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ABSTRACT

This paper is devoted to the results of Smoothed Particle Hydrodynamics (SPH) simulations of high velocity
impacts on thin aluminium plates using LS-DYNAmputer codeThe numerical results of the damage
produced on plates are compared with experimental Batasimulations are presented :

- An aluminium sphere impacting an aluminium plate at 6.64 km/s
- A steel sphere impacting an aluminium plate at 5.53 km/s
Experimental and numerical results are in good agreement.

INTRODUCTION

The risk of collision between spacecraft and orbital debris is more and more impkhtasize of the most numerous
fragments ranges from 1 to 10 miie velocity of orbital debris can reach 15 km/s.

Today no experimental features are available for such a vel@uity simulations can be used to understand the events
and design shields.

Few years ago, a new numerical technique geter Smoothed Particle Hydrodynamics. Matter is represented by
particles connected with internal forc&kis method is naturally adapted fordardeformations.

To assess this method in the case of hypervelocity impacts, several simulations have been performed, based on
publications in the open literature.

First, SPH algorithm is briefly describeéthen, two simulations of hypervelocity impacts are described and compared
with experiment results: the first one is an aluminium sphere on aluminium plate impact at 6.64 km/s ; the second one is a
steel sphere on aluminium plate impact at 5.53 km/s.

SPH METHOD

If we consider a functiohdefined on a domain, we can approximate with a functiorf = defined by :

(N =] o f () W(x=y, h)dy

is a smoothing function which has the following properties :

j o W(x,h)dx =1 (4.14)
VV(x, h) T)Ox
xis the Dirac distributior is the smoothing length.

Particle methods are based on quadrature formulas on moving par#gles (; (t(t\whereX; (1) is the position of the
particle and w(t) the weightWe can approximate a function f with the following expression:

f(x) =Y w(Hf(x)W(x-x,h)

ieP
We can demonstrate the relation :

V() (x) =(Vf) ()

f and (f) are respectively the gradierftarid the gradient of £>. We have :

V() = D w0 f (X )V (x=x,h)

JEFr

W is the gradient oW.



The most useful function used by the SPH community is the B-spline (figure 1) which has some good propertie:
regularity

It is defined by :
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Figure 1 : B-spline function

FIRST IMPACT CONFIGURATION

The first test consists in a 9.53 mm diameter 2017-T4 aluminium sphere impacting a 2.2 mm aluminium 6061-T6
plate at 6.64 km/sThe shape of debris clouds at 6 ms and at 19.8 ms are shown in figure 2:

Figure 2 : debris cloud at 6 and 19.8 ms

High quality X-ray photography of the debris cloud is available. Moremebocities at various positions in the debris
cloud have been measured.



SIMULATION WITH LS-DYNA AND SPH

Modelling procedure

To simulate the first impact, we represent (figure 3) a plate with brick eleméetsentral part is replaced by particles.
There are 12420 bricks and 149552 particlésre are 10 particles in the thickness of the pldie.particles are "tied" to
the bricks.The projectile is represented with particles.
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Figure 3 : target and pojectile meshes

Material models

To represent the behaviour of metal during a high velocity impact, the STEINBERG-GUINAN model i hised.
model is suitable for modelling materials deforming at very high strain rates. It allows to consider the melting in tHe materia
to be considered MIE-GRUNEISEN equation of state is used to compute the pressure.

Failur e criterion

In order to simulate the failure of the material, the hydrodynamics pressure is limited to ©0.0R tiéaressure is
below this limit, the material spalls.

RESULTS

The results of the simulation are compared with experimental and analytical data. Several parameters are compared :
impact pressure (figure 5 and table 1), axial velocity (figure 8 and table 2), dimensions of the cloud ( figures 6 & & and tabl
2).

Impact pressue
A 1D calculation using the HUGONIOfEIlations is used to calculate the impact pressure.
In the taget, the pressure is given by :

Pu. = PoUsw

oc IS the density of the tget.
v, is the velocity of the particules at the impact point.

Us.is the relative velocity of the shock wave in theyédr



In the projectile, the pressure is given by :
B’Jp :pOpUSp(VO W )

Vo is the impact velocity

These two pressures are eqWek have a supplementary relation
Us=Co+dv

C, is the sound speed in the material.

Ss a codicient depending on the material.
We have enough equations to find the impact pres3inis.pressure is compared with the one given by the simulation

(figure 5 and table 1).
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Figure 5 : pressue in the target and the piojectile calculated by LS-DYNA



target projectile

Simulation 1.2 Mbar 1.1 Mbar

1D calculation 0.9 Mbar 0.9 Mbar

Table 1 : impact pressue calculated with LS-DYNAand 1D calculation

The pressure in the gat is higher than in the projectiM/e notice some oscillations in the pressure sighia¢ values
given by the 1D theory are lower

The shape of the debris cloud is well predicted (figures 6 &8 .mass distribution is similar in the X- ray photography
and in the simulatiorhe velocities (table 2) in the cloud are higher in the front of the cloud but lower in the back. Howeve
the diference between experiment and simulation is only around 10%.

Debris cloud

Figure 6 : 2D view of debris cloud with SPH



Figure 7 : 3D view of debris cloud with SPH

Figure 8 : correlated parameters



Axial velocity V1 Axial velocity V2 Axial velocity V3
Simulation 6.5 km/s 5.8 km/s 3.3 km/s
Experiment 6.1 km/s 5.9 km/s 3.5 km/s
dl d2 h
Simulation 79j 67i 2.6cm 3.8cm 3.7cm
Experiment 77i 67i 2.3cm 3.4cm 3.6cm

Table 2 : comparison between experiment and simulation

SECOND IMPACT CONFIGURATION

The second test consists in a 5 mm diameter 3édl sphere impacting a 2.85 mm aluminium 6061-T6 plate at 5.53
km/s.The resulting debris cloud at 10.4 ms is shown in figure 1.

Figure 9 : debris cloud at 10.4 s

SIMULATION WITH LS-DYNA AND SPH

The modelling procedure is similar to the first ca3® number of particles is 1965Zthe diameter of the particles is
similar to the first case.

The material model, the failure criterion and the equation of state are the same than in the first case.

RESULTS

Several parameters are compared : impact pressure (table 3), axial velocity (figmebtable 4), dimensions of the
cloud ( figures 10 and table 4).

Impact pressue
The impact pressure is calculated with the HUGONtE@tions and compared with the simulation valdé® results
are reported in the table :

tamget projectile
Simulation 1.2 Mbar 1.1 Mbar
1D calculation 1.05 Mbar 1.05 Mbar

Table 3 : impact pressue calculated by LS-DYNAand 1D calculation



Debris cloud

Figure 10 : 3D view of debris cloud with SPH

Figure 11 : correlated parameters



Vi dl d2 h
Simulation 5.2 km/s 2cm 3.3cm 4.5 cm
Experiment 4.7 km/s 1.8 cm 3.1cm 4.6 cm
Table 4 : comparison between experiment and simulation
CONCLUSION

Experimental and numerical results are in good agreeffieatdiference between results is around 10%.

SPH method is able to reproduce the global shape of the debris cloud and to predict the resultanT heloestylts
could be improved with more particles using a 2D axi-symmetric model.

The method is valid for velocities lower than 7 km/s. Near these velocities, others equations of state are necessary to
consider solid gas transition in material.
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