
Author
Company/Organization

Conference Name, Conference Dates
Conference Location

Presentation Title
Joseph Schulz, Georgios Bellas-Chatzigeorgis, Eric Stern, and Grant Palmer

AMA Inc. / NASA Ames Research Center
AIAA SciTech, Jan 23-26, 2023

This material is a work of the U.S. Government and is not subject to copyright protection in the United States.

The author is supported through NNA15BB15C contract between NASA Ames Research Center and AMA, Inc.

Overview of the material 
response code Icarus



Icarus : Unstructured, 3-D Material Response
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Retain ability of the heritage, 1-D design 
and analysis tools, e.g., FIAT

1. Extend analysis capability 
to complex, 3-D aeroshells 
with parallelization

2. Interfaces for multi-physics 
coupling

Examples of heatshield sizing 
and uncertainty quantification 
capabilities 



Governing Equations
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Γ% = pseudo-volume fraction
𝜙 = porosity



Implementation Details of Icarus
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Conservatives: Primitives:

Finite-volume formulation:

Implicit Euler – Primitives  
Processor 
boundaries

Structure

Facesheet

Heatshield



Gradient Reconstruction

Ø Flux evaluation requires surface gradients
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Grid Convergence Study
• Constant material properties
• Heat conduction only
• Uni-directional heating
• Isothermal / Adiabatic

Best-case: 
Mesh is orthogonal to ∇𝜙

Worst-case: 
Many non-orthogonal 
elements



Arcjet Validation

6

Milos, F.S. and Chen, Y.-K. “Ablation and Thermal Response Property Model 
Validation for Phenolic Impregnated Carbon Ablator”, AIAA-2009-262



Application: MMOD Impact TPS

Ø Micro-meteorite / orbital debris (MMOD) impacts
Ø Mars Sample Return (MSR) / Earth Entry System (EES) will have to pass through the 

orbital debris field before entry
Ø EES has a stringent reliability requirement 
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Osiris-Rex MM impact



Application : MSR-EES Shoulder Recession

Ø Safety and aerodynamic stability/control affected by ablation at the 
shoulder during a flight trajectory
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P. Shrestha, C. Johnston, and E. Stern 
“Numerical simulations of a conceptual 
MSR-EES shoulder recession” AIAA 
SciTech 2023

Go see technical talk:



PICA Aluminum Honeycomb

Example : Dragonfly Capsule / Titan Entry
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Ø Dragonfly mission to Titan
Ø Environment : 94.3% Nitrogen + CH4 + Ar

Ø Material Stackup

Ø Boundary conditions – solve the surface 
mass and energy balance

Stagnation point

Fore-shoulder

Aft-shoulder

𝑞! + 𝛼𝑞"#$ − 𝜎𝜖 𝑇% − 𝑇&% − 𝑞'()$ = 0𝑇! ∶
𝑝! ∶ specified surface pressure



1-D Uncertainty Quantification

Ø Uniform sampling between the nominal and margined 
environments (left)
Ø CFD computed inputs to the surface boundary conditions

Ø PICA property uncertainties (below)
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Name Distribution Parameters

𝜌! = 𝜌" Uniform( ⁄𝐿 𝜇, ⁄𝑈 𝜇) 1 ± 0.018

𝐶!,! = 𝐶!," Normal( ⁄2𝜎 𝜇) 0.05

𝜖!,! = 𝜖!," Normal( ⁄2𝜎 𝜇) 0.03

𝑘! Normal( ⁄2𝜎 𝜇) 0.12

𝑘" Correlated ⁄(15 12)𝑘!

[H. Alpert et al. AIAA Paper 2022-0550]



Python Wrapper (icarusPy)
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Create case directories

Sample generation

UQ runner

Define uncertain variables



Results

Ø Ensure operational integrity of 
embedded thermocouples (TC)
Ø R-type : 1750 K
Ø K-type : 1530 K

Ø Determine the distance in-depth 
at which the maximum 
temperature is exceeded

Ø At the shoulder region, 
convective heating is higher
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ThermocouplesPICA

Aluminum
Honeycomb Composite 

Facesheet

Application: Dragonfly Main Seal

Ø Dragonfly will experience 
comparatively high 
heating rates at the 
shoulder of the vehicle 
due to shock layer 
radiation
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Application : Dragonfly Main Seal
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Multi-dimensional Simulations

Ø Two approaches:
1. Construct a database of flow / radiation solutions of the best-estimated 

trajectory and interpolate to spatial and time-varying profiles

2. Multi-physics coupling of the material (Icarus) and flow simulations (US3D)
Ø Inputs are freestream conditions of the trajectory
Ø Physics at material / fluid interface is consistent!
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Multi-physics coupling with Ares 

Ø Simulate 50 seconds of entry 
Ø Multi-physics coupling 

Ø ”Tight-coupling” first 5 seconds, 
then every 1000 fluid iterations, 
solid updated for 0.25 seconds

Ø US3D solution
Ø Mesh tailored for peak heating
Ø No mesh adaption during transient
Ø Pyrolysis gases neglected in the 

flow simulation
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Results
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Conclusions

Ø Icarus is a multi-dimensional, unstructured material response solver
Ø Design applications: heatshield sizing, uncertainty quantification
Ø Material model validated against experimental data 

Ø Actively maintained and is being used as a part of several NASA missions
Ø Dragonfly, Mars Sample Return, etc. 

Ø Current / Future development timeline
Ø Validation (always on-going) and Software Refinement / Profiling
Ø Additional physics as requested by users
Ø Multi-physics coupling (Flow + Radiation + Particles + Material)
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Thank You!

Questions?
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