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[bookmark: _Toc58149642]Introduction
A wind turbines main purpose is to convert kinetic energy from the wind to electrical energy. This is done by using the aerodynamic shape of the wind turbine blades to transfer the kinetic energy from the wind into a rotational movement which is then converted into electrical energy by the turbine. Seeing that the transfer of energy begins with the wind turbine blades, it is important to ensure that the blades function as efficiently as possible.
The efficiency of the blades comes from two main factors, they are the shape of the blade and the material the blade is made from. The shape determines how efficient the transfer of kinetic energy from the wind to rotational movement is. The material of the blade determines the mass and stiffness of the blade. If the mass of the blades can be reduced, then the energy required to move them is also reduced thus more kinetic energy is converted into electrical energy, making the wind turbine more efficient. 
The aim of this report is to use FEA and optimisation techniques to design a lay-up of a composite material so that when the wind turbine is subjected to a load of 200N the maximum deflection of the material is 0.2mm thus keeping its aerodynamic shape. By using FEA and optimisation techniques we should be able to design the lightest blade possible for this material whilst still ensuring the structural integrity of the blade.

[bookmark: _Toc58149643]Background
Finite element analysis or FEA is the process in which the finite element method or FEM is used. The finite element method is a numerical technique which allows us to calculate solutions for partial differential equations (Practical Aspects of Finite Element Simulation, 2019, pp.23). This numerical technique can then be used to model and simulate engineering problems and give us a reasonable approximation of how a certain problem would behave in a real-world situation. By using this kind of modelling we can optimise engineering designs so that they perform to a higher standard when they are used for their desired purpose.
In order to begin to look at optimising a design there are three things that must be defined. The first things are the objectives. The objectives are the things that you would like to improve within the part that you are trying to optimise e.g. mass. The second thing that should be defined are the constraints of the problem. These essentially define what the limits you would like the part to work within. This could be something like the maximum displacement you would like your part to have under a certain load. The final thing that needs to be defined are the variables. These are the values that you want your optimisation to change in order to achieve your objectives. 
When looking at optimisation using FEA there are many forms of optimisation. A few of them include: Topology optimisation, Topometry optimisation, Topography optimisation, Shape optimisation, Size optimisation and Composite optimisation. The following section briefly describes what each of these techniques are and how they work.
Topology optimisation investigates how the material within a structure is spread across the design. This technique observes the areas within a structure which have lower stress and strain yields and removes material until the stresses and strains are closer to that of the material tolerances. This form of optimisation focuses on using the least amount of material possible whilst still performing with the design specifications resulting in the optimum design (Practical Aspects of Structural Optimization, 2018, pp.47-46). This is where all the material within the structure is performing up to its limits meaning that there is no material that is wasted. This means that the optimum design would require less material resulting in it being lighter as well as possibly costing less to manufacture as less material per item would be required. 
Traditionally topology optimised parts would have had to have been adapted so that the part could be manufactured using traditional manufacturing techniques like casting and injection moulding. However, with recent developments over the last few years in additive manufacturing we can produce these complex organic shapes without having to change the designs (Liu et al., 2018). As a result of this, the final part that can be manufactured is a much closer representation to the theoretical designs simulated by the FEA. 
Topometry optimisation investigates how the shell thickness of a design can be adapted in different areas to change the strength and stiffness of the part. In doing this you can maximise the strength and stiffness of a part whilst keeping the mass minimal. Like topology, the results of this form of optimisation are not usually fully used when manufacturing a part (Abbey, 2016). However, with recent developments in additive manufacturing this form of optimisation can be fully implemented into the design.
Topography optimisation is where the shell of a part can be offset from its original design. This can be done via the addition of beads or ridges to help change the stiffness of the part so that it is more optimised for its purpose (Abbey, 2016). This can help increase the stiffness in certain areas to prevent the part from failing at certain weak points.
Shape optimisation is a form of optimisation where the shape of the design is changed to help satisfy the objectives of the part (Practical Aspects of Structural Optimization, 2018, pp.173).
Size optimisation is where the dimensions of a part altered in some way to improve certain parameters like stiffness. Variables such as cross sectional area, mass, thicknesses and lengths can be altered to optimise a parts properties thus making it more efficient at what it was initially designed for (Practical Aspects of Structural Optimization, 2018, pp.129).
Composite optimisation is where a composites ply layout and structure is modified so that the material is optimal for its purpose. This involves increasing and decreasing plys that are angled in certain directions to increase or decrease the bending stiffness in a certain orientation (Altair, 2011).
[bookmark: _Toc58149644]Optimisation of a wind turbine blade
As stated in the introduction of this report, we will be looking at how we can optimise a composite blade so that it is as light as possible whilst it maintains its structural integrity when subjected to a load. In order to do this, we will be looking specifically at a section of the skin of the blade that is between two shear webs and two spar caps. This part of the wing is unsupported and as result is the area of the blade where maximum deflection would occur. If we can optimise a composite that is suitable for this part of the blade, then we can be confident that the skin would perform well in the other areas of the blade. The following part of this report goes through a step by step process on how we optimise such a structure on design studio.
Figure 1 below shows the part that has been created on solidworks, imported into design studio. This CAD model already has the required loads applied to it through solidworks itself. By importing the Nastran deck that has been exported from solidworks into design studio all this data is imported straight into the design studio program.
[image: ]
[bookmark: _Toc58070733]Figure 1. Initial steel baseline import
To begin with, we need to see how this part performs simply as a steel structure. Figure 2 shows the parts deflection after a simple analysis is done on the part where the material properties are that of steel. 
[image: ]
[bookmark: _Toc58070734]Figure 2. Deflection of steel part
We can see that the part in figure 2 shows a maximum deflection of 0.33mm. This deflection is greater than the maximum desired deflection of 0.2mm. The part is made of 0.5mm Steel which gives it a total mass of 183g. If we wanted to reduce the deflection, we could increase the thickness, however, this would increase the mass drastically. Thus, reducing the efficiency of the blade.
Now that we have a baseline that we can improve from we need to begin by creating our composite material. 
[image: ]
[bookmark: _Toc58070735]Figure 3. Creating the Carbon fibre reinforced plastic
Figure 3 shows the creation of a new material with the name ‘CFRP’ for carbon fibre reinforced plastic. We have chosen MAT8 as the composite is orthotropic meaning that in a particular direction the material has a set of material properties which differ in different directions. 
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[bookmark: _Toc58070736]Figure 4.  Entering the material properties for the CFRP
In figure 4 we can see the values that have been entered for the material properties of the CFRP. The values represent the following properties: Young’s Modulus in the longitudinal direction (E_1), Young’s Modulus in the lateral direction (E_2), Poissons Ratio (Nu_12), Inplane Shear Modulus (G_12), Transverse Shear Modulus (1-Z plane)(G_1z), Transverse Shear Modulus (2-Z plane)(G_2z), Mass Density (Rho), Allowable longitudinal stress in tension (Xt), Allowable longitudinal stress in compression (Xc), Allowable transverse stress in tension (Yt), Allowable transverse stress in compression (Yc) and Allowable inplane shear stress (S).
By applying these material properties, we can fully model how the material will react to the simulated scenario accurately. 
The next thing that needs to be done is ensuring that all the elements are oriented the same direction.
[image: ]
[bookmark: _Toc58070737]Figure 5. Theta vectors being generated
In order to achieve this, we need to select all the elements in the model and create theta vectors. This aligns all the elements with theta. We can see in figure 5, all the elements have a small dash that indicates the direction that the material is facing at each element. 
Once this is done, we need to create a laminate with multiple layers which will resemble our composite.
[image: ]
[bookmark: _Toc58070738]Figure 6. Laminate layer layout
For this composite we will have 5 layers, each layer will be at a different angle so that the composite material properties can be evenly distributed across all planes. For the initial composite setup, we will have 5 even layers that will consist of 5 plys per layer. As the plys for this composite are 0.1mm thick then we require the layer thickness to be 0.5mm so that each layer can contain 5 plys. In figure 6 we can see how this has been laid out with the layers being at -90, -45, 0, 45, and 90 degrees. 
Once this has been done, we then select the laminate to be our material group. 
[image: ]
[bookmark: _Toc58070739]Figure 7. Laminate composite selected
Figure 7 shows how the colour of the model has changed to show that a different material group is being used.
Now that we have the initial composite setup, we can perform a simple analysis to see how the new setup behaves.
[image: ]
[bookmark: _Toc58070740]Figure 8. Analysis on initial composite setup
As we can see from the displacement results in figure 8, the new composite is performing much better than the steel baseline. With a deflection of 0.06mm the part is well with the parameters required. With 5 layers of 5 plys each we can calculate that the thickness of the skin is 2.5mm. This is 5 times thicker than the steel baseline, however, since the density of the material is exactly 5 times less than that of steel the mass of the part is still 183g. 
Now that we have the initial composite structure set up, we can now begin to optimise it.
[image: ]
[bookmark: _Toc58070741]Figure 9. Setting up the objectives
To begin the optimisation, we need to set our objectives so that design studio knows what variable we want to improve within the design. In figure 9 we can see that mass has been selected and that we have defined in to be minimised. This should mean that design will prioritise the optimisation to minimise mass.
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[bookmark: _Toc58070742]Figure 10. setting up the constraints
After the objectives have been defined then we move onto defining the constraints for the model. In figure 10 we can see that we are constraining the part with displacement.  This is because we want to optimise the structure so that the part is as light as possible whilst still not exceeding the max deflection. The displacement constraint ensures that the part does not exceed this max deflection by setting the upper bound to 0.2mm.
[image: ]
[bookmark: _Toc58070743]Figure 11. Setting up the variables
Finally, the variables need to be defined within design studio. These are the parameters that we want design studio to alter in order to achieve the optimisation. We can see in figure 11 that we have chosen a lower bound of 0.1mm and an upper bound of 3mm. This means that the layer will have a minimum of 1 ply and a maximum of 30 plys in a layer. However, we do not expect a layer to require 30 plys, the high upper bound has been chosen to make sure that the optimisation is not constrained by its upper bound. These variable parameters are then applied to all 5 layers so that the program can optimise every layer appropriately.
Now that the objectives, constraints and variables have been defined we can begin the optimisation of the composite. We have set design studio up to iterate a maximum of 30 times, this should be enough for the program to converge onto a solution.
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[bookmark: _Toc58070744]Figure 12. Results from initial optimisation
From the graphs in figure 12 we can see that the optimisation has converged onto a solution by the 3rd iteration. Here we can see that the mass of the part is at around 100g whilst still meeting the constraint objective.
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[bookmark: _Toc58070745]Figure 13. Displacement results on the 24th iteration of the optimisation
Figure 13 visually shows where the deflections are taking place on the final iteration of the optimised part. We can see that the max displacement is 0.2mm which matches the criteria that we asked design studio to work within. 
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[bookmark: _Toc58070746]Figure 14. Graph showing the thickness of each layer of the optimised composite.
In figure 14 we can see that the thickness of layer 3 appears to be the most important for the composite structure for this load case scenario. Looking back at figure 6 we can see that the elements within layer 3 are oriented at 0 degrees. The layer thickness in layer 3 is approximately 0.84mm thick whilst the layer thicknesses for the other layers are around 0.1mm thick. Figure 14 also shows us how the thicknesses of each layer change as the program iterates the design. We can see that by the 6th iteration the program has begun to increase the thickness in layer 3 and decrease all other thicknesses. 
[image: ]
[bookmark: _Toc58070747]Figure 15. Values of each layer and mass
In figure 15 we can see that by design cycle 23 (the final iteration in the optimisation) the total mass of the part was 91.4 g and that it was not violating the constraints that had been applied. We can also see that layers 1,2 and 5 are the exact same thickness of 0.1mm or 1 ply thick. 
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[bookmark: _Toc58070748]Figure 16. Creating discrete variables
Now that we have optimised the composite so that we have the ideal thicknesses for each layer, we need to optimise it so that we have actual values that can be manufactured. Because our plys are 0.1mm thick we must have a thickness that is rounded up to the nearest 0.1mm for the thickness to be realistic. Figure 16 shows the discrete values that are implemented into the design variables so that the thicknesses must be set within the nearest ply.
[image: ]
[bookmark: _Toc58070749]Figure 17.  Results of the discrete value optimisation
Figure 17 is essentially identical to figure 12 other than that the final iteration has rounded the values up so that the thicknesses match that of the discrete variables.
[image: ]
[bookmark: _Toc58070750]Figure 18. Graph showing layer thickness for discrete results
Figure 18 clearly shows how the design iterations made by the program are identical to that in figure 14 however, the program takes one final extra iteration to round the values up to match the discrete values.
[image: ]
[bookmark: _Toc58070751]Figure 19.  Values of each layer and mass for the discrete optimisation
In figure 19 we can see all the actual values for each layer thickness as well as the total mass being 124.2g.
[image: ]
[bookmark: _Toc58070752]Figure 20. Part deflection under load for the discrete optimised composite
Figure 20 shows a visual representation of the deflection occurring on the discrete optimised composite. We can see a max deflection of 0.11mm which is well with the tolerance of the max allowed displacement. 
[bookmark: _Toc58149645]Analysis
The following table shows the values for each structure that has been modelled in design studio.
[image: ]
[bookmark: _Toc58070714]Table 1. Table showing structural properties of each material 
Using table 1 we can see that the steel baseline Is not suitable as a material for the wind turbine blade. Not only does steel have the highest density and therefore mass but it also does not meet the max deflection criteria of 0.2mm. If we wanted to use the steel, we would have to increase the thickness of the material in order to make it stiffer to reduce the deflection to be with 0.2mm. However, this would increase the mass of the part significantly which would reduce the efficiency of the wind turbine blade.
Looking at the composite baseline we can see that this material is performing far better than the steel. Having a max deflection of 0.06mm for the same total mass as the steel baseline. With a stiffness/weight ratio 6 times greater than that of the steel baseline. However, seeing that the part is only deflecting 0.06mm we can see that the composite can be optimised so that the total mass can be decreased whilst still being within the deflection tolerance. Also, the composite is 5 times thicker than the steel baseline which, depending on how the blade is designed, might be an issue when trying to manufacture the part.
The optimised composite has a max deflection of 0.2mm, so the optimisation is providing values that are right at the limit of what is permissible for the part. This is good to see how much material you can theoretically remove. However, realistically you may not want to have a part working right up to the limit, you may want a margin of safety to prevent failure. We can also see that the mass of the optimised part has halved, which if you scale this across a whole wind turbine blade is a significant reduction in mass and therefore a great increase its efficiency.
Although the optimised composite is theoretically the ideal composite for the scenario, it is not a manufacturable part. This because the composite is made of layers of plys which are 0.1mm thick and we cannot have a fraction of a ply in a composite. These plys cannot change in thickness so the composite layers need to reflect this and be rounded to be a multiple of 0.1mm. If we look at figure 15, we can see that some of the layer’s thicknesses go to many decimal places. Therefore, we need an optimised composite with discrete variables.
The discrete optimised composite has a higher mass than the optimised composite since the thickness has had to be increased at each layer so that they can resemble the structure in terms of plys. With a mass of 124.2g, it is still lighter than the composite baseline whilst the deflection is just over half of the tolerance.  We can see from figure 18 that the most important layer in terms of structural rigidity was layer 3 where the plys were oriented towards 0 degrees due to the layer being the thickest layer with the structure.
Conclusion
In conclusion, we can see that for a carbon fibre reinforced plastic is a better material than steel for the manufacturing of wind turbine blades. With the ideal manufacturable thickness being 1.7mm and a stiffness/weight ratio of 1492.2 N^2/mm. A blade made from this composite would only see a maximum deflection of 0.11mm when exposed to an evenly distributed load of 200N, which is within the 0.2mm allowable maximum deflection. This composite has the following layout. 2 plys at -90 degrees, 2 plys at -45 degrees, 9 plys at 0 degrees, 2 plys at 45 degrees and 2 plys at 90 degrees. This is a total of 17 plys.


[bookmark: _Toc58149646]Evaluation
Design studio is very powerful engineering tool that can be very useful for many situations. However, there are assumptions that are made when the program creates these models which my change how the part performs in the simulation compared to how it would perform in a real-life scenario.
One of these assumptions is that the load will be evenly spread across the whole surface of the material. In reality, you may see different areas of the of the surface receive greater loads. In order to ensure that the part does not fail, it would be wise to simulate the part using different load cases to resemble these different scenarios that could occur in real life.
Another assumption is to do with the degrees of freedom within the boundaries. At certain points there are certain degrees of freedom that are fixed to be infinitely stiff to resemble the way in which the edges would be attached to a material. However, you would still see some form of movement or rotation depending on the ductility of the material that it is attached to as nothing can be infinitely stiff.
If we look at the results on figure 14, we can see that layer thicknesses for layers 1,2 and 5 plateau at 0.1mm. This is because when inputting the design variables, the lower bound was set to 0.1mm to resemble the thickness of one ply. This means that even if the optimum thickness for those layers was less than 0.1mm, the design parameters would not let the layers go any thinner than that. This means that this optimised composite is not truly the most optimised version of this composite. If we were to create a truly optimised composite in the future, then we would need to make the lower bound a number close to 0 to resemble a minimal thickness. If we ran this optimisation, we may see that we do not need any plys in certain orientations as they provide minimal structural rigidity for these load cases.
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