene, 

with carbon fibre epoxy used for the spar caps of the reinforced blade. Two types of glass fibre 

polypropylene were used, Twintex and Plytron. Table 5.2 shows the material properties for 

unidirectional plies of typical Twintex, Plytron [17] and carbon fibre epoxy. 

Table 5.2 - Unidirectional material properties of the composite plies used in the blade models 

[17]. 

 𝐄𝟏 (GPa) 𝐄𝟐 (GPa) 𝐆𝟏𝟐 (GPa) 𝛎𝟏𝟐 

Twintex 21.5 6.0 1.00 0.20 

Plytron 28.0 3.5 1.39 0.35 

Carbon Fibre Epoxy 104.6 6.9 3.67 0.32 

 

Structurally, the blades consist of three main sections: the spar caps, the shear web and the outer 

aerodynamic skin. The spar caps and shear web essentially form an I-beam, which acts as the 

main structural component of the blade. Layers of unidirectional Plytron plies orientated along 

the length of the blade make up the spar caps and the shear web is constructed from biaxial 

0°/90° plies. The aerodynamic skin is made from biaxial layers of Twintex orientated at ±45° 

to the longitudinal axis of the blade. The shear web is located at approximately 30% of the 

chord length for the entire length of the blade. Due to the proprietary nature of the blade, a 

simplified version of the blade layups is presented in Figure 5.3. The variables 𝑥1 − 𝑥29 refer 

to the design optimisation methodology, further discussion of which can be found in Section 

5.2.3.  

The geometry of the blade is described primarily by the distribution of the chord length and 

aerodynamic twist angle (Table 5.3). NACA 4415 airfoils define the shape of the blade, with a 

transition to a rectangular section at the root. 
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Figure 5.3 - Layups for the three main regions of the blade and ply drop locations for the blade 

optimisation procedure. 

5.2.2 Finite Element Modelling 

The finite element package used in this work is Abaqus Standard [18]. A number of research 

groups have shown the applicability of a shell-based approach to modelling composite wind 

turbine blades [7], [19], [20]. A composite layup can be applied to shell elements in the FE 

program, allowing quick and accurate modelling of the behaviour of the blades. Low 

computational cost and fast turnaround are required since a large number of models must be 

analysed during the optimisation study; typically thousands before the optimal set of solutions 

is determined. 

Table 5.3- The blade geometry is described by the distribution of chord length and aerodynamic 

twist angle. 

Location (x/L) Chord (c/L) Twist (°) 

-0.10 0.109 23.5 

-0.05 0.109 23.5 

0.00 0.107 21.9 

0.05 0.094 20.2 

0.10 0.083 18.6 

0.15 0.074 17.0 

0.20 0.067 15.5 

0.25 0.060 14.0 

0.30 0.056 12.6 
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0.35 0.052 11.2 

0.40 0.049 9.9 

0.45 0.047 8.7 

0.50 0.045 7.5 

0.55 0.045 6.4 

0.60 0.044 5.3 

0.65 0.044 4.3 

0.70 0.044 3.4 

0.75 0.044 2.5 

0.80 0.043 1.7 

0.85 0.043 0.9 

0.90 0.042 0.2 

0.95 0.040 -0.5 

1.00 0.000 -1.1 

 

The FE models are generated using a Python code developed in-house and previously used to 

model concept tidal turbine blades [21] and validated against tests on a 13 m long wind turbine 

blade [22]. The code requires geometric, material and structural input data such as that outlined 

in the previous section (and summarised in Table 5.4). Once the required inputs have been set, 

the code automatically generates the full FE model, performs the analysis and post-processes 

the results for evaluation of the optimisation objectives. 

The aerodynamic lift and drag forces on a wind turbine blade are resolved into the forces 

perpendicular (flapwise) and parallel (edgewise) to the rotor plane. The edgewise forces cause 

the torque on the turbine and the flapwise forces the thrust. The flapwise loads are generally an 

order of magnitude higher than the edgewise loads and are more critical during static strength 

tests. The current set up with the Whiffle tree rig is restricted to testing the blade in the flapwise 

direction. Further testing is recommended to account for the edgewise loading and additional 

high-cycle fatigue testing to fully analyse the wind turbine blade structural performance. 

Table 5.4- Input data for blade finite element models. 

Input Variable Units 

Chord length mm 

Aerodynamic twist ° 

Location of leading edge mm 

Material properties GPa 

Layups for each blade section - 

Flapwise loading N 

Airfoil designations NACA-xxxx 

Spar cap width and location mm, % Chord 

Shear web location % Chord 
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In order to apply the out of plane loading to the blade, eight partitions matching the loading 

locations (from Figure 5.2 (a)) are created. The width of the partitions matches the load 

application bars and the same percentage of the load applied via the Whiffle tree rig is applied 

in the models. 

The loads are applied to the blade using a structural distributed coupling constraint in Abaqus. 

The nodes in the section where the load is applied are constrained to a reference point. Point 

loads are applied to the reference points and distributed to the section via the coupling. The root 

of the blade is constrained in all six degrees of freedom. A schematic of the loading and 

boundary conditions on a typical blade model is shown in Figure 5.4. 

 

Figure 5.4 - The finite element model of the blade indicating the loads and boundary conditions. 

The FE models use S4R 4-noded, doubly curved, reduced integration, linear shell elements. A 

mesh convergence study was performed in order to minimise the computational expense of each 

analysis. The results of the convergence study are shown in Figure 5.5. The first three bending 

mode natural frequencies were used to determine mesh convergence. At approximately 30,000 

nodes the solution had converged and this was the model size used in the analysis. The mesh 

seeding resulted in elements measuring approximately 14 mm per side. Further refinement was 

employed for elements in the spar caps and shear web, where the average element dimensions 

were reduced to approximately 2 mm by 12 mm. 
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Figure 5.5 - Mesh convergence study for the GFPP blade. 

5.2.3 Multi-Objective Design Optimisation 

The optimisation task is focused on maximising the stiffness of the glass fibre blade, while also 

minimising the resultant blade mass. The NSGA-II multi-objective algorithm was used to 

determine the Pareto efficient set of solutions for the design problem. The operation of the 

NSGA-II algorithm can be found in detail in Deb et al. [16]. 

Section 5.2.3.1 outlines in detail the method of encoding the blade structural design into a 

vector of design variables (or chromosome) for the problem. Section 5.2.3.2 provides an 

explanation for the genetic algorithm operators applied in the analysis, which include the two-

point crossover method, mutation of the design variables and the repair function. Section 

5.2.2.3 describes the objective functions used to evaluate the fitness of each potential blade 

design and Section 5.2.3.4 summarises the operating parameters used in the final optimisation. 

5.2.3.1 Genetic encoding 

In the present study, the thickness distribution of the laminates along the length of the blade 

was investigated, while the blade geometry and material properties remained constant. Each 

blade design is encoded in a design vector, 𝒙, of twenty-nine variables. The variables control 

the thickness of the laminates in the spar caps, outer shell and shear web and the location of the 

four ply drops in the blade. The four ply drops split the blade into five distinct regions. Figure 

5.3 shows a cross-section through a blade, indicating the various regions and the design 



Chapter 5. Experimental investigation, numerical modelling and multi-objective optimisation 

of composite wind turbine blades 

- 157 - 

 

variables that control the laminate thicknesses. The algorithm controls the layups of the blade 

up to 3750 mm from the zero point on the blade, after which a standard layup for the tip region 

is applied. 

The design variables are shown in Table 5.5 alongside their respective minimum and maximum 

allowable values. The first five variables define the number of unidirectional plies in the spar 

caps for each blade section. The next five define the number of biaxial (45°/135° woven plies) 

in the outer aerodynamic skin. A minimum of 2 was employed to ensure that any unidirectional 

spar cap plies would be embedded between biaxial layers. The set-up of the code is such that 

additional skin plies (controlled by variables 𝑥6 − 𝑥10) are added on top of the UD layers. This 

has the effect of pushing the UD layers further from the surface of the blade. The next five 

(𝑥11 − 𝑥15) design variables add further biaxial layers to the inner surface of the cavity in the 

blade formed between the trailing edge and the shear web. Figure 5.3 shows how these plies 

are added to the trailing edge, spar caps and webs on the inner surface of the blade. The next 

five design variables (𝑥16 − 𝑥20) reinforce the blade in a similar way, but for the leading edge 

region. The variables 𝑥21 − 𝑥25 control the thickness of the 0°/90° layers in the shear web for 

each region and the final four variables control the locations of the ply drops. Variables 𝑥26 −

𝑥29 control the locations of the four ply drops in the blade. They are randomly generated in the 

initialisation procedure at the beginning of the optimisation. The Python code uses a polynomial 

curve fit of the chord and twist data from Table 5.3 to ensure the blade geometry remains 

smooth and constant between different blade designs. 

Before the FE analysis is performed for each blade design, an initial check of the thickness of 

the laminates all along the blade is performed. This is required to avoid the non-physical overlap 

of the top and bottom spar caps which is possible from the random generation of design vectors. 

If the laminates are found to overlap then the repair function is called. This is discussed in detail 

in the following section. 
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Table 5.5 - Design variables, their limits and optimum values. TE = trailing edge laminates, 

LE = leading edge laminates. 

Name Description Min Max 

𝑥1 Spar 1 1 20 

𝑥2 Spar 2 1 20 

𝑥3 Spar 3 1 20 

𝑥4 Spar 4 1 20 

𝑥5 Spar 5 1 20 

𝑥6 Skin 1 2 20 

𝑥7 Skin 2 2 20 

𝑥8 Skin 3 2 20 

𝑥9 Skin 4 2 20 

𝑥10 Skin 5 2 20 

𝑥11 TE 1 0 20 

𝑥12 TE 2 0 20 

𝑥13 TE 3 0 20 

𝑥14 TE 4 0 20 

𝑥15 TE 5 0 20 

𝑥16 LE 1 0 20 

𝑥17 LE 2 0 20 

𝑥18 LE 3 0 20 

𝑥19 LE 4 0 20 

𝑥20 LE 5 0 20 

𝑥21 Web 1 1 20 

𝑥22 Web 2 1 20 

𝑥23 Web 3 1 20 

𝑥24 Web 4 1 20 

𝑥25 Web 5 1 20 

𝑥26 Ply Drop 1 100 𝑥27-100 

𝑥27 Ply Drop 2 𝑥26+100 𝑥28-100 

𝑥28 Ply Drop 3 𝑥27+100 𝑥29-100 

𝑥29 Ply Drop 4 𝑥28+100 3650 

 

5.2.3.2 Crossover, mutation and repair 

In order to promote genetic diversity in the new population, crossover and mutation operators 

are applied within the genetic algorithm. Crossover is a process whereby two parent individuals 

are randomly chosen from the population and their design vectors are combined to create a pair 

of new individuals. After the new individuals are created each variable in their design vectors 

is exposed to a chance of randomly mutating to a value within its upper and lower limits. Repair 

functions are used to fix the design vectors of individuals that are infeasible, through either their 

random generation at the beginning of the optimisation, mutation or crossover processes. 
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For this study, a two point crossover procedure was applied. Single point crossover is a more 

common approach; however, it proved unsuitable for use with the design vector’s structure. 

The last four design variables, those that define the ply drop locations, almost invariably require 

repair when they have been involved in a crossover procedure. Since repairing them often meant 

that little information from either parent design was retained, it was decided to exclude the last 

four variables from the crossover procedure. In order to avoid introducing any bias into how 

the parent individuals are crossed-over, a two-point crossover method was devised. Two split 

points were randomly generated in the design vectors (Figure 5.6), resulting in three pairs of 

child individuals. One of these pairs is randomly selected for inclusion in the newly generated 

population. 

 

Figure 5.6 - Schematic of the two-point crossover procedure. 

As previously mentioned, each variable in the newly generated individuals is exposed to the 

chance of a random mutation. For the first twenty-five variables, this simply involves changing 

the value to a randomly generated integer between their respective maximum and minimum 

allowable limits. The remaining four design variables can mutate between their adjacent ply 

drop locations. A minimum clearance of 100 mm is enforced between ply drop locations. This 

means the minimum location for the first ply drop is 100 mm from the zero location and the 

maximum location of the last drop is at 3650 mm. For example, the second ply drop location 

can vary between the first location plus 100 mm (𝑥26+100) and third less 100 mm (𝑥28-100). 

In order to ensure that the genetic algorithm does not generate a blade with overlapping spar 

caps, the thickness of the laminates is compared to the available space inside the blade along 

its length after the model is generated. A polynomial curve fit of the blade thickness distribution 

is compared to the discrete laminate thicknesses between ply drops. If the thickness of the 

laminates exceeds the available space (less a cavity required for inflating the bagging during 
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the curing procedure) then the design variables in that region are reduced until the constraint is 

satisfied. 

The order in which the repair function reduces the design variables is: variables related to the 

outer aerodynamic skin (𝑥6 − 𝑥10), then the variables related to the inner leading edge or 

trailing edge laminates (𝑥11 − 𝑥20) and finally the spar cap plies (𝑥1 − 𝑥5). The order in which 

plies are removed introduces some bias into the algorithm, as it favours reinforcement due to 

the inner leading and trailing edge laminates over the outer skin laminates. This was chosen to 

direct analysis towards spar cap plies located in the outermost plies of the blade, increasing the 

bending stiffness of the I-beam and, hence, improving the overall stiffness of the blade. This 

bias in the repair function was unavoidable for the current encoding method and future work 

will investigate its effect on the optimisation. 

The repair function was called with some frequency in the initial stages of the analysis, since 

the initial population is formed from randomly generated design variables. The function was 

then required later in the optimisation due to the mutation and crossover procedures. 

5.2.3.3 Objective functions 

Multi-objective optimisations require the definition of two or more objective functions to 

determine the fitness of each individual relative to the population. The first objective function 

is the tip deflection of the blade; by minimising the tip deflection the overall blade stiffness is 

maximised. An overly flexible blade implies inefficient energy transfer, this can result in 

significant changes to the aerodynamics of the turbine and can also result in the blade tip 

striking the tower in extreme cases. The second objective function is the mass of the blade. 

Minimising the blade mass can help to reduce the material and manufacturing costs. The 

optimisation can be represented as: 

min
𝒙𝜖𝐷

𝑓(𝑔1(𝒙), 𝑔2(𝒙)) (5.1) 

where, 

𝑔1(𝒙) = 𝛿𝑡𝑖𝑝(𝒙) 

 

(5.2) 

𝑔2(𝒙) = 𝑀(𝒙) 

 

(5.3) 

where 𝛿𝑡𝑖𝑝(𝒙) is the tip deflection of the blade, 𝑀(𝒙) is the mass of the blade, 𝒙 is the vector 

of design variables and 𝐷 represents the design space containing all possible solutions. 
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5.2.3.4 Operating parameters 

The parameters for the genetic algorithm include: 

 A total of 20 individuals in the population 

 A total of 150 generations 

 Pairs of individuals had a 90% chance of crossover occurring 

 A 3% chance of mutation for each design variable. 

 

5.3 Results and Discussion 

5.3.1 Experimental Results and FE Comparison 

Blade mass and centre of gravity 

Figure 5.7 shows the comparison between the masses of the test blades and FE models. A 

difference of 6.5% and 6.7% exists between test blade and model for the GFPP and CFPP 

blades, respectively. The causes of the discrepancies are likely due to (i) variations in the fibre 

volume content of the glass fibre material in different batches, (ii) an overlap between adjacent 

layers of biaxial material which is not included in the models and (iii) non-structural material 

such as bagging remaining in the blades. The blades were weighed after instrumentation, 

therefore their mass values include the strain gauges and lead wires. 

 

Figure 5.7 - Comparison of experimental and FE blade mass values. 
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The centres of gravity (COGs) for the two blades were also measured and compared to the FE 

models. The results are displayed in Figure 5.8. The locations, both chord-wise and along the 

length of the blade, of the COGs for the GFPP blade are quite close in value. The results for the 

CFPP blade are somewhat less favourable, with the FE model predicting the COG to be 

approximately 160 mm further along the blade. While the difference in mass between the model 

and actual blades is quite low, the difference in COG indicates that the distribution of material 

in the FE model is to some degree unrepresentative of the actual blade. 

(a) 

(b) 

 

 

(b) 

(d) 

 

Figure 5.8 - Locations of the centres of gravity of the GFPP and CFPP blades (a) along the 

length of the blades and (b) in the chord-wise direction. 
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Blade deflections 

Figure 5.9 shows the results of the static tests on the two blades along with the associated FE 

model results. The blade deflections are shown for the same load applied to both blades 

(approximately 500 N). During the test, two LVDT (linear variable displacement transformer) 

displacement sensors were used to monitor displacement of the support plate the blade was 

mounted to. A small vertical displacement of the plate was noted during the tests and the blade 

deflection results were corrected appropriately. The significant increase in stiffness due to the 

addition of the carbon fibre plies is evident with a reduction in tip deflection of approximately 

71%. 

 

Figure 5.9 - Blade deflection results from the experiments and FE models for the GFPP, CFPP 

and optimum blades. 

The tip deflections (normalised by the blade lengths) from experiments and FE are reported in 

Figure 5.10. The model of the GFPP blade showed good correspondence with the test results, 

over predicting the experimental value by approximately 6% (41 mm). The model of the CFPP 

blade was less accurate, under predicting the test by approximately 24% (49 mm).  

After the initial static test the two blades were tested to approximately 1.3 times the initial load, 

which equated to 640 N for the GFPP blade and approximately 1325 N for the CFPP blade. The 

laser scanner was employed to determine the blade deflections, since the deflections were past 

the limits of the stringpots available. Figure 5.11 shows the point cloud generated by the laser 

scanner. The scanner performed a low and medium resolution scan at the initial unloaded blade 

position, then another low resolution scan at the loaded position. Overlaying the three scans 

allows for measurements of blade deflection to be taken. Table 5.6 shows the measurements of 
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the tip deflection for the GFPP blade at 640 N. The y-direction is aligned with the blade, positive 

towards the tip, and the x-direction is perpendicular and positive into the image. 

 

Figure 5.10 - Comparison of the tip deflection results from the experiments and FE models 

(normalised by blade length). 

 

Figure 5.11 - Point cloud results from the laser scans during testing. The unloaded and loaded 

blade scans are overlaid. 

The tip deflection in the x- and y-direction from FE model is also shown in Table 5.6 for 

comparison. At the high load level, the y-deflection is significantly different from the FE 
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results. Due to the deflection of the blade/rig it was found that the direction of loading on the 

blade was not vertical in this extreme example. The distributed loading constraint in the FE 

models only applied load in the vertical direction, indicating a source of error between models 

and experiments for high tip deflection cases. An alternative loading method for the FE models 

is to apply rigid beam elements which will reflect the changing directionality of the load 

towards the tip of the blade. However, due to the complexity of the Whiffle tree rig this 

modelling effort is left to a future study. 

Table 5.6 - Tip deflections from laser scans (1325 N and 640 N applied loads for the CFPP and 

GFPP blades respectively). 

 x (mm) y (mm) 

GFPP - Experiment 55 -223 

GFPP - FE Model 165 -15 

CFPP - Experiment 100 -117 

CFPP - FE Model 89 -7 
 

Blade natural frequencies 

Figure 5.12 presents the first three bending mode natural frequencies from the experiments and 

the FE models. The natural frequencies of the CFPP blade were expected to be higher in value 

than the GFPP blade due to the increased stiffness, which is reflected in both experimental and 

FE results. The first two natural frequencies show good agreement for the GFPP blade. 

However, the difference in the third natural frequency indicates some discrepancy between 

models and physical blades. Similarly, the predictions for the first two frequencies for the CFPP 

blade are quite close, with the third value showing disagreement. 

(a) 

(b) 
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(b) 

(d) 

 

Figure 5.12 - The first three bending mode natural frequencies of the blades from the modal 

tests and FE models. 

Blade strains 

The strain distribution, at a load of 500 N, from both experiments and FE is plotted in Figure 

5.13. The results for the CFPP blade are quite close. However, the FE model consistently under 

predicts the strain (as expected by the under prediction of blade deflection). The GFPP results 

are also quite close. However, a major discrepancy between the results is evident from 

approximately 0.35 𝐿 to 0.7 𝐿. The higher strain predictions also match the over prediction of 

deflection by the FE model. Peaks are evident in the FE results where ply drops occur. 

Figure 5.14 shows the strain along the length of the CFPP blade at loads of 300 N, 500 N and 

965 N. The strain was found to increase linearly with load at least as far as 965 N. The strain is 

highest between approximately 0.3 𝐿 and 0.45 𝐿 along the blade. The laminates in the root 

region experience the highest bending moment (from Figure 5.2 (b)). However, they are also 

the thickest laminates in the blade, resulting in the reduction in the strain from 0.3 𝐿 towards 

the root. From Figure 5.13, it can be seen that at the highest strained location, 0.3 𝐿, the strain 

in the GFPP blade is approximately 3.9 times that in the CFPP blade for the same load.  
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Figure 5.13 - Comparison between experimental results and FE models of the strain in the two 

blades. 

 

Figure 5.14 - Strain results at several load levels in the CFPP blade. 

Figure 5.15 shows the longitudinal stress in each ply through the thickness of the laminate at 

the location of the second strain gauge (approximately 0.2 𝐿 along the blade) on the CFPP blade 

at 500 N, from the FE model. The stresses have been resolved into the ply coordinate system, 

i.e. the plot shows the magnitude of the fibre-direction stress in each ply of the laminate.  



Chapter 5. Experimental investigation, numerical modelling and multi-objective optimisation 

of composite wind turbine blades 

- 168 - 

 

 

Figure 5.15 - Through thickness fibre-direction stress in the spar cap plies (CFPP blade) at the 

second strain gauge (0.2 L along the blade and at 43% of the chord). 

5.3.2 Optimisation Results 

Figure 5.16 presents the results from the multi-objective optimisation. The majority of the 

results span blade masses from approximately 8 kg to 35 kg and tip deflections from 

approximately 0.16 𝐿 to 0.4 𝐿.  Figure 5.17 (a) and (b) show the development of the two 

objective function values for each member of the population through each generation. From 

generation 140, Figure 5.17 (b) shows that the algorithm found several solutions with a low 

mass but very high tip deflection (approximately 0.9 𝐿); the results in Figure 5.16 have been 

truncated to provide greater clarity for the range of viable blade designs.  

 

Figure 5.16 - Results from the multi-objective optimisation. 
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The initial population was randomly generated by the algorithm and lead to the large spread of 

high-mass and high-deflection individuals in the top right quadrant of Figure 5.16. As the search 

proceeded, the average value of the blade mass for each population decreased as the algorithm 

converged to the Pareto optimum solution set for the problem. The general trend for the Pareto 

set is that as blade mass decreases the tip deflection increases, i.e. the blades become more 

flexible. This trend is also evident in the objective function results in Figure 5.17 (a) and (b). 

As the average mass of the blades for the population in each generation decreases the average 

value of the tip deflection for the population increases. 

 

 

Figure 5.17 - Development of the two objective functions for the population in each generation 

over the course of the search. 

Table 5.7 shows a selection from this Pareto efficient set of solutions. Solutions 14 and 20 from 

this set are now investigated in detail. The blade deflection for solution 20 is plotted alongside 

the experimental and FE results in Figure 5.9. This blade design showed a 17.2% decrease in 
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tip deflection from the experimental GFPP blade, with a 29% increase in mass. Solution 14 

represents a blade design with a 0.3% increase in tip deflection from the experimental blade. 

However, it shows a 31.4% decrease in blade mass. 

From the results of the search, it is apparent that there is a limit to the improvement in blade 

stiffness, within the constraints of the current layup options and glass fibre materials, at 

approximately 0.157 𝐿; however, there is a significant opportunity for reducing the mass of the 

blades while retaining reasonable tip deflections. 
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Table 5.7 - Selected results from the Pareto efficient set of designs. The 20 blade designs are listed with their objective function values, the 

generation they were first identified and their 29 design variables. Solutions 14 and 20 are highlighted. 

 𝑴(𝒙) (kg) 𝜹𝒕𝒊𝒑(𝒙)/𝑳 Gen 𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟒 𝒙𝟓 𝒙𝟔 𝒙𝟕 𝒙𝟖 𝒙𝟗 𝒙𝟏𝟎 𝒙𝟏𝟏 𝒙𝟏𝟐 

1 8.2 0.891 140 1 16 16 5 2 2 2 2 2 8 0 1 

2 9.0 0.376 141 6 18 16 15 2 2 2 2 2 2 0 1 

3 9.1 0.306 128 10 16 16 9 2 4 2 2 6 2 5 1 

4 9.6 0.296 150 10 16 16 17 2 2 2 2 2 2 0 1 

5 10.0 0.274 114 10 16 16 17 15 9 2 2 2 2 0 1 

6 10.4 0.265 136 10 16 16 17 2 2 2 2 2 2 0 1 

7 10.6 0.224 149 20 20 16 5 2 2 2 2 2 2 0 1 

8 10.7 0.220 133 20 10 16 7 2 2 2 2 2 2 0 1 

9 11.0 0.211 150 20 20 16 5 2 2 2 2 2 2 0 1 

10 11.3 0.207 146 20 20 16 5 2 2 2 2 2 2 0 1 

11 11.7 0.201 149 20 18 16 17 2 2 2 2 2 2 0 1 

12 12.0 0.195 135 20 20 16 5 2 6 2 2 2 2 0 1 

13 12.3 0.194 150 20 20 16 5 2 2 2 2 2 2 0 4 

14 12.7 0.189 144 20 20 16 5 2 2 2 2 2 2 0 1 

15 13.0 0.183 149 20 20 16 5 2 2 2 2 2 2 0 1 

16 16.3 0.169 150 20 20 16 17 2 2 2 2 2 2 0 1 

17 19.6 0.167 144 20 1 20 20 2 2 2 2 2 2 4 1 

18 22.1 0.159 150 20 20 16 17 2 2 2 2 2 2 4 1 

19 22.2 0.158 145 20 20 16 17 2 2 2 2 2 2 4 1 

20 23.9 0.157 50 20 18 16 17 17 2 2 2 2 2 4 4 
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Table 5.7 - continued. 

 𝒙𝟏𝟑 𝒙𝟏𝟒 𝒙𝟏𝟓 𝒙𝟏𝟔 𝒙𝟏𝟕 𝒙𝟏𝟖 𝒙𝟏𝟗 𝒙𝟐𝟎 𝒙𝟐𝟏 𝒙𝟐𝟐 𝒙𝟐𝟑 𝒙𝟐𝟒 𝒙𝟐𝟓 𝒙𝟐𝟔 𝒙𝟐𝟕 𝒙𝟐𝟖 𝒙𝟐𝟗 

1 0 1 2 0 1 2 0 2 1 19 9 2 1 1990 2655 2950 3650 

2 0 1 2 0 1 2 0 2 1 19 9 2 1 1990 2655 2950 3650 

3 1 1 2 0 1 2 0 1 1 19 19 3 19 2350 2550 2660 3650 

4 1 1 2 0 1 2 0 2 2 19 19 2 1 2350 2655 2950 3650 

5 1 1 2 0 3 2 0 2 9 3 1 3 1 2350 2550 2660 3650 

6 0 1 2 0 0 0 0 8 12 2 19 1 1 2350 2770 3485 3650 

7 0 1 2 0 0 0 0 8 1 3 1 3 1 2350 2550 2660 3650 

8 0 1 2 0 1 2 0 2 1 2 9 2 1 2350 2655 2950 3650 

9 0 1 2 0 0 0 0 8 1 19 9 2 10 1990 2330 2880 3650 

10 0 1 2 0 0 0 0 8 1 19 9 2 10 1990 2330 2880 3650 

11 0 1 2 0 1 2 0 2 2 19 9 2 1 1990 2655 2830 3650 

12 0 1 2 0 0 0 0 2 12 10 9 2 1 2350 2655 2950 3650 

13 0 1 2 0 0 0 0 2 12 10 9 2 1 2350 2655 2950 3650 

14 1 1 2 0 0 0 0 2 12 10 19 3 1 2350 2770 3485 3650 

15 1 1 2 0 0 0 0 2 20 10 9 2 1 2350 2655 2950 3650 

16 1 0 2 4 2 5 0 2 20 11 19 2 7 2350 2655 2950 3650 

17 1 0 2 0 2 2 0 8 20 19 19 2 1 2350 2655 2950 3650 

18 1 0 2 4 2 2 0 2 20 19 9 2 1 2350 2655 2950 3650 

19 1 0 2 4 2 2 0 2 20 19 19 2 1 2350 2655 2950 3650 

20 3 4 3 4 1 2 0 2 20 20 16 11 1 2350 2550 2950 3650 
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A comparison between the thickness of the laminates along the length of the GFPP, CFPP and 

solution 20 blades is shown in Figure 5.18. The three blades show the general trend of 

decreasing laminate thickness along their lengths. The GFPP blade shows increases at two 

locations, due to overlaps in the biaxial layers. Both of the experimental blades were designed 

with the majority of their ply drops in the first half of the blade length (four from six for the 

CFPP blade and five from nine for the GFPP blade); however, the optimum blade resulted in 

all of the available ply drops in the outer half of the blade. This result was also found in all of 

the Pareto efficient solutions in Table 5.7. Since ply drops generally result in stress 

concentrations this is considered an improvement in the blade design. Three of the five ply 

drops in solution 20 occur at a length greater than 0.75 𝐿, where the strains are among the 

lowest values along the length of the blade, as evidenced in Figure 5.13. 

 

Figure 5.18 - Comparison of the thickness distributions of the spar cap laminates from the FE 

models for the three blades. 

Figure 5.19 shows the first three natural frequencies for blades 14 and 20. The three natural 

frequencies have not showed significant change from the FE model of the original GFPP blade. 
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Figure 5.19 - Natural frequencies of blade designs 14 and 20 from the optimisation (Table 5.7). 

All computations were conducted on an Intel core i7 desktop computer with 8 CPUs and 16 GB 

RAM. Each analysis took approximately 2.5 minutes to run, including model generation and 

post-processing. The total duration of the optimisation search was approximately 108 hours. A 

total of 2527 models were generated and assessed for the study. 

 

5.4 Conclusions 

This paper presents the results of static and modal tests on two blade designs for a 15 kW wind 

turbine. The two blades are constructed from glass fibre polypropylene (GFPP) and one has 

additional carbon fibre epoxy reinforcement (CFPP). Finite element (FE) modelling is 

conducted and the test results used to calibrate the models. A multi-objective optimisation was 

then performed with the aim of improving the stiffness and reducing the mass of the glass fibre 

blade design. The following represent the most significant findings in the paper: 

 The GFPP FE model showed good correspondence with the test results. The FE model 

was within 6.5% of the blade mass, 5.9% of the tip deflection and showed a relatively 

close comparison with the first three natural frequencies and the blade strains. 

 The FE model of the CFPP blade was somewhat less accurate. The mass results were 

within 6.7% and the tip deflection within 23.7%. The natural frequency results were 

relatively close, as were the strain results along the length of the blade. 
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 Results from a laser scan of the blades at high loading indicated deflections in the blades 

not predicted by the FE models. The directionality of the loading from the test rig at 

high blade deflections and the applicability of the structural distributed loading 

constraint in the FE models will be further investigated as two sources of error in the 

methodology. 

 The optimisation produced a set of Pareto efficient blade designs that showed up to 17% 

improvement in blade stiffness for a solely glass fibre polypropylene blade. 

 The optimal solution set also found that for a blade with similar stiffness to the GFPP 

test blade up to 30% savings in mass could be made. 

The optimised glass fibre blade designs represent a compromise on stiffness from the carbon 

fibre-reinforced blade but a significant improvement on the original glass fibre design. Future 

work will expand the scope of the design variables to include the width of the spar caps, the 

location of the shear web and combinations of FRP materials in the multi-objective 

optimisation. 
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Chapter 6. Validation of the multi-objective 

structural optimisation of a composite wind turbine 

blade 

 

 

Article overview 

This chapter presents testing and validation of the multi-objective genetic algorithm (GA) 

developed in Chapter 5. An optimisation study similar in scope and execution to the previous 

chapter was used to identify a suitable blade design for manufacture. The key modification to 

the optimisation was the addition of an extra design variable, the width of the spar caps, which 

had the effect of significantly improving the stiffness of the set of blades generated. 

Manufacturing the bespoke blade required several modifications of the layups from the original 

GA-generated design. The nature of these modifications was described in detail and the effects 

on the structural characteristics of the blade was discussed.  

The structural response of the test blade was compared to the FE blade model for values of: 

blade mass, location of the centre of gravity, distribution of longitudinal and transverse strain 

along the blade, deflections and natural frequencies. Dr de la Torre assisted in the test set up, 

data acquisition and post-processing of the modal test results. The comparison was considered 

successful and the differences between the FE model and test results were discussed. Finally, 

the structural characteristics of the bespoke blade were compared to the GFPP and CFPP blade 

designs from Chapter 5. This chapter demonstrates the full static design methodology 

developed in Chapters 3, 4 and 5. The successful design of a blade encourages the combination 

of numerical optimisation methods and FE analysis software for the structural design of 

composite wind turbine blades. Through the manufacture and testing of the optimised blade 
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design, the practical applications of the models developed in previous chapters of this thesis is 

demonstrated in this chapter. This chapter concludes the design study presented in Chapter 5 

and contributes to the field of structural blade design for wind turbines. This work has been 

submitted to the journal Composite Structures (2017). 

 

Abstract 

Structural optimisation of a wind turbine blade is presented in this work. The optimisation was 

performed using a multi-objective genetic algorithm and finite element modelling to determine 

the optimal structural design for a glass fibre-reinforced polypropylene composite blade. The 

optimum blade design was manufactured and tested for a range of structural characteristics, 

including: mass, centre of gravity, deflections, strains and natural frequencies. The static testing 

was carried out using a Whiffle tree test rig and a laser scanner was used to determine the 

deflection of the blade to a high degree of accuracy. The finite element results for the optimum 

blade from the genetic algorithm are compared to the measured blade response. The FE model 

predictions are in relatively good agreement; some deviations are attributed to modifications to 

the blade for manufacture. The differences are discussed in detail and recommendations for 

future design work are outlined. The optimum blade results are also compared to two additional 

designs to determine the level of improvement afforded by the genetic algorithm approach. The 

optimum glass fibre blade demonstrated an improvement in tip deflection of 16% relative to 

the original blade design, with a slight decrease in mass. 

 

6.1 Introduction 

Numerical optimisation methods such as the genetic algorithm have been applied extensively 

in the design of composite structures, since a major advantage of using composites is their 

adaptability to suit specific design applications. The variables controlling the angles, layup 

sequences and thickness of the plies in a laminate can all be used as design variables and the 

resulting structural performance can be assessed using finite element (FE) software. Genetic 

algorithms (GAs) are loosely based on the theory of Darwinian evolution, applying functions 

that mimic genetic operations to sets of design variables. Hence, terms from microbiology 

permeate the language of GAs, for example: genes represent individual design variables, a 

chromosome refers to the vector of design variables forming a potential solution, a population 

refers to the group of potential solutions and a generation represents each iteration of the 
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algorithm. For a comprehensive discussion of the many formulations of GAs, from an 

engineering perspective, the review article by Marker and Arora [1] is recommended.  

Design studies on composite plates have shown the effectiveness of optimising the ply angle 

and laminate thicknesses by applying failure criteria to determine the optimum structural 

performance within design constraints, e.g. Walker and Smith [2], Narayana et al. [3] and 

Almeida and Awruch [4]. Studies like these have demonstrated the benefits resulting from FE 

analyses paired with GAs and have led to optimisation studies of full wind turbine blade 

structures. Optimisation analyses of blades typically focus on structural variables, including 

laminate thicknesses [5], ply orientations [6] and internal structural configurations [7]. Dal 

Monte et al. [8] used a multi-objective genetic algorithm to modify the distribution of the 

composite material in a 7.5 m long wind turbine blade. The result of the optimisation was a 

blade design with approximately 8% decrease in mass, 12% decrease in flapwise deflection and 

an undesirable 3% increase in edgewise deflection. The study highlighted the importance of the 

choice of objective function to ensuring that new blade designs perform as intended. Hu et al. 

[9] optimised the structural design of a blade for a 2 MW horizontal axis wind turbine. The 

design objectives minimised the mass and cost of the blade, while constraining the deflection 

and stress for an extreme wind gust loading. The 20-year fatigue life (calculated using Miner’s 

rule) was also incorporated as a constraint on the designs.  

In addition to GAs, other numerical techniques such as discrete constitutive parametrisation 

[10], the particle swarm algorithm [5] and the gradient based approach [11] have been effective 

for the structural optimisation of composite structures. Optimisation studies of wind turbine 

blades often investigate the aerofoil and blade geometric variables to improve the power 

production capacity and aerodynamic performance of the turbine [12]-[14]. The scope of the 

optimisation problem can be expanded to investigate the coupled aero-elastic behaviour of 

novel blade designs (e.g. Pourrajabian et al. [15]). For a comprehensive review of optimisation 

techniques for the structural and aerodynamic performance of wind turbines and wind turbine 

blades see Chehouri et al. [16]. 

The present work is focused on the design of a wind turbine blade for a specific 15 kW turbine; 

therefore, the optimisation is constrained to the structural variables, such as the distribution of 

laminate thicknesses and ply drop locations in the blade. A previous design study [17] was 

performed on the composite blades, which identified several concept designs for a glass fibre-

reinforced blade. The optimisation technique used is based on the nondominated sorting genetic 
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algorithm (NSGA-II) [18] and the GA objectives for each blade design are determined using 

the finite element software package Abaqus [19]. The optimisation study in the present paper 

includes an extra design variable to control the width of the spar caps on the blade and compares 

the results of the two analyses. A blade design is chosen from the set of designs generated by 

the GA and manufactured, with some modifications to adhere to the manufacturing procedure. 

The FE model predictions for blade characteristics such as blade mass, deflections and natural 

frequencies are compared to measured values and their differences assessed, thereby assessing 

the validity and assumptions of the optimisation methodology.  

The previous study also reported test results for two blade designs, a glass fibre-reinforced 

polypropylene blade (GFPP blade) and a hybrid blade made from GFPP with carbon fibre-

reinforced spar caps (CFPP blade). The GFPP blade represents the original design for the wind 

turbine blade. Operational issues arose, however, due to the excessive flexibility of the design. 

The carbon-fibre reinforcement markedly improved the blade stiffness, although with the 

disadvantage of a considerable increase in manufacturing costs. Not alone was the carbon fibre 

material more expensive, the spar caps were separately cured prior to being laid up in the blade, 

complicating the manufacturing procedure. Therefore, the goal of the optimisation study is to 

improve the stiffness properties of the fully glass fibre-reinforced blade design and remove the 

requirement for using carbon fibre materials if possible. The test results from the two blade 

designs are compared to the results of the optimum blade designed in the present study.  

The goals of the study are: 

(i) Use the multi-objective GA to identify a set of potential blade designs. 

(ii) Manufacture and test a blade design from the optimum set. 

(iii) Compare the FE predictions for the optimum blade to the test results. 

(iv) Compare the optimum blade design to the original GFPP and hybrid GFPP-CFPP 

blades. 

 

6.2 Methodology 

Section 6.2.1 outlines in detail the multi-objective structural optimisation of the wind turbine 

blade. The method of encoding the structural design into a number of design variables is 

discussed and the objective functions used to evaluate the fitness of each potential blade design 

are provided. The details of the finite element modelling approach are also included. Section 
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6.2.2 examines the results of the optimisation study and specifies the blade design for 

manufacture. The results of the study are also compared to the previous optimisation study, 

highlighting the effects of changing certain design variables. Section 6.2.3 describes the 

procedure of manufacturing the composite blade and the modifications to the design required 

to facilitate the blade construction. Finally, Section 6.2.4 outlines the details of the experimental 

test set-up and instrumentation. 

6.2.1 Multi-objective Optimisation 

The aims of the optimisation study were to maximise the stiffness of a glass fibre blade, while 

also minimising the blade mass. The blades were constructed from two types of glass fibre-

reinforced polypropylene: biaxial (±45°) woven Twintex plies and unidirectional Plytron plies. 

The elastic material properties of both glass fibre materials are provided in Table 6.1. Table 6.1 

also contains the material properties for the carbon fibre-reinforced epoxy, which was used in 

the spar caps of the CFPP blade design. The blades were constructed with a single shear web 

in an I-beam configuration (see Figure 6.1). The blade geometry is defined by the distribution 

of the chord length and twist angle along the blade ( 

 

 

Table 6.2). The root of the blade is slanted at approximately 50° to the blade length to facilitate 

connection to the turbine hub; hence, all measurements are defined from the start of the slanted 

region at the leading edge of the blade (Figure 6.1). NACA 4415 airfoils were used along the 

entire length of the blade, transitioning to a rectangular section at the blade root. This results in 

a relatively thin blade with limited sectional stiffness. The optimisation study investigates the 

effects of varying the laminate thicknesses along the blade, as well as the locations of the ply 

drops and width of the spar caps.  

Table 6.1 - Unidirectional material properties of the glass and carbon fibre composites making 

up the blades [20]. 

 𝐄𝟏 (GPa) 𝐄𝟐 (GPa) 𝐆𝟏𝟐 (GPa) 𝛎𝟏𝟐 

Twintex 21.5 6.0 1.00 0.20 

Plytron 28.0 3.5 1.39 0.35 

CF Epoxy 104.6 6.9 3.67 0.32 
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Table 6.2 - Distribution of chord length and aerodynamic twist angle along the blade length. 

Location (𝒍/𝑳) Chord (𝒄/𝑳) Twist (°) 

-0.1 0.109 23.5 

0.0 0.107 21.9 

0.1 0.083 18.6 

0.2 0.067 15.5 

0.3 0.056 12.6 

0.4 0.049 9.9 

0.5 0.045 7.5 

0.6 0.044 5.3 

0.7 0.044 3.4 

0.8 0.043 1.7 

0.9 0.042 0.2 

1.0 0.000 -1.1 
 

Design variables definition 

Figure 6.1 shows a cross-section of the blade, identifying five distinct regions: the spar caps 

(grey), the outer aerodynamic shell (white), the inner shell reinforcement on the trailing edge 

side (blue), the inner shell reinforcement on the leading edge side (blue) and the shear web 

(hatched red and white). The number of biaxial or unidirectional plies in each of these regions 

constitute the design variables for the optimisation study. The blade was broken down into five 

sections along its length and the locations of the ply drops were controlled by four design 

variables.  

A total of 30 variables define the full blade structure in the analysis. Table 6.3 provides details 

on the design variables, including the description and the maximum and minimum values for 

each. Variables 𝑥1 to 𝑥5 correspond to the number of unidirectional plies in the spar caps of 

each blade section. Variables 𝑥6 to 𝑥10 correspond to the number of biaxial plies in the outer 

shell of each blade section. Variables 𝑥11 to 𝑥15 correspond to the number of biaxial plies in 

the internal trailing edge shell sections. Variables 𝑥16 to 𝑥20 correspond to the number of biaxial 

plies in the internal leading edge shell sections. Variables 𝑥21 to 𝑥25 correspond to the number 

of biaxial plies in the shear web sections. Variables 𝑥26 to 𝑥29 correspond to the distances from 

the root of the blade to each of the four ply drop locations and variable 𝑥30 corresponds to the 

width of the spar caps (which remains constant along the blade). The design variables define 

the blade layups up to approximately 0.9 𝐿 and a standard layup is applied to the blade tip. 
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Figure 6.1 - The design variables control the thickness of the main regions of the blade (𝑥1 to 

𝑥25), the ply drop locations (𝑥26 to 𝑥29) and the width of the spar caps (𝑥30) in the optimisation 

procedure. 

Table 6.3 - Design variables, their limits and optimum values. TE and LE refer to the trailing 

edge and leading edge laminates, respectively. 

Name Description Min Max Optimum 

𝑥1 Number of Spar Cap Plies Section 1 1 20 20 

𝑥2 Number of Spar Cap Plies Section 2 1 20 20 

𝑥3 Number of Spar Cap Plies Section 3 1 20 20 

𝑥4 Number of Spar Cap Plies Section 4 1 20 16 

𝑥5 Number of Spar Cap Plies Section 5 1 20 8 

𝑥6 Number of Outer Skin Plies Section 1 2 20 2 

𝑥7 Number of Outer Skin Plies Section 2 2 20 2 

𝑥8 Number of Outer Skin Plies Section 3 2 20 2 

𝑥9 Number of Outer Skin Plies Section 4 2 20 2 

𝑥10 Number of Outer Skin Plies Section 5 2 20 2 

𝑥11 Number of TE Plies Section 1 0 20 0 

𝑥12 Number of TE Plies Section 2 0 20 2 

𝑥13 Number of TE Plies Section 3 0 20 1 

𝑥14 Number of TE Plies Section 4 0 20 1 

𝑥15 Number of TE Plies Section 5 0 20 1 

𝑥16 Number of LE Plies Section 1 0 20 0 

𝑥17 Number of LE Plies Section 2 0 20 2 

𝑥18 Number of LE Plies Section 3 0 20 0 

𝑥19 Number of LE Plies Section 4 0 20 1 

𝑥20 Number of LE Plies Section 5 0 20 1 

𝑥21 Number of Shear Web Plies Section 1 1 20 19 

𝑥22 Number of Shear Web Plies Section 2 1 20 15 
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𝑥23 Number of Shear Web Plies Section 3 1 20 15 

𝑥24 Number of Shear Web Plies Section 4 1 20 15 

𝑥25 Number of Shear Web Plies Section 5 1 20 10 

𝑥26 Ply Drop Location 1 (mm) 100 𝑥27-100 2310 

𝑥27 Ply Drop Location 2 (mm) 𝑥26+100 𝑥28-100 2500 

𝑥28 Ply Drop Location 3 (mm) 𝑥27+100 𝑥29-100 3035 

𝑥29 Ply Drop Location 4 (mm) 𝑥28+100 3650 3150 

𝑥30 Spar Cap Width (mm) 60 150 145 

     

Since the relatively thin aerodynamic profiles limit the thickness of the laminates in the blade, 

blade designs with an unrealistic overlap of material at the spar caps could potentially be 

generated. Hence, an initial check for overlap of the spar caps was performed for each blade 

design in the analysis. If the laminate thicknesses at a blade section exceeded the available 

internal space, a repair function modified the number of plies in that blade section. Further 

discussion of modifications to the blade designs required for manufacture is detailed in Section 

6.2.3. 

Objective functions 

Two objective functions were defined for the present study, one for tip deflection and one for 

blade mass. The objective functions are defined as, 

min
 

𝑓(𝑔1(𝒙), 𝑔2(𝒙)) (6.1) 

where, 

𝑔1(𝒙) = 𝛿𝑡𝑖𝑝(𝒙) 

 

(6.2) 

𝑔2(𝒙) = 𝑀(𝒙) 

 

(6.3) 

where 𝛿𝑡𝑖𝑝(𝒙) is the tip deflection of the blade, 𝑀(𝒙) is the mass of the blade and 𝒙 is the vector 

of design variables.  

Genetic algorithm operational parameters 

The operating parameters of the GA were:  

(i) A total of 20 blade designs in the population. 

(ii) An analysis run time of 150 generations. 

(iii) A variable chance of mutation from 3 to 5% for each design variable.  

For further details of the operation of the code (including crossover, mutation and repair 

strategies) refer to Fagan et al. [17]. 
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FE modelling 

The FE models were generated using an in-house Python-based code called BladeComp. Inputs 

to the code include: the material properties (Table 6.1), the twist angle and chord distributions 

(Table 6.2), the layups and spar cap width (Table 6.3) and the loading on the blade. From these 

inputs, BladeComp automatically generates the FE models and conducts the non-linear 

geometric analyses, returning the values of the user-defined objective functions, for each blade 

design, to the multi-objective GA. 

The experimental test set-up used a Whiffle tree rig (discussed in Section 6.2.4 and shown in 

Figure 6.8), which applied load in the flapwise direction (perpendicular to the rotor-plane) to 

represent the operational thrust loading on the blade. The loading applied to the FE models 

matched this distribution. The models were partitioned at eight locations along the blade, 

coincident with the application points in the test. The partitioned sections were then coupled to 

reference nodes using a structural distributed coupling constraint and the appropriate percentage 

of the total load was applied at each location. The root of the blade was fully constrained with 

an encastre boundary condition. The FE models used S4R 4-noded, reduced integration, linear 

shell elements and a mesh convergence study was performed as part of this work. The study 

resulted in a sufficiently refined mesh of approximately 25,000 elements. The average element 

measured approximately 10 mm per side in the spar caps and shear web, with slightly larger 

elements in the leading and trailing edge sections. 

The effect of using reduced integration elements was also checked before the analysis was 

conducted. The impact of their use was negligible on the deflection predictions (values within 

0.2%) and similarly for the far field strain results (values within approximately 1%). The S4 

elements did predict higher values of strain near the root, where the web connects to the spar 

caps; however, future solid modelling of the blade in this region is required to capture the 

interaction of this geometry and the actual root-hub connection. 

6.2.2 Optimisation Results 

Figure 6.2 presents the results from the multi-objective optimisation performed in the previous 

study [17], highlighting the potential improvements in blade designs from the original glass 

fibre (GFPP) blade tested. The GA determined the Pareto efficient set of solutions for the design 

problem, i.e. the solutions forming the lower boundary in Figure 6.2. Extending lines of 

constant mass and constant stiffness from the test blade splits the solution space into quadrants 
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based on structural performance. The green quadrant indicates blade designs lighter than the 

test blade and with improved stiffness. The yellow quadrants indicate designs that are either 

lighter or stiffer, but not both. Finally, the red quadrant indicates designs both heavier and less 

stiff than the test blade. The initial population in the GA was randomly generated, leading to 

the spread of designs in the top-right quadrant. As the algorithm progressed, the majority of the 

blade designs were found in the lower two quadrants. 

The results of the optimisation study in the present and previous work are plotted in Figure 6.3. 

The tip deflection results are normalised by the length of the blade, 𝐿. The experimental test 

results from both the GFPP and CFPP blades are also included in the figure. The significant 

increase in blade stiffness due to the carbon fibre plies is evident. The CFPP blade also 

contained more glass fibre material than the original GFPP blade, resulting in the higher mass 

value. The optimisation results from the present study show significant potential improvement 

in blade stiffness compared to the previous work. The minimum tip deflection achievable in the 

previous study was approximately 0.16 𝐿, while the present study generated designs with tip 

deflection as low as 0.12 𝐿 (a 25% improvement). This improvement is attributed to the 

inclusion of the spar cap width as a design variable. 

 

Figure 6.2 - Results from the previous multi-objective optimisation study [17]. The GFPP blade 

is noted by the green triangle. Lines of constant mass and constant stiffness split the solution 

space into quadrants that aid in identifying a new blade design. 
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Figure 6.3 - Results from the multi-objective optimisation of the present (yellow markers) and 

previous (black markers) studies. The test results of the GFPP and CFPP blades are denoted 

by the green triangle and blue diamond, respectively. The orange circle indicates the blade 

design chosen for manufacture, resulting from the present study. 

Figure 6.3 also shows the “optimum” blade design chosen for manufacture (orange circle). The 

design was chosen based on its position between the two experimental blades. The new blade 

design has a tip deflection of approximately 0.131 𝐿 and a mass of 20.4 kg. This demonstrates 

a 30% decrease in tip deflection from the original experimental GFPP blade, with a 10% 

increase in mass. The design has a slightly higher tip deflection than is achievable in the full 

set of designs, however, it demonstrates a 5% reduction in blade mass from the CFPP blade. 

The values of the optimum blade design variables are included in Table 6.3. Predictably, the 

stiffer UD Plytron plies (variables 𝑥1 to 𝑥5) were maximised in the optimum design, along with 

the width of the spar caps (𝑥30). The less stiff Twintex material (𝑥6 to 𝑥10) was minimised 

throughout the blade, though some reinforcement in the leading and trailing edge internal 

sections was retained (𝑥11 to 𝑥20). The shear web thicknesses were quite high along the length 

of the blade (𝑥21 to 𝑥25) and the ply drop locations (𝑥26 to 𝑥29) all occurred in the outer 50% 

of the blade length. Table 6.4 shows the mass and tip deflection values for the original GFPP 

and CFPP test blades from the previous study [17], and the optimum FE blade design. The 

optimum blade provided the initial basis for a design document issued to the blade 

manufacturers [21]. 
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Figure 6.4 - Comparison of the thickness of the laminates along the centreline of the three 

blades from the FE models. 

The thickness of the laminates along the centreline of the GFPP, CFPP and optimum blades is 

shown in Figure 6.4. The increase in thickness at different distances along the blades is due to 

the additional internal plies in the leading and trailing edge sections. The most prominent 

difference between the two test blades and the GA generated design is the significantly lower 

thickness of the plies at the root of the optimum blade.  

Table 6.4 - The mass and tip deflection values for the original two test blades (GFPP and 

CFPP) [17] and the optimum blade determined by the genetic algorithm. 

Blade 𝑴(𝒙) (kg) 𝜹𝒕𝒊𝒑(𝒙)/𝑳 

Original CFPP (Experimental) 21.5 0.055 

Original GFPP (Experimental) 18.5 0.188 

Optimum GFPP (FE) 20.4 0.131 

 

6.2.3 Bespoke Blade Construction and Modifications 

While the optimisation methodology resulted in blade designs with improved structural 

performance, many of the designs generated also added a significant level of complexity to the 

construction process, which would increase labour costs in a production blade. An issue that 

became apparent during the manufacturing process, was that the ply thickness used in the 

models was defined for the consolidated and cured composite. The bulk composite before 

curing was significantly thicker and, to fit the laid-up blade into the mold, some modification 

of the spar caps was necessary. The solution involved the removal of material from the trailing 
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edge side of the spar cap plies to facilitate the layup. Figure 6.5 shows an example of the 

modifications to the UD spar cap plies. The UD plies were trimmed to remove up to 40 mm of 

material from the innermost 8 plies and 15 mm of material from the next 4 plies, while the outer 

8 plies were not modified. Figure 6.6 shows these modifications to the actual plies. The figure 

also shows how the ply drops in the blade were staggered over 10 to 15 mm to reduce stress 

concentrations from large changes in thickness. Future optimisation work on this blade design 

could incorporate a penalty function to restrict the GA from finding blade designs that required 

these manufacturing modifications. In a previous design study [22] of 13 m long wind turbine 

blades, a penalty function was used to constrain the deflection of the blade designs to an 

allowable level. Penalty functions can be an effective means of adding constraints to an 

optimisation problem, by penalising the objective function by a factor proportional to the 

violation of the constraint. In this example, blade designs with excessive thickness at the trailing 

edge due to the width of the spar caps could be penalised, such that the GA would be directed 

away from this region of the design space. 

The optimum blade design also resulted in relatively thin leading and trailing edge shell sections 

at the root of the blade. Therefore, four additional plies of biaxial Twintex, 300 mm wide, were 

added to the leading and trailing edge regions at the blade root (as shown in Figure 6.5 (a)). In 

addition to providing reinforcement in this region of the blade, the extra plies also equalise the 

thickness of the blade section and, hence, reduce stress concentrations around the bolt holes. 
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Figure 6.5 - The blade design was modified to improve manufacturability. (a) The root region 

of the blade was reinforced with additional biaxial Twintex plies and (b) the width of the spar 

caps was decreased on the trailing edge side. 

 

Figure 6.6 - Photos of the modifications to the spar cap plies, including: staggered ply drops 

to avoid stress concentrations and reduced width of the spar caps on the trailing edge side of 

the blade. 
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Once the modifications to the design had been confirmed, the blade was hand laid-up in the 

following nine steps: 

(i) The outer layers of Twintex were laid into the mold. 

(ii) The unidirectional Plytron plies were laid up. 

(iii) The internal Twintex plies were laid up. 

(iv) The Twintex shear web (which had been preconsolidated) was positioned. 

(v) The internal bagging was placed around the shear web. 

(vi) The internal Twintex plies were folded over. 

(vii) The opposite spar caps were laid up. 

(viii) The outer Twintex plies were folded over and the mold closed. 

(ix) The internal bag was pressurised and the blade cured in an autoclave. 

Figure 6.7 shows several of the steps in the manufacturing process. The Twintex plies were cut 

to size so they overlapped slightly on the compression side of the blade. 

 

Figure 6.7 - The initial steps in the blade layup procedure. The outer layers of Twintex were 

laid into the mold followed by the UD Plytron (a), the internal layers of Twintex were then laid 

up (b), followed by the preconsolidated shear web (c). 

6.2.4 Experimental Testing 

As previously noted, a Whiffle tree test rig was used in the experiments to apply a mechanical 

load equivalent to the aerodynamic loading experienced by a turbine blade in operation. Figure 

6.8 shows the Whiffle tree rig and the instrumentation used during testing. The load was applied 

to the blade at eight points, with the highest percentage of the load applied towards the tip of 

the blade. The load was applied by raising the Whiffle tree with the laboratory crane and was 
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monitored using a Sensotec 50,000 lbs (222.4 kN) load cell (model 41/0573-01, linearity ±0.1% 

full scale) connected between the rig and crane. The blade was instrumented with nine 120±0.5 

Ω (model Tokyo Sokki Kenkyujo Co. Ltd. FRA-6-11-3LT) electrical resistance rosette strain 

gauges along its length. The blade deflection was measured with two draw-wire displacement 

sensors (model Micro-Epsilon WDS-500-P60-CR-P) with a measuring range of 500 mm 

(linearity ±0.1% FSO) and two draw-wire displacement sensors (model Micro-Epsilon WDS-

1000-P60-CR-P) with a measuring range of 1000 mm (linearity ±0.1% FSO). The locations of 

the strain gauges and draw-wire displacement sensors (also known as stringpots) are provided 

in Table 6.5. Three linear variable displacement transducers (LVDTs) with a ±12.5 mm range 

(ACT500A with linearity ±0.5% FSO) were used to monitor any displacement of the base plate 

during testing.  

 

Figure 6.8 - The Whiffle tree rig applied the load to the blade at eight locations distributed 

along its length. The instrumentation used in the test included: strain gauges, draw-wire 

displacement sensors, LVDTs, a load cell and a laser scanner. 

A Leica C10 ScanStation laser scanner was used to scan the blades before and after applying 

the static load. The scanner has a resolution of one point every 10 cm at the medium level of 

operation and one point every 2 cm at the highest level of operation, at a range of 100 m. At an 

average distance of 3 m (typical of the present tests), the medium resolution scans resulted in a 

point measured every 3 mm and the highest resolution scans a point every 0.6 mm. Modal tests 

were conducted to determine the flapwise natural frequencies of the blade using a Dytran model 

5805A impulse sledge hammer with a one pound head (sensitivity 1 mV/lbf) and three 
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accelerometers (model ENDEVCO 752A12). Table 6.5 also shows the locations of the 

accelerometers on the blade. The total crane load is provided with the results in Section 6.3. 

Table 6.5 - Locations of the strain gauges, stringpots and accelerometers along the length of 

the blade and in the chord-wise directions. 

Stain Gauges Distance Along Blade (𝒍/𝑳) Chord-wise (𝒄/𝑳) 

SG1 0.12 0.04 

SG2 0.22 0.03 

SG3 0.30 0.03 

SG4 0.37 0.03 

SG5 0.47 0.02 

SG6 0.55 0.02 

SG7 0.59 0.02 

SG8 0.70 0.02 

SG9 0.83 0.02 

Stringpots   

SP1 0.31 0.02 

SP2 0.44 0.02 

SP3 0.60 0.02 

SP4 1.00 0.01 

Accelerometers   

A1 0.36 0.03 

A2 0.81 0.02 

A3 0.99 0.02 

 

6.3 Results and Discussion 

The primary goal of this study is to determine the effectiveness of the genetic algorithm based 

multi-objective design methodology. The validation of the methodology consists of two parts: 

(i) a comparison of the FE model predictions and the experimental results for the optimum blade 

design, for a range of structural characteristics and (ii) a comparison of the bespoke blade design 

with the original GFPP and CFPP blades. The FE model predictions of the original two blade 

designs were investigated in detail in the previous study; hence, only the experimental results 

for both blades are reported in the present work. In order to assess the accuracy of the models 

generated by the optimisation process, the FE model presented has not been modified with the 

changes to the spar cap laminates or root laminates described in Section 6.2.3. Some of the 

discrepancies between model and experiments can, therefore, be attributed to the changes 

required to produce a manufacturable blade. The goal of the comparison is to determine how 

accurately the genetic algorithm predicts final blade characteristics and whether an additional 

analysis step including more complex FE models is required in the process. 
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6.3.1 Comparison of FE Model and Experimental Results 

The finite element blade model was compared to the test blade in terms of values of: (i) mass 

and centre of gravity, (ii) deflection, (iii) longitudinal and transverse strain and (iv) flapwise 

natural frequencies. The results for the deflections and strains are shown for a total crane load 

of approximately 500 N ±1%.  

The predicted mass of the blade from the FE model was 20.4 kg, compared to the actual blade 

mass of 18 kg (over predicted by 13%). The mass of all of the plies in the blade was recorded 

during construction, allowing a direct comparison between the FE model and test blade for each 

section and material. The total mass of Plytron in the spar caps of the test blade was 7.45 kg 

and 8.31 kg in the model (over predicted by 11.5%). However, the modifications to the spar 

cap thickness outlined in Section 6.2.3 were not accounted for in the FE model. Accounting for 

this reduction in thickness resulted in the FE model over predicting the mass of Plytron by 

approximately 5%. 

The mass of Twintex used in the blade was in close agreement: 8.82 kg in the test blade and 

8.79 kg in the FE model (under predicted by 0.4%). However, the Twintex rib showed 

significant disagreement, with the FE model over-predicting the mass by 80%. This was 

attributed to use of shell elements in the FE model. The shell element approach resulted in a 

non-physical overlap of material at the connection between the spar caps and shear web. 

Adjusting for the overlap reduces the over prediction of the blade mass by the FE model to 

approximately 0.9 kg (5%). Figure 6.9 shows the mass values of the experimental test blade 

and the unadjusted and adjusted FE model results. The centre of gravity of the test blade was 

measured at 0.35 𝐿, while the FE model location was 0.37 𝐿. This difference was as expected, 

since the FE model included the extra spar cap material which was predominantly removed 

from the outer half of the blade.  

Several sources for the discrepancy in blade mass predictions were cited in the previous study, 

including the overlap between adjacent Twintex plies and the inclusion of non-structural 

bagging material. In the present study, the mass of Twintex, Plytron and bagging material were 

all measured during manufacture and the blade was constructed with minimal ply overlaps; 

hence, these sources of error have been accounted for. The variation in fibre volume content 

and, hence, material density, may account for some of the remaining differences between model 

and test blades. 
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Figure 6.9 - The experimental results and FE prediction of the blade mass. The value of the FE 

model prediction adjusted to reflect the manufacturing modifications is also included. 

The longitudinal and transverse strain at 9 locations along the length of the blade were recorded 

using strain gauge rosettes. The FE model predictions at the same locations are compared to 

these in Figure 6.10. The predicted strain is clearly in good agreement with the experimental 

results along the entire blade, with the largest over predictions of 20% in longitudinal strain and 

12% in transverse strain at the first strain gauge location (0.12 𝐿).  

 

Figure 6.10 - The experimental results and FE prediction of the longitudinal and transverse 

strain at 9 locations along the blade. 

The deflections were measured using four draw-wire displacement sensors. The experimental 

deflections and FE model predictions are plotted in Figure 6.11. Both deflections show the same 
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trend; however, the FE model under-predicts the test results by approximately 18% at the tip. 

The LVDTs measured a small vertical deflection at the base plate, which resulted in a correction 

to the tip deflection results of up to 35 mm. The lower than predicted stiffness of the test blade 

was attributed to the removal of UD material from the spar caps, thereby reducing the stiffness 

of the I-beam section in the outer half of the blade. Additionally, the excess stiffness of the FE 

model was attributed to the issues modelling the shear web. The extra material assumed to be 

present near the blade surface added to the stiffness of the section.  

 

Figure 6.11 - The experimental results and FE prediction of the deflection along the length of 

the blade. 

While the draw-wire sensors measured the absolute deflection of the four points on the blade, 

the laser scanner provided significantly higher precision measurements and was used to 

determine the 3D displacements. Figure 6.12 shows the processed point cloud results from the 

laser scanner for the blade loaded at 500 N ± 1%. The figure shows the deformed and 

undeformed blades overlaid upon one another. The draw-wire sensors were also included in the 

figure to illustrate the magnitude of the deflection transverse to the blade length. The deflection 

of the blade tip in three directions is highlighted in the figure. The three directions were defined 

as: the vertical direction (𝛿1), the transverse direction (𝛿2) and the longitudinal direction (𝛿3) 

(Figure 6.12). Figure 6.12 also shows the undeformed and deformed FE models for comparison. 
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Figure 6.12 - Point cloud results from the laser scans during testing and FE model deflection 

results. The unloaded and loaded blades are overlaid and the deflection of the tip in three 

directions is highlighted for (a) the elevation, (b) the plan and (c) the end elevation view of the 

blade. 
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The deflection of the blade at several points along its length in the three directions is shown in 

Figure 6.13, comparing the FE model and the experimental results. The positioning of the laser 

scanner during the test resulted in the highest resolution scan at the trailing edge of the blade. 

Therefore, the measurements and FE results along the trailing edge are reported in Figure 6.13 

(the deflection results in Figure 6.11 are for the centreline of the blade on the tension side). 

While the deflections are under-predicted for all three directions, the FE model captures the 

longitudinal and transverse deflections in the blade. The relatively low deflections in the FE 

model at 0.2 𝐿 and 0.3 𝐿 (in Figure 6.13 and Figure 6.11, respectively) indicate that the root 

region or the root-baseplate connection is inaccurate. Modifications to the root stiffness would 

have a considerable effect on the predicted tip deflection; hence, future work will assess these 

issues.  

 

Figure 6.13 - Comparison between the laser scanner and FE model deflections for six points 

along the trailing edge of the blade. The indices 1, 2 and 3 refer to the coordinate systems 

shown in Figure 6.12. 

The flapwise natural frequencies of the blade were determined using an impact hammer and 

accelerometers. The results of the modal tests are shown in Figure 6.14, compared to the 

predictions from the FE model. The FE prediction for the first natural frequency matches the 

test result, the prediction for the second natural frequency is 4% lower than the recorded 

frequency and the third natural frequency is approximately 15% higher than the recorded 

frequency. 
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Figure 6.14 - The experimental results and FE prediction of the first three flapwise bending 

mode natural frequencies. 

Lekou et al. [23] performed a comparative study on the impact of the choice in modelling 

strategies, such as linear or non-linear analysis, shell or solid element models and load 

application methods, on the predictive capability of wind turbine blade computational 

modelling. The results indicated that the choice of either shell or solid element models resulted 

in a coefficient of variance of about 5% between the models for the flapwise deflection and up 

to about 15% for the edgewise values. The authors also found that the choice of loading method 

had a significant impact on the results, effecting the predictions of the static strength, fatigue 

strength and buckling capacity. The combined effect of the wide margin of error attributed to 

the load cell, the use of shell elements and the modifications to the blade design during 

manufacture have resulted in the errors in prediction of the final blade properties by the GA-

generated finite element model. 

A source of error in the static test results resulted from experimental difficulties with accurately 

loading the blade. The load was applied by raising the Whiffle tree rig with the laboratory crane. 

However, the level of control of the crane was limited, resulting in an error of approximately 

±1% for the applied load. This error propagates through to the deflection and strain results of 

Figure 6.10, Figure 6.11, Figure 6.13, Figure 6.16 and Figure 6.17. This results in the FE model 

under predicting the tip deflection of the test blade somewhere in the range of 17 to 19%, for 

example. In addition, the blades were loaded to each of the load levels only once during the 

tests due to the issues with load control. Future work will examine a more accurate and 

consistent means of controlling the load during the experiments. 
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6.3.2 Comparison of Blade Designs 

The mass values for the three blade designs are shown in Figure 6.15. The optimum GFPP blade 

was 16% and 3% lighter than the original CFPP and GFPP blades, respectively. The spar caps 

in the original GFPP blade were approximately 60 mm wide (compared to 145 mm wide in the 

optimum blade), combined with the slight drop in overall mass, so that the optimum blade has 

a significant redistribution of material from Twintex to Plytron. Rather nonintuitively, the mass 

of the CFPP blade was significantly higher than the original GFPP blade, even with the use of 

carbon fibre material in the spar caps. As described in the introduction, the goal of the CFPP 

blade design was to significantly increase the blade stiffness, resulting in an over-application 

of material throughout the blade.  

 

Figure 6.15 - Blade mass results from the experiments for the original CFPP, GFPP and 

optimum GFPP blades. 

The deflection of the three blades for an applied load of 500 N ± 1% is shown in Figure 6.16. 

The shape of the deflected blade is consistent for the two original blades, with relatively little 

deflection up to 0.3 𝐿, and the majority of the deflection occurring in the outer half of the blades. 

The optimum blade displays a more consistent gradient of deflection along its length. This 

performance is attributed to the fact that the thickness of the optimum GFPP blade (Figure 6.4) 

is significantly lower at the blade root than in the other two designs. The thickness of the blade 

spar caps is constant up to approximately 0.6 𝐿 and increases between 0.6 𝐿 and 0.75 𝐿. The 

added stiffness in this region results in the lower curvature and the lower resultant tip deflection. 

The optimum GFPP design gives a decrease in tip deflection of approximately 16% from the 

original GFPP blade.  
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The longitudinal strain along the three blades for an applied load of 500 N ± 1% is plotted in 

Figure 6.17. The strain in the optimum GFPP and CFPP blades follows the same trend with 

maximum values occurring between 0.3 𝐿 and 0.45 𝐿. The strain in the original GFPP blade is 

less consistent, with large peaks at approximately 0.3 𝐿 and 0.7 𝐿. The optimum blade was 

instrumented with a larger number of strain gauges than the previous two blades to more 

accurately capture the distribution of strain along its length.  

 

Figure 6.16 - Blade deflection results from the experiments for the original CFPP, GFPP and 

optimum GFPP blades. 

 

Figure 6.17 - The longitudinal strain results from the experiments for the original CFPP, GFPP 

and optimum GFPP blades. 

Figure 6.18 presents the first three flapwise bending mode natural frequencies for all three blade 

designs. The first two natural frequencies for the two glass fibre blades are very close in 
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magnitude (less than 1% difference between the two blades), while the there is a difference of 

approximately 18% for the third. The carbon fibre-reinforced blade is considerably stiffer than 

the other two designs, resulting in the higher values of natural frequencies. The differences 

between the optimum GFPP blade and the CFPP blade for the three frequencies are 49%, 65% 

and 30%, respectively. 

 

Figure 6.18 - The first three bending mode natural frequencies from the experiments for the 

original CFPP, GFPP and optimum GFPP blades. 

 

6.4 Conclusions 

This paper presents the validation of a genetic algorithm (GA) based composite blade design 

methodology. The methodology used a multi-objective genetic algorithm to identify a candidate 

blade design with improved stiffness and mass characteristics, which was subsequently 

manufactured and tested. In order to successfully manufacture the blade several modifications 

to the laminates from the GA predicted blade design were required. The blade structural 

characteristics such as mass, centre of gravity and results from static and modal testing were 

compared to the FE predictions of the optimum blade.  

The comparison between the mass of the optimum blade and the FE model revealed several 

sources of inaccuracy. The modifications to the blade design to facilitate its manufacture 

resulted in a large proportion of the mass difference in the UD material. The remaining 

differences were likely due to the use of shell elements in the FE model. The thin aerodynamic 
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profiles (combined with the low overall blade mass) resulted in a relatively large over-

prediction of the material in certain sections of the blade, most notably the shear web. This 

effect would be minimised in larger blades, where the thickness of the laminates constitute a 

smaller proportion of the cross-sectional area. The following summarises the comparison 

between the physical blade and FE model: 

 Once corrected for the manufacturing modifications, the FE model mass prediction was 

quite close to the actual test blade (approximately 5% higher).  

 The FE model predictions for the longitudinal and transverse strain at the strain gauge 

locations were in good agreement with the test results along the entire length of the 

blade.  

 The predicted deflection of the FE model followed the same trend as the test results; 

however, the model under-predicted the tip deflection by approximately 18%. The 

excess stiffness of the FE model is at least partially attributed to the extra spar cap 

material that was removed during manufacture.  

 High precision laser scans of the loaded and unloaded blade were used to further 

investigate the three dimensional deflections of the blade. While the model predictions 

were lower than the test results, the FE model captured the deflections of the blade in 

the longitudinal and transverse directions.  

 The prediction of the first three bending mode natural frequencies was in close 

agreement with the test results.  

The predictions of the FE model were in relatively good agreement with the tests of the bespoke 

blade for some of the structural characteristics, however, the deflection results were 

significantly under-predicted. The sources of difference between the model and tests have been 

identified and constraints to reflect these issues will be introduced in future work on structural 

optimisation. Shell models were used in the optimisation due to their lower computational cost; 

however, solid models would likely significantly increase the fidelity of the predictions. One 

method of leveraging the advantages of each method would be to first use the shell models in 

the GA optimisation, followed by the generation of a solid model of the chosen blade for 

detailed structural analysis before manufacture. Future work will investigate the potential of 

this proposed methodology. 

The bespoke blade was also compared to two other blade designs, one constructed solely from 

glass fibre polypropylene (GFPP) and another from GFPP with carbon fibre epoxy spar caps 
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(CFPP). The results of the optimisation indicated that, while the stiffness of the CFPP design 

was unattainable for a solely glass fibre blade, there was an opportunity for improvement in 

structural performance. The results of the comparison are:  

 The optimum blade design resulted in a slight decrease in mass from the original GFPP 

blade and a significant decrease in mass from the CFPP design.  

 The removal of spar cap material for manufacture resulted in less improvement in tip 

deflection than was predicted by the FE model. For a load of 500 N, the FE model of 

the optimum blade showed a 30% reduction in tip deflection from the original GFPP 

design, while the experimental blade showed a 16% reduction in tip deflection.  

 The measurements of the longitudinal strain showed a smoother distribution in the 

optimum blade than in the original GFPP blade.  

The objective of the analysis was to obtain a blade design consisting solely of glass fibre 

materials with improved stiffness from the original design. The carbon fibre design used in the 

comparison demonstrated a major improvement in stiffness on the original blade, however, the 

minimum threshold value for improvement in stiffness was never defined. This makes the 

comparison of results between the three blades somewhat difficult to interpret, as to what 

constitutes a demonstrable improvement. In addition to clarifying the interpretation, a 

quantitative value of blade stiffness would provide a useful target or constraint for the genetic 

algorithm. Using this target value as a constraint could be achieved with a penalty function 

applied to the deflection objective function. Future work on the design of the blades for the 15 

kW turbine will provide a more quantified approach to defining the ultimate objectives of the 

optimisation. 
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Chapter 7. Fatigue design methodology for 

composite tidal current turbine blades 

 

 

Article overview 

This work presents the development of the design methodology for fatigue analysis of 

composite tidal turbine blades. The methodology includes a more advanced version of the 

BEMT model used in Chapter 3. The new BEMT model is capable of determining the unsteady 

loads on a turbine blade due to temporal and spatial variations in the incoming flow velocity. 

The BEMT model is applied to real tidal current data for a location off the Scottish coast. The 

data was collected by an Acoustic Doppler Current Profiler (ADCP) device and includes tidal 

current magnitudes and directions through the water depth for over a month of operation. 

Analysis of the data using the BEMT model defined the operating conditions for the turbine 

and determined the unsteady loading experienced by the blades. The BEMT model was 

validated against three sources of data, including a commercial BEMT code and two separate 

sets of model-scale experimental tests. The code for the BEMT model is provided in Appendix 

B. 

The structural modelling aspects of the methodology have also been enhanced. This chapter 

presents a fatigue analysis post-processing code calibrated with experimental test data for 

GFRP materials. A number of statistically treated fatigue S-N curves for unidirectional and 

multi-directional laminates were used as calibration data. The fatigue model was tested against 

the calibration data and two additional load cases. The code for the damage model is provided 

in Appendix C. The multi-objective structural optimisation methodology developed in 

Chapter 5 was used to determine two blade designs for the fatigue analysis. However, the 
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number of design variables implemented in the search was reduced to limit the complexity of 

the task. The fatigue damage in both blades was studied and the primary source of damage 

discussed. The combination of load analysis for actual turbine operating conditions, fatigue 

damage analysis and genetic algorithm design optimisation represents a significant contribution 

to the state of the art for the analysis of tidal turbines. This work has been submitted to the 

journal Renewable Energy (2017). 

 

Abstract 

In the present study, a computational methodology for the fatigue design of horizontal axis tidal 

turbine blades made from composite materials has been developed. The methodology was 

applied to the design of a 1 MW tidal turbine blade made from glass fibre materials. The 

methodology incorporates hydrodynamic modelling and finite element modelling techniques to 

determine the fatigue life of the blades. The hydrodynamic model is based on blade element 

momentum theory and is applied to tidal current data from ADCP measurements at the Pentland 

Firth, in northern Scotland. The FE-based fatigue analysis uses constant life diagrams for 

representative glass fibre-reinforced materials, Miner’s rule and Rainflow counting to 

determine the damage in the blades. The hydrodynamic and fatigue analysis approaches were 

verified by comparison to experimental results from the literature, prior to their application in 

the design methodology. An optimisation analysis was performed to determine two suitable 

blade designs for the fatigue analysis. The optimisation was based on a multi-objective genetic 

algorithm and sought to minimise the mass and tip deflection through modification of the blade 

laminate thicknesses. The fatigue damage in the two blade designs due to (i) the tidal cycle and 

(ii) the velocity shear profile was analysed and discussed in detail.  

 

7.1 Introduction 

Tidal current turbine technology is developing rapidly, with several companies at the latter 

stages of the TRL (technology readiness level) scale [1]. The last stage before 

commercialisation is to demonstrate competitive manufacturing practice and a reduction in the 

cost of energy produced by the turbines. To achieve these goals, some of the key areas to address 

are reliability, survivability and instalability of the turbines [2]. This will require improved 

designs and reduced costs for components such as the blades. Uncertainties in the long-term 
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material performance and loading result in conservative blade designs, which presents the 

opportunity for improvements. The present work outlines a detailed design methodology for 

analysing the fatigue response of a composite tidal turbine blade. 

Blade design methodologies are multi-disciplinary, iterative numerical approaches to analysing 

the fluid dynamics and structural performance of full-scale structures. In general, the 

methodologies utilise one or more numerical tools to analyse the blade loading and subsequent 

structural response. The representation of the blade is parametrised and the operating conditions 

or manufacturing limits used as constraints on the models. The goal of the methodologies is 

often focused on optimising variables such as the blade outer geometry, the stresses and strains 

or the dynamic characteristics of the structure. The methodologies most influential on the 

present work were those of Hu et al. [3], Grujicic et al. [4], [5] and Li et al. [6]. These 

methodologies all take similar approaches to hydrodynamic and structural modelling. Hu et al. 

use XFOIL, a potential flow aerodynamics code, and AeroDyn, a blade element momentum 

theory model, to generate a pressure distribution over the surface of the blade for the structural 

models. The stress analysis is performed using an FE package and the results used to determine 

the fatigue life of the material. Grujicic et al. present a similar methodology, investigating the 

structural performance for (i) a 50-year extreme gust load and (ii) the fatigue life under a 

standard wind turbine loading spectrum (WISPSER). Li et al. analysed the fatigue performance 

of a hydrokinetic river turbine, using a non-linear residual strength model (instead of the more 

common Palmgren-Miner damage accumulation model) and performed a reliability analysis to 

determine the effect on fatigue life of uncertainties in material and loading variables. 

Blade element momentum theory (BEMT) has widespread acceptance for modelling the 

loading and performance of wind turbines and, more recently, tidal turbines [7]-[10]. However, 

BEMT can be inaccurate under certain loading conditions, since it does not take account of 

three-dimensional flow effects [11]. By applying empirical corrections such as tip and hub loss 

factors, the model’s accuracy can be improved for a wider range of turbine operating conditions. 

An unsteady BEMT code for modelling the spatial and temporal variability in the flow 

conditions is presented in the current work. The BEMT model utilises Javafoil, a panel method 

code, to determine the lift and drag coefficients for a range of angles of attack and for a variety 

of hydrofoil types. The code compared well to CFD results in an initial design study [12]. To 

determine the robustness of the BEMT code, three separate sources of comparison are used,  

(i) Tidal Bladed, the industry validated program made by Garad Hassan [13], 
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(ii) The model-scale experimental tests of Bahaj et al. [14], 

(iii) The model-scale experimental tests of Galloway [15].  

The three sources provide several different operating conditions to test the BEMT model. 

Acoustic Doppler Current Profilers (ADCPs) mounted on the seabed are used to measure the 

long-term magnitude and direction of the tidal current, the sea level and the wave conditions 

for potential tidal turbine sites. ADCPs may record data for months or years to determine the 

full range of operating conditions the turbine will experience. As the field of research around 

tidal energy devices develops, a wealth of resources are becoming available to academic and 

industry turbine designers. Many of the available resources have been described by O’Hara 

Murray and Gallego [16], with a guide to where each resource may be found online. The 

resources are all focused on the waters surrounding the Orkney Islands and include: high 

resolution bathymetry data, seabed sediment particle size analysis, water elevation 

measurements, ADCP data for a variety of locations and time periods, and wave rider buoy 

data. This presents an invaluable opportunity for researchers to develop numerical models that 

are appropriate and directly applicable to high energy tidal sites. The study by Goundar and 

Ahmed [17] demonstrates the complex interaction of waves and currents at a potential tidal 

turbine site. The authors found that the local bathymetry caused a significant rip current that 

strongly interacted with the tidal current under certain wave conditions. ADCP measurements 

from the site allowed the authors to design a turbine blade suited to that specific location. 

Considerations of the level of asymmetry in the tidal cycle (variations in the current velocity 

between flood and ebb tides) are also important when determining the power production 

capacity of the turbine. Small asymmetries between flood and ebb tides can lead to large 

asymmetries in power density and blade loading over the course of the turbine’s lifetime [18]. 

In the present study, a month of tidal current magnitude and direction data was used to assess 

the fatigue damage in the blade structure and extrapolate to the full 20 years of operation of the 

blade. The ADCP data was supplied by the Environmental Research Institute at the Centre for 

Energy and the Environment, the University of the Highlands and Islands. 

The fatigue analysis approach used in the present work applies a combination of the Rainflow 

cycle counting algorithm, constant life diagrams (CLDs) and Palmgren-Miner linear damage 

summation (Miner’s rule). Rainflow counting is a method of reducing an irregular stress history 

to a set containing the number of times cycles of various sizes occur [19]. It is often paired with 

Miner’s rule to determine the fatigue life of a structure. CLDs are a graphical representation of 

the failure curves for constant amplitude fatigue loading, indicating the safe regimes for a given 
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specified life [20]. A comprehensive comparison of the advantages and disadvantages of 

Miner’s rule is provided by Nijssen [21] for wind turbine blade materials. While Miner’s rule 

is unable to predict sequence effects in block or variable amplitude loading, the method is 

computationally efficient and suitably accurate when paired with sufficient CLD data. Hence, 

Miner’s rule has been chosen as the damage calculation method for the present work. To 

improve the predictions for fatigue, the complex stress states of the laminates were accounted 

for using a multiaxial fatigue strength criterion developed by Philippidis and Vassilopoulos 

[24]. 

The capability for fatigue prediction is heavily influenced by the choice in material strength 

parameters for the CLDs. Strength-life data (S-N curves) for two E-glass material systems were 

applied in the methodology. Unidirectional laminate strength data was obtained from the 

OPTIMAT fatigue database [22] and multi-directional laminate strength data from the study by 

Philippidis and Vassilopoulos [23]. A total of 14 S-N curves were used to construct the CLDs 

and to test the damage model. The fatigue analysis techniques were incorporated into a post-

processing code in the finite element software package, Abaqus. Hence, the damage results 

could be displayed as contour plots on the blade. 

This paper presents an automated methodology for the fatigue design and analysis of composite 

tidal turbine blades. Both the hydrodynamic and structural modelling approaches used in the 

methodology are validated against experimental tests and computational results from the 

literature. The methodology is applied to a concept 1 MW tidal current turbine using tidal 

velocity data from the Inner Sound, Pentland Firth in Scotland. The location is a high energy 

tidal site and the operation of a pitch regulation system for high flow speeds is incorporated 

into the turbine blade loading. A multi-objective structural optimisation is performed to find 

two blade designs for further analysis. The optimisation uses a genetic algorithm based 

approach and is used to optimise the thickness of the laminates throughout the blade. The 

fatigue performance of the glass fibre blade material is determined for (i) the velocity profile 

though the water depth and (ii) the tidal cycle. 
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7.2 Methodology 

The fatigue design methodology is divided into the following five sections: 

1. Description of the BEMT model. 

2. Details of the validation cases for the BEMT and the concept turbine design. 

3. Description of the Pentland Firth tidal current data. 

4. Outline of the fatigue analysis code. 

5. Overview of the structural optimisation procedure. 

7.2.1 Hydrodynamic Modelling 

The classical implementation of the blade element momentum theory combines the 

conservation of momentum of the flow past a turbine with an analysis of the lift and drag forces 

on sections of the blade. The typical approach to solving the BEMT equations involves an 

iterative procedure to determine the axial and tangential flow induction factors (𝑎 and 𝑎′ 

respectively). An alternative method, proposed by Ning [25], instead reduces the BEMT 

equations to one variable: 𝜙, the inflow angle of the fluid on a blade section. The reformulation 

of the problem to a single-equation, root-finding task enables the application of very efficient 

search algorithms. This section provides a description of the method proposed by Ning and 

applied to tidal turbine design in this study. 

From blade element theory, the local thrust coefficient on an annular section of the tidal turbine 

is given by, 

𝐶𝑇 = (
1 − 𝑎

𝑠𝑖𝑛𝜙
)
2

(𝐶𝐿 cos𝜙 + 𝐶𝐷 sin𝜙)𝜎 (7.1) 

where 𝐶𝐿 and 𝐶𝐷 are the lift and drag coefficients, 𝑎 is the axial induction factor, 𝜎 is the local 

solidity and 𝜙 is the flow angle for the blade element. From momentum theory, the thrust 

coefficient is given by, 

𝐶𝑇 = 4𝑎𝐹(1 − 𝑎) (7.2) 

where 𝐹 is the combined tip and hub loss factor. The loss factors account for 3D flow effects, 

such as vortex shedding, at the tip and hub of the blades. Prandtl’s loss factor has been applied 

for the hub region, while Shen’s loss factor has been shown to be more effective at modelling 

the tip losses [11] and has been applied in the present model. The factors effectively reduce the 

blade element forces to zero at the blade tip and at the hub. 
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Equating Equations 7.1 and 7.2 and solving for the axial induction factor gives, 

𝑎(𝜙) =
𝜅(𝜙)

1 +  𝜅(𝜙)
 (7.3) 

where 𝜅 is the parameter, 

𝜅 =
𝜎(𝐶𝐿 cos𝜙 + 𝐶𝐷 sin 𝜙)

4𝐹 sin2 𝜙
 (7.4) 

Hence, Equation 7.3 determines the axial induction factor solely in terms of 𝜙. Since 

momentum theory is inaccurate for highly loaded turbines, i.e. values of 𝑎 > 0.4, an empirical 

relation for the thrust coefficient determined by Buhl [26] is applied. The thrust coefficient is 

given by, 

𝐶𝑇 = (
50

9
− 4𝐹) 𝑎2 − (

40

9
− 4𝐹)𝑎 +

8

9
 (7.5) 

Equating Equations 7.1 and 7.5 and solving for the axial induction factor in terms of 𝜙 gives, 

𝑎(𝜙) =
𝛾1 − √𝛾2

𝛾3
 (7.6) 

where the three parameters are, 

𝛾1 = 2𝐹𝜅 − (
10

9
− 𝐹),      𝛾2 = 2𝐹𝜅 − 𝐹 (

4

3
− 𝐹),      𝛾3 = 2𝐹𝜅 − (

25

9
− 2𝐹) 

Similarly, the tangential induction factor can be determined in terms of 𝜙, using the torque 

predictions from blade element and momentum theory. The tangential induction factors is given 

by, 

𝑎′(𝜙) =
𝜅′(𝜙)

1 − 𝜅′(𝜙)
 (7.7) 

where, 

𝜅′ =
𝜎(𝐶𝐿 sin 𝜙 − 𝐶𝐷 cos𝜙)

4𝐹 sin𝜙 cos𝜙 
 (7.8) 

Ning also determines the axial induction factor for negative flow angle, i.e. the propeller brake 

state. The same methodology was applied in the present work, but is omitted from the current 

derivation for brevity. 
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The relative velocity experienced by a blade element is the summation of two velocity vectors: 

𝑉0, the inflow water velocity and 𝑉𝑟𝑜𝑡, the rotational velocity. Figure 7.1 shows the velocities, 

the flow angles and the resultant forces acting on a blade element. The inflow vector is given 

by, 

𝑉0 = (
0

𝑈(1 − 𝑎)
) (7.9) 

where 𝑈 is the inflow velocity to the blade element. The rotational velocity of the blade element 

is given by, 

𝑉𝑟𝑜𝑡 = (
𝜔𝑟𝑖(1 + 𝑎′)

0
) (7.10) 

where 𝜔 is the rotational speed of the turbine in radians and 𝑟𝑖 is the local position of the blade 

element at location 𝑖 ( 𝑅𝑖𝑛 < 𝑟𝑖 < 𝑅𝑜𝑢𝑡). The relative velocity of the fluid is given by, 

(
𝑉𝑟𝑒𝑙,𝑥

𝑉𝑟𝑒𝑙,𝑦
) = (

0
𝑈(1 − 𝑎)

) + (
𝜔𝑟𝑖(1 + 𝑎′)

0
) (7.11) 

Finally, a residual function is determined using the geometric relationship between the relative 

velocity and the flow angle. Using the velocity triangle for the blade element in Figure 7.1 

gives, 

tan𝜙 =
𝑈(1 − 𝑎)

𝜔𝑟𝑖(1 + 𝑎′)
 (7.12) 

Rearranging this equation to form the residual function gives, 

𝑓(𝜙) =
sin𝜙

1 − 𝑎
−

cos𝜙

𝐿𝑆𝑅(1 + 𝑎′)
 (7.13) 

where 𝐿𝑆𝑅 is the local speed ratio. The residual function is the equation in 𝜙 solved using a 

root-finding algorithm. In the present work, Brent’s root-finding algorithm is used. The use of 

Brent’s method to find the root of Equation 7.13 is outlined in full by Ning [25]. Once the flow 

angle has been determined, it can be used to find the angle of attack of the flow. The angle of 

attack is the difference between the flow angle and the hydrodynamic twist angle of the blade 

element. 

𝛼 = 𝜙 − 𝛽 (7.14) 
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where 𝛽 is the twist angle of the blade profile. The angle of attack is used to determine the lift 

and drag coefficients for each blade element. The hydrofoil lift and drag data are discussed in 

Section 7.2.2. 

 

Figure 7.1 - Velocity triangle and resultant forces on a blade element. 

The lift and drag coefficients (𝐶𝐿 and 𝐶𝐷, respectively) are determined using Javafoil [27], a 

panel method code for the design and analysis of 2D hydrofoils. The lift and drag forces on the 

blade element are given by, 

𝐹𝐿 =
1

2
𝜌𝑉𝑟𝑒𝑙

2 𝑐𝐶𝐿 (7.15) 

and, 

𝐹𝐷  =
1

2
𝜌𝑉𝑟𝑒𝑙

2 𝑐𝐶𝐷 (7.16) 

where 𝜌 is the density of water and 𝑐 is the chord length. Resolving these forces normal and 

tangential to the rotor plane gives, 

𝑓𝑁 = 𝐹𝐿𝑐𝑜𝑠𝜙 + 𝐹𝐷𝑠𝑖𝑛𝜙 (7.17) 

𝑓𝑇 = 𝐹𝐿𝑠𝑖𝑛𝜙 − 𝐹𝐷𝑐𝑜𝑠𝜙 (7.18) 

The hydrodynamic loads, 𝑓𝑁 and 𝑓𝑇, are measured in force per meter of blade length. In the 

present model, it is assumed that they describe a linearly varying distributed loading between 

each blade element. Figure 7.2 shows a schematic of one of the hydrodynamic forces acting on 

the blade. The figure also depicts the resultant shear force (𝐹𝑉), root bending moment 
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(𝑀𝑥 𝑎𝑛𝑑 𝑀𝑦) and rotor torque. The shear forces and bending moments are calculated for each 

time step for each blade using the equations, 

𝐹𝑉 = ∑ (𝑓𝑖(𝑟𝑖+1 − 𝑟𝑖) + 0.5(𝑓𝑖+1 − 𝑓𝑖)(𝑟𝑖+1 − 𝑟𝑖))

𝑁𝑒𝑙𝑒𝑚−1

𝑖=0

 (7.19) 

𝑀 = ∑ (0.5𝑓𝑖(𝑟𝑖+1
2 − 𝑟𝑖

2) +
1

6
(𝑓𝑖+1 − 𝑓𝑖)(𝑟𝑖+1 − 𝑟𝑖)(2𝑟𝑖+1 + 𝑟𝑖))

𝑁𝑒𝑙𝑒𝑚−1

𝑖=0

 (7.20) 

where 𝑁𝑒𝑙𝑒𝑚 is the total number of blade elements. The bending moments are calculated by 

replacing the radius in Equation 7.20 with the distance to the rotor hub (𝑧). Several other sources 

of loading may impact tidal turbine blades. For example, buoyancy and gravity loads, added 

mass and centrifugal forces may all contribute to long-term fatigue damage. However, for the 

present study these loads are neglected and the effects of hydrodynamic loading are studied. 

Finally, Figure 7.3 shows the flowchart for the BEMT code.  

 

Figure 7.2 - Schematic diagram of the blade, assuming the blade acts as a cantilevered beam. 

The loads refer to either the in-plane or out-of-plane forces. 

The algorithm can be outlined as follows, 

 Define the blade geometry and operating parameters 

 Import tables of lift and drag data from JavaFoil 

 For each time step: 

 Determine the position of the blade elements 

 For each blade element: 

o Determine the local flow velocities 

o Use Brent’s method to solve for 𝜙 (Equation 7.13) 

o Calculate 𝛼 (Equation 7.14) and determine 𝐶𝐿 and 𝐶𝐷 

o Determine the forces relative to the rotor plane (Equations 7.17 & 7.18) 
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 Determine the turbine power, thrust (Equation 7.19) and torque (Equation 7.20) 

 

Figure 7.3 - Flowchart for the BEMT code. 

7.2.2 Tidal Turbine Design Specifications 

To validate the code and ensure it is sufficiently robust, three test cases were used for 

comparison: (i) the demo turbine case from Tidal Bladed, the commercial code produced by 

Garad Hassan [13], (ii) the model-scale experimental testing of Bahaj et al. [14] and (iii) the 

model-scale experimental testing of Galloway [15]. This section describes the set up and 

operating conditions for each test case. Table 7.1 outlines several important parameters for the 

turbine designs under investigation, including, 

 The turbine outer radius, 𝑅𝑜𝑢𝑡.  

 The turbine inner radius, 𝑅𝑖𝑛. 

 The current velocity indicative of turbine operation, 𝑈. 

 The mean water depth, 𝐻𝑤𝑎𝑡𝑒𝑟. 

 The location of the turbine hub, 𝐻ℎ𝑢𝑏. 

 The pitch angle of the blades during operation, 𝜃.  
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The three test cases were chosen to compare predictions and experiments for a variety of turbine 

scales, blade hydrofoil types and operating conditions. The test cases were modelled using the 

presented BEMT and the results of power and thrust coefficient compared. Details of a concept 

tidal turbine, designed for the present study, are also provided. 

BEMT models are extremely sensitive to the lift and drag data they employ. Where possible, 

the original lift and drag values reported for each test case were imported into the BEMT code. 

For the cases where the source lift and drag data was unavailable, Javafoil was employed to 

determine the lift and drag coefficients for angles of attack between approximately –20° and 

20°. The Viterna equations [28] were used to extrapolate the post stall data, following the 

general method outlined in the AeroDyn Theory Manual [29]. The local Reynolds numbers of 

the blade sections in the analysis of the full-scale tidal turbine were found to be within the range 

from 2.5x106 to 5x106. A possible source of error in the analysis stems from the ability of the 

2D panel method used by the Javafoil code to accurately predict the lift and drag coefficients 

for the turbine. 

Table 7.1 - The turbine dimensions and operating conditions for the three validation cases and 

the present design study. 

Variable Units Tidal Bladed Bahaj Galloway Present Study 

Outer Radius, 𝑅𝑜𝑢𝑡 m 11.4 0.4 0.4 10.2 

Inner Radius, 𝑅𝑖𝑛 m 0.90 0.05 0.06 1.50 

Operating velocity, 𝑈 m/s 3.00 1.73 0.90 2.50 

Mean Water Depth, 𝐻𝑤𝑎𝑡𝑒𝑟 m 50.0 2.4 1.8 33.0 

Hub Height, 𝐻ℎ𝑢𝑏 m 20.0 1.2 0.9 16.5 

Blade Pitch, 𝜃 ° 0.0 5.0 0.25 0.0 

 

7.2.2.1 Tidal Bladed simulations 

Tidal Bladed is a commercial code based on blade element momentum theory and is used to 

model horizontal axis tidal turbines for design purposes. The study by Parkinson and Collier 

[30] presented a comparison of the loading predictions from Tidal Bladed and experimental 

data from an Alstom Ocean Energy 1 MW tidal turbine deployed at the European Marine 

Energy Centre (EMEC) site. The BEMT model provided good predictions of the unsteady loads 

when applied with blockage correction and a turbulence model. Results from a hydrodynamic 

assessment of a 1 MW turbine operating in 3 m/s flow were used to compare Tidal Bladed and 

the BEMT code of the present study. Table 7.2 shows the radial distribution of chord length 
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and hydrodynamic twist angle of the turbine blades. The blade geometry and operating 

conditions (from Table 7.1) were used as inputs to the BEMT code of the present work. 

Table 7.2 - Radial distribution of the chord length and twist angle of the Tidal Bladed turbine 

blades [13]. 

Radius, 𝒓𝒊 (m) Chord/𝑹𝒐𝒖𝒕 Twist, 𝜷 (°) 

0.900 1.667 8.5 

1.525 1.717 8.5 

2.456 2.436 8.5 

3.389 2.436 7.3 

5.256 1.952 5.2 

7.123 1.461 3.1 

8.832 1.131 1.5 

10.546 0.807 0.5 

11.260 0.484 0.3 

11.400 0.026 0.0 

 

7.2.2.2 Bahaj experiments 

Published results from the Southampton Energy Research Group (SERG) [14] were used for 

experimental validation of the BEMT code. The experiments were performed on a model-scale 

tidal turbine (800 mm in diameter) at Southampton Solent University. Table 7.3 shows the 

radial distribution of the chord length, hydrodynamic twist angle and thickness-to-chord ratio. 

The hydrofoil designations for the blade were NACA 63-8xx. The experimental tests involved 

varying the pitch angle (𝜃) of the turbine blades and recording the power and thrust for a range 

of tip speed ratios. Some of the tests were conducted in a cavitation tunnel and the remainder 

in a towing tank. The pitch angle was set to 0°, 5°, 10° and 13° for the four experiments. 

7.2.2.3 Galloway experiments 

A similar scale of towing tank testing was implemented by Galloway [15]. Table 7.3 shows the 

radial distributions of chord length, hydrodynamic twist angle and thickness-to-chord ratio for 

the blades. The blades were constructed using the NACA48xx series of airfoils. Galloway 

carried out a large number of experiments to investigate the effect of combined wave, current 

and yaw effects on a tidal turbine. The results for steady flow are considered for the present 

study. Additionally, Galloway’s BEMT code predictions are compared to the present work. 
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Table 7.3 - Radial distribution of the chord length, twist angle and hydrofoil designations for 

the Bahaj turbine blades [14] and the Galloway turbine blade [15]. 

 Bahaj et al.  Galloway 

Radius, 𝒓𝒊 

(m) 

Chord/

𝑹𝒐𝒖𝒕 

Twist, 𝜷 

(°) 

Thick. 

(%c) 
 Chord/𝑹𝒐𝒖𝒕 

Twist, 𝜷 

(°) 
Thick. (%c) 

0.08 0.2105 23.1 24.0  0.1250 15.0 24.0 

0.12 0.1588 16.3 20.8  0.1156 9.5 21.0 

0.16 0.1263 12.6 18.7  0.1063 6.1 18.0 

0.20 0.1053 9.5 17.1  0.0969 3.9 18.0 

0.24 0.0908 7.4 16.2  0.0875 2.4 15.0 

0.28 0.0790 5.8 15.1  0.0781 1.5 15.0 

0.32 0.0685 4.5 14.1  0.0688 0.9 15.0 

0.36 0.0625 3.6 13.1  0.0594 0.4 12.0 

0.40 0.0578 3.1 12.6  0.0500 0.0 12.0 

 

7.2.2.4 Full-scale tidal turbine 

The concept tidal turbine design for the present study has rated power of 1 MW and is 20.4 m 

in diameter. Table 7.4 shows the distributions of the chord length, twist angle, thickness and 

hydrofoil designations along the blades. In addition, Table 7.4 outlines the distribution of 

structural variables, including the width of the spar cap along the length of the blade and the 

offset of each blade section in the x- and y-directions (see Figure 7.1). Figure 7.4 shows the 

resulting planform and elevation of the blade with the x- and y-direction offset values given in 

Table 7.4. 

Table 7.4 - Radial distribution of the chord length, twist angle, thickness ratio, width of the 

spar caps and the x- and y-direction offsets for each blade section. 

Radius, 𝒓𝒊 (m) Chord (m) Twist, 𝜷 (°) Thickness (%c) 
Spar width 

(mm) 

x-offset 

(mm) 

y-offset 

(mm) 

1.5 0.70 15.50 100 450 350 350 

2.0 1.70 15.50 45 720 500 380 

2.5 1.80 13.00 45 700 550 400 

3.0 1.90 11.00 42 680 580 380 

3.5 1.90 9.00 35 660 560 320 

4.0 1.90 7.50 32 640 500 270 

4.5 1.80 6.50 30 620 450 250 

5.0 1.70 5.50 28 600 410 220 

5.5 1.60 4.50 26 580 380 180 

6.0 1.50 3.50 25 560 350 160 

6.5 1.40 2.50 24 540 340 150 

7.0 1.30 1.50 22 520 330 140 

7.5 1.10 1.00 20 500 320 130 
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8.0 1.10 0.50 20 480 310 120 

8.5 1.00 0.25 20 460 300 110 

9.0 1.00 0.25 20 440 300 110 

9.5 1.00 0.25 20 420 300 110 

10.0 1.00 0.25 20 400 300 110 
 

(a) 

 
(b) 

 
Figure 7.4 - (a) Plan view and (b) elevation view of the blade. 

7.2.3 Pentland Firth Site Data 

To determine the structural response of the blade under a realistic loading scenario, data for the 

Inner Sound, Pentland Firth in Scotland was obtained. The data consists of ADCP 

measurements of depth-wise tidal current magnitudes and directions for approximately a month 

period from February to March 2013 [31]. The ADCP device used was a Telydyne Workhorse 

Sentinel and the instrument was deployed at a depth of about 34 m. The current magnitude and 

direction were recorded in bins spaced at 1.5 m intervals. The bins were located from 

approximately 6.6 m above the seabed to 29.1 m. The ADCP also recorded the mean water 

depth over the course of its deployment. The water depth varied between 32.6 m and 36 m over 

the recorded month. The minimum water depth constrained the location of the turbine in the 

water column. The hub of the turbine was set at 16.5 m above the sea floor, allowing a minimum 

clearance from the surface of 5.9 m. Figure 7.5 shows a sample of the tidal current velocity data 

close to the turbine hub for the tidal cycle. The figure shows the variation in ebb and flood tides 

and a peak velocity of approximately 5.2 m/s, indicating the highly energetic nature of the 

Pentland Firth site.  



Chapter 7. Fatigue design methodology for composite tidal current turbine blades 

- 224 - 

 

 

Figure 7.5 - A sample of the tidal current velocity data at the depth of the turbine hub, 16.5 m 

above the seabed. 

For each time step, the average velocity through the water column was determined. The average 

velocity was then binned by 0.25 m/s increments. Figure 7.6 shows the probability distribution 

of the average velocity for each bin over the month. An analysis of the probability distribution 

data using the BEMT code, enabled the definition of the operating conditions of the turbine. 

The conditions include cut-in speed, cut-out speed, flow speed for rated power and blade 

pitching. The results of this analysis are presented in Section 7.3.2.  

The time-averaged velocity profile is often assumed to take the form of a 1/7th power law. 

Analysis of the ADCP data found that a power law was not an accurate representation of the 

profile measured at many of the recorded times. A polynomial fit to the data was found to be a 

more accurate representation. Figure 7.7 shows the mean, standard deviation and range of the 

velocities at each point through the water depth for the 3.5 to 3.75 m/s average velocity bin.  

Within each velocity bin, a second order polynomial fit to the mean velocity curve was found 

(solid blue line in Figure 7.7). Hence, for a total of 13 bins (between the cut-in and cut-out flow 

speeds), the average shape of the velocity profile was determined (Figure 7.8). Fitting the data 

allows the BEMT code to determine the inflow velocity to a blade element at any height in the 

water column as the turbine rotates. 
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Figure 7.6 - Average velocity through the tidal column binned for 0.25 m/s intervals. 

 

Figure 7.7 - The mean value of the velocities at each depth-wise location from the ADCP data 

(blue solid line), the standard deviation in the values (dark shaded area) and the range of the 

velocities (light shaded area) and for the 3.5 - 3.75 m/s velocity bin from Figure 7.6. 

In addition to the magnitude of the tidal current, the ADCP also recorded the direction of the 

flow. On the flood tide, the flow is approximately 90° (due east) on average, while on the ebb 

tide the flow is approximately 250° (west-south-west) on average. It is assumed that the concept 

turbine for this study is fitted with a means of yaw control. Otherwise, the turbine would 

experience nearly 30° of flow misalignment on the ebb tide. The effects of yaw misalignment 

on turbine loading have been investigated by Galloway et al. [32], who found that yaw 

misalignment can cause significant reduction in power output and increases in rotor thrust. 
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Additional operational loading that will occur on a regular basis and will impact blade fatigue 

is the rotor/blade loading due to turbine start-up and shut-down operations. The commercial 

tidal turbine blade design software GH Tidal Bladed [13] provides start-up and shutdown 

simulations for analysing turbine performance. 

 

Figure 7.8 - Polynomial fit of the average depth-wise velocity profile for each velocity bin 

(within the operational range of the turbine).  

7.2.4 Fatigue Structural Analysis 

7.2.4.1 FE blade models 

The structural response of the composite blades is determined using the finite element software 

package Abaqus [33]. A detailed description of the methodology for generating the parametric 

FE models of tidal turbine blades can be found in Fagan et al. [34]. The following steps briefly 

outline the analysis methodology: 

 The blade geometric variables (Table 7.4) are input to the program. 

 The BEMT loads are input to the program. 

 The material properties and laminate stacking sequences are input to the program. 

 The FE model is generated and analysis conducted. 

 The results are post-processed for user-defined criteria. 

 Sub-modelling, damage analysis or optimisation procedures are performed. 

The process of blade model generation has been fully automated using the Python programming 

language. The methodology is contained in an in-house software package called BladeComp. 

It should be noted, the geometry generation module of the program has been recently updated. 

In the original paper, loft features were generated between each radial section of the blade. 
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Lofting in Abaqus refers to creating a three-dimensional feature that transforms from a starting 

section shape to an ending shape, with an option to define the path the changing section takes 

through the intervening space. The tangency of the feature as it leaves the starting section and 

as it approaches the ending section can also be controlled. In the present study, the entire blade 

is generated as a single lofted geometry and the radial sections are partitioned along the blade 

length. This produces a smoother blade geometry and reduces geometric stress concentrations 

where the blade cross-sectional shape changes. The BEMT code was applied to the tidal current 

data from the Pentland Firth to define the loading in the FE models. The loading applied to the 

blades for the genetic algorithm optimisation and the fatigue analysis is discussed in Section 

7.3.2.  

An example of a blade model is shown in Figure 7.9. The models consist of S4R reduced 

integration linear quadrilateral elements. A mesh convergence study was performed and it was 

determined that models of approximately 3750 elements (i.e. approximate element length of 

100 mm per side) provided an adequate balance between accuracy and computational 

efficiency. The effect of using reduced integration elements on the blade stiffness was minimal, 

showing a difference in tip deflection predictions up to about 1.2%. Large blade models 

dramatically increase the computational costs of an optimisation search, since typically several 

thousand models need to be generated, analysed and post-processed to find the optimum set of 

solutions.  

 

Figure 7.9 - Finite element blade model demonstrating [anti-clockwise] the laminate definition, 

the chord length distribution, the hydrofoil sections, the blade loading and the stress and 

deflection results of the analysis. 



Chapter 7. Fatigue design methodology for composite tidal current turbine blades 

- 228 - 

 

7.2.4.2 Fatigue damage analysis 

To analyse the fatigue damage in the composite blades, a damage analysis post-processing code 

was developed within Abaqus. Abaqus defines blade layups for shell elements as a number of 

section points through the element thickness. For each section point,  

 The stress time history is analysed using the Rainflow counting method. 

 The damage fraction for each cycle is calculated using constant life diagrams. 

 The total damage is determined using the Palmgren-Miner damage accumulation rule.  

The effect of complex stress states in laminates was accounted for using the failure tensor 

polynomial (FTPF) method developed by Philippidis and Vassilopoulos [24]. Their work shows 

that even small values of transverse and shear stress components can considerably reduce the 

fatigue life compared to an assessment using only the longitudinal stress. The FTPF has been 

shown to provide good predictions for the fatigue life of laminates under various loadings and 

orientations [24]. The fatigue strength for a laminate under complex in-plane stress states is 

given by, 

𝜎1
2

𝑋2(𝑁)
+

𝜎2
2

𝑌2(𝑁)
−

𝜎1𝜎2

𝑋(𝑁)𝑌(𝑁)
+

𝜎6
2

𝑆2(𝑁)
− 1 = 0 (7.21) 

where 𝜎1, 𝜎2 and 𝜎6 are the longitudinal, transverse and shear in-plane stresses, respectively. 

𝑋(𝑁), 𝑌(𝑁) and 𝑆(𝑁) are the longitudinal, transverse and shear strengths, respectively, which 

are a function of the number of cycles to failure, 𝑁. The experimental characterisation of the 

longitudinal and transverse material strengths are determined through uniaxial fatigue testing 

of coupons at 0° and 90°, respectively. Experimental characterisation of the shear strength is 

more difficult; in the present work the method outlined by Hu et al. [3] is used. The shear fatigue 

strength is found by dividing the average of the longitudinal and transverse fatigue strength 

values by a constant, 𝜆, given by the equation, 

𝜆 =
𝑋𝑇 + 𝑌𝑇 + 𝑋𝐶 + 𝑌𝐶

4𝑆
 

(7.22) 

where 𝑋𝑇 and 𝑋𝐶 are the ultimate longitudinal strengths in tension and compression, 

respectively, 𝑌𝑇 and 𝑌𝐶 are the ultimate transverse strengths in tension and compression, 

respectively, and 𝑆 is the shear strength. Other methods exist for determining the shear strength, 

e.g. Philippidis and Vassilopoulus used the fatigue strength of coupons cut off-axis at 45° and 



Chapter 7. Fatigue design methodology for composite tidal current turbine blades 

- 229 - 

 

divided by the factor 1/2.2. However, the method of Hu et al. produced satisfactory results for 

the present work. Previous design and analysis studies on wind [35] and tidal [34] turbine blades 

performed by the authors employed the Puck failure theory for composites under complex stress 

states. In those cases, the model calibration parameters for the glass fibre systems used were 

available. A significant amount of fatigue test data is required to generate the Constant Life 

Diagrams for the fatigue analysis and this was not available for the previous material systems, 

hence, the FTPF approach was chosen for this paper. 

Two materials were used for the concept tidal turbine blade in this work (i) a multi-directional 

glass fibre polyester material for the hydrodynamic shell and the shear web laminates and (ii) a 

unidirectional glass fibre polyester material for the spar cap laminates. To use Equation 7.21, 

curves fitted to the experimental data for the longitudinal and transverse strengths of the two 

materials must be determined. A multi-directional laminate (referred to as MD in this work) 

was extensively tested by Philippidis and Vassilopoulos [23] whose stacking sequence 

is [0/(±45)2/0]𝑇 . A large number of R-ratios were tested to characterise the material. The 

constant life diagrams utilised in the fatigue model are constructed from six of these (R = 0.1, 

-1, 10 for 0° and 90°). The unidirectional laminate material data (referred to as UD in this work) 

are taken from the OPTIMAT database. The stacking sequence for the 0° laminate is [04] and 

for the 90° laminate is [07]. Six S-N curves were also used to characterise the UD material (R 

= 0.1, -1, 10 for 0° and 90°). 

The S-N experimental data may be used in fatigue analyses without statistical treatment, thereby 

representing the mean values of the fatigue life. However, a statistical treatment of S-N curve 

data is typically performed to represent a 95% survival probability with a confidence level of 

95% according to the ASTM standard [36]. The stress amplitude is given by the formula, 

𝜎𝑎  =  𝑋0 𝑁
−𝑘0 (7.23) 

where 𝑁 is the number of cycles to failure and 𝑋0 and 𝑘0 are the curve fit parameters for a 

particular R-ratio. The confidence intervals were calculated for the UD material following the 

ASTM standard for a normal distribution of the data. Philippidis et al. [23] provide the curve 

fit parameters for a two-parameter Weibull distribution of the S-N data. Plotting this 

distribution, the factors 𝑋0 and 𝑘0 were determined for the MD material. Table 7.5 presents the 

coefficients (𝑋0) and exponents (𝑘0) of the S-N curves for both materials. The table includes 

longitudinal, transverse and shear coupon loading for R-ratios of 0.1, -1 and 10. The static 
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strengths in tension and compression are also required to construct the CLDs and are presented 

in Table 7.6. 

Table 7.5 - S-N curve fit parameters for Equation 7.26 for the MD and UD materials. 

MD 𝐑 -1 0.1 10 

Longitudinal 
𝑿𝟎 151 254 124 

𝒌𝟎 0.051 0.105 0.050 

Transverse 
𝑿𝟎 101 26 33 

𝒌𝟎 0.101 0.074 0.052 

Shear 
𝑿𝟎 48 33 49 

𝒌𝟎 0.067 0.097 0.084 

UD 𝐑 -1 0.1 10 

Longitudinal 
𝑿𝟎 1283 484 415 

𝒌𝟎 0.151 0.098 0.134 

Transverse 
𝑿𝟎 80 72 81 

𝒌𝟎 0.135 0.160 0.033 

Shear 
𝑿𝟎 105 42 33 

𝒌𝟎 -0.150 -0.102 -0.092 

Table 7.6 - Values for ultimate tensile and compressive strength for both materials are 

displayed [22]. The mean and standard deviation of the strength data and number of test 

coupons is shown.  

  Tension (MPa) Compression (MPa)  
 Mean SD Coupons Mean SD Coupons 

MD 
𝑿 244.84 18.08 4 216.68 14.67 4 

𝒀 84.94 2.06 3 83.64 5.37 3 

UD 
𝑿 806.84 27.62 28 526.59 203.81 30 

𝒀 55.88 5.00 29 161.69 5.46 23 
 

The CLDs for the longitudinal and transverse directions of both materials are shown in Figure 

7.10. The solid lines with markers represent S-N curve data and the dashed lines connect points 

of constant lifetime. Linear interpolation along constant life lines is used to find the values of 

mean stress and stress amplitude for any R-ratio.  
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(a) (b) 

  
  

(c) (d) 

  
Figure 7.10 - Constant life diagrams (CLDs) used to calibrate the fatigue analysis code (a) MD 

laminate under longitudinal loading, (b) MD laminate under transverse loading, (c) UD 

laminate under longitudinal loading and (d) UD laminate under transverse loading. The R = 2 

and R = -0.5 lines in (a) and (c), respectively, indicate R-ratios interpolated along constant life 

lines. 

Figure 7.10 (a) and (c) show interpolated S-N curves for R = 2 and R = -0.5, respectively. The 

fatigue analysis code interpolates the values for the mean stress and stress amplitude for 

lifetimes from N = 104 to 109 and fits a power law curve to the results. Hence, the values of 𝑋0 

and 𝑘0 can be found for any R-ratio. 

Equation 7.21 forms a non-linear equation that can now be solved to give the fatigue life of a 

laminate under complex in-plane stresses of any R-ratio. The total damage, 𝐷, to the laminate 

is determined using Miner’s rule. 

𝐷 = ∑
𝑛𝑖

𝑁𝑖
𝑖

 
(7.24) 

where 𝑛𝑖 is the number of cycles at a particular stress level, 𝑁𝑖 is the number of cycles to failure 

given by Equation 7.21 and 𝑖 is the cycle type. The following steps outline how the fatigue 

analysis post-processing code functions for each element in the model, 
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 Save the time history for the three in-plane stress components. 

 Rainflow counting each stress component to find the total number of cycles. 

 Determine 𝑋(𝑁), 𝑌(𝑁) and 𝑆(𝑁) from interpolation of the CLDs. 

 Determine the number of cycles to failure, 𝑁. 

 Calculate the damage fraction, 𝐷, for the combined stress. 

 Calculate the total damage for all the cycles. 

 Save results for contour plots. 

The stress cycles considered were limited to proportional loading for each stress component. 

Under more complex, variable loading (from waves or turbulence, for example) the composite 

blades may experience significant non-proportional multi-axial stress states. Hu et al. [3] 

developed a range-mean counting method to count half cycles and calculated the damage due 

to the combined stress state. They found there was a significant impact on the fatigue life of a 

wind turbine blade when the transverse and shear stresses were taken into account. The month 

of tidal current data in the current study was extrapolated to determine the damage accumulation 

in the blade for twenty years of operation.  

7.2.4.3 FE fatigue model comparison 

The fatigue analysis was integrated into a post-processing code in Abaqus and tested against 

several experimental load cases. The test cases were modelled using the appropriate coupon 

geometry (provided in Table 7.7). An example of the coupon models is shown in Figure 7.11. 

One end of the coupon is fully restrained, while a shell edge load is applied to the opposite end. 

Load sequences of 𝑅 = 0.1, −1 and 10 were applied to the models for a range of stress 

amplitudes. 

Two test cases were modelled in addition to the calibration S-N curves (the 0° and 90° test 

results for 𝑅 = 0.1, −1 and 10 loading). The extra test cases were (i) UD coupons cut out from 

the plate at 60° to the fibre orientation and tested for 𝑅 = 0.1 loading and (ii) 0° MD coupons 

tested for 𝑅 = 0.5 loading. The fatigue analysis code determined the damage caused by a single 

load cycle, which was inverted to determine the fatigue life for constant amplitude loading. A 

discussion on the comparison between the FE coupon model results and the experimental data 

is provided in Section 7.3.4.1.  
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Table 7.7 - Coupon geometry for FE test cases. The UD material is from the Optimat test 

database [22] and MD material is from Philippidis and Vassilopoulos [23]. 

Material Orientation (°) Length (mm) Width (mm) Thickness (mm) 

UD 0 145 25 3.76 

UD 90, 60 145 25 6.25 

MD 

(Philippidis) 

0, 90 160 25 2.60 

 

 

Figure 7.11 - Example FE model of the coupons for testing the fatigue analysis code. The stress 

amplitude and boundary conditions are indicated. 

7.2.5 Structural Design Optimisation 

Our previous papers (see [35] and [37]) outline in detail a genetic algorithm approach to the 

constrained structural optimisation of wind turbine blades. The previous studies optimised the 

mass of a wind turbine blade, while retaining or improving structural stiffness for static loading 

conditions. A similar study is performed in the present work to find suitable blade designs for 

the fatigue analysis. This section provides the necessary details on the various aspects of the 

genetic algorithm (GA), which include, 

 Description of a vector of design variables that define the structural layout of the tidal 

turbine blade. 

 Overview of the genetic algorithm operators, such as the crossover and mutation 

procedures. 

 Outline of the operating parameters for the GA, such as population size and total number 

of generations. 

 Description of the objective function used for the multi-objective GA. 

The loading applied to the blade for the optimisation was determined from the operating 

conditions of the turbine at rated power (described in Section 7.3.2). 
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7.2.5.1 GA design variables 

The previous two studies defined the blade structure using a large number of design variables 

(29 and 32 in total). For the present study, a smaller number of variables were used to accelerate 

the optimisation procedure. The variables are shown in Figure 7.12. The blade was split into 

five separate regions along its length, applying a standard layup to the root and tip sections that 

did not vary between designs. The design variables control the number of unidirectional and 

multi-directional plies in the three main sections of the blade, i.e. spanning the region from 1 m 

to 7.5 m along the blade. The blade has two internal shear webs which run from 0.5 m to 7.5 m 

along the length of the blade. 

The number of UD plies in the spar caps for the three regions are controlled by variables 𝒙𝟏 to 

𝒙𝟑, the number of MD plies in the shear webs for the three regions are controlled by variables 

𝒙𝟒 to 𝒙𝟔 and the number of MD plies in the outer shells of the blade are controlled by variables 

𝒙𝟕 to 𝒙𝟗. An additional two design variables control the locations of the ply drops along the 

blade, i.e. the length of region 1 and region 2. These two variables define the distance of the 

first (𝒙𝟏𝟎) and second (𝒙𝟏𝟏) ply drop from the root of the blade. Table 7.8 provides a description 

of the design variables and their upper and lower limits.  

 

Figure 7.12 - Schematic of the blade model showing the design variables used in the genetic 

algorithm. 
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Table 7.8 - Design variables for the genetic algorithm. 

Name Description Minimum Maximum 

𝑥1 Spar cap plies for 𝑅1 10 100 

𝑥2 Spar cap plies for 𝑅2 10 80 

𝑥3 Spar cap plies for 𝑅3 10 80 

𝑥4 Shear web plies for 𝑅1 5 20 

𝑥5 Shear web plies for 𝑅2 5 20 

𝑥6 Shear web plies for 𝑅3 5 20 

𝑥7 Shell plies for 𝑅1 8 30 

𝑥8 Shell plies for 𝑅2 6 24 

𝑥9 Shell plies for 𝑅3 4 20 

𝑥10 Length of 𝑅1 (mm) 1,000 𝑥11 - 500 

𝑥11 Length of 𝑅2 (mm) 𝑥10 + 500 7,500 

7.2.5.2 GA operators and parameters 

The GA utilises genetic operators for crossover, mutation and repair. Crossover and mutation 

are primarily used to recombine the genetic representations of blade designs, to increase genetic 

diversity in the population. The repair strategy was employed to fix design vectors that are 

invalidated from either the crossover or mutation procedures. This occurs when the thickness 

of the shell elements (which is not explicitly modelled in Abaqus) is greater than the distance 

between the inner faces of the blade. The repair strategy has proved effective at increasing the 

efficiency of the search, since members of the population are not immediately rejected without 

consideration. The operating parameters applied in the GA were: 

 A total of 20 individuals in the population. 

 A total of 80 generations. 

 A chance of mutation for each design variable varying from 3% to 5% over the course 

of the analysis. 

Further detailed discussion of the design of the GA operators can be found in the previous 

studies, where the methodology was first developed. 

7.2.5.3 Objective functions 

Two objective functions were defined for the present work. The first is the mass of the blade 

and the second is the tip deflection (i.e. blade stiffness); both objective functions were 

minimised. Reducing the mass of the blade is directly linked to a reduction in material costs, 

while increasing the blade stiffness is necessary to avoid hydro-elastic effects and tower fouling. 

The objective functions are given by, 
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min
 

𝑓(𝑔1(𝒙), 𝑔2(𝒙)) (7.25) 

where, 

𝑔1(𝒙) = 𝑚(𝒙) 

 

(7.26) 

𝑔2(𝒙) = 𝛿𝑡𝑖𝑝(𝒙) 

 

(7.27) 

where 𝛿𝑡𝑖𝑝(𝒙) is the blade tip deflection, 𝑚(𝒙) the blade mass and 𝒙 represents the design 

variables. 

 

7.3 Results and Discussion 

7.3.1 BEMT model validation 

7.3.1.1 BEMT validation against Tidal Bladed 

Figure 7.13 shows a comparison between the BEMT code of the present work and the Tidal 

Bladed program for variables including (i) the axial induction factor, a, (ii) the tangential 

induction factor, a’, (iii) the combined tip and hub loss correction factors and (iv) the flapwise 

and edgewise hydrodynamic loads along the blade. The difference in axial induction factor is 

greatest at the tip and root of the blade, while the tangential induction factor shows the most 

significant variations at the root. From Figure 7.13 (c) it can be seen that Tidal Bladed does not 

apply the tip or hub loss factor at the first blade element. In fact, the difference in loss factors 

appears to be the primary difference between the models and resulted in the variations in 

behaviour for Figure 7.13 (a) and (b). Overall, this has relatively little effect on the turbine 

power and thrust, since the magnitude of the forces at the hub location is small and the effect 

on the bending moments and torque is minimal.  

(a) (b) 
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(c) (d) 

  

Figure 7.13 - Comparison between the BEMT model and Tidal Bladed commercial code for the 

variables: (a) axial induction factor, (b) tangential induction factor, (c) tip/hub loss correction 

factors and (d) relative flow velocity for each element along the length of the blade. 

The method of calculating the shear forces and bending moments along the blade (Equations 

7.19 and 7.20) is another source of difference between the two BEMT models. The present 

work assumes a linearly varying load distribution between blade elements, while most BEMT 

models assume constant loading with stepwise variation between blade elements. This results 

in the higher predictions for power and thrust coefficients in the BEMT from the present work 

than Tidal Bladed, as shown in Figure 7.14. 

 

Figure 7.14 - Comparison between the BEMT model and GH Tidal Bladed commercial code 

for the power coefficient and thrust coefficient for varying tip speed ratio of the turbine. 

7.3.1.2 BEMT validation against Bahaj experiments 

The experimental results from Bahaj et al. are presented as non-dimensional power and thrust 

coefficient curves and are plotted alongside the present numerical model in Figure 7.15. The 

experimental results were corrected for tunnel blockage to represent free stream conditions [14]. 

Figure 7.15 (a) shows the comparisons for power and thrust coefficients for the 0° pitch angle 
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case. The power coefficient predictions matched the experimental data in the TSR range from 

4.5 to 6, while the BEMT over predicted the results at higher TSRs. The thrust predictions were 

less accurate for the range of TSRs (within 10%). The 5° pitch angle case (Figure 7.15 (b)) 

showed closer agreement over a greater range of TSRs (that is, within 7% for 𝐶𝑃 and 19% for 

𝐶𝑇). The turbine was operational up to a TSR of 10 for the 5° pitch angle case, while only 

operating to between 6.5 and 8 TSR for the other three cases. The predictions for the power and 

thrust coefficient were both slightly lower than the experimental results. 

(a) (b) 

  
(c) (d) 

  
Figure 7.15 - Comparison between the BEMT model and Bahaj et al. [14] experimental test 

results for pitch angles of (a) 0o, (b) 5o, (c) 10o and (d) 13o. 

The predictions for the 10° pitch angle case (Figure 7.15 (c)) were quite close (within about 8% 

for 𝐶𝑃 and 17% for 𝐶𝑇) over the range of TSRs, showing more accurate predictions than for the 

5° case. Finally, the predictions were considered satisfactory (within about 8% 𝐶𝑃 and 29% for 

𝐶𝑇) for the 13° pitch angle case in Figure 7.15 (d). Overall, the predictions of the turbine power 

output were better than the thrust for the Bahaj experiments. The BEMT code had difficulty 

with the predictions at high TSR, especially for the thrust coefficient. The reasons for 

differences at high and low TSR are flow separation, 3D flow effects not accounted for by 

BEMT and dynamic flow effects not accounted for in the lift and drag data. 

Bahaj et al. have also modelled the set of experiments with their in-house BEMT code, SERG-

Tidal. The code over-predicted the power coefficient values of the turbine for TSR>7 for all 
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blade pitch angles and, for off-design cases, SERG-Tidal underestimated the thrust coefficients. 

The authors noted that the errors may be due to the large blockage correction factors applied to 

the experimental data.  

7.3.1.3 BEMT validation against Galloway experiments 

The last validation case was against the experimental tests performed by Galloway. Figure 7.16 

shows a comparison between the BEMT model from the present work, the experimental test 

results and the BEMT model developed by Galloway et al. [32]. The BEMT model from the 

present work is equivalent to Galloway’s model from TSR 4 to 6 for the power coefficient, and 

provides slightly better predictions for the thrust coefficient in this range. Our BEMT model 

also predicts the power coefficient better at TSRs greater than 6. However, the Galloway model 

predicts the thrust coefficient more accurately in this range. The Galloway BEMT model 

includes two additional models, a dynamic stall model and a dynamic inflow model. The 

dynamic stall model modifies the lift and drag data to account for flow separation and the 

dynamic inflow model accounts for the fact there is a time delay in the flow field response to 

rapid flow changes before the turbine can return to steady state operation. These two additions 

enable the BEMT model to more accurately account for rapid flow changes due to turbulence 

or wave loading. 

Overall, the BEMT model of the present work provided good predictions for the power and 

thrust of a tidal turbine in the range of tip speed ratios from 4 to 6, with reasonably good 

predictions outside this range. The successful application of the BEMT model at low and high 

tip speed ratio, requires the implementation of dynamic inflow models and more extensive lift-

drag data than was available for the validation cases. 

(a)   (b) 

  
Figure 7.16 - Comparison between the BEMT model from the present study, the experimental 

test results and BEMT model of Galloway et al. [15]. 
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7.3.2 Turbine design and loading 

Figure 7.17 shows the operating conditions for the turbine: (a) the power produced by the 

turbine, (b) the pitch angle of the blades and (c) the rotational speed of the turbine for varying 

tidal current speeds. The cut-in and cut-out speeds were set at current velocities of 1 m/s and 4 

m/s, respectively. The rated flow speed for the turbine is approximately 2.4 m/s, below which 

the turbine rotational speed varies to remain at the optimum tip speed ratio. From 2.4 m/s, the 

rotational speed remains at 10 rpm and the blades pitch on their axis to regulate the power 

generated by the turbine. From the probability distribution for the inflow speeds (Figure 7.6) 

and the power curve in Figure 7.17 (a), the total power generated by the turbine per month can 

be determined. The turbine operates at a rated power of 1 MW for approximately 29% of the 

month, produces power at below 1 MW 51.5% of the month and is not producing any power 

(velocity below cut-in or above cut-out speeds) approximately 19.5% of the month. The result 

is a total of 372 MWhr of power producing capacity for the month. The remainder of this section 

describes the loading applied in the FE models, determined from the application of the BEMT 

model to the site data.  

(a)   (b)  (c) 

   

Figure 7.17 - (a) The power produced by the turbine, (b) the pitch angle of the blades and (c) 

the rotational speed of the turbine for varying tidal current velocity. 

The loading for the blade models in the genetic algorithm was determined from the rated 

operating flow speed (2.4 m/s) of the turbine. The IEC wind turbine test standard [38] defines 

several partial load factors to be applied to the maximum design loads when performing full-

scale testing. These factors account for uncertainties in construction materials, load and test 

scatter. Table 7.9 shows the values of three factors, multiplying them together gives the total 

load factor, 𝜸𝑻, of 1.485. The loading on the blades for the GA was assumed to be the loading 

at the rated flow speed multiplied by 𝜸𝑻. The edgewise and flapwise loads along the length of 

the blade are shown in Figure 7.18. 
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Table 7.9 - Partial safety factors for blade testing from the IEC TS61400-23 wind turbine blade 

test standard [38]. 

𝜸𝒎 partial material factor 𝜸𝒇 partial load factor 𝜸𝒔 partial factor for scatter 

1.0 1.35 1.1 
 

Two sources of variable loads were examined for the fatigue analysis. The first source was the 

unsteady blade loading due to the depth-wise velocity profiles for each tidal velocity bin (Figure 

7.8). The loads for each velocity bin are applied as separate load cases in the FE models. The 

number of cycles per month for each blade is determined from the rotational speed of the turbine 

(Figure 7.17 (c)) and the frequency of each tidal velocity over the course of the month (Figure 

7.6). The resulting number of cycles for each bin for the month of data is shown in Figure 7.19. 

The fatigue analysis code assessed the stress results to find the damage fraction for a single 

rotation of the turbine for each velocity bin. Multiplying the damage fraction by the number of 

cycles allows the determination of the total damage fraction due to the depth-wise velocity 

profile. 

 

Figure 7.18 - The factored design load distributions for the GA FE models. 

The second source of unsteady loading is due to the cycles of the tides. The tidal cycle, shown 

in Figure 7.5, was processed to remove the flow speeds below cut-in and above cut-out. For 

flow speeds above 2.4 m/s, the pitching of the blades was included to accurately account for 

the operation of the turbine throughout the month. The result was a load series consisting of 

approximately 1800 points for each blade element, shown in Figure 7.20. The series were 

applied as a final load case in the FE models. The damage due to the tidal cycle, hence, can be 

determined for the month of operation and extrapolated to 20 years of operation. 
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Figure 7.19 - The number of revolutions of the blades per month in each velocity bin. 

 

Figure 7.20 - The loads due to the tidal cycle with the blade pitching included for a single blade 

element for the month of ADCP data. 

7.3.3 GA structural design 

The results of the optimisation analysis are shown in Figure 7.21, where each point represents 

a blade design in the iterative process to fulfil the two objective functions of minimising the 

blade mass and tip defection. The basic trend in the results is the tip deflection decreases (i.e. 

improved stiffness) as the mass of the blade increases. The rate of improvement in stiffness 

varies, however. Above approximately 2000 kg, the results show significantly less 

improvement in stiffness for changes in blade mass than below 2000 kg. Two blade designs 

were chosen from the solution set for further fatigue analysis (identified as Test Blades in Figure 

7.21). The two designs are defined by their 11 design variables, shown in Table 7.10. Blade 1 

has a tip deflection equal to 4.3% of the blade length (≈ 362 mm) and mass of approximately 
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1540 kg. Blade 2 has a tip deflection equal to 3% of the blade length (≈ 256 mm) and mass of 

approximately 2100 kg. 

Table 7.10 - The design variables for the two blades used in the fatigue analysis. 

 𝒙𝟏 𝒙𝟐 𝒙𝟑 𝒙𝟒 𝒙𝟓 𝒙𝟔 𝒙𝟕 𝒙𝟖 𝒙𝟗 𝒙𝟏𝟎 𝒙𝟏𝟏 

Blade 1 93 31 31 7 11 12 8 6 4 1,000 1,500 

Blade 2 73 64 39 12 19 12 12 6 4 1,000 6,500 

 

 

Figure 7.21 - Results from the multi-objective GA, identifying the two blade designs analysed 

with the fatigue code. 

The thickness of the laminates along the centreline of the spar caps for the two blades is shown 

in Figure 7.22 (a). The thickness of the laminates is constant for each blade from approximately 

0.2 𝐿 to 0.75 𝐿 (where 𝐿 is the length of the blade). However, almost all of the change in 

thickness for Blade 1 is close to the root of the blade, which is likely to result in significant 

stress concentrations due to the large bending moments. The change in thickness in Blade 2 is 

more gradual, with nearly equal drops at 0.3 𝐿 and 0.76 𝐿. Comparing the design variables in 

Table 7.10, the number of MD plies in the hydrodynamic shell variables (𝒙𝟕 − 𝒙𝟗) are almost 

identical. The number of plies in the shear webs (𝒙𝟒 − 𝒙𝟔) are also quite similar. The primary 

difference between the blades is the number of UD plies in regions 2 and 3 of the blade 

(referring to Figure 7.12) and the length of those regions. The three variables controlling these 

features are 𝒙𝟐, 𝒙𝟑, 𝒙𝟏𝟎 and 𝒙𝟏𝟏, respectively.  
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The deflection along the length of the blades, for the rated flow speed of 2.4 m/s, is shown in 

Figure 7.22 (b). The tip deflection for Blade 1 was 180 mm and for Blade 2 was 126 mm for 

the rated operating conditions. Both tip deflections are well below any constraints due to tower 

fouling concerns. The maximum rotation occurred at the tip of the blades, with magnitudes of 

2.8° and 2.1° for Blades 1 and 2, respectively. 

(a)  (b) 

  

 

 

 Figure 7.22 – (a) The thickness of the laminates and (b) the deflections along the centreline of 

the spar caps for the two blade designs. 

7.3.4 Fatigue analysis 

7.3.4.1 Comparison to experimental data 

The fatigue analysis code was tested against fourteen sets of S-N data as described in Section 

7.2.4.3. Figure 7.23 shows the comparison between fatigue model and test data for various R-

ratios for the multi-directional laminate. The results show good agreement for the 0° and 90° 

laminates for the R-ratios that were used to calibrate the model (R = 0.1, -1 and 10). The model 

also shows good prediction of the R = 0.5 data (Figure 7.23 (d)), interpolating between the 

existing S-N curves. 

(a) (b) 
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(c) (d) 

  
Figure 7.23 - Comparison between FE fatigue analysis code and experimental results from 

Philippidis and Vassilopoulos [23] for the multi-directional laminate. Results for longitudinal 

and transverse testing at R-ratios of (a) R = 0.1, (b) R = -1, (c) R = 10.0 and (d) R = 0.5. 

Figure 7.24 shows the comparison between the fatigue model results and experimental data for 

the unidirectional laminate. The predictions show close agreement for the 0° and 90° test data 

that was used in the model calibration. The additional test case for coupons cut off-axis at 60° 

and tested for R = 0.1 loading is highlighted in Figure 7.24 (d). The model prediction is quite 

close and conservative in nature. 

(a)     (b) 

  
(c)     (d) 

  
Figure 7.24 - Comparison between FE fatigue analysis code and experimental results from 

Optimat [22] for the unidirectional laminate. Results for longitudinal and transverse testing at 

R-ratios of (a) R = 0.1, (b) R = -1 and (c) R = 10. Testing of coupons cut off-axis at 60° is also 

shown in (d). 
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7.3.4.2 Blade model fatigue analysis 

Figure 7.25 shows contour plots of the total damage fraction for Blade 1 for 20 years of 

operation. The figure shows the maximum fatigue damage for the section points through the 

thickness of each element. The scale of the contour plots is restricted to a low damage fraction 

value of 2.5% (failure equals 100%), to highlight the regions on the blade where fatigue damage 

was identified. As expected, the regions with large changes in ply thickness near the root of the 

blade resulted in the highest fatigue damage values. The box spar, from 0.12 𝐿 to 0.18 𝐿 along 

the blade, experienced damage due to high stresses, induced by the large bending moments. 

Figure 7.25 also highlights the trailing edge shell, where it connects to the spar cap, at 0.29 𝐿 

along the blade for fatigue damage. The trailing edge shell was found to have a total damage 

value greater than 1, indicating potential fatigue failure. No other location on the blade 

presented fatigue failure. The tension side of the blade exhibited significantly less fatigue 

damage than the compression side. The contour plots show the maximum damage value for the 

element; therefore, it should be noted that the damage in the spar caps is predominantly in the 

UD material. The damage in all other regions of the blade is in the MD material.  

The contribution to the total fatigue damage from the velocity shear layer and the tidal cycles 

was also investigated.  It was determined, for an element on the compression side of the blade 

at 0.15 𝐿, approximately 57% of the damage in the UD plies was caused by the velocity shear 

layer. The velocity shear layer induced fatigue cycles caused negligible damage for the MD 

plies throughout the blade, with the fatigue failure in the trailing edge panels due to the tidal 

cycle fatigue loading. The root region also showed some risk of fatigue damage; however, the 

extremely thick laminates in this region are likely to experience 3D stress states not accounted 

for in the analysis. Additionally, the details of the turbine root-hub connection were not 

explicitly modelled. Further analysis of the root connection region would be required in the 

detailed design stage for the blade. 
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Figure 7.25 - Highlighting the damage regions on Blade 1 for 20 years of operation. 

Figure 7.26 shows contour plots for the total damage fraction for Blade 2 for 20 years of 

operation. The fatigue damage accumulated in Blade 2 was significantly lower than Blade 1 

and no fatigue failure was found in Blade 2. The maximum damage of the contour plot in Figure 

7.26 is 0.1%, to make the damaged regions more visible. As with Blade 1, the regions of the 

blade showing fatigue damage coincided with the locations of changes in thickness of the 

laminates. One of the most prominent damage regions on both blades is centred on the 

compression side spar cap at about 0.16 𝐿. This region is located near major ply drops on both 

blades and the damage is also likely due to the multi-axial stress state caused by the local 

geometry. 

Figure 7.26 highlights two other fatigue damage regions, (i) the leading edge shear web at 

0.76 𝐿 and (ii) the leading edge shell at approximately 0.88 𝐿 along the blade. The point where 

the trailing edge shell laminates meet the spar cap on the compression side of the blade also 
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suffered some fatigue damage, though not to the extent of Blade 1. The laminate thickness in 

this section of the trailing edge should be increased to avoid matrix cracking, and potential 

delamination, of the outer shell from the spar caps. As in Blade 1, the damage in the spar caps 

is predominantly in the UD material, while the damage in the remainder of the blade is to the 

MD material. An investigation of the causes of the fatigue damage revealed that, in the UD 

material, approximately 51% of the damage was due to the velocity shear layer. The damage in 

the MD material was entirely due to the tidal cycles. 

 

 

 

 

Figure 7.26 - Highlighting the damage regions on Blade 2 for 20 years of operation. 
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The three in-plane stress components in the spar caps on both sides of the blades are plotted in 

Figure 7.27 to help illuminate the sources of the fatigue damage. The plots show the stress on 

the outer surface of the UD plies. All three stress components were higher in Blade 1; the peak 

in longitudinal stress at 0.25 𝐿 is 67% greater in magnitude in Blade 2 on the compression side 

of the blade and 79% greater in Blade 2 on the tension side. The cause of the damage region at 

0.16 𝐿 on the compression side spar cap is revealed through consideration of the transverse 

stress in Figure 7.27 (b) and the transverse CLD for the UD material in Figure 7.10 (d). The 

transverse stress in this region transfers from compressive to tensile in nature. The asymmetry 

in Figure 7.10 (d) shows that the tolerance of the UD material to fatigue is much lower in tension 

than in compression. This combined stress state significantly reduces the fatigue life of the 

laminates. Further detailed analysis of the effect of the local blade geometry on the stress state 

is recommended to mitigate this effect. The root cause may be a combination of hydrofoil 

designation, laminate thickness, chord length and twist angle factors.  

(a)     (b) 

  
(c)     (d) 

  
 

Figure 7.27 - (a) Longitudinal, (b) transverse and (c) shear stress distributions along the 

centreline of the spar caps for the UD material for both blades and (d) longitudinal stress 

distribution along the centreline of the spar caps for the MD material for both blades. 
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Figure 7.27 (c) shows the shear stress in the spar caps along the blades. The shear stress reaches 

its peak at about 0.75 L along the blades. This coincides with the locations of some fatigue 

damage in the shear webs in Figure 7.26, hence, additional reinforcement of the box-spar at this 

location may also be necessary. Figure 7.27 (d) shows the longitudinal stress in the outer MD 

plies for comparison with the UD material. The stresses are lower for Blade 2 than Blade 1 and 

both blades show peaks in the stress distribution at the ply drop locations. The locations at 

highest risk of fatigue damage in the blades coincided with sever changes in laminate 

thicknesses. This effect can be mitigated by incrementally applying the changes in thickness 

over a larger distance on the blade, e.g. by implementing the ply drop in increments limited to 

5 mm thickness change per 25 mm blade length. This modification will be included in future 

studies.  

The stress history for an element approximately 0.15 𝐿 along the blade, on the compression 

side spar cap, was analysed using Rainflow counting. Figure 7.28 shows the 3D histogram for 

the longitudinal stress in the UD material, for a month of operation. The highest number of 

cycles were found for mid-to-low mean stress and high stress amplitude cycles. These high 

stress amplitude cycles relate to the operation of the turbine between flood and ebb tides. The 

tidal cycle also resulted in cycles grouped around the low mean stress and low amplitude region.  

 

Figure 7.28 - A Rainflow plot of the longitudinal stress in a spar cap element located at 0.15 𝐿 

along the blade caused by the tidal cycle. 
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The fatigue analysis of the blade models was too computationally expensive to incorporate into 

the genetic algorithm optimisation. To efficiently search the design space each blade model 

needs to be generated, analysed and post-processed in a matter of one to two minutes.  

 

7.4 Conclusions 

This paper presents a fatigue design methodology for composite tidal turbine blades. The 

methodology incorporates hydrodynamic modelling using a blade element momentum theory 

(BEMT) code and structural modelling of blades using FE. The methodology has been applied 

to the design of a blade for a 1 MW tidal turbine. Tidal current data from the Pentland Firth in 

Scotland was used to define the turbine operating conditions and the unsteady blade loading. A 

multi-objective genetic algorithm was used to define the thickness of the laminates in two blade 

designs. The designs represent two options: a lighter, more flexible blade (Blade 1) and a 

heavier, stiffer blade design (Blade 2). The two designs were evaluated using a fatigue analysis 

code. The most important findings from the chapter are: 

 The BEMT model was successfully validated against three sources from the literature 

for a range of turbine scales, hydrofoils types and operating conditions. 

 A fatigue analysis post-processing code was developed and successfully tested against 

S-N curve data. 

 The optimisation analysis produced a set of viable blade designs, two of which were 

analysed using the fatigue analysis code. 

 In the multi-directional laminates, the tidal cycle caused the majority of the fatigue 

damage, while the low amplitude stress cycles induced by the tidal velocity shear layer 

had negligible impact on laminate fatigue life. In the unidirectional laminates, the two 

sources of fatigue caused nearly equal amounts of damage for the two blade designs.  

 Blade 2 demonstrated better structural performance than Blade 1, exhibiting greater 

stiffness and a lower risk of fatigue damage. 

 The application of the fatigue analysis code in the FE models highlighted regions of risk 

in the blades that can be investigated at the detail design and manufacturing stages.  

 The multi-disciplinary design methodology presented in this work is an effective tool 

for tidal turbine blade design. 
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Future Work 

The BEMT model could be extended to take account of yaw misalignment of the turbine. Yaw 

misalignment is unavoidable in some circumstances and the induced fluctuations in the loads 

in extreme cases may impact the fatigue life of the blades. Wave-current interactions and onset 

turbulence in the flow are other factors which should be analysed for their impact on the fatigue 

life of the blades.  
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Table 7.A.1 - Nomenclature. 

𝐶𝑇 local thrust coefficient 

𝑎, 𝑎′ axial and tangential load induction factors 

𝜙 flow angle 

𝐶𝐿, 𝐶𝐷 lift and drag coefficients 

𝜎 rotor solidity 

𝐶𝑃,𝐶𝑇 power and thrust coefficients 

𝐹 combined hub and tip loss factors 

𝑅𝑖𝑛,𝑅𝑜𝑢𝑡 , 𝑟𝑖 inner, outer and blade element radius 

𝑇𝑆𝑅 tip speed ratio 

𝑈 rotor inflow velocity 
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𝜔 angular velocity 

𝑉0 blade element inflow velocity vector 

𝑉𝑟𝑜𝑡 blade element rotational velocity vector 

𝑉𝑟𝑒𝑙 blade element relative velocity vector 

𝑓(𝜙) residual function 

𝛼 angle of attack 

𝛽 hydrodynamic twist angle 

𝐹𝐿 ,𝐹𝐷 lift and drag forces 

𝑓𝑁,𝑓𝑇 forces normal and tangential to the rotor plane 

𝐹𝑉 blade root shear force 

𝑀𝑥 ,𝑀𝑦 bending moments normal and tangential to the rotor plane 

𝑁𝑒𝑙𝑒𝑚 number of blade elements 

𝑥, 𝑦, 𝑧 local blade coordinates 

𝐵𝐸𝑀𝑇 blade element momentum theory 

𝐻𝑤𝑎𝑡𝑒𝑟 mean height of the water column 

𝐻ℎ𝑢𝑏 height of the turbine hub above the sea floor 

𝜃 pitch angle of the blades 

𝑁 number of cycles to failure 

𝑈𝐷,𝑀𝐷 unidirectional and multi-directional laminates 

𝜎𝑎 alternating stress 

𝑋0,𝑘0 S-N curve fit parameters 

𝐷 total damage 

𝑛𝑖  number of cycles for a particular cycle type 

𝐺𝐴 genetic algorithm 

𝒙 vector of design variables 

𝑚(𝒙) blade mass 

𝛿𝑡𝑖𝑝(𝒙) blade tip deflection 

𝛾𝑚, 𝛾𝑓 , 𝛾𝑠, 𝛾𝑇 material, load, scatter and total testing safety factors 

𝜎1, 𝜎2, 𝜎6 in-plane lamina oriented longitudinal, transverse and shear stresses 

𝑋(𝑁), 𝑌(𝑁), 𝑆(𝑁) longitudinal, transverse and shear strengths as a function of number 

of cycles to failure 

𝑋𝑇 , 𝑌𝑇 , 𝑋𝐶 , 𝑌𝐶 tensile longitudinal and transverse static strength and compressive 

longitudinal and transverse static strength 
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Chapter 8. Discussion and conclusions 

 

 

8.1 Chapter Summary 

This chapter summaries the main conclusions of the thesis. Section 8.2 describes the primary 

outcomes from each of the chapters and emphasises the relationships between each. Section 

8.3 provides concluding remarks on the presented work and Section 8.4 offers details on the 

potential for future work continuing from this thesis. 

 

8.2 Thesis Discussion 

The performance of wind and tidal turbine blades is governed by a large number of geometric, 

structural and material variables. The design space encompassing these variables is complex 

and interdependent in nature; it is, in other words, well suited for optimisation. Computational 

modelling provides a low-cost means of exploring the design space, determining the trends in 

structural characteristics and finding locations in blades requiring structural improvement. 

Pairing computational models with optimisation approaches, such as the evolution-inspired 

genetic algorithm, can efficiently and effectively perform these tasks. This thesis outlines the 

development of a novel design methodology for composite blades, which incorporates damage 

mechanics based material modelling, fatigue analysis, hydrodynamic modelling and 

optimisation methods. The results of the methodology have been compared to full-scale 

experimental testing of several wind turbine blade designs. 

Composite blades can be accurately modelled using finite element (FE) analysis tools; however, 

the variety and complexity of the laminate stacking sequences makes the process of creating 
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models particularly time consuming. Therefore, the complete process of model generation was 

implemented in a custom-made Python code. Chapter 3 presented the set-up and operation of 

the code and applied it to the design of a composite tidal turbine blade. The design study 

investigated the use of glass and carbon fibre-reinforced materials in the blade. The 

methodology also incorporated a damage mechanics based material model to assess the risk of 

failure of the laminates and to degrade the mechanical properties according to 

phenomenological damage processes. The risk of failure for several prominent fibre and matrix 

failure modes was determined using the Puck failure theory, which featured prominently in this 

thesis. A user material subroutine (UMAT) implemented the Puck failure theory and material 

stiffness degradation in the FE models. The UMAT failure predictions were compared against 

experimental data for two material systems, demonstrating quite good correlation for the test 

cases. The UMAT was based on the assumption of plane stress in the laminate which is a valid 

assumption for the structural blade model; however, for the unit cell model used in the test cases 

this may not be appropriate. Further three-dimensional analysis and comparison to coupon 

testing is required to confirm the efficacy of the UMAT predictions for a wider range of loading 

conditions. The UMAT was also used in combination with a submodeling analysis to 

investigate the damage to laminates in highly stressed regions of the blade. The loading on the 

turbine blades was determined using a simple hydrodynamic model, based on blade element 

momentum theory (BEMT). It was found, for the concept blade, that a solely glass fibre design 

was unable to satisfy the strength and stiffness requirements and carbon fibre reinforcement 

was necessary to meet the constraints.  

Chapter 4 applied the automated FE methodology to the design of a 13 m long wind turbine 

blade. The FE models were generated using detailed construction data and communication with 

the blade manufacturers. A design optimisation study was carried out using a genetic algorithm 

(GA), with the objective of minimising the blade mass. The genetic algorithm is a metaheuristic 

algorithm which combines strategies for effectively exploring the search space and building on 

the accumulated search experience throughout the optimisation. Chapter 2 provided a 

discussion on the different types of optimisation algorithms available to a blade designer and 

presented examples of their application in different composite and blade design problems. The 

blade design in the study was set up as a constrained combinatorial optimisation problem. The 

various genetic algorithm functions and operators were described in detail and the efficiency of 

the algorithm discussed. Additional constraints were applied to the search algorithm including 

a limit on the tip deflection of the blades and limits on the predicted risk of fibre failure and 
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inter-fibre failure calculated using the Puck failure theory. The UMAT was not applied in this 

study due to the computational cost of its application; however, the failure criteria provided 

insightful constraints on the blade designs generated by the GA. The GA produced blade 

designs with significant improvements in material distribution, hence, reducing the blade mass 

and resultant manufacturing costs. A penalty function was used to constrain the tip deflection 

of the generated blade designs. The power law equation used in the penalty function allowed 

near-optimum designs, with slight infractions on the allowable tip deflection, to be included in 

the analysis, rather than rejecting them. The best performing blade designs in the final 

generation of the algorithm all displayed some measure of penalisation, therefore, this power 

law form of the penalty function was capable of providing flexibility in the selection of designs 

to progress to the next generation. Upon further analysis of the optimum blade designs, it was 

apparent that the thickness of the laminates in some regions of the blade was lower than 

recommended, potentially resulting in local buckling. Hence, this highlighted the necessity to 

test the “optimum” blades for a wider range of failure modes after the initial optimisation study. 

To verify the accuracy of the FE blade models, the predictions were compared to experimental 

results from full-scale static testing. The data for comparison was limited to blade mass and 

flapwise deflection, but the initial comparison was good. The test set up was somewhat 

unconventional, with two blades tested in concert. However, the results of the blade under 

positive flapwise bending representative of a 50 m/s extreme gust loading were used to compare 

against the FE model. In Chapter 2, Section 2.3.3 of this thesis, a discussion of the applicability 

of different modelling methods for wind turbine blades was provided. Using shell elements to 

model the blades may introduce inaccuracies in the prediction of the torsional and buckling 

behaviour of the blades; however, successful prediction of blade mass characteristics is 

typically agnostic of the modelling method used. Further discussion of the comparisons 

between modelling method and experimental tests is provided for Chapters 5 and 6. This study 

represents the first full-scale blade model validation exercise of the thesis, which was expanded 

and refined in the following two chapters. 

Chapter 5 described experimental testing and FE modelling of two distinct blade designs for a 

15 kW wind turbine. Both blades were constructed from glass fibre-reinforced polypropylene 

materials, while one blade was reinforced with carbon fibre-epoxy material in its spar caps. The 

blades were statically tested at several loading levels using a Whiffle tree test rig. FE models 

were generated from the manufacturing specifications for the blades. The comparison of test 

results and FE model predictions were favourable for characteristics including blade mass, 
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deflection, strains, natural frequencies and the location of the centre of gravity. There were 

some discrepancies between the results, the reasons for which were discussed in detail and the 

potential sources of error identified for future study. A laser scanner recorded high fidelity 

measurements of the blade deflection for several of the test cases. An initial check against the 

laser scan data showed that the linear FE models did not accurately capture the edgewise and 

axial (in the direction of the blade length) deflections. The scan results also highlighted some 

important constraints on the test procedure using the Whiffle tree rig and, hence, issues with 

the loading method applied to the FE models. The strain predictions for the carbon fibre blade 

were quite close to the experimental results; however, the predictions of the strains in the glass 

fibre blade were inaccurate at several locations along the blade. Overall, the validation exercise 

was considered successful and gives confidence to the application of the FE design 

methodology in further optimisation studies. Chapter 5 also described the development of the 

design optimisation approach to include a multi-objective genetic algorithm within the 

methodology. The multi-objective GA was based on a modified version of the NSGA-II 

algorithm. This version of the genetic algorithm behaves in much the same way as the version 

in Chapter 4, except two objectives are defined to rank the performance of each blade design. 

The subsequent design study optimised both the mass and stiffness of a glass fibre blade design. 

The conflicting objectives produced a wider variety of blade designs than the single objective 

of mass reduction did in the previous chapter. The result of the optimisation was a set of designs 

with varying combinations of mass and stiffness characteristics. The Pareto optimal set included 

the best possible blade designs within the constraints of the problem and can be used to design 

a new glass fibre blade with improved structural properties in Chapter 6. 

Chapter 6 focused on validating the multi-objective GA through the manufacture and testing 

of a custom-made blade design. To meet manufacturing constraints the blade design generated 

by the GA required some modifications. The optimum blade included significantly wider spar 

caps than the previous designs, which required the removal of some of the spar cap material 

near the trailing edge of the blade to fit into the mold. The modifications to the test blade 

resulted in an over-prediction of the stiffness and mass results by the FE model generated by 

the GA. Since these modifications significantly reduced the predictive capability of the GA for 

the manufactured blade, it may be of value to employ constraints on certain design variables in 

future work, such as the penalty function applied to the tip deflection in Chapter 4. 

Incorporating penalty functions for other characteristics, such as the peak strains in the blade, 

may also improve the blade designs generated by the GA. The fidelity of the shell-based 
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approach was also called into question in the comparison between experimental results and FE 

model predictions. A discussion of the accuracy of several modelling methods was included in 

Chapter 2, which concluded that the gross properties of blades, e.g. blade mass, can be 

accurately captured with shell models; however, solid models are often required to accurately 

capture the torsion and deflection behaviour of the blades. Hence, the large percentage 

difference (16%) in the FE model predictions and test results indicated that an intermediate 

analysis of a solid model of the blades should be conducted after the initial shell-based 

optimisation and before manufacture. The custom-made blade was also compared to the two 

blades tested in Chapter 5 for structural properties including mass, deflection, longitudinal 

strain distribution and natural frequencies. Laser scan results were used to identify the full range 

of blade deflections from point clouds and provide a more accurate comparison to the FE model 

than was previously achieved during testing. The study highlighted the limitations on improving 

the blade stiffness, while only using glass fibre-polypropylene materials. However, the bespoke 

blade showed notable improvements in stiffness and blade strains from the original glass fibre-

polypropylene blade design with a slight reduction in the amount of construction material 

required. Chapter 6 embodied the entire design methodology of the thesis and demonstrates 

the full process of analysing, optimising and testing composite wind turbine blades. 

Finally, Chapter 7 described the advancement of the design methodology to include the fatigue 

analysis of composite materials. The chapter incorporated the developments of the previous 

three chapters and revisited the design of a full-scale tidal turbine blade. The fatigue analysis 

took the form of a post-processing code, calibrated using strength-life test data (S-N curves) 

from the literature for glass fibre polyester materials. The failure theory used in the fatigue 

analysis was based on a Tsai-Wu polynomial stress interaction equation. This method was 

chosen for the analysis since it required fewer material parameters than the Puck theory, 

requiring only the static or fatigue strengths as a function of fatigue life. In addition, there was 

extensive fatigue test data for calibration and validation of the fatigue analysis code for the 

chosen glass fibre materials available through the OPTIMAT materials database. The chapter 

also outlined enhancements to the hydrodynamic (BEMT) model to predict unsteady blade 

loading. The improved BEMT model was applied to actual tidal current data recorded in the 

Pentland Firth in Scotland and the computed blade loading was used in the fatigue analysis of 

the turbine blades. The multi-objective algorithm from Chapter 5 was used to find two 

potential blade designs for the study. The results of the fatigue analysis highlighted regions on 

the blade with a risk of fatigue failure due to material, geometric and loading conditions. In this 
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study, glass fibre-reinforced material was satisfactory to meet design constraints on stiffness 

and fatigue strength. This shows a marked improvement in the design and analysis methodology 

from Chapter 3. The improvement in the blade design was attributed to thicker hydrofoils, 

more accurate loading predictions and the comprehensive multi-objective genetic algorithm 

search method. The conclusion from Chapter 6 on the requirements for solid element blade 

modes can be extended to the results of Chapter 7. The relatively simple set up for the GA 

optimisation resulted in models with large drops in ply thickness, whereas an actual blade would 

be constructed with a more gradual decline in laminate thickness. Shell element models provide 

a prediction of the global far-field stresses and strains in the composite structure and cannot 

accurately predict the effect of stress concentrations at ply drops, hence, the next step in the 

fatigue design should be to construct a more realistic solid element model. However, the shell 

based approach is well suited for use in optimisation studies, due to the low computational cost 

of the FE analyses, and provides a good initial prediction of the blade properties. This fatigue 

study marks one of the most comprehensive analyses of the fatigue loading of tidal turbine 

blades from a structural design perspective. 

 

8.3 Conclusions 

The aim of this thesis was to develop a comprehensive numerical design methodology for 

composite wind and tidal turbine blades and to apply it in design optimisation studies. 

Therefore, a fully automated methodology for generating and analysing structural finite element 

(FE) models of blades was created and the FE model predictions were compared against 

experimental testing of full-scale wind turbine blades. To improve the accuracy of the design 

and analysis capabilities, several additional features were also developed including 

hydrodynamic models for unsteady blade loading, submodeling techniques, and static and 

fatigue damage models. This thesis makes a number of substantial contributions to the field of 

composite turbine blade design. The computational studies advance the state of the art of blade 

design using genetic algorithms and the practical application of the methodology is 

demonstrated through experimental testing. The combination of blade element momentum 

theory, static and fatigue analysis methods and genetic algorithms demonstrates a novel 

contribution to the state of the art for tidal turbine design. The key research outcomes of this 

work are summarised as: 
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 An automated design methodology has been developed that includes damage 

assessment using the Puck failure theory. An initial design study was performed using 

a simple hydrodynamic model for static loading of a tidal turbine blade. The damage 

model was used to identify the changes in the risk of failure modes for the blade in 

several pitched positions. The models identified damage to the transverse and shear 

moduli of the shear web laminates as a primary risk factor for the blades. 

 The design methodology was combined with a genetic search algorithm and the FE 

models were calibrated against physical test data from a full-scale 13 m long wind 

turbine blade. The genetic algorithm was successfully used to optimise the blade mass, 

while retaining the blade’s structural response under an extreme gust load. This resulted 

in designs with up to 23% mass savings, which resolved to over 15% savings on the 

manufacturing costs. The Puck failure theory was employed to provide advanced 

constraints on the designs during optimisation. 

 The accuracy of the FE modelling method was investigated against experimental tests 

on two separate designs for a 4.5 m long wind turbine blade, showing good comparison 

for a range of structural characteristics, although the deflection predictions highlighted 

some issues with the modelling methods. Videometric techniques were used to measure 

the test set-up, which highlighted issues with the test rig and, consequently, the loading 

method in the FE models. A multi-objective optimisation routine was developed and 

performed to improve the stiffness and mass properties of a glass fibre blade. The 

optimisation results identified blade designs with up to 17% improvement in blade 

stiffness or 30% savings in blade mass. The predictive capabilities of the multi-objective 

design methodology were then investigated using a custom-made blade design. The new 

blade demonstrated a 16% improvement in stiffness and a 3% saving in blade mass from 

the original glass fibre blade tested. While the improved blade characteristics 

demonstrate the potential for improvement, discrepancies between the FE model 

predictions and experimental test results indicated that more accurate solid element FE 

models are required before blade manufacture. 

 The design methodology was further developed for the fatigue analysis of composite 

materials and applied to the conceptual design of a 1 MW tidal turbine blade. Realistic 

variable blade loads were considered for the fatigue design, calculated using actual tidal 

current data and an improved hydrodynamic modelling method. The hydrodynamic and 

fatigue modelling approaches were both extensively tested against sources from the 
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literature to ensure the accuracy of their predictions. The result of the methodology was 

a glass fibre-reinforced polymer blade design with low risk of fatigue failure and 

favourable mass and stiffness characteristics. 

 This work presents a design methodology that has been demonstrated for a wide variety 

of blade and turbine designs, materials and loading types. The various aspects of the 

methodology, from hydrodynamic modelling to structural testing, have been rigorously 

tested against experiments conducted in this work or reported in the literature. 

 

8.4 Future Work 

The automated design methodology developed in this work provides the opportunity for a vast 

array of parametric modelling studies to investigate the complex interaction between geometric, 

structural and aerodynamic/hydrodynamic variables for wind and tidal turbine blades. The 

design methodology could be efficiently used to demonstrate the relationships between the 

structural and manufacturing design variables and the levelised cost of energy for the turbines. 

Hence, the blade component of turbine manufacturing costs could be effectively investigated, 

helping to de-risk the industry for future developments. 

One of the main concerns with the application of GAs is determining the most effective values 

for the GA operators, e.g. number of generations, total population, rates of mutation and 

crossover, etc. The GA approaches of Chapters 4 and 5 should be tested to statistically 

determine the effectiveness of their operating parameters. This would be a computationally 

intensive study but would help define which optimisation techniques are most efficient at 

finding solution sets when pairing FE models with GAs. The large datasets generated by these 

GA analyses would provide an interesting opportunity to apply machine learning techniques to:  

(i) Develop meta-models for increasing the speed and flexibility of designing blades. 

(ii) Analyse hidden trends in combinations of structural variables that may not be easily 

determined using traditional (e.g. statistical) techniques. 

The BEMT model presented in Chapter 7 could be further developed to incorporate additional 

sources of variable loading on turbine blades, e.g. due to the turbulence intensity of the flow, 

wave-current interactions or yawed flow effects. Dynamic wake and inflow effects are also a 

concern for tidal turbines operating at low tip speed ratios, due to the large fluctuations in blade 

load associated with these events. Aero-elastic effects can be incorporated into BEMT codes to 
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determine the effect of blade deflections on the aerodynamics of wind turbines (and similarly 

for tidal turbines). These variable loading effects should be considered for their impact on the 

fatigue life of the blade structures. Additionally, the ultimate aim for the tidal turbine industry 

is to build large scale arrays of devices. The operation of tidal turbines in arrays may deviate 

significantly from the operation of a turbine in isolation. Successfully modelling these effects 

could lead to modified blade designs, repair and maintenance strategies with a considerable 

impact on turbine operating and maintenance costs. 

The FE modelling techniques used in the methodology could be enhanced in several ways to 

provide better predictions of the common failure modes of composite blades:  

(i) The focus for the analyses in this work was on in-plane laminate failures and could be 

extended to modelling delamination failures using cohesive zone models. 

(ii) Modelling the blades using solid elements for thick laminates, such as at the root of the 

blade or in the spar caps, would facilitate the prediction of through-thickness stresses 

and their effects on laminate failures. 

(iii) By applying the loads in the blade FE models as pressure distributions (for blade design) 

or by modelling the entire test rig (for blade testing), the accuracy of the predictions 

could be improved.  

The solid element approach is more accurate for predicting the torsional, buckling and 

deflection behaviour of the blades, highlighted by the significant difference in results for shell 

models and experimental test results in Chapter 6. These modelling techniques provide higher 

fidelity predictions of the blade structure and material response; however, their use also comes 

with an associated increase in computational costs, which was unsuitable for the kinds of 

optimisation studies performed in this work. Future work should incorporate an additional solid 

modelling analysis of the blades before manufacture and testing. 

The submodeling method could be improved in future analyses in two ways: (i) generate solid 

element local models of blade sections and use them to analyse the effects of stress 

concentrations around ply drops and (ii) automate the submodeling approach and perform local 

optimisation of the blade sections with more accurate solid models. This second approach could 

be particularly useful in determining the effect of modifications to the GA generated blade 

designs required for manufacturing (such as those described in Chapter 6). 
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While the optimisation methodology for statically loaded wind turbine blades was tested in 

Chapter 6, further testing and validation is required. A resonance fatigue testing rig for the 

scale of wind turbine blades tested in Chapters 5 and 6 has been developed at NUI Galway. 

This presents the opportunity for comparing the results of fatigue testing with the predictions 

of the fatigue analysis methodology presented in Chapter 7. 

It is a goal of the author to create a commercial software package, preliminarily named 

BladeComp, for the design, analysis and structural optimisation of wind and tidal turbine blades 

based on the work in this thesis. 
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Appendix A.    Abaqus user subroutines 

 

 

A.1 Composite Damage UMAT Code 

The damage model, described in Chapter 3, is based on the Puck failure theory for composite 

materials. The model is applied in an Abaqus UMAT code, which is a user subroutine used to 

define a material’s mechanical behaviour. The UMAT is written in the FORTRAN 

programming language. In addition to defining the constitutive material behaviour, solution-

dependent state variables (known as SDVs) can be defined and saved for each integration point. 

The two validation cases from Chapter 3 are plotted in Figure A.1, indicating the inter-fibre 

failure and fibre failure modes in the simulations. The validation data from Puck and 

Schurmann [1] is also included, for a qualitative comparison. Two additional biaxial loading 

test cases are shown. One test case is for the CFRP multi-directional laminate described in 

Chapter 3, while the remaining case is for a 1 mm thick [±45°]𝑆 GFRP laminate. 

 

(a) 
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(b) 

 

(c) 
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(d) 

 
Figure A.1 - Comparison between stress-strain curves predicted by the UMAT and reported by 

the WWFE [1]. (a) The CFRP [0/±45/90]S laminate under uniaxial transverse tension, (b) the 

GFRP [0/90]S laminate under uniaxial longitudinal tension, (c) the GFRP [±45]S laminate 

under biaxial (𝜎𝑦/𝜎𝑥 = 1/1) tension and (d) the CFRP [0/±/45/90]S laminate under biaxial 

(𝜎𝑦/𝜎𝑥 = 2/1) tension.  

 

 

******************************************************************* 

**  UMAT FOR ABAQUS/STANDARD INCORPORATING ELASTIC BEHAVIOUR AND ** 

**          FATIGUE MODULUS REDUCTION FOR SHELL ELEMENTS         ** 

******************************************************************* 

c 

      SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,RPL, 

     1 DDSDDT,DRPLDE,DRPLDT,STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP, 

     2 PREDEF,DPRED,CMNAME,NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS, 

     3 COORDS,DROT,PNEWDT,CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER, 

     4 KSPT,KSTEP,KINC) 

c 

      INCLUDE 'ABA_PARAM.INC' 

c 

      CHARACTER*80 CMNAME 

      CHARACTER*256 OUTDIR 

c 

      DIMENSION STRESS(NTENS),STATEV(NSTATV), 

     1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS), 

     2 STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1), 

     3 PROPS(NPROPS),COORDS(3),DROT(3,3),DFGRD0(3,3),DFGRD1(3,3) 

c     

      REAL Q(NTENS,NTENS), FSTRESS(NTENS), TRAN(NTENS), TRRN(NTENS),     

     & Qb1(NTENS,NTENS), TSTRAN(NTENS), Qb2(NTENS,NTENS),  

     & STRSS(NTENS), STRESS_Inc(NTENS) 

c 

      CALL GETOUTDIR(OUTDIR, LENOUTDIR) 

      OUTDIR = OUTDIR(1:LENOUTDIR)//'/Shel.txt' 

      OPEN(unit=15,file=OUTDIR(1:(LENOUTDIR+9)),status='unknown') 
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c ------------------------------------------------- 

c  MATERIAL PROPERTY SPECIFICATION FOR CFRP & GFRP 

c ------------------------------------------------- 

      IF (PROPS(1) .GE. 1) THEN     ! CFRP 

          Eo1 = 126E3           ! Fibre direction modulus 

          Eo2 = 11E3            ! Transverse direction modulus 

          Eo3 = 11E3            ! Normal direction modulus 

          Go12 = 6.6E3          ! In-plane shear modulus 

          Go13 = 6.6E3          ! Out-of-plane shear modulus 

          Go23 = 6.6E3          ! Out-of-plane shear modulus 

          V12 = 0.28            ! Major Poisson's ratio 

          V32 = 0.4             ! Minor Poisson's ratio 1 

          V13 = 0.4             ! Minor Poisson's ratio 2 

c 

          P_TLT = 0.35          ! Inclination parameter 

          P_TLC = 0.3           ! Inclination parameter 

          P_TTT = 0.27          ! Inclination parameter 

          P_TTC = 0.27          ! Inclination parameter 

c 

          R_TC = 200            ! Transverse compressive strength 

          R_TT = 48             ! Transverse tensile strength 

          R_TL = 79             ! Shear strength 

          R1T = 1950            ! Longitudinal tensile strength 

          R1C = 1480            ! Longitudinal compressive strength 

c 

          FE_th_shear = 0.22    ! Model parameter for Eq(3.11) 

          n_shear = 1.7         ! Model parameter for Eq(3.11) 

          C_shear = 0.6         ! Model parameter for Eq(3.11) 

          Gsaved = 5.4E3    ! Ch3 Ref 13 

     FE_th_tcomp = 0.3 ! Model parameter for Eq(3.10) 

          n_tcomp = 2.5         ! Model parameter for Eq(3.10) 

          C_tcomp = 0.6         ! Model parameter for Eq(3.10) 

          Esaved = 8.9E3   ! Ch3 Ref 13 

c 

          c_E = 5.3             ! Parameters for eta Eq(3.12) 

          XI_E = 1.3            ! Parameters for eta Eq(3.12) 

          eta_rE = 0.03         ! Parameters for eta Eq(3.12)  

          c_G = 0.95            ! Parameters for eta Eq(3.13)  

          XI_G = 1.17           ! Parameters for eta Eq(3.13)  

          eta_rG = 0.67         ! Parameters for eta Eq(3.13)  

c 

          M_sigf = 1.1          ! Mean stress magnification factor 

          EPS_1T = 0.0138       ! Tensile failure strain  

          EPS_1C = 0.01175      ! Compressive failure strain 

          EPS_2T = 0.00436   ! Transverse tensile failure strain 

          EPS_2C = 0.02    ! Transverse comp failure strain 

          EPS_12 = 0.02    ! Shear failure strain 

c 

      ELSEIF (PROPS(1) .LT. 1) THEN     ! GFRP 

          Eo1 = 45.6E3          ! Fibre direction modulus 

          Eo2 = 16.2E3          ! Transverse direction modulus 

          Eo3 = 16.2E3          ! Normal direction modulus 

          Go12 = 5.83E3         ! In-plane shear modulus 

          Go13 = 5.83E3         ! Out-of-plane shear modulus 

          Go23 = 5.83E3         ! Out-of-plane shear modulus 

          V12 = 0.278           ! Major Poisson's ratio 

          V32 = 0.4             ! Minor Poisson's ratio 1 

          V13 = 0.4             ! Minor Poisson's ratio 2 

c 

          P_TLT = 0.30          ! Inclination parameter 

          P_TLC = 0.25          ! Inclination parameter 
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          P_TTT = 0.25          ! Inclination parameter 

          P_TTC = 0.25          ! Inclination parameter 

c 

          R_TC = 145            ! Transverse compressive strength 

          R_TT = 40             ! Transverse tensile strength 

          R_TL = 73             ! Shear strength in Knops 

          R1T = 1280            ! Longitudinal tensile strength 

          R1C = 800             ! Longitudinal compressive strength 

c 

          FE_th_shear = 0.3     ! Model parameter for Eq(3.11) 

          n_shear = 2.0         ! Model parameter for Eq(3.11) 

          C_shear = 0.6         ! Model parameter for Eq(3.11) 

          Gsaved = 5.0E3   ! Ch3 Ref 13 

     FE_th_tcomp = 0.3     ! Model parameter for Eq(3.10) 

          n_tcomp = 3.0         ! Model parameter for Eq(3.10) 

          C_tcomp = 0.6         ! Model parameter for Eq(3.10) 

          Esaved = 14.4E3   ! Ch3 Ref 13 

c                                

          c_E = 5.3             ! Parameters for eta Eq(3.12) 

          XI_E = 1.3            ! Parameters for eta Eq(3.12) 

          eta_rE = 0.03         ! Parameters for eta Eq(3.12)  

          c_G = 0.7             ! Parameters for eta Eq(3.13)  

          XI_G = 1.5            ! Parameters for eta Eq(3.13)  

          eta_rG = 0.25         ! Parameters for eta Eq(3.13)  

c 

          M_sigf = 1.3          ! Mean stress magnification factor 

          EPS_1T = 0.02807      ! Tensile failure strain 

          EPS_1C = 0.01754      ! Compressive failure strain 

          EPS_2T = 0.00246   ! Transverse tensile failure strain 

          EPS_2C = 0.012   ! Transverse comp failure strain 

          EPS_12 = 0.04    ! Shear failure strain 

      ENDIF 

c 

 STATEV(19) = Eo1 

c 

      E1 = Eo1*(1-STATEV(1))        ! Degraded 1-direction modulus 

      E2 = Eo2*(1-STATEV(2))        ! Degraded 2-direction modulus 

      G12 = Go12*(1-STATEV(3))      ! Degraded shear modulus 

      V21 = V12*E2/E1 

      Delta = 1.0 - V12*V21 

c 

      DDSDDE(1,1) = E1/Delta 

      DDSDDE(2,2) = E2/Delta 

      DDSDDE(1,2) = (V12)*DDSDDE(2,2) 

      DDSDDE(1,3) = 0.D0 

      DDSDDE(2,3) = 0.D0 

      DDSDDE(2,1) = DDSDDE(1,2) 

      DDSDDE(3,1) = DDSDDE(1,3) 

      DDSDDE(3,2) = DDSDDE(2,3) 

      DDSDDE(3,3) = G12 

c 

      TSTRAN(1) = 0 

      TSTRAN(2) = 0 

      TSTRAN(3) = 0 

c 

      DO K1=1,3 

        TSTRAN(K1) = STRAN(K1) + DSTRAN(K1) 

      END DO 

c 

      DO K1=1,3 

        DO K2=1,3 
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            STRESS(K2) = STRESS(K2) + DDSDDE(K2,K1)*DSTRAN(K1) 

        END DO 

      END DO 

c 

c     ------------------------ 

c          FIBRE FAILURE 

c     ------------------------ 

c 

      IF (STRESS(1) .GT. 0.0) THEN 

c       Fibre failure in tension 

        FEFF_T = (1/EPS_1T)*(TSTRAN(1) +      

       (V12/(E1))*M_sigf*STRESS(2)) 

        STATEV(4) = FEFF_T 

   

        IF ((FEFF_T .GT. 1.0) .OR. (STRESS(1) .GE. R1T)) THEN 

            STATEV(1) = 0.99 

        ENDIF 

    

      ELSE IF (STRESS(1) .LT. 0.0) THEN 

c       Fibre failure in compression 

        FEFF_C = (1/EPS_1C)*ABS(TSTRAN(1) +  

       (V12/E1)*M_sigf*STRESS(2)) + (10*TSTRAN(3))**2 

        STATEV(5) = FEFF_C 

   

        IF (( FEFF_C .GT. 1.0 ) .OR.  

      ( ABS(STRESS(1)) .GE. R1C )) THEN 

            STATEV(1) = 0.99 

        ENDIF 

   

      ENDIF 

c 

c     ------------------------ 

c       INTER-FIBRE FAILURE 

c     ------------------------ 

c 

c     Mode A 

      IF (STRESS(2) .GT. 0.0) THEN 

         

        ! Test if IFF has already occurred 

        IF (STATEV(11) .LT. 1.0) THEN 

             

            FE_A = SQRT( (ABS(STRESS(3))/R_TL)**2 +  

         (((1 - (P_TLT*R_TT)/R_TL))**2)* 

               ((STRESS(2)/R_TT)**2) ) + (P_TLT*STRESS(2))/R_TL 

            STATEV(6) = FE_A 

            STATEV(9) = 1.0 

             

            STATEV(12) = STATEV(1)  ! Damage to E1 at IFF 

            STATEV(13) = STATEV(2)  ! Damage to E2 at IFF 

            STATEV(14) = STATEV(3)  ! Damage to G12 at IFF 

             

            IF ((FE_A .GT. 1.0)) THEN 

    

                ! Equations (3.12) 

                E_tf = ( (1 - eta_rE)/(1 + c_E*(FE_A - 1)**XI_E) +  

              eta_re )*( Eo2*(1 - STATEV(2)) ) 

                ! Latch and save E_tf 

                IF ((1 - E_tf/Eo2) .GT. STATEV(2)) THEN 

          STATEV(2) = 1 - E_tf/Eo2 

      ENDIF 

                IF (STATEV(2) .GE. 0.99) THEN 



Appendix A. Abaqus User Subroutines 

- A.7 - 

 

    STATEV(2) = 0.99 

      ENDIF 

      ! Equations (3.13) 

                G_tlf = ( (1 - eta_rG)/(1 + c_G*(FE_A - 1)**XI_G) +  

               eta_rG )*( Go12*(1 - STATEV(3)) ) 

                ! Latch and save G_tlf 

                IF ((1 - G_tlf/Go12) .GT. STATEV(10)) THEN 

    STATEV(10) = 1 - G_tlf/Go12 

      ENDIF 

                IF (STATEV(10) .GE. 0.99) STATEV(10) = 0.99 

                IF ((STATEV(10) .GE. STATEV(3)) .AND.  

         (STATEV(10) .LT. 0.99)) THEN  

     STATEV(3) = STATEV(10) 

      ENDIF 

                 

                STATEV(11) = 2.0    ! Flag for IFF-Mode A 

                 

                IF (STRESS(2) .GT. R_TT) STATEV(11) = 2.1 

                 

                ! Save the damage levels for E1, E2, G12 for use in  

      ! calculating the fictive stresses after IFF 

                STATEV(12) = STATEV(1)  ! Damage to E1 at IFF 

                STATEV(13) = STATEV(2)  ! Damage to E2 at IFF 

                STATEV(14) = STATEV(3)  ! Damage to G12 at IFF 

                 

            ELSEIF ((FE_A .LT. 1) .OR. (STRESS(3) .GT. R_TL)) THEN 

                 

                FE_shear = (ABS(STRESS(3))/R_TL) 

                 

                ! Equation (3.11) 

                Gf = Go12 - (((FE_shear + C_shear*(FE_A - FE_shear)- 

                     FE_th_shear)/(1 - FE_th_shear))**n_shear )* 

                     ( Go12 - Gsaved ) 

                 

                IF (((1 - Gf/Go12) .GT. STATEV(3)) .AND.  

                   (FE_A .GT. FE_th_shear)) STATEV(3) = 1 - Gf/Go12 

                IF (STATEV(3) .GE. 0.99) STATEV(3) = 0.99 

                 

                IF (TSTRAN(3) .GT. EPS_12) STATEV(3) = 0.99 

                 

            ENDIF 

             

        ELSEIF (STATEV(11) .GE. 1.0) THEN 

            ! Calculate the 'fictive' stresses 

            Eb1 = Eo1*(1-STATEV(12))   ! Degraded long modulus 

            Eb2 = Eo2*(1-STATEV(13))   ! Degraded transverse modulus 

            Gb12 = Go12*(1-STATEV(14)) ! Degraded shear modulus 

            V12b = 0.31 

            V21b = V12b*Eb2/Eb1 

             

            Deltab = 1-V12b*V21b 

             

            Qb1(1,1) = Eb1/Deltab 

            Qb1(2,2) = Eb2/Deltab 

            Qb1(1,2) = (V21b)*Eb1/Deltab 

            Qb1(1,3) = 0.0 

            Qb1(2,3) = 0.0 

            Qb1(2,1) = Qb1(1,2) 

            Qb1(3,1) = 0.0 

            Qb1(3,2) = 0.0 

            Qb1(3,3) = Gb12  
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            FSTRESS(1) = 0 

            FSTRESS(2) = 0 

            FSTRESS(3) = 0 

             

            DO K1=1,3 

                DO K2=1,3 

                    FSTRESS(K2) = FSTRESS(K2)+Qb1(K2,K1)*TSTRAN(K1) 

                END DO 

            END DO 

             

            ! Calculate FE_A for fictive stresses 

            FE_A = SQRT( (FSTRESS(3)/R_TL)**2 + (((1 -  

                  (P_TLT*R_TT)/R_TL))**2)*((FSTRESS(2)/R_TT)**2) ) +  

             (P_TLT*FSTRESS(2))/R_TL 

            STATEV(6) = FE_A 

            STATEV(9) = 1.0 

             

            ! Equation (3.12) 

            E_tf = ( (1 - eta_rE)/(1 + c_E*(FE_A - 1)**XI_E) +  

               eta_re )*( Eb2 ) 

            IF ((1 - E_tf/Eo2) .GT. STATEV(2)) THEN 

    STATEV(2) = 1 - E_tf/Eo2 

  ENDIF 

            IF (STATEV(2) .GE. 0.99) STATEV(2) = 0.9999 

            ! Equation (3.13) 

            G_tlf = ( (1 - eta_rG)/(1 + c_G*(FE_A - 1)**XI_G) +  

          eta_rG )*( Gb12 ) 

            IF ((1 - G_tlf/Go12) .GT. STATEV(3)) THEN 

     STATEV(3) = 1 - G_tlf/Go12 

  ENDIF 

            IF (STATEV(3) .GE. 0.99) STATEV(3) = 0.9999 

             

        ENDIF 

      ENDIF 

c 

      R_TTA = (R_TL/(2*P_TLC))*(SQRT( 1 + 2*P_TLC*(R_TC/R_TL) ) - 1)   

      TAU_21C = R_TL*(SQRT(1 + 2*P_TTC)) 

c 

      C1 = ABS(STRESS(2)/STRESS(3)) 

      D1 = 1/C1 

      C2 = R_TTA/(ABS(TAU_21C)) 

      D2 = 1/C2 

c 

c     Mode B 

      IF ( (STRESS(2) .LT. 0) .AND. (C1 .LE. C2) .AND.  

      (C1 .GE. 0.0) ) THEN 

       

        ! Test if IFF has already occurred 

        IF (STATEV(15) .LT. 1.0) THEN 

             

            FE_B = (1/R_TL)*( SQRT( STRESS(3)**2 +  

                   (P_TLC*STRESS(2))**2 ) + P_TLC*STRESS(2) ) 

            STATEV(7) = FE_B 

            STATEV(9) = -1.0 

             

  ! Immediately after IFF Mode B 

            IF ((FE_B .GT. 1) .OR. (STRESS(3) .GT. R_TL)) THEN  

     

                FE_tcomp = (1/R_TL)*( SQRT( (P_TLC*STRESS(2))**2 ) +  

                            P_TLC*STRESS(2) ) 
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                ! Equation (3.10) 

                Ef2 = Eo2 - (((FE_tcomp + C_tcomp*(FE_B - FE_tcomp)- 

                      FE_th_tcomp)/(1 - FE_th_tcomp))**n_tcomp )* 

                 ( Eo2 - Esaved ) 

                IF ((1 - Ef2/Eo2) .GT. STATEV(2)) THEN 

                  STATEV(2) = 1 - Ef2/Eo2 

      ENDIF 

                IF (STATEV(2) .GE. 0.99) STATEV(2) = 0.99 

                 

                ! Equation (4.13) 

                G_tlf = ( (1 - eta_rG)/(1 + c_G*(FE_B - 1)**XI_G) +  

           eta_rG )*( Go12*(1 - STATEV(3)) ) 

                IF ((1 - G_tlf/Go12) .GT. STATEV(3)) THEN 

   STATEV(3) = 1 - G_tlf/Go12 

      ENDIF 

                IF (STATEV(3) .GE. 0.99) STATEV(3) = 0.99 

                 

                STATEV(15) = 2.0 

                STATEV(16) = STATEV(1)  ! Damage to E1 at IFF 

                STATEV(17) = STATEV(2)  ! Damage to E2 at IFF 

                STATEV(18) = STATEV(3)  ! Damage to G12 at IFF 

                 

  ! Before IFF Mode B 

            ELSEIF (FE_B .LT. 1) THEN  

                 

                FE_shear = (STRESS(3)/R_TL) 

    ! Equation (3.11) 

                Gf = Go12 - (((FE_shear + C_shear*(FE_B - FE_shear)-  

                     FE_th_shear)/(1 - FE_th_shear))**n_shear )* 

                     ( Go12 - Gsaved ) 

                IF ((1 - Gf/Go12) .GT. STATEV(3)) THEN 

                  STATEV(3) = 1 - Gf/Go12 

      ENDIF 

                IF (STATEV(3) .GE. 0.99) STATEV(3) = 0.99 

                 

                ! Equation (3.10) 

                FE_tcomp = (1/R_TL)*( SQRT( (P_TLC*STRESS(2))**2 ) + 

                            P_TLC*ABS(STRESS(2)) ) 

                Ef = Eo2 - (((FE_tcomp + C_tcomp*(FE_B - FE_tcomp) -  

                     FE_th_tcomp)/(1 - FE_th_tcomp))**n_tcomp )* 

                     ( Eo2 - Esaved ) 

                IF ((1 - Ef/Eo2) .GT. STATEV(2)) THEN 

                  STATEV(2) = 1 - Ef/Eo2 

      ENDIF 

                IF (STATEV(2) .GE. 0.99) STATEV(2) = 0.99 

                 

            ENDIF 

         

        ELSEIF (STATEV(15) .GT. 1.0) THEN 

            ! Calculate the 'fictive' stresses 

            Eb1 = Eo1*(1-STATEV(16))   ! Degraded long modulus 

            Eb2 = Eo2*(1-STATEV(17))   ! Degraded transverse modulus 

            Gb12 = Go12*(1-STATEV(18)) ! Degraded shear modulus 

            V12b = 0.31 

            V21b = V12b*Eb2/Eb1 

             

            Deltab = 1 - V12b*V21b 

             

            Qb1(1,1) = Eb1/Deltab 

            Qb1(2,2) = Eb2/Deltab 

            Qb1(1,2) = (V21b)*Eb1/Deltab 
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            Qb1(1,3) = 0.0 

            Qb1(2,3) = 0.0 

            Qb1(2,1) = Qb1(1,2) 

            Qb1(3,1) = 0.0 

            Qb1(3,2) = 0.0 

            Qb1(3,3) = Gb12 

 

            FSTRESS(1) = 0 

            FSTRESS(2) = 0 

            FSTRESS(3) = 0 

             

            DO K1=1,3 

                DO K2=1,3 

                    FSTRESS(K2) = FSTRESS(K2)+Qb1(K2,K1)*TSTRAN(K1) 

                END DO 

            END DO 

             

            ! Calculate FE_B for fictive stresses 

            FE_B = (1/R_TL)*( SQRT( FSTRESS(3)**2 + 

                   (P_TLC*FSTRESS(2))**2 ) + P_TLC*FSTRESS(2) ) 

            STATEV(7) = FE_B 

            STATEV(9) = -1.0 

             

            FE_tcomp = (1/R_TL)*( SQRT( (P_TLT*FSTRESS(2))**2 ) +  

              P_TLC*FSTRESS(2) ) 

    

  ! Equation (3.10) 

            Ef = Eo2 - ( ((FE_tcomp + C_tcomp*(FE_B - FE_tcomp) -  

                 FE_th_tcomp)/(1 - FE_th_tcomp))**n_tcomp )* 

                 ( Eo2 - Esaved ) 

            IF ((1 - Ef/Eo2) .GT. STATEV(2)) STATEV(2) = 1 - Ef/Eo2 

            IF (STATEV(2) .GE. 0.99) STATEV(2) = 0.99 

             

            ! Equation (3.13) 

            G_tlf = ( (1 - eta_rG)/(1 + c_G*(FE_B - 1)**XI_G) +  

                     eta_rG )*( Gb12 ) 

            IF ((1 - G_tlf/Go12) .GT. STATEV(3)) THEN  

              STATEV(3) = 1 - G_tlf/Go12 

  ENDIF 

            IF (STATEV(3) .GE. 0.99) STATEV(3) = 0.99 

             

        ENDIF 

   

      ELSEIF ( (STRESS(2) .LT. 0) .AND. ((1/C1) .LE. (1/C2)) .AND.  

             ((1/C1). GE. 0.0) ) THEN 

         

c   Mode C 

        FE_C = ((STRESS(3)/(2*(1 + P_TTC)*R_TL))**2 +  

               (STRESS(2)/R_TC)**2)*(R_TC/(-STRESS(2))) 

        STATEV(8) = FE_C 

        STATEV(9) = -2.0 

             

        IF (FE_C .GT. 1) THEN 

             

            COS_THETA_FP = SQRT( (((STRESS(3)/STRESS(2))**2)* 

                           ((R_TTA/R_TL)**2) + 1)/(2*(1 + P_TTC)) ) 

            THETA2 = ACOS(COS_THETA_FP)*180/pi 

             

            WRITE(15,3031) 'Laminate is catastrophically failed' 

            WRITE(15,3030) THETA2 
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        ELSEIF (FE_C .LT. 1) THEN 

             

            FE_shear = (STRESS(3)/R_TL) 

  ! Equation (3.11) 

            Gf = Go12 - ( ((FE_shear + C_shear*(FE_C - FE_shear) -  

                 FE_th_shear)/(1 - FE_th_shear))**n_shear )* 

                 ( Go12 - Gsaved ) 

            IF ((1 - Gf/Go12) .GT. STATEV(3)) THEN 

              STATEV(3) = 1 - Gf/Go12 

  ENDIF 

            IF (STATEV(3) .GE. 0.99) STATEV(3) = 0.99 

             

            FE_tcomp = ((STRESS(2)/R_TC)**2)*(R_TC/(-STRESS(2))) 

  ! Equation (3.10) 

            Ef = Eo2 - ( ((FE_tcomp + C_tcomp*(FE_C - FE_tcomp) -  

                 FE_th_tcomp)/(1 - FE_th_tcomp))**n_tcomp )* 

                 ( Eo2 - Esaved ) 

            IF ((1 - Ef/Eo2) .GT. STATEV(2)) STATEV(2) = 1 - Ef/Eo2 

            IF (STATEV(2) .GE. 0.99) STATEV(2) = 0.99 

             

        ENDIF 

      ENDIF 

c 

3030  FORMAT(36(2x,EN12.3)) 

3031  FORMAT(36(2x,A12)) 

c 

      RETURN 

      END  

 

A.2 Failure Criteria UVARM Code 

Chapter 4 of this work used the values of the Puck stress exposure equations as constraints in 

the optimisation analysis. The stress exposure equations define the risk of failure for each of 

five fibre and inter-fibre failure modes. Hence, the UMAT code was adapted into a user 

subroutine for generating element outputs (UVARM code). The UVARM code uses standard 

variables (SDVs) to save the value of the five stress exposure equations, which can be accessed 

through the Field Output options within Abaqus. 

 

******************************************************************** 

**       UVARM FOR ABAQUS/STANDARD FOR IMPLEMENTING THE PUCK      ** 

**              FAILURE CRITERIA FOR SHELL ELEMENTS               ** 

******************************************************************** 

c 

      SUBROUTINE UVARM(UVAR,DIRECT,T,TIME,DTIME,CMNAME,ORNAME, 

     1 NUVARM,NOEL,NPT,LAYER,KSPT,KSTEP,KINC,NDI,NSHR,COORD, 

     2 JMAC,JMATYP,MATLAYO,LACCFLA) 

c 

      INCLUDE 'ABA_PARAM.INC' 

c 

      CHARACTER*80 CMNAME,ORNAME 

      CHARACTER*3 FLGRAY(15) 

      DIMENSION UVAR(NUVARM),DIRECT(3,3),T(3,3),TIME(2) 

      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*), 
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     1 STRESS(15), STRAIN(15) 

c      

c     DEFINE MATERIAL PROPERTIES: Powder Epoxy GFRP 

      Eo1 = 35E3 ! Fibre direction modulus 

      Eo2 = 11E3 ! Transverse direction modulus 

      Eo3 = 11E3 ! Normal direction modulus 

      Go12 = 4E3 ! In-plane shear modulus 

      Go13 = 4E3 ! Out-of-plane shear modulus 

      Go23 = 4E3 ! Out-of-plane shear modulus 

      V12 = 0.2  ! Major Poisson's ratio 

      V32 = 0.2  ! Minor Poisson's ratio 1 

      V13 = 0.2  ! Minor Poisson's ratio 2 

c 

      P_TLT = 0.30  ! Inclination parameter 

      P_TLC = 0.25  ! Inclination parameter 

      P_TTT = 0.25  ! Inclination parameter 

      P_TTC = 0.25  ! Inclination parameter 

c 

      R_TC = 145   ! Transverse compressive strength 

      R_TT = 40    ! Transverse tensile strength 

      R_TL = 73    ! Shear strength 

c 

      M_sigf = 1.3       ! Mean stress magnification factor 

      EPS_1T = 0.02807   ! Tensile failure strain 

      EPS_1C = 0.01754   ! Compressive failure strain 

c 

c     INITIALISE USER OUPUT VARIABLES 

      UVAR(1) = 0.0     ! FEFF_T 

      UVAR(2) = 0.0     ! FEFF_C 

      UVAR(3) = 0.0     ! FE_A 

      UVAR(4) = 0.0     ! FE_B 

      UVAR(5) = 0.0     ! FE_C 

      UVAR(6) = 0.0     ! MARKER 

c 

c     STRESS TENSOR 

      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP, 

     1 MATLAYO,LACCFLA) 

c  

      STRESS = ARRAY 

c    

c     STRAIN TENSOR 

      CALL GETVRM('E',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP, 

     1 MATLAYO,LACCFLA) 

c 

      STRAIN = ARRAY 

c 

c     FIBRE FAILURE STRESS EXPOSURES 

      IF (STRESS(1) .GT. 0.0) THEN 

        FEFF_T = (1/EPS_1T)*(STRAIN(1) +        

  (V12/(Eo1))*M_sigf*STRESS(2)) 

      ELSEIF (STRESS(1) .LT. 0.0) THEN 

        FEFF_C = (1/EPS_1C)*ABS(STRAIN(1) +       

  (V12/Eo1)*M_sigf*STRESS(2))+ (10*STRAIN(4))**2 

      ENDIF 

c 

c     INTER-FIBRE FAILURE STRESS EXPOSURE MODE A 

      IF (STRESS(2) .GT. 0.0) THEN 

        FE_A = SQRT( (ABS(STRESS(4))/R_TL)**2 + (((1 -        

    (P_TLT*R_TT)/R_TL))**2)*((STRESS(2)/R_TT)**2) )         

+ (P_TLT*STRESS(2))/R_TL 

      ENDIF 
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c 

      R_TTA = (R_TL/(2*P_TLC))*(SQRT( 1 + 2*P_TLC*(R_TC/R_TL) ) - 1) 

      TAU_21C = R_TL*(SQRT(1 + 2*P_TTC)) 

c 

      C1 = ABS(STRESS(2)/STRESS(4)) 

      D1 = 1/C1 

      C2 = R_TTA/(ABS(TAU_21C)) 

      D2 = 1/C2 

c  

c     INTER-FIBRE FAILURE STRESS EXPOSURE MODE B 

      IF((STRESS(2) .LT. 0) .AND. (C1 .LE. C2) .AND. (C1 .GE. 0.0))      

THEN 

        FE_B = (1/R_TL)*( SQRT( STRESS(4)**2 +(P_TLC*STRESS(2))**2 )   

     + P_TLC*STRESS(2) ) 

c 

c     INTER-FIBRE FAILURE STRESS EXPOSURE MODE C 

      ELSEIF ( (STRESS(2) .LT. 0) .AND. ((1/C1) .LE. (1/C2)) .AND.  

     &         ((1/C1). GE. 0.0) ) THEN 

        FE_C = ( (STRESS(4)/(2*(1 + P_TTC)*R_TL))**2 +              

(STRESS(2)/R_TC)**2 )*( R_TC/(-STRESS(2)) ) 

      ENDIF 

c     SAVING STRESS EXPOSURES 

      IF (STRESS(1) .GT. 0.0) THEN 

        UVAR(1) = FEFF_T 

      ELSEIF (STRESS(1) .LT. 0.0) THEN 

        UVAR(2) = FEFF_C 

      ENDIF 

c 

      IF (STRESS(2) .GT. 0.0) THEN 

        UVAR(3) = FE_A 

        UVAR(6) = 1.0 

      ENDIF 

c 

      IF((STRESS(2) .LT. 0) .AND. (C1 .LE. C2) .AND. (C1 .GE. 0.0))    

         THEN 

        UVAR(4) = FE_B 

        UVAR(6) = -1.0 

      ELSEIF ( (STRESS(2) .LT. 0) .AND. ((1/C1) .LE. (1/C2)) .AND.  

     &        ((1/C1). GE. 0.0) ) THEN 

        UVAR(5) = FE_C 

        UVAR(6) = -2.0 

      ENDIF 

c 

      RETURN 

      END 

 

A.3 References 
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Appendix B.    Python blade element momentum 

theory code 

 

 

Section B.1 contains the Python code for the blade element momentum theory (BEMT) model 

described in Chapter 7. A Python class contains modules for various features within the model 

such as: importing/generating the lift and drag data, determining the relative flow for each blade 

element and determining the axial and tangential flow induction factors. After the class 

definition, the main code defines the inputs and runs the BEMT model. Section B.2 contains 

additional modules for running Xfoil (the panel method code used to generate lift and drag data 

for the turbines) and for reading the lift and drag data into the main BEMT code. 

 

B.1 BEMT Code 

""" 

############################################################################### 

##############     Unsteady Blade Element Momentum Theory     ################# 

############################################################################### 

 

Author: Edward M Fagan 

 

Determines the cyclic loading on a tidal turbine blade in a non-uniform  

velocity field. 

 

""" 

 

# Import modules 

from math import pi, cos, sin, degrees, sqrt, exp, acos, sinh, cosh, tanh 

from numpy import zeros, array, average, amax, amin, mean, poly1d, linspace 

from numpy import linalg as LA 

from numpy import cos as mcos 

from numpy import sin as msin 

from numpy import radians as mradians 

from scipy.optimize import brentq, newton 

import string 
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import os 

from Xfoilmodule import Xfoil, ClCd, tLookup, XfoilLoad 

from matplotlib.pyplot import plot, figure, quiver, gca, boxplot, subplots 

from matplotlib import animation 

 

class TTblade: 

     

    def __init__(self, dt, t_end, tsrRange, rad, c, twist, pitch, radi, rado,  

                 hubHeight, maxHeight, wavesOn, amp, Twave, powerLaw,  

                 massInc, mass, locCOG, Inputs, Sects, ac=0.2, rho=1027.0,  

                 kinVisc=1.48E-6, ClGiven=1, ClLoad=2, nblade=3.0, printOut=1, 

                 index=None): 

         

        self.rad = rad                      # Radius 

        self.c = c                          # Chord length 

        self.twist = twist                  # Twist angle 

        self.twisto = [ii for ii in twist] 

        self.dt = dt                        # Time step size 

        self.t_end = t_end                  # Total time 

        timeSteps = int(t_end/dt) 

        self.timeSteps = timeSteps          # Number of time steps 

        self.pitch = pitch                  # Pitch angle 

        self.radi = radi                    # Inner turbine radius 

        self.rado = rado                    # Outer turbine radius 

        self.hubHeight = hubHeight          # Turbine hub location 

        self.maxHeight = maxHeight          # Water column depth 

        self.maxHeight = maxHeight          # Water column depth 

        self.ac = ac                         

        self.rho = rho                      # Fluid density 

        self.kinVisc = kinVisc              # Kinematic viscosity 

        self.ClGiven = ClGiven              # Flag for lift/drag data inputs 

        self.ClLoad = ClLoad                # Flag for using Xfoil 

        self.nblade = nblade                # Number of turbine blades 

        self.wavesOn = wavesOn              # Option for linear waves 

        self.amp = amp                      # Wave amplitude 

        self.Twave = Twave                  # Wave period 

        wavelen = brentq(self.disp, 0.001, 100.0) 

        self.wavelen = wavelen              # Wave length 

        self.pltSize = -maxHeight + hubHeight*0.15 

        if(wavesOn == 1): self.steep = 2*amp/wavelen 

        self.powerLaw = powerLaw            # Shear layer Power Law exponent  

        if (type(powerLaw) == float): 

            self.powerLaw = powerLaw 

        else: 

            polyNom = poly1d(powerLaw)      # Polynomial shear layer fit 

            self.polyNom = polyNom 

        self.index = index 

        self.massInc = massInc              # Flag to include blade mass 

        self.mass = mass                    # Blade mass 

        self.locCOG = locCOG                # Location of the centre of gravity 

         

        self.airfoilLoad = r'C:\Users\09621679\Dropbox\Automatselfn\Airfoils' 

        # Filename for saving the XFOIL results 

        self.filestr = r'Xfoil\\'+'P3_24-8-2016' 

        self.filestrLoad = 'Xfoil\\\\P3_24-8-2016' 

   # Locationn and name of output file 

 self.fileout = r'C:\Users\09621679\Dropbox\BEMT Files\Xfoil\outputs.txt' 

         

        if not os.path.exists(self.filestr): os.makedirs(self.filestr) 

         

        x_dist = [] 

        for xx in xrange(len(rad)): 

            x_dist.append( rad[xx] - rad[0] ) 

        self.x_dist = x_dist 

         

        rad1 = [] 

        for ik in xrange(len(rad)-1): 

            rad1.append( rad[ik] + (rad[ik+1] - rad[ik])/2 ) 

        del(ik) 

        self.rad1 = rad1 
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        self.Inputs = Inputs 

        self.Sects = Sects 

        self.printOut = printOut 

         

        # Output variables 

        self.time = zeros(timeSteps) 

        self.thetd = zeros([timeSteps]) 

         

        self.a_save1 = zeros([int(timeSteps), len(rad)]) 

        self.a_save2 = zeros([int(timeSteps), len(rad)]) 

        self.a_save3 = zeros([int(timeSteps), len(rad)]) 

         

        self.ad_save1 = zeros([int(timeSteps), len(rad)]) 

        self.ad_save2 = zeros([int(timeSteps), len(rad)]) 

        self.ad_save3 = zeros([int(timeSteps), len(rad)]) 

         

        self.alphasave1 = zeros([int(timeSteps), len(rad)]) 

        self.alphasave2 = zeros([int(timeSteps), len(rad)]) 

        self.alphasave3 = zeros([int(timeSteps), len(rad)]) 

         

        self.Cl1save = zeros([int(timeSteps), len(rad)]) 

        self.Cl2save = zeros([int(timeSteps), len(rad)]) 

        self.Cl3save = zeros([int(timeSteps), len(rad)]) 

         

        self.Cd1save = zeros([int(timeSteps), len(rad)]) 

        self.Cd2save = zeros([int(timeSteps), len(rad)]) 

        self.Cd3save = zeros([int(timeSteps), len(rad)]) 

         

        self.Normal1 = zeros([int(timeSteps), len(rad)]) 

        self.Normal2 = zeros([int(timeSteps), len(rad)]) 

        self.Normal3 = zeros([int(timeSteps), len(rad)]) 

         

        self.Tang1 = zeros([int(timeSteps), len(rad)]) 

        self.Tang2 = zeros([int(timeSteps), len(rad)]) 

        self.Tang3 = zeros([int(timeSteps), len(rad)]) 

         

        self.Fx1 = zeros(timeSteps);  

        self.Fx2 = zeros(timeSteps);  

        self.Fx3 = zeros(timeSteps);  

        self.Fy1 = zeros(timeSteps);  

        self.Fy2 = zeros(timeSteps);  

        self.Fy3 = zeros(timeSteps);  

         

        self.Mx1 = zeros(timeSteps);  

        self.Mx2 = zeros(timeSteps);  

        self.Mx3 = zeros(timeSteps);  

        self.My1 = zeros(timeSteps);  

        self.My2 = zeros(timeSteps);  

        self.My3 = zeros(timeSteps);  

         

        self.M1 = zeros(timeSteps);  

        self.M2 = zeros(timeSteps);  

        self.M3 = zeros(timeSteps);  

        self.P1 = zeros(timeSteps);  

        self.P2 = zeros(timeSteps);  

        self.P3 = zeros(timeSteps); 

         

        self.Power = zeros(timeSteps) 

        self.Thrust = zeros(timeSteps) 

        self.Torque = zeros(timeSteps) 

        self.Flapwise = zeros(timeSteps) 

         

        self.Ft_save1 = zeros([int(timeSteps), len(rad)-1]) 

        self.Ft_save2 = zeros([int(timeSteps), len(rad)-1]) 

        self.Ft_save3 = zeros([int(timeSteps), len(rad)-1]) 

         

        self.Fn_save1 = zeros([int(timeSteps), len(rad)-1]) 

        self.Fn_save2 = zeros([int(timeSteps), len(rad)-1]) 

        self.Fn_save3 = zeros([int(timeSteps), len(rad)-1]) 
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        self.Vrelsave1x = zeros([int(timeSteps), len(rad)]) 

        self.Vrelsave2x = zeros([int(timeSteps), len(rad)]) 

        self.Vrelsave3x = zeros([int(timeSteps), len(rad)]) 

         

        self.Vrelsave1y = zeros([int(timeSteps), len(rad)]) 

        self.Vrelsave2y = zeros([int(timeSteps), len(rad)]) 

        self.Vrelsave3y = zeros([int(timeSteps), len(rad)]) 

         

        self.F1_tipsave = zeros([int(timeSteps), len(rad)]) 

        self.F2_tipsave = zeros([int(timeSteps), len(rad)]) 

        self.F3_tipsave = zeros([int(timeSteps), len(rad)]) 

         

        self.F1_hubsave = zeros([int(timeSteps), len(rad)]) 

        self.F2_hubsave = zeros([int(timeSteps), len(rad)]) 

        self.F3_hubsave = zeros([int(timeSteps), len(rad)]) 

         

        self.phi1 = zeros([int(timeSteps), len(rad)]) 

        self.phi2 = zeros([int(timeSteps), len(rad)]) 

        self.phi3 = zeros([int(timeSteps), len(rad)]) 

         

        self.Vmag1 = zeros([int(timeSteps), len(rad)]) 

        self.Vmag2 = zeros([int(timeSteps), len(rad)]) 

        self.Vmag3 = zeros([int(timeSteps), len(rad)]) 

         

        self.Re1 = zeros([int(timeSteps), len(rad)]) 

        self.Re2 = zeros([int(timeSteps), len(rad)]) 

        self.Re3 = zeros([int(timeSteps), len(rad)]) 

         

        self.gravityForceS = zeros(int(timeSteps)) 

        self.gravityMoment = zeros(int(timeSteps)) 

         

        self.locS = zeros([int(timeSteps), len(rad)]) 

         

        self.argSave = [] 

    

    """ Determine the current velocity at the turbine hub """ 

    def hubSpeed(self, tidVel): 

         

        if (type(self.powerLaw) == float): 

            hubFlow = tidVel*((self.hubHeight/self.maxHeight)**(self.powerLaw)) 

        else: 

            hubFlow = self.polyNom(self.hubHeight) 

         

        return hubFlow 

    

    """ Determine the lift and drag values """ 

    def coefficients(self): 

         

        alff = 0 

        ClTable = []; CdTable = []; AlfTable = []; ClmaxTable = []; 

         

        # Load the lift and drag values from input files 

        if ( self.ClGiven == 1 ): 

             

            for inp in range(0, len(self.Inputs)): 

                 

                fin = open(self.Inputs[inp], 'r') 

                lines = fin.readlines() 

                ClTable.append([]); CdTable.append([]); AlfTable.append([]); 

                 

                for m in range(0, len(lines)): 

                    AlfTable[inp].append( float(string.split(lines[m])[0]) ) 

                    ClTable[inp].append( float(string.split(lines[m])[1]) ) 

                    CdTable[inp].append( float(string.split(lines[m])[2]) ) 

         

        # XFOIL module called to create table of lift and drag values 

        elif ( self.ClLoad == 1 ): 

             

            for j in range(0, len(self.Foilname)): 
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                ClTable.append([]); CdTable.append([]);  

                AlfTable.append([]); ClmaxTable.append([]); 

                 

                for i in range(0, len(self.Re)): 

                    # Input for Xfoil 

                    name2 = string.split(self.Foilname[j], '.dat.')[0] + '_Re_'    

                     

                    if os.path.isfile( self.filestr+'\\'+ name2+ str(int(self.Re[i]))+  

                 '.log' ): 

                        # Finds files 

                        Cli, Cdi, alf, Clmax = ClCd( self.filestr+'\\\\' +name2+   

    str(int(self.Re[i]))+ '.log' ) 

                         

                    else: 

                        # Doesn't find files 

                        nameIn = self.Foilname[j] 

                        print 'XfoilLoad begins: Re = ', self.Re[i] 

                        XfoilLoad( nameIn, 150, self.Re[i], alff, self.filestrLoad  

             +"\\\\" + name2+str(int(self.Re[i])) ) 

                         

                        print  name2+str(int(self.Re[i]))+'.log created' 

                 

                        Cli, Cdi, alf, Clmax = ClCd( self.filestr+'\\\\'+name2   

            +str(int(self.Re[i]))+'.log' ) 

                     

                    ClTable[j].append(Cli); CdTable[j].append(Cdi);  

       AlfTable[j].append(alf); ClmaxTable[j].append(Clmax); 

                     

                    del(Cli); del(Cdi); del(alf); del(Clmax); 

                     

        else: 

             

            for j in range(0, len(self.Foilname)): 

                 

                ClTable.append([]); CdTable.append([]);  

   AlfTable.append([]); ClmaxTable.append([]); 

                 

                for i in range(0, len(self.Re)): 

                    # Also input for xfoil 

                    name2 = string.split(self.Foilname[j])[0] +       

        string.split(self.Foilname[j])[1] + '_Re_'    

                     

                    if os.path.isfile( self.filestr+'\\'        

    +name2+str(int(self.Re[i]))+'.log' ): 

                        # Finds files 

                        Cli, Cdi, alf, Clmax = ClCd( self.filestr+'\\'+name2   

      +str(int(self.Re[i]))+'.log' ) 

                         

                    else: 

                        # Doesn't find files 

                        Xfoil( self.Foilname[j], 150, self.Re[i], alff,     

   self.filestr+'\\'+name2+str(int(self.Re[i])) ) 

                         

                        print  name2+str(int(self.Re[i]))+'.log created' 

                 

                        Cli, Cdi, alf, Clmax = ClCd( self.filestr+'\\'+    

          name2+str(int(self.Re[i]))+'.log' ) 

                     

                    ClTable[j].append(Cli); CdTable[j].append(Cdi); 

                    AlfTable[j].append(alf); ClmaxTable[j].append(Clmax); 

                     

                    del(Cli); del(Cdi); del(alf); del(Clmax); 

         

        return ClTable, CdTable, AlfTable 

     

     

    """ Determine the relative velocity for a blade elmeent """ 

    def relVel(self, Vin, t, z_pos): 
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        z_depth = self.maxHeight 

         

        if(self.wavesOn == 1): 

            Vx1 = 0.0 

            Vz1 = 0.0 

             

            k_wave = (2*pi)/self.wavelen       # wave number (rad/m) 

            omeg_wave = (2*pi)/self.Twave      # angular frequency of the wave (rad/s) 

             

            x_loc = 0.0 

            eta = self.amp*cos(k_wave*x_loc - omeg_wave*t*self.dt) 

            z_dash = (z_pos - eta)*(z_depth)/(z_depth + eta) 

            z_pos = z_dash 

             

            # Check for polynomial or else use power law 

            if (type(self.powerLaw) == float): 

                Vx1 = Vx1 + Vin*((z_depth + z_pos)/z_depth)**(self.powerLaw) 

            else: 

                Vx1 = Vx1 + self.polyNom((z_depth + z_pos)) 

                 

            if (self.index is not None): 

                Vx1 = self.index[0]*((z_depth + z_pos))**2 + self.index[1]*((z_depth +   

    z_pos)) + self.index[2] 

                print Vx1, z_depth, z_pos 

             

        else: 

            if (type(self.powerLaw) == float): 

                Vx1 = Vin*((z_depth + z_pos)/z_depth)**(self.powerLaw) 

            else: 

                Vx1 = self.polyNom((z_depth + z_pos)) 

             

            if (self.index is not None): 

                Vx1 = self.index[0]*((z_depth + z_pos))**2 + self.index[1]*((z_depth +  

    z_pos)) + self.index[2] 

             

            Vz1 = 0.0 

         

        return Vx1, Vz1 

     

     

    """ Determine the element transformation matrices """ 

    def trans(self, thetaWing, tidVel): 

         

        BladeSep = pi*2.0/self.nblade 

        BladeSep2 = 2.0*BladeSep 

         

        # Vectors and transformation matrices 

        v1 = array( [ (0.0,), (0.0,), (tidVel,) ] ) 

         

        rt = array( [ (self.hubHeight,), (0.0,), (0.0,) ] ) 

        rs = array( [ (0.0,), (0.0,), (0.0,) ] )  

             

        thetaYaw = 0.0; thetaTilt = 0.0; 

         

        tr1 = array( [ (1.0, 0.0, 0.0), 

                       (0.0, cos(thetaYaw), sin(thetaYaw)), 

                       (0.0, -sin(thetaYaw), cos(thetaYaw)) ] ) 

         

        tr2 = array( [ (cos(thetaTilt), 0.0, -sin(thetaTilt)), 

                       (0.0, 1.0, 0.0), 

                       (sin(thetaTilt), 0.0, cos(thetaTilt)) ] ) 

         

        tr3 = array( [ (1.0, 0.0, 0.0), 

                       (0.0, 1.0, 0.0), 

                       (0.0, 0.0, 1.0) ] ) 

         

        tr12 = tr1.dot(tr2.dot(tr3)) 

         

        tr34 = array( [ (1.0, 0.0, 0.0), 

                        (0.0, 1.0, 0.0), 
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                        (0.0, 0.0, 1.0) ] ) 

         

        tr23b1 = array( [ (cos(thetaWing), sin(thetaWing), 0.0), 

                        (-sin(thetaWing), cos(thetaWing), 0.0), 

                        (0.0, 0.0, 1.0) ] ) 

             

        tr23b2 = array( [ (cos(thetaWing + BladeSep), sin(thetaWing + BladeSep), 0.0), 

                          (-sin(thetaWing + BladeSep), cos(thetaWing+BladeSep), 0.0), 

                          (0.0, 0.0, 1.0) ] ) 

         

        tr23b3 = array( [ (cos(thetaWing+BladeSep2), sin(thetaWing+BladeSep2), 0.0), 

                          (-sin(thetaWing+BladeSep2), cos(thetaWing+BladeSep2), 0.0), 

                          (0.0, 0.0, 1.0) ] ) 

                           

        return v1, rt, rs, tr12, tr34, tr23b1, tr23b2, tr23b3 

     

     

    """ Determine the inflow velocity for a blade element """ 

    def inflowVel(self, tidVel, radial, thetaWing, tstep): 

         

        v1, rt, rs, tr12, tr34, tr23b1, tr23b2, tr23b3 = self.trans(thetaWing, tidVel) 

         

        r4 = array( [ (radial,), (0.0,), (0.0,) ] ) # Position along blade 

         

        # r=positselfn, 1=coordinate system, o=original, 1=blade number 

        r1ob1 = tr12.transpose().dot(tr23b1.transpose() \      

  .dot(tr34.transpose().dot(r4))) 

        r1ob2 = tr12.transpose().dot(tr23b2.transpose() \                                  

.dot(tr34.transpose().dot(r4))) 

        r1ob3 = tr12.transpose().dot(tr23b3.transpose() \              

.dot(tr34.transpose().dot(r4))) 

         

        # rt and rs refer to position of rotor hub 

        r1b1 = r1ob1 + rt + rs   

        r1b2 = r1ob2 + rt + rs 

        r1b3 = r1ob3 + rt + rs 

         

        v1[2][0], v1[1][0] = self.relVel(tidVel, tstep, -r1b1[0][0]) 

        v01 = tr34.dot(tr23b1.dot(tr12.dot(v1))) 

         

        v1[2][0], v1[1][0] = self.relVel(tidVel, tstep, -r1b2[0][0]) 

        v02 = tr34.dot(tr23b2.dot(tr12.dot(v1))) 

         

        v1[2][0], v1[1][0] = self.relVel(tidVel, tstep, -r1b3[0][0]) 

        v03 = tr34.dot(tr23b3.dot(tr12.dot(v1))) 

         

        return v01, v02, v03 

     

     

    """ Determine the angle of attack for a blade element """ 

    def alfa(self, phi, i, tsr, ClTable, CdTable, AlfTable): 

         

        alpha = degrees(phi) - self.twist[i] 

         

        sigma = self.nblade*self.c[i]/(2.0*pi*self.rad[i]) 

         

        # Find the lift and drag coefficients 

        if ( self.ClGiven == 1 ): 

            x2 = self.Sects[i] 

            ii = 0 

            while (alpha > AlfTable[x2][ii]): 

                ii = ii + 1 

            Cl = (ClTable[x2][ii] - ClTable[x2][ii-1])*(alpha -  \ 

     AlfTable[x2][ii-1])/(AlfTable[x2][ii] - AlfTable[x2][ii-1]) \ 

     + ClTable[x2][ii-1] 

            Cd = (CdTable[x2][ii] - CdTable[x2][ii-1])*(alpha - \ 

     AlfTable[x2][ii-1])/(AlfTable[x2][ii] - AlfTable[x2][ii-1]) \ 

     + CdTable[x2][ii-1] 

            del(x2); del(ii) 

            ReCheck = 0 
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        else: 

            LocalRe = self.c[i]*(LA.norm(self.Vloop))/self.kinVisc 

            s1 = self.Sections[i] 

            Cl, Cd, ReCheck = tLookup(alpha, LocalRe, ClTable[s1], CdTable[s1], 

      AlfTable[s1], self.AR, self.Re) 

         

        # Tip and hub loss correction factors 

        Fhub = (2.0/pi)*acos(exp(-(self.nblade/2.0)*((self.rad[i] - \ 

   self.radi)/(self.rad[i]*sin(phi))))) 

         

        # Shen et al correction factor 

        Ftip = (2.0/pi)*acos(exp(-(exp(-0.125*(self.nblade*tsr - 21)))* \ 

  ((self.nblade*(self.rado - self.rad[i]))/(2.0*self.rado*sin(phi))))) 

         

        F = Fhub*Ftip 

         

        kappa = (sigma*(Cl*cos(phi) + Cd*sin(phi))) / (4.0*F*(sin(phi))**2.0) 

         

        if (kappa == -1.0): 

            print 'k = -1' 

         

        if (kappa < (2.0/3.0)): 

            a = kappa / (1.0 + kappa) 

             

        else: 

            if (kappa == (25.0/(18.0*F)) - 1.0): 

                # Avoid a singularity where the denominator for a is zero 

                kappa = kappa + 0.00001    

             

            gamma1 = 2.0*F*kappa - (10.0/9.0 - F) 

            gamma2 = 2.0*F*kappa - F*(4.0/3.0 - F) 

            gamma3 = 2.0*F*kappa - (25.0/9.0 - 2.0*F) 

             

            a = (gamma1 - sqrt(gamma2)) / gamma3 

         

        return a, Cl, Cd, kappa, Ftip, Fhub 

     

     

    """ The objective function for determining the inflow factors a and a' """ 

    def objFunc(self, phi, tidVel, Omega, tsr, i, k, tstep, ClTable, CdTable, AlfTable): 

         

        sigma = self.nblade*self.c[i]/(2.0*pi*self.rad[i]) 

         

        # Calculate the inflow velocity 

        thetaWing = self.thetd[tstep]/180.0*pi 

         

        v01, v02, v03 = self.inflowVel(tidVel, self.rad[i], thetaWing, tstep) 

         

        v00 = array([[ 0. ], [ 0. ], [ 0. ]]) 

         

        if (k == 0): 

            v00[1][0] = v01[1][0] 

            v00[2][0] = v01[2][0] 

        elif (k == 1): 

            v00[1][0] = v02[1][0] 

            v00[2][0] = v02[2][0] 

        elif (k == 2): 

            v00[1][0] = v03[1][0] 

            v00[2][0] = v03[2][0] 

         

        LSR = Omega*self.rad[i]/LA.norm(v00) 

         

        aFunc, Cl, Cd, kappa, Ftip, Fhub = self.alfa(phi, i, tsr, ClTable, CdTable, 

        AlfTable) 

         

        kappa_dash = (sigma*(Cl*sin(phi) - Cd*cos(phi))) \ 

   / (4.0*Ftip*Fhub*sin(phi)*cos(phi)) 

        adash = kappa_dash / (1.0 - kappa_dash) 

         

        if( self.wavesOn == 1 ): 
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            v1, rt, rs, tr12, tr34, tr23b1, tr23b2, tr23b3 = self.trans(thetaWing,  

              tidVel) 

            r4 = array( [ (rad[i],), (0.0,), (0.0,) ] ) # Position along spar 

            # r=position, 1=coordinate system, o=original, 1=blade number 

            r1ob1 = tr12.transpose().dot(tr23b1.transpose() \ 

       .dot(tr34.transpose().dot(r4))) 

            r1ob2 = tr12.transpose().dot(tr23b2.transpose() \ 

       .dot(tr34.transpose().dot(r4))) 

            r1ob3 = tr12.transpose().dot(tr23b3.transpose() \ 

       .dot(tr34.transpose().dot(r4))) 

            # rt and rs refer to position of rotor hub 

            r1b1 = r1ob1 + rt + rs   

            r1b2 = r1ob2 + rt + rs 

            r1b3 = r1ob3 + rt + rs 

             

            k_wave = (2*pi)/self.wavelen          # wave number (rad/m) 

            omeg_wave = (2*pi)/self.Twave 

            omega_enc = omeg_wave + k_wave*tidVel # encounter frequency (rad/s) 

            x_loc = 0.0 

            eta = self.amp*cos(k_wave*x_loc - omeg_wave*tstep*self.dt) 

            if (k == 0): 

                z_pos = -r1b1[0][0] 

            elif (k == 1): 

                z_pos = -r1b2[0][0] 

            else: 

                z_pos = -r1b3[0][0] 

            z_dash = (z_pos - eta)*(self.maxHeight)/(self.maxHeight + eta) 

            z_pos = z_dash 

             

            # Vx = horizontal velocity component (in line with tidal current) 

            # Vz = vertical velocity component 

            Vx = self.amp*omega_enc*( (cosh(k_wave*(z_pos + self.maxHeight))) \ 

    /(sinh(k_wave*self.maxHeight)) )*cos(omega_enc*tstep*self.dt \ 

    - k_wave*x) 

            Vz = self.amp*omega_enc*( (sinh(k_wave*(z_pos + self.maxHeight))) \ 

    /(sinh(k_wave*self.maxHeight)) )*sin(omega_enc*tstep*self.dt \ 

    - k_wave*x) 

             

        else: 

            Vx = 0.0 

            Vz = 0.0 

         

        func = sin(phi)/((1.0 - aFunc) + Vx/LA.norm(v00)*(1.0 - aFunc)) \ 

  - cos(phi)/(LSR*(1.0 + adash) + Vz/LA.norm(v00)*(1 + adash)) 

         

        return func 

     

     

    """ The objective function for the turbine brake case """ 

    def objFuncBrake(self, phi, tidVel, Omega, tsr, i, k, tstep, ClTable, CdTable,  

        AlfTable): 

         

        LSR = Omega*self.rad[i]/tidVel 

         

        aFunc, Cl, Cd, kappa, Ftip, Fhub = self.alfa(phi, i, tsr, ClTable, CdTable,  

          AlfTable) 

         

        sigma = self.nblade*self.c[i]/(2.0*pi*self.rad[i]) 

         

        kappa_dash = (sigma*(Cl*sin(phi) - Cd*cos(phi))) \ 

         / (4.0*Ftip*Fhub*sin(phi)*cos(phi)) 

     

        func = sin(phi)/(1.0 - kappa) - cos(phi)/(1.0 - kappa_dash)/LSR 

         

        return func 

     

     

    """ Save the output variables for each blade """ 

    def outputs(self, tstep, k, i, a, adash, phi, Cl, Cd, Vloop, Ftip, Fhub,  

                Fn, Ft, Vmag, kappa): 
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        if (k == 0): 

            self.a_save1[tstep][i] = a 

            self.ad_save1[tstep][i] = adash 

            self.alphasave1[tstep][i] = degrees(phi) - self.twist[i] 

            self.Cl1save[tstep][i] = Cl 

            self.Cd1save[tstep][i] = Cd 

            self.Vrelsave1x[tstep][i] = Vloop[2][0] 

            self.Vrelsave1y[tstep][i] = Vloop[1][0] 

            self.F1_tipsave[tstep][i] = Ftip 

            self.F1_hubsave[tstep][i] = Fhub 

            self.phi1[tstep][i] = degrees(phi) 

            self.Normal1[tstep][i] = Fn 

            self.Tang1[tstep][i] = Ft 

            self.Vmag1[tstep][i] = Vmag 

             

        elif (k == 1): 

            self.a_save2[tstep][i] = a 

            self.ad_save2[tstep][i] = adash 

            self.alphasave2[tstep][i] = degrees(phi) - self.twist[i] 

            self.Cl2save[tstep][i] = Cl 

            self.Cd2save[tstep][i] = Cd 

            self.Vrelsave2x[tstep][i] = Vloop[2][0] 

            self.Vrelsave2y[tstep][i] = Vloop[1][0] 

            self.F2_tipsave[tstep][i] = Ftip 

            self.F2_hubsave[tstep][i] = Fhub 

            self.phi2[tstep][i] = degrees(phi) 

            self.Normal2[tstep][i] = Fn 

            self.Tang2[tstep][i] = Ft 

            self.Vmag2[tstep][i] = Vmag 

             

        elif (k == 2): 

            self.a_save3[tstep][i] = a 

            self.ad_save3[tstep][i] = adash 

            self.alphasave3[tstep][i] = degrees(phi) - self.twist[i] 

            self.Cl3save[tstep][i] = Cl 

            self.Cd3save[tstep][i] = Cd 

            self.Vrelsave3x[tstep][i] = Vloop[2][0] 

            self.Vrelsave3y[tstep][i] = Vloop[1][0] 

            self.F3_tipsave[tstep][i] = Ftip 

            self.F3_hubsave[tstep][i] = Fhub 

            self.phi3[tstep][i] = degrees(phi) 

            self.Normal3[tstep][i] = Fn 

            self.Tang3[tstep][i] = Ft 

            self.Vmag3[tstep][i] = Vmag 

     

    """ Determine the loads on the turbine blades """ 

    def Loads(self, tstep, Omega): 

         

        for jj in xrange(len(self.rad)-1): 

             

            # Blade 1 

            # Normal force (N) 

            N = self.Normal1[tstep][jj]*(self.x_dist[jj+1] - self.x_dist[jj]) + \ 

  0.5*((self.Normal1[tstep][jj+1] - self.Normal1[tstep][jj]) \ 

  *(self.x_dist[jj+1] - self.x_dist[jj]) ) 

            # Tangential force (N) 

            T = self.Tang1[tstep][jj]*(self.x_dist[jj+1] - self.x_dist[jj]) + \ 

   0.5*( (self.Tang1[tstep][jj+1] - self.Tang1[tstep][jj]) \ 

   *( self.x_dist[jj+1] - self.x_dist[jj]) ) 

            # Save the normal and tangential loads for each blade element 

            self.Ft_save1[tstep][jj] = T/1000.0; self.Fn_save1[tstep][jj] = N/1000.0; 

             

            # Blade 2 

            # Normal force (N) 

            N = self.Normal2[tstep][jj]*( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

   0.5*( (self.Normal2[tstep][jj+1] - self.Normal2[tstep][jj]) \ 

   *( self.x_dist[jj+1] - self.x_dist[jj]) ) 

            # Tangential force (N) 

            T = self.Tang2[tstep][jj]*( self.x_dist[jj+1] - self.x_dist[jj]) + \ 
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  0.5*( (self.Tang2[tstep][jj+1] - self.Tang2[tstep][jj]) \ 

  *( self.x_dist[jj+1] - self.x_dist[jj]) ) 

            # Save the normal and tangential loads for each blade element 

            self.Ft_save2[tstep][jj] = T/1000.0; self.Fn_save2[tstep][jj] = N/1000.0; 

             

            # Blade 3 

            # Normal force (N) 

            N = self.Normal3[tstep][jj]*( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

   0.5*( (self.Normal3[tstep][jj+1] - self.Normal3[tstep][jj]) \ 

   *( self.x_dist[jj+1] - self.x_dist[jj]) ) 

            # Tangential force (N) 

            T = self.Tang3[tstep][jj]*( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

   0.5*( (self.Tang3[tstep][jj+1] - self.Tang3[tstep][jj]) \ 

   *( self.x_dist[jj+1] - self.x_dist[jj]) ) 

            # Save the normal and tangential loads for each blade element 

            self.Ft_save3[tstep][jj] = T/1000.0; self.Fn_save3[tstep][jj] = N/1000.0; 

             

            # Normal force - Total thrust for blade (N) 

            self.Fx1[tstep] = self.Fx1[tstep] + self.Normal1[tstep][jj] \ 

    *( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

    0.5*( (self.Normal1[tstep][jj+1] - \ 

                 self.Normal1[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj]) ) 

            self.Fx2[tstep] = self.Fx2[tstep] + self.Normal2[tstep][jj] \ 

    *( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

    0.5*( (self.Normal2[tstep][jj+1] - \ 

    self.Normal2[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj]) ) 

            self.Fx3[tstep] = self.Fx3[tstep] + self.Normal3[tstep][jj] \ 

    *( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

    0.5*( (self.Normal3[tstep][jj+1] - \ 

    self.Normal3[tstep][jj])*(self.x_dist[jj+1] - \ 

    self.x_dist[jj]) ) 

            # Tangential force (N) 

            self.Fy1[tstep] = self.Fy1[tstep] + self.Tang1[tstep][jj] 

    *( self.x_dist[jj+1] - self.x_dist[jj]) +  

    0.5*( (self.Tang1[tstep][jj+1] -  

    self.Tang1[tstep][jj])*( self.x_dist[jj+1] -  

    self.x_dist[jj]) ) 

            self.Fy2[tstep] = self.Fy2[tstep] + self.Tang2[tstep][jj] \ 

    *( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

    0.5*( (self.Tang2[tstep][jj+1] - \ 

    self.Tang2[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj]) ) 

            self.Fy3[tstep] = self.Fy3[tstep] + self.Tang3[tstep][jj] \ 

    *( self.x_dist[jj+1] - self.x_dist[jj]) + \ 

    0.5*( (self.Tang3[tstep][jj+1] - \ 

    self.Tang3[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj]) ) 

            # Flapwise moment (Nm) 

            self.Mx1[tstep] = self.Mx1[tstep] + 0.5* self.Normal1[tstep][jj] \ 

    *((self.x_dist[jj+1])**2.0 - (self.x_dist[jj])**2.0) +\ 

    (1.0/6.0)*( self.Normal1[tstep][jj+1] - \ 

    self.Normal1[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj])*(2* self.x_dist[jj+1] + \ 

    self.x_dist[jj]) 

            self.Mx2[tstep] = self.Mx2[tstep] + 0.5* self.Normal2[tstep][jj] \ 

    *((self.x_dist[jj+1])**2.0 - (self.x_dist[jj])**2.0) + \ 

    (1.0/6.0)*( self.Normal2[tstep][jj+1] - \ 

    self.Normal2[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj])*(2* self.x_dist[jj+1] + \ 

    self.x_dist[jj]) 

            self.Mx3[tstep] = self.Mx3[tstep] + 0.5* self.Normal3[tstep][jj] \ 

    *((self.x_dist[jj+1])**2.0 - (self.x_dist[jj])**2.0) + \ 

    (1.0/6.0)*( self.Normal3[tstep][jj+1] - \ 

    self.Normal3[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj])*(2* self.x_dist[jj+1] + \ 

    self.x_dist[jj]) 

             

            # Lead(-lag)wise moment (Nm) 
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            self.My1[tstep] = self.My1[tstep] + 0.5* self.Tang1[tstep][jj] \ 

    *((self.x_dist[jj+1])**2.0 - (self.x_dist[jj])**2.0) + \ 

    (1.0/6.0)*( self.Tang1[tstep][jj+1] - \ 

    self.Tang1[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj])*(2* self.x_dist[jj+1] + \ 

    self.x_dist[jj])  

            self.My2[tstep] = self.My2[tstep] + 0.5* self.Tang2[tstep][jj] \ 

    *((self.x_dist[jj+1])**2.0 - (self.x_dist[jj])**2.0) + \ 

    (1.0/6.0)*( self.Tang2[tstep][jj+1] - \ 

    self.Tang2[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj])*(2* self.x_dist[jj+1] + \ 

    self.x_dist[jj])  

            self.My3[tstep] = self.My3[tstep] + 0.5* self.Tang3[tstep][jj] \ 

    *((self.x_dist[jj+1])**2.0 - (self.x_dist[jj])**2.0) + \ 

    (1.0/6.0)*( self.Tang3[tstep][jj+1] - \ 

    self.Tang3[tstep][jj])*( self.x_dist[jj+1] - \ 

    self.x_dist[jj])*(2* self.x_dist[jj+1] + \ 

    self.x_dist[jj]) 

            # Rotor torque (Nm) 

            self.M1[tstep] = self.M1[tstep] + 0.5* self.Tang1[tstep][jj] \ 

    *( (self.rad[jj+1])**2.0 - (self.rad[jj])**2.0 ) + \ 

    (1.0/6.0)*( self.Tang1[tstep][jj+1] - \ 

    self.Tang1[tstep][jj])*( self.rad[jj+1] - \ 

    self.rad[jj])*(2* self.rad[jj+1] + self.rad[jj]) 

            self.M2[tstep] = self.M2[tstep] + 0.5* self.Tang2[tstep][jj] \ 

    *( (self.rad[jj+1])**2.0 - (self.rad[jj])**2.0 ) + \ 

    (1.0/6.0)*( self.Tang2[tstep][jj+1] - \ 

    self.Tang2[tstep][jj])*( self.rad[jj+1] - \ 

    self.rad[jj])*(2* self.rad[jj+1] + self.rad[jj]) 

            self.M3[tstep] = self.M3[tstep] + 0.5* self.Tang3[tstep][jj] \ 

    *( (self.rad[jj+1])**2.0 - (self.rad[jj])**2.0 ) + \ 

    (1.0/6.0)*( self.Tang3[tstep][jj+1] - \ 

    self.Tang3[tstep][jj])*( self.rad[jj+1] - \ 

    self.rad[jj])*(2* self.rad[jj+1] + self.rad[jj]) 

         

        self.gravityMoment[tstep] = self.gravityForceS[tstep]*self.locCOG 

        self.My1[tstep] = self.My1[tstep] + self.gravityMoment[tstep] 

        self.My2[tstep] = self.My2[tstep] + self.gravityMoment[tstep] 

        self.My3[tstep] = self.My3[tstep] + self.gravityMoment[tstep] 

        # Rotor torque (Nm) 

        self.M1[tstep] = self.M1[tstep] + self.gravityMoment[tstep] 

        self.M2[tstep] = self.M2[tstep] + self.gravityMoment[tstep] 

        self.M3[tstep] = self.M3[tstep] + self.gravityMoment[tstep] 

         

        self.P1[tstep] = Omega*self.M1[tstep]/1000.0 

        self.P2[tstep] = Omega*self.M2[tstep]/1000.0 

        self.P3[tstep] = Omega*self.M3[tstep]/1000.0 

         

        self.Torque[tstep] = (self.M1[tstep] + self.M2[tstep] + self.M3[tstep]) \ 

    / 1000.0 

        self.Flapwise[tstep] = self.Mx1[tstep] + self.Mx2[tstep] + self.Mx3[tstep] 

        self.Power[tstep] = Omega*( self.M1[tstep] + self.M2[tstep] \ 

        + self.M3[tstep])/1000.0 # Output in kW 

        self.Thrust[tstep] = (self.Fx1[tstep] + self.Fx2[tstep] \ 

                 + self.Fx3[tstep] )/1000.0  # Total rotor thrust 

     

    """ Module for running the BEMT model """ 

    def UBEMT(self, tidVel, Omega, pitch, rpm, tsr): 

         

        ClTable, CdTable, AlfTable = self.coefficients() 

         

        for tstep in xrange(self.timeSteps): 

             

            self.time[tstep] = tstep*self.dt 

             

            # Using dt as the time step for the analysis 

            thetaWingd = Omega*tstep*self.dt*180.0/pi % 360.0 

            thetaWing = thetaWingd/180.0*pi 

             

            self.thetd[tstep] = thetaWingd 
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            v1, rt, rs, tr12, tr34, tr23b1, tr23b2, tr23b3 = self.trans(thetaWing,  

             tidVel) 

             

            for i in xrange(1, len(self.rad)-1): 

                 

                v01, v02, v03 = self.inflowVel(tidVel, self.rad[i], thetaWing, tstep) 

                 

                for k in xrange(int(self.nblade)): 

                     

                    v00 = array( [ (0.0,), (0.0,), (0.0,) ] ) 

                    Vrot = array([[  0. ], [-Omega*self.rad[i]], [  0. ]]) 

                     

                    if (k == 0): 

                        v00[1][0] = v01[1][0] 

                        v00[2][0] = v01[2][0] 

                    elif (k == 1): 

                        v00[1][0] = v02[1][0] 

                        v00[2][0] = v02[2][0] 

                    elif (k == 2): 

                        v00[1][0] = v03[1][0] 

                        v00[2][0] = v03[2][0] 

                     

                    tol = 0.005 

                     

                    argVals = (tidVel, Omega, tsr, i, k, tstep, ClTable, CdTable,  

     AlfTable) 

                     

                    # Check if solution is in the normal phi range 

                    if (self.objFunc(pi/2.0, tidVel, Omega, tsr, i, k, tstep, ClTable,  

    CdTable, AlfTable) > 0.0): 

                         

                        self.argSave.append([tstep, tol, round(Omega,3), 

                                             tsr, i, k]) 

                        phi = brentq(self.objFunc, tol, pi/2.0, args=argVals) 

                     

                    # Check if solution is in the propeller brake region 

                    elif (self.objFuncBrake(-pi/4.0, tidVel, Omega, tsr, i, k,  

                                            tstep, ClTable, CdTable, AlfTable) < 0.0  

                                            and self.objFuncBrake(tol, tidVel,  

                                            Omega, tsr, i, k, tstep, ClTable,  

                                            CdTable, AlfTable) > 0.0): 

                         

                        phi = brentq(self.objFuncBrake, -pi/4.0, -tol, args=argVals) 

                        print 'Propeller brake' 

                     

                    # Check for solution in remaining momentum/empirical range 

                    else: 

                         

                        phi = brentq(self.objFunc, pi/2.0, pi, args=argVals) 

                        print 'Full range' 

                         

                     

                    # Use the solution for phi to find axial induction factor 

                    a, Cl, Cd, kappa, Ftip, Fhub = self.alfa(phi, i, tsr, ClTable,  

         CdTable, AlfTable) 

                     

                    # Use the solution for phi to find the tangential factor 

                    sigma = self.nblade*self.c[i]/(2.0*pi*self.rad[i]) 

                    kappa_dash = (sigma*(Cl*sin(phi) - Cd*cos(phi))) \ 

        / (4.0*Ftip*Fhub*sin(phi)*cos(phi)) 

                    adash = kappa_dash / (1.0 - kappa_dash) 

                     

                    v00[2][0] = v00[2][0]*(1 - a) 

                    Vrot[1][0] = Vrot[1][0]*(1 + adash) 

                    Vloop = v00 + Vrot 

                     

                    if(k == 0): self.locS[tstep][i] = v00[2][0] 

                     

                    Vmag = LA.norm(Vloop)  
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                    Fn = (Cl*cos(phi) + Cd*sin(phi))*(0.5) 

      *self.rho*self.c[i]*(Vmag)**2.0  # forces/dr 

                    Ft = (Cl*sin(phi) - Cd*cos(phi))*(0.5) 

      *self.rho*self.c[i]*(Vmag)**2.0 

                     

                    self.outputs(tstep, k, i, a, adash, phi, Cl, Cd, Vloop,  

                                 Ftip, Fhub, Fn, Ft, Vmag, kappa) 

                     

                    # Plotting the velocity triangles at each radial location  

                    # and time step 

#                    if (tstep == self.timeSteps-1 and k == 1): 

#                        VecV0 = array( [ [0., 0., -v00[1][0], v00[2][0]],  

#                                       [-v00[1][0], v00[2][0], -(Vrot[1][0]), 0.],  

#                                       [0., 0., -Vloop[1][0], Vloop[2][0]] ] ) 

#         

#                        X1,Y1,U1,V1 = zip(*VecV0) 

#                         

#                        figure() 

#                        ax = gca() 

#                        ax.quiver(X1,Y1,U1,V1,angles='xy',scale_units='xy',scale=1) 

#                        ax.set_xlim([-1,16]) 

#                        ax.set_ylim([-1,4]) 

                     

            if(self.massInc == 1 ): 

                gravityForce = self.mass*9.81*sin(thetaWing) 

            else: 

                gravityForce = 0.0 

             

            self.gravityForceS[tstep] = gravityForce 

             

            self.Loads(tstep, Omega) 

             

        avePower = average(self.Power) 

        aveThrust = average(self.Thrust) 

        aveTorque = average(self.Torque) 

         

        Ptotal = (0.5*self.rho*pi*((self.rad[-1])**2.0)*(tidVel)**3.0)/1000000.0 

        Cp = avePower/Ptotal/1000.0 

        CT = aveThrust/(0.5*self.rho*pi*((self.rad[-1])**2.0)*(tidVel)**2.0)*1000.0 

         

        if (self.printOut == 1): 

            print 'Completed \n' 

            print 'U(m/s) \t\t', round(tidVel,2) 

            print 'v_hub(m/s) \t', round(self.hubSpeed(tidVel) ,2) 

            print 'rpm \t\t', round(rpm, 2) 

            print 'tsr \t\t', round(tsr,3) 

            print 'Pitch(deg) \t', pitch 

            print 'Cp \t\t', round(Cp,3) 

            print 'Ct \t\t', round(CT,3) 

            print 'Power(kW) \t', round(avePower,3) 

            print 'Thrust(kN) \t', round(aveThrust,3) 

            print 'Torque(kNm) \t', round(aveTorque,4) 

 

        return Cp, CT, avePower, aveThrust, aveTorque 

    """ Determine the wavelength of the surface gravity waves """ 

    def disp(self, wavelen): 

         

        g = 9.81 

        omega = (2.0*pi/ self.Twave) 

         

        func = omega - sqrt(g*(2.0*pi/wavelen)*tanh(self.maxHeight*(2.0*pi/wavelen)))  

         

        return func 

 

 

""" Inputs and running the code """ 

if (__name__ == '__main__'): 

     

    # Fatigue designed blade 
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    rad = [1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0,5.5,6.0,6.5,7.0,7.5,8.5,9.0,10.20] 

    c = [0.7,1.7,1.8,1.9,1.9,1.9,1.8,1.7,1.6,1.5,1.4,1.3,1.1,1.0,1.0,0.25] 

    twisto = [15.5,15.5,13.0,11.0,9.0,7.5,6.5,5.5,4.5,3.5,2.5,1.5,1.0,0.0,0.0,0.0] 

    twist = [15.5,15.5,13.0,11.0,9.0,7.5,6.5,5.5,4.5,3.5,2.5,1.5,1.0,0.0,0.0,0.0] 

     

    for x in xrange(14,16): 

        twist[x] = twist[x] + 0.25 

        twisto[x] = twisto[x] + 0.25 

     

    pitch = 0.0 

    radi = 0.5 

    rado = 10.2 

    maxHeight = 33.0    # Sea surface level 

    hubHeight = 16.0    # Hub height => 33-16 = 17 above sea floor 

 

    # Bahaj and Galloway chord values given as c/rado 

    for y in xrange(len(rad)): 

#        c[y] = c[y]*rado 

#        rad[y] = rad[y]*rado 

        twist[y] = twist[y] + pitch 

     

    t_end = 6.0 

    dt = t_end/30.0 

    t_end = t_end/3.0  

     

    # tsrRange = 1 means the TSR will be varied for constant inflow velocity 

    # otherwise TSR will be kept constant for varying inflow velocity 

    tsrRange = 2 

     

    if (tsrRange == 1): 

        tsr = 1.0 

        tidVel = 2.88 

    elif (tsrRange == 2): 

        tidVel = 2.37 

        rpm = 10.0 

    elif (tsrRange == 3): 

        tidVel = 3.0 

        tsr = 5.0 

     

    oneRun = 2 

    if (oneRun == 1): 

        t_end = 1/(rpm/60.0) 

     

    ClGiven = 1 

    ClLoad = 2 

     

    wavesOn = 0         # Let equal 1 for waves, 0 for no waves 

    amp = 0.075         # Amplitude of wave in metres 

    Twave = 2.0         # Period of wave in seconds 

    # The power law for the tidal shear layer. Steady inflow = 0.0 

    powerLaw = 0.0/7.0   

#    powerLaw = polySave[30] 

#    indexInp = [-0.002204816, 0.096331881, 1.461904537] 

    mass = 0.351       # Blade mass in kg 

    locCOG = 0.09757 + 0.021 

    massInc = 2     # Include the blade mass in moment calculations 

     

    # WF Blade 

    Inputs = [r'Cylinder.txt',  

              r'Xfoil\Lift Drag Files\NACA 63245.txt',  

              r'Xfoil\Lift Drag Files\NACA 63242.txt',  

              r'Xfoil\Lift Drag Files\NACA 63235.txt',  

              r'Xfoil\Lift Drag Files\NACA 63232.txt',  

              r'Xfoil\Lift Drag Files\NACA 63230.txt',  

              r'Xfoil\Lift Drag Files\NACA 63228.txt', 

              r'Xfoil\Lift Drag Files\NACA 63226.txt',  

              r'Xfoil\Lift Drag Files\NACA 63225.txt',  

              r'Xfoil\Lift Drag Files\NACA 63224.txt',  

              r'Xfoil\Lift Drag Files\NACA 63222.txt',  

              r'Xfoil\Lift Drag Files\NACA 63220.txt'] 
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    Sects = [0, 1, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 11, 11, 11, 11, 11, 11] 

     

    printOut = 1 

     

    numSteps = 13 

     

    pitchVel = ([[pitch, tidVel]]) 

     

    Psave = zeros([len(pitchVel), numSteps]) 

    Tsave = zeros([len(pitchVel), numSteps]) 

    TorSave = zeros([len(pitchVel), numSteps]) 

    CpSave = zeros([len(pitchVel), numSteps]) 

    CtSave = zeros([len(pitchVel), numSteps]) 

    tsrSave = zeros([len(pitchVel), numSteps]) 

    USave = zeros([len(pitchVel), numSteps]) 

    errorSave = zeros([len(pitchVel), numSteps]) 

     

    print '\n***** Starting Analysis *****\n' 

     

    InstanceSave = [] 

         

    tInp = [16.6, 12.5, 10.4, 8.8, 7.6, 6.7, 6.0, 6.0, 6.0, 6.0, 6.0, 6.0, 6.0] 

    rpmInp = [3.62,4.79,5.77,6.86,7.9,8.98,10.0,10.0,10.0,10.0,10.0,10.0,10.0] 

    tidVelInp = [0.86,1.14,1.37,1.63,1.88,2.13,2.37,2.63,2.88,3.14,3.37,3.63,3.86] 

    pitchInp = [0.0,0.0,0.0,0.0,0.0,0.0,0.0,9.307,12.68,15.575,17.845,20.193,22.121] 

    indexInputs = [[-0.000747048, 0.031087139, 0.5782026], 

      [-0.00117065, 0.047386537, 0.719511566], 

      [-0.001385627, 0.056633251, 0.866406091], 

      [-0.001645067, 0.06919735, 0.994971644], 

      [-0.001793449, 0.077374489, 1.151547267],  

      [-0.002218261, 0.094694619, 1.255248913],  

      [-0.002204816, 0.096331881, 1.461904537],  

      [-0.002263527, 0.104615144, 1.589904579],  

      [-0.002401443, 0.112487327, 1.752869786],  

      [-0.002035664, 0.106523665, 1.982490827],  

      [-0.001983792, 0.107515992, 2.176422711],  

      [-0.002448129, 0.125555567, 2.284526484],  

                   [-0.002550204, 0.135674955, 2.372112534]] 

#    indexInp = None 

    newPitch = [] 

     

    for x in xrange(numSteps): 

         

        t_end = tInp[x] 

        dt = t_end/30.0 

        t_end = t_end/3.0  

         

        rpm = rpmInp[x] 

        tidVel = tidVelInp[x] 

        pitch = pitchInp[x] 

        indexInp = indexInputs[x] 

         

        for y in xrange(len(rad)): twist[y] = twisto[y] + pitch 

         

        if (tsrRange == 1): 

            Omega = tsr/rad[-1]*tidVel 

            rpm = Omega/2.0/pi*60.0 

        elif (tsrRange == 2): 

            Omega = rpm*2.0*pi/60.0 

            tsr = Omega*rad[-1]/tidVel 

        else: 

            Omega = tsr/rad[-1]*tidVel 

            rpm = Omega/2.0/pi*60.0 

         

        if (pitch > 0.0): 

             

            arg1 = (dt, t_end, tsrRange, rad, c, twist, radi, rado, hubHeight,  

       maxHeight, wavesOn, amp, Twave, powerLaw, massInc, mass, locCOG,  

       Inputs, Sects, 2, indexInp) 
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            def func1(pitch, dt, t_end, tsrRange, rad, c, twist, radi, rado, hubHeight,  

         maxHeight, wavesOn, amp, Twave, powerLaw, massInc, mass, locCOG,  

          Inputs, Sects, printOut, indexInp): 

                 

                for y in xrange(len(rad)): twist[y] = twisto[y] + pitch 

                tidalTurbine = TTblade(dt, t_end, tsrRange, rad, c, twist, pitch, radi, 

            rado, hubHeight, maxHeight, wavesOn, amp, Twave,  

      powerLaw, massInc, mass, locCOG, Inputs, Sects,  

      printOut=printOut, index=indexInp) 

 

                Cp, CT, avePower, aveThrust, aveTorque = tidalTurbine.UBEMT(tidVel,  

        Omega, pitch, rpm, tsr) 

                return avePower - 1000.0 

             

            pitch = newton(func1, pitch, args=arg1, maxiter=50) 

         

        newPitch.append(pitch) 

         

        tidalTurbine = TTblade(dt, t_end, tsrRange, rad, c, twist, pitch, radi,  

                               rado, hubHeight, maxHeight, wavesOn, amp,  

                               Twave, powerLaw, massInc, mass, locCOG, Inputs,  

                               Sects, printOut=printOut, index=indexInp) 

         

        Cp, CT, avePower, aveThrust, aveTorque = tidalTurbine.UBEMT(tidVel, Omega,  

                pitch, rpm, tsr) 

         

        Psave[0][x] = avePower 

        Tsave[0][x] = aveThrust*1000.0 

        TorSave[0][x] = aveTorque*1000.0 

        CpSave[0][x] = Cp 

        CtSave[0][x] = CT 

        tsrSave[0][x] = tsr 

        USave[0][x] = tidVel 

         

        if (tsrRange == 1): 

            tsr = tsr + 0.25 

        elif (tsrRange == 2): 

            rpm = rpm + 0.5 

        else: 

            tidVel = tidVel + 0.25 

             

        InstanceSave.append(tidalTurbine) 

         

    OOP = zeros([numSteps, int(t_end/dt)]) 

    IP = zeros([numSteps, int(t_end/dt)]) 

     

    for i in xrange(len(InstanceSave)): 

        OOP[i] = InstanceSave[i].Mx1 

        IP[i] = InstanceSave[i].My1 

         

#    print "OOP: \nMax = {}, \nMin = {}, \nMean = {}, \nMedian = {}".format(amax(OOP),  

#  amin(OOP), mean(OOP), median(OOP)) 

#     

#    print "IP: \nMax = {}, \nMin = {}, \nMean = {}, \nMedian = {}".format(amax(IP),  

#  amin(IP), mean(IP), median(IP)) 

 

B.2 BEMT Code Modules

""" 

############################################################################### 

##########     Unsteady Blade Element Momentum Theory Modules     ############# 

############################################################################### 

 

Author: Edward M Fagan 
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Modules for (i) invoking Xfoil, (ii) loading lift and drag data and  

(iii) looking up values of Cl and Cd in the resulting tables 

 

Runs through -20 > Alpha > 20 in 0.25 degree increments 

 

### Notes on airofil input files ### 

XfoilLoad is used for determining the lift and drag data for a use defined 

airfoil. This airfoil should be saved as_name_.dat, it should have no tabs 

only spaces, its first line should be NACA(or other name) 63215(or other number). 

The file should be located in \Dropbox\BEMT Files. To ensure Xfoil  

completes include airfoil files with at least 160 coordinate points. 

 

""" 

 

# Xfoil path for Windows 

xfoilpath = r"C:\Users\09621679\Dropbox\BEMT Files\Xfoil\xfoil.exe"   

 

import subprocess as sp 

import os 

import shutil 

import sys 

import string 

import time 

import math 

import shlex 

 

# Inputs: Profile name (if in-built in XFOIL), No. of iterations to reach 

# convergence, Reynold's number, alpha counter, file name for outputs. 

 

# Module to run Xfoil 

def Xfoil(name, Iter, Re, a, filename): 

     

    def Cmd(cmd): 

        ps.stdin.write(cmd+'\n') 

     

    ps = sp.Popen([xfoilpath], 

                  stdin=sp.PIPE, 

                  stderr=sp.PIPE, 

                  stdout=sp.PIPE, 

                  shell=True 

                  ) 

    ps.stderr.close() 

     

    Cmd(str(name)) 

    Cmd('PANE') 

    Cmd('PLOP') 

    Cmd('G') 

    Cmd(' ') 

    Cmd('OPER') 

    Cmd('ITER '+str(Iter)) 

    Cmd('Re '+str(Re)) 

    Cmd('VISC '+str(Re)) 

    Cmd('PACC') 

    filename = shlex.split(filename)[0] 

    outputFile = filename+'.log' 

    Cmd(str(outputFile))  # output file   

    Cmd(' ')             # no dump file 

    Cmd('aseq 0.0 20.0 0.25')    # May change to just alpha command 

    Cmd('INIT') 

    Cmd('aseq 0.0 -20.0 -0.25') 

    Cmd('PACC') 

    Cmd(' ')     # escape OPER 

    Cmd('QUIT')  # exit 

    ps.stdout.close() 

    ps.stdin.close() 

    ps.wait() 

 

# Inputs: Profile name (XFOIL ready coordinates need to be saved in files first), 

# No. of iterations to reach convergence, Reynold's number, alpha counter,  

# file name for outputs. 
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# Module to run Xfoil from predefined airfoil 

def XfoilLoad(name, Iter, Re, a, filename): 

     

    def Cmd(cmd): 

        ps.stdin.write(cmd+'\n') 

     

    ps = sp.Popen([xfoilpath], 

                  stdin=sp.PIPE, 

                  stderr=sp.PIPE, 

                  stdout=sp.PIPE, 

                  shell=True 

                  ) 

    ps.stderr.close() 

     

    Cmd('LOAD ' + str(name)) 

    Cmd('PLOP')     # Stops plotter from running 

    Cmd('G')        # Stops plotter from running 

    Cmd(' ') 

    Cmd('PANE') 

    Cmd('OPER') 

    Cmd('ITER '+str(Iter)) 

    Cmd('Re '+str(Re)) 

    Cmd('VISC '+str(Re)) 

    Cmd('PACC') 

    filename = shlex.split(filename)[0] 

    outputFile = filename+'.log' 

    Cmd(str(outputFile))  # output file   

    Cmd(' ')              # no dump file 

    Cmd('alfa 0.0') 

    Cmd('aseq 0.0 20.0 0.25') 

    Cmd('INIT') 

    Cmd('aseq 0.0 -20.0 -0.25') 

    Cmd('PACC') 

    Cmd(' ')     # escape OPER 

    Cmd('QUIT')  # exit 

    ps.stdout.close() 

    ps.stdin.close() 

    ps.wait() 

     

# Module to collect the lift and drag data 

def ClCd(filename): 

 

    alf1 = 0 

    alf2 = 0 

     

    f = open(filename, 'r') 

    flines = f.readlines() 

    f.close() 

    LDmax = 0 

    LDmin = 0 

    CLmin = 0 

    CLmax = 0 

    i1_check = [] 

    i12_check = [] 

    i2_check = [0] 

    i3_check = [] 

    Alpha = [] 

    Cl = [] 

    Cd = [] 

    x = 0 

 

    for i in range(12,len(flines)): 

        words = string.split(flines[i]) 

        Alpha.append(float(words[0])) 

        Cl.append(float(words[1])) 

        Cd.append(float(words[2])) 

        LD = float(words[1])/float(words[2]) 

 if(LD>LDmax and float(words[1]) >= 0.0): # Find max CL/CD 

            LDmax = LD 
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            alf1 = words[0] 

 if(float(words[1]) >= CLmax): # Find max CL 

            CLmax = float(words[1]) 

            i1_check.append(x) 

 if(float(words[1]) <= CLmin): # Find min CL 

            CLmin = float(words[1]) 

            i12_check.append(x) 

        if(float(words[0]) == -0.25): 

            i2_check[0] = x 

        if(float(words[0]) == -0.5 and i2_check == 0): 

            i2_check[0] = x            

        x += 1 

    # Check if i3_check exists, if not use max Cl or min Cl + 4 data points     

    i3_check.append(i1_check[-1]+4) 

    i3_check.append(i12_check[-1]+4) 

    if(i12_check[-1] >= x-5):   # In case the highest lift is at the end of the list 

        i3_check[1] = i3_check[1] - 4 

    Cl2 = [] 

    Cd2 = [] 

    Alpha2 = [] 

    for k in range(i2_check[0]+1, i3_check[1]+1): 

        Alpha2.append(Alpha[k-1]) 

        Cl2.append(Cl[k-1]) 

        Cd2.append(Cd[k-1]) 

    Alpha2.reverse() 

    Cl2.reverse() 

    Cd2.reverse() 

    for j in range(1, i3_check[0]+1): 

        Alpha2.append(Alpha[j-1]) 

        Cl2.append(Cl[j-1]) 

        Cd2.append(Cd[j-1]) 

     

    if (Alpha2[-1] == 0.0): 

        Alpha2.pop(-1); Cl2.pop(-1); Cd2.pop(-1); 

         

    return Cl2, Cd2, Alpha2, CLmax 

 

# Module to lookup the values for Cl and Cd given alpha 

def tLookup(alpha, LocalRe, ClTable, CdTable, AlfTable, AR, Re): 

    # Find the lift and drag coefficients from the Xfoil results or Viterna equations 

    # Use linear interpolation between Re numbers 

    x1 = 0 

    ReCheck = 0 

    while Re[x1] < LocalRe: 

        x1 += 1 

        if (x1 == len(Re) - 1): 

            LocalRe = Re[x1] 

            ReCheck = 1 

            break 

     

    if (x1 == 0): 

        x1 = 1 

        LocalRe = Re[0] 

        ReCheck = -1 

     

    for x2 in range(x1-1, x1+1): # Calculate the lift and drag values for each Re  

         

        Cd_stall = CdTable[x2][-1] 

        Cl_stall = ClTable[x2][-1] 

        alpha_stall = AlfTable[x2][-1] 

         

        Cd_max = 1.11 + 0.018*AR 

        Kd = (Cd_stall - Cd_max*(math.sin(math.radians(alpha_stall)))**2) \ 

       /(math.cos(math.radians(alpha_stall))) 

        Kl = (Cl_stall - Cd_max*math.sin(math.radians(alpha_stall)) \ 

       *math.cos(math.radians(alpha_stall)))*( \ 

        math.sin(math.radians(alpha_stall)) ) \ 

        /( ( math.cos(math.radians(alpha_stall)) )**2 ) 

         

        p1 = 0 
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        ii = 0 

         

        # Calculate Cl and Cd for the calculated angle of attack 

         

        if (alpha < AlfTable[x2][0] and abs(alpha) > AlfTable[x2][-1]): 

            # Viterna for below -20 degrees 

            Cd = Cd_max*(math.sin(math.radians(abs(alpha))))**2.0 + \ 

    Kd*math.cos(math.radians(abs(alpha)))  

            Cl = -0.7*((Cd_max*0.5)*math.sin(2*math.radians(abs(alpha))) + \ 

           Kl*((math.cos(math.radians(abs(alpha))))**2) \ 

           /(math.sin(math.radians(abs(alpha))))) 

        elif (alpha < AlfTable[x2][0] and abs(alpha) < AlfTable[x2][-1]): 

            # The drag is reflected when below the max value found from XFOIL 

            while (abs(alpha) > AlfTable[x2][ii]): 

                ii = ii + 1 

            p1 = 1 

            # The lift is scaled and reflected (from AeroDyn manual) 

            Cl = -0.7*((Cd_max*0.5)*math.sin(2*math.radians(abs(alpha))) + \ 

           Kl*((math.cos(math.radians(abs(alpha))))**2) \ 

                  /(math.sin(math.radians(abs(alpha))))) 

        elif (alpha > AlfTable[x2][-1]): 

            # Viterna for above 20 degrees (technically only up to 90 degrees) 

            Cd = Cd_max*(math.sin(math.radians(alpha)))**2.0 + \ 

    Kd*math.cos(math.radians(alpha)) 

            Cl = (0.5*Cd_max)*math.sin(2*math.radians(alpha)) + \ 

     Kl*((math.cos(math.radians(alpha)))**2) \ 

     /(math.sin(math.radians(alpha))) 

        else: # Within range of values of Cl/Cd from XFOIL 

            while (alpha > AlfTable[x2][ii]): 

                ii = ii + 1 

                 

        if (ii > 0 and p1 == 0): # In XFOIL range 

            Cl = (ClTable[x2][ii] - ClTable[x2][ii-1])*(alpha - \ 

     AlfTable[x2][ii-1])/(AlfTable[x2][ii] - AlfTable[x2][ii-1]) + \ 

     ClTable[x2][ii-1] 

            Cd = (CdTable[x2][ii] - CdTable[x2][ii-1])*(alpha - \ 

     AlfTable[x2][ii-1])/(AlfTable[x2][ii] - AlfTable[x2][ii-1]) + \ 

     CdTable[x2][ii-1] 

             

        elif (p1 == 1): 

            Cd = (CdTable[x2][ii] - CdTable[x2][ii-1])*(alpha - AlfTable[x2][ii-1]) \ 

     /(AlfTable[x2][ii] - AlfTable[x2][ii-1]) + CdTable[x2][ii-1] 

            p1 = 0 # Reset for next time 

 

        if (x2 == x1-1): 

            Cl_Re1 = Cl 

            Cd_Re1 = Cd 

        else: 

            Cl_Re2 = Cl 

            Cd_Re2 = Cd 

 

    Cl = Cl_Re1 + ( (LocalRe - Re[x1-1])/(Re[x1] - Re[x1-1]) )*( Cl_Re2 - Cl_Re1 ) 

    Cd = Cd_Re1 + ( (LocalRe - Re[x1-1])/(Re[x1] - Re[x1-1]) )*( Cd_Re2 - Cd_Re1 ) 

     

    return Cl, Cd, ReCheck 
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Appendix C.    Python fatigue analysis code 

 

 

Section C.1 contains the Python code for the fatigue analysis code described in Chapter 7. A 

module is defined which opens an Abaqus output database and reads in the stress time history 

of each element for the three longitudinal, transverse and shear stress components. Rainflow 

counting is performed on each stress array and the total damage fraction and fatigue life are 

calculated. A contour plot is created of the distribution of damage fractions throughout the 

model. The main program analyses a range of models to test and validate the fatigue analysis 

code. The condtions for each model include: ply angle, material, stress range and R-value. 

Section C.2 contains additional modules for performing the fatigue analysis. This includes a 

module for Rainflow counting and a module to interpolate between R-values in the Constant 

Life Diagrams (CLDs). The static strength and fatigue S-N curve data are contained in the 

CLDinter.py module. 

 

C.1 Fatigue Code

""" 

############################################################################### 

#######################     Fatigue Analysis Code     ######################### 

############################################################################### 

 

Author: Edward M Fagan 

 

""" 

 

from abaqus import *             # Used to enable Abaqus functionality 

from abaqusConstants import *    # Used to enable Abaqus functionality 

import os 

from odbAccess import * 

from odbAccess import openOdb 

from caeModules import * 

from driverUtils import executeOnCaeStartup 
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import displayGroupMdbToolset 

import displayGroupOdbToolset 

from textRepr import * 

from visualization import * 

from section import * 

from numpy import average, isnan 

# Call the function to do rainflow counting  

from FErainflow import Rainflow, CLDinter 

 

def lamFatigueCheck(path2, mat): 

    # Open output databases and save the data 

    path1 = 'C:\\Users\\09621679\\Documents\\FE Analysis\\UMAT\\' 

     

    path = path1 + path2 + '.odb' 

     

    FOname = 'Dam_1_' 

     

    myOdb = openOdb(path=path) 

    step1 = myOdb.steps['Step-1'] 

     

    # Return the full stress arrays for each element and integration point 

    stress_int1 = [] 

    stress_int2 = [] 

    time = [] 

     

    for t in xrange(1, len(step1.frames)): 

        frame = step1.frames[t] 

        # Frame time is 0.25 ahead due to first increment initialising the load 

        time.append( frame.frameValue - 0.25 ) # Determine the timesteps 

        stress_int1.append( frame.fieldOutputs['S'].bulkDataBlocks[0].data ) 

        stress_int2.append( frame.fieldOutputs['S'].bulkDataBlocks[1].data ) 

         

    # Determine the time series of each stress component for each element in  

    # each integration point 

    Element_S11_int1 = [] 

    Element_S22_int1 = [] 

    Element_S12_int1 = [] 

     

    for t1 in xrange(len(stress_int1[0])): 

        Element_S11_int1.append( [ [time[j], k[t1][0]]  for j, k in 

                enumerate(stress_int1)] )   # S11 for each element 

        Element_S12_int1.append( [ [time[j], k[t1][-1]] for j, k in  

          enumerate(stress_int1)] )   # S12 for each element 

        Element_S22_int1.append( [ [time[j], k[t1][1]]  for j, k in  

                enumerate(stress_int1)] )   # S22 for each element 

     

    Element_S11_int2 = [] 

    Element_S22_int2 = [] 

    Element_S12_int2 = [] 

     

    for t1 in xrange(len(stress_int2[0])): 

        Element_S11_int2.append( [ [time[j], k[t1][0]]  for j, k in  

                       enumerate(stress_int2)] )   # S11 for each element 

        Element_S12_int2.append( [ [time[j], k[t1][-1]] for j, k in  

                       enumerate(stress_int2)] )   # S12 for each element 

        Element_S22_int2.append( [ [time[j], k[t1][1]]  for j, k in  

                 enumerate(stress_int2)] )   # S22 for each element 

     

    # Perform cycle counting on the time series for each element and integration point 

    binDims = (10,10) 

     

    elemDamageTotal = [[],[]] # Damage for int1 and int2 

     

    for ind, elemStress in enumerate([[Element_S11_int1, Element_S22_int1, 

      Element_S12_int1], [Element_S11_int2, 

      Element_S22_int2, Element_S12_int2]]): 

         

        elemDamage = [] 

        for j1 in xrange(len(elemStress[0])): 
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            RF_S11 = rainflow(elemStress[0][j1], binDims) 

            RF_S22 = rainflow(elemStress[1][j1], binDims) 

            RF_S12 = rainflow(elemStress[2][j1], binDims) 

                         

            # NB: Check if any R-values are inf or if stresses are zero and 

            # check all RF arrays are equal length 

            Ncycles = [] 

            DamageCycles = [] 

             

            for ik in xrange(len(RF_S11)): 

                if isnan(RF_S11[ik][3]): RF_S11[ik][3] = 0.0 

             

            for ik in xrange(len(RF_S22)): 

                if isnan(RF_S22[ik][3]): RF_S22[ik][3] = 0.0 

             

            for ik in xrange(len(RF_S12)): 

                if isnan(RF_S12[ik][3]): RF_S12[ik][3] = 0.0 

             

            lenTotal = max([len(RF_S11), len(RF_S22), len(RF_S12)]) 

             

            errors = [[],[],[]] 

             

            while( len(RF_S11) < lenTotal ): 

                c1 = len(RF_S11) + 1 

                RF_S11.append( [c1, 0.0, 0.0, 0.1] ) 

                errors[0].append(c1) 

             

            while( len(RF_S22) < lenTotal ): 

                c2 = len(RF_S22) + 1 

                RF_S22.append( [c2, 0.0, 0.0, 0.1] ) 

                errors[1].append(c2) 

             

            while( len(RF_S12) < lenTotal ): 

                c3 = len(RF_S12) + 1 

                RF_S12.append( [c3, 0.0, 0.0, 0.1] ) 

                errors[2].append(c3) 

             

            for i in xrange(len(RF_S11)): 

                 

                RiL = RF_S11[i][3] 

                RiT = RF_S22[i][3] 

                RiS = RF_S12[i][3] 

                sigma1 = RF_S11[i][2] 

                sigma2 = RF_S22[i][2] 

                sigma12 = RF_S12[i][2] 

                 

                Nf = CLDinter(mat, RiL, RiT, RiS, sigma1, sigma2, sigma12) 

                 

                cycs = max([RF_S11[i][1], RF_S22[i][1], RF_S12[i][1]]) 

                 

                Ncycles.append( [cycs, Nf[0]] ) 

                 

                Damage = cycs/Nf[0] 

                DamageCycles.append( Damage ) 

             

            TotalDamage = sum(DamageCycles) 

            EndLife = 1/TotalDamage 

            elemDamage.append(EndLife) 

         

        elemDamageTotal[ind].append( elemDamage ) 

         

    print 'Average lifetime for laminate: ',  

    print round(average(elemDamageTotal),2), ' cycles' 

     

    ## Create a field output for displaying the damage fractions in the model 

    myOdbInstance = myOdb.rootAssembly.instances['PART-1-1'] 

     

    odbSet = myOdb.rootAssembly.elementSets[' ALL ELEMENTS'] 

     

    myFieldOutput = frame.FieldOutput(name=FOname,description='Damage variable',  
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                         type=VECTOR) 

    elemInt = [[elemDamageTotal[0][0][k], elemDamageTotal[1][0][k], 0.0] for k in  

   xrange(len(elemDamageTotal[0][0]))] 

     

    myFieldOutput.addData(position=INTEGRATION_POINT, set=odbSet, data=elemInt) 

     

    myOdb.save() 

    myOdb.close() # Must reopen to take effect in GUI 

     

    return round(average(elemDamageTotal),2) 

     

 

name__ = '__main__' 

 

if (__name__ == '__main__'): 

     

    angles = {'0.0':[['MD', 0.5, 62.5, 3.5],  

                     ['MD',10.0, 94.9, 6.9],  

                     ['MD',-1.0, 105.0, 7.0],   

                     ['MD',0.1, 100.8, 8.8],  

                     ['UD',10.0, 258.6, 39.9],  

                     ['UD',-1.0, 283.8, 28.6],  

                     ['UD',0.1, 281.9, 37.4]],   

              '90.0':[['MD', 10.0, 23.7, 1.6],  

                      ['MD', -1.0, 59.0, 5.6], 

                      ['MD', 0.1, 19.6, 2.3], 

                      ['UD', 10.0, 87.7, 8.5], 

                      ['UD', -1.0, 50.9, 5.6], 

                      ['UD', 0.1, 20.1, 2.5]], 

              '60.0':[['UD', 0.1, 26.3, 2.6]]} 

               

    angles = {'60.0':[['UD', 0.1, 26.2, 2.8]]} 

     

    # Location and name of output file 

    overView = 'C:\\Users\\09621679\\Dropbox\\Automation\\GA  

   Development\\FatigueValidationResults_10-8-2017.txt'    

    with open(overView, 'w') as oView: 

        oView.write("Test Results \n") 

         

    p = mdb.models['Mult-Valid'].parts['Part-1'] 

    region1=p.sets['Set-1'] 

     

    for m1 in xrange(len(angles)): 

         

        compositeLayup = mdb.models['Mult-Valid'].parts['Part-1']. \ 

     compositeLayups['CompositeLayup-1'] 

         

        orientAngle = float(angles.keys()[m1]) 

                 

        for m2 in xrange(len(angles[angles.keys()[m1]])): 

             

            matName = angles[angles.keys()[m1]][m2][0] 

             

            if( matName == 'UD' and orientAngle == 0.0 ): 

                plyThick = 3.76 

            elif( matName == 'UD' and orientAngle == 90.0 ): 

                plyThick = 6.25 

            elif( matName == 'UD' and orientAngle == 60.0 ): 

                plyThick = 6.25 

            else: 

                plyThick = 2.6 

             

            compositeLayup.deletePlies() 

            compositeLayup.CompositePly(suppressed=False, plyName='Ply-1',  

       region=region1, material=matName,  

       thicknessType=SPECIFY_THICKNESS,  

      thickness=plyThick,  

      orientationType=SPECIFY_ORIENT,  

      orientationValue=orientAngle,  

                    additionalRotationType=ROTATION_NONE,  
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      additionalRotationField='',  

                   axis=AXIS_3, angle=0.0, numIntPoints=3) 

             

            Rvalue = angles[angles.keys()[m1]][m2][1] 

             

            if(Rvalue == 0.5): ampName = 'CA_R05' 

            if(Rvalue == 0.1): ampName = 'CA_R01' 

            if(Rvalue == 10.0): ampName = 'CA_R10' 

            if(Rvalue == -1.0): ampName = 'CA_R-1' 

             

            loadMag = angles[angles.keys()[m1]][m2][2] 

            shellEdge = loadMag*plyThick 

             

            for m3 in xrange(6): 

                 

                mdb.models['Mult-Valid'].loads['Load-1'].setValues(amplitude=ampName) 

                 

                mdb.models['Mult-Valid'].loads['Load-1'].setValues(magnitude= \ 

              -shellEdge) 

                 

                jobName = 'Val4_'+matName+'_'+ampName+'_d'+str(int(orientAngle)) \ 

       +'_L'+str(int(loadMag)) 

                 

                mdb.Job(name=jobName, model='Mult-Valid', description='',  

       type=ANALYSIS, atTime=None, waitMinutes=0, waitHours=0,  

       queue=None, memory=90, memoryUnits=PERCENTAGE,  

       getMemoryFromAnalysis=True, explicitPrecision=SINGLE,  

       nodalOutputPrecision=SINGLE, echoPrint=OFF,  

                    modelPrint=OFF, contactPrint=OFF, historyPrint=OFF,  

       userSubroutine='', scratch='', multiprocessingMode=MPI,  

       numCpus=5, numDomains=5, numGPUs=0) 

                 

                mdb.jobs[jobName].submit(consistencyChecking=OFF) 

                mdb.jobs[jobName].waitForCompletion() 

                 

                loadMag = loadMag - angles[angles.keys()[m1]][m2][3] 

                shellEdge = loadMag*plyThick 

                 

                AveFailureCycles = lamFatigueCheck(jobName, matName) 

                 

                angles[angles.keys()[m1]][m2].append( AveFailureCycles ) 

             

        print 'Results: ', angles.keys()[m1], angles 

 

C.2 Fatigue Code Modules 

""" 

############################################################################### 

###################     Fatigue Analysis Code Modules     ##################### 

############################################################################### 

 

Author: Edward M Fagan 

 

Notes: 

The binning method is [0, 2) meaning the right hand side is open. 

 

Inputs - Stress/strain time series, bin dimensions for cycle counting 

Outputs - binned rainflow counted cycle numbers 

 

""" 

 

import math 

from numpy import linspace, cos, sin, array, mean, histogramdd, zeros_like 

from numpy import meshgrid, zeros 

from numpy.linalg import lstsq 

from numpy import array, log10, vstack, ones, inf 
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def rainflow(load, binDims=None): 

     

    for l1 in load: 

        if( l1[1] < 1E-4 and l1[1] > -1E-4): l1[1] = 0.0 

     

    newLoad = [] # Find the peaks and valleys in the load time series 

    newLoad.append([load[0][0], load[0][1]]) 

     

    for i in xrange(1, len(load)-1): 

         

        if( (load[i][1] >= load[i+1][1] and load[i][1] > load[i-1][1]) or 

            (load[i][1] < load[i+1][1] and load[i][1] <= load[i-1][1]) ): 

                newLoad.append([load[i][0], load[i][1]]) 

         

        if( i == len(load)-2 ): 

            newLoad.append([load[i+1][0], load[i+1][1]]) 

     

    S = newLoad[0] 

     

    halfCount = 0 

    fullCount = 0 

     

    halfSave = [] # Save the range and mean for each half-cycle 

    fullSave = [] # Save the range and mean for each full-cycle 

     

    j = 1 

    t = 1 

     

    while( j < len(newLoad)-1 ): 

        X = abs(newLoad[j][1] - newLoad[j+1][1]) 

        Y = abs(newLoad[j-1][1] - newLoad[j][1]) 

         

        if( X >= Y ): 

            if( S == newLoad[j-1] ): 

                halfCount += 1 

                halfSave.append([Y, mean([newLoad[j-1][1], newLoad[j][1]]), t]) 

                newLoad.pop(0) 

                S = newLoad[0] 

                t += 1 

                 

            else: 

                fullCount += 1 

                fullSave.append([Y, mean([newLoad[j-1][1], newLoad[j][1]]), t]) 

                newLoad.pop(j) 

                newLoad.pop(j-1) 

                t += 1 

                # Stop j from going negative 

                if( j > 2 ): 

                    j = j - 2 

                else: 

                    j = 1 

        else: 

            j += 1 

         

        if j < 0: 

            break 

    else: 

        for k in xrange(len(newLoad)-1): 

            halfCount += 1 

            halfSave.append([abs(newLoad[k][1] - newLoad[k+1][1]),  

                             mean([newLoad[k][1], newLoad[k+1][1]]), t]) 

            t += 1 

         

    loc1 = [] 

    for k1 in xrange(len(fullSave)): 

        stressAmp = fullSave[k1][0]/2.0 

        R = (fullSave[k1][1] - stressAmp)/(fullSave[k1][1] + stressAmp) 

        if( R == 1.0 ):  

            R = 0.999 
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        loc1.append( [fullSave[k1][2], 1.0, stressAmp, R] ) 

     

    for k1 in xrange(len(halfSave)): 

        stressAmp = halfSave[k1][0]/2.0 

        R = (halfSave[k1][1] - stressAmp)/(halfSave[k1][1] + stressAmp) 

        if( R == 1.0 ):  

            R = 0.999 

        loc1.append( [halfSave[k1][2], 0.5, stressAmp, R] ) 

     

    locations = sorted(loc1) 

             

    return locations 

     

def CLDinter(mat, RiL, RiT, RiS, sigma1, sigma2, sigma12): 

    # Determine the total number of cycles for a complex stress state using CLDs 

    if RiL == inf: RiL = 1E20 

    if RiT == inf: RiT = 1E20 

    if RiS == inf: RiS = 1E20 

    if RiL == -inf: RiL = -1E20 

    if RiT == -inf: RiT = -1E20 

    if RiS == -inf: RiS = -1E20 

    Rvalues = [RiL, RiT, RiS] 

     

    Ntot = [1E3, 1E4, 1E5, 1E6, 1E7, 1E8] 

     

    # Define the CLDs from the material type 

    if( mat == 'UD' ): 

        # Longitudinal fatigue data 

        UDrn1L = lambda N: 1282.50557*(N)**(-0.15093) 

        UDr01L = lambda N: 483.63438*(N)**(-0.09815) 

        UDr10L = lambda N: 414.59931*(N)**(-0.13449) 

        UTS_long = 806.84 

        UCS_long = -526.59 

        # Transverse fatigue data 

        UDrn1T = lambda N: 79.76376*(N)**(-0.13549) 

        UDr01T = lambda N: 71.97833*(N)**(-0.15999) 

        UDr10T = lambda N: 80.766*(N)**(-0.03291) 

        UTS_trans = 55.88 

        UCS_trans = -161.692 

        # Shear fatigue data 

        UDrn1S = lambda N: 105.2848*(N)**(-0.14984) 

        UDr01S = lambda N: 42.11057*(N)**(-0.10214) 

        UDr10S = lambda N: 32.67299*(N)**(-0.09229) 

        UTS_shear = 60.0 

        UCS_shear = -60.0 

     

    elif( mat == 'MD' ): 

        # Longitudinal fatigue data 

        MDrn1L = lambda N: 150.54195*(N)**(-0.0511) 

        MDr01L = lambda N: 254.45092*(N)**(-0.1054) 

        MDr10L = lambda N: 123.69859*(N)**(-0.0502) 

        UTS_long = 244.84 

        UCS_long = -216.68 

        # Transverse fatigue data 

        MDrn1T = lambda N: 101.02559*(N)**(-0.1010) 

        MDr01T = lambda N: 26.45443*(N)**(-0.0738) 

        MDr10T = lambda N: 32.96099*(N)**(-0.05165) 

        UTS_trans = 84.94 

        UCS_trans = -83.64 

        # Shear fatigue data 

        MDrn1S = lambda N: 48.37791*(N)**(-0.0670) 

        MDr01S = lambda N: 33.44398*(N)**(-0.0970) 

        MDr10S = lambda N: 48.8033*(N)**(-0.0838) 

        UTS_shear = 38.609 

        UCS_shear = -38.018 

     

    # Function to get the log-log fit of the fatigue data for CLD interpolation         

    def datFit(Ntot, sSave): 

        xdat = array(Ntot) 

        ydat = array(sSave) 
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        logx = log10(xdat) 

        logy = log10(ydat) 

        A = vstack([logx, ones(len(logx))]).T 

        m, c = lstsq(A, logy)[0] 

        # Return the coefficient and index of the fit to the data 

        amplitude = 10.0**c 

        index = m 

        return amplitude, index 

     

    fitValues = [] 

    for j in xrange(3): 

        Ri = Rvalues[j] 

        if( mat == 'UD' ): 

            if( j == 0 ): 

                stressR01 = UDr01L 

                stressRn1 = UDrn1L 

                stressR10 = UDr10L 

                UTS = UTS_long 

                UCS = UCS_long 

            elif( j == 1 ): 

                stressR01 = UDr01T 

                stressRn1 = UDrn1T 

                stressR10 = UDr10T 

                UTS = UTS_trans 

                UCS = UCS_trans 

            elif( j == 2 ): 

                stressR01 = UDr01S 

                stressRn1 = UDrn1S 

                stressR10 = UDr10S 

                UTS = UTS_shear 

                UCS = UCS_shear 

        elif( mat == 'MD' ): 

            if( j == 0 ): 

                stressR01 = MDr01L 

                stressRn1 = MDrn1L 

                stressR10 = MDr10L 

                UTS = UTS_long 

                UCS = UCS_long 

            elif( j == 1 ): 

                stressR01 = MDr01T 

                stressRn1 = MDrn1T 

                stressR10 = MDr10T 

                UTS = UTS_trans 

                UCS = UCS_trans 

            elif( j == 2 ): 

                stressR01 = MDr01S 

                stressRn1 = MDrn1S 

                stressR10 = MDr10S 

                UTS = UTS_shear 

                UCS = UCS_shear 

         

        if( Ri < 1 and Ri >= 0.1 ): 

            R01 = 0.1 

            sSave = [] 

            for i in Ntot: 

                stressAmp01 = stressR01(i) 

                stressMean01 = stressR01(i)*(R01 + 1.0)/(1.0 - R01) 

                stressAmpNew = UTS/( (UTS-stressMean01)/stressAmp01 + (1+Ri)/(1-Ri)) 

                sSave.append(stressAmpNew) 

            a, b = datFit(Ntot, sSave) 

              

        elif( Ri >= -1 and Ri <= 0.1 ): 

            R01 = 0.1 

            sSave = [] 

            for i in Ntot: 

                stressAmp01 = stressR01(i) 

                stressMean01 = stressR01(i)*(R01 + 1.0)/(1.0 - R01) 

                stressAmpn1 = stressRn1(i) 

                stressAmpNew = stressAmpn1/( 1.0 + ((stressAmpn1-stressAmp01) \ 

            /stressMean01)*(1+Ri)/(1-Ri)) 
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                sSave.append(stressAmpNew) 

            a, b = datFit(Ntot, sSave) 

             

        elif( Ri >= 10 or Ri <= -1 ): 

            R10 = 10.0 

            sSave = [] 

            for i in Ntot: 

                stressAmpn1 = stressRn1(i) 

                stressAmp10 = stressR10(i) 

                stressMean10 = stressR10(i)*(R10 + 1.0)/(1.0 - R10) 

                stressAmpNew = stressAmpn1/( 1.0 + ((stressAmpn1-stressAmp10) \ 

            /stressMean10)*(1+Ri)/(1-Ri)) 

                sSave.append(stressAmpNew) 

            a, b = datFit(Ntot, sSave) 

             

        elif( Ri > 1 and Ri <= 10 ): 

            R10 = 10.0 

            sSave = [] 

            for i in Ntot: 

                stressAmp10 = stressR10(i) 

                stressMean10 = stressR10(i)*(R10 + 1.0)/(1.0 - R10) 

                stressAmpNew = UCS/( (UCS-stressMean10)/stressAmp10 + (1+Ri)/(1-Ri)) 

                sSave.append(stressAmpNew) 

            a, b = datFit(Ntot, sSave) 

         

        fitValues.append([a,b]) 

     

    # sigma1, sigma2 and sigma6 come from the element and a1-b6 come from the CLD  

    # interpolation function with the respective R-value as input 

    def nonLinN(N, (sigma1, sigma2, sigma12, a1, a2, a12, b1, b2, b12)): 

        return (sigma1/(a1*N**b1))**2.0 + (sigma2/(a2*N**b2))**2.0 - \ 

  (sigma1*sigma2)/((a1*N**b1)*(a2*N**b2))+(sigma12/(a12*N**b12))**2.0-1 

     

    def dnonLinN(N, (sigma1, sigma2, sigma6, a1, a2, a6, b1, b2, b6)): 

        return (-2*b1*sigma1**2.0)/((a1**2.0)*N**(2*b1+1)) - (2*b2*sigma2**2.0) \ 

  /((a2**2.0)*N**(2*b2+1)) - (b1*b2*sigma1*sigma2)/ \ 

  ((a1*N**(b1+1))*(a2*N**(b2+1))) - (2*b6*sigma6**2.0)/ \ 

  ((a6**2.0)*N**(2*b6+1)) 

     

    # Newton-Raphson solver 

    def dx(f, x, args): 

        return abs(0.0 - f(x, args)) 

         

    def newtRaphson(f, df, x0, tol, args): 

        delta = dx(f, x0, args) 

        while( delta > tol ): 

            x0 = x0 - f(x0, args)/df(x0, args) 

            delta = dx(f, x0, args) 

        return x0 

     

    arguments = (sigma1, sigma2, sigma12, fitValues[0][0], fitValues[1][0],  

   fitValues[2][0], fitValues[0][1], fitValues[1][1], fitValues[2][1]) 

     

    Ncombined = newtRaphson(nonLinN, dnonLinN, 0.1, 0.00001, arguments) 

     

    return Ncombined, fitValues
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