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[bookmark: _Toc35158586]Abstract
[bookmark: _GoBack]Structural health monitoring plays a large part in determining the remaining lifetime of the monocrystalline gas turbine blades that can cost tens of thousands of pounds to manufacture. The monitoring of creep deflection and crack formation/propagation have large impacts of the remaining lifetime of gas turbine blades and while there are many creep models that can predict the lifetime of a blade through the Finite Element Method, the long lifetime and high stress nature of gas turbine blades means that unforeseen circumstances i.e. machinery failure, can lead to heavily reduced blade lifetime. The pairing of SHM (Structural health monitoring) and FEA (Finite Element Analysis) allows for possible active systems that will use SHM to detect cracks and measure creep deformation and feed that information into an FEA package to give an updated lifetime prediction and fatigue characteristics.
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The role of FEA and physical testing for first-stage gas turbine blades
Understanding the mechanical limits of a part or product that has to withstand a state of high mechanical stress at a point in its lifetime has clear implications on the design, development and maintenance of that part allowing for improvements to be made to make a product stronger, safer, lighter and less material intensive as well as providing the ability to understand why something has failed in the design. Until 1964 understanding mechanical limits of a part was limited to physical testing (ESRD, 2014) and to fully understand the mechanical failure point of a part, the part must be permanently or plastically deformed; this testing cycle calls for a highly iterative design strategy that is not only costly in terms of the materials used, but the time taken to develop a product to its maximum potential. The use of computational methods allows for testing of mechanical structures without using physical prototypes, most notably, FEA (Finite Element Analysis). In 1964 the first FEA program was developed by NASA known as NASTRAN (NASA STRuctural ANalysis) built with the intention of designing more efficient space vehicles (NASA, 2012). Today FEA serves 3 main purposes: Informing initial design choices, validating a design and understanding why a given design may have failed. Looking at the Energy generation sector and the move towards renewables; there are no better examples of high mechanical stress cases than in gas turbines, which will help bridge the gap between heavy fossil fuels and renewable technologies providing a consistent baseload of power to manage the inconsistencies of renewables while large scale energy storage is developed to the scale it needs to be.
[bookmark: _Toc35158589][image: ]Gas power generation
Gas power generation is split into 3 main sections: compression, combustion and turbine generation, the most efficient simple cycle turbines only operate at 40% efficiency with exhaust gasses still at 600℃ therefore, most gas power plants utilise a combined cycle system where heat is recovered from the exhaust gasses and used in steam power generation (Wartsila, 2013). Figure 1 – Diagram of standard simple cycle gas turbine (Wartsila, 2013)

As the compressed air is combusted it makes first contact with the high pressure or first-stage turbine section which operates at 1600℃ while rotating at 3000 rpm  (Atefi, et al., 2010). A comparatively small 50MW gas turbine sold by Siemens AG costs around $17 million, therefore, the cost of failure is enormous for these turbines which range up to 600MW (POWERWEB, 2016). Having the ability to fully understand the mechanical structure of a part allows for reduced failure risk. This report will investigate the uses of FEA for gas turbine blades and the role physical testing still plays.
[bookmark: _Toc35158590]Current uses of FEA with Physical Testing in industry
[bookmark: _Toc35158591]Material property requirements
With most gas turbine blades have an operational lifetime in the order of tens of thousands of hours, being able to sustain high stress loading, long term, is a key requirement of the blades. Mechanical creep describes the time-dependant deformation at high temperatures and constant stress (French, 1991) and is one of the key mechanical properties of turbine blades in determining the useful life remaining in a blade. Creep is usually caused by grain sliding which changes depending on alloy choice and casting process (Peng, et al., 2015). Creep of a gas turbine can lead to a shifted centre of mass affecting the stresses at the root of the blade as well as elongation at the tip leading to possible collision with the turbine housing (Patel, et al., 2015). This sustained cyclic stress can be described by the materials low-cycle fatigue characteristics; which is defined by the number of cycles a material is operating higher than the endurance limit of that material and is usually accepted to be in the order of  to  cycles (Parida, 2001).
 As gas turbines become more efficient, they are able to burn gas at higher temperatures resulting in higher turbine inlet temperatures; To handle higher temperatures, gas turbine blades are often air cooled, this variable temperature means the structure is at high risk of Oxidation, Hot Corrosion and Thermal Fatigue (Peng, et al., 2015). These properties will be a point of focus when investigating the use of FEA and Physical testing for gas turbine blades.


[bookmark: _Toc35158592]Benefits of FEA
The first benefits of FEA occur in the development of a new blade. While the form design of a blade is largely dictated by its aerodynamic properties aided by CFD simulations; the value of FEA for gas turbine blades cannot be understated with relation to the material properties  (Design World, 2009). As previously mentioned, creep damage is one of the leading factors when determining the remaining life of a turbine blade. Using various creep models within FEA packages; estimations into a blades useful life can be determined which ensures that a blade is being used for an optimal amount of time while not presenting a risk of damage to the turbine (Mazur, et al., 2011). Having this analytical tool ultimately lowers costs of operation for the turbine as the expensive blades are operated to their optimal lifetime and blade damage is less likely to occur.
Due to the operating stresses and temperatures of gas turbine blades, alloying is used to enhance creep strength and thermal fatigue properties; most notably, Nickel based superalloys. With high Ni gamma phase content comes very high creep strength but very low ductility (Peng, et al., 2015), meaning they are very brittle. This makes the material and the manufacturing process expensive. Being able to test a large variety of alloy combinations within FEA packages to determine an ideal material for the blades, heavily reduces costs, alleviating some of the financial pressure of the prototyping stage and making the time to reach a final product shorter.
[image: ]One of the main points of stress concentration that is not dictated by its aerodynamic properties is the ‘root’ of the blade, the point a blade connects the rim of a turbine. The static loading a turbine root is subjected to is ideal for FEM optimization allowing for development of turbine roots with optimised stress distributions (Tan, et al., 2015). Figure 2 shows how an FE Model is meshed for blade root optimisation.[bookmark: _Ref35594655]Figure 2 – Meshing structure of gas turbine fir-tree root for design optimisation (Tan, et al., 2015)
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Benefits of Physical Testing
Being able to predict and estimate the lifetime of a blade is useful however, due to the long operational time of a blade there is no way a software package could simulate the micro discrepancies in oscillation/vibration and corrosion through decreased fuel quality and possible mechanical failure in the turbine rotor hub; these residual stresses, lead to a reduction in a blades resistance to fatigue (known as fretting fatigue) which can lead to the early propagation of cracks and eventually failure of a blade (Patel, et al., 2015). This type of failure is not predictable by any FE model due to its circumstantial variance; using various forms of non-destructive testing, early crack formation can be detected which allows for an updated model of the useful lifetime of a blade (Pitkanen, 2001). This type of monitoring is known as structural health monitoring (SHM) and is often taken real time allowing for a level of blade structural health analysis that could not be achieved using FEM simulation.
[bookmark: _Toc35158594]How FEA and Physical Testing work together
Independently, FEA and Physical testing provide useful analytical tools to determine structure, material properties and fault analysis. However, when combined become even more useful. As the material properties of a blade change, whether that is through creep (deformation), fretting fatigue or thermal fatigue; having the ability to update the yield stresses and remaining allowable deformation allows for the FE models to stay relevant. As previously mentioned, without this combination, FE models would quickly become outdated due to its inability to model residual stresses which contribute so heavily to a blade’s lifetime.
[bookmark: _Toc35158595]Correlation FE Models and Physical testing correlate
Material property correlation
Ensuring a model developed within an FE study matches the physical model is fundamental to the validity of the simulated results and with gas turbine blades operating near maximum operating tolerance it is vital that the mechanical properties of the blade are predictable, however, the nature of metallic structures does not lend itself to fully predictable mechanical properties. As metals cool from molten state to solid state at its freezing point, the metal forms a crystalline structure, which in most cases is not a regular structure but is rather a group of small crystals with varying alignment known as grains separated by grain boundaries, within the crystalline structure the metal can also form dislocations as the bonds do not align correctly (Subramaniam, 2009). The resulting material does not exhibit fully predictable mechanical properties with the grain boundaries providing a foundation for early mechanical yield under high stress, this is the primary cause of creep within turbine blades. To combat this Rolls-Royce and other companies use advanced casting processes to produce a monocrystalline metallic structure (Wahl & Harris, 1996). This process heavily improves creep strength and makes for a more predictable metallic structure. This consistency makes the case for FEA stronger as a turbine blades monocrystalline structure allows for linear creep characteristics making for easier simulation when applied to the FE Model.
Model vs Experimental correlation
With blades costing an estimated $10,000 to produce (Eng, 2018) and most blade fatigue occurring over the course of tens of thousands of hours, classic destructive testing which usually applies force over a matter of minutes, does not provide a particularly useful set of data for companies that are testing the stress characteristics of the blades. This does not mean physical testing does not play a role in the development of blades. NDT (Non-Destructive Testing) can provide useful analytical information to validate FE Models and to provide a more practical set of data for the lifetime of the blades.
In situ testing
[image: ]A select group of FEA packages offer material creep simulation and is broken down into 3 major sections illustrated by the graph shown in Figure 3; Primary creep is describes the initial and very sharp increase in creep strain over a short amount of time said to occur in the first hour of the load being applied. Secondary creep is a more gradual increase in creep strain over the longest amount of time, this relatively linear increase in creep strain is where most of the consideration lies when observing a creep model. Tertiary creep is the final steep increase in creep strain until failure of the part. Being able to constantly monitor a gas turbine blade as it operates, allows for the creep models to be updated to be able to predict remaining part life. The usage of creep model and in-situ monitoring means unforeseen variation in stress can be accounted for i.e. internal vibration (SIMSCALE, 2020). [bookmark: _Ref38536202]Figure 3 – Graph showing 3 main stages of creep strain with respect to a change in time

Crack Detection
Infrared monitoring:
	Infrared imaging uses heat energy to observe patterns on the surface of a blade. Gas turbine blades are equipped with an extensive channel system of air cooling which allows the blades to operate above their theoretical maximum temperature, this does however make thermo-visual analysis more complicated for the detection of possible cracks. When observing the images produces by the infrared camera there are clear patterns that can be observed. Gradual heating gradient radiating from the cooling points clearly indicates temperature change due to cooling, however sharp localised heating has the possibility to indicate the formation of a crack. As a crack forms the shear stresses around that crack point are focused causing a localised heating point on the blade (Meola, et al., 2008). This early crack formation detection can be used in conjunction with FEA packages that can simulate crack propagation, which will aid in re-estimating the remaining lifetime of the part.
Radiography:
	Just in the same way radiography is used to identify deformities in bone structure, as radioactive material decays, different materials have better ability to block radiation which is then received by a sensor and produces an image which gives a clear image of the internal structure of a gas turbine blade. While Infrared thermography allows to pinpoint the corner point of the cracks based on local thermal increase due to increased localised stress, Radiographic scanning allows the form of the crack to be identified. Once a crack is identified there are many fatigue based FEA programs that will predict remaining lifetime till failure. Similarly, to infrared monitoring it is important for cooling channels not to be mistaken for possible failures.
Creep Detection
Tip timing method:
	Tip timing often uses a simple 1D ultrasound sensor to observe when a blade is passing over the sensor. A theoretical time can be calculated which can estimate the time a blade should take to pass the sensor, it can then be compared to the practical measurement from the sensor to have a real time graph of any timed difference, if timing difference between expected and measured is detected, it is indicated that the blade may have become misaligned, if the time between expected and measured changes more than the rest, that part has suffered vibration. Vibration can lead to decreased lifetime and increased creep deflection; this increase in deformation can be quantified and used in conjunction with FEA based creep models to give an updated estimate to the parts lifetime. 
[bookmark: _Toc35158596]
The future of FEA and physical testing
FEA is proven to be a very powerful tool to maximise the cost effectiveness of gas turbine blades. While independently FEA and Physical testing do prove to be useful assets for gas turbine blades and their lifetimes; FEA provides allows for predictions about creep characteristics and the linear stress characteristics, but due to the long lifetime at prolonged stresses, many of the failure modes of gas turbine blades are due to unforeseen stresses i.e. vibration, objects, bad fuel mixtures and synchronisation issues. Therefore, when real time measurements (Structural Health Monitoring) are taken, conclusions about crack propagation and unforeseen creep deflection can be observed and used in crack based FEA simulation to estimate how and when the blade will fail allowing for an updated lifetime estimate to maximise the lifetime of the expensive blades without putting the machine at risk of damage through a failed part. 
Research has been done into the use of coupling Structural Health Monitoring with Finite Element Analysis for an updated model of the lifetime prediction for Wind Turbine structure (Hartmann, et al., 2011), this technology has very useful implications for SHM of gas turbine blades with the prospects of providing an autonomous extraction of data and update  the predictions to gain a live set of lifetime predictions for each blade.
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