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Abstract
Computational engineering consists of Computer Aided Design (CAD), Computer Aided Engineering (CAE) and Computer Aided Manufacture (CAM) and are extremely useful tools in industry. A CAD model of a 7.62mm projectile and steel plate was created in Solidworks and the interaction between the two was simulated and analysed in Ansys to determine the non-linear deformation. Prior to conducting this simulation, a validation study was performed to assess the competency of the software and solver type using a series of simple case studies, the results of which were mixed. The software was validated, but there were issues with computational time when carrying out the validation of the explicit dynamic solver, so could not be validated. Experimental simulation results confirmed the results of know literature [1] that a standard 7.62mm projectile consisting of lead core and brass jacket is unable to penetrate 6mm armour. Further projectile simulations were carried out with improved armour piercing capabilities consisting of a steel core, but due to errors within the software, the simulation was unable to run to completion. Previous experimental studies [2] have proved a 7.62mm armour piercing round can penetrate 6mm of armour, but the results of the simulation are not in agreement with this, likely due to omitted material properties.

1. Introduction
Computational engineering is a broad term for using computer software to assist in any real-world engineering task and can be separated into 3 main groups: Computer Aided Design (CAD), Computer Aided Engineering (CAE) and Computer Aided Manufacture (CAM) as described below:
Computer Aided Design (CAD)
CAD is usually the first stage of any engineering task or process and involves creating a 3D model of the parts required and characterising the interaction with other parts to create assemblies.
Computer Aided Engineering (CAE)
Once the parts and assemblies of parts have been designed in the CAD software, CAE software is used to analyse the performance under realistic conditions via simulations. Depending on the real-world application, various analytic tools can be used such as Finite Element Analysis (FEA) for modelling stress, strain and deformation, or Computational Fluid Dynamics (CFD) for thermal and fluid analysis [3]. 
Using CAD and CAE tools is an iterative process, designs can be improved upon and changed based on the analysis of the results gathered and depending on the complexity of the engineering task, this process could take some time. However, this would be considerably shorter than a more traditional development programme in which prototypes are manufactured and tested. 
Computer Aided Manufacture (CAM)
CAM utilises computer software inputs into programmable machinery to automate a manufacturing process, creating CAD modelled parts accurately to a high level of precision [4].
This report will discuss the use of FEA software Ansys to analyse the deformation of target and projectile when a 7.62mm bullet strikes a 6mm steel plate representative of vehicle armour. The results of the analysis will be used to improve the armour piercing capability of the 7.62mm projectile using more effective materials. 

2. Methodology
A simulation was carried out to assess a 7.62mm projectile striking a metal plate representative of vehicle armour. A CAD model of a 7.62mm projectile consisting of the inner core and outer shell was imported into Solidworks using a free download from GrabCAD [5]. Using the mate function within an assembly file, the inner core and outer shell were combined to create a single projectile, allowing two material properties to be assigned to each component, whilst simulating as a single projectile. The CAD model of the mated inner core and outer shell is shown in Figure 1.
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Figure 1 – CAD modelled 7.62mm projectile consisting of inner core (black) and outer shell (brown). 
An assembly of a simple plate with dimensions of 90mm x 90mm x 6mm representing the vehicle armour and the projectile mentioned above was also created in Solidworks, shown in Figure 2. 
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Figure 2 – Solidworks assembly of projectile and armour plate.
This assembly was then imported in to Ansys to run a FEA study using the explicit dynamic solver type to determine the degree of deformation to the armour plate and projectile. The materials assigned to the projectile and armour plate were all selected from the materials library built into Ansys with some amendments made to the structural steel to reflect the material properties of armour steel more accurately, as described in Table 1 [6]. This was done for ease of setting up the simulation but also because it proved difficult finding open-source references quoting exact material properties for the materials of a 7.62mm projectile, with exception of the properties described in Table 1. 
	Component
	Assigned Material
	Amendments

	Core 
	LEAD3
	· No changes.

	Jacket
	BRASS
	· No changes. 

	Armour plate
	Structural steel
	· Ultimate tensile strength changed to 1689 mPa from 460 mPa.
· Tensile and compressive yield strength changed to 1413 MPa from 250 MPa.


Table 1 – Materials assigned to components of the simulation. 
The accuracy of any simulation will depend on the accuracy of the material properties input in the software. If accurate material properties are not available, then the simulation will be less representative of the real-world scenario that is being modelled. In this scenario, it’s highly unlikely that the actual material properties of the components listed in Table 1 are the same as the properties assigned to those materials on the Ansys materials database. For example, brass is an alloy of copper (Cu) and zinc (Zn) and the ratio of Cu to Zn can vary (as much as 40% Zn content), [7] producing slightly different material properties. Similarly with steel, it’s likely that the material properties of steel used as armour plating are different to the structural steel properties assigned to the armour plate in this simulation. Hence, this is likely to cause inaccuracies in the simulation when compared to the real-world scenario. 

3. Validation
Validation studies are a method of quantifying how accurate an experimental simulation is to the real-world scenario. They are essential when carrying out any computer modelling by providing confidence that the underlying mathematical model can predict results of an unknown outcome, by accurately calculating a known reference result within an acceptable range [8]. If the model can achieve a similar answer with minimal % error, it gives a high degree of confidence that the model can accurately predict the outcome when modelling a scenario in which the outcome is not known. There are various methods of validating a model such as by comparing the results of the simulation to experimentally derived data, comparing to other computer simulations, provided of course, that this comparable simulation has also been validated [9] or comparing to a simple and standardised analytical solution. The latter method was used to validate the mathematical model in which a beam as described in Table 2 [10], was subjected to a force of 3N at one end and fixed at the other. 
	Material
	Elastic-Plastic
	Modulus of Elasticity (E)
	210000.000 MPa

	
	
	Poisson’s Ratio (v)
	0.000

	
	
	Shear Modulus (G)
	105000.000 MPa

	
	
	Plastic Strength (fy)
	240.000 MPa

	Geometry
	Cantilever 
	Length (L)
	2.000 m

	
	
	Width (w)
	0.005 m

	
	
	Thickness (t)
	0.005 m

	Load
	Bending Moment (M)
	6.000 Nm


Table 2 – Parameters used for plastic deformation validation study. 
As the simulation of projectile hitting a plate was completed using the explicit dynamic solver in Ansys, the same solver type was used to run the validation study. The beam was created in Solidworks using the dimensions described in Table 2 then uploaded into Ansys. Material properties were then input by creating a custom material in the engineering data module. The beam was fixed at one end, and a 3N force applied to the opposite end face due to the reference study specifying a load of 6Nm, which applied over a 2m beam, gives a force of 3N. A mesh density of 0.025m was also applied to the beam and max deformation was selected as the output result.
Table 3 shows the max deformation of the beam from the 2 simulations run, including the % error from the target solution as calculated by the reference validation study [10]. It was calculated that based upon the parameters identified in Table 2, the beam max deformation is 1.180m.  
	End Time (s)
	Approximate Computing Time (mins)
	Calculated Max Deformation (m)
	% Error

	0.1
	15
	0.204
	82.7%

	0.2
	35
	0.547
	53.6%


Table 3 – Results from the plastic deformation validation study using explicit dynamic solver type in Ansys. 
As shown in Table 3, the model cannot be validated based on these results as the max deformation modelled was, at best, 53.6% from the target value and this does not provide enough confidence to show that the mathematical model is valid. However, due to time constraints in the lecture timetable, it was not possible to increase the end time to allow the model to run for longer. Table 3 clearly shows that with additional simulation time, the calculated max deformation increases substantially and would likely get closer to the target value of 1.180m should the end time be increased. But the increase in computing time meant that further simulations could not be completed, for example an end time of 0.5s was run, but an approx. computing time of 3 hours was estimated, causing the user to abort. 
Mesh density also has a significant impact on the computational solving time, with smaller mesh taking considerably longer, due to the increase in calculations the software must perform. One method of reducing the computational time without hindering the overall accuracy of the model is to use adaptive meshing in which selected regions of the geometry have increased mesh density [11]. Suresh et al reported a 50% reduction in computational time using 4 mm adaptive mesh whilst maintaining results comparable with the finer 1 mm meshing [12]. Similarly, Runnemalm and Hyun also reported a decrease in computational time by 50% when using adaptive meshing [13]. 
Due to the issues with computational solving time described previously, the same validation study example was used with the same parameters as described in Table 2, but the simulation was run using the static structural solver in Ansys as opposed to the explicit dynamic. Similarly with the explicit dynamic simulation, this static structural study utilised a cantilever beam fixed at one and with a 3N force applied to the opposite end face, initially using a mesh size of 0.025m, but was replicated using 0.02m and 0.01m mesh also. The results can be found in Table 4. 
	Mesh Size (m)
	Calculated Max Deformation (m)
	% Error

	0.010
	0.768
	34.92%

	0.020
	0.768
	34.92%

	0.025
	0.768
	34.92%


Table 4 – Results from plastic deformation validation study using static structural solver type in Ansys.
Both dynamic and static solvers utilise similar mathematical models, however the dynamic solver calculates at each node point at multiple time steps, whereas the static solver calculates at each node point in a single time step. In theory, it would still be applicable to validate the mathematical model in the static solver, despite the projectile/armour plate simulation being run in the explicit dynamic solver, but the results shown in Table 4 clearly don’t support this. Regardless of mesh sized used, the max deformation of the beam never surpassed 0.768m,  34.92% from target value of 1.180m deformation, suggesting further material properties such as the tangent modulus, are needed to correctly model the non-linear deformation of the beam. Therefore, this mathematical model could not be validated either.
The previous issues described required the use of an alternative cantilever beam validation example to be carried out in the static structural solver of Ansys. Similarly with the previous example, the beam geometry as described in Table 5, was created in Solidworks, and imported into to Ansys. Table 5 also describes the material properties that were applied. Figure 3 depicts the method and direction of load applied to the beam. 
	Material
	Steel
	Modulus of Elasticity (E)
	210000.000 MPa

	
	
	Poisson’s Ratio (v)
	0.300

	Geometry
	Cantilever 
	Length (L)
	10.000 m

	
	
	Cross Sectional Width (w)
	0.080 m

	Load
	Transversal Force (FZ)
	7.650 kN

	
	Axial Force (FX)
	1.6 kN


Table 5 - Parameters used for linear elastic validation study [14].
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Figure 3 – Location and direction of the 7.650 kN load applied to the beam. 
The deformation of the cantilever beam described in Table 5 can be calculated using the following equation [14]. 


Given that:




Using the values inputted into Equation 1, the deformation of the beam can be solved as described: 

Table 6 depicts the results of the simple linear elastic validation study with calculation of % error based on the solved Equation 1.
	Mesh Size (m)
	Max Deformation UZ,Max (mm)
	% Error

	0.004
	3555.8
	0.047

	0.005
	3555.8
	0.047

	0.010
	3555.7
	0.050

	0.020 
	3555.5
	0.056

	0.025
	3555.5
	0.056

	0.030
	3555.3
	0.061

	0.040
	3555.0
	0.070

	0.050
	3554.9
	0.072

	0.070
	3554.7
	0.078

	0.075
	3554.6
	0.081


Table 6 – Results of the simple linear elastic validation study, with varying mesh sizes for the mesh independence study.
Several simulations were run with varying mesh sizes as part of the mesh independence study, more details of which can be found in Section 4. 
The results show that across all mesh sizes used, the simulated beam deformation had a % error of less than 0.1% when compared to the calculated value from Equation 1 of 3557.478mm. This provides sufficient evidence that the Ansys software in general is valid but does not specifically suggest that the explicit dynamic solver used in the experimental simulation is valid based on these results, since the validation example used a static structural solver.
CAE tools such as Ansys rely heavily on the user to correctly input boundary conditions, for example loading conditions. A separate investigation was carried out to study the effect of incorrect loading on the beam deformation. Figure 4 depicts this investigation by showing the 7.650 kN force applied equally to the upper face of the beam as opposed to the end face as depicted in Figure 3. All other variables were kept identical to those described in Table 5. 
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Figure 4 – Load applied to upper beam face as highlighted red. 
The beam deformation when the 7.650 kN load was applied as shown in Figure 4, was 1333.1mm, significantly less than the calculated value of 3557.478mm. This shows the importance of understanding how boundary conditions can affect the accuracy of the results and emphasises that simulation software such as Ansys are heavily reliant on the competence of the user. If the user is not proficient in the use of the software, it is unlikely that the end results are going to be accurate. 

4. Mesh Independence Study
Discretisation is the process of representing a geometry as a series of individual nodes connected forming a mesh. The density of the nodes can be increased or decreased, but in general the higher the density, the more accurate the simulation as the geometry is better represented, particularly curved surfaces, such as the 7.62mm projectile as depicted in Figure 5 and 6.  
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Figure 5 – Projectile mesh size of 0.005m.
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Figure 6 – Projectile mesh size of 0.0001m.
Figure 6 clearly represents the smooth curve of the projectile more effectively than the 0.005m mesh presented in Figure 5, but this increases the number of nodes considerably, which in turn increases the calculations the software needs to preform and therefore makes the simulation time impractical. For example, the simulation time for the projectile using 0.005m mesh was approximately 25 minutes, vs an estimated simulation time of 510 hours using 0.0001m mesh. 
Conversely, if the node density is too great, inaccuracies could be introduced due to a compounded rounding error [15]. For this reason, a mesh independence study was carried out to determine a suitable mesh size capable of providing a balance of accurate simulation results without excessive computational duration. 
Nine different mesh sizes were simulated, with the total deformation of the cantilever beam measured during each simulation. The results from Table 6 are represented graphically in Figure 7.

Figure 7 – Graphical representation of mesh size vs % error of beam deformation.
Figure 7 clearly presents a positive correlation between mesh size and % error from the calculated beam deformation in Equation 1. As expected, with a larger mesh size, the accuracy of simulation decreases, causing an increase in % error when compared to the calculated deformation. Additionally, Figure 7 demonstrates the trend towards mesh independence, as highlighted by the horizontal region on the graph (circled). Despite changing the mesh size from 0.005m to 0.004m the accuracy of the simulation is not affected, yielding the same beam deformation of 3555.8mm, a % error of 0.047%. Even finer mesh could be applied, and 0.003m mesh was attempted but the significant increase in computational time to apply the mesh meant that it was aborted by the user. Despite this, Figure 7 demonstrates that this exercise would add no value anyway, as it’s unlikely to yield a more accurate simulation, as even the coarsest mesh tested (0.075m) results in a % error of less than 0.1%, which is a more than acceptable tolerance.

5. Results and Analysis
Similarly with the validation studies, the results of the experimental simulation were inconclusive. A simulation was completed consisting of a lead core 7.62mm projectile striking a 6mm steel plate. According to Coufal et al [1], 5mm of ARMOX advanced armour plate is sufficient to provide level 1 protection in accordance with NATO STANAG 4569 [16]. The 7.62mm projectile simulated falls into this category, and the results of this simulation are shown in Figure 8 and Figure 9.
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Figure 8 – Deformation of lead core 7.62mm projectile on impact with 6mm steel plate.
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Figure 9 – Deformation to 6mm steel plate on impact with 7.62mm projectile.
The results show minimal deformation to the steel plate, just 0.1628mm, with no penetration, which is consistent with the findings of Coufal et al [1] that a 6mm plate is sufficient to provide level 1 protection as per STANAG 4569 [16]. However, the software is unable to run the simulation to completion, as the projectile has splintered into multiple pieces as shown in Figure 8. As a result of the mesh nodes becoming too spaced apart as the projectile disintegrates, a ‘time step too small’ error is displayed, and the software is unable to complete the simulation. Although it was expected that due to the soft lead and brass materials used in the projectile, it would not penetrate the plate, the way in which it has disintegrated is unlikely to be representative of the real-world scenario. 
To increase the armour piercing capability of the projectile, the soft lead core was replaced for a much denser steel alloy (AISI M2) taken from Ansys Granta material library, to replicate the materials used in armour piercing (AP) projectiles [17]. Figure 10 and Figure 11 present the findings from this simulation. 
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Figure 10 – 7.62mm projectile with steel alloy core striking 6mm plate. 
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Figure 11 – Deformation of 6mm steel plate when hit with a steel core 7.62mm projectile.
Compared with the lead core projectile, there is slightly more deformation of the plate, 0.2355mm vs 0.1628mm. Similarly with the lead core projectile, the software is unable to continue the simulation due to the ‘time step too small’ error present due to the projectile disintegration. The error is likely caused by the soft brass jacket disintegrating as it hits the plate due to the significant difference in density between brass and steel.
Therefore, a further simulation was run using the same AISI M2 steel for both core and jacket of the projectile impacting the 6mm plate. The results are shown in Figure 12.
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Figure 12 – Deformed steel core projectile deflecting off armour plate surface.
Whilst the change in materials have prevented the ‘time step too small’ error, the way in the projectile had deflected off the plate is not true to the real-world scenario. Studies [2] have shown that full projectile penetration will occur 100% of the time in steel plates up to 16mm when using steel core 7.62mm AP projectiles, so the results presented in Figures 10, 11 and 12 are inaccurate. The likely cause of the failure to perforate the plate is probably due to inaccuracies or omissions in material properties for components, particularly in the armour plate.

6. Conclusion
In conclusion, the following points can be made: 
· The validation study results were mixed. The plastic cantilever beam example [10] did not work as a validation example in both static structural and explicit dynamic solvers, however the latter might have worked if the end time was extended, but the simulation time was not feasible. Conversely, the elastic cantilever beam example [14] resulted in less than 0.1% error from the calculated beam deformation providing confidence that the software in general was valid.
· Boundary conditions such as mesh density and loading conditions have a significant impact on the simulation time and accuracy.  
· Increasing mesh density does represent the geometry more accurately but results in far greater computational effort to run the simulation. For example, increasing the mesh of the projectile from 0.005m to 0.0001m increased the computational time from 25 minutes to approx. 510 hours. 
· Adaptive meshing could be used to reduce computational time without sacrificing accuracy. 
· The projectile failed to penetrate a 6mm armour plate, which concur with the findings of Coufal et al [1].
· Based on studies [2] conducted using 7.62mm AP projectiles, 6mm would not be sufficient to prevent penetration, but the results of the experimental study do not support this. This is likely due to inaccurate material properties or user error when setting up the simulation. 
· CAE tools, such as Ansys used in this report, can be very useful tools in industry to reduce time and financial burdens associated with creating and testing prototypes. However, the users must be sufficiently trained to understand how to use the software, what affects boundary conditions have on accuracy and how to diagnose error messages. 
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