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This report is an investigation into the benefits and limitations of Computer Aided Engineering. The aim is to run simulations from [1] Zakarias report to prove the benefits of CAE through achieving similar results. The report examines how mesh density, material properties, impact velocity and angle of impact influence deformation and penetration outcomes of a 9mm bullet hitting a plate. The study highlights how critical simulation parameters such as mesh size, time step and boundary conditions impact reliability and accuracy of CAE outputs.
The research supports the use of CAE in the defence and munitions sector whilst highlighting the complexities involved and the requirement for real world testing to validate the accuracy of the results. The findings demonstrate the capabilities and constraints of CAE in high strain rate impact analysis.
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[bookmark: _Toc51833421][bookmark: _Toc197892474]Introduction
Computer Aided Engineering (CAE) refers to the use of computer simulation software to analyse the performance of components. [2] Computer-aided engineering (CAE) (US Site) is the use of computer software to aid in the design, analysis and manufacturing of products. It encompasses functionalities like simulation, optimisation and validation, combined with disciplines like finite element analysis (FEA), computational fluid dynamics (CFD) and multiphysics for enhanced engineering analysis. Simulations can be used to investigate the effects of component interaction, forces, stresses, deformation, temperature or fluid flow. They work by using finite element methods to divide a large problem into many smaller ones, thus making solving large issues easier. CAE is widely used in mechanical, aerospace, automative, electrical as well as Ordinance, munitions and explosives (OME) industries. The OME industry uses CAE for munition design, safety and reliability assessments, performance testing, material testing and lifecycle analysis. Munitions can be tested in simulations for various outcomes. It is possible to use these simulations to understand the most effective penetration or detonation for the intended effect. However, simulations can also be run to understand how the munitions react to thermal or shock effects and how propellent or nozzle shapes effect the velocity or distance a round will travel. Furthermore, these simulations can also establish which materials have the best properties, or how components like fuzes may degrade over time. There are a several advantages to using CAE, such as, an improvement in engineering accuracy, productivity and by allowing workflow to be tracked. CAE facilitates better transfer of knowledge, whilst making it easy to apply changes to parts or to document a design. By using CAE, engineers can design better products before manufacture. Therefore, saving time and money, improving safety, reducing waste or risk of failure and improving innovation. Examples of commonly used CAE tools include ANSYS and ABAQUS which are Finite Element Analysis (FEA) tools, and ANSYS Fluent and AutoDesk CFD which are Computational Fluid Dynamics (CFD) programmes. FEA tools are used to analyse the structural performance of designs such as stress and strain, or the effects of thermal conditions or vibrations. CFD programmes can simulate the behaviour of fluids in motion. They are often used to understand the movement of fluids and gases, heat transfers and chemical reactions.

The objective of this report is to examine the practical use of CAE tools, specifically focusing on the FEA method in ANSYS, to simulate the dynamic response of an aluminium plate impacted by a 9mm bullet at differing angles and velocities. The report will demonstrate how CAE tools, such as ANSYS, can be used to model complex real-world scenarios, validate analytical solutions, and explore the effects of various simulation factors, such as mesh size and boundary conditions. The report will compare the results of analytical calculations against numerical simulations, performing a mesh independence study, and investigating the influence of boundary conditions on the results. This will offer insights into the level of accuracy, assumptions, and limitations involved in CAE processes.

[bookmark: _Toc197892475] Literature Review (700-1000 words)
Zakaria and Ibrahims paper [1] Dynamic Response of AL2024 T3 Aluminium Plate Subjected to Oblique Impact of 9mm Bullet Using Single Processor is an assessment of aluminium alloy’s performance when struck by a 9mm bullet at different angles and velocities. They identify that the aluminium is a preferred material for use in personal defence against small arms and light weapons. This is due to its strong and light properties. Zakaria and Ibrahims highlight the key contributing factors effecting a successful bullet penetration as being the [1] shape of the projectile nose, the angle of orientation and the impact velocity. However, the shape of the projectile nose wasn’t investigated in the report. One shape was used throughout the experiments which represented that of a real 9mm bullet.

The bullet and plate were modelled in SolidWorks and analysed in ANSYS explicit finite element program suite. The paper details the material properties of the aluminium plate. The dimensions are given as well as the density and mechanical properties, meaning that the plate is easily replicated. The boundary conditions of the plate are listed in the table below. [1]

[bookmark: _Ref197863081][bookmark: _Toc197887686]Table 1 - Material properties of AL2024 T3
	Physical Properties
	Metric

	Density
	2.78 g/cc

	
	

	Mechanical Properties
	

	Ultimate Tensile Strength
	483 MPa

	Tensile Yield Strength
	345 MPa

	Elongation at Break
	18%

	Modulus of Elasticity
	73.1 GPa

	Ultimate Bearing Strength
	855 MPa

	Bearing Yield Strength
	524 MPa

	Poisson’s Ratio
	0.33

	Fatigue Strength
	138 MPa



The dimensions of the plate were listed as 100 mm x 100mm x 20 mm. The properties of the plate are precise and detailed, ensuring the plate can be easily replicated. The specifications provided for the projectile however were far less detailed. The dimension of the projectile was only given as [1] according to the actual dimension of bullet nose shape so that it will represent and provide close result of impact behavior when interacted with target plate. This lack of a detailed explanation results in the simulation being hard to replicate and the outcomes difficult to interpret. Zakaria doesn’t inform the reader which material was used in the simulation or the actual dimensions of the projectile. The projectile of a bullet is usually lead or lead alloy but in this case we can only assume. The effect of changing the round material will be explored in the results of this report.

Zakaria explains that the round hits directly in the centre of the plate, which is easily repeated and will influence the end results. The bullet hitting the centre of plate means the impacted area of plate is symmetrically supported in all directions, and the distance from centre gives space for the stresses to dissipate.

This report aims to generate simulations as closely as possible to the Zakarias to validate their results. If the two reports have similar results it will add credibility to the findings. Ballistic theories will also be used to interpret the results. 


[bookmark: _Toc197892476]Method
The plate was designed in SolidWorks to the same specification as Zakarias report. A 100 x 100mm square was drawn and then extruded by 20mm. The 9mm round was downloaded as stock shape due to the unknown dimensions in the original report. These shapes were loaded into ANSYS for boundary set up. The plate was given the same design boundaries from Table 1 ensuring it had the same material properties as the AL2024 T3 aluminium plate in the original report. The plate was clamped at the four outer edges to remove any plate movement from the results. The round materials were then created. As the materials were unknown, two with contrasting densities were used. First 1006 Steel representing a heavy dense material, and then the T3 aluminium from the plate as a lighter less dense material.

The body interaction was set to frictionless, meaning that tangential resistance between the bullet and the plate wasn’t calculated. Ballistic penetration results are driven by impact pressure, strain rate and material strength due to the high velocities. However, friction forces have a greater effect on longer contact durations, for instance slicing with a knife.  For this reason, adding friction forces to the simulation inserts unnecessary complexity to the calculations which could increase the instability of the simulation.

Meshes were then applied to the models. The recommended mesh of 0.0036m was applied to both the bullet and the plate as standard block shape. To investigate the accuracy of the mesh, another more detailed 0.001m mesh was applied and later the tetrahedral mesh like the one used in the original paper. Using the three meshes, ensured it was possible to illustrate how the quality of mesh affects the quality of the geometry. The tetrahedral mesh was created to replicate and therefore validate Zakarias work.

The solver settings were then selected. Runs with 300m/s and 600 m/s velocities were chosen, matching the fastest and slowest simulations of the other paper. If the results match it should be reasonable to assume Zakarias other results are valid. Zakaria then investigated the effect of changing the angle of impact. To do this Zakaria changed the impact angle to 30 and 60 at 300m/s, 400m/s, 500m/s and 600m/s. This report will look to validate the results by re-running the 30 300m/s and 600m/s simulations and looking for trends in the result.

ANSYS was set up to run the simulation and display the total deformation results. This shows the magnitude of displacement at each point, so it is easy to see areas of high stress/strain. The dark blue areas of the results show where the least stress was, whereas the light blue areas had slightly more stress and the reds were areas of high stress.	In ballistics it would be usual to see areas of stress around the point of penetration. Sharp objects create localised high stresses, while blunt objects spread that force over a wider area.








[bookmark: _Toc197892477]Results
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[bookmark: _Ref197005219][bookmark: _Toc197892483]Figure 4‑1 Ansys Recommended Mesh Size
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[bookmark: _Ref197006670][bookmark: _Toc197892484]Figure 4‑2 Refined Mesh

ANSYS recommended a mesh size of 0.0036m which gave the result in Figure 4‑1 with 1739 Nodes and 945 Elements. There is an issue with the shape of the project, the edges are too sharp and aren’t correctly rounded. This could therefore, affect the accuracy of the simulation in that the stress and strain results may not be as accurately represented due to the inaccurate shape. The peak stress values are likely to be higher in areas the plastic deformation of the plate could be affected. The contact forces are likely to be inaccurately spread due to the sharp edges of the projectile which will change how the projectile penetrates the plate. The elements of the plate are also large meaning the energy dissipation is likely to be inaccurate which can affect how petaling is represented.

Figure 4‑2 shows the projectile and plate after the mesh has been refined. The mesh size has been reduced to 0.001m and the shapes representation is now improved. The edges of the projectile are smoothly rounded, better representing the true shape and the plate now has a thickness of two elements, which should offer more detailed and precise results. The number of Nodes has increased to 32090 and Elements to 27131. The amount of data the simulation needs to process has significantly increased and as a result, so did the run time. The results which are shown in Figure 4‑4 were however more detailed and representative of a physical experiment.
[image: ]
[bookmark: _Ref197006245][bookmark: _Toc197892485]Figure 4‑3 Simulation Results Using ANSYS Recommended Mesh Size
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[bookmark: _Ref197007164][bookmark: _Toc197892486]Figure 4‑4 Simulation Results Using A Refined Mesh Size
Both simulations were run at 600m/s. The inaccurate petaling can be seen in Figure 4‑3. The gap in the plate which has been left by the projectile is flat, round and slightly larger. In Figure 4‑4 the extra elements make it possible to see the plate being dragged through itself to create a hole with sharp edged petaling. Interestingly the bullet has deformed in the coarser mesh but not the refined mesh. The exact reason isn’t clear, but potentially the fewer elements have affected the stiffness of the projectile. The less curved leading face of the bullet may have weakened the round by offering less physical support. Another cause may have been related to the Time Step, as they are calculated by ANSYS influenced by element size. The larger the element size, the larger ANSYS makes the Time Step which can then affect displacement, velocity and stresses. 
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[bookmark: _Ref197451879][bookmark: _Toc197892487]Figure 4‑5 [1] Comparison Paper 600m/s
Comparing the previous results to Zakaria’s paper, they are similar. Zakaria uses tetrahedral shapes and that have slightly affected the shape of the plate at the point of penetration. The hole is more of a heptagonal shape and there appears to be a pointed jagged edge protruding. Tetrahedral meshes are useful for creating complex shapes with curved edges, but at the cost of losing some accuracy of results, capturing sharp stress gradients for example in bullet impacts. To negate the loss of accuracy the mesh size can be reduced if the computer has enough memory to run more complex calculations. Another simulation was run to demonstrate the effects of a fine tetrahedral mesh for comparison.
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[bookmark: _Ref197451752][bookmark: _Toc197892488]Figure 4‑6 Tetrahedral Plate 0.001m mesh 300m/s bullet velocity
Figure 4‑6 resembles Figure 4‑5 with its sharp jagged edges caused by penetration. It appears that more of the plate has been pulled through with the bullet. This could have been a result of the finer mesh and potentially influenced by being a tetrahedral mesh. It is however also important to note that the bullet velocity has reduced from 600m/s to 300m/s, which would have affected the results. More testing could be conducted to establish whether the mesh or bullet speed had the greatest effect in this respect. 
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[bookmark: _Toc197892489]Figure 4‑7 [1] Comparison Paper 300m/s
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[bookmark: _Toc197892490]Figure 4‑8 Velocity 300 m/s Run time 0.0001s
[image: A 3d model of a bullet

AI-generated content may be incorrect.]
[bookmark: _Ref197435474][bookmark: _Toc197892491]Figure 4‑9 Velocity 300 m/s Run time 0.00015s
The comparison paper [1] appears to show the round travelling at 300m/s not penetrating the entire way through the plate. When the run was replicated, the results initially seemed to be similar. However, Zakarias paper doesn’t explain the duration used for their simulation. Therefore, a longer simulation was run to establish what would happen. The result in Figure 4‑8 demonstrates the round now fully penetrating the plate. It is unknown whether the result from the comparison paper doesn’t penetrate entirely due to run time, or ballistic performance. The bullet material properties were not identified in Zakarias report, which may have influenced the ballistic performance. The ballistic limit equation which is used to calculate whether a projectile can fully penetrate is  where = ballistic limit, = yield strength of the target,  = the plate thickness, = the plate thickness and Cd​ = the resistance coefficient. This means that the denser a projectile is (), the lower the ballistic limit () as the projectile will have more kinetic energy per volume. Looking at Zakarias result with the information which has been provided, it could be assumed that they either used a shorter run time or a less dense projectile. To visualise the impact of a less dense projectile, another simulation was run using a T4 Aluminium projectile against the same T4 Aluminium plate. This time the results shown below, Figure 4‑10, indicates that the round doesn’t clearly penetrate the plate, instead causing only deformation, thus proving the theory of the ballistic limit equation.


[image: A multicolored object with a hole

AI-generated content may be incorrect.]
[bookmark: _Ref197681224][bookmark: _Toc197892492]Figure 4‑10 300 m/s Run time 0.00015s – Projectile and plate material T4 Aluminium
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[bookmark: _Toc197892493]Figure 4‑11 600 m/s Run time 0.0001s – Projectile and plate material T4 Aluminium
Increasing the velocity meant that the aluminium projectile was able to fully penetrate the plate, albeit suffering more deformation than the steel projectile. From the simulation results we can assume that the ballistic limit of the aluminium plate is below 600m/s for both the steel and aluminium projectiles, but higher than 300m/s for aluminium. The ballistic limit is further used in the Lambert-Jonas equation which explains the reason that increased velocity results in improved penetration. 
[2] When analysing the response of plates to ballistic impact, it has become common to use energy-based analyses of the type first described by Recht and Ipson and then generalised by Lambert and Jonas. The well-known Lambert-Jonas equation provides a simple, semi-empirical method for engineers to analyse a structure’s resistance to penetration due to ballistic impact. In its generalised form, the Lambert–Jonas equation states that:  where  is the initial velocity of the projectile,  is the residual velocity of the projectile and  is the ballistic limit of the plate. n and  are empirically derived constants. Typically, n = 2 and   is de-fined by the relation: 
 where M = the mass of the projectile and m = the mass of material ejected from the plate during impact.




This means that if the initial velocity of the projectile is higher than the ballistic limit of the plate, then the projectile will penetrate the plate and continue. If the initial velocity isn’t higher than the ballistic limit, then the projectile will not be able to penetrate. The more ductile the plate is, the lower the empirical constant will be. This means less energy is lost making the plate less effective as protection. 
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[bookmark: _Ref197695267][bookmark: _Toc197892494]Figure 4‑12 [1] Comparison Paper 30 Velocity 600m/s
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[bookmark: _Ref197695855][bookmark: _Toc197892495]Figure 4‑13 30◦ velocity 600 m/s – Flexible stiffness behaviour
Figure 4‑12 is of Zakarias [1] results of a 30 impact. The projectile has fully penetrated through the plate, leaving a large area of deformation and petaling. The plate was unable to absorb the energy and has suffered from plastic deformation as a result. Figure 4‑13 is an attempt to recreate these results in a similar simulation. This time there is a larger area of deformation, however during the length of the simulation the round was unable to fully penetrate the plate. The plate in this simulation was able to absorb the energy of the round. There is an area of higher stress on half of the bullet, which has started to tumble as can be seen by significant change in angle. The reason for the bullet tumbling isn’t clear, but the bullet shape in new simulation appears longer than the original report, which could potentially explain this. The tumbling would have caused the bullet to lose additional energy, reducing the round’s ability to pierce the plate. To prove this another simulation was run with a change to the boundary conditions.
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[bookmark: _Ref197696536][bookmark: _Toc197892496]Figure 4‑14 30◦ velocity 600 m/s – Rigid stiffness behaviour
Figure 4‑14 shows the same simulation, but this time the behaviour of the round was changed to rigid stiffness which means it will no longer deform. The simulation ran quicker this time as the calculations for stress/strain on the round was skipped, and the effect on the plate was emphasized. Despite the initial velocity and energy of the impact being the same, the round easily penetrated the plate this time without tumbling. The reason the round is now able to penetrate the plate is because all the energy is now transferred to the plate, and none is lost within the bullet. The reason for the variation could be a result of the change in stiffness, however it is just as likely a result of changes in the mesh or material of the projectile. To be sure about the results more tests would be repeated using different materials and meshes.


[bookmark: _Toc197892478]Discussion
CAE tools can be extremely useful saving companies time and resources; however, they aren’t without limitations and need to be used properly by skilled people for accuracy. The success of a simulation will almost entirely depend on accuracy of the information entered. The data the user is inputting also needs to be complete and accurate. Missing or incomplete data can distort results leading to incorrect assumptions. The user needs to be able understand the program sufficiently to ensure the inputs are correct, as well as being able to request and understand the correct outputs from the simulation.

[4] Computer-aided engineering techniques also require engineers to know exactly what conditions the product will be exposed to (thermal, mechanical, and other such stresses) in order to reproduce them with the software. Because computer-aided engineering software can be complicated, staff may require intensive training in its use.

For accurate results, it’s important that the geometry of the model is correct. If the shape is incorrect or overly simplified it can change the outcome of the simulation as illustrated by Figure 4‑13. The mesh also needs to be carefully balanced for enough detail to achieve the right results without over complicating the simulation prolonging computational time or requiring too much computer memory. Its noticeable in the results above that mesh geometry and shape can affect the output of the test. The refined mesh provided more realistic results at a cost of longer processing time. The tetrahedral mesh was better representative of curved edges, however the regular cubed mesh provided better representation of sharp stress gradients.

Whilst computer simulations can reduce the number of physical tests required, real world testing should always be completed after a computer simulation. This ensures the computer simulation is reflective of real-world events. There is normally a degree of simplification required in running simulations which can result in abnormal results. Physical testing will improve confidence in those results as well as ruling out errors and limitations of computer simulations. Fatigue, aging and human factors are examples of variables which can be hard to replicate using computer simulations.

Time steps are intervals of the simulation where calculations are performed to determine changes in behaviour. The more complex the modelling is, the smaller the time steps should be as more calculations are required. Ballistics can require small time steps because of nonlinear material behaviours. This is when the materials behaviour isn’t totally proportional to stress which is common in high-speed impacts. Time gaps which appear small can result in large amounts of data being missed. Critical time step is the estimated largest time step which can be used in a simulation whilst keeping numerical stability. Larger time steps produce incorrect or unstable results. 
[2] A physical interpretation of the stability limit can be obtained from the Courant, Friedrichs and Lewy condition which prescribes that the time-step must be smaller than the time required by a dilatational stress wave to traverse the smallest element of the mesh. ,  where  is the element smallest geometric dimension (element characteristic length),  and  are Lame’s constants,  is the mass density and c is the wave propagation speed. The benefit of using a larger but stabile time step is a reduced processing time and less need for processing power.

CAE can be a costly process. They require expensive computers with lots of processing power to enable the complex calculations to be solved. As mentioned above skilled users need to be hired and trained to fully understand the programme and the problems being solved. Licences are required to run the programmes. However, when properly implemented, CAE can save companies even greater amounts of money by reducing errors and the amount of physical product testing.

[bookmark: _Toc197892479]Conclusion
This report has investigated the benefits and limitations of using CAE within the engineering industry. It has specifically evaluated FEA ballistic results from ANSYS of a 9mm bullet impacting an aluminium plate. A range of boundary conditions were tested including the projectiles material properties, its velocity, mesh and the angle of impact on the plate. The aim was to repeat the simulations in Zakarias paper with the intention of validating the results by obtaining similar results.
The results have shown that CAE tools, when used effectively, are useful to examining dynamic behaviour of materials under high strain rate impacts. The simulations have highlight deformation patterns, penetration thresholds, and the influence of both projectile and target properties. By comparing the results across different geometries and detail of mesh, it was evident that finer meshes generally present more accurate results but at the cost of a longer processing duration. Meshes also affect the geometry of shapes. The geometry needs to be accurate to expect realistic reliable results. Tetrahedral mesh shapes are useful for representing complex curved shapes but lack accuracy when resolve sharp stress gradients.
Another key finding was the dependence of the simulation on accurate date. There was key data missing on the specification of the projectile which made the simulation impossible to identically replicate. The material and dimensions were specified in the report and so were not able to be replicated. The result of this was unexpected results such as the tumbling of the round at 30 impact angle. This report attempts to addres the ambiguity by experimenting with different configurations which demonstrated the influence of material density, as demonstrated in theoretical models such as the Lambert-Jonas model and ballistic limit equations.
However, while CAE simulations provided valuable insights, the report also acknowledges its limitations. Real world variables like material fatigue, aging, friction and human factors are difficult to model accurately in simulations. Moreover, the omission or simplification of such variables can distort results leading to potentially misleading conclusions. As demonstrated in this study, a simulations reliability is heavily dependent on the quality and completeness of the data inputted, the person’s ability to interpret the results and the computational resource which is available.
CAE is an essential tool in modern engineering, particularly within the defence and munitions sector where real world testing is hugely costly. When applied properly and validated CAE can significantly reduce development time and improve safety, but it should always be accompanied by real world testing. It is easy to make errors and there are many non-linear aspects which CAE struggles to replicate. Only through the combined approach can achieve reliable results.
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[bookmark: _Toc197892497]Figure 1‑1 – Modelling Standard Mesh - 600 m/s 0.0036m mesh size
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[bookmark: _Toc197892498]Figure 1‑2 - Simulation  Standard Mesh - 600 m/s 0.0036m mesh size
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[bookmark: _Toc197892499]Figure 1‑3 - Modelling Refined Mesh – 600 m/s  0.001m mesh size
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[bookmark: _Toc197892500]Figure 1‑4 - Simulation Refined Mesh – 600 m/s  0.001m mesh size
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[bookmark: _Toc197892501]Figure 1‑5 – Reduce Velocity Short Duration - 300 m/s 0.001m mesh 0.0001s – no penetration
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[bookmark: _Toc197892502]Figure 1‑6 - Reduce Velocity Longer Duration - 300 m/s 0.001m mesh 0.00015s – Penetration
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[bookmark: _Toc197892503]Figure 1‑7 - Refined Mesh – 300 m/s 0.001m mesh 0.00015s – Penetration – Tetrahedral Plate mesh
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[bookmark: _Toc197892504]Figure 1‑8 - 300 m/s 0.001m mesh 0.00015s – bullet material T4 Aluminium Plate material aluminium - No Penetration
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[bookmark: _Toc197892505][bookmark: _Ref288474385][bookmark: _Ref288474391][bookmark: _Ref288474394][bookmark: _Toc290554259][bookmark: _Toc299631449]Figure 1‑9 - Refined Mesh – 600 m/s 0.001m mesh 0.0001s – bullet material T4 Aluminium Plate material aluminium – Penetration Higher Velocity
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[bookmark: _Toc197892506]Figure 1‑10 - Refined Mesh 30◦ 0.001m mesh 0.0001s velocity 600 m/s
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[bookmark: _Toc197892507]Figure 1‑11 - Refined Mesh 30◦ 0.001m mesh 0.00015s velocity 600 m/s – Flexible stiffness behaviour
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[bookmark: _Toc197892508]Figure 1‑12 - Refined Mesh 30◦ 0.001m mesh 0.00015s velocity 600 m/s – Rigid stiffness behaviour
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