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Micro Abstract

Numerical simulations in LS-DYNA are used for a qualitative investigation, as measurement precision
limits the determination of projectile nutation under oblique impact. The parabolic flight trajectory
causes nutation in spin-stabilised projectiles. They rotate at an angle contained between the inertial
axis and the relative velocity vector. Especially at the critical angle, where the projectile no longer
penetrates but ricochets, influential parameters need to be determined.
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Introduction

Expanding urbanisation in developing countries poses new challenges. History has demonstrated
that conflict and large-scale disasters are likely to occur where large populations reside [3].
Future peace-keeping missions are in closed urban locations, where foot soldiers find themselves
surrounded by house walls and close to their armoured vehicles. The likelihood of projectile
ricochet arises in a closed environment in event of combat. For each target and projectile
configuration, there exists a critical obliquity angle 6., which means that the projectile ricochets
only at an angle higher than 6.. Influential parameters supporting ricochet, such as target
thickness [4], and projectile velocity [9], have been studied in the past. This study focuses
on target complexity, where an armour steel plate was formed in one axis, at a diameter D
(Figure 1 b). The investigation was extended, involving the influence projectile yaw angle caused
by nutation (Figure 1 ¢, d). Numerical simulations are used for a qualitative investigation, and
supply a tendency of yaw angle influence on the projectile behaviour, at oblique impact of a
rounded surface.

1 Spin-stabilised Projectiles

In order to keep projectiles stable during their flight, grooves inside the gun barrel give them an
initial spin around their length or rotational axis. The spinning mass creates gyroscopic forces
that keep the projectile length axis resistant to the destabilising overturning torque [7]. The
projectile is in a sort of imbalance most of this time, as these forces readjust each other and the
nose actually describes a small arc in the air, known as nutation (Greek for nodding) [6]. This
nutation, contained between the projectile axis and the relative velocity vector, is stated here
in the plane of incidence as yaw angle ay. Previously conducted work has estimated that the
nutation shifts the projectile nose at an angle up to a; = 4° from its COG (centre of gravity) [12]
(Figure 1 ¢, d)

2 Experiments

Oblique impact experiments were conducted launching 7.62 x 51 mm projectiles at 8 mm thick
armour steel targets of 350 H B hardness. The first challenging part was to determine the angle



of obliquity 6. Figure 1 b) shows the definition of § which was experimentally deterimined by
varying the impact height .
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Figure 1. Mesh a) and projectile position b) for oblique impact on rounded surface; yaw case A with upper
most position ¢) and case C with lower most position d) shown for § = 50°.
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3 Numerical model

The numerical model is designed as a full three-dimensional model (Figure 1 a) for future ricochet
investigations on more complex target surfaces. The numerical model was set up using solid,
fully integrated brick elements in an explicit Lagrangian solver. The mesh was created for a
plate impact [11] and transferred to the rounded application. Modelled were the projectile core
and the rounded plate.

3.1 Material model

For both parts, the Johnson-Cook (JC) material model [5] was applied and the Von-Mises stress
flow o, is given in the following equation:

oy = [A+ B[+ c- n()][1 - T}] (1)

Where a further detailed description and parameters for the target material is found in literature
[1,2]. Constitutive parameters for armour steel and projectile core have been determined from
tensile tests [1,11]. Additional required material parameters for the projectile core material were
also taken from literature [1].



3.2 Equation of state

The JC material model needs an additional equation of state (EOS) to define the material
properties, defined by the Gruneisen EOS:

2 Y a,,2
poc” |1+ (1 —3)p— (5p°)
p= . (5[ ) _252#2 2 5333 ] + (v + ap)Ey (2)
1 =1 ~ (u-1)2

Where Ej is the internal energy per unit volume, intercept ¢ and slope coefficients Sy, So, S3,
Gruneisen coefficient v, and volume correction «. Literature provides the EO.S parameters for
core [4] and for the target [§]

3.3 Failure criteria

The target was defined with the JC fracture model shown below:

e = [D1 + D2eP* |1 + Dyln(e*)][1 + T7] (3)

Where is the equivalent plastic fracture strain, is the stress triaxiality factor, and Dy, D2, Ds,
Dy, and Dj are fracture model constants [5]. Solid elements are defined to fail with o1 > opax,
with oy is the maximum principal stress and o4, is the principal stress at failure.

4 Comparison plane and shaped plate impact

The current limited precision on the experimental determination of € also impedes a valuation on
f.. The influence on the rounded surface on ricochet occurrence, and the critical oblique angle
0. were numerically realised. Solitary, displaced nodes from plate impact to the rounded target
shape, influence the results on core ricochet [10]. The rotational momentum of the core, due to
its spin-stabilisation, was neglected, and a possible nutation influence was calculated instead by
defining two possible extreme positions. The nutation was represented numerically by rotating
the core nose around the COG with a; = 4° counter-clockwise from its initial position around
z-axis; defining the upper most position as case A (Figure 1 ¢). The position C is defined by the
clockwise core rotation around the z-direction, representing the lower-most position (Figure 1 d).
The initial position, without yaw, is stated as O, where case A and C are compared to. When
the projectile core hits under ¢4 in case A or C, the closer impact angle 6 gets to 6. the more
influential the yaw angle becomes. It agrees with the already observed results on oblique plate
impact [11], where the influence on core yaw for penetration and ricochet cases is described in
detail [10,11].

Conclusions

This study gives an understanding of the dependency of the rounded plate surface on the critical
ricochet angle under oblique impact. The set-up was a hard core projectile, impacting rounded
armour steel plates under different impact angles. The remaining core velocity after penetration
and ricochet, as well as the critical angle from where the first ricochet occurred, were of interest.
Previously validated numerical simulations from plane plate impact where used for the rounded
surface. While facing limitations in experimental measurement precision, the results could be
used to validate the numerical changes from plate impact to a rounded surface. By comparing
numerically, the resultant core displacement, it was observed that the rounded surface favours
ricochet. The simulation was extended for investigating the influence of the yaw angle on the
ricochet scenario. It is numerically shown, that the closer the impact occurred to the critical
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Figure 2. Yaw angle influence on projectile after penetration a) and ricochet b) from a rounded surface

angle, the larger was the influence of the yaw angle. The results provide ground work for
further numerical investigations into the influence of different, experimentally hard to determine,
parameters, and their influence on projectile behaviour and energy after oblique impact.

References

[1] T. Bovrik et al. Perforation of 12 mm thick steel plates by 20 mm diameter projectiles with
flat, hemispherical and conical noses. Int. J. Impact Eng, 21(1):p. 27-34, 2002.

[2] N. Brar et al. Constitutive model constants for al7075-t651 and al7075-t6. AIP Conference
Proceeding, 1195(1):p. 945-8, 2009.

[3] S. Collins. Challenges of urban cities in 2035 - nato needs to act today to prepare the
alliance for the future. In Allied Commander Transformation, Belgium, 2015. act.nato.int.

[4] V. Favorsky et al. Experimental-numerical study of inclined impact in al7075-t7351 tagets
by 0.3” ap projectiles. In 26" ISB, Miami, 2011. Int. Symposium on Ballistics.

[5] G. Johnson and W. H. Cook. A constitutive model and data for metals subjected to large
strains, high strain rates and high temperatures. In 7" ISB, The Hage, NL, 1983. Int.
Symposium on Ballistics.

[6] B. Jurens. Projectile Dynamics. NavWebs, 1999.

[7] R. McCoy. Modern Exterior Ballistics the Launch and Flight Dynamics of Symmetric
Projectiles. Schiffer Publishing, 1999.

[8] Nilson. Constitutive model for armox 500t and armox 600t at low and medium strain rates.
In Report FOI-R—1068-SE, Kista, Sweden, 2003. Swedish Defence Research Agency.

[9] Z. Rosenberg and E. Dekel. Terminal Ballistics. Springer-Verlag, London, 2012.

[10] M. Seidl et al. Numerical investigations on ricochet of a spin-stabilised projectile on
differently shaped target surfaces. In 30" ISB, Long Beach, 2017. Int. Symposium on
Ballistics.

[11] M. Seidl et al. Numerical ricochet investigation of spin-stabilized projectile on plane armor
steel targets,. In 17" LS-DYNA User Conference, Salzburg, 2017. LSTC.

[12] W. Wellige and W. Wohlmann. Untersuchungen zum schutzvermoegen von an ihrer
oberflaeche gehaerteten blechen aus panzerstahl. In Report NI 903/2003, Saint-Louis, F,
2003. ISL.



