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[bookmark: _Toc38125705][bookmark: _Hlk36829681]Introduction
As competitiveness, productivity and efficiency increase in the engineering and manufacturing sector, companies are discovering innovative ways to develop and introduce products to market, in progressively shorter time, while reducing product life cycle (Reche, et al., 2019). The Product Development Process (PDP) is a critical stage in companies and involves taking a product from concept to production to market, and is often associated with engagement from key customers and suppliers (Cooper, et al., 1997). The development of a new product, whether for personal, commercial or industrial use, will involve a benchmark which should be considered, including time scale, product quality, production costs, customer expectations and product requirements and regulations. For this reason, good PDP is essential (Santiago, et al., 2017).
Nonetheless, the introduction of Computer-Aided Engineering (CAE), in particular, Finite Element Analysis (FEA), has been widely adopted and dramatically transformed PDP (Hamri, et al., 2010). Engineers can now analyse simple and intricate designs effortlessly while in the form of adaptable 2D or 3D Computer-Aided Design (CAD) models, yielding quick turnaround times and prompt implementation of results (SAE International, 2020). When used appropriately, FEA can become a magnificent productivity tool, assisting engineers in reducing production time, prototypes, experiments and cost. However, as of yet, FEA is not a requirement in the PDP, whereas conventional methods, for instance, physical testing is, and are therefore still dominant; and also a preferred choice, particularly for studying a components behaviour and collecting, and analysing data (Uniscient, 2017).
This report explores FEA and the role it plays in the product development of wind turbine blades: specifically, how FEA corresponds and correlates to conventional physical testing methods, which are primarily preformed on rotor blades. In order to understand and determine this, three questions will be answered, which will explore why and how FEA is used and the role it will have in the future of blade testing:
1. Why Company’s Adopt FEA Alongside Physical Testing?
2. How a Physical Test May Be Correlated to an FE Model?
3. Can (or should) FE Analysis Replace Physical Testing?


[bookmark: _Hlk37703810][bookmark: _Toc38125706]Why Company’s Adopt FEA Alongside Physical Testing?
The development of FEA for studying wind turbine blades presents an economical and sustainable alternative to manufacturing new and maintaining existing blades. Companies in this industry financially benefit from FEA due to increasing costs associated with physical testing as blades become larger (Veers, et al., 2003; Overgaard & Thomsen, 2009). Finite Element (FE) tools are frequently used due to their ability of predicting complex loads, whereas for a laboratory test, only idealised loads can be imposed (Freebury & Musial, 2000). Conventional experimental tests are often performed in FEA due to the simplicity of assessing the simulation and results, as well as analysing why blades fail prior to their expected lifespan (Marín, et al., 2008). FEA has established itself in the design stage and allows companies to introduce innovative, efficient and robust blades, as well as promote accurate designs (Mahendran, 2007). Furthermore, FEA can analyse complex loads or conditions that cannot be implemented or measured physically (Zhang & Pan, 2009).
[bookmark: _Hlk37704338]To stimulate confidence in designs, turbine blades are subjected to various structural tests such as static, dynamic, crash and modal. These tests are mandatory to ensure current blade specifications are consistent with actual blade performance, according to the International Electrotechnical Commission (IEC) standard IEC 61400-23:2014 (Malhotra, 2010). However, physical testing is considered time consuming, expensive and often times ineffective and inaccurate, with specialist equipment needed (Ferrari, 2009). This is why FEA is typically integrated alongside laboratory testing, because it is a quick substitute which enables engineers to replicate and simulate structural tests effortlessly, in a short period of time and with no extra costs; in addition to, predicting the same behaviours that are being analysed physically. The simulation results gathered are used to validate experimental results and express a level of accuracy for the existing FE model (Peeters, et al., 2018). A reliable FE model, can provide accurate predictions of structural behaviour and performance before the actual blade undergoes production; in addition to, identifying opportunities for blade optimisation and eliminating the need to conduct further physical tests, thus, saving development time and costs (Abdullah, et al., 2016).


[bookmark: _Toc38125598][bookmark: _Hlk37081884]Figure 1: Typical wind turbine static test (MTS Systems Corporation, 2012; CompositesWorld, 2010)












[bookmark: _Toc38125599]Figure 2: Typical wind turbine dynamics test (MTS Systems Corporation, 2012; Steel, 2016)


[bookmark: _Hlk37158539]Engineers use FEA alongside physical testing to analyse the blades structural integrity and global behaviour, for instance: eigenfrequencies, tip deflections, and global stress/strain levels (Jensen, et al., 2006). In addition, determine structural displacements, stresses and strains, and heat transfer for a given load; as well as perform non-linear buckling, modal, deformation and crash analysis (Laird, et al., 2012). This enables engineers to understand the behaviour of the blade and predict its failure characteristics and mechanisms prior to undergoing physical testing. Similarly, using FEA to replicate physical tests and verify whether results from the simulation closely or exactly relate to conventional testing results and real-world conditions. FE simulations typically predict results, for instance, global stiffness and stresses with good accuracy, due to a simple shell model used to represent global behaviour of the blade (Abraham, et al., 2016). A major benefit of using FEA is that, once the model is built and calibrated, engineers have greater control and flexibility testing the blade under actual wind conditions (Tenguria, et al., 2010).
A study was conducted by (Chen, et al., 2014), to investigate and analyse an experimental failure test of a 52.3 m long composite wind turbine blade, under static loading with help from FE simulation. The experimental setup was as follows: two sets of static bending tests performed. The first test followed full-scale test requirements for wind turbine blades according to certification bodies, and the second test was performed with intention of overloading the blade until failure. FEA was then used to complement the experiment by assisting in the post-mortem process to clarify and gain an insight into the failure of the blade, such as: failure characteristics, processes and mechanisms, through Progressive Failure Analysis (PFA) and global-local blade modelling. The final conclusion of the study showed that during the structural tests, the blade failed catastrophically due to total loss of load-bearing capacity under flap-wise bending. Major failures such as: delamination, debonding, laminate fracture, and shear web failure were located at the transition region of the blade. The tests were reconstructed in an FE simulation, where a CAD model of the blade was built, and the loading history was numerically reproduced. As a result, the complex failure characteristics observed at the transition region were competently predicted in the FE simulation, using PFA techniques and global-local modelling. The global-local modelling approach proved capable and effective in determining the failure behaviour, while reducing complications in modelling an entire blade.

	[image: ][bookmark: _Toc38125600]Figure 3: Blade test scene (Chen, et al., 2014)



	[image: ][bookmark: _Toc38125601]Figure 4: Final external failure of blade at transition region (Chen, et al., 2014)



[bookmark: _Toc38125602]Figure 5: Failure modes detected at suction side (SS) of the blade: laminate fracture (LF), delamination (DL) & debonding (DB) (Chen, et al., 2014)


[bookmark: _Toc38125603]Figure 6: (LEFT): FE global shell model with applied loads; (RIGHT): Local solid model with applied loads calculated from shell element model (Chen, et al., 2014)

	[bookmark: _Hlk37082923][image: ][bookmark: _Toc38125604]Figure 7: Final failure predicted from FE simulation. (LEFT) LF at blade shells; (RIGHT) DL and DB failure (Chen, et al., 2014)





	[image: ][bookmark: _Toc38125605]Figure 8: Effect of different material degradation on final failure prediction. (a) LF Present; (b) FL Nagesh; (c) DL&DB Present; (d) DL&DB Nagesh (Chen, et al., 2014)





[bookmark: _Toc38125707]How a Physical Test May Be Correlated to an FE Model?
As the need to constantly reduce cost, prototypes, experiments, along with, optimising rotor blades, FEA is becoming a standard, but essential part of today’s PDP. Motivated by lightweight designs and reducing the number of physical tests has become an ambition for manufacturers, though, to achieve this requires a balanced correlation between physical testing and FEA. Still, a correlation between these methods can be problematic due several reasons, for instance: measurement approximations, boundary conditions, combination of loads, safety factors, size and scale of blade, meshing strategies etc. In addition, irregularities with results are more likely to occur with physical testing as a result of tolerances with measuring apparatus, defective equipment, and human and random errors. Thus, these anomalies can turn the correlation into a laborious, expensive and time-consuming process (Altair Engineering, 2016).
Verification and Validation (V&V) is a procedure imposed to correlate FEA with physical testing to develop trustworthy computational models that can make engineering predictions; provide confidence in designs and reduce the time, cost, and risk associated with experimental testing. Furthermore, the V&V process enables engineers to measure uncertainties for both physical and simulation results, so the reliability and predictive accuracy of the model can be assessed and measured (Thacker, et al., 2004). Figure nine, illustrates the general procedure of V&V during model development and demonstrates how numerical simulation and physical testing correlate to develop a reliable computer model. Before beginning the procedure, a conceptual model must be agreed between experiment and simulation by considering aspects of the blade, computational objectives and degree of agreement between results. Tests conditions are then created to achieve information needed to V&V the model (Vakilzadeh, 2013).
The simulation (right) part of figure nine, is the development of mathematical models which emphasises the physics and consists of constitutive laws and conservation equations as Partial Differential Equations (PDEs) which determine boundary and initial conditions. The mathematical equations represent computer models, which are implemented using discretization methods, such as; Finite Difference (FD) or Finite Element Methods (FEM) and solved using numerical techniques. Here, verification considers the mathematics of the model and removes errors by comparing numerical solution with benchmark solutions. In addition, eliminating errors from the computer code (code verification) and measuring and reducing errors introduced by discretization, and numerical algorithms (calculation verification). Finally, a study involving different theories, for example: probability theory is conducted to analyse the influence of uncertainties introduced by the numerical algorithm, modelling strategy and other assumptions on the simulation (Babuska & Szabó, 2011).
The experimental (left) side of figure nine, is the development of a physical experiment to gather information to validate the computational model. Therefore, assumptions made on conceptual model previously should be clear during the experiment and pre-test calculations should be performed to determine effective locations for sensors. The experimental test provides evaluation data, in addition to quantifying test-to-test variation, for test samples. Uncertainty quantification is then carried out to assess the effect of measurement and construction errors, as well as, design tolerances. Once both experimental and simulation uncertainties are quantified, validation begins. Validation considers the physics of the model and establishes (to a degree) if the model accurately represents real-world conditions and expected performance. If the validation outcome is unsatisfactory: either the model or experiment will be revised and involve assessing, and possibly adjusting boundary or initial conditions, parameters or assumptions of the simulation, or alternatively, changing the test design or measurement system to improve the reliability of experiment outcome to the simulation outcome (Koutromanos, et al., 2018).


	[image: Detailed model development, verification, and validation process ...][bookmark: _Toc38125606]Figure 9: Detailed model flowchart of V&V process (Thacker, et al., 2004)





A study was conducted by (Babawarun, et al., 2019), they performed a structural static bending test on a 1.12 m long wind turbine blade in the flap-wise direction. The experimental setup was as follows: two load cases, a mass and an aerodynamic load were placed on the blade in order to verify if it was capable of withstanding sustained wind loads. A mass load in the form of weights were placed along sections of the blade, namely at: 350, 750 and 950 mm from blade root, followed by an aerodynamic (wind) load between 2.94 m/s and 12.75 m/s, which was applied parallel to the flap-wise direction. A CAD model of the blade was built and FEA performed to analyse the behaviour of the blade during simulated structural tests. The final conclusion of the study showed that during the structural tests, three different strains were measured, namely at: 350, 750 and 950 mm from the blade root. The results were measured and recorded during six loading, and five unloading conditions. The results gathered from the simulations were validated against experimental results and it was observed that the FEA results accurately reflected, and agreed with the physical test results, to within 5% error for two test loads cases. The third load case produced moderately higher percentage errors, below 25% of experimental results. The stress and strains identified in both the experimental and simulation results fell within 23% margin of error, and the first and second load cases presented a maximum percentage error of 5% and 1%. Therefore, representing a good correlation and validation between experiment and simulation results.


	[image: ][bookmark: _Toc38125607]Figure 10: Experimental set-up (Babawarun, et al., 2019)



	[image: ][bookmark: _Toc38125608]Figure 11: CAD model of blade demonstrating three test points and boundary condition (Babawarun, et al., 2019)




	[image: ][bookmark: _Toc38125609]Figure 12: Three stress contour cases determined by the FE simulation
 (Babawarun, et al., 2019)





[bookmark: _Toc38125708]Can (or should) FEA Replace Physical Testing?
FEA has advanced since its introduction in the early 1940s and today, become a critical tool in the PDP of wind turbine blades. With many benefits to offer it is an integral part of product design and enables engineers to, dramatically, bring down development time and associated costs. In addition, predict defects at early stages of design, along with providing engineers the freedom to implement innovative ideas onto FE models. With today’s technology, FEA has developed the ability of anticipating the behaviour of rotor blades with an acceptable amount competency, accuracy and reliability (Schubel & Crossley, 2012). As FEA advances further in the future, important questions remain regarding the practice of physical testing currently considered both a requirement and preferred choice among manufacturers, as well as, a means of validating stimulation results (Vyas, 2015).
· Can FEA replace physical testing in the future?
· Will FEA develop enough to understand and respond to real-world conditions accurately?
· If it is possible, what drawbacks limit FEA from becoming a requirement or a standard for product testing?
Although physical testing is an indispensable method and improves confidence in designs, it can often delay the PDP because of its close association with the design process. Nonetheless, it is mandatory and in order to certify wind turbine blades, must undergo physical testing to comply with performance requirements as stated by the IEC; in addition, demonstrate they are reliable, safe and durable. Furthermore, unbeknownst to engineers, a potential blade design may fail to meet requirements: contain defects or raise issues about manufacturability and maintainability. However, physical testing identifies these complications and presents them to engineers along with increasing confidence throughout the development process because it certifies the design and reduces risk and uncertainty. Therefore, it is crucial to product development (Tahera, et al., 2017). Despite this, physical testing is a lengthy, monotonous and costly process and delayed or undesirable results can compromise project schedules (Tahera, 2014).

The issue with physical testing is that it can be more expensive, time consuming and require a larger work force, particularly more so if the prototype fails during testing and needs to be redesigned, rebuilt and retested. Furthermore, if the blade is larger, experimental testing becomes less feasible and financial budgets can restrict engineers to a certain number of tests (King, 2017). Another significant limitation of physical testing is that the conditions of the test and equipment available are limited, whereas, FEA is more flexible and can vary loading, material and constraints over a range of alternatives at low cost. It is expensive to replicate a range of conditions with physical testing, therefore, often making it less desirable. Consequently, using FEA to design structural tests is useful, in addition, helps identify conditions that could or will cause failure and that might be overlooked in physical testing. More focus in FEA can, dramatically, reduce cost and better test the limits of rotor blades (Heisig, et al., 2010).
FEA is a suitable alternative to building and testing a physical prototype and saves time, effort and money by reducing physical tests needed, however, it does not completely eliminate the necessity for laboratory testing. There are a number of significant limitations concerning FEA and other FE tools, which affects their pre-eminence over this method, such as they cannot simulate exact physical conditions, because the method is based on mathematical approximations, numerical errors, for example, number of significant digits, rounding-off and truncation errors limit the models results: as well as, the need for ample computing power and reliable software. Consequently, these limitations can cast doubts over FEA and restrict it from completely replacing physical testing. However, what FEA will do is limit the number of prototype tests needed and provide design insight to optimize the component. Nevertheless, as technology progresses so does the capabilities of numerical simulation, which continues to improve with each new version of the software and better simulates real-world conditions (King, 2017) .


[bookmark: _Toc38125709]Conclusion
The aim of this study was to explore FEA and the role it plays in the PDP of wind turbine blades. In particular, how it is used alongside and correlates with, conventional testing methods during the product development cycle. Moreover, determining whether FEA and other numerical simulations will completely replace physical testing in the future.
[bookmark: _Hlk37881795]From conducting this study, it was discovered that although FEA is not mandatory, engineers willingly use it alongside laboratory testing to validate experimental results and vice versa. It provides engineers a chance to view the behaviour and performance of the blade from a different perspective, and with technology more modern; in addition, gain an insight into opportunities for blade optimisation, which could provide a break-through for more efficient and sustainable blade designs. Furthermore, FEA is often correlated with physical testing, by means of conducting a V&V process, which enables engineers to indicate a level of predictive accuracy between the experimental and simulation tests, as well as, accurately represent real-world conditions and intended blade performance. However, although FEA is a prevalent tool, which has found acceptance among engineers in studying wind turbine blades, and many other components for that matter; questions and doubts still remain that overshadow the capability, accuracy and reliability of the method. The disadvantages that FEA can bring along with it, such as, mathematical approximations, numerical errors, computing power, unreliable software; it cannot fully replicate and simulate real-world conditions, these are factors which could have significant impact on the failure of the blade.
Therefore, laboratory testing still remains as a preferred choice among manufactures at the moment. However, as technology becomes more advanced, computational power improves and software becomes more reliable, FEA may become a more viable option and could potentially set a new standard of testing, not just for wind turbine blades but many other components.
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[bookmark: _Toc38125712]What is FEA?
The FEM is a numerical technique used to perform FEA to accurately solve complex engineering and physics problems, as well as understand and measure natural physical phenomena like structural behaviour, heat and mass transfer, fluid flow behaviour, acoustics and electromagnetism (Pepper & Heinrich, 2017). The technique has become well-established and predominant and considered the best approach in solving a diverse range of practical problems efficiently and effectively (Gosz, 2017). Furthermore, FEA has become an area of active research, not just for engineers but for scientists and mathematicians. One of the reasons for its popularity within engineering is because of its ability to solve various problems simply by changing the input data (Rao, 2017).
[bookmark: _Toc38125610]Figure 13: Applications of FEA, from left to right: aircraft’s bearing bracket, electrical cabinet and shell and tube heat exchanger (Harish, 2020) and (COMSOL, 2015). 
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Figure 4. Test scene of the blade in the test case “F_Max_3.0”.
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Figure 9. The global shell element model with applied loads in the test case “F_Max 3.0”.
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Figure 9. The global shell element model with applied loads in the test case “F_Max 3.0”.
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Figure 15. The final failure predicted from FE simulation. (a) LF at blade shells; (b) DL
and DB failure; (¢) LF at the rear shear web.
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Figure 2: Experimental set-up showing the computer, Quantum X, wind turbine blade
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Figure 8: The three stress contours cases.
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