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Introduction 

In the following report, the use of Computer Aided Engineering will be discussed and investigated, 

supported by the conduction of a series of tests in FEA studies. CAE and FEA’s use as a tool for design, 

as well as it’s advantages and limitations, will be considered, and two validations will also be carried 

out to this end. Furthermore, a connected study of rigid dynamics, steady-state thermal, and static 

structural will be carried out on an engine piston assembly, before possible improvement to the 

crankshaft is investigated using the FEA results and the rapid design and testing benefits of the CAE 

process.  
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1: Finite Element Analysis as a Tool for Design 

1.1: Principles of FEA 

Finite element analysis is a process that simulates physical phenomena using the Finite Element Method 

(FEM), which is a mathematical method of predicting how geometry will react when subjected to 

various physical conditions (University of Victoria, 2015). The method divides an engineering problem 

into a finite number of elements by discretising the problem (Bhavikatti, 2005). The properties of each 

discrete element can then be calculated, the results of which are visualised by the FEA software, usually 

via a colour scale (Simscale, 2022). This means that the accuracy of the result of the simulation is 

affected by the quality of the mesh used for the test. It is important to use a mesh fine enough to ensure 

an accurate simulation (Bhavikatti, 2005), however not so fine that computing time is wasted or 

inaccuracy is introduced due to compounding mathematical inaccuracies within the simulation due to 

idealised conditions (Mit.edu, 2017).  

1.2: FEA Validation and Verification 

In order to verify the results of CAE programs, standard validations are used. These are simple problems 

used to compare the results with an analytical solution, in order to determine the error within the method 

and to easily analyse the effects of parameter changes with a relatively fast solve time, owing to the 

simplicity of the problem. Validations help to increase the integrity and reliability of the CAE software 

itself and allow for greater trust in the end result of a CAE simulation (Srinivas, 2020).  

For CAE problems, mesh studies are also conducted, for a similar purpose as validations – to ensure 

the validity of the generated result. Studies are ran at different mesh densities in order to ascertain the 

effect of the change of mesh density on the solution of the run. When the study has reached mesh 

independence, it means that the fineness of the mesh is independent of the results of the study (Kelley, 

et al., 2020), which results in greater accuracy (Xu, Li, & Lin, 2019). These principles are detailed 

further in section   
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2: ANSYS Validations. 

1.3: Advantages of FEA 

FEA software improves the design process by quickening the prototyping and optimisation phase of 

product design, by reducing the number of required physical prototypes and tests. It brings the testing 

phase of product design in far earlier than conventional design and prototyping, and so allows for less 

investment to be necessary in designs that are ultimately found to not be viable (Manor Tool & 

Manufacturing Co., 2019). FEA processes are mainly used for improving product safety, testing real-

world conditions and stresses on designs, and using this data to therefore evaluate and optimise designs 

and materials. This has the effect of reducing the cost and time of production (Simscale, 2022) 

(Sieminski, 2001).  

FEA is often used where analytical analysis is unfeasible due to the complexity of the geometry or 

conditions being tested. To this end, modern FEA also allows the testing of entire systems of 

components working in conjunction with each other, as well as with a variety of conditions, a selection 

of which are demonstrated below in section 3: Rigid Dynamics, Structural, and Thermal Engine 

Analysis. This further reduces development costs and streamlines the process. The breadth of 

parameters that FEA processes can solve for also makes FEA universally applicable to a range of 

industries and scenarios, making it an invaluable tool for engineering design (Bhat, 2021).  

Another main strength of using FEA is it’s data-driven iterative design capability. This entails using the 

resulting data from a simulation to inform the next iteration of a product, be it changes to geometry or 

material (Orr, 2012). An example of this process is given below in section 4: Performance Optimisation.  

1.4: Limitations of FEA 

One limitation of Computer Aided Engineering methods is the computational cost of highly complex 

simulations (Park, Chin, Cha, & Lim, 2022). Complex simulations require significantly more time and 

more powerful computers to run to completion, which can be infeasible in a scenario where deadlines 

must be met. It is for this reason that much research is carried out into the optimisation of the FEA 

process, to mitigate this limitation. One such method is to utilise adaptive meshing, which creates a 

coarse base mesh and re-meshes the areas of concern for the simulation, which significantly reduces 

solve time at a negligible cost to accuracy compared to a full detailed mesh (Surresh & Regalla, 2014). 

It is also for this reason that the thermal and structural analyses detailed below are steady state and static 

simulations, as while it is possible to run an analysis at each step of the transient study, it is a waste of 

resources to do so as parts are engineered to withstand the harshest conditions that they will be subjected 

to when in use (Zhou, Panetta, & Zorin, 2013). Misuse of FEA can also lead to misguided design 

decisions if too much trust is placed in them, leading to expensive redesigns later in the design process 

(SAE International, 2023). As FEA processes are, by their vary nature, approximations, this can also 



 

 

 BEng Motorsport Engineering Page 6 

 

 

lead to inaccuracy and subsequent design errors if certain parameters are ignored or overlooked, either 

by mistake, for simplicity’s sake, or to reduce solve time (Liu & Quek, 2014). This is especially 

common due to the continuing development of FEA software packages with more convenient user 

interfaces, which makes pulling data out of a simulation far easier than pulling accurate solution data 

for the same problem (Liu & Quek, 2014). 
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2: ANSYS Validations 

2.1: Continuous Load Cantilever Beam Validation 

The cantilever beam validation is carried out according to the VE 0016 Continuous Load validation 

from Dlubal Software (Dlubal Software, 2021).  

2.1.1: Analytical Derivation 

2.1.1.1: Material Properties 

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 (𝐸) = 210000𝑀𝑃𝑎 

𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑅𝑎𝑡𝑖𝑜 (𝑣) = 0.0 

𝑆ℎ𝑒𝑎𝑟 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝐺) = 105000𝑀𝑃𝑎 

2.1.1.2: Beam Dimensions 

𝐿𝑒𝑛𝑔𝑡ℎ (𝐿) = 1𝑚 

𝑊𝑖𝑑𝑡ℎ (𝑤) = 0.05𝑚 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑡) = 0.005𝑚 

2.1.1.3: Load 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝) = 2750𝑃𝑎 

2.1.1.4: Calculation 

To calculate deflection, the following equation is used: 

𝑢𝑧,𝑚𝑎𝑥 =
3𝑝𝐿4

2𝐸𝑤2𝑡
 

Substituting in the variables: 

3 × (2.75 × 103) × 14

2 × (210 × 109) × (0.05)2 × 0.005
= 1.57143 × 103 𝑚 

∴ 157.143 𝑚𝑚 𝑧𝑚𝑎𝑥 
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2.1.2: ANSYS Validation 

The constant pressure beam problem was simulated in ANSYS to compare to the analytical solution 

and verify the CAE method’s accuracy. A mesh independence study has also been conducted to further 

validate the CAE method, by proving that the result of the simulation was independent of mesh element 

size (Gardiner, 2017). 

2.1.2.1: Parameters 

The beam geometry was created in SolidWorks and the material, support, and force conditions were 

applied with the values specified above. 

 

Figure 1 – Continuous Load Beam Geometry 

 

Figure 2 - Continuous Load Beam ANSYS Conditions 

2.1.2.2: Validation 

The simulation was initially carried out with an element size of 0.020𝑚, as in the standard validation 

(Dlubal Software, 2021). 
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Figure 3 - Continuous Load Cantilever Beam Deflection (0.020m) 

The maximum deflection of this simulation is 0.15715𝑚, or 157.15𝑚𝑚. The analytical verification 

yielded a result of 157.143𝑚𝑚, which means the ANSYS simulation is inaccurate by a measure of 

157.15

157.143
− 1 = 0.0000445%. 

2.1.2.3: Mesh Independence Study 

A series of simulations were carried out at element sizes ranging from 0.01𝑚 - 0.04𝑚. 

 

Figure 4 – Continuous Load Beam Mesh Independence Study 

As can be seen from the graph, the element size, and therefore number of elements, has no effect on the 

deflection of the beam. This means the simulation has reached mesh independence. 
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2.2: Bimetallic Strip Validation 

The bimetallic strip was analysed for deflection when subjected to a temperature increase due to 

differing coefficients of thermal expansion. It was conducted based on the VE 0078 Bimetallic Strip 

validation from Dlubal Software (Dlubal Software, 2017) 

2.2.1: Analytical Derivation 

2.2.1.1: Material Properties 

Invar 

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 (𝐸𝑖) = 137000𝑀𝑃𝑎 

𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑅𝑎𝑡𝑖𝑜 (𝑣𝑖) = 0.280 

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 (𝛼𝑖) = 1.200 × 10−6 ℃−1 

Copper 

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 (𝐸𝑐) = 130000𝑀𝑃𝑎 

𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑅𝑎𝑡𝑖𝑜 (𝑣𝑐) = 0.354 

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 (𝛼𝑐) = 2.000 × 10−5 ℃−1 

2.2.1.2: Beam Dimensions 

𝐿𝑒𝑛𝑔𝑡ℎ (𝐿) = 100.00𝑚𝑚 

𝐶𝑟𝑜𝑠𝑠-𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑊𝑖𝑑𝑡ℎ (𝑤) = 5.00𝑚𝑚 

𝐿𝑎𝑦𝑒𝑟 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑡𝑖 = 𝑡𝑐 = 𝑡) = 1.000𝑚𝑚 

2.2.1.3: Load 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑇𝑐) = 100℃ 

2.2.1.4: Calculation 

To calculate deflection, the following equation is used: 

𝑢𝑧,𝑚𝑎𝑥 =
6(𝛼𝑖 − 𝛼𝑐)(𝑡𝑖 + 𝑡𝑐)𝑇𝑐

𝑡𝑠
2𝐾1

𝐿2

2
 

This gives the absolute value: 7.049𝑚𝑚. 
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2.2.2: ANSYS Validation 

The bimetallic strip problem was simulated in ANSYS to compare to the analytical solution and verify 

the CAE method’s accuracy, as with the cantilever beam. A mesh independence study has also oncer 

again been carried out. 

2.2.2.1: Parameters 

The strip geometry was created in SolidWorks and the material, support, and force conditions were 

applied with the values specified above. 

 

Figure 5 – Bimetallic Strip Geometry 

 

Figure 6 - Bimetallic Strip ANSYS Conditions 

2.2.2.2: Validation 

The simulation was initially carried out with an element size of 0.00025𝑚, as in the standard validation 

(Dlubal Software, 2017). 
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Figure 7 – Bimetallic Strip Deflection (0.00025m) 

The maximum deflection of this simulation is 0.0071213𝑚, or 7.1213𝑚𝑚. The analytical verification 

yielded a result of 7.049𝑚𝑚, which means the ANSYS simulation is inaccurate by a measure of 

7.1213

7.049
− 1 = 0.0102568%. 

2.2.2.3: Mesh Independence Study 

A series of simulations were carried out at element sizes ranging from 0.0001𝑚 - 0.004𝑚. 

 

Figure 8 - Bimetallic Strip Mesh Independence Study 

As can be seen from the above mesh independence study, the deflection results continues to vary with 

mesh quality. This means the study has not reached mesh independence, and therefore is not as accurate 

as the result from the continuous load validation. It should be noted that the results range from 

7.1198𝑚𝑚 to 7.1203𝑚𝑚, which results in an error range from 0.0100439% to 0.0101149%, which 

remains a very small margin of error compared to the analytical result.  
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3: Rigid Dynamics, Structural, and Thermal Engine Analysis 

3.1: Geometry 

 

Figure 9 - Geometry for the one cylinder engine 

The geometry represents a standard one cylinder engine, and includes the accurate modelling of a 

crankshaft, conrod, gudgeon pin, and piston.  

3.2: Materials 

The materials were for each component were selected according to the surrounding literature on the 

selection of materials for engine internals. The piston material selected was 6061 T6 Aluminium alloy, 

due to it’s high strength, lower density than it’s steel contemporaries, and its high machinability and 

low thermal expansion, allowing for smaller tolerances and higher precision (Goyal & Nema, 2016). 

For the other three components, 42CrMo4 steel alloy was used, which is commonly used for crankshafts 

(Stahlhandel Gröditz GmbH, 2022). It’s also common for gudgeon pins to be a similar or equal material 

to the crankshaft, (Ward, 2012), and for conrods to be made of the same steel alloys (Precious Industries, 

2020). This is because the high strength and surface hardness are desired qualities, with nitride 
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hardening also being often used with an added beneficial effect of improving fatigue resistance (Ward, 

2012). 

3.3: Results and Analysis 

3.3.1: Rigid Dynamics Study 

The rigid dynamics study studies the inertia forces generated by the mass and velocity of each 

component, rather than studying the components via a mesh. A joint probe was placed on the join 

between the gudgeon pin and the piston, to measure the loads imparted through this joint. A rotational 

velocity was set to 4000RPM at the crankshaft, and the simulation was ran for a time period of 0.05s. 

 

Figure 10 - Force acting on the piston/gudgeon pin joint throughout 0.05 seconds of run time at 4000RPM 

The forces generated in each direction were graphed by the software and colour coded to each direction 

of the global co-ordinate system. This can be seen in the bottom of the above figure. The peak force 

measured was 3074.2N. 

3.3.2: Steady-State Thermal Study 

For the thermal study, the piston was investigated, and a temperature map was generated for use in the 

structural study. Temperatures were input for various faces of the piston. This also required the creation 

of a mesh, that the rigid study did not require. 
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Figure 11 - Mesh of the piston for the thermal and structural studies 

As can be seen above, an overall mesh size of 0.003m was set with an additional sizing constraint of 

0.0015m for the crown faces of the geometry.  

 

Figure 12 - Steady-state thermal conditions input 

The thermal conditions were applied to each set of piston faces, including the crown, piston rings, oil 

ring, skirt, and underside faces. 
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Figure 13 - Thermal study results 

A maximum temperature of 420.29°C was seen at the edge of the piston crown, with the lowest 

temperature of 129.4°C being recorded on the bottom of the gudgeon pin mounts. This result is mainly 

used to inform the structural study. The fact that FEA programs can simulate for different variables, 

and feed these variables into other studies, makes FEA processes and software a highly versatile and 

valuable tool for engineering design (SAE International, 2023). 

3.3.3: Static Structural Study 

The forces acting on the piston from the gudgeon joint were imported into the structural study as input 

forces, as well as the temperature profile gleaned from the thermal study. A pressure of 1.05e7Pa was 

also added to the crown surfaces to roughly simulate the forces from the gas expansion acting on the 

piston during engine operation. 

 

Figure 14 - Total Deformation - Isometric and Underside views 

The deformation plot somewhat matches with the thermal expansion given from the temperature study 

input, with greater deformation around the gudgeon pin as this is where the motion loads from the rigid 

dynamics study act upon.  
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Figure 15 - Von-Mises Stress - Isometric and Underside Views 

The peak stress acts around the oil ring, as this is the point at which the temperature of the piston drops 

sharply, and so the expansion reduces significantly as well, as can be seen in the deformation plot. Stress 

is also significant in the underside of the piston, due to the inertial forces acting through the gudgeon 

pin and the deformation of the crown impacting the underside of the piston. 
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4: Performance Optimisation 

4.1: Crankshaft Balancing 

The objective of the modification was to bring the centre of mass of the crankshaft closer to its axis of 

rotation and investigate the effect on deformation and stress that this gives. The balancing of one-

cylinder engine crankshafts in reality is far more complex (Foale, 2007), however this serves as an 

example of the FEA-driven design process. 

4.1.1: Geometry 

 

Figure 16 - Geometry comparison showing the centre of mass and the cut material 

  

Figure 17 - Geometry comparison showing the shift in centre of mass 

Figure 15 shows the material cut out from the crankshaft. This reduced the mass from 3060.61g to 

2782.89g, by 277.72g. The centre of mass was shifted to the centre of the main journal to investigate 

the effect on stress and deformation. 
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4.1.2: Results and Analysis 

4.1.2.1: Rigid Dynamics 

 

Figure 18 - Force acting on the crankshaft/conrod joint throughout 0.05 seconds of run time at 4000RPM 

The same post-processing as in the previous study was carried out for the crankshaft-conrod joint probe. 

The peak force measured was 6277.7N, with the unmodified geometry. 

 

Figure 19 - Force acting on the crankshaft/conrod joint throughout 0.05 seconds of run time at 4000RPM with the 

updated crankshaft geometry 

For the updated crankshaft geometry, the maximum force measured was 6277.3N, marginally lower.  
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4.1.2.2: Structural 

The simulation was run using the imported joint loads from the rigid dynamic study, and an 

approximated constant temperature of 95°C. 

 

Figure 20 - Deformation compared between the original (L) and modified (R) crankshafts  

The maximum deformation in the updated geometry can be seen to be lower, by 5.336 × 10−3𝑚𝑚. 

This may be because the maximum deflection can be seen to be where the material was cut away. The 

deformation also has a relative increase around the rod journal.  

 

Figure 21 – Von-Mises Stress compared between the original (L) modified (R) crankshafts 

The stress is decreased in the modified geometry by 1.7159 × 107𝑃𝑎, or 17.159𝑀𝑃𝑎. A peak point of 

stress was also created where the rib was filleted away, which could be refined away in further testing. 

It also could be that the deformation and stress is decreased simply due to the decreased mass of the 

part, as the forces acting on the part are purely motion forces derived from the inertia of the system’s 

rotation.  
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Conclusion 

In conclusion, the use of FEA in the engineering design methodology is widespread and for good reason, 

making the design process faster and cheaper with less physical prototyping and testing necessary. 

However, it is also important to consider the limitations of FEA processes, including the approximated 

nature of CAE and the computer resources necessary. This analysis was supported and exemplified by 

two FEA validations, a constant pressure beam and a bimetallic strip, both measuring deflection due to 

a force applied and a thermal condition respectively. A combined study of rigid dynamics, steady-state 

thermal, and static structural analyses was also carried out, with the motion loads and temperature 

profile generated from each study feeding into a final structural analysis. The effect of a geometry 

change on the crankshaft of the assembly was also investigated, as an example of the data driven 

analysis possible in FEA design processes.  
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