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Executive Summary 

Interplanetary spacecraft are exposed to meteoroid fluxes that range in speeds from 10 to 72 
km/sec, far above the capability of today’s test facilities to provide predictions for the likelihood 
of spacecraft critical penetration.  Of special interest are sample return missions, which (though 
protected by shielding) must often survive years of exposure to the meteoroid environment in order 
to re-enter Earth’s atmosphere with their scientific cargo.   

This paper describes the simulation of meteoric material damage to thermal protection 
systems (TPS) of the planned Mars Sample Return Mission sample return vehicle, housed beneath 
a protective “garage” (shielding) enclosure.  The simulations use the Smooth Particle 
Hydrodynamics Code (SPHC) to predict breakup of impacting meteoroids within the garage 
structure, as well as their subsequent penetration into the underlying TPS heat shield covering the 
Earth-return vehicle.  

The study outlined in this paper considered the impact effect of both meteoric materials, such 
as iron, ice, and chondrites (dunnite), and non-meteoric materials, such as aluminum and nylon, 
against both external shielding materials (single and dual aluminum bumpers) and heat shield for 
Extreme Entry Environments Technology (HEEET) TPS materials, used alone and in conjunction 
with shielding.  A general predictive damage equation to HEEET TPS developed from these SPHC 
simulations for velocities up to 70 km/sec matched the predicted shield performance within 5%. 

Recommendations 
IDA recommended changes to the shielding design of the Mars Sample Return Mission based 

on these results.  
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ABSTRACT 
Interplanetary spacecraft are exposed to meteoroid fluxes 

that range in speeds from 10 to 72 km/sec, far above the 
capability of today’s test facilities to provide predictions for the 
likelihood of spacecraft critical penetration.  Of special interest 
are sample return missions, which (though protected by 
shielding) must often survive years of exposure to the meteoroid 
environment in order to re-enter Earth’s atmosphere with their 
scientific cargo.   

This paper describes the simulation of meteoric material 
damage to thermal protection systems (TPS) housed beneath 
protective “garage” (shielding) enclosures using the Smooth 
Particle Hydrodynamics Code (SPHC) operated by the Institute 
for Defense Analyses and Stellingwerf Consulting in support of 
ongoing NASA tasks.  The study outlined in this paper considered 
the impact effect of both meteoric materials such as iron, ice, and 
chondrites (dunnite), and non-meteoric materials such as 
aluminum and nylon against both external shielding materials 
(single and dual aluminum bumpers) and Heat shield for 
Extreme Entry Environments Technology (HEEET) TPS 
materials, used alone and in conjunction with shielding.  A 
general predictive damage equation to HEEET TPS is developed 
from these SPHC simulations for velocities up to 70 km/sec. 

Keywords: orbital debris, hypervelocity impact, thermal 
protection system 

1. INTRODUCTION 
Interplanetary spacecraft are exposed to meteoroid fluxes 

that range in speeds from 10 to 72 kilometers per second (kps), 
far above the capability of today’s test facilities to provide 
predictions for the likelihood of spacecraft critical penetration.  
Of special interest are sample return missions, which (though 
protected by shielding) must often survive years of exposure to 
the meteoroid environment in order to re-enter Earth with their 

scientific cargo.  A key element to ensure spacecraft re-entry 
survival is to understand the potential damage to thermal 
protection systems (TPS) that may be housed beneath protective 
“garage” (shielding) enclosures.   

This paper summarizes a series of meteoroid impact 
simulations of such a spacecraft protective system using the 
Smooth Particle Hydrodynamics Code (SPHC), originally 
developed by Stellingwerf, et al [1], and now operated by the 
Institute for Defense Analyses and Stellingwerf Consulting in 
support of ongoing National Aeronautics and Space 
Administration Engineering Safety Center (NESC) tasks.  The 
study outlined in this paper considered the impact effect of both 
meteoric materials such as iron, ice, and chondrites (dunnite), 
and non-meteoric materials such as aluminum and nylon against 
both external shielding materials (single and dual aluminum 
bumpers) and Heat shield for Extreme Entry Environments 
Technology (HEEET) TPS materials, used alone and in 
conjunction with shielding.  It also discusses validation of the 
code in the testable regime, as well as general hydrocode 
limitations. 

2. APPROACH 
SPHC is a gridless Lagrangian hydrodynamic computation 

technique developed by Stellingwerf Consulting in 1987–1990.  
Initially used for projects at Mission Research Corp., Air Force 
Weapons Lab, and Los Alamos National Lab, it is closely related 
to the widely used LANL code SPHINX.  It was specially 
designed to accommodate large translations of material, large 
deformations, and large void fractions, and is an ideal candidate 
for modelling asteroid impact, spacecraft shield modeling, and 
planetary accretion.  Figure 1 shows a flash x-ray of a debris 
cloud created by impact of an aluminum sphere at 6.62 kps 
compared to an experiment performed by the University of 
Dayton Research Institute (UDRI) under similar conditions[2].  
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FIGURE 1: COMPARISON OF SPHC-PREDICTED DEBRIS CLOUD TO EXPERIMENTAL DEBRIS CLOUD [2]

The 3D model result is shown as the bottom half of the lower 
images (shaded on density), compared to the UDRI radiograph 
shown at top and at the top half of the lower series. We observe 
that the model accurately reproduces the flat disk of fractured 
projectile material, the dome of spalled fragments at the rear of 
the debris field, the thin “veil” surrounding the debris field, and 
the light gray disk of uniform gray density at the front edge of 
the debris cloud.  Examination of the model explains this feature 
as a region of melted aluminum.  The witness plate damage 
pattern is shown at right, showing a good match of the damaged 
region and penetration hole size between model and experiment.  

Figure 2 shows a comparison of SPHC results (table at 
bottom) to a test of HEEET-type TPS, consisting of a complex 
3D woven structure of carbon fiber and nylon phenolic fiber ma-
terials.  The SPHC model attempts to capture some of the aspects 
of this blend by using alternating carbon fiber and nylon fiber 
layers, 10 in all, plus simulating the porosity of the material by 
randomly omitting about 20% of the SPH particles in each of 
these layers.  Carbon layers are shown in red in Figure 2; nylon 

layers are green.  Comparison of the modeled craters with two 
experiments are shown, with good agreement. 

3. RESULTS AND DISCUSSION 
Figure 3 shows the setup and results from an impact 

simulation consisting of a 4mm Al sphere impacting a dual-wall 
shield consisting of two 0.5mm Al 6061-T6 layers separated by 
2cm, suspended 10cm above a 13mm layer of HEEET-type TPS, 
impacted at 30 kps at a 30 deg impact angle.  The debris cloud 
expands within the shield, penetrates it, and then expands to 
create damage within the TPS at a maximum depth of 
approximately 7.5mm.  Although a great amount of vapor is 
created in the debris cloud due to the intense kinetic energy of 
the impact, most of the damage is actually from the liquid and 
solid particles generated within the cloud, which sometimes 
work together to cause closely spaced craters in the TPS to 
coalesce into larger craters.  In the far-right image, a “cross 
section” of damage at a level of 4mm into the TPS is shown 
(white areas are where material is missing, forming craters). 
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FIGURE 2: COMPARISON OF SPHC-PREDICTED TPS DAMAGE TO EXPERIMENTAL DAMAGE [3] 

 
FIGURE 3: SIMULATION RESULTS FOR 4MM ALUMINUM SPHERE IMPACTING DUAL WALL AT 30 KPS, 30 DEG 

(CASE 1B) 
 
Table 1 shows the results of a “cluster” file for this impact 

that describes the condition of the debris cloud below the dual 
shield, including the mass, speed, and position of each solid, 
liquid, and gas particle cluster that is created by the impact.  Note 
that the largest contributors to damage in the TPS are solid and 
liquid aluminum debris from the second plate of the shield 

travelling under 7 kps.  It is also noteworthy that at these impact 
velocities, the kinetic energy from the vapor portion of the cloud 
is 20 times the energy of the solid and liquid portions, but does 
not drive visible cratering damage. 

 

 

Inner Inner
Test Date Pen Matl Pen Diam Vel kps Obliq Depth Diameter 1 Diameter 2 Energy

21045 AL 2.38 7.26 0 Not Given 8.4 6.6 514
19130 Nylon 4.78 6.68 0 19.3 1451
19131 Nylon 4.78 6.86 70 10 1531
19129 Al 3.55 6.83 0 21.3 1531

IL Only Test Data
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TABLE 1. CLUSTER FILE DESCRIBING DEBRIS CLOUD CHARACTERISTICS BEHIND SHIELD AT 30 KPS, 30 DEG  
(CASE 1B) 

 

 

 

In developing a model for general penetration depth into the TPS 
behind the shield, the evaluators performed 60 SPHC hydrocode 
runs against the MMG shield (0.5mm Al / 2cm space / 0.5mm 
Al) at various standoffs from the TPS, which resulted in images 
showing damage extent and estimates of maximum TPS crater 
depths (see Table 2).  Most runs used dunnite (a material similar 
in density and structure to chondritic meteoroids) and water 
(ice), but also used aluminum, iron, aluminum oxide (Al2O3), 
and nylon impactors to develop a general penetration equation. 
Runs varied from 0 to 45 degrees obliquity, 10 to 40 kps for 
med/high-density materials (aluminum density and greater), and 
25 to 55 kps for low-density impactors (under 2.7 g/cc, such as 
water and nylon).  Only 5 and 10cm standoffs to the TPS were 

examined due to adverse effects of longer standoffs on 
computational time.  Some tests were also varied to examine the 
effect of bumper thickness.   

In general, the study found that penetrator densities > 
aluminum produced similar damage in TPS for similar masses 
and velocities of impact, but densities < aluminum produced far 
less damage in TPS, due primarily to the creation of more vapor 
for these less dense materials (and less of the damaging liquid or 
solid materials) for the same impact energies.  There was more 
damage at longer standoffs, but this was not a strong factor. 
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TABLE 2: RESULTS OF SPHC HYPERVELOCITY IMPACT HYDROCODE RUNS CONSIDERING SHIELDED TPS 
 

 
 
Using the data generated from the hydrocode runs, the 

authors created a general crater depth “Energy Overmatch” 
prediction model for the shielded TPS, as shown below: 

 
Pen Depth (mm) = K* [(Ei *Br) / (2 * Ebl*S)]^Exp           (1)                                                       
  
Where:  
K = Constant to account for light density (0.0234) vs 
medium/heavy particle density (0.0345)    
Ei = Impacting energy, joules at a given velocity  
Ebl = Ballistic limit energy required to penetrate the shield [4], 
which includes features such as impacting obliquity and velocity 
Br = Bumper ratio of larger MMG areal density to original MMG 
areal density   
S = Standoff, cm > 2 cm  
Exp = 0.5 unless Ei over 300 KJ (then 0.45)  

 
Figure 4 shows a plot of the predicted penetration depth of 

both ice and aluminum impactors into the shielded TPS for 

various particle impact energies and densities as described in 
Table 2, and as described in Equation 91.  It is clear from the 
plotted data that the denser penetrators (such as aluminum) 
produce more damage to the TPS for equal impact energies. 

4. CONCLUSION 
The use of the SPHC to simulate meteoric material damage 

to TPS housed beneath protective “garage” (shielding) 
enclosures offered a fast, economic, and accurate method for 
exploring the impact effect of materials such as iron, ice, and 
chondrites (dunnite), and non-meteoric materials such as 
aluminum and nylon at velocities up to 70 kilometers per 
second.  SPHC’s advantages in tracking particles through large 
standoffs into complex shielding materials (single and dual 
aluminum bumpers) and targeted materials such as HEEET 
TPS materials, used alone and in conjunction with shielding, 
are noteworthy.  A general predictive damage equation to 
predict depth of penetration into HEEET TPS was developed  
from these SPHC simulations. 
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FIGURE 4: PREDICTED PENETRATION DEPTH INTO THE SHIELDED TPS FOR  
VARIOUS PARTICLE IMPACT ENERGIES AND DENSITIES 
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