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[bookmark: _Toc197891704]Introduction
In engineering, the use of Computer Aided Engineering (CAE) is becoming more and more popular as the capability of software is becoming increasingly advanced daily. This report dives into exploring the limitations and capabilities of CAE tools, specifically in the relation to simulating the ballistic resistance of high-strength armour steels. CAE is increasingly becoming the central tool in design and testing of products, allowing for simulations to predict how materials will behave under extreme conditions, all at the clock of a button. While CAE provides significant benefits in terms of speed, cost efficiency and safety, there are many limitations, lice especially accuracy, particularly when dealing with complicated scenarios, like high velocity projectile impacts.

To investigate further, this report replicates aspects of a ballistic study titled “Ballistic resistance of high-strength armor steel against ogive-nosed projectile impact” to test how easily a real world scenario can be replicated by a user with minimal experience creating simulations. Areas such as mesh density, projectile shape and velocity differences will be changed to see how much they effect the outcomes of the simulations.

[bookmark: _Toc197891705]Literature Review
Steel has been widely used in military applications because of it’s tough and affordable nature. As technology is improving, advanced manufacturing techniques are allowing for increased strength and hardness too which make its strength to weight ratio very desirable for military structures and engineering. As high-strength steels have been developed, research into how they react to realistic threats is required.

In the study “Ballistic resistance of high-strength armor steel against ogive-nosed projectile impact” [1], the use of CAE and real world testing was used to explore the projectiles impact on two types of high-strength armour. Initially, ten shots of 15mm calibre ogive-nosed projectiles were fired into armour plates at velocities of around 164-428m/s, this was captured on a high speed 3D digital image correlation system. This allowed the team to capture detailed imaging and recording of the projectiles impact at a vastly slowed down rate, this allows for the impact to be analysed in motion and details of the penetration can be witnessed almost firsthand. Once this had been completed, finite element (FE) and mesh-free Smoothed Particle Galerkin (SPG) methods were used to complete simulations of the same scenario. 
FE uses a mesh of small elements to model the objects being simulated it captured deformation very accurately but can struggle with high-impact scenarios, SPG is a mesh free method where materials are modelled as particles. It avoids mesh problems and handles large deformations more easily but isn’t as capable as capturing complex fracture patterns. Both methods rely on the Johnson-Cook model, it helps to describe how the materials behave under high strain, strain rate and temperature conditions in ballistics.  [1]
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Figure 1, Real world ballistic testing set-up. [1]

As both the computer simulated and real world scenarios were tested, they were able to compare the predicted residual velocities of the projectile against the test data and confirm which simulation method was able to recreate the failure modes and overall scenario more accurately. The FE method provided a more detailed result including ductile hole enlargement and petal formation, the SPG method outperformed FE in calculating the residual velocities of the projectiles and shear plugging failure, making it more suitable for faster, less detailed predictions. 

Overall, the experimental data from the study shows that NP450 armor steel, with its higher ductility, shows more plastic deformation during impact and a higher degree of damage. On the other hand, NP510 armour steel, had a lower plastic deformation and a more confined damage area, contributing to its higher ballistic resistance in certain impact conditions.

In summary, this study provided valuable insights into the ballistic performance and failure modes of two different high-strength steels, it helped to show how to reinforce real world findings with numerical simulations and how finding the correct method of simulation matters heavily on accuracy of results. However,

[bookmark: _Toc197891706]Main Case Study -Practical implementation 
[bookmark: _Toc197891707]Simplified Test Case
[bookmark: _Toc197891708]Set up
As the simulation was based on a completed study, the dimensions of all the components were easily found and replica parts could be made in SolidWorks. The plate was an easy shape to replicate, but the projectile’s nose curvature didn’t have information on its specific radius. To make a matching projectile, as close to the actual one as possible, the photo was copied into SolidWorks and traced. The O-give shape has many ways of being created, and with no specific mention of measurements of the curve, tracing gave the best replica shape. The length and width of the projectile were exact matches of the real one. 

Once the models were complete, an assembly was made in SolidWorks, the two components were combined into one scene and lined up to replicate the impact scenario. Then, it was saved and imported into Ansys. In Ansys, conditions were given to the projectile and plate, to give both a virtual structural mesh, this mesh allows the components to have a surface for each to interact with when they collide. The projectile was given an initial velocity the same as the completed study, and material properties were selected from the pre-existing options. After this, the plate was given fixed edge faces, so that it would not move during the impact.
[image: A close-up of a device
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Figure 2, Replicated Projectile on SolidWorks.

The last thing to do was find material properties that were like the reference study, exact matches were impossible to find, so the materials provided by ANSYS with the most similar properties were chosen. Set-up is now complete and all that needs to be done is click the results button, so it runs the simulation. Depending on mesh size and other factors the time it takes varies massively, once the first simulation runs completely, then other component factors can be changed and re-simulated.

[bookmark: _Toc197891709]Results
The simulation gave a clear penetration of the plate and deformation of the projectile as well. The projectile was simulated at two different initial velocities, the impacts show similar results, but the faster one has an expected larger deformation of both the plate and the projectile. 
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Figure 3, Projectile impact at maximum velocity.
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Figure 4, Projectile impact at medium velocity.
The higher velocity projectile was based off the upper limit of impact velocity from the real world test, and the second velocity was the median of the range of velocities listed on the report.
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Figure 5, Penetrated hole on the plate left from impact.

Upper and lower penetration impact area, visible deformation of the plate and a hole punctured through by the projectile.
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Figure 6, Vibration of plate shown during impact.

During impact, the projectile created vibrating waves through the plate. This is because the plate absorbs some of the force of the projectile, slowing the projectile down but not completely, the projectile still manages to pierce through the plate.



[bookmark: _Toc197891710]Results analysis and comparison
Firstly, the mesh was not fine enough to capture a realistic deformation of the plate or the projectile. Due to limited time and resources, not many simulations were completed, if a computer that was built more for the purpose of running high intensity software was accessible, then this would have allowed for more fine mesh and better results. Both the mesh sizing and shape did not help to create an accurate deformation especially on the projectile, the tip of the projectile after impact is bent in an unrealistic way. This could also have been because of the material properties not being very detailed, it is likely that a mix of the mesh sizing and shape, combined with insufficient material properties resulted in the inaccurate deformation.
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Figure 7, Coarse mesh shown on plate and projectile.
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Figure 8, Extremely fine mesh shown on plate and projectile.
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Figure 9 and 10, Unrealistic tip modelling and long simulation run times created with a fine mesh.
A finer mesh was applied to the projectile and plate, however, the simulation time predicted was over 11 hours, this number was likely to go up when the projectile had touched the plate too and made it impossible to run on a shared university computer. Further simulations were run with a larger mesh that made it more manageable within our lecture time frame. 

Similarly, the plate also does not show much detail on the deformation because of the mesh size and material properties. However, the plate does show an interesting flexing back and forth as the force is absorbed and creates vibration. In a real world scenario, the edges of the plate wouldn’t be completely fixed and immobile, so the plate would have more space to absorb the impact and even fracture on the edges where it is connected to the structure it is on. The simulation gave the edges a permanent fixed position that doesn’t allow it to crack or tear in any way, so the plate completely absorbs the impact.

From the deformation results, the software allows for total stresses and strains to be easily modelled for the viewer. Giving the areas of stress a colour varying scale makes it easy for the user to understand, along with the visible deformation, potential weak spots of the plate can be identified. If the plate were modelled on a military vehicle, then the results could help show what areas may need more reinforcement in a puncturing projectile scenario.
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[image: ]Figures 11 and 12, Deformation of the projectile after impact.
Figure 13, Real world results from reference paper. [1]

The simulated projectile impacts share similarities with the real world results, but lots of differences too. The main differences are caused by the mesh size being too large and square shaped in the simulations, the real world hole has a smooth perimeter on the initial impact surface which bends inwards in the direction of the projectile and then some corners and edges are formed with how the plate folded and deforms during impact. The simulation looks far less natural, if the mesh was finer then the impact would have looked more similar, in future, the mesh around the impact area could be made finer to help create a more realistic impact.

The real world impact appears to show the projectile moved through the plate in a straighter direction compared to the simulation. This may be another fault of the mesh size creating an irregular hole though the plate that pushed the projectile off course and created more of a spin. 
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Figures 14, 15 and 16, Deformation of projectiles at different velocities.
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Figures 17 and 18, Real world deformation of projectiles from reference paper. [1]

The first simulation showed the most realistic deformation of the projectile, at the highest impact velocity. The slower projectiles have the irregular deformation of the tip, with more stresses experienced towards the rear of the projectile. Even with material properties being different, the deformations are similar.
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Ansys allows for in depth analysis of results, a few features include, being able to section view the plate during impact. This feature would be more effective on a larger object being impacted, for example in a military application if an armoured vehicle was modelled, the internal stresses of each component would be visible. Furthermore, the stress contours can be analysed to predict deformation and fracture patters that may happen, this helps to understand failure mechanisms and optimizing the thickness and shape of objects during design.
[image: ]
Figure 21, Real world results compared to simulated results from the reference paper. [1]

The ballistic report shows a much more accurate simulation, the mesh being much finer and precise material properties show an incredibly similar simulation vs real world impact. 







[bookmark: _Toc197891711]Boundary Condition Influence and Mesh independence Study 
The different boundary conditions and mesh sizing control how accurate and realistic the simulation is, but both present difficulties when trying to be as realistic as possible. Firstly, while looking at meshing and especially on circular parts, mesh is made up of squares and triangles, which can never make a perfect circle as there are always edges. 
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Figure 22 and 23, Different mesh sizes effect on the tip of the projectile.

As shown above, the mesh size plays a critical role in how accurately modelled a shape is, the only downside is that the finer mesh puts an exponentially higher load on the computer when simulating, which increases the time taken to finish and requires highly capable equipment. Even with a finer mesh, the tip of the point is still incapable of being smooth and pointed like the real world counterpart.

[bookmark: _Toc197891712]Mesh and Boundary Study
To test the effects on meshing on different shapes, a simulation was created with the purpose of seeing how the results vary between a cube projectile and a ball / circular projectile. The only differences in the simulation being that the cube has sharp edges that can be meshed accurately, and the ball almost has no corners.

[image: ][image: ]

Figures 24 and 25, Different shape projectiles for mesh testing.

Both the cube and ball were given the same mesh size, and the plate stayed the exact same through both simulations too. All the boundary conditions were kept the same between projectiles too, the results should be identical apart from the shape of the projectile and how that effects the impact. This mesh size was chosen as it was allowing for a medium wait time for the simulations to run, the main constraint on gathering information for this report was the limited amount of time with access to the equipment to run the software.

Instead of fixing the plate by the side faces, the corners were fixed so that the plate would be able to deform more, and any differences would be more visible between the shapes.
[image: ][image: ]
Figures 26 and 27, Results of the cube projectile.
The cube caused a large deformation in the plate, this was expected due to its large size and flat contact area on impact with the plate. The cube did not manage to push completely though the plate, but it did cut through a section along some of the edges. 
[image: ][image: ]
Figures 28 and 29, Results of the sphere projectile.

Similarly, the sphere didn’t make it all the way through the plate, and as expected, the impact has a different outcome compared to the cube. The sphere managed to deform the plate more smoothly and only cut through it by fracturing a part off the plate, both simulations show much more deformation of the plate as it was only fixed by its corners and not the side faces.

[bookmark: _Toc197891713]Discussion of CAE Tools
CAE tools have revolutionized the design and analysis of processes in engineering. One of the key advantages of finite element analysis (FEA) is the ability to simulate high strain rate events such as impacts of a projectile in considerable detail. Analysis of stress that would be time consuming and difficult to be accurate on are made simple by digital colour scaling as shown previously in this report. The ability to incorporate strain rate dependent material models, failure mode criteria, and even temperature dependent deformation. As computer aided engineering is being developed and improved, there are rapidly developing software capable of most simulation needs, if working with fluid, gasses or heat transfer, Computation Fluid Dynamics (CFD) allows for the prediction of liquid and gas flows based on the governing equations of conservation of mass, momentum, and energy [2]. This is very beneficial in the aerospace and defence sectors as airflow can be modelled around vehicles like aircraft in motion, or on a projectile, the lift and drag after it has been fired can be predicted and that can help towards calculating range and accuracy. FEA and CFD have largely merged to allow for what has become known as multi-physics simulations [3]. Having all the simulation options on one software, allows for the user to have access to simulations for all of there needs in one space, but these multi-software platforms can come at a high price.

Not only the price of the software can put off the user, but training is also needed to be able to understand how to use the tools on the software, and a large amount of time is needed to be dedicated to efficiently perform tasks and create simulations. If the user does not have the skill to input the correct quantity and quality of data, the result may be inadequately accurate, and this could harm the development of the product. Especially in ballistics, the projectile and plate material can show complex behaviour under impact. Furthermore, to be able to simulate a scenario, an accurate model of the objects involved will need to be created, depending on size this also creates a large time needed for development. Even a completely perfect model will be different to what is made in the real world too, modelling doesn’t consider factors like manufacturing tolerances, material defects and other environmental conditions that may affect the product during its lifecycle. 

Some of the limitations that were experienced first hand during the case study include; when trying to replicate the ballistics study, it was difficult to find exact material properties of the ones used in the real world test, this meant the closest match that was publicly available was used instead. Also, the simulation didn’t consider that air resistance would slow down the projectile marginally, factors that cannot be predicted like irregularities in the firing of the projectile mean that the perfect simulation that is created on the software will never be identical to it being done in person. 

When working digitally, the risk of file corruption, viruses or data stealing is created. This means when dealing with secretive information, procedures need to be created to keep the work created safe. If a user has valuable information or research, when stored online there is a risk of being hacked and data leaked, this is not an issue when working off real world testing as it can be stored in untraceable means, like in a physical book. However, the ability to store information online also has benefits, instant data upload into new formats like graphs and tables can be done at the click of a button, and on a computer, there is no human error in the recording of information. As long as the simulation is done correctly, data gathering can be completely done by the software. 

Lastly, the ability to rapid test a product through simulations can not only save money, but tests that would be creating safety risks for the people completing them, can be done without any risk of human or environment harm. When working with ballistics, the high velocity impacts have risks involved and lots of safety precautions need to be taken, risk assessments and other safety measures do not need to be followed when running a simulation, which saves time.
[bookmark: _Toc197891714]Conclusion
This report brought together the theoretical and practical applications of Computer Aided Engineering (CAE) tools to understand ballistic impacts and material responses in a controlled, replicable way. The data gathered from multiple ANSYS Simulations, compared to a reference ballistic study, allowed for a focused evaluation of effectiveness and limitations of CAE. Simulations of ogive-nosed projectiles impacting steel plates at different velocities showed that the stress distribution and penetration characteristics shared similarities with the reference study’s simulations and real world testing, especially in the areas of capturing deformation zones and total stress formation.

However, it also revealed that the generation of data heavily indicated that the mesh resolution plated a critical role in the accuracy of the results. The simulations created on the university computers were only capable of creating coarser mesh that showed less realistic deformation patterns, particularly on the projectile tip that first impacted the plate. Running a finer mesh made the simulation time exponentially increase to a point that was not doable, this made it important to evaluate the reference study’s results, as they were able to complete much more accurate simulations. A secondary mesh study showed how the geometry of the projectile drastically changed stress concentration and energy dissipation on the plate, this reinforces the fact that CAE is very useful for comparative design and development. Despite the inconsistencies between the simulated results and the real world findings, the simulations were successful in predicting the general impact behaviour, and with further refinement and accuracy in the details improved, the simulations could be made even more like the real world results.

Finally, the findings of this report confirm that CAE is suitable for early stage design and analysis, especially in military applications, if an adequate level of attention is given to the mesh density, boundary conditions and material characterisation. The effectiveness of CAE tools for modelling projectile impacts has been displayed though discussion of its strengths (rapid prototype testing, visual stress mapping) and the limitations (resource demand, input sensitivity), while it can be very accurate and controlled, performing the test in the real world will create more definite data that can be more valuable that a simulation could ever be.
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Annex A
List of CAE Advantages and Limitations
Advantages
Cheap to run simulation, no cost for materials 
Less space required than creating each simulation, extreme large or small scale can be done
Results analysis, stress / strain visible, contor lines, unsee-able to human eye
Technology is constantly evolving and advancing
Easy to share 
Easy to edit design, rapid prototyping
Saves time of making
Cheaper than running in person tests
Less duplication of labour
Improved accuracy in design
Improved decision making
Validation of working design through simulation
Stores data for you, no human error in making tables / graphs
Safer for dangerous simulations, less paperwork / signoff 

Disadvantages
Price of software and high quality equipment required to be able to simulate
High detail simulation takes a lot of time
Training needed to be able to use software – older generations with more product knowledge may struggle to learn 
Security, hacks and viruses / stealing content
Hardware failure
Regular updates
Large storage size of software and each project
Power needed
Some software have limited capabilities
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