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[bookmark: _Toc155088900]Introduction
Over the last two decades, the rise in processing power against costs twinned with advanced software availability has made computers thoroughly involved in research and design within and outside of engineering. Certain hypotheses may no longer need physical prototypes in early stages of development, although its accuracy should be confirmed especially in safety-critical projects. Computer Aided Engineering (CAE) enables the virtual testing of various engineering designs, predicting their performance under various defined boundary conditions without the need for comparatively expensive physical testing. This new science boasts efficiency in product development and can influence decisions, reducing costs, and delivering higher quality and more innovative solutions across automotive, aerospace, mechanical, hydrological, and civil engineering.
This report will investigate the use of CAE on provided engine components in ANSYS, a group of advanced simulation programs used throughout said engineering disciplines. In doing so, the advantages of computerized design and assembly will instantly premiere but it being software under operator control its limitations must be found, assessed in magnitude, then accounted for before the end results phase, for its outcomes to be considered representative.

[bookmark: _Toc155088901]Literature Review
Modelling a real-world system in a computer program such as Solidworks or ANSYS often appears daunting to beginners, but after acquainting themselves with the GUI, preparation and execution is uncomplex. This study uses ANSYS Workbench, a physics simulation virtual environment where dozens of study types are available to the operator. The name ANSYS comes from the founder John Swanson where his idea to automate FEA calculations with a general model was rejected by the Westinghouse Astro-nuclear Laboratory in 1970, so after leaving he founded Swanson Analysis Systems Inc. and rebranded to ANSYS in the same year. (Lee & Chen, 2017) [image: A screenshot of a computer  Description automatically generated]Figure 1: ANSYS project tree

Most 3D geometry analysis programs create a mesh of the subject component(s), which is a network of points all over the object thus a mathematical representation of the component, like a wireframe, and it must balance between resolution and computational resources. A finer mesh with more points and shorter distances between them ought to provide higher accuracy with more calculations within the model but demands superior computer power and potentially hours or even days to calculate the solution (usage dependent, the operations in this report take seconds). Conversely, a coarser mesh, with larger gaps between elements, reduces computational expenses and time taken but sacrifices accuracy (Choi & Kwak, 1990), potentially missing critical details in the simulation. Optimal mesh size selection is crucial; it involves trade-offs between precision and computational efficiency and is especially important with high-complexity safety critical systems, such as roll cages or seatbelt pre-tensioners for example. Automotive engines can be dangerous, especially when tuned, but when installed in a vehicle a component failure is usually contained, thus minimal risk to occupants, but rebuilds can be expensive so preventing such calamities requires testing the parts in several ways. Physical testing has advanced through 3D printing, but this requires CAD for the data/models to print in formats like .STEP or .STL which are impossible to obtain without computational assistance (Hunde & Woldeyohannes, 2022)

[bookmark: _Toc155088902]Methodologies
The Workbench tasks involve kinematics, thermal, deformation and stress studies on the lower-engine assembly with focus on the piston. Using all the provided components in the first study requires mating them together while removing specific degrees of freedom, to replicate how they would act in a real engine. This example’s joints are mostly the revolute type for concentric contact, with a general mate for linear piston travel, and a body-ground fix to stop the crankshaft moving location while allowing it to spin around its axis. The crank is then hand-rotated by the operator to confirm the movements are correct with the piston rising/falling as it would inside a cylinder, with the conrod changing angle and position linking the crankshaft to the piston’s gudgeon pin. The material by default is structural steel (AISI 1020) but a high-grade aluminium (6061 T6) was chosen for the piston as Aluminium is commonly used in petrol engines (cast iron was also considered), and all other components were defaulted to structural steel. ANSYS can also recognise alloys and molecular construction, such as cast, sintered or forged production methods. When ready, the operator initiates a Rigid Dynamics analysis where a rotary speed is set to the crankshaft; 6,500RPM is close to the redline for many production engines, especially 4-cylinders so this will give high and realistic loadings, therefore was chosen. The simulation duration must cover one full crank revolution, so at 108.3 revolutions per second, 11ms (1.1x10-2 seconds) is adequate. Lastly the sampling rate/timestep needs to be small enough to record enough detail but not so small that the solver has thousands of calculations to perform giving redundant data, so a sample every 100μs (1x10-4 seconds) gives >100 values across one full crank revolution. With boundary conditions set, it’s ready to solve and calculate the forces acting on the gudgeon pin, resisting the weight of the piston being pulled by the conrod, and forces acting in the other directions (in Newtons).[image: A computer screen shot of a computer program  Description automatically generated]Figure 2: Kinematics analysis assembly

The thermal study focuses solely on the piston, as although many of an engine’s components need thermic consideration, the piston’s top face directly contacts the flame and gas flow (thousands of times a minute) as well as the warm oil and cylinder walls heat soaking all influence its temperature. The boundary conditions therefore involve six convection prerequisites, each for different parts of the piston, with provided values declaring the heat transfer coefficients and area temperature in °C as well as other boundary conditions and Aluminium 6061-T6 thermal properties. (Noble, 2023) Once ANSYS has its preconditions ready solving generates a heatmap around the component.
The deformation and stress studies are closely related in boundary conditions and are also piston prioritised, again there are dozens of engine parts whose strengths are tested under high-load or fast operation, which in advanced powertrain design would be of absolute interest. But the piston is a comparatively large moving part and is therefore heavy, moving non-sinusoidally at accelerations decided by the crankshaft’s angular velocity (not the camshafts at ½ this speed for example) so it’s therefore an easy choice for stress concentration analysis within this report’s scope. The piston is fixed concentrically to its gudgeon pin surrounds with remote forces and pressures applied in the vertical directions in line with its degrees of freedom: vertical straightness only, with no rotation around any axis. With these set the solver can calculate both von Mises stress/strain and material deformation with heatmap colours to show the extent of the reactions.


[bookmark: _Toc155088903]Validation
To be able to trust the outcomes from ANSYS Workbench or any other 3D geometry simulation software, their methods must be verified against known test examples of smaller components. If there is a level of error, that will grow with the size and complexity of the component/assembly, as will the severity of inaccuracy, therefore validation is important. Lots of engineering projects are safety critical so preventing accidents later in a product’s life demand foresight. The kinematics of an engine are exempt on grounds of common knowledge, using Newton’s 2nd law (F=m.a) which is highly documented. The thermal and deformation cases are more complex even in the simple verification examples, so their mathematics must be proven to be credible. 
The thermal example involves a bi-metallic strip of dimensions 100x5x2mm (LxWxH) in two 1mm thick layers; one from Invar, an alloy of iron and nickel with a low thermal expansion coefficient, (Dlubel Software, 2018) and the other Copper, with provided material properties (Modulus of Elasticity Ei&c, Poisson’s Ratio 𝜈i&c & Thermal Expansion coefficient 𝛼i&c) given to ANSYS. The shape was drawn in Solidworks then exported into .STEP format for Workbench, where two are brought in, mated together and have the two material properties applied to the two pieces. Once the assembly is fixed at one end the strip is loaded thermally (tc = 100°C) and the vertical (Y-axis) deflection is measured at the free end, stemming from the material’s change in length reacting to heat variation. Manually calculating umax gives ±7.049mm, thus is the target for the simulation’s vertical deflection prediction. Figure 4 shows a peak umax of 7.123mm, an accuracy of 98.96% which is very close to the theoretical distance, but not an exact representation. The mesh size is 0.5mm (half the thickness of one strip) so would the simulation be more accurate with a smaller mesh? Figure 5 shows a peak umax of 7.1213mm, an indeed higher accuracy of 98.98% but the improvement is minimal. Nonetheless ANSYS’s thermal model has produced results very close to Dlubal’s example and theoretical answer, showing algorithm credibility.[image: ]Figure 4: Bimetallic strip thermo-mechanical deflection – 0.5mm mesh
[image: ]Figure 3: Bimetallic strip deflection formulae
[image: ]Figure 5: Bimetallic strip thermo-mechanical deflection – 0.25mm mesh

Cantilever with physical force:   [image: A red line with black text  Description automatically generated]Figure 6: Cantilever beam representation

A beam of any size can be simulated or hand-calculated, basic example dimensions of 200x20x20mm are drawn in Solidworks, following the same export steps as the bimetallic strip and fixing immovability to one end in Workbench. Differing from previous, the material is structural steel in this example (E=200GPa=2x105N/mm2), and the other end bears a point load acting downwards. The hand-calculated vertical deformation (δ) for a steel beam of this size and setup is 0.001m and Figure 7’s representation of this shows a peak of 1.001mm, fantastically accurate at 99.9% but different boundary conditions could worsen the estimate. Mesh sizing is discussed and upcoming but when fixing the piece in ANSYS the operator selects the end plane and applies the immovability to that, but the multitude of options available offer different approaches. Figure 8 experiments this with applied fixes to the edges of the wall face, without fixing the face itself so logically it’ll make no difference because the immovability is set to the same place – visually. Vertical deformation rises to 1.038mm with a noticeable accuracy drop to 96.3%, still accurate but this shows how small changes can sometimes dramatically change the solver’s output, so the operator should determine the best approach to boundary conditions for their present model as a theoretically minimal change has worsened the simulation accuracy. A similar tweak is done in Figure 9 where the point load on the free end is applied from the edge lines instead of the end face, both acting perpendicular to the beam, and differing results are generated again with 1.002mm deflection, 99.8% accuracy. This shows a smaller deviation, but the relevance of boundary condition application methods becomes paramount within complex assemblies, so operator skill ought to consider the outputs from several prerequisite setups (Koshizuka, et al., 2018). Applying varied mesh sizing to the cantilever beam also gives variance but like the previous experimentation the range is in fractions of millimetres, but detectable. Figure 10’s smaller wireframe gives more nodes and calculations but is 99.7% accurate relative to the analytical solution in Figure 6, and 99.8% similar relative to Figure 7’s simulated deflection with the same boundary conditions. Halving the mesh sizing further shows further peak value increase, albeit a 7x10-4mm (0.7μm, tiny) difference between Figures 10&11, resulting 99.65% accuracy compared to analytical. The minute but observable inaccuracy may be stemming from the large rise in calculations on such a basic shape effectively over-mathematising the solver. However circular elements require a finer mesh to accurately represent them, or a manually configured structure that’s dense around curved features but coarser over rectangular shapes is resource efficient and wise, especially on complex components (Javidinejad, 2012). The finest mesh tested in Figure 12’s beam concurs microscopic deflection increase with a 99.63% accuracy, where the rising values trend across all mesh sizes is likely preferable over under-estimation, but in tandem with constant rise away from the analytical solution. Figure 13 shows the area of closest match between simulated and analytical results, being half the thickness of the beam but it takes experimentation to find the best combination of accuracy compatibility and solve time.
[image: ]Figure 7: Cantilever deflection (standard setup) – 10mm mesh
[image: ]Figure 8: Cantilever deflection (alternatively fixed) – 10mm mesh
[image: ]Figure 9: Cantilever deflection (alternatively loaded) – 10mm mesh
[image: ]Figure 10: Cantilever deflection (standard setup) – 5mm mesh
[image: ]Figure 11: Cantilever deflection (standard setup) – 2.5mm mesh
[image: ]Figure 12: Cantilever deflection (standard setup) – 1.25mm mesh

[bookmark: _Toc155088904]Results & Analysis
The first analysis involves all provided engine components with measured force taken at the gudgeon pin from conrod movement and the piston’s weight. At 6,500RPM the peak simulated forces are 6.3kN when the piston reaches TDC, decelerates and reaccelerates in approximately 3ms. The component may only weigh ~256grams (in 6061-T6 Ally, plus steel gudgeon pin ~77g) but at high engine speeds they possess huge energy that the connecting rod and bolts must resist under constant non-sinusoidal cycling. Motorsport powertrains mostly run at these high speeds, however mass-market cars don’t reach the redline in typical driving conditions, at least not sustained but as the driver can rev the engine this high, the crankshaft assembly must resist the energies within with no component deformation. Physical engine testing of production automotive engines is too vast to test every single powertrain built so samples would be taken, and this can be cross-referenced with a simulation like Figure 14’s to help designers verify an engine’s worthiness, or research for future development towards their next reciprocating power generator.[image: ]Figure 15: Total Deformation study – 6061-T6 (left) vs. 2024-T6 (right)

Figure 15 shows the static structural study looking at material deformation, using calculus verified in the cantilever example, where peak values around 0.3mm are generated. Two Aluminium variants are considered; previously mentioned 6061-T6 is a high-grade alloy, expensive compared to more entry level 2024-T6 ‘ally’ which is more likely used in mass-produced automotive pistons (where costs are crucial). The intensity pattern between both piston materials is close with no deformation around the gudgeon pin and with the greatest distortion around the crown edges, as vertical movement will generate compressive stresses due to the piston being pressed against the cylinder wall, and being near-symmetrical it could indicate that the lateral force was not fully transferred to the piston due to the constraint between the gudgeon pin and the conrod (Adil, et al., 2019).[image: ]Figure 16: Equivalent Stress study – 6061-T6 (left) vs. 2024-T6 (right)

Within the same static structural analysis for Figure 15, the (von Mises) stress is also solvable, with peak values around 361.62MPa for the strong Aluminium and 259.44MPa for the lower quality variant, both large afflicts with their peak areas around the lower half of the piston where material is at its thinnest. Conversely the lowest values of 1.6MPa and 2.4MPa respectively are both around the upper ring groove near the crown, where the material is thickest and thus capable of higher stress without metal deformation.
The piston’s strength and resilience to kinematics have been simulated but Aluminium, like many metals, changes properties with temperature. Young’s Modulus (E) refers to the material’s elasticity where a lower value increases the softness, undesirable for any structural applications or engine. In the simulated operating environment of the piston, it’s coolest at the bottom but still hot at 167.8°C, giving an E value of ~67GPa, close to 6061-T6’s strongest 70GPa @100°C. Meanwhile at the piston crown, in direct contact with the combustion flame (over 2,000°C in spark-ignition engines) the peak calculated heat is 308.4°C which gives that area an E of ~47GPa, roughly 33% less rigidity in the aluminium than at its strongest. Engine temperature control is critical as the metal can become spongy and brittle, especially at the high-deformation crown edge seen in Figure 15. High intake temperatures can cause part of the piston to fracture and lose material, causing major damage (Rheinmetall Automotive, 2015).
[image: ]Figure 17: Steady-state Thermal study (6061-T6)

[bookmark: _Toc155088905]Conclusions
The application of computer-aided engineering has undeniably revolutionized the design and analysis processes across several industries as well as engineering. Its ability to enhance product development by lowering costs as well as expediting physical prototyping, enables engineers to simulate and evaluate complex systems and designs faster and to a larger audience through file sharing. CAE facilitates predictive modeling, allowing for iterative improvements and optimization without the need for extensive physical prototypes, however it's imperative to acknowledge its limitations. While CAE provides powerful tools for analysis, the accuracy of simulations heavily relies on the input data, assumptions made, and the boundary conditions. Additionally, complex simulations often require substantial computational power and expertise, posing limitations in terms of time, cost, and accessibility for smaller businesses or less-experienced users. Recognizing both its strengths and limitations, leveraging CAE effectively requires a balanced approach, combining its strengths with critical thinking and practical engineering knowledge to harness its full potential while mitigating its constraints. Overall, CAE remains a vital tool that, when used judiciously, significantly contributes to advancing engineering design, innovation, and problem-solving in the modern technological landscape.
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Figure 13: Mesh size relevance on solver
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Figure 14: Kinematic load on piston-to-crank components 
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