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1. INTRODUCTION 

This document is the executive summary for the “System impact of Propulsion passivation” 
study under the European Space Agency contract 4000113039/11/NL/NR. The objective of 
the activity is the establishment of consolidated recommendations and processes to conduct 
passivation of propulsion systems for running and future ESA missions in a reliable way.  

Space debris mitigation requirements specific to propulsion systems are scrutinized and 
compliance of OHB reference propulsion architectures is assessed. The risk of generating 
debris due to a failure in a propulsion system is assessed with a focus on the specific risk of 
a hypervelocity impact on a propulsion tank containing residuals.  

The engineering activities, delta-qualifications or hardware development which can support 
the recommended propulsion passivation strategies are presented and prioritized.   

The contract work is in collaboration with OHB System, the Swedish Defence Research Insti-
tute (FOI), Inmarsat, and Etamax.  

 

2. COMPLIANCE TO SPACE DEBRIS MITIGATION RULES 

2.1 SDM REQUIREMENTS 

The European applicable requirements related to end of life decommissioning activities are 
defined in ISO 24113 “Space Debris Mitigations requirements”, which was adopted by the 
European Space Agency through the ECSS-U-AS-10 Rev. C.  
ISO 24113 fails to identify what a “safe state” is and the handbook would therefore gain in 
being updated with tangible guidelines and quantitative targets to make the requirements 
clear and verifiable. 
The ESSB-HB-U-002 “ESA Space Debris Mitigation Compliance Verification Guidelines” 
handbook released in February 2015 provides useful guidelines on verification methods and 
tools to facilitate the compliance assessment to the Space Debris Mitigation requirements.  
It is recommended that the ESA handbook is updated and limits itself to ISO24113 require-
ments without adding new requirement.  
Eventually, a European database registering safe End of Life conditions achieved by space-
crafts would facilitate the assessment of compliance by using similarity with other missions 
and platforms.  
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2.2 COMPLIANCE TO SDM REQUIREMENTS 

The level of passivation achievable today on OHB reference missions is presented below. 
The tools and knowledge current limitations are too important to be able to claim that the 
propulsion systems are in a safe state at EoL. Way forwards are identified in §5. 
  

 Monopropellant propulsion systems for LEO / MEO missions 
      Typical End of Life pressure in a diaphragm tank is ~6bar when the diaphragm hits its 
end position. At this point in time, the pressurant is trapped - by design - and the propellant 
can only be depleted down to thruster inlet qualified pressures. Also the tank expulsion effi-
ciency is ~99.5% which translates in tiny amounts of hydrazine being trapped along the tank 
walls and also inside tubing and fluidic hardware due to the equipments internal pressure 
drop resistance. Full depletion of the tank and tubing cannot be performed but it is necessary 
to demonstrate that the propulsion system - with its residuals - is in a safe configuration.  

 
 

 Bi-propellant propulsion systems for GEO missions 
      After isolating the pressurant following LEOP operations, the Helium tanks typically have 
a pressure of ~50bar. OHB System has experience in adding a passivation line to the pro-
pulsion system to lower this residual pressure to ~5bar. Residuals at EoL can be found in the 
following sections: 

 Tank - Pressure regulator: ~5 bar GHe 
 Check Valve - NO Pyrovalve: ~50bar GHe trapped in this small section 
 Propellant tank - RCTs: ~4bar is achievable but limited in reality by the RCT qualifica-

tion domain. 
 Liquid Apogee Engine (LAE): Residual pressure ~ Propellant vapour pressure after 

isolation at BoL. 
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3. FRAGMENTATION RISK ASSESSMENT 

A Satellite break-up history review has shown that out of the 233 break-up events in orbit for 
satellites and launchers since 1958, 98 are accidental propulsion break-ups. Rocket Upper 
Stages failures represent 97 of these, and only one failure is attributed to a satellite that fea-
tured a solid rocket motor (USA-68). Although currently passivated propulsion systems are 
considered relatively safe, potential hazards are identified to further reduce risks.    

3.1 RISKS IDENTIFICATION 

The main risks identified during propulsion passivation are listed below. 
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3.2 HYPERVELOCITY IMPACT ON A HYDRAZINE TANK  

The specific risk of tank fragmentation due to a hypervelocity impact with a debris is as-

sessed in an attempt of defining a safe pressure threshold in the propellant tanks, as done 

for Ariane 5 Upper Stage in “Ariane 5 Attitude control system passivation: Theoretical and 

experimental determination of the explosion threshold pressure”. In this work, the penetration 

of vessels containing neutral gases was investigated with the conclusion that the tank shall 

be depleted to a pressure lower than 15bar at EoL to avoid an explosion in orbit. When 

transposing this work to hydrazine tanks on-board LEO spacecraft, not only the residual 

pressure inside the tank has been considered but also the contribution of the chemical ener-

gy contained inside the highly energetic hydrazine residuals has been accounted for. 

A methodology is defined to assess the risk of tank rupture. The effect of temperature, pres-

sure, and structural shielding are also presented.  The analysis has been performed on a 

single case in LEO as the probability of collision is much greater than in GEO: 

 Hydrazine tank: 65L - 1mm thickness - Ti 3AL2.5V - Externally mounted (no Space-

craft shielding effect!) 

 Residuals: Hydrazine at 5bar and 20°C nominally. 

 Spacecraft EoL temperature = [0 -170°C] (worst-case) 

 A worst case orbit (high debris fluxes) is selected: altitude 800km, inclination 98.1° 

o Probability of impact with the tank over 25 years is <1e-3 13mm Ø debris 

o Probability of impact with the tank over 25 years is <1e-2 3.5mm Ø debris 

o Relative velocity = 14km/s (worst case) 

o Density of Aluminium is assumed for the debris 

The following sequence of numerical models have been created and validated against avail-

able experimental data to simulate the hypervelocity impact: 

1. EXP: Explicit Finite element codes (hydrocodes) using Eulerian description with a gridded 

mesh. The model is well suited to non-linear problems such as crash analysis or penetration 

models but material boundaries are difficult to track and the models do not permit to follow 

properly the plume propagation. This model allows calculating the shock pressure in the liq-

uid hydrazine layer and is used as an input to the RMD simulation presented below. 

 

Figure 3-1 Left: Hydro code simulation 13mm debris      Right: Interaction of 3.5mm debris with liquid hydrazine 
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2. SPH: Smoothed Particle Hydrodynamic is a mesh free particle method using Lagrangian 

formulations. It is used in a second step to analyse the formation and dynamics of the plume 

 

Figure 3-2 Plume dynamic using SPH.  
The 3.5mm debris is totally dispersed whereas a rather dense core of debris material remains for the 13mm debris 

Also the effect of adding a structural shield - a typical honeycomb panel in this case - is as-
sessed. A protective structure would disperse the debris particle severely before impacting 
the propellant tank. 

 

Figure 3-3 Simulation of a 13mm debris at 14km/s (relative velocity) hitting the S/C structure before impacting the tank 
wall (blue) 

 

3. RMD: Reactive Molecular Dynamics. Chemistry at extreme temperature/pressures is diffi-

cult to describe and molecular dynamics methods describing the electrostatic interactions 

between and within molecules are used to simulate thousands of molecules over nanosec-

onds timescales. Breaking and formation of covalent bonds can be observed during a shock 

compression and decomposition of liquid hydrazine.  

A shock pressure of about 30GPa (corresponding to an impact with a 3.5mm diameter, 

14km/s debris, per Figure 3-1) is simulated and results in a limited decomposition of hydra-

zine, suggesting that prompt detonation is unlikely in that case (also supported by available 

test data). 
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Figure 3-4 Reactive Molecular Dynamics simulation of hydrazine under a pressure shock of 40GPa 

4. FEM: Finite Element Method using LS-Dyna is used to assess whether a detonation in the 

hydrazine vapour phase can occur. 

Following the impact, the shock wave transmitted to the vapour phase of hydrazine can gen-

erate the decomposition of hydrazine and therefore a brutal fragmentation of the tank. 

Under a worst case tank temperature of 443K, the impact with a 13mm debris leads to a det-

onation wave in the vapour phase where the pressure field is in the order of 30-90bar on a 

large surface area of the tank for tens of microseconds, which is sufficient for the tank to 

burst (may not be an issue for Leak-Before-Burst tanks).   

 

The conclusive figure below shows how sensitive the results are to the final S/C EoL thermal 

configuration. 

 



 

Propulsion 
Passivation 

Executive Summary 

Doc.Ref.: PPS-OSE-RP-0001 

Issue: 1 

 

 OHB Sweden AB Page 7 of 10 

 

4. RECOMMENDATIONS FOR A SAFE AND RELIABLE PASSIVATION 

Reference GEO mission 

Passivation for GEO platform with Chemical Propulsion is limited by the pressurant Helium 
side than is isolated after LEOP (~50bar GHe at EoL) and by the minimum qualified thruster 
feed pressure (~9 bar).  

 

The passivation strategy needs to be established also considering the others subsystems 
and the overall system impacts. For example, losing the satellite attitude during an uncon-
trolled passivation manoeuver could lead to a situation where the telecommunication link 
necessary to perform the spacecraft electrical passivation is lost, which is a critical event 
considering the history of break-ups due  e.g. battery explosion.  

The actions performed for each step of the decommissioning are coupled. For example final 
stages of on-board propellant reduction and pressure reduction can have a significant nega-
tive impact on the already achieved long term final graveyard orbit. Other risks of propulsion 
system passivation, especially when operating outside equipment qualification domain, have 
to be very carefully managed not to put at risk the remaining spacecraft passivation tasks. 

Based on OHB experience and a literature review, the main recommendations, controls, and 
monitoring reported below have been identified.  
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Reference LEO -MEO mission 

Passivation for LEO/MEO platform with Chemical Propulsion is limited by the minimum quali-
fied thruster feed pressure and by design due to the presence of a diaphragm in the tank that 
separates the pressurant and the propellant sides. The propulsion passivation experience 
both of the hydrazine and LMP-103S systems of PRISMA, built and operated by OHB Swe-
den is used as a reference case to issue recommendations.  

 

 

 

As for GEO missions, the passivation strategy needs to be established considering potential 
system and mission impacts to not compromise the remaining passivation tasks.  

Based on OHB experience and a literature review, the main recommendations, controls, and 
monitoring reported below were identified. 
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5. ACTIVITIES TO SUPPORT THE SELECTED PASSIVATION STRATEGIES 

The engineering activities, delta-qualification, and hardware development in the table below 
are identified to support the improved passivation strategies recommended. The activities to 
be prioritised are then presented in further details. 

 

 Item 1+2: An interesting activity to support the definition of a safe pressure threshold is 
the continuation of the modelling activities of hypervelocity impacts. The models could 
be refined and parametric studies could be done for different tank configurations, debris 
types, and residuals. Experimental verification with destructive tests using the FOI light-
gas gun facility shown below is also suggested. 

 

 Item 2+3: For LEO and GEO missions, trade-off have been performed between future 
propulsion architectures optimized for passivation. The Delta-qualification of Reaction 
Control Thrusters activity is considered the most beneficial to improve propulsion pas-
sivation as it permits reaching low levels of residuals in the spacecraft without modifying the 
propulsion architecture.  

 Item 4: Also the development of a Helium  Electronic Pressure Regulator, as shown 
below, would permit a full propellant and pressurant depletion on GEO platforms while being 
very beneficial to the missions since the thrusters performances are increased with the fuel 
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and oxidizer tank pressures being controlled all along the mission, optimizing mixing ratio 
and thrust. The apparent added complexity and mass of the fluidic and electronics parts is 
counter balanced by the removal of many pyrovalves (isolation is provided by the bang-bang 
valves).  

 

 
Figure 5-1 Left: GEO propulsion system with electronic Helium pressure regulation 
Right: OHB Sweden Helium EPR breadboard development (2014) 

6. CONCLUSION 

Applicable Space Debris Mitigation requirements are defined in ISO 24113 with the main 
objective of “making safe” the propulsion system at EoL. As of today, both knowledge and 
technological gaps prevent from stating with certainty that current spacecraft are in a safe 
state at EoL. However, no break-up due to propulsion subsystem failure was ever reported 
for satellites and after a first iteration, the main risks (over-pressurisation, thermal drift, debris 
impact with a tank containing residuals) are considered low both for LEO and GEO platforms.  

Best practices for optimized propulsion passivation operations were gathered based on op-
erators’ experience for LEO, MEO and GEO missions. 

Future activities supporting the definition of an EoL safe state for a propulsion subsystem 
were presented (Hypervelocity models, Thermal analysis at EoL, Optimized passivation se-
quences). The definition of a safe state and acceptable risk for a propulsion system should 
be defined while also considering the acceptable risk for the overall spacecraft population. A 
trade-off has shown that the most promising future concepts to enhance propulsion pas-
sivation were the delta-qualification of mono and bi propellant RCTs to low pressures and the 
development of a Helium Electronic Pressure Regulator for GEO platforms. 


