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1. [bookmark: _Toc197891493]Introduction
Improvements in technology over the past decades have benefitted the world of engineering in multiple ways. For example, the rise in popularity and use of computer aided design (CAD) and computer aided manufacture (CAM) has revolutionised the manufacturing industry and is now the norm for how products are produced. Another revolutionary technology advancement is computer aided engineering (CAE). CAE refers to computer software that can be used to assess the performance of materials and models by calculating the results of an event using physics and chemistry. 
This report relates the benefits, as well as limitations, of computer aided engineering to the practical application of the software within the OME industry. This will be achieved using the software ‘Ansys’, by taking advantage of its finite element analysis (FEA) tool, that allows for explicit dynamic modelling of high-speed impacts. Within the Ansys software, a representation of a ballistic impact will be modelled. The verification of the results of the ballistic impact can be calculated and thus, the limitations of the programme will become apparent. 
Factors such as material parameters, design accuracy, and boundary conditions are to be discussed, with their importance and impact on engineering design being emphasised. A study into mesh sizing is to be conducted and the effects that changing mesh sizing has on the overall result of the system is to be analysed.
1. [bookmark: _Toc197891494]Methodology 
The significance of this investigation was to simulate a bullet penetrating a ballistic gelatine block, this scenario is to hereby be labelled as “scenario A”. This relates to the field of ordnance, munitions and explosives (OME) as tests similar to this are conducted within the industry. Ballistic gelatine has material properties that are equivalent to human soft tissue. Testing using this material allows analysts to investigate the behaviour of a bullet and the impact that it would make on a human target. A smaller simplified test case involving a thin aluminium plate and steel ball was also created in order to validate the software and to conduct a mesh analysis, this is hereby to be referred to as “scenario B”.
1.1 [bookmark: _Toc197891495]Geometry Creation
To simulate a scenario within Ansys, a geometry must be made. There are many ways that Ansys allows for the user to do this however in the situation it was chosen that importing a geometry from the CAD software ‘Solid Works’ would be most appropriate.
1.1.1 Scenario A
 A large 300mm by 300mm cube was created in solid works to represent the block of ballistic gelatine, as well as a 7mm bullet. This was then assembled so that the bullet sat a few millimetres from the centre of one of the faces of the cube. During this portion of the investigation, two similations with varying mesh sizes were being undertaken. In order to mesh just a section of the gelatine block, the geometry needed to be changed. A circular face was put on to the face of the block that had the bullet pointed at it in Solid Works before being imported into Ansys.
1.1.2 Scenario B
A thin 300mm by 300mm plate was also designed within solid works for use in a simplified test method. A 50mm radius sphere was also created and the two of them were assembled in a similar way to how the bullet and block were. 
1.2 [bookmark: _Toc197891496]Establishing Analysis Settings 
Ansys has a wide range of analysis setting available for the user. It is essential that the correct analysis setting is selected based on what the investigation is being aimed at. In this case it was decided that the most appropriate setting tool to use would be explicit dynamics. This function within the software is used “to capture the physics of short-duration events for products that undergo highly nonlinear, transient dynamic forces” [1]. As bullet penetration is a highly nonlinear and is a short duration event the explicit dynamic function is the obvious choice to use for the FEA analysis of this scenario.
1.3 [bookmark: _Toc197891497]Material Properties 
The accuracy of a simulation is only as accurate as the information that is given to the software. Ansys can be though of as a sophisticated calculator, it calculates what the user inputs and assumes validity of the model as long as the laws of physics are not broken during the simulation [2]. This is why it is extremely important to input the correct material properties. Ansys has a library of material properties that can be selected, or it is also possible for the user to input their own material parameters. 
1.3.1 Scenario A
For this investigation a steel (steel 4340) was selected from the Ansys library, the properties of this can be seen below in Figure 1. For the ballistic gelatine block there were no materials that matched that of the gelatine within the material library on Ansys, so the properties had to be researched before being entered manually. The properties for ballistic gelatine can be seen below in Figure 2.
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[bookmark: _Ref197793301][bookmark: _Toc197891469]Figure 1 – Material Properties of Steel 4340
[image: ]
[bookmark: _Ref197793809][bookmark: _Toc197891470]Figure 2 – Material Properties Ballistic Gelatine.
1.3.2 Scenario B 
For this investigation the steel ball was to have the same material properties as used in the other investigation as shown in Figure 1, however, an aluminium (AL 7039) was chosen from the library available in Ansys. The properties of the aluminium can be seen in Figure 3 below.
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[bookmark: _Ref197794888][bookmark: _Toc197891471]Figure 3 – Material Properties of Aluminium 7039

1.4 [bookmark: _Toc197891498]Meshing 
In FEA analysis, the quality of the mesh is a crucial part of the simulation; The outcome of the investigation, computing time, and the accuracy of the results are all dependent on the mesh density which also determines the size of the elements [3]. Element sizing must be considered during the design of the simulation as the elements are the points at which results are calculated and therefore, these are the origins of the results that are communicated with the user.
1.4.1 Scenario A
For scenario A two simulations were conducted, one with a mesh that was coarser and alike the one that was automatically selected by Ansys and one where the mesh was further refined both using an added geometry. This was done by adding a sizing restraint around the edge of a circle that was drawn on the front face of the block. The two different meshes for scenario A can be seen in Figure 4 and Figure 5 below.
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[bookmark: _Ref197799909][bookmark: _Toc197891472]Figure 4 – Scenario A Coarse Mesh
[image: ]
[bookmark: _Ref197799912][bookmark: _Toc197891473]Figure 5 – Scenario A Fine Mesh
It can be seen in the above figures that for both iterations of this part of the experiment, the mesh of the surrounding gelatine has been left very large. This was as the bullet was expected to have a minimal impact on the outer gelatine and it was there for structure rather than for collecting results.
1.4.2 Scenario B
Like scenario A, two simulations were conducted in scenario B. A very similar principal was followed in that the first simulation had a larger, more coarse mesh and the second used a finer mesh. The sizing can be seen in Figure 6 and Figure 7 below.
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[bookmark: _Ref197800659][bookmark: _Toc197891474]Figure 6 – Scenario B Coarse Mesh
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[bookmark: _Ref197800662][bookmark: _Toc197891475]Figure 7 – Scenario B Fine Mesh
1.5 [bookmark: _Toc197891499]Boundary Conditions and Constraints 
For all the investigations, a constraint was put in place that would fix the plate on each of the four side faces. This meant that upon impact the plate/block would not be able to move from its initial vector position, however, the point of impact and surrounding area could be impacted and plastically deformed.
1.5.1 Scenario A
For this investigation the velocity of the bullet needed to be comparable to that of an average bullet leaving a gun barrel. A velocity condition was added to the entire bullet geometry with a speed of 400m/s. 
1.5.2 Scenario B
In order for this scenario to relate to scenario A it was decided that the velocity of the ball be kept the same as the bullet at 400m/s. This allowed for both investigations to be comparable.
2. [bookmark: _Toc197891500]Results
2.1 [bookmark: _Toc197891501]Scenario A
2.1.1 Fine Mesh
This was the first simulation to take place during the instigation. The run time of this simulation was an hour.
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[bookmark: _Ref197877652][bookmark: _Toc197891476]Figure 8 – Pre-Firing, Scenario A, Fine Mesh
Figure 8 shows a visual of the gelatine block and bullet before firing. It can be seen that the max principal elastic strain is at 0.
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[bookmark: _Ref197877784][bookmark: _Toc197891477]Figure 9 – Max P Strain, Scenario A, Fine Mesh
The above figure 9 shows the simulation after 5.2632e-005s. It can be observed that the max principal elastic strain is at a range of 0.153m/m to 0.6424m/m. The visual shows the user that the block has started to deform under this strain.
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[bookmark: _Ref197878164][bookmark: _Toc197891478][bookmark: _Hlk197877147]Figure 10 - Max P Strain, Scenario A, Fine Mesh
Figure 10 above represents the way that the bullet and block would look 2.6316e-004s after firing. It can be observed from the visual image that the bullet has become deformed, however according to the bar measuring max principal strain there is no strain on the bullet. At this time it can be derived that the max principal strain on the gelatine block is ranging up to to 2m/m.
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[bookmark: _Ref197878532][bookmark: _Toc197891479]Figure 11 – Velocity of Bullet, Scenario A, Fine Mesh
A result file was created to calculate the velocity of the bullet during the time that it was penetrating the block. Figure 11 above shows these velocities. It can be seen that after the initial impact the velocity slows to 340.58m/s and stays consistently at this pace.
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[bookmark: _Ref197878689][bookmark: _Toc197891480]Figure 12 – Max P Strain, Scenario A, Finer Mesh
The above figure 12 shows a split view of the gelatine block, allowing the user to see the bullet internally. It can be observed that the bullet has tumbled within the ballistic gelatine during penetration.
2.1.2 Thick Mesh
The simulation that can be seen in the below figures took around 20 minutes to compute. The decision was made to thicken the mesh due to the length of time that it took to for Ansys to simulate the design that included a finer mesh. 
[image: ]
[bookmark: _Ref197876196][bookmark: _Toc197891481]Figure 13 – Pre-Firing, Scenario A, Thick Mesh
Figure 13 shows the stress and strain of the block measuring at 0m/m before the firing takes place.
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[bookmark: _Ref197876356][bookmark: _Toc197891482]Figure 14 – Max P Strain, Scenario A, Thick Mesh
After 1.0526e-004s Figure 14 shows that the area of impact has seen around 0.043m/m of maximum principal elastic strain. It can be seen from the visual shown within Ansys that this has been enough to elastically deform the block.
[image: ]
[bookmark: _Ref197876561][bookmark: _Toc197891483]Figure 15 – Max P Strain, Scenario A, Thick Mesh
Figure 15 reveals that after around 6e-004s the bullet penetrates the block even further. By using the split tool within Ansys it has allowed for an inside view of the block showing how the bullet has twisted and tumbled within the block whilst travelling. In this timeframe there are areas of the ballistic gelatine that have reached a maximum principal elastic strain of around 1.3m/m.
2.2 [bookmark: _Toc197891502]Scenario B 
2.2.1 Thicker Mesh
This simulation took under 30 seconds to complete the analysis.
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[bookmark: _Ref197879497][bookmark: _Toc197891484]Figure 16 – Pre-Firing, Scenario B, Thick Mesh
It can be seen from above in Figure 16 the pre-firing conditions for scenario B. It can be seen that the maximum principal stress is measured at 0 before firing.
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[bookmark: _Hlk197879193][bookmark: _Ref197879655][bookmark: _Toc197891485]Figure 17 – Scenario B, Thick Mesh, Max Principal Stress
After 5.22.2e-005s it can be seen in figure 17 that the plate, at the point of impact with the ball, has a maximum principal stress of 5.4747e8Pa.
[image: ]
[bookmark: _Ref197879785][bookmark: _Toc197891486]Figure 18 – Scenario B, Thick Mesh, Max Principal Stress
Figure 18 is representative of the maximum principal stress of the plate that would be observed after 8.5438e-005s. It can be seen that the high areas of stress are around the area of impact as well as each of the four corners of the aluminium plate. At the point of impact the max stress is 5.4747e8Pa and at the surrounding area and corners the stress is 3.6652e8Pa.
[image: ]
[bookmark: _Ref197880062][bookmark: _Toc197891487]Figure 19 – Scenario B, Thick Mesh, Max Principal Stress
Figure 19 shows that the stress is seen all of the way through the plate not just on the surface.

2.2.2 Finer Mesh
To complete this simulation, Ansys took less than a minute to calculate the results.
[image: ]
[bookmark: _Ref197880170][bookmark: _Toc197891488]Figure 20 - Scenario B, Fine Mesh, Max Principal Stress
Figure 20 shows that 3.3199e-005s after firing, at the point of impact, a stress of 6.0887e8Pa is observed. 
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[bookmark: _Ref197880519][bookmark: _Toc197891489]Figure 21 - Scenario B, Fine Mesh, Max Principal Stress
Again, a maximum principal stress of 6.0887e8 is seen by the plate, this is proven in Figure 21. It can be noted that the stress observed is oscillating in waves across that plate.
[image: ]
[bookmark: _Ref197880782][bookmark: _Toc197891490]Figure 22 - Scenario B, Fine Mesh, Max Principal Stress
After 8.026e-005s, figure 22 depicts that the maximum principal stress seen by the plate is 6.0887e8Pa. This stress is seen in a ring around the impact area and at each of the corners of the plate.
2.3 [bookmark: _Toc197891503]Comparison 
The results of each of the parts of the investigation (each simulation) are to be compared. First both simulations conducted for scenario A will be compared, followed by the two simulations conducted for scenario B, the results pf these two scenarios will then be compared to one another.
2.3.1 Scenario A Comparison
2.3.1.1 Meshing
The meshing done for scenario A revolved around having a larger mesh on the outer area of the gelatine block and the inner area of the cube was to have a more refined mesh. This was possible but only for the top face. This allowed for the strain rate to be seen in many elements in the top face, but this did not transfer all the way through the block. Refining the mesh allowed for more results to be seen in the top face but had a very minimal impact in the body of the cube.
2.3.1.2 Time Taken
Due to the size of the gelatine block, the software took a large amount of time to calculate due to the high number of elements. To minimise time taken the meshing was kept as thick as possible in areas of lower impact. For the simulation that included a finer meshing around the top face it took almost four times the amount of time to compute as the simulation involving a thicker mesh. Had the meshing been finer all the way through the block this could have increased the time taken by more than ten times. A fine mesh was added to the entire gelatine block; however, it was not viable to run this simulation as the estimated computing time was over 3 days.
2.3.1.3 Maximum Principal Elastic Strain
During the finer mesh analysis, a larger range of results for maximum principal elastic strain could be seen across the face of the plate. This was due to the increase in elements that were being calculated during the simulation. The highest level of maximum principal strain seen during the diner mesh simulation was 2m/m whereas in the simulation with a coarser mesh the highest strain rate seen was around 1.3m/m. The only difference between the two simulations was the mesh sizing, so it would have been expected for the train rate to be the same during both.
2.3.2 Scenario B Comparison
2.3.2.1 Meshing
The meshing for scenario B involved one of the plates having a fine mesh and the other having a coarse mesh. Due to the plate being of a small geometry it was viable to mesh the entire plate as finely as needed. This meant that there were elements all the way through the plate that were being calculated throughout the entire simulation.
2.3.2.2 Time Taken
The time taken for both simulations to be completed was less than one minute. And for the simulation including a thicker mesh it took under 30 seconds. This was due to the small geometry and the impact that this has on the number of elements.
2.3.2.3 Maximum Principal Stress 
During both simulations the only change made was the size of the meshing. However, the results calculated for max principal stress varied. For the thicker mesh simulation, the highest stress seen was 5.4747e8Pa, yet during the simulation involving the finer mesh the highest stress observed by the plate was 6.0887e8Pa. It can also be seen the that the pattern that the stress presents itself in the plate is different in the two different simulations.
2.3.3 Scenario A and Scenario B Comparison 
2.3.3.1 Time Taken
The difference in time taken for scenario A and scenario B is comparable. The large geometry of the gelatine block meant that the calculation time was much higher than that for the thin aluminium plate.
2.3.3.2 Material Properties
For scenario A, the material properties for the bullet contained Johnson-Cook material parameters, however, the gelatine block did not have any Johnson-Cook parameters. Johnson-Cook parameters should be used when doing explicit-dynamic simulations. It can be seen in the visuals of the gelatine block simulation that the material didn’t react as it would be expected to and that there were issues with the properties inputted. For scenario B both the ball and the plate were designed and assigned material properties that contained Johnson-Cook material parameter data. The visuals show that the plate broke in a way that would be expected if the experiment was conducted in real life.
2.3.3.3 Meshing 
Scenario A and scenario B have both proven that meshing size impacts the time taken. Although this was seen more significantly when meshing the large gelatine block, it still shows the impact that meshing has. The difference in meshing also caused for a variation in results in both investigations.
3. [bookmark: _Toc197891504]Discussion 
[bookmark: _Toc197891505]3.1 Use of CAE in OME
3.1.1 CAD
CAE is used widely within OME. It is used a great deal for the design of new products. CAD allows for improved design processes which means that there are fewer design errors and enables engineers to design more efficiently and benefits the construction of extremely complex parts [4]. OME products have many components and using a CAD package such as solid works allows for engineers to see each component from any angle. There is also the benefit of many CAD packages working alongside other CAE and CAM packages. This means that it is transferable to multiple areas of the business allowing multiple workers to do their job from one single design.
3.1.2 CFD and FEA
Computational fluid dynamics (CFD) and finite element analysis (FEA) can be used for many things within the OME industry. For example CFD can be used to study the cooling of explosives however it would be rather difficult to model ballistic with CFD as the majority of CFD packages are restrictive to the Ideal Gas Law (IGL) for compressible flows, which is generally unsuitable for blast simulations [5]. FEA can be done for blast modelling with the use of explicit-dynamics and the correct material properties.
3.1.3 Benefits to the OME Industry
During the current climate of the world, explosives and explosive material is becoming harder to come by and more difficult to procure. Using CAE allows for tests to be conducted without the use of real explosives full scale blast tests can be expensive and time consuming, however, using computational based numerical simulations engineers can virtually predict the wave propagations thus minimizing the need for experimental testing [6]. This is better for the environment as well as being less costly than using a trial site for testing explosives. This also proves to be safer as the risk of an explosive related injury is eliminated.
[bookmark: _Toc197891506]3.2 Benefits of CAE
3.2.1 Cost
CAE packages can be costly; however, they promote more efficient work by engineers. As well as this, they minimise resources needed for design, test and manufacture. By engineers working more efficiently it allows for time to be innovative which in the long run can make a company more money, it also means that more work can be done in the same amount of time so less hours of labour need to be paid. Minimising recourses for design test and manufacture reduces overall production costs and in turn increases profit per product.
3.2.2 Quality
By simulating processes such as machining, injection modelling, or casting, CAE helps manufacturers predict and address potential issues prior to the start of production [7]. Finding issues with the design or in the manufacturing process before products have been produced helps to reduce waste and thus reduce costs.
[bookmark: _Toc197891507]3.3 Limitations of CAE
3.3.1 Material Properties
As seen in this investigation, an error in material properties leads to errors throughout the entire simulation. The only way to know the material properties of the material that you are using are correct is to test it independently. However, this can prove difficult for some materials and one of the challenges in measuring the mechanical properties of a soft material is balancing the competing effects of material impedance, specimen size, and rate of loading [8]. Testing materials to get the correct properties may be difficult, expensive and time consuming for companies. 
3.3.2 Access to Software
For CAE to be used by industries, it must be paid for. For most programmes a new release is made each year, this means that companies have to keep updating their subscriptions in order to keep up with other companies. For small businesses this may not be a viable option and may be too expensive for initial investment.
3.3.3 Bugs and Glitches
Like all technology and products including multiple parts, software’s like Ansys are susceptible to bugs and glitches within the programme. These issues are due to the numerous interactions among components within the technology, and the diversity and unspecified nature of the applications, produce a range of operational conditions, all of which cannot be anticipated [9]. Whenever a bug is fixed a new release of the software or an update takes place, however this relates back to how CAE can have a costly impact on companies.
4. [bookmark: _Toc197891508]Conclusion 
To conclude CAE is a very beneficial platform that, if utilised correctly, can save a company an extremely large amount of time and money. Like all technologies there are limitations and issues with it, however there are also aspects of CAE that can do more than would be possible with just calculations and a camera.
The software Ansys is a very intelligent software that can be used to help engineers in all industries including the OME industry. It is completely user driven which could be a disadvantage. However if used by trained individuals with enough knowledge about the material and product that they are investigating it could revolutionise that way that explosives are designed and modelled.
[bookmark: _Toc197891509]Bibliography 
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