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Osiris-REx off-nominal re-entry breakup analysis
Lisa Ling

The Origins, Spectral Interpretation, Resource Identification, Security, Regolith Explorer (OSIRIS-REx) is a NASA asteroid sampling mission that launched on September 8, 2016. Its objectives are to study the asteroid Bennu for up to 505 days and obtain at least 60 grams of pristine regolith. The sample return to Earth is planned for September 2023. For contingency planning and risk assessment of a potential off-nominal Earth-return trajectory, a re-entry breakup analysis was performed to determine the response of the spacecraft to the environment and predict the breakup sequence and timeline, debris survival, and debris impact conditions. The failure scenario assumed a failure to separate between the bus and the sample return capsule (SRC), resulting in the combined bus+SRC configuration for the re-entry vehicle. Furthermore, consistent overburns or underburns were considered to produce three sets of initial conditions for the analysis consisting of nominal, steep, and shallow entry flight path angles. The results were compared to the breakup analysis performed for a similar vehicle, the Stardust spacecraft, which returned samples from the comet Wild 2 in 2006. This paper describes the OSIRIS-REx spacecraft and presents the results of the re-entry breakup analysis.
Introduction

The Origins, Spectral Interpretation, Resource Identification, Security, Regolith Explorer (OSIRIS-REx) is a NASA asteroid sampling mission that launched on September 8, 2016. Its objectives are to study the asteroid 1999 RQ36, or Bennu, for up to 505 days and obtain at least 60 grams of pristine regolith. The samples are stored in a sample canister assembly inside the Sample Return Capsule (SRC) which is shielded from aeroheating by an aeroshell during Earth atmospheric re-entry. The sample return to Earth is planned for September 2023.
In the event of an off-nominal re-entry, the spacecraft may break up, and debris may survive to impact the Earth surface. Thus, for contingency planning and risk assessment, a re-entry breakup analysis was performed to determine the response of the spacecraft to the environment and predict the breakup sequence and timeline, debris survival, and debris impact conditions. The failure scenario assumed a failure to separate between the bus and SRC, resulting in a re-entry configuration of bus+SRC. Furthermore, consistent overburns or underburns of the trajectory correction maneuvers executed prior to the re-entry were considered to produce three sets of initial conditions consisting of nominal, steep, and shallow entry flight path angles. The results were compared to the breakup analysis performed for a similar vehicle, the Stardust1 spacecraft, which returned samples from the comet Wild 2 in 2006. This paper describes the OSIRIS-REx spacecraft and presents the results of the re-entry breakup analysis.
methodology
The software tool Simulation for Prediction of Entry Article Demise (SPEAD)2 was employed for performing the breakup analysis. SPEAD is a synthesis of 6-degrees-of-freedom (6-DOF) trajectory propagation coupled with thermal analysis and the evaluation of node failures to predict the progressive breakup and demise of spacecraft components. Additionally, a Panel Code3 for calculating hypersonic aerodynamics based on Newtonian theory and a Mass Properties Code for generating center-of-gravity (c.g.) locations and moments of inertia were used.
In the methodology4 for performing the breakup analysis, the spacecraft components were modeled as thermal nodes of simple shapes. For thermal analysis, free-molecular and continuum convective heating, radiative cooling, 1-dimensional conductive heat transfer between adjacent nodes, and ablation with decreasing mass, areas, and variable heating factors were modeled. The melting temperatures were used as failure criteria for the thermal nodes. Following a node failure, the spacecraft configuration, mass properties, aerodynamics, and heating/exposure factors were updated accordingly.
Data for the analysis were collected from the OSIRIS-REx project and supplemented with Stardust data if applicable. When needed, best estimates based on engineering judgment and experience were used.
failure scenarios

The potential failure scenarios for the OSIRIS-REx were derived from those of Stardust. Several failure scenarios were considered by the Stardust project with resulting entry conditions as given in Table 1.
Table 1. Stardust Failure Scenarios and Resulting Entry Conditions
	Failure Scenario
	Resulting Entry Condition

	Failure of bus / SRC separation
	Bus+SRC re-entry configuration

	Bus fails to execute divert maneuver following nominal bus / SRC separation
	Bus re-entry configuration

	Thrusters consistently performed underburns prior to atmospheric re-entry
	Nominal to shallow entry interface (EI)


The rationale for the derived failure scenarios for OSIRIS-REx and the resulting entry conditions are provided in Table 2.
Table 2. Rationale for OSIRIS-REx Derived Failure Scenarios and Resulting Entry Conditions

	Rationale
	Resulting Entry Condition

	In Stardust analysis, the bus+SRC and bus configurations did not differ in surviving debris. Thus, the bus configuration is not needed.
	Bus+SRC re-entry configuration

	Assume same probability in overburn and underburn for thrusters
	Steep, nominal, and shallow EI


Initial conditions
Two thousand EI position and velocity vectors in Earth-Centered Inertial (ECI) frame were provided by the OSIRIS-REx project. Of these, three entry states were used for the breakup analysis:  nominal, 99% shallowest out of the 2000 cases, and 99% steepest.
One thousand EI Euler angles, angular rates (PQR), and quaternions were provided by the OSIRIS-REx project. The nominal attitude and attitude rates were used for all three entry states.

The initial conditions for the three entry states are given in Table 3.

Table 3. Initial Conditions

	
	Nominal
	99% Shallow
	99% Steep

	Altitude (m)
	125,000
	125,011
	125,013

	Latitude (deg)
	36.7421
	36.7868
	36.6944

	Longitude (deg)
	-79.5890
	-79.4752
	-79.7058

	Relative speed (km/sec)
	12.153
	12.153
	12.153

	Relative flight path angle (deg)
	-8.4555
	-8.3880
	-8.5253

	Relative azimuth (deg)
	89.772
	89.776
	89.770

	Angle-of-attack (deg)
	45.347
	45.404
	45.288

	Sideslip (deg)
	-30.835
	-30.872
	-30.795

	Bank (deg)
	30.095
	30.178
	30.008

	P (rad/sec)
	1.318
	1.318
	1.318

	Q (rad/sec)
	0.0
	0.0
	0.0

	R (rad/sec)
	0.0
	0.0
	0.0


Spacecraft description
Bus Thermal Nodes

Eighteen bus thermal nodes were modeled as illustrated in Figure 1.
[image: image7.png]



[image: image8.png]



[image: image9.png]


[image: image10.png]



[image: image1.png]



Figure 1. Bus Thermal Nodes
Note that the core cylinder was divided into quadrants. Conductive heat transfer between the core cylinder and the N2H4 tank was modeled. The propellant tanks were evaluated for rupture due to excessive internal pressure or burn-through when the burnout flux from nucleate boiling was reached.
SRC Thermal Nodes

Nine SRC thermal nodes were modeled as illustrated in Figure 2.













Figure 2. SRC Thermal Nodes
For the SRC heatshield and backshell, the failure criteria were provided by Lockheed-Martin Aerospace in terms of heat load.
Mass and Aero Properties
The OSIRIS-REx project provided spacecraft drawings, mass equipment list (MEL), c.g. location, moment of inertia, and a Fortran subroutine for calculating the SRC aerodynamics.
As the vehicle went through breakup during the simulation, the mass, c.g., moment of inertia, and hypersonic aerodynamics were updated for the various configurations resulting from the breakup process. These configurations included:
· Bus + SRC (entry configuration)
· Bus + SRC – SA
· Bus – SA – Forward deck

· Bus – SA – Forward deck – N2H4 prop

· Aft deck + core cylinder + N2H4 tank + boat tail

· SRC + SARA panel

· HS + Avionics deck

· HS + Canister

· HS

Constant roll/pitch/yaw damping coefficients (Clp, Cmq, Cnr) were assumed. For the entry configuration, Clp = Cnr = -1.0, and Cmq = -0.5. For all the other configurations, a value of -0.4 was assumed for the damping coefficients.

results

The analysis showed that breakup occurred for both the bus and the SRC in all scenarios considered. The details of the vehicle breakup for only the nominal entry state are provided in the following subsections.
Nominal Bus Breakup Sequence

The nominal bus breakup sequence is provided in Figure 3. It was assumed that upon the failure of the forward deck, the SRC + SARA panel would be released from the spacecraft. Upon the failure of gusset #5, the helium tank was assumed to be released. Once the forward and aft decks both failed, the bus was assumed to break up.
At re-entry, the N2H4 tank was mostly shielded from aeroheating by the core cylinder and SARA panel, except for a limited exposure through the opening of the boat tail cylinder. This exposure led to the rupture of the N2H4 tank due to burnout flux and the release of 266 kg of hydrazine. The exposure of the empty N2H4 tank to aeroheating increased subsequently as the SARA panel and core cylinder quadrants failed. Once the spacecraft broke up, the N2H4 tank was assumed to be unattached and flew alone. It went through partial ablation and was the only piece of surviving debris from the bus.
The helium tank was released from the spacecraft at the failure of gusset #5. While flying alone, excessive internal pressure caused the tank to burst, releasing 2.25 kg of helium. Subsequently, the helium tank burned up.
All the other bus components burned up during the re-entry.
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Figure 3. Nominal Bus breakup Sequence
Nominal SRC Breakup Sequence

The nominal SRC breakup sequence is provided in Figure 4. The SRC and the SARA panel remained attached to each other when they became separated from the bus due to the failure of the bus forward deck. The components inside the SRC were shielded from aeroheating until the failure of the backshell. Upon the failure of the avionics deck, it was assumed that the avionics box, battery, and sampler head would be released from the spacecraft. Upon the failure of the heatshield substrate, the canister lid and nose ballast were assumed to be released.
The backshell failed at a relatively low altitude, but there was enough heat load remaining in the heat pulse to burn up all internal components of the SRC. The heatshield was assumed to survive and was the only surviving debris from the SRC.
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Figure 4. Nominal SRC breakup Sequence
Nominal Node Failure Timeline

The nominal node failure timeline for the bus and SRC are provided in Figure 5. 
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Figure 5. Nominal Node Failure Timeline

Comparison with Stardust
The OSIRIS-REx is similar to the Stardust spacecraft and is expected to have a similar list of surviving debris in an off-nominal re-entry. A comparison yields the following:
· OSIRIS-REx: (1) N2H4 tank, and (2) heatshield

· Stardust: (1) SRC nose ballast, and (2) heatshield

A detailed characterization of the surviving debris is provided in Table 4.
Table 4. Surviving Debris
	Node
	OSIRIS-REx
	Stardust
	Difference

	
	
	
	OSIRIS-REx
	Stardust

	SRC nose ballast
	Demise
	Partial ablation
	Material:      Bismuth
Tmelt (K):   544 
r ( kg/m3):   9800
	Tungsten
3643
19300

	N2H4 tank
	Partial ablation
	Demise
	Ti tank mass (kg): 45 

Prop mass (kg):     266

Tank diam (cm):   124.2

Tank ht (cm):        160.78
	7.56

27

54

66.3

	Heatshield
	Survived
	Survived
	No difference; same PICA heatshield used for both spacecraft


Note that the SRC nose ballast in Stardust was made of tungsten, and it survived the re-entry with partial ablation. This was taken into consideration during the design of the OSIRIS-REx spacecraft. As a result, the material of the ballasts was changed to bismuth which had significantly lower density and melting temperature to ensure the demise of the ballasts for OSIRIS-REx as shown in the analysis.
The titanium (Ti) N2H4 tank burned up during the re-entry for Stardust but not for OSIRIS-REx. A comparison showed that the N2H4 tank in OSIRIS-REx was notably larger than that of Stardust as shown in Table 4. The OSIRIS-REx N2H4 tank was very similar in size to a titanium Star48 motor, typically used as third stage in launch vehicles. The spent Star48 motor usually survives a re-entry from orbit decay with moderate amount of damage.
Conclusions
In a potential off-nominal Earth return where the OSIRIS-REx bus and SRC remained attached and entered the atmosphere, all the spacecraft components burned up except for two probable surviving debris as given in Table 5.
Table 5. Surviving Mass

	Debris
	Initial Mass (kg)
	Surviving Mass (kg)

	
	
	Shallow Entry
	Nominal Entry
	Steep Entry

	N2H4 tank
	45
	20.08
	20.45
	20.92

	SRC HS
	10.7
	10.7
	10.7
	10.7


The debris impact conditions are provided in Table 6.

Table 6. Debris Impact Conditions

	Debris
	Velocity (m/s)
	Latitude (deg)
	Longitude (deg)

	
	Shallow
	Nom
	Steep
	Shallow
	Nom
	Steep
	Shallow
	Nom
	Steep

	N2H4 tank
	13.61
	13.74
	13.89
	36.4845
	36.4472
	36.4064
	-70.8569
	-71.0690
	-71.2757

	SRC HS
	14.47
	14.47
	14.47
	36.4341
	36.3831
	36.3125
	-70.2465
	-70.2930
	-70.1112
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