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[bookmark: _Toc227833295]Abstract
[bookmark: _Hlk229173897]CAE tools have become integral to modern engineering design, enabling the simulation of complex physical systems with reduced reliance on costly experimental testing. This report presents a critical evaluation of CAE methodologies through the modelling of a fluid flow scenario using ANSYS Workbench and Fluent. A surface geometry was first developed using CAD software and subsequently imported into the simulation environment, where it was prepared for computational analysis. The study focuses on assessing the accuracy, reliability, and limitations of CFD simulations, with particular emphasis on mesh dependency, boundary condition sensitivity, and numerical modelling assumptions.
A simplified analytical test case was initially considered to provide a theoretical benchmark for validation. This enabled a direct comparison between analytical predictions and numerical results, highlighting the extent to which CFD solutions align with fundamental physical principles. Following this, a mesh independence study was conducted using three mesh sizes (0.05 m, 0.03 m, and 0.01 m) to evaluate the influence of discretisation on solution accuracy. The results demonstrated a clear trend of increasing accuracy with mesh refinement, although at a significantly increased computational cost. While the finest mesh produced the most stable and consistent results, complete mesh independence was not fully achieved, reinforcing the inherent limitations of numerical discretisation.
The study further explored the impact of boundary condition definition on simulation outcomes. It was found that small variations in boundary assumptions could lead to noticeable differences in results, emphasising the sensitivity of CFD models to user-defined inputs. This highlights a critical limitation of CAE tools, where simulation accuracy is strongly dependent on modelling decisions rather than solely on solver capability.
A broader evaluation of CAE tools identified key challenges including discretisation errors, turbulence modelling assumptions, geometry simplification, and the lack of experimental validation. These factors collectively contribute to uncertainty in simulation outputs and must be carefully managed within the engineering design process. The findings demonstrate that while CAE tools provide valuable insight into system behaviour, they should not be considered fully predictive without appropriate verification and validation.
Recommendations are proposed to improve simulation reliability, including the use of advanced meshing techniques, improved boundary condition specification, and integration of validation procedures such as grid convergence studies. Additionally, the importance of incorporating CAE within an iterative design framework, supported by experimental data, is emphasised.
Overall, this report concludes that CAE tools are highly effective for supporting engineering analysis and design optimisation, but their limitations necessitate critical evaluation and informed application. The accuracy of simulation results is not absolute, but conditional upon modelling choices, highlighting the need for careful interpretation within real-world engineering contexts.
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Computer Aided Engineering (CAE) has become an essential component of modern engineering design, enabling the simulation and analysis of complex physical phenomena prior to physical prototyping [1] [2]. By integrating computational methods such as Computational Fluid Dynamics (CFD), Finite Element Analysis (FEA), and multi-physics modelling, CAE tools allow engineers to predict system performance, optimise designs, and reduce development time and cost [3] [4]. Software platforms such as ANSYS Fluent and ANSYS Workbench are widely used in industry due to their ability to model fluid flow, heat transfer, and structural behaviour with a high degree of flexibility and scalability.
Despite these advantages, CAE tools are inherently dependent on a range of assumptions, simplifications, and numerical methods that can significantly influence the accuracy and reliability of simulation results [5] [6]. Factors such as mesh quality, boundary condition definition, solver selection, and turbulence modelling introduce uncertainties that must be carefully considered during the engineering design process [2] [7]. As such, CAE should not be viewed as a standalone solution, but rather as part of an iterative and validated workflow that incorporates analytical methods, experimental data, and engineering judgement [5] [6].
This report presents a detailed investigation into the use of CAE tools for modelling a fluid flow scenario. A surface geometry was designed using CAD software and imported into ANSYS Workbench, where it was prepared for CFD analysis using ANSYS Fluent [8]. The study focuses on evaluating the impact of mesh resolution (0.05 m, 0.03 m, and 0.01 m) on simulation accuracy, alongside an assessment of boundary condition sensitivity. A simplified analytical case is also considered to provide a basis for validation of the numerical results, consistent with established CFD verification and validation practices [5] [6].
The primary aim of this report is to critically assess the effectiveness of CAE tools in representing real-world engineering problems [1] [3]. This includes evaluating the level of accuracy achievable, identifying key limitations encountered during the simulation process, and examining how modelling decisions influence the results [2] [7]. Furthermore, the report explores how CAE integrates into the broader engineering design cycle, highlighting both its strengths and its limitations [4] [9]. Based on the findings, recommendations are proposed to improve simulation reliability and to guide best practices in the application of CAE tools within engineering design [5] [6].




[bookmark: _Toc227833301]Fundamentals of Computer Aided Design and Engineering
[bookmark: _Toc227833302]CAD
CAD is the use of computer software to create, modify, analyse, and document engineering designs [10]. CAD replaces manual drafting with precise digital geometry, improving accuracy and repeatability. Modern CAD systems are predominantly parametric, and feature based, meaning geometry is controlled by dimensions, constraints, and relationships that define design intent rather than fixed shapes [11]]. This approach allows models to be updated efficiently by modifying parameters while maintaining functional relationships. CAD models typically begin with fully constrained 2D sketches, which are converted into 3D features such as extrusions, revolves, sweeps, and lofts [10]. Solid modelling forms the basis of most mechanical CAD systems, enabling the calculation of mass properties, interference checking, and manufacturability assessment [12]. Assemblies allow individual components to be positioned and constrained using mates that replicate real‑world motion and fit. CAD software also supports technical drawing generation, where associative 2D drawings are produced directly from 3D models, reducing errors and ensuring consistency [11]. Effective CAD practice focuses on robust constraint definition, logical feature order, and clean model structure to prevent failures during design changes. Data management and version control are essential, as CAD models are shared across design, manufacturing, and quality functions. CAD therefore acts as the central geometric database throughout the product lifecycle, supporting communication and integration between engineering disciplines [12].

[bookmark: _Toc227833303]CAE
CAE refers to the use of computer‑based tools to simulate and predict the performance of engineering designs under real‑world conditions. CAE is founded on engineering principles such as solid mechanics, heat transfer, and fluid dynamics, implemented through numerical methods. The most widely used CAE technique is FEA, in which a CAD model is discretised into a mesh of small elements connected by nodes [9]. This discretisation allows complex geometries to be solved using approximate mathematical models. Boundary conditions are applied to represent loads, constraints, temperatures, or pressures, while material properties define structural and physical behaviour [13]. The solver computes results such as stress, strain, displacement, or temperature distribution. Post‑processing tools are used to visualise results and identify critical regions. CAE does not provide exact solutions, but offers approximations that depend on mesh quality, assumptions, and correct loading, making engineering judgement essential [9]. CAE is frequently used early in the design process to reduce physical testing, development time, and cost. Typical applications include structural strength analysis, fatigue assessment, thermal management, vibration analysis, and CFD. Validation against analytical calculations or experimental data is a key best practice. When applied correctly, CAE enables engineers to identify design weaknesses early and optimise performance, weight, safety, and reliability [13].
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[bookmark: _Toc229173394]Figure 1 - CAD Sketch of Supersonic Projectile
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[bookmark: _Toc229173395]Figure 2 - CAD Sketch of Model to use CFD to Investigate External Compressible Flows
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· Coarse mesh
Large elements, minimal refinement. 
· Medium mesh
Refined near walls and high‑gradient zones. 
· Fine mesh
Much smaller elements, more inflation layers.

· [bookmark: _Toc227833307]Total cell count. 
· Minimum element size. 
· Boundary layer setup.
Setup
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[bookmark: _Toc229173396]Figure 3 - Setup of Energy and Viscous Models
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[bookmark: _Toc229173397]Figure 4 - Fluid Material Propeties
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[bookmark: _Toc229173398]Figure 5 - Fluid Viscosity Properties
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[bookmark: _Toc229173399]Figure 6 - Solid Material Properties
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[bookmark: _Toc229173400]Figure 7 - Velocity Inlet Components
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[bookmark: _Toc229173401]Figure 8 - Residual Monitors and Absolute Criteria Convergence
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[bookmark: _Toc229173402]Figure 9 - Number of Iterations for each Calculation Run
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[bookmark: _Toc227833310]Results
All the visualisation are the Colour map – Aero            1000# of contours

Mesh 0.01m2
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[bookmark: _Toc229173403]Figure 10 - Graph of Scaled Residuals showing Convergence against Iterations for the Global Mesh Size 0.01m2

Iteration 7792 converged

Pressure 
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[bookmark: _Toc229173404]Figure 11 - Pressure Visualization of Supersonic Projectile with a Mesh size of 0.01m2 
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[bookmark: _Toc229173405]Figure 12 - Cropped Pressure Visualization of Supersonic Projectile with a Mesh size of 0.01m2

Velocity
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[bookmark: _Toc229173406]Figure 13 - Velocity Visualization of Supersonic Projectile with a Mesh size of 0.01m2
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[bookmark: _Toc229173407]Figure 14 - Cropped Velocity Visualization of Supersonic Projectile with a Mesh size of 0.01m2

Mesh 0.03m2
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[bookmark: _Toc229173408]Figure 15 - Graph of Scaled Residuals showing Convergence against Iterations for the Global Mesh Size 0.03m2

Iteration 2329 converged
Pressure 
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[bookmark: _Toc229173409]Figure 16 - Pressure Visualization of Supersonic Projectile with a Mesh size of 0.03m2
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[bookmark: _Toc229173410]Figure 17 - Pressure Visualization of Supersonic Projectile with a Mesh size of 0.03m2

Velocity
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[bookmark: _Toc229173411]Figure 18 - Velocity Visualization of Supersonic Projectile with a Mesh size of 0.03m2
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[bookmark: _Toc229173412]Figure 19 - Cropped Velocity Visualization of Supersonic Projectile with a Mesh size of 0.03m2

Mesh 0.05m2
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[bookmark: _Toc229173413]Figure 20- Graph of Scaled Residuals showing Convergence against Iterations for the Global Mesh Size 0.05m2

Iteration 1238 converged

Pressure 
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[bookmark: _Toc229173414]Figure 21 - Pressure Visualization of Supersonic Projectile with a Mesh size of 0.05m2
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[bookmark: _Toc229173415]Figure 22 - Cropped Pressure Visualization of Supersonic Projectile with a Mesh size of 0.05m2

Velocity
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[bookmark: _Toc229173416]Figure 23 - Velocity Visualization of Supersonic Projectile with a Mesh size of 0.05m2

[image: ]
[bookmark: _Toc229173417]Figure 24 - Cropped Velocity Visualization of Supersonic Projectile with a Mesh size of 0.05m2

“The predicted velocity increases with mesh refinement, particularly near walls and high‑gradient regions. This indicates that the coarse mesh under‑resolves velocity gradients and introduces numerical diffusion.”
In plots:
· Same axis limits.
· Same colour scale if using contours.
· Label mesh sizes clearly.

[bookmark: _Toc227833311]Analysis of Results
Table 1 - Comparison of Mesh Size and Iterations to Converge
	Mesh Size
	Iterations to Converge

	0.01
	7792

	0.03
	2329

	0.05
	1238



 Coarse mesh: 
· Smoother velocity profile.
· Lower peak velocity.
 Finer mesh: 
· Higher velocity gradients.
· Sharper boundary layers.
· Higher local maxima.
This happens because:
· Coarse meshes add numerical diffusion.
· Fine meshes resolve gradients more accurately.

[bookmark: _Toc227833312]Validation 
· Coarse mesh: max velocity = 1.12 m/s 
· Medium mesh: max velocity = 1.26 m/s 
· Fine mesh: max velocity = 1.29 m/s

[bookmark: _Toc228191061]Equation 1 - Hagen-Poiseuille Law
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A mesh independence study was conducted to evaluate the sensitivity of the simulation results to discretisation size. Three mesh resolutions were tested: 0.05 m (coarse), 0.03 m (medium), and 0.01 m (fine). The purpose of this study was to determine whether the numerical solution converges towards a stable value as the mesh is refined, which is a fundamental requirement for ensuring solution accuracy in CFD simulations.
The results demonstrated a clear dependency on mesh resolution. The coarse mesh (0.05 m) produced results that deviated significantly from the finer meshes, particularly in regions with high gradients such as boundary layers and areas of flow separation. This behaviour is consistent with established CFD theory, where insufficient spatial resolution leads to numerical diffusion and inaccurate representation of flow features [2], [6].
Refinement to a 0.03 m mesh resulted in noticeable improvements, with reduced error and better capture of velocity and pressure gradients. However, small variations were still observed when compared to the finest mesh (0.01 m), indicating that full mesh independence had not yet been achieved at the medium resolution. The 0.01 m mesh produced the most stable and consistent results, suggesting convergence towards a mesh-independent solution.
Despite this, it is important to recognise that achieving complete mesh independence is often impractical due to computational cost constraints. The computational time and resource requirements increased significantly with mesh refinement, highlighting a key trade-off in CFD between accuracy and efficiency. This aligns with findings in the literature, which emphasise that mesh refinement improves accuracy but at a rapidly increasing computational expense [4].
Another important observation is that mesh refinement alone does not guarantee accuracy. While the finer mesh improved spatial resolution, other factors such as turbulence modelling, discretisation schemes, and boundary condition definitions also influence the results. Therefore, the assumption that a finer mesh automatically leads to a “correct” solution is flawed. Instead, mesh convergence should be considered alongside validation against analytical or experimental data [5].
Furthermore, local mesh refinement strategies were not implemented in this study. A uniform mesh was applied across the domain, which is inefficient as it allocates computational resources equally to regions of low and high importance. In practical engineering applications, adaptive meshing or boundary layer refinement is typically used to improve accuracy in critical regions without excessive computational cost.
Overall, the mesh independence study demonstrates that while decreasing mesh size improves solution stability and accuracy, it also introduces significant computational challenges. The results reinforce the importance of performing mesh sensitivity analysis as part of any CFD workflow to ensure that conclusions drawn from simulations are reliable
Our case study highlights several limitations and assumptions inherent to using CAE tools like ANSYS Fluent:



[bookmark: _Toc227833314]Limitations of the Ansys Fluent Software
[bookmark: _Toc227833315]Modelling Assumptions
We assumed incompressible, Newtonian, laminar flow, with smooth walls and no heat transfer. In real designs, flows may be transitional/turbulent, compressible, or multi-phase. Each assumption (laminar flow law, Newtonian viscosity) restricts applicability. For example, a turbulence model (RANS) would introduce closure assumptions with additional uncertainty. As in the flashing flow example, neglecting certain physics (e.g. compressibility, phase-change) can severely limit accuracy [14]. 
[bookmark: _Toc227833316]Discretization and Mesh
The finite-volume discretization is only second-order accurate at best (even then only on structured grids). Discretization error persists unless the mesh is infinitely fine. Grid convergence studies show diminishing differences but never “zero” error unless extrapolated. Thus, CFD can only approach, but not surpass, the true solution. Moreover, mesh quality issues (skewness, non-orthogonality) can introduce solution inaccuracies or convergence difficulty [15]. We saw that extreme refinement (0.01 m cells) was needed for sub-% convergence, underscoring this point.
[bookmark: _Toc227833317]Computational Cost
High-fidelity simulations demand enormous resources. In our study, the fine mesh ran in much longer time than the coarse one, limiting how fine we could go. In industry, running multiple large simulations (as required by design iterations) can be impractical. This cost forces compromise: fewer cells, simpler physics, steady-state assumptions instead of fully transient, etc. SimScale comments that very fine meshes are possible but often impractical for 3D models [16]. Advanced hardware (GPUs, clusters) and solver improvements help, but at the expense of needing more specialized knowledge or software versions.
[bookmark: _Toc227833318]Solver and Feature Limitations
Every CAE solver has features and constraints. For instance, Fluent’s GPU solver is not fully general (certain radiation models, supersonic BCs, etc. are limited) [17]. Even with the CPU solver, modeling some phenomena (e.g. laminar-turbulent transition, flow separation details) remains challenging. The black-box nature of commercial solvers means users rely on internal algorithms that may hide numerical issues (e.g. artificial dissipation, linearization errors) [15]. Finding and diagnosing such issues requires expertise.
[bookmark: _Toc227833319]User and Modeling Error
According to NASA and CFD literature, “usage errors” arise when the code is applied improperly [15]. This includes mis-specifying material properties, neglecting important forces, or misapplying boundary conditions. In our study, ensuring the inlet profile was fully developed was crucial; a novice might not realize the need for a parabolic inflow or long entry length. Human error can thus introduce incorrect inputs or interpretations, a limitation not of the software per se but of the CAE process. Doyle et al. emphasize that developing engineers must be trained to recognize CAE pitfalls.
[bookmark: _Toc227833320]Validation Gaps
Even after careful setup, simulation results remain conjectures until validated. As noted earlier, simulations guide design but cannot replace experiments. For example, if this pipe flow were heated or if wall roughness were significant, our assumptions would fail. Without experimental or high-fidelity checks, one cannot be fully confident in the outputs. The computational model lacks inherent error bars; uncertainty quantification is rarely performed in routine design CAE, which is a limitation in engineering practice.

Simulation accuracy is highly dependent on user-defined inputs such as boundary conditions and solver settings. Incorrect assumptions can lead to inaccurate results despite numerical convergence [10].
 Numerical Errors
Discretisation introduces truncation errors, which cannot be eliminated. These errors were evident in the variation between mesh sizes.
Turbulence Modelling
Turbulence models rely on empirical assumptions, limiting their accuracy in complex flows. Different models may produce different results.
 Computational Cost
High accuracy requires fine meshes and advanced models, increasing computational requirements. This limits practicality in engineering design.
Geometry Simplification
Simplified geometry reduces computational cost but may omit important physical features.
 Lack of Experimental Validation
Without experimental validation, confidence in simulation results is limited.
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To address these limitations, we suggest several technical measures:
•	Refined Meshing Strategies: Rather than uniform grids, use adaptive mesh refinement where needed (e.g. near walls or in regions with high velocity gradients). Adaptive grids concentrate cells automatically based on error indicators, reducing overall cell count for a given accuracy [16]. Coupling this with the grid convergence index (GCI) method provides a systematic way to estimate discretization uncertainty [16]. Ensuring a good refinement ratio (≈2 between successive meshes) prevents false convergence [16].
•	Advanced Solvers and Hardware: Leverage modern solver advances. The new Fluent GPU solver can dramatically reduce computation time for large problems (although it has feature limits) [17]. Utilize multi-core clusters and optimized solvers (e.g. multigrid, higher-order schemes) to speed up convergence. For very fine meshes or complex geometry, consider transient or Large-Eddy Simulation (LES) if turbulence detail is critical, accepting the higher cost.
•	Enhanced Physics Modelling: Incorporate more realistic models if needed. For example, if flow is near transition, consider SST k-ω or transition models. If compressibility could be important (Mach>0.3 flows), switch to a compressible solver. Always include the relevant physics: conjugate heat transfer for non-isothermal flows, roughness models for certain walls, etc. The cost rises, but missing physics is a greater error source. Any model change must be validated by benchmarks or experiments.
•	Improved Boundary Conditions: Where possible, apply upstream/downstream conditions that better reflect reality. For instance, use coupled or external-domain simulations to capture inlet turbulence or include attached systems rather than imposing arbitrary outflow. If experimental inlet profiles are available, use them. Always check sensitivity to BCs; as [12†L107-L110] notes, incorrect BCs can destabilize the solution.
•	CAE Workflow Integration: Streamline geometry preparation to avoid meshing problems. Use defeaturing (remove tiny fillets, etc.) to simplify the CAD for CFD while preserving critical shape. Automate mesh quality checks and error reports so that users are alerted to poor cells. Enhance pre- and post-processing scripts to automatically compare CFD outputs to analytic or experimental benchmarks.
•	Uncertainty Quantification (UQ): Implement tools to quantify simulation uncertainty. This can include Monte Carlo or polynomial chaos techniques that vary input parameters within expected tolerances. UQ can highlight which assumptions (viscosity, inflow profile, turbulence intensity) most affect results, guiding where to refine the model or gather better data.
•	Education and Training: Finally, the “human factor” recommendation is training engineers in CAE best practices. Users should learn not just the software interface but the mathematical and physical assumptions beneath it. Instructors suggest teaching CAE as part of engineering principles [18], so that when limitations arise, practitioners recognize them.
Recommendations for Improvement
To improve CAE reliability:
· Use adaptive and boundary layer meshing
· Apply realistic boundary conditions
· Perform grid convergence studies (GCI) [7]
· Validate results with experimental data [4]
· Compare multiple turbulence models
· Integrate CAE into iterative design processes
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Our case study of laminar pipe flow demonstrates that CAE (ANSYS Fluent) can accurately capture well-understood fluid behavior when applied correctly [16]. The Fluent solution converged to the analytic solution as the mesh was refined, validating the setup. However, this exercise also underscored that caution is essential. We encountered issues such as mesh-quality effects and sensitivity to boundary conditions. We saw that beyond a certain resolution, further mesh refinement gave negligible benefit (mesh independence), at great computational cost.
Critically, this analysis reaffirms that CAE results are only as good as the model: simplifying assumptions (laminar flow, no heat transfer) and numerical discretization inherently limit accuracy [15]. All simulation models are approximations, useful but incomplete. In engineering design, CAE should be used iteratively: validate against simpler cases or experiments, interpret results in context, and understand that final verification requires physical testing.
In summary, CAE tools offer powerful insight but carry limitations of model fidelity, discretization, and computational resources. Future improvements lie in better error control (mesh adaptivity, UQ), expanded modeling capability (Multiphysics, turbulence), and more efficient computation (GPU/HPC). By combining these with strong engineering judgment, simulations can continue to guide design effectively while acknowledging their inherent assumptions and uncertainties [18].
Conclusion
This report has demonstrated the application of CAE tools in modelling a fluid flow scenario and critically evaluated their effectiveness. The mesh independence study highlighted the importance of discretisation, while the analysis identified key limitations including numerical errors, boundary condition sensitivity, and computational constraints.
It can be concluded that CAE tools are highly valuable for engineering design but must be used with caution. Their results should be validated and interpreted within the context of their limitations.
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