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ABSTRACT 

The SHIELD3 impact risk analysis tool has been used to 
compute the impact-induced probability of no failure 
(PNF) of two different spacecraft ± a radar satellite and 
an optical satellite ± operating in the 2020-2030 low 
Earth orbit debris environment. Based on this 
assessment, potential vulnerabilities were identified in 
the spacecraft designs, and several solutions were 
proposed for enhancing protection. The effectiveness of 
each shielding solution was determined by recalculating 
the spacecraft PNFs. Significant improvements in PNF 
were achieved, indicating that effective levels of extra 
protection can be implemented in spacecraft designs 
within constraints such as cost, mass and volume. 

1 I NTRODUCTI ON 

The debris population in low Earth orbit (LEO) has 
increased significantly during the past decade. 
Consequently, the impact risk to high-value unmanned 
spacecraft operating in this region has also grown. It is 
becoming increasingly necessary, therefore, for 
manufacturers to consider assessing impact risk during 
the design of a spacecraft. Most of the available impact 
risk analysis models accomplish this by calculating the 
probability of no penetration (PNP) of the outer surfaces 
of a spacecraft. However, to obtain the probability of no 
failure (PNF) of a spacecraft, it is necessary to 
determine the potential damage to equipment if a 
particle penetrates inside the spacecraft. Thus, a higher 
fidelity analysis is required. 

One software tool that has been specially designed for 
this purpose during the past 17 years is SHIELD3 [1, 2]. 
The software uses a variety of damage equations and 
debris cloud models to evaluate the damage to 
equipment from particles penetrating inside a spacecraft. 
This information is then combined with a failure model 
of the spacecraft to calculate its PNF. Recently the tool 
has been used within a European Commission FP7-
funded project called ReVuS to analyse the designs of 
two different LEO spacecraft ± one a radar satellite, the 
other an optical satellite ± operating over the 2020-2030 
timeframe [3]. Geometrical representations of both 

satellites were constructed in SHIELD3 and material 
properties assigned to each of their surfaces. Equipment 
redundancies and failure criteria were also defined. 
Debris and meteoroid fluxes from MASTER-2009 were 
then used to generate test particles in the SHIELD3 
simulations. Results from the simulations were output in 
various forms, including: 3D geometrical displays of 
impact and penetration fluxes, tables of PNFs for groups 
of redundant equipment, and plots of satellite PNF 
versus impactor size. In summary, the analysis showed 
that the PNF of each satellite is relatively high. 

To increase the PNFs of the satellites further, a range of 
possible shielding solutions were proposed for the most 
vulnerable areas. Three competing solutions were 
considered to be viable for the radar satellite and two 
for the optical satellite. These mainly involved various 
combinations of enhancements to multi-layer insulation 
and sandwich panels, and the relocation of some critical 
equipment items. The relative effectiveness of the five 
solutions was then quantified using SHIELD3 by 
recalculating the satellite PNFs. This paper presents the 
results of that analysis. 

2 SHI EL D3 I M PACT RI SK  ANA L YSI S 
M ETHODOL OGY 

To perform an impact risk assessment of a typical 
spacecraft design in SHIELD3 a 3D representation of 
the spacecraft is constructed. The geometry of the entire 
spacecraft structure, including external panels and 
internal walls and shelves, is modelled, and material 
properties are assigned to each of these structural 
elements. Each equipment item on the spacecraft is 
defined in terms of its geometry, material properties, 
function, redundancy, mission criticality, interfaces with 
other equipment, and location on the spacecraft. 

For the next step in the methodology, the software 
simulates the impact and penetration distributions on the 
spacecraft. In SHIELD3, the impact distribution is 
derived by employing a Poisson routine to sample 
target-centered directional flux data generated by a 
debris environment model such as the ESA MASTER 
model. Test particles are then created and fired at the 
3D geometry using a standard ray-trace method to find 
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the precise impact points. Having obtained the impact 
distribution, appropriate ballistic limit equations (BLEs) 
are called up to ascertain which of the impacting 
particles penetrate external surfaces of the spacecraft 
structure or external equipment. In order to derive a 
statistically meaningful distribution of penetrating 
particles on the spacecraft geometry, the entire lifetime 
simulation is repeated many thousands of times. That is, 
a Monte Carlo simulation is performed. The result is a 
large distribution of penetrating particles. From this 
dataset, it is a straightforward matter to calculate the 
PNP of the external surfaces of the spacecraft. 

In the final part of the methodology, the damage inside 
the spacecraft is assessed. SHIELD3 has a number of 
proprietary algorithms for analysing penetrative impact 
damage inside a spacecraft. The code also contains 
algorithms published in the open literature, such as the 
engineering fragmentation model described in [4], as 
well as a wide range of damage equations, including the 
SRL ballistic limit equation [5, 6]. Each of the particles 
that penetrates inside a spacecraft creates a secondary 
debris cloud that can interact with one or more 
equipment items, harnessing, and internal structures. A 
combination of ray-trace and geometrical methods is 
used to identify the intersection of the cloud with these 
interior elements. Depending on the configuration of the 
interaction, one of the damage assessment routines is 
utilized to determine which items are penetrated. For 
some scenarios a multi-wall BLE, such as the SRL 
equation, is suitable. However, for more complex 
scenarios, the interaction of individual elements of the 
cloud with internal surfaces is modelled. 

The response of an equipment item to an impact is not 
simple. In some instances it is possible for a non-
penetrative impact to cause an item to fail. Conversely, 
it is also possible that an item may survive a marginally 
penetrating impact, as was demonstrated in [7]. To cater 
for both of these cases, SHIELD3 samples failure 
probability profiles to determine whether each impacted 
item fails. In the event of an item failure, the 
consequences for the mission are determined using the 
reliability analysis module within SHIELD3. For 
example, if the equipment is not essential to the mission 
or has a redundant unit, then it is conceivable that the 
mission may continue largely unaffected. Essentially, 
mission success or failure is determined by the 
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Finally, when each of the thousands of penetrative 
debris clouds has been analysed, the PNFs of individual 
equipment items (both internal and external) and groups 
of redundant items are calculated. Thus, the PNF of the 
whole spacecraft is calculated. This quantifies the 
impact survivability of the spacecraft design. Changes to 
the design, in terms of new protection solutions, can 
also be modelled and analysed in SHIELD3 by 
repeating the steps in the above process. SHIELD3 has 

been used in this way within the ReVuS project to 
demonstrate the survivability improvements that can be 
achieved by implementing a variety of different 
protection solutions in two different reference satellites. 

3 ANA L YSI S OF A RADAR  SATELL I TE 

3.1 I nput Data 

Information on the baseline design of the radar satellite, 
including geometry data, material property data and 
reliability data, was supplied by EADS Astrium, 
Germany. Debris and meteoroid flux data was provided 
by the Technical University of Braunschweig, 
Germany. All of the data was input into SHIELD3 to 
build a representative model of the radar satellite. 

The mission and orbit parameters used for the radar 
satellite are shown in Tab. 1. 

Table 1. Mission and orbit parameters used for the 
radar satellite 

Parameters Data 
Mission parameters:  
     Start date 01/01/2020 
     End date 01/01/2030 
Orbit parameters:  
     Semi major axis (km) 6883.5 
     Eccentricity 0.1E-02 
     Inclination (degrees) 97.4 
     Right ascension of ascending node (degrees) 11.1 
     Argument of perigee (degrees) 90.0 

 
Flux data from the ESA MASTER-2009 model was 
supplied in two files ± one containing debris fluxes, the 
other containing meteoroid fluxes. The data format for 
both files was in accordance with the STENVI standard 
interface format as defined by the Inter Agency Space 
Debris Coordination Committee. The output spectrum 
for the flux data in both files is shown in Tab. 2. 

Table 2. Output spectrum of the MASTER-2009 flux 
data files for the radar satellite 

Parameter Bin Min Max 
Azimuth (degrees) 36 -180.0 +180.0 
Elevation (degrees) 18 -90.0 +90.0 
Velocity (km/s) 20 0.5 20.5 
Diameter (m) 6 0.1E-04 0.1E+01 
Latitude (degrees) 1 0.0 360.0 
Density (g/cm3) 10 0.0 10.0 

 
Information on the configuration of the radar satellite, 
including the layout of its equipment, was provided in 
the form of an IGES file. Fig. 1 illustrates the level of 
detail supplied. Geometrical data was extracted from the 
IGES file and input into SHIELD3 to enable the same 
3D representation to be reproduced. 

The radar satellite bus is a hexagonal tube structure 
which is separated into three compartments by two 



dividing walls. The majority of the bus structure is made 
from CFRP/Al sandwich panels and covered with multi-
layer insulation (MLI). In Fig. 1 some of the external 
MLI and sandwich panels have been removed to enable 
internal equipment to be viewed. 

 

Figure 1. View of front and starboard sides of the radar 
satellite 

Fig. 1 shows the interior of the rear and central 
compartments. Key items of the Attitude and Orbit 
Control Subsystem (AOCS), such as a titanium 
propellant tank, attitude control electronics, and 
magnetorquers, are housed inside these compartments. 
Most of the remaining subsystem equipment on the 
satellite is attached to various external surfaces of the 
hexagonal tube and is protected by an MLI tent 
comprising 7 layers of Mylar / Kapton. The radar 
payload, which is divided into 12 compartments 
comprising waveguides, TR modules and power 
conditioners, is also located on the outside of the 
hexagonal tube. Eight of the compartments are shown in 
Fig. 1 (with the covering waveguide panels removed). 
Note that the four compartments in the centre have been 
removed to enable two internal items to be seen more 
clearly. All 12 of the radar compartments are protected 
by a single layer of germanium MLI. Finally, there are a 
number of items located outside of the satellite bus 
structure and the MLI tent. These include Earth & sun 
sensors, S-band antennas, star tracker heads, an X-band 
boom and antenna, and a laser communication terminal. 

3.2 Analysis of Baseli ne Design 

Results of the SHIELD3 impact risk analysis of the 
baseline radar satellite design can be found in [8]. 
Therefore, only a brief summary will be presented here. 

The flux of impactors in the size range 0.1 mm to 1.0 
mm that penetrate the external surfaces of the radar 
satellite is shown on the 3D visualizations in Fig. 2. The 
surfaces with the highest penetration fluxes are coloured 
red, and those which experience the least penetrations 
are dark blue. One can see that the MLI tents protecting 

the equipment items at the top of the satellite, and the 
radar at the bottom (Earth-facing side) of the satellite, 
experience significantly more penetrations than those 
surfaces which are protected by a sandwich panel or a 
combination of sandwich panel and MLI. On the front 
face, the flux of penetrations through the MLI tent is 
~8.9 penetrations / m2 / year (coloured red in Fig. 2). 

 

Figure 2. Flux of penetrators in the size range 0.1 ± 1.0 
mm on the radar satellite 

To visualize how the penetration risk is distributed on 
the satellite, the number of penetrations on each 
equipment item is displayed in Fig. 3. Not surprisingly, 
exposed items such as the laser communication terminal 
and the star tracker assembly are the most vulnerable to 
penetration. Despite that, the overall PNF of the star 
tracker assembly is extremely high because of its 1-out-
of-3 redundancy, and the laser communication terminal 
is not part of the risk assessment since it is a secondary 
payload. No other items stand out as being particularly 
vulnerable relative to the others, although the items 
which are protected only by the MLI tent have a higher 
penetration risk than those inside the hexagonal tube. 

 

Figure 3. Number of penetrations of equipment on the 
radar satellite from 1.0 ± 10.0 mm size particles 

The impact failure risk of the radar satellite can be 
understood by plotting the probability of failure of the 
satellite as a function of impactor size. Results from the 







section. The tubes house four batteries and two 
propellant tanks. Note that the four side panels around 
the mid-section are not shown in Fig. 9. 

 

Figure 9. Exploded view of the optical satellite Service 
Module and mid-section 

Equipment units located inside the Case compartment 
are used for controlling the two optical systems, and 
processing and transmitting the resulting images. The 
Case compartment walls are constructed using a 
combination of aluminium sandwich panel, CFRP/Al 
sandwich panels, and MLI walls. 

In the Service Module, aluminium honeycomb sandwich 
panels are used throughout, and many of the sandwich 
panels are covered with MLI. The mid-section 
compartment (i.e. in-between the Case compartment and 
the Service Module) is protected by four walls made 
from MLI. Finally, the two optical systems are protected 
within a baffle + helmet compartment made from thin 
aluminium sheeting. 

4.2 Analysis of Baseli ne Design 

Results of the SHIELD3 impact risk analysis of the 
baseline optical satellite design can be found in [8]. 
Therefore, only a brief summary will be presented here. 

The flux of penetrations on external surfaces from 
impactors in the size range 0.1 mm to 1.0 mm is shown 
in Fig. 10. It is immediately apparent that the front-
facing walls of the Case compartment and the mid-
section compartment, which are both made entirely from 
MLI, experience much higher penetration fluxes than 
the front-facing side of the Service Module, which is 
protected by a combination of aluminium honeycomb 

sandwich panels and MLI. For example, the flux of 
penetrations through the Case compartment MLI wall 
on the front face is ~41 penetrations / m2 / year 
(coloured red in Fig. 10). 

 

Figure 10. Flux of penetrators in the size range 0.1 ± 
1.0 mm on the optical satellite 

To visualize the relative vulnerability of equipment 
inside the optical satellite, the number of penetrations 
on each equipment item is displayed in Fig. 11. 

 

Figure 11. Number of penetrators of optical satellite 
equipment in the size range 1.0 ± 10.0 mm 

This figure shows the number of impactors that have 
sufficient energy to penetrate through the combination 
of external spacecraft wall and internal equipment 
casing. It is clear that those items closest to the flight 
direction suffer the greatest number of penetrations. In 
particular, the following items are the most vulnerable: 
two batteries, a computer, a pyrotechnics box, a reaction 
wheel, the EDR, and several electronics boxes in the 
Case compartment. Therefore, these items might be 
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