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Development of High-Fidelity Model-based Re-entry Safety Analysis Tool LS-DARC:
Part 2 Uncertainty Quantification Process for Heat-flux Model
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Remarkable progress in space exploration both for science and engineering have been made in a half century.
Space debris problem is a growing concern to be tackled internationally to keep our space activity sustainable.
For the improvement in the ground safety related to the survived debris after the destructive re-entry of the rocket
upper stages and the spacecrafts, the comprehensive considerations on the design and the disposal operation
should be made. High-fidelity model-based re-entry safety analysis tool LS-DARC is under the development in
JAXA. Purpose of this study is an establishment of quantitative assessment of the design and disposal operation
change effect on the re-entry risk. Consequently, a) design for demise from the initial development phase, and
b) accurate risk prediction by reducing epistemic uncertainty are realized. LS-DARC is multi-physics coupling
analysis code including the aerodynamic and 6DoF trajectory analysis, surface heat flux distribution analysis,
three-dimensional thermal transfer analysis. Establishment of the uncertainty quantification process of the LS-
DARC models is essential in order to make it practical re-entry safety analysis tool. In this report, the uncertainty
quantification process especially on the heat flux model is proposed and discussed. Research activities on the
validation data acquisition by the high-enthalpy wind tunnel and the model validations are discussed.
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Development of High-Fidelity Model-based Re-entry Safety Analysis Tool LS-DARC:
Part 2 Uncertainty Quantification Process for Heat-flux Model

BA =8, REFHE, REERN
RS, FKES, FEM—

Shigh

HAYABUSA-2
% Sample Return

Debris Removal
% On-Orbit Service

Cryogenic$

Aerothermodynamics

This document is provided by JAXA.



HI[E] [AR—AF TNVT— gy | BHEEHME 281

Technological Challenges for our Sustainable Space Attivity ;

Low cost active debris removal
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Overview of Re-entry Safety Analysis

> Expected casualty (EC) value due to the survived debris of rocket upper stage and spacecrafts.

> If required, EC value is minimized by the controlled re-entry and the design-for-demise.
> Re-entry safety requirement is getting restricted internationally.
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Motivation to Develop High-fidelity Re-entry Safety Model

> Accurate EC analysis becomes available by reducing epistemic uncertainties.
(e.g.) Heating surface area can be increased by considering the detailed geometries.

> Design-for-Demise becomes available by evaluating the design parameter sensitivity.
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LS - Destructive Atmospheric Re-entry Code (LS-DARC)
> Development start from FY2015, completed 15t version in this fiscal year.
> Easy-to-use multi-disciplinary physics analysis.
> Heat flux models are originally formulated for the basic shape predictions.
> Heat flux model with considering local curvature effect.
> Fast MPI runs by super-computers.
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Spacecraft-oriented Re-entry Risk Analysis Tool : LS-DARC

High-fidelity multidisciplinary analysis including 6-DoF motion and shape change effects.
Important considerations for the accurate EC predictions are,

> Fragment is aerodynamically stable or not ?
> How much attitude behavior and the deceleration rate are varied by the shape change ?
> How much are the heat flux level and the temperature increase rate changed during the re-entry ?

Melting Rocket Engines Gas Tanks

Ref (1): Fujimoto, K., Negishi, H., Shimizu, R., Daibo, T., lizuka, N., Okita, K., “High-Fidelity Spacecraft-oriented
Re-entry Safety Analysis Code of JAXA: LS-DARC®, Proceedings of the 9th IAASS Conference, 2019,

Uncertainty QUanti.ficatiori Process — Key Uncertainty Factors

> Key uncertainty factors for re-entry risk analysis are identified, and the related uncertainties are
guantified based on the flight experiment, high fidelity simulations, and ground test.
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Ref (2): Fujimoto, K., Tani, H., Negishi, H., Saito, Y., lizuka, N., Okita, K., Kato, A., “Uncertainty Quantification for Destructive
Re-Entry Risk Analysis: JAXA Perspective,” Stardust Final Conference, Conference, Springer book, pp.283-300, 2018.
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Uncertadinty Quantification Process — Overview

> Destruction scenario investigation and key uncertainty factor identification by flight test in early phases.
> Started from low-cost unit validation, then expensive Integrated validation.

> Comparison with high-fidelity simulations to understand physics and cover parameter space globally.

> Comparison with experiments not to miss unknown physics under the carefully selected conditions.
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Strategy for Heat-flux Model Validations

> Perfect prediction accuracy is not pursued, but its result should be the worst-case (e.g., lower heat-flux).
> Destruction scenario investigation and key uncertainty factor identification by flight test in early phases.
> Higher heat-flux area is always on the windward, thus the accurate prediction can be achieved even by
the simple formulation of the heat-flux model.

> Heat-flux validations for basic shapes were carried out, then those for the realistic shape.

Key uncertainty factor 1:
Heat-flux increase effect
by the flow interactions

Key uncertainty factor 2:
Heat-flux decrease effect
by the lower enthalpy wake flow

Demonstration 6DoF analysis by JAXA DSMC code (UNITED)
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Unit Validation of Heat-flux Model for Basic Shapes
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Ref (3): Fujimoto, K., Negishi, H., Saito, Spel, M., Prigent, G., “Benchmark of JAXA and CNES Re-entry
Safety Analysis Tools for Accurate Heat-flux Prediction “, Proceedings of the 9th IAASS Conference, 2017.

> Uncertainty quantifications for each heat flux model terms are essential.
> Unit validation process was proposed based on the previous works,
the heat flux formulations and the related material properties will be validated.
> Heat-flux induced by the recombination (., the convective heating Qcom, , the radiation heating QT ,and

the radiation heat dissipation er can be obtained. It significantly contribute to the efficient uncertainty
quantification and the model accuracy improvement.

> Overview of the validation process are described bellow.
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> Integrated validation of the heat-flux model for the engine of rocket upper stage is under the way.
> Complicated flow interactions such as the shock wave interactions and the unsteady wake flow
were observed, those effects are not considered in the heat-flux model formulations.

> Unsteady recirculation and shock wave motions are observed, which is resulting in the unsteady
aerodynamic heating.

> Measured heat-flux distributions are compared with the predictions, and the model parameter
sensitivity study is under the way to achieve the lower predicted heat-flux level as comparing with
the measurement.

High enthalpy shock tunnel : HIEST Max enthalpy 25MJ/kg, Max stagnation pressure 150MPa, 0.5m test article

Conclusion

> High-fidelity spacecraft-oriented re-entry safety analysis code LS-DARC (Destructive
Atmospheric Re-entry Code) has been developed for the epistemic uncertainty reduction on
the expected casualty (EC) predictions and the design-for-demise to minimize the ground risk
related to the survived debris.

> LS-DARC is the high-fidelity multidisciplinary coupling analysis code to predict the
complicated off-nominal physics during the destructive re-entry of the rocket upper stages and
the spacecrafts.

> Trajectory and attitude of the multiple complicated fragments, and those demising processes
due to the severe aerodynamic heating can be predicted. Reduced-order models of the
aerodynamic characteristics and the heat flux distributions are keys to handle complicated
fragment shapes and to maximize analysis speed for the practical probabilistic analysis.

> Analysis capabilities and the current development status were shown. Uncertainty
quantification strategies were discussed especially for the heat flux model.

> [Previous study] Predicted heat flux distributions were agreed well with the CFD result, and
the prediction capability of the LS-DARC has been reached the same level with the ESA’s
SCARAB and the CNES’s PAMPERO.

> Unit validation process was proposed by following same approach with the previous studies.

> Current status of the integrated validation for the rocket upper stage was summarized.

This document is provided by JAXA.



BBl [(AR—RFT TV —Tay” | FHEERHE 287

Learn together to go further !

POC : fujimoto.keiichiro@jaxa.jp

This document is provided by JAXA.





