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Abstract Protective shields are indispensable for protecting the satellites compo-
nents from debris impact. Proper evaluation of the response of these shields is impor-
tant. High velocity impact simulations were conducted to ascertain the response of 
single bumper Whipple shields used as satellite shields. The study was conducted 
with the Abaqus explicit solver with the smooth particle hydrodynamics (SPH) frame-
work. A simple damage-based failure model was able to capture the fragmentation 
as well as the penetration of the shield under the impact. The energy as well as the 
residual velocity were seen to match with the similar experiments. 
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1 Introduction 

The significant increase in the space programs has resulted in huge amounts of space 
debris. These man made debris along with natural debris which consist of pieces of 
cometary and asteroidal material known as meteoroids pose a serious threat to the 
small satellites and other space crafts. A high impact collision from the debris often 
results in significant damage to the satellites. Larger space debris can be tracked 
down using radio frequency radars, and thus, collision can be avoided. But this 
becomes difficult in the case of small debris, lesser than 10 cm in diameter [6]. Hence, 
a better way to reduce the impact from these collisions is the proper application 
of Whipple shields. Since the average speed of collision with these debris is over 
10 km/s, [1] materials with higher strength and toughness are preferred. However, 
installing shields increases the total weight of the spacecraft. So, material which 
has higher strength to weight ratio has to be considered and aluminum can fulfill 
the requirements. The experimental works with very high velocity projectiles on 
target plates often require substantial infrastructure and equipment cost, even for 
scaled down models. An alternative would be to depend on numerical simulations
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Fig. 1 Schematic showing 
the configuration of the 
single bumper Whipple 
shield 
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for studying the response parameters. Numerical work has the additional advantage 
that the variables which cannot be tracked in an actual experiment can be found with 
the proper selection of numerical models. The aim of this paper is to develop a finite 
element (FE) model which could be utilized for performing feasibility studies for 
the design of satellite shields. The FE-based model has been based on the ABAQUS 
explicit solver available in-house. 

2 Methodology 

Protection of small satellites from impact of the space debris is presented in the 
paper. Protective plates with several configurations and materials are available for 
the purpose [2]. The wall of the space craft is usually protected with plates also known 
as bumpers as shown in Fig. 1. These bumpers usually absorb the energy form the 
debris during the impact and debris breaks up in many fragments as a result. The 
debris may penetrate through the shield but the momentum of these fragments may 
not be sufficient to cause any major damage to the craft. There could be different 
parameters which affect the performance of the bumpers like its thickness and its 
location with respect to the rear wall. 

The performance of a bumper shield made with aluminum 6061 panels for protec-
tion from cylindrical debris with a 5 mm diameter is explored in this work. A numer-
ical model has been developed and validated with the results available in the literature. 
The model is further used to predict the parameters like perforation hole diameter 
and dispersion angle as well as the average velocity of the debris cloud. 

3 Numerical Analysis 

The dimensions of the debris and shield-plate are given in Table 1. A cylinder made 
of aluminum is assumed to represent debris since it is the major constituent of the 
debris. It was reported that hemispherical impactor could be the least effective in
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Table 1 Geometric 
dimensions 

Material Dimensions 

Debris Al 6061 5 mm in diameter and height 5 mm 

Bumper plate Al 6061 5 × 5 × 0.08 cm 

perforation of aluminum targets [5], still many studies on debris impact is seen to 
employ spherical projectiles. In this study, the focus is on the performance of debris 
with blunt face. It requires lower perforation energy and hence imposes a more severe 
loading condition. The assumed velocity of the debris is 1 km/sec although the model 
is capable of dealing with higher velocities. The preprocessor in ABAQUS is used 
to construct geometry and meshed model of the debris and plate as shown in Fig. 2. 
The material models are given in Table 1. The excessive deformation is handed with 
smoothed particle hydrodynamics (SPH) formulation. The plate has been modeled 
with Al 6061, which has sufficient strength to weight ratio. The presence of ingre-
dients like magnesium and silicon makes it resistant to cracking. The dimensions of 
the plate are approximately 10 times the diameter of the debris. This is assumed to 
impose a higher limit on the energy required for the perforation of plate and hence 
a more resistant configuration as compared to plate with lesser dimensions [5]. 

The first order solid elements (C3D8R, that is, continuum three-dimensional 8 
node reduced integration) which have minimal shear and volume locking effect has 
been used for modeling the plate and debris. The outer region of the plate is compara-
tively stiffer and is has been modeled with the solid elements using Lagrangian formu-
lation throughout the simulation. The projectile and the central region of the plate 
suffers considerable deformation followed by fragmentation and hence analyzed

Fig. 2 Meshed finite 
element model of plate and 
projectile 
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Table 2 Material constants C0 s γ 0 
5330 1.338 2.18 

A B n 

369 MPa 675 MPa 0.7 

d1 d2 d3 

−0.77 0.2 −1.3 

with PC3D elements. A total of 55,339 elements were used with a hexahedral mesh 
structure. The high speed impact problems can be modeled with an equation of state 
(EOS), strength and failure model. The parameters used have been given in Table 2. 

The shock response of the plate is represented with the Mie–Gruneisen equation 
of state, implemented with the Us–Up formulation available in ABAQUS, with the 
parameters [4] as given in Table 2. The dynamic strength model has been modeled 
with Johnson cook model as given below 

σ = [
A + Bεn

][
1 + Clnε̇∗][1 − T ∗m

]
(1) 

A simplified form of Johnson cook damage model is adopted considering only 
the constants d1, d2 and d3 [6]. The selected parameters for the strength and failure 
model are given in Table 2. 

4 Results and Discussions 

The numerical simulations were conducted with mesh size of 0.0009 m for the regions 
under maximum deformation. The outer regions were meshed with relatively coarse 
mesh as shown in Fig. 2. The SPH model captured fragmentation followed by the 
impact and penetration Fig. 3. Researchers have published calculations based on the 
experimental observations of the hypervelocity impact of projectile on shields made 
with aluminum [2]. They have calculated the ratio of kinetic energies (KE) of the 
debris and projectile and found them close to 0.3. The variation in KE of the current 
model is plotted in Fig. 4. The initial part of the curve shows the kinetic energy 
of the debris prior to penetration. It is seen that the kinetic energy of the debris 
decreases during the initial stages of the collision due to the momentum transfer. But 
simultaneously, the fragmentation of the debris is initiated and the fragments pick up 
the kinetic energy. Fragmentation continues up to the point of complete plate rupture. 
The kinetic energy of the debris particles can be computed from kinetic energy of 
the whole model after accounting for the KE of the debris after impact. With these 
data, the ratio of the kinetic energies has been calculated for the present model as 
approximately 0.4. These are sufficiently close results considering the simple failure 
criteria and material models used. Similarly, the numerical calculations were also 
made to find the average velocity of the debris cloud. The output data base contains
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the fragments with associated velocity fields. The magnitude of the average velocity 
of the fragments has been calculated for the present model as 194 m/sec. 

The impact is seen to produce a complete perforation of the plate as shown in 
Fig. 5. The average hole diameter (D) of the perforated plate has been determined 
to be 9.84 mm. An attempt was also made to find the average angle of dispersion of 
the particles. Average angle of dispersion is defined as angle between axial direc-
tion of the projectile and averaged direction of motion of the particle-sample under 
consideration. It was seen from the analysis that the particles which are closest to 
the periphery of the perforation hole suffers the maximum dispersion. A represen-
tative sample of 152 particles which suffers the maximum vertical dispersion were

Fig. 3 Impact and 
penetration of the projectile 
at time 1.2e-5 s, resulting in 
fragmentation of the plate 
and debris 

Fig. 4 Energy variation of 
the whole model during the 
debris impact
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Fig. 5 Image of the 
perforation in the aluminum 
sheet 

D = 9.84mm 

Fig. 6 Average axial 
displacement and 
corresponding vertical 
displacement of a 
representative sample
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analyzed. The average displacement of these particles in the vertical direction and 
corresponding displacement in the axial direction is plotted in Fig. 6. 

5 Conclusions 

The simple model utilizing the SPH frame work has been used for modeling the debris 
impact on single bumper aluminum Whipple shield. The ratio of the kinetic energies 
of the debris and projectile has been used for validating the numerical simulations. 
The model has been used to predict the average velocity of the particle cloud. In that 
case, also the predictions are coming within very close limits of residual velocity 
due to projectile impacts on aluminum plates. The perforation on the aluminum sheet 
has been simulated and found to have a diameter of 9.84 mm. An estimate of the 
dispersion of the debris particle was made based with a representative sample which
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suffers the maximum dispersion. The calculations show that the simple method can 
be used for finding the important response parameters of the single bumper Whipple 
shield against debris impact. However, the method can be improved with better mesh 
refinement and better sampling methods for the calculation of fragment properties. 
It is felt that simple numerical models like the one in the current study can be used 
for getting sufficiently accurate results for comparing the available designs. 
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