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[bookmark: _Toc57999850]Introduction 

In this report I will be looking at how Finite Element Analysis optimisation techniques can be used to optimise a structure and how they benefit the design process. I was tasked with optimising the composite skin of an offshore wind turbine blade. My aims were to reduce the mass of the skin, whilst meeting a displacement constraint, to maximise performance. In order to do this I imported a digital twin of the wind turbine blade into Design studio and input the material properties of a unidirectional (UD) Carbon fibre reinforced plastic (CFRP). I then used the software to design the lay-up of the composite material, with 5 layers at different angles of orientation. I used Genesis optimisation software to meet the objective of minimising mass, whilst maintaining stiffness,  such that when a load is applied, the displacement constraint is not exceeded. By optimising the skin of the turbine blade and making it lighter, greater energy generating capabilities can be achieved.
[bookmark: _Toc57999851]Introduction to FEA (Finite Element Analysis)

“Finite Element Analysis (FEA) is a computerised method for predicting how a product reacts to real-world forces, vibration, heat, fluid flow and other physical effects.” (AutoDesk, 2020) FEA is based on applying the Finite Element Method (FEM), which is a mathematical tool, to a practical problem. The FEM is a tool used to transform partial differential equations into linear equations in order for them to then be [image: Graphical user interface, application

Description automatically generated]solved. Computers are very good at calculating and repeating equations quickly without making mistakes. FEA utilises this and uses computing power to generate numerical analysis and a visualisation of the results to represent what is happening. The technology allows us to simulate real-world scenarios accurately, without having to physically make the system.  (Harish, 2020) This information can be used as a feedback loop to make the design process more efficient. This saves time and money. [bookmark: _Toc57999164]Figure 1- How Feedback loop improves design process (Lake, 2020)



A full description of the geometry of the object/system as well as an understanding of the physics happening is key to good finite element analysis. A Computer aided drawing (CAD) model is used to represent the geometry of the object/system. Material properties, loads and constraints are also applied to the model for use in the FEA. (Comsol, 2016)
[image: Diagram

Description automatically generated]When analysing an object, the outer skin/surface is defined as the boundary. Everything inside the boundary is referred to as the domain. Both are subjected to external influences known as ‘boundary conditions’ , these could be things such as heat sources and external loads/pressures. The initial conditions of the object, such as pre-stresses are also to be considered.
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Description automatically generated] Using these conditions, and the information given with the CAD model, the software can generate a mesh of small simple shapes. These simple shapes have user defined sizing and are called ‘Elements’. Each point in which the corners of these neighbouring elements meet is called a ‘Node’. Each node is a representation of equations derived from the input data. The smaller the elements, the more precise the results will be. But smaller elements generate lots more nodes and therefore equations, resulting in more time and computing power needed. (Giraldo, 2020) Another technique used to refine the mesh is increasing the element order. The benefits of this technique are that there is no need to re-mesh, the new element order can be added to the same mesh, saving time. However more computational power is needed due to more calculations, which will take more time to solve. (Comsol, 2016)[bookmark: _Toc57999165]Figure 2 A finite element model of a wrench and the computed stresses. The mesh is not shown. (Comsol, 2016)

[bookmark: _Toc57999166]Figure 3 A finite element model of a wrench and the computed stresses. The mesh is not shown. (Comsol, 2016)
[bookmark: _Toc57999167]Figure 4 First few iterations of a mesh refinement study of a wrench, starting with a very coarse mesh to a finer mesh. (Comsol, 2016)




[bookmark: _Toc57999852]Things to consider:

· FEA is just a computer program. Garbage in = Garbage out. The inputs are not always exact, for example the loads or the material properties may not be very precise, this can affect the results.  “It is important to keep this in mind during the modelling process, as there is no benefit in trying to resolve a model to greater accuracy than the input data admits.” (Comsol, 2016)
· Geometry Simplification – If part of an object is not relevant for analysis, it may be simplified and meshed with larger elements in order to lessen the amount of calculations and save time. (i.e. If analysis is being carried out on a head on crash of a vehicle, the rear of the vehicle may be simplified and have less defined meshing, as results will be more neglectable) (Lake, 2020)
· If an area of the object was showing particularly strange results, the area could be re-meshed using a finer mesh to try and identify what is going on, without having to calculate a finer mesh for the entire structure.

[bookmark: _Toc57999853]Linear Static Analysis

In Structural engineering Linear static analysis is used frequently to analyse the relationship between forces and displacement . “When loads are applied to a body, the body deforms and the effect of loads is transmitted throughout the body. The external loads induce internal forces and reactions to render the body into a state of equilibrium. Linear Static analysis calculates displacements, strains, stresses, and reaction forces under the effect of applied loads.” (SolidWorks , 2019) Linear static analysis identifies von mises stress distribution across ductile structures. “Von Mises stress is a value used to determine if a given material will yield or fracture.” (Simscale, 2020) This information can be used by engineers to identify how a material or system would behave, and whether it would fail.
[bookmark: _Toc57999854]Optimisation techniques used within FEA

[bookmark: _Toc57999855]Key aspects of optimisation 

Optimisation – The greatest degree or best result obtained or obtainable under specific conditions. (Collins, 2020)
Constraints – The constraints are things that the user has constrained to a limit. (i.e. stress, displacement)
Design Variables – The design variables are the parameters that are allowed to change, either directly or indirectly. (i.e. amount of plies/ layer thickness)
Objectives – The objectives are what you wish to achieve with your optimisation. (i.e. Reduce mass or displacement)
(Levia, 2020)

[bookmark: _Toc57999856]Sizing Optimisation
Sizing optimisation calculates the most suitable geometry sizes for complex structures under a variety of load scenarios. Focusing on properties such as weight and stiffness, the optimal thickness for sheet layers can be identified. This helps manufacturers understand how material should be configured for the optimum performance. “Sizing optimization boosts innovative designs within significantly shorter development times.” (3DS, 2020)

[bookmark: _Toc57999857]Shape Optimisation 
In shape optimisation the position of the material is the variable. Shape optimisation aims to meet objectives set by the user, within defined constraints, via creating the optimal shape. It does this by modifying this boundaries of the geometry. The software creates a mesh and optimises the design variables until the best solution is found. (Chara Ch.Mitropoulou, 2013)

[bookmark: _Toc31662126][bookmark: _Toc57999858][image: ]Topology

“Topology is the study of geometrical properties and spatial relations unaffected by the continuous change of shape and size of figures.” (Oxford English Dictonary , 2019) 
Topology is an FEA optimisation technique found in software such as  Solidworks. It is used to produce iterations of components that work within geometric tolerances, to try and try to achieve a given optimisation target. (E.g. minimising weight, but maintaining strength.) [bookmark: _Toc57999168]Figure 5 - Example of topology identifying von mises stress and void material. (Abbey, 2018)


The design variable in topology is the distribution of the material.
Topology creates a visualisation of the behaviour of a model and the stress occurring by considering all applied loads, materials, and constraints. This analysis is used to try and achieve an objective, (For instance minimising mass) to generate an optimise version know as a solution (SolidWorks, 2019) Topology can aid manufacturers in the design process in many ways. The ability to optimise an part without physically building it saves time and money. It also unlocks new potential in terms of saving weight whilst not compromising strength, as it can create natural structures only placing material where it is needed, ignorant of conventional design. Although these structures may not be able to be manufactured using conventional manufacturing techniques. Additive manufacturing is a process in which material is printed in layers to create a 3D object. This process can be used to manufacture these complex structures, but may not be applicable in some scenarios, depending on application. (Electric, 2020) 

[bookmark: _Toc57999859]Topometry 

Topometry focuses on the thickness of the elements as the variable. “If the structural shape, distances and the number of stiffeners must be kept, the Topometry optimization is the required solution, as only the thicknesses of the elements are varied.” (Tomas Katrňák, 2017) For example, the limits could be defined by the manufacturing process, the lower bound being the smallest thickness castable. And the upper bound being the largest thickness that can be cast without defects such as porosity. (Die Casting, 2016) The object can be optimised to be as thin as possible, but maintain strength and therefore have an increased thickness in areas where it is needed. (Tomas Katrňák, 2017)

[image: Diagram

Description automatically generated]Topometry will be used to optimise the skin of the wind turbine blade. The thickness of the layers will be the design variable and will be used to determine how many plies should be laid.[bookmark: _Toc57999169]Figure 6- Graphic shows Topometry optimisation. Most areas are at minimum castable thickness (2.3mm). Material to add strength added where needed, without exceeding Max thickness castable (7mm). (Lake, 2020)



[bookmark: _Toc57999860]Optimisation of wind turbine blade using Genesis on Design Studio

[image: Graphical user interface
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[bookmark: _Toc57999170]Figure 7- Load cases and degrees of freedom. Each edge is defined in 6 degrees of freedom, with a force of 200N applied.
Figure 7 shows the CAD file imported into design studio. The edges of the model are defined in 6 degrees of freedom. The load applied to the face of the skin is 200N.
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[bookmark: _Toc57999171]Figure 8- Running single analysis and then import post
Genesis was used to run single analysis on the model and the data was imported.
[image: Graphical user interface
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[bookmark: _Toc57999172]Figure 9- Displacement shown from post in deform/colour mesh.
A colour/deform mesh gives a visualisation of what is going on. The initial max displacement shown as 0.33mm according to colour bar. Show by the red elements in the centre of the model.
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[bookmark: _Toc57999173]Figure 10- Analysis of elements.
 The analysis shows a total mass of 183g.
[image: A screenshot of a computer
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[bookmark: _Toc57999174]Figure 11- The initial thickness is 0.5mm.
Stiffness k = f/x  = 200N/0.33mm =606.06N/mm
Stiffness/weight = k/(mg) = 606.06/(0.183x9.81) = 337.6N2/mm

[image: A screenshot of a computer
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[bookmark: _Toc57999175]Figure 12- Created new material that is Orthotropic (MAT8) and called it Unidirectional.
The CFRP I will be optimising is an Orthotropic material. An Orthotropic material is defined as “having 3 mutually perpendicular planes of elastic symmetry at each point.” (Oxford English Dictonary , 2019)
[image: Graphical user interface, application
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[bookmark: _Toc57999176]Figure 13 - Input material properties of CFRP (Carbon fibre reinforced plastic)
[image: ]
[bookmark: _Toc57999177]Figure 14 - Element analysis- Generated theta vectors to identify fibre direction.

To add the CFRP to the model a new group property was made. The layering of the PCOMP follows the design brief. 5 layers, with 5 plies in each layer, at -90, -45, 0,45 and 90. 0 is assumed to run longitudinally down the blade, so the theta vectors generated in Figure 14 identify which direction the software is assuming is 0.
[image: A screenshot of a computer
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[bookmark: _Toc57999178]Figure 15- New group property, PCOMP
[image: A screenshot of a computer
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[bookmark: _Toc57999179]Figure 16- Input 5 layers, that are 0.5mm thick (Each ply is 0.1 mm and there’s 5 plie per layer.) Each layer is orientated at angles -90,-45, 0, 45 and 90
[image: A screenshot of a computer
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[bookmark: _Toc57999180]Figure 17- Add element mesh to new material composite.
[image: Graphical user interface
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[bookmark: _Toc57999181]Figure 18- Single analysis and import post.
[image: Chart, surface chart
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[bookmark: _Toc57999182]Figure 19- Analysis shows new data using new composite.
We can see from colour mesh that the displacement has gone down to 0.06mm.
 [image: A screenshot of a computer
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[bookmark: _Toc57999183]Figure 20 - Analysis showing same mass
In element analysis we can see the mass is the same.

[bookmark: _Hlk57730189]Material	Thickness	Deflection	Mass	Load	Stiffness	Stiffness/Weight
Steel		0.5mm		0.33mm	183g	200N	606.06N/mm	337.6N2/mm
Composite	2.5mm		0.06mm	183g	200N	3333.3N/mm	1856.75N2/mm

Even though the composite shows a higher Stiffness/Weight Ratio, it is 5 times thicker and the mass has not been reduced. In order to optimise the structure we must add an objective, constraints and design variables.
[image: A screenshot of a computer
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[bookmark: _Toc57999184]Figure 21- Set objective: Minimise mass
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[bookmark: _Toc57999185]Figure 22- Apply constraints
Add upper and lower limit displacement. The upper limit should be set to 0.2mm as this is the maximum allowable displacement.


[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc57999186]Figure 23- Set design variables (ply thickness)
The initial size of the plies is 0.1mm. The lower bound was set to a very small number and the upper bound was set to a large number to allow the optimisation to work within greater parameters. 

[image: A picture containing shape
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[bookmark: _Toc57999187]Figure 24 - Repeat design variable for each layer.
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[bookmark: _Toc57999188]Figure 25 Applying design variables to PCOMP
With all constraints, objectives and design variables defined we can use Genesis to optimise the skin.

[image: ]
[bookmark: _Toc57999189]Figure 26- Top graph shows objective (the mass) through each Design cycle., Bottom graph shows constraint violation (In this case the displacement) given as a percentage in relation to the constraint set through the design cycles.
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[bookmark: _Toc57999190]Figure 27- By cycle 2 it’s at 0.21mm displacement, just violating constraints
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[bookmark: _Toc57999191]Figure 28- At cycle 3 onwards its 0.2mm which is within constraints.
[image: Chart

Description automatically generated]The graph shows that the layer at 0 has increased through the cycles, and the other layers have gradually dropped. The layer at 45 decreased at a lesser rate followed by the layer at -45 until becoming equal, suggesting they added more stiffness than those at 90 and -90.

[bookmark: _Toc57999192]Figure 29- The Graph shows how the variables (Thickness of the layers) have changed through the iterations.
[image: A picture containing text, screenshot, computer
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[bookmark: _Toc57999193]Figure 30 - History file of Optimisation shows the thickness’s of each layer and the final mass of 91.2g at final cycle 25.
Material	Thickness	Deflection	Mass	Load	Stiffness	Stiffness/Weight
Steel		0.5mm		0.33mm	183g	200N	606.06N/mm	337.6N2/mm
Composite	2.5mm		0.06mm	183g	200N	3333.3N/mm	1856.75N2/mm
Optimised	1.2mm		0.2mm		91g	200N	1000N/mm	1120N2/mm
 
Although the mass has been reduced and the part is optimised, the values for ply thickness’s are too precise to manufacture. See Figure 29 line 154, the thickness is given at 0.8470193mm. In order to be able to manufacture the plies, we need to run the optimisation again but with discreet variables. 
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[bookmark: _Toc57999194]Figure 31- Add discreet values so it can be manufactured.
[image: ]
[bookmark: _Toc57999195]Figure 32- Discreet values -Top graph shows objective (the mass), bottom graph shows constraint violation (In this case the displacement given as a percentage in relation to the constraint set.
Comparing this to the previous graph we can conclude that the analysis was very similar if not the same, until the 23rd cycle, where the values have been rounded to whole numbers (Made discrete).
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[bookmark: _Toc57999196]Figure 33- The Graph shows how the variables (Thickness of the layers) have changed through the iterations.
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[bookmark: _Toc57999197]Figure 34- Colour/Deform mesh shows new max displacement is 0.11mm
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[bookmark: _Toc57999198]Figure 35- History file of design cycles shows up the ply thickness and final mass
As we can see from our results (Figure 34 & 35), the final mass is 124g and the displacement is 0.11mm.

Material	Thickness	Deflection	Mass	Load	Stiffness	Stiffness/Weight
Steel		0.5mm		0.33mm	183g	200N	606.06N/mm	337.6N2/mm
Composite	2.5mm		0.06mm	183g	200N	3333.3N/mm	1856.75N2/mm
Optimised	1.2mm		0.2mm		91g	200N	1000N/mm	1120N2/mm
Optimised (D)	1.7mm		0.11mm	124g	200N	1818N/mm	1494N2/mm

[bookmark: _Toc57999861]Evaluation of Optimisation 
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[bookmark: _Toc57999199]Figure 36- Graph to show mass (kg) across design cycles of Optimisationn
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[bookmark: _Toc57999200]Figure 37- Graph to show Constraint Violation (Displacement) as percentage to represent the magnitude of the violation across design cycles.
The top graph (Figure 36) represents the mass of the skin. The bottom graph (Figure 37) represents the displacement shown as a percentage which represents the magnitude of the violation.  We can see that in the 1st design cycle the mass dropped to a low of around 40g, but this massively violated the displacement constraint. In the 2nd cycle we can see the mass rise back up to approximately 100g, whilst slightly violating the constraints. The data in Figure 27 shows a violation of 0.01mm. From cycle 3 through to the final optimised cycle 24, the mass gradually drops to 91.2g (See Figure 30) whilst not violating the constraints. Figure 29 shows that Layer 3, the ply at 0 was the thickest at 0.8470193mm with the other layers dropping to 0.1mm suggesting the ply at 0 has the most structural importance.

Material	Thickness	Deflection	Mass	Load	Stiffness	Stiffness/Weight
Steel		0.5mm		0.33mm	183g	200N	606.06N/mm	337.6N2/mm
Composite	2.5mm		0.06mm	183g	200N	3333.3N/mm	1856.75N2/mm
Optimised	1.2mm		0.2mm		91g	200N	1000N/mm	1120N2/mm

The optimised Composite is nearly half the mass of the Steel skin and has a stiffness to weight ratio over 3x that of steel. This would be much more efficient and have much greater power generating capabilities over the steel. However due to manufacturing restrictions we are unable to manufacture this material lay-up. To be able to optimise the skin with in manufacturing capabilities we need to make our design variables discrete.
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[bookmark: _Toc57999201]Figure 38-Graph to show mass (kg) across design cycles of Optimisation (Discrete)
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[bookmark: _Toc57999202]Figure 39- Graph to show Constraint Violation (Displacement) as percentage to represent the magnitude of the violation across design cycles. (Discrete)
Figures 38 and 39 show the data for the optimised composite with discrete variables. The graphs are almost identical to the optimised composite without discrete variables (See Figures 36 & 37). In fact until cycle 23 the data is exactly the same. At cycle 23 the optimisation has applied the discrete variables and rounded the layer thickness’s to meet the criteria. This has bought the mass up from approx. 91g to 124g which can be seen as the increase in gradient on the graph in Figure 38 at cycle 23. 

Material	Thickness	Deflection	Mass	Load	Stiffness	Stiffness/Weight
Steel		0.5mm		0.33mm	183g	200N	606.06N/mm	337.6N2/mm
Composite	2.5mm		0.06mm	183g	200N	3333.3N/mm	1856.75N2/mm
Optimised	1.2mm		0.2mm		91g	200N	1000N/mm	1120N2/mm
Optimised (D)	1.7mm		0.11mm	124g	200N	1818N/mm	1494N2/mm

The Optimised composite with discrete variables has a mass of 124g (See Figure 35). This is 59g less than the steel skin. As the layers had to be rounded to comply with discrete variables the mass has increased from the non discretized model, but so has the stiffness. The Optimised composite skin with discrete variables is lighter and stiffer than the original steel skin, and is manufacturable. Figure 35 also show that layer 3 was the thickest ply at 0.9mm with the other layers at 0.2mm suggesting the ply at 0 is the most structurally important.

[bookmark: _Toc57999862]Conclusion

To conclude, the results show that the Optimised composite would be a third of the mass of the steel skin, but this is not manufacturable. With the addition of discreet variables, the mass increases to 124g and the stiffness increases. This is expected as the software is rounding the ply thickness up to fit the criteria of discreet variables. This optimised discreet variable skin has less mass than that of the steel skin, and is manufacturable. The aim of our optimisation was to make the wind turbine blade as light as possible, in order to maximise the energy generating capabilities of the wind turbine. The results show this has been achieved as the new skin is lighter and retains the blades aerodynamic shape, as it doesn’t not violate the 0.2mm displacement constraint. The optimisation identified that most of the plies (9) should be laid at 0 and the rest of the orientated layers should be equal at 2 plies. This suggests the layer at 0 is the most structurally important adding the most stiffness. Figure 29 suggests the layers at -45 and 45 provided more rigidity than those at 90 and    -90.
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