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Icarus : Unstructured, 3-D Material Response

Retain ability of the heritage, 1-D design =——) 1. Extend analysis capability

and analysis tools, e.g., FIAT to complex, 3-D aeroshells
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Governing Equations
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Implementation Details of Icarus

Finite-volume formulation: j—dV 3€F ‘A dA + jS dv Heatshield

Conservatives: p Primitives: p
S S
Q =[PPy W = [ p ]
E T
o o Processor
Implicit Euler — Primitives boundaries
5Q ow : Facesheet
lawat ZF TlJAj+Vi5=Ri
JEV;
V, 100 R,
—[—) 6 — ( ) 5W"+1 — RN Structure
Zk: [At (aw) e \aw, ‘

JAIAA

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS | AIAA.ORG SHAPING THE FUTURE OF AEROSPACE




Gradient Reconstruction

» Flux evaluation requires surface gradients
Grid Convergence Study

Vo), r— Hexahedral « Constant material properties
A\ —e— Tetrahedral / Green-Gauss « Heat conduction onIy
—— Tetrahedral / Least-Squares « Uni-directional heating

* Isothermal / Adiabatic

Worst-case:
Many non-orthogonal
elements

RMS Error

surface
reconstruction

—

Best-case:
Mesh is orthogonal to V¢
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Arcjet Validation

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

3000 -
T -5
2730 = e et} f
- = \]
2460 - /I ”
I I -4
- |
2190 - |I |
: [
|
g 1920 - : i _3 =
9 | |‘ é Time: 0.0
% 1650 - : \ 5 Temperature [K]
— \ §7] 1.2e+03
] I \ 3
g 1380 - |! \ [} — 1100
) I \ -28
= 1 DN — 1000
- |l ~
110~ | ~ [~ 900
I - Recession (mm) 800
840 - Il Temperature (K) -1
, 3= AA43219N 700
570 - : =$— AA-43-218-N 600
| Max Temperature (K) 500
300 - = = FIAT Temperature (K) -0 400
3.0e+02

0 5 10 15 20 25 30 35 40
Time [sec]
6 O

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS | AIAA.ORG SHAPING THE FUTURE OF AEROSPACE



Application: MMOD Impact TPS

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

orbital debris field before entry
» EES has a stringent reliability requirement

Osiris-Rex MM impact
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Application : MSR-EES Shoulder Recession

» Safety and aerodynamic stability/control affected by ablation at the
shoulder during a flight trajectory

Go see technical talk:

P. Shrestha, C. Johnston, and E. Stern
“Numerical simulations of a conceptual
MSR-EES shoulder recession” AIAA
SciTech 2023
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Example : Dragonfly Capsule / Titan Entry

» Dragonfly mission to Titan Fore-shoulder
» Environment : 94.3% Nitrogen + CH,4 + Ar
» Material Stackup

=B o
PIC Aluminum Honeycomb

» Boundary conditions — solve the surface
mass and energy balance

Aft-shoulder

Ds + specified surface pressure
Ts: qs+QQrga — O-G(T4 - To%) — Qcond = 0
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1-D Uncertainty Quantification

» Uniform sampling between the nominal and margined

environments (left) 120 | T Domvenine Bine
»  CFD computed inputs to the surface boundary conditions ey il [~ 920
> PICA property uncertainties (below) £
E 80 - - 0.15
| =60
Pv = Pc Uniform(L/u, U/ 1) 140.018 3 L 0.10
Cypw = Cpe Normal(20 /) 0.05 g 40 7
7 L 0.05
Epp = €pc Normal(2a /) 0.03 20 -
k, Normal(2a/p) 0.12 0 | 0.00
k. Correlated (15/12)k, 0 100 200 300

Time From Entry [s]

[H. Alpert et al. AIAA Paper 2022-0550] d
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Python Wrapper (icarusPy)

stackup - [ case.set_boundary_conditions(
bc_type = 'dragonfly',

('PICA', 1.44), permeable
('HT-424', 0.015), file name
(*'M55])-composite’, 0.04), ;i:;ﬁfzi 1.0,
('Al-hc-4.3-2.5in',-1.25), temperature = 223.150,
{

'M55])-composite', 0.04), L e LA ACHUHLE

ue,
'stag_point.dat’,
'time',

)

case.set_environment_parameters(
g : - : : T_infinity = 200.0,
case = Stackup(stackup, pyroly51s_gas_m1xture- 51Spﬁp1ca—pyro ) convective_cooling = {

1

'background_temperature' : (200.0, 150.0, 70.0),

N/ StaCkup‘montecarlo 'convective_cooling_coefficient' : (5.0, 5.0, 5.0),

. . "time' : (1500.0, 6000.0
> case_00000000 Create case directories

@ case_list.xlsx

mc = MonteCarloManager (
case,

~|' |npUtym| Deﬁne Uncertain Variables database_path=Path('../properties'),
. environment_path=Path('../bcs/dacl'),
lhs_sample.py Sample generation )

mc. run()
montecarlo.py UQ runner
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Ensure operational integrity of
embedded thermocouples (TC)

» R-type :1750 K
> K-type : 1530 K

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

At the shoulder region,
convective heating is higher
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Application: Dragonfly Main Seal

» Dragonfly will experience
comparatively high
heating rates at the
shoulder of the vehicle
due to shock layer
radiation

Thermocouples

AIumir}gmg
‘Honeycomb

omposite
Facesheet
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Application : Dragonfly Main Seal
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Multi-dimensional Simulations

» Two approaches:

1. Construct a database of flow / radiation solutions of the best-estimated
trajectory and interpolate to spatial and time-varying profiles

qPPLR (x,t) + aqh YR (x,t) — 0e(T* = TE) — qeong = 0

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

15 @AMA
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Multi-physics coupling with Ares

1200

» Simulate 50 seconds of entry — Best—estimate_d Trajectgry |
> MUlti-phySiCS Coupling 1000 Ares Data Points for Simulated Trajectory
> "Tight-coupling” first 5 seconds, 00
then every 1000 fluid iterations, ]
solid updated for 0.25 seconds 2 600
» US3D solution = o ;
» Mesh tailored for peak heating ///

> No mesh adaption during transient 00

» Pyrolysis gases neglected in the

flow simulation 0 1 2 3 4 5 6 7 8
Velocity [km/s]
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Conclusions

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

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

» Current / Future development timeline
» Validation (always on-going) and Software Refinement / Profiling

» Additional physics as requested by users
> Multi-physics coupling (Flow + Radiation + Particles + Material)

» JAIAA
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Thank You!

Questions?
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