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[bookmark: _Toc133868789]Abstract
This report will assess the general application of Computer Aided Engineering, with a focus on the benefits, limitations, and considerations of use. A case study will be employed, centred around a brake disc. 
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[bookmark: _Toc133868791]Brake disc background
The brake disc (or brake rotor) is a critical component of the braking system. Fixed to the hub, it rotates with the wheels of the vehicle. Two brake pads, covered in a high-friction material, are pressed into the disc by hydraulic force (originating from the driver’s foot pressure on the brake pedal and amplified by the master cylinder). The kinetic energy of the vehicle is converted into heat, slowing the vehicle.
There are two major problems associated with heat in braking systems:
· Brake fade – the brake pads overheat beyond their rated temperature, and their coefficient of friction (and therefore performance) reduces significantly.
· Boiling of fluid – In extreme cases, heat is transferred through the disc, pad, and piston assembly and boils the fluid behind the piston. When brake fluid (an otherwise incompressible fluid like any other hydraulic medium) boils, bubbles form. These bubbles are compressible, meaning that when the driver exerts force on the pedal, instead of the force being transferred directly to the pads, the bubbles are compressed instead. Often this will result in a brake pedal or lever travelling all the way to its stop without any braking being felt. 
Additionally, frequent extreme heat cycles will also degrade the life of the braking system components significantly – discs are more likely to become warped or scored, and pad life will be reduced significantly, to name but a few [1]. 
Despite the above issues, a small amount of heat is required for the braking system to function at its best – especially when using higher-performance sintered or semi-sintered pads containing metallic rather than organic friction generating material. Such pads will not work when cold.
Brake discs are typically constructed of either solid steel, or a steel friction surface rivered onto an aluminium centre bell – saving rotating mass. They are either “solid” or “vented” – vented rotors contain a ventilated void between the inner and outer friction surface, which serves to draw air through the rotor, cooling it, as it rotates. A varying number of friction surface patterns are also available, typically drilled holes, dimples, grooves, or any combination thereof, all claiming to increase the surface area of the disc and therefore how quickly it can be cooled by the airflow across its surface [2], [3].
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[bookmark: _Toc133867824]Figure 1 A solid and vented brake disc [4]
This study will focus on a vented model of a brake disc taken from Formula Ford. The heat dissipation characteristics will be assessed, along with the stresses at 1000 RPM. 
[bookmark: _Toc133868792]Computer Aided Engineering
Computer aided engineering (CAE) involves the use of computer software to simulate, optimise and validate products and processes across the entire design process. This is done to improve the final design, to help resolve engineering challenges without the need to build a prototype. CAE has proven useful over a wide range of industries and in the health care sector. When done correctly, CAE can provide cost and time savings, in both the design and the product development process.
There is a wide variety of CAE software available for use including Solidworks, Matlab, Fusion 360 and Ansys. 
There are many advantages of CAE, including:
· Time and cost saving in the product development and testing stages, including redesigns.
· Performance insights including risks and reliability without the absolute need for physical testing.
· Improved designed based on CAE data and therefore improved safety.
· Identification of maintenance issues early in the design process.	[5] [6]
This paper studies the uses and limitations of CAE, using an example of a brake disc modelled in Solidworks and analysed in Ansys. Several comparative studies were conducted, followed by a validation process to confirm the software was running as expected. The methods used involve breaking down an object into smaller parts, referred to as elements. Mathematical models are then used to provide results on each element. This information is then collated by the software which provides detailed results on the overall behaviour of the object and allowing an understanding of any weaknesses. CAE is a very powerful tool, proven to provide reliable and repeatable results. However, it does have limitations and without an understanding of these, the user may not be correctly interpret the results provided. This is considered further in the discussion.
[bookmark: _Toc133868793]Finite Element Analysis
Finite element analysis (FEA) is a computer aided engineering tool used to calculate and analyse how different materials will behave when a range of forces are applied with set constraints [7]. This allows observation of how parts behave and potentially fail. It has its origins in the automotive, aerospace, and civil engineering industries with Boeing, Bell Aerospace and Rolls Royce being major contributors [8]. In a speech by Prof. R.W.Clough, on the “Early history of the finite element method from the view point of a pioneer” he notes the first FEM paper was written in 1956. This paper is widely considered to be the first paper on FEA [9].
The basic concepts of the FEA method are relatively simple to understand. The user does not have to be an expert in mathematics, though some straightforward knowledge of engineering and the ability to draw a realistic model is required. The creation of the model is largely based on experience and engineering intuition. Every drawing must incorporate all available information including material properties, dimensions, and forces. FEA breaks down a part into components called elements. Mathematics is then used (by the software not the user) to calculate the forces at each element. The results are collated and used to understand the overall behaviour and to identify any weaknesses that may need optimising [10], [11].
According to Fish et al [8], FEA has many uses, including but not limited to
· Accident crash analysis
· Analysis of surgical procedures
· Seismic analysis of structures
· Stress and thermal analysis of parts and devices.
This paper considers the stress and thermal loads on a brake disc.
[bookmark: _Toc133868794]Meshing and Nodes
The elements referred to above are collectively known as a finite element mesh and it covers the entire model/structure with a finite number of connecting points, called nodes [12]. The mesh helps the computer to understand the shape and size of the model to be analysed. It is at each of the nodes where the computer calculates forces. If the mesh is not detailed enough or isn’t accurate, the results will not be accurate either. The mesh must be detailed enough to produce an acceptable approximation for the boundary and loading conditions but not too detailed that the analysis takes an unreasonably long time or runs out of computational power. For a reasonably accurate results, thousands of nodes are likely to be needed. It is advisable to have more detailed meshing at key points on the model. This may be important for areas subjected to greater forces such as attachment points.
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[bookmark: _Ref133844479][bookmark: _Toc133867825]Figure 2 Representations of finite element mesh [8]
Figure 2 above, shows the difference between a coarse and fine mesh. The coarse mesh on the left has far fewer nodes than the fine mesh on the right. Mathematically, this means the data from the fine mesh could be considered more accurate than the data from the coarse mesh. 
[bookmark: _Toc133868795]Mesh convergence and independence
For simulation results to be accurate, it is common to demonstrate the mesh is independent of the mesh size. This is done following the determination of how many elements are required to produce repeatable results with decreasing mesh size. At this point, further refinement of the mesh will not alter the results. This can be done by performing several simulations with different mesh sizes and checking if the results change [13]. If the do not, the results are independent of the mesh.

[bookmark: _Toc133868796]Boundary Conditions
Boundary conditions represent the effect other parts or structures not immediately involved in the simulation have on the part in question. For this reason, it is essential to set up accurate boundary conditions. If they are not done correctly, the results will inaccurate. They can be applied to geometry such as faces and edges, and FEA objects such as nodes [14].  Supports and loads are two types of boundary conditions used frequently in Ansys. A support is used to fix or constrain the structure and represent a part which is not present in the model but is interacting with the part. Loads are used to put a force on the structure. Force, moment, pressure, and gravity are all examples of loads available in Ansys. Fixed constraint, fixed rotation constraint, roller constraint and thermal constraints are examples of constraints available to the user in Ansys [15].

[bookmark: _Toc133868797]Methodology
The brake disc used in this project was drawn in Solidworks , the geometry was then imported into Ansys for the simulations. The drawing was supplied by a colleague from the automotive industry. Contact details are available upon request. The material properties for the different brake discs were obtained from the Granta material library and were imported in to Ansys. For this study cast iron and steel were compared in steady state thermal studies and static structural studies. 
Two different meshing values were used. A fine mesh of 2x10-3m was compared to a coarse mesh of 8x10-3m for each material. 1000 RPM was applied to each brake disc in the static structural analysis. Heat transfer coefficient of 46.5W/m2°C was applied to the cast iron and 60.45W/m2°C to the steel. A temperature of 257.5°C was applied to both materials. As Ansys operates at an ambient temperature of 22°C, 257.5 was added to 22 to input the required operating temperature.
All the studies below are snapshots in time rather than over a period of time. There is no increasing or decreasing of rotational velocity, the software instantly ramps up to the required value and the data is taken from this timepoint.
[bookmark: _Toc133868798]Validation
Validation is a process conducted after simulation of the model and is concerned with the accuracy of the model and if it replicates the real-life situation. The purpose of validation is to assess if the model falls within an acceptable margin of error, allowing some confidence in simulation results. It is worth noting that any model and simulation will only ever approximate the real-life situation. An acceptable margin of error is variable depending on the situation being analysed [16].
To verify the study conducted for this paper, the results obtained using the approach discussed above were compared with known analytical solutions. Several other methods for validation are available including hand calculations and comparison to physical data (when this is available). The latter is not necessarily a reliable method as experimental error cannot always be accounted for accurately.



[bookmark: _Toc133868799]Results
[bookmark: _Toc133868800]Meshing
Figures 2-7 show the difference between a fine and coarse mesh. Figures 2, 3 and 4 show a much more detailed meshing than that in figures 5, 6 and 7. The finer mesh was 2x10-3m and the coarse mesh 8x10-3m. The triangular meshing initially provided by Ansys was changed to a 4-noded tetrahedral design, providing greater detail in the analysis and therefore more reliable and accurate results.
[image: A picture containing map

Description automatically generated]
[bookmark: _Toc133867826]Figure 3 Fine mesh 2x10-3m front of drake disc.
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[bookmark: _Toc133867827]Figure 4 Fine mesh 2x10-3m back of brake disc.
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[bookmark: _Toc133867828]Figure 5 Fine mesh 2x10-3m back of brake disc zoomed in.
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[bookmark: _Toc133867829]Figure 6 Coarse mesh 8x10-3m front of brake disc.
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[bookmark: _Toc133867830]Figure 7 Figure 6 Coarse mesh 8x10-3m back of brake disc.
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[bookmark: _Toc133867831]Figure 8 Coarse mesh 8x10-3m back of brake disc zoomed in.
[bookmark: _Toc133868801]Total Deformation
The total deformation for both cast iron and steel was compared, using the finer mesh throughout. Total deformation is the stress and strain across the model and is part of a static structural analysis. This analysis shows results on the x, y, z axis [17]. The images for both simulations look identical so there needs to be careful consideration of the numerical values obtained for each material. 
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[bookmark: _Toc133867832]Figure 9 Cast Iron Total deformation – back.
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[bookmark: _Toc133867833]Figure 10 Cast iron total deformation – front.
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[bookmark: _Toc133867834]Figure 11 Cast Iron Total deformation – side.
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[bookmark: _Toc133867835]Figure 12 Steel total deformation – back.
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[bookmark: _Toc133867836][bookmark: _Ref133868856]Figure 13 Steel total deformation – front.
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[bookmark: _Ref133864874][bookmark: _Toc133867837]Figure 14 Steel total deformation side – section view.
Figure 14 shows another feature in Ansys, allowing cross sections of models to be revealed, allowing otherwise “invisible” areas to be viewed.
[bookmark: _Toc133868802]Equivalent Stress
Equivalent stress is a combination of nine different values in to one figure. This is used by engineers to assess if a material will begin to yield. The von Mises stress used in this simulation is commonly used for the analysis of metals. It is possible to calculate the Von Mises stress from the stress components described by the three-by-three stress tensor, however this goes beyond the scope of this paper [18].
The equivalent stress analysis in this study was done with two fixed support points on the model and a rotational velocity of 1000rpm. The fixed support points are the two bolt holes with greater stress than the other bolt boles on each model. The results show minimal forces on the main face of the brake disc and in both cases greater forces around any fixing or aliging points. 
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[bookmark: _Toc133867838]Figure 15 Equivalent stress cast iron – front.
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[bookmark: _Toc133867839]Figure 16 Equivalent stress cast iron – back.
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[bookmark: _Toc133867840]Figure 17 Equivalent stress cast iron back - half zoomed in.
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[bookmark: _Toc133867841]Figure 18 Equivalent stress steel - front section view
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[bookmark: _Toc133867842]Figure 19  Equivalent stress steel back – section view.
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[bookmark: _Toc133867843]Figure 20  Equivalent stress steel - back zoomed in.
[bookmark: _Toc133868803]Steady State thermal analysis
Steady-state thermal analysis is used to evaluate the thermal equilibrium of a part or system where the part is subjected to constant heat loads and it allows standard operating temperatures to be defined. In this case a linear steady state study was performed. In a liner study, the material properties are independent variables rather than being dependent upon each other [19], [20].
Figues 20 – 23 below show the thermal conductivity of steel when a constant temperature of 257.5°C is applied to a steel brake disc. Images for the cast iron study are not available. The images clearly show hotter and cooler spots and shows the function of the cooling grooves. As this study is of a time point, the simulation will not consider any chances in the heat transfer coefficient due to the compression of air and resulting adiabatic heating at higher rotational velocities.
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[bookmark: _Toc133867844]Figure 21 Heating of brake disc to 257.5°C - steel – back.
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[bookmark: _Toc133867845]Figure 22 Heating of brake disc to 257.5°C - steel – front.
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[bookmark: _Toc133867846]Figure 23 Heating of brake disc to 257.5°C - steel – section view.
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[bookmark: _Toc133867847]Figure 24 Heating of brake disc to 257.5°C - steel – side.
[bookmark: _Toc133868804]Validation results and analysis
Validation was performed to prove that the methodology applied was suitable for the task. The results from the two validation simulations can be seen below in figure 25 and 26. Table 1 shows the expected and actual results with these converted to a percentage error. Both results are within 5%, quoted by the lecturer as being acceptable. The validation simulations have proven the software and methodology for this study to be functioning suitably. The validation results increase confidence that the results obtained in the study are in-line with an expected response.
	
	Expected results (mm)
	Actual results (mm)
	Percentage error (%)

	Bimetallic Strip
	-7.049
	7.121
	1.01

	Cantilever Beam
	151.143
	157.15
	3.82


[bookmark: _Toc133862064]Table 1 Validation Results
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[bookmark: _Toc133867848]Figure 25 Bimetallic strip validation
Bimetallic strips are subject to bending due to the application of heat. Due to this, the above simulation is an excellent validation process for the thermal study conducted for this paper. In the validation simulation material properties for invar and copper were applied. The left-hand edge of the strip was fixed, with the right-hand edge left free. A thermal loading of 100°c was applied.
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[bookmark: _Toc133867849]Figure 26 Cantilever beam validation
A cantilever beam was used for validation of the linear analysis performed in the study for this paper. A thin plate was fully fixed on the left-hand edge and a uniform force of 2750.00 Pa was applied to the top surface of the beam.​

[bookmark: _Toc133868805]Discussion
Despite computer aided engineering and finite element analysis being an invaluable tool in the engineering world, they are not without serious limitations:

· Assumptions of perfect manufacturing conditions – CAE software will always presume perfect conditions during simulations. The geometry of a part will never be perfect – manufacturing tolerances are not considered by the software. Materials are unlikely to ever be 100% pure or heat treated perfectly. Yet the software will always presume this to be the case.
· Human error – the analysis will only be as accurate as the information provided by the user. If a mistake is made defining any parameter, this will be carried forward to the results. This also links to the validation results. While the validation indicates the study is valid, it is only as valid as the inputted data.
· Limitation of available data – not all the data required may be readily accessible to the user. It could be costly and time consuming to obtain this, or in some cases not yet possible. This severely limits the accuracy and reliability of the results obtained.
· Perfect usage conditions – CAE software does not consider external factors such as weather and improper maintenance.
· FEA by its very nature is an approximate solution. Exact solutions are only given for the nodes across the meshing. Fewer nodes = less accurate data (up to the point of mesh independence).
· FEA is limited by computational power. To simulate a complex model a powerful computer will be needed, and potentially a lot of time to allow the simulation to run. This is not always available, so compromises must be made, limiting the accuracy of the results.
· Meshing/nodes – simulations are limited by the number of nodes. Fewer nodes = less accurate data. More nodes = increased computational time and power.
· User (in)competence – it takes years of experience to use and understand CAE/FEA with any degree of competence. While Solidworks and Ansys are, to some extent, user friendly, this will not make up for lack of knowledge at either the modelling or analysis stage. An understanding of the material responses to any simulation is critical to valid interpretation of results.
· Uncertainty – this is not unique to the CAE world but very important. If there is a potential deficiency in the model due to lack of knowledge, how can it be accounted for in the results?
· FEA is often performed as parts rather than whole systems – this does not allow for whole system interactions and therefore simulation results will not necessarily reflect the behaviour of the part when it is considered as part of a full system.

In line with the last point above, there are also some points to bear in mind when considering if the model in this paper reflects real-life events and the value of the validation results:
· This study did not consider heat or pressure from the brake pads.
· Brake pad material deposits on the brake disc were not considered.
· Brake fluid behind the piston will heat up during braking, this was not considered.
· The heat transfer coefficient used in the thermal study will change with an increase or decrease in airflow over the brake disc. A single value was used throughout the thermal study [21]. 
As the user did not have the ability to consider the brake disc as part of the full braking system in the Ansys, the results obtained may not be representative of a real-life situation.


[bookmark: _Toc133868806]Future work
To improve the validity of the simulations in this study, the brake disc could be simulated as part of a complete system rather than in isolation.

Physical studies could be performed. This is common in the automotive industry and wouldn’t be that costly to undertake. Simulation results could then be compared with physical data.

The confidence in the validity of the results would be improved if the user had more understanding and working knowledge of the software and the data used in the simulations. This would enable a mesh convergence and independence study to be conducted.

[bookmark: _Toc133868807]Conclusion
Computer Aided Engineering and Finite element analysis have become common tools in all engineering disciplines. Unfortunately, mastering FEA requires years of dedication and regular use. This is far beyond what a simple short course can offer. A full understanding of the limitation discussed above is key to beginning to understand the wider world of FEA and to be in a better position to take advantage of everything it has to offer.
“Given the opportunity, FEA will confess to anything” [22].
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