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[bookmark: _Toc133769273]1 Introduction
1.1 [bookmark: _Toc133769274]The Scenario
In 1859, France launched the first ‘Ironclad’ or Armoured Warship, The Glorie [1]. Unlike previous warships, Glorie had a layer of iron armour protecting her wooden hull, meaning the explosive shells used in naval warfare at the time were unable to inflict sufficient damage. Other navies soon followed suit and it became clear that a new kind of ammunition would need to be developed in order to reliably penetrate this armour. The earliest known example of such a projectile was invented in 1863 by Sir William Palliser, who ‘proposed a projectile of Iron, cast in a metal chill to render it hard for the penetration of armour’ and with an ‘elongated point’ [2].
[bookmark: _Toc133769216]Figure 1: A Diagram of a Palliser Shell from the 1902 Edition of Treatise on Ammunition [3]
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In order to successfully penetrate armour plate, a projectile must have a large amount of kinetic energy and exert a high pressure on the armour at the point of contact. 


From the equations below, it can be seen that to maximise the values of kinetic energy and pressure, an armour piercing projectile should travel at a high velocity, have a large mass and also have a small surface area at the point of contact with the target.

[bookmark: _Toc133748202]Equation 1: Kinetic Energy of a Body with mass m and velocity v

[bookmark: _Toc133748203]Equation 2: Pressure on a face with force F and area of contact a
[image: A picture containing water, outdoor

Description automatically generated]As both armour and ammunition developed and became common on land vehicles as well as warships, new ways to maximise both Kinetic Energy and Pressure were developed, culminating in the Armour-Piercing Fin Stabilised Discarding Sabot (APFSDS) ammunition used by all modern main battle tanks to defeat enemy armour. Developed in the 1970s [3], this ammunition has a high mass, through the use of dense materials such as Tungsten or Depleted Uranium and achieves a high velocity and small surface area by being significantly smaller in calibre than the barrel from which it is fired. In order to allow the propellant gases to successfully drive such a sub-calibre round down the barrel, the ammunition is contained within a Sabot which falls away when leaving the weapon. [bookmark: _Toc133769217]Figure 2: The Sabot 'Petals' falling away from an APFSDS round after firing. [7]












This report describes the use of Finite Element Analysis (FEA) modelling to evaluate the effect of changing the length of an APFSDS round on the penetration of that round against a target.

1.2 [bookmark: _Toc133769275]The Software
The work carried out to create this report made use of two software packages. The APFSDS rounds and target were designed in Solidworks® whilst the analysis was carried out using the Explicit Dynamics model within the Ansys FEA package. Explicit Dynamics was selected for the model as the behaviour of both the penetrator and target is non-linear during all interactions associated with penetration. 
[image: ]
[bookmark: _Toc133769218]Figure 3: The Tail Section of the APFSDS Round used in this study in the Solidworks® part viewer.

1.3 [bookmark: _Toc133769276]Caveats and Limitations
FEA software is incredibly computationally expensive, particularly when carrying out complex non-linear analysis. For this reason, some limitations were made to the scope of the model in order to achieve reasonable runtimes for the software. In order to limit the processing time associated with individual runs, the target thickness was set at 100mm of steel, when a typical APFSDS round is capable of penetrating upwards of 500mm. Penetration performance was evaluated by measuring the velocity of the penetrator over time with a higher velocity at the simulation end time indicating improved penetration performance. To minimise meshing issues and, the rounds were designed to be an arbitrary representation of an APFSDS round rather than an analogue to a specific in-service round. This simplified model minimised meshing issues by assuming the core of the round was perfectly cylindrical and the fins were of uniform thickness, avoiding some of the more complex geometries seen in real rounds. To limit the number of runs required, only two lengths of round were tested.

2 [bookmark: _Toc133769277]Setup
2.1 [bookmark: _Toc133769278]Computer Aided Design (CAD)
All parts used in the analysis were drawn using the 3D modelling software Solidworks®. A diameter of 30mm was selected for the core of the fin round which corresponds to the diameter typically seen in in-service rounds fired from large-calibre tank guns (Typically 120mm in NATO equipment [4] and 125mm in Russian/Chinese equipment [5]). The core was modelled as a perfect cylinder. In order to facilitate the varying lengths of penetrator being tested, a range of cores were designed, which were then combined with a common nosecone and tail section of 125mm and 70mm length respectively. 
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[bookmark: _Toc133769219]Figure 4: An APFSDS round design used in this study, total length 445mm, seen in the Solidworks® part viewer.
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Description automatically generated with low confidence]A simple target was designed, having a rectangular prism shape of 75x75x100mm, with a thickness of 100mm selected to ensure the penetrator had enough material to interact with, whilst not incurring the computational penalties associated with the 500mm+ thickness[footnoteRef:1] that such a round should be able to penetrate. [1:  This figure represents typical estimates of the performance of APFSDS rounds, the exact penetration figures of all in-service rounds are not in the public domain] 
[bookmark: _Toc133769220]Figure 5: The Penetration Target in the Solidworks® Part Viewer

 












As part of the Solidworks® CAE package, engineering drawings can be produced of the parts designed using the software. A downscaled copy of the engineering drawing for the APFSDS round used in this study can be found at Annex A: Engineering Drawings.







2.2 [bookmark: _Toc133769279]Material Selection and Model Setup
In order to achieve a high mass, APFSDS rounds make use of high-density metals such as Tungsten or Depleted Uranium for the penetrator. For this model, Tungsten Carbide was selected as a common material for all APFSDS rounds tested. Structural Steel was used for the target. This material has lower performance against penetration than armour steel (Rolled Homogenous Armour) however it was selected as a suitable analogue and, since it was used for all targets, provides standardisation across the model. The material data for Tungsten Carbide was extracted from the Level 3 database within Ansys Granta and the material data for Structural Steel was extracted from the material database in the ‘Engineering Data’ section of the Ansys Workbench package. Both materials had properties relating to their behaviour under non-linear conditions.
Ansys Workbench was used to set up and manage the models as it enables the connection of various Ansys modules to one another in order to achieve an optimal workflow for the model. In the case of this study, the Engineering Data module was populated with the material data for Structural Steel (Named ‘Structural Steel NL’ in the study) and Tungsten Carbide (Named ‘WC’ Locally). This module was then connected to an Explicit Dynamics module for each length of round tested. The CAD files for each length of round were imported to the Geometry section of the modules and combined with the CAD file for the target. The geometries were aligned to ensure that the rounds would penetrate into the target in the appropriate direction. The geometries were meshed and materials were assigned.
After meshing, velocities were assigned to the rounds, such that they would impact directly into the plane of the target. The model was configured to report the stress on the materials by default and outputs were added for average velocity[footnoteRef:2] and total deformation. The stress and deformation outputs were used to visually assess the model and the velocity output was used to inform the results discussed in section 4.  [2:  Much like penetration characteristics, there is limited public information on the muzzle velocity of APFSDS rounds and as such the velocities used in this analysis are estimates and not based on any specific value.] 







3 [bookmark: _Toc133769280]Model Runs
As mentioned in Section 1.3, the number of runs was kept to a minimum owing to limited computing power and time. For this reason, 2 lengths of penetrator were tested against the same target at the same velocity, with length being the only variable. Whilst the results are detailed in Section 4, this section will give a brief overview of each run. Both runs used a velocity of 900ms-1 into the plate.
The first run used an APFSDS round with a total length of 495mm. A screenshot from the model is below. The target has been hidden to better view the velocity of the round. At the simulation end time, the average velocity of the round was 845.9ms-1
[image: ]
[bookmark: _Toc133769221]Figure 6: A screenshot of the Ansys interface for the first model

The second run used an APFSDS round with a total length of 545 mm. All other conditions were the same as the second run. At the end of the simulation, the average velocity was 835.2ms-1 . However, this simulation ran to a longer end time. The results overleaf will compare the velocities over the same timeframe and ignore the final few measurements for the second run.
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[bookmark: _Toc133769222]Figure 7: A screenshot of the Ansys interface for the second model
4 [bookmark: _Toc133769281]Results
4.1 [bookmark: _Toc133769282]Overview
The average velocity of each round over time was recorded and plotted against velocity. The average velocity of the round is calculated across every element within the round and as such any areas of the round which are being compressed stretched or bent have large influences on the average, particularly if their velocity is negative. For this reason, there is a high level of variation observed in velocity at higher time values. Despite this, it can be seen that the velocity appears to decay exponentially. Below is a graph of the velocity of the 495mm long round. [bookmark: _Toc133769223]Figure 8: A graph of the velocity of the 495mm long round, as measured by the Ansys software.

From this graph it can be seen that over the measured time, the velocity of the round decreases, with the variation due to the way the average is calculated becoming more notable after 1.5x10-4s. Despite this variation, it can be seen that the velocity tails off around 840ms-1. The behaviour of the 545mm long round is largely similar and is displayed below.







[bookmark: _Toc133769224]Figure 9: A graph of the velocity of the 545mm long round, as measured by the Ansys software.








From this it can be seen that, as with the 495mm long round the velocity shows strong variation after 1.5x10-4s but the average value can be judged to sit at around 850ms-1. The difference in final velocities is illustrated below.
From this overlay, it can be seen that across the simulation, the 595mm long round retained more velocity over time. The tables of data used to create these graphs are recorded in Annex B: Full Tables of Results.[bookmark: _Toc133769225]Figure 10: A graph showing the velocities of the 495mm and 545mm long rounds overlaid.





4.2 [bookmark: _Toc133769283]Interpretation and Conclusions
The scope of this report was to investigate the effect of changing the length of an APFSDS round on it’s penetration of armour. As the full thickness of armour an example round could penetrate was not modelled, the penetration performance of the round can be approximated by considering it’s residual velocity at a given time whilst penetrating a known thickness of armour. From the graphs above, it can be seen that – in the same timeframe – the longer round retained more velocity. From this information, it can be interpreted that increasing the length of an APFSDS round will increase it’s armour penetration characteristics, given that all other factors remain the same.
4.3 [bookmark: _Toc133769284]Further Study
Whilst the conclusion above is consistent with accepted facts on the performance of APFSDS rounds[footnoteRef:3], there is scope for further study within the scope of this simulation. To investigate the effect of continuing to increase length, more penetrators of greater length than those modelled here could be tested. The simulation could be allowed to run for longer which would likely reduce the high variation seen in the graphs in Section 4.1. A range of velocities could also be tested to prove that increasing length increases penetration for all velocities as opposed to being a phenomenon that only occurs at velocities in the region of 900ms-1. [3:  Whilst this fact itself is not in any way classified, and is generally accepted, very little detailed literature exists in the open source to reference.] 
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[bookmark: _Toc133769226]Figure 11: The full Engineering Drawing for the APFSDS Round used in this study (originally produced at A1 scale)
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[bookmark: _Ref133768199][bookmark: _Toc133769287]Annex B: Full Tables of Results
	Time (s)
	Velocity of 495mm Round (m/s)

	1.18E-38
	900

	2.50E-05
	898.35

	5.00E-05
	896.9

	7.50E-05
	889.43

	1.00E-04
	875.76

	1.25E-04
	857.4

	1.50E-04
	845.18

	1.75E-04
	837.22

	2.00E-04
	847.18

	2.25E-04
	850.29

	2.50E-04
	844.64

	2.75E-04
	839.43

	3.00E-04
	833.13

	3.25E-04
	836.03

	3.50E-04
	847.82

	3.75E-04
	850.3

	4.00E-04
	838.08

	4.25E-04
	836.11

	4.50E-04
	831.72

	4.75E-04
	837.73

	5.00E-04
	845.9


[bookmark: _Toc133769209]Table 1: Velocity of the 495mm Round over time.












	Time (s)
	Velocity of 545mm Round (m/s)

	1.18E-38
	900

	3.00E-05
	899.06

	6.00E-05
	896.46

	9.00E-05
	892.41

	1.20E-04
	870.08

	1.50E-04
	854.23

	1.80E-04
	848.14

	2.10E-04
	844.14

	2.40E-04
	857.59

	2.70E-04
	856.11

	3.00E-04
	844.19

	3.30E-04
	845.32

	3.60E-04
	835.07

	3.90E-04
	852.31

	4.20E-04
	857.91

	4.50E-04
	844.53

	4.80E-04
	849.8

	5.10E-04
	837.16

	5.40E-04
	850.7

	5.70E-04
	858.43

	6.00E-04
	835.21


[bookmark: _Toc133769210]Table 2:Velocity of the 545mm Round over time.
Average Velocity of 495mm Long round

Average Velocity of 495 Long round	1.1755E-38	2.5000000000000001E-5	5.0003000000000002E-5	7.5003E-5	1E-4	1.25E-4	1.4999999999999999E-4	1.75E-4	2.0000000000000001E-4	2.2499999999999999E-4	2.5000000000000001E-4	2.7500000000000002E-4	2.9999999999999997E-4	3.2499999999999999E-4	3.5E-4	3.7500000000000001E-4	4.0000000000000002E-4	4.2499999999999998E-4	4.4999999999999999E-4	4.75E-4	5.0000000000000001E-4	900	898.35	896.9	889.43	875.76	857.4	845.18	837.22	847.18	850.29	844.64	839.43	833.13	836.03	847.82	850.3	838.08	836.11	831.72	837.73	845.9	Time (s)


Velocity (m/s)




Average Velocity of 545 Long Round	1.1755E-38	3.0001999999999998E-5	6.0001999999999999E-5	9.0000000000000006E-5	1.2E-4	1.4999999999999999E-4	1.8000000000000001E-4	2.1000000000000001E-4	2.4000000000000001E-4	2.7E-4	2.9999999999999997E-4	3.3E-4	3.6000000000000002E-4	3.8999999999999999E-4	4.2000000000000002E-4	4.4999999999999999E-4	4.8000000000000001E-4	5.1000000000000004E-4	5.4000000000000001E-4	5.6999999999999998E-4	5.9999999999999995E-4	900	899.06	896.46	892.41	870.08	854.23	848.14	844.14	857.59	856.11	844.19	845.32	835.07	852.31	857.91	844.53	849.8	837.16	850.7	858.43	835.21	Time (s)


Velocity (m/s)



Velocities of Rounds Overlaid

495	1.1755E-38	2.5000000000000001E-5	5.0003000000000002E-5	7.5003E-5	1E-4	1.25E-4	1.4999999999999999E-4	1.75E-4	2.0000000000000001E-4	2.2499999999999999E-4	2.5000000000000001E-4	2.7500000000000002E-4	2.9999999999999997E-4	3.2499999999999999E-4	3.5E-4	3.7500000000000001E-4	4.0000000000000002E-4	4.2499999999999998E-4	4.4999999999999999E-4	4.75E-4	5.0000000000000001E-4	900	898.35	896.9	889.43	875.76	857.4	845.18	837.22	847.18	850.29	844.64	839.43	833.13	836.03	847.82	850.3	838.08	836.11	831.72	837.73	845.9	545	1.1755E-38	3.0001999999999998E-5	6.0001999999999999E-5	9.0000000000000006E-5	1.2E-4	1.4999999999999999E-4	1.8000000000000001E-4	2.1000000000000001E-4	2.4000000000000001E-4	2.7E-4	2.9999999999999997E-4	3.3E-4	3.6000000000000002E-4	3.8999999999999999E-4	4.2000000000000002E-4	4.4999999999999999E-4	4.8000000000000001E-4	5.1000000000000004E-4	5.4000000000000001E-4	5.6999999999999998E-4	5.9999999999999995E-4	900	899.06	896.46	892.41	870.08	854.23	848.14	844.14	857.59	856.11	844.19	845.32	835.07	852.31	857.91	844.53	849.8	837.16	850.7	858.43	835.21	Time (s)


Velocity (m/s)



Page 1
image2.png
Shot, R.M.L., Palliser, 6:6-inch Gun, Mark I.

Seale, 3 inches = 1 foot.

PROJECTION OW CAS CHECK 665





image3.gif
v *i\\




image4.png




image5.png




image6.png




image7.png
B: 495mm 900m/s
Directional Velacity
Type: Directional Velacity(Y Axis)

Uni: m/s
Global Coordinate System
Time: 5.6-004
Cycle Number: 152092
Custom
Max: 66883
Min: 749,09
31/03/2023 14:26
11208
1081.8
10420
10029
96492
25,95
8697
o8
209,03
77006

0000 0200 0400(m)
I T 1
0100 0300





image8.png
€:545900m/s
Directional Velacity
Type: Directional Velacity(Y Axis)

Uni: m/s
Global Coordinate System
Time: 66-004
Cyele Number: 195568
Custom
Max: 24833
Min: -763.71
31/03/2023 14:31
18742
15811
1288
o087
70178
40868
11558
7752
47061
et

0000 0200 0400(m)
[ EESaSaaa—— S

0100 0300




image9.png
in Round 445




image10.png




image1.png
A

SECTION A-A

DETAIL D
SCALE |

1




