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PMM Team

Arnaud Borner: Micro-scale lead and SPARTA developer.
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John Thornton: PuMA and PATO developer.
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Sergio Fraile lIzquierdo: ARCHeS and PATO developer.

Patricia Ventura Diaz: CFD expert and DPLR user.

Georgios Bellas Chatzigeorgis: Material response expert and PATO developer.
Joshua Monk: Material response expert and PATO user.

Brody Bessire: Experimental design expert.

Magnus Haw: Experimental design expert.

Joseph Ferguson: PuMA developer.

Nagi Mansour: Former PMM task lead and senior advisor.

and many other collaborators, visiting scholars, and interns...



Mars Science Laboratory (MSL)

 MSL is a robotic space probe
mission to Mars launched by NASA
on November 26, 2011, which
successfully landed Curiosity, a
Mars rover, in Gale Crater on
August 6, 2012.

* MSL was protected during Mars
atmospheric entry by a 4.5 meter
diameter heatshield, which was
constructed by assembling 113
thermal tiles made of Phenolic
Impregnated Carbon Ablator (PICA).

credit: NASA JPL



Porous Microstructure Analysis (PuMA) [1]

Porous Microstructure Analysis (PuMA)
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Transport Properties at the micro-scale

Effective Thermal Conductivity Tortuosity / Diffusivity

. . High Knudsen Low Knudsen
Conductivity of fibrous materials Woven materials considering

anisotropy

Considering Anisotropy

Permeability
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Pressure driven flow through 2D
fibrous material

Pressure driven flow through 3D
triply periodic material Ray casting direction estimation Heat flux direction estimation
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Effective properties for fibrous media [2,3]

Fiber and weave orientation

Fibers and weaves generator
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SPARTA (DSMC code) [4]

Open-source DSMC solver initiated at SNL, currently
co-developed by Sandia and NASA with multiple users
internationally and domestically: https://sparta.sandia.gov

Distributed-memory MPI, spatially decomposed domain |
mage
Portable: C++ (really object-oriented C style) e

. "
Can be run from single processor to petascale. (Sandi2)

3D, 2D or 2D-axisymmetric domains
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Cartesian, hierarchical grid with multiple levels of refinement
Gas phase collisions and chemistry
Surface collisions and chemistry

Has been used to run the largest (we think!) DSMC models up-to-
date, with up to 100 billion particles and billions of grid cells

Embedded triangulated surfaces in grid (read from STL file)

Code initially designed to handle ~100k surface elements



https://sparta.sandia.gov/

Ablation of Carbon Fiber TPS Samples in DSMC

* |Implementation of a new surface generation model in
SPARTA DSMC code (built from microtomography images)
* Implementation of ablation model
* Example:
— 8003 voxels sample = 512M grid cells
— 57.6M surface elements, 60M particles, 22M surf collisions/step
* Benchmarking with many randomly generated surfaces:
Case (73) # grid cells # tris #B;c:,a:::lell read method cr::::Itzrena:Es) ablate time (s) Mem(cér;)total
serial 1.954
560 0.686
parallel 0.846
200 8.000E+06 2.537E+07 = 6.32
0 seria 1.929 e
parallel 0.689
serial 15.722
560 4.66
parallel 5.200
400 6.400E+07 2.040E+08 = 50.7
0 seria 13.550 5o
parallel 3.861
serial 105.748
1120 el 3 0 25
800 5.120E+08 1.636E+09 para. T 1 8.90 406.03
o seria 05.390 13.64
parallel 16.490
serial 747.352
1600 4.096E+09 1.310E+10 7000 59 3249.65
parallel 72.172




DSMC Simulations of Hypervelocity Sampling in Venus’ Upper Atmosphere

Cupid’s Arrow Mission Concept: Small probe designed to sample upper
atmosphere of Venus and measure noble gas abundances (JPL led)
Ar/Xe/Kr/Ne/He are the noble gases, 2 isotopes of each

Driving Objective:

— Isthe gas acquired by the sampling system at 110 km in the Venus atmosphere while
traveling at 10.5 km/s representative of the free stream?

— Canisotopic fractionation be quantified and accurately predicted?
First DSMC simulation to resolve internal and external flow features,
spanning multiple length and time scales.
Longest 3D run was for 30s of flight time, resolving multiple molecular
time scales (20,000 cores simulation).
Storing many levels of adaptation (12) and many particles (Billions) has a
memory cost. These simulations can easily require 200+ TB RAM.




Porous material Analysis Toolbox based on OpenFOAM [5,6,7]

OpenFOAM
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More info on PATO

PATO website:
* http://www.pato.ac/
Private gitlab:
» gitlab.com/PATO/PATO-dev
PATO module on PFE
* module use -a
/u/jmeuriss/modulefiles
* module load PATO/dev
* module load dakota/6.7
 module load cmake/3.9
1D, 2D, 3D tutorials on PFE
* /u/jmeuriss/sharing/PATO/
PATO-dev/tutorials
Creators:
* Jean Lachaud & Nagi Mansour
Main developer:
e jeremie.b.meurisse@nasa.gov
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http://www.pato.ac/

MSL simulations using DPLR and PATO [7]
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TO/Ps,v (107%/s)

Calibration of the pyrolysis gases [8]
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C 0.32
1 | 0.032 5.67 514 | 774 | H 0.06
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C 0.40
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3 | 0.336 7.03 103.7 | 433 | H 0.12
O 0.46
C 0.25
4 | 0.086 6.9 1944 | 925 | H 0.21
O 054
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Sensitivity analysis using Dakota and PATO

Environment (MISP2 — TC2) Material properties (MISP2 — TC2)
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* Sensitivity of MSL response temperature to environment and material properties.

* Morris method in DAKOTA with PATO material response simulations for each MISP.

* Aerothermal environments obtained using DPLR (continuum) and SPARTA (rarefied).

* 1D material response simulations using PICA material properties. 14



High-fidelity modeling of the MSL heatshield entry
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Arc-jets

* Arc-jets are essential facilities
used in research, development
and evaluation of Thermal
Protection Systems (TPS) for
hypersonic vehicles.

e Arc-jets produce high-enthalpy
environments emulating
atmospheric planetary entry.

* NASA'’s facilities:
* NASA Ames Arc Jet Complex.

* Hypersonic Materials

Environmental Test System
(HYMETS).

credit: NASA Ames



High-fidelity modeling of arc-jet testing

MHD + 3D radiative transfer " Aerothermal " Material
i & Hypersonic u Response

Cathode 1! h

DC power supply

Cooling water

ARCHeS DPLR PATO
ARC Heater Simulator Data-Parallel Porous-material Analysis
Line Relaxation Toolbox based on OpenFOAM



15t part of an arc-jet
High-fidelity modeling of arc heaters

ARCHeS
ARC Heater Simulator

18



High-fidelity modeling of the arc heaters

Variable gas mixture
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ARCHeS: ARC Heater Simulator [9]

Geometry OpenFOAM -
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Multiphysics model
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Efficient Variable Mixture
Multi-Band Radiation Model [10]

Two major approximations assumed:

Medium in Local Thermodynamic Equilibrium (LTE)

Scattering was neglected

NEQAIR was used to calculate the absorption
coefficients for variable LTE air-argon mixtures

F(T,p, x)

M++ (equilibrium)
13 species (Air13)
A =0.04 -20 um

550,000 AL

Absorption Coefficient [cm™]
B

i
'

50 75 100
Wavenumber x103 [cm™!]

Fig. 1 Spectral absorption coefficients for
LTE air and argon at 10,000 K and 1 atm

Radiative Transfer Equation (RTE):
n-VI(X,0) = k(X)[BuT) — Li(¥,n)]

Radiative Heat Flux:
q(x)=/0 /Qlﬂ(x,n)nde/l

The multi-band method: reduces the spectrum
into groups of wavelengths defining a mean
absorption coefficient for each group or band:

A
//‘112 Ka B/l da

&p = kp, = —7——— > Planck MAC
//l “BydA
/ff G dd
Kp = KR, = > Rosseland MAC
L 1 aBy 5, 1 9B, d1
A1 Ka (9T

Kb = KBPR, = \KP, KR, > Blended-PR MAC
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Efficient Variable Mixture
Multi-Band Radiation Model [10]

Radiative Heat Transfer model:

« LBL: very accurate & expensive.

« Planck and Rosseland: high error at low

number of bands and cost-effective.

« Blended-PR: low error at low number of

bands and cost-effective.
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Fig. 1 Heat flux profiles for LBL and
different banding models at 10 atm

Variable Air-Argon mixture model:

« Capability to compute variable Air-Argon
mixtures on the fly

« Spectral properties of air-argon mixtures can
be estimated from air and argon’s data.

1200

1100
1000 4
900 PN
800 il A
I’ AY
700{ f/
/]
i

600 -

Heat Flux [W/cm?]

N

500 1 AR

>
400
\\

>

300 ST
2004} T TS T

100

0 T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 1,1 12 13 14 15
Radial Location [cm]

Air+0.25Ar NEQ Air+0.5Ar NEQ Air+0.75Ar NEQ = Air
=== Air+0.25Ar RED === Air+0.5Ar RED === Air+0.75Ar RED =——— Ar

Fig. 2 Heat flux profiles for air-argon mixtures
computed LBL and using the reduced model at 10 atm

23



Efficient 3D radiative transport
advance order method
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Capturing the electric arc instabilities

1

cold gas \’
T |
Thermal instability
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Sausage instability

I

current

ARCHeS simulation with equilibrium
air chemistry. The color represents
the magnitude of the total magnetic field.
Iso-surface of the current density of 1 MA/m?2.

Stable arc next to the electrode chambers.
Instablilities arise in the constrictor. 25




Temperature and radiation results

q"*? direction
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Hot electric arc core cools down and the surroundings warm up.
Importance of the 3D radiative transfer. 26




Current density and magnetic field intensity




Arc attachment at the electrode
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Argon mass fraction




Impact of argon injection on arc stability




Experimental validation [11]

Measurement of Magnetic Kink Instability Fig. 2 (Left) Column mounted coil: rectangular coil with 100 turns of AWG 33 wire. 3D

printed mount matches curvature of column and thin lower lip fits into the gap between
the column and green tension bar. (Right) Coil mounted on Pack 3 of AHF 10 MW heater.

31

AHF TP3 Heater Column (10MW arcjet)



29 part of an arc-jet
High-fidelity modeling of
arc-jet aerothermal environments
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High-fidelity CFD ML

CFD/Machine Learning simulations [12]

1. Given m for each p; & h;

2. Mutation++: Compute inflow variables

3. DPLR: Stag. point CFD solution each q,, & p,,

4. Scikit-learn: Find [p; , h;] for @y, exp & D exp

5. Mutation++: Compute inflow variables

6. DPLR: Stag. point CFD solution each q,, & p,,

7. BLAYER: Compute the BLE envi. Cy, h, & p,,
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Fig. 1 Mach number contours using Earth atmosphere.
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Fig. 2 Distribution of heat flux (left) and pressure (right).
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39 part of an arc-jet
High-fidelity material response modeling
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HYyMETS test campaign — March 2019 [13,14]

Graphite
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Fig. 1 Schematic view of HyMETS test section. [4] Fig. 2 Baby-SPRITE model assembly. Fig. 3 Baby-SPRITE sample.
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PICA-N 1 Earth PICA-N Mars
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PICA-N 5 Earth 224 6.6 PICA 11 Earth 223 6.6
PICA-N 6 N, 131 5.3 PICA 12 Mars 126 5.3




Material response simulations: CO, [15,16]

Atmosphere | Heat flux | Pressure
[W/cmz] [kPa]

PICA Mars

&

T (K)
2022

1678

1333

989

IH\“HJHHIMH{HHFHH!HH!

644

300
Fig. 1 Temperature and recession at 15 sec.

k
BLAYER: p,, = 5.2kPa | Cy = 0.19—- | h, —67—
Recession: 7,,, = 5.69mm | 1,4, = 6.10 mm
2500
- = Wall
_ ———===y  -- TCl
2000 b A e AN .. == TC2
— ) . A TC3
X — Experiments e “TCA
O - = PATO ¢ Ty
| . . )
= E500LL oo AIURI SHRUOTUNS L~ . - SR, SR S - P
e : \ :
() : - -
= .' z e Vg 8
€ 1000k .. U X N S S o S S 0. .
K ' s
I :
I B o U R = ' . .. N NN Lo
f Pt AN s 0 o N o St
500F-- .. ,/ ..................... s —‘_.,—‘— , ——_— 44444444
E 1 PRI e ___—-,_ :
CU NIV N ; ; ; i i
0 5 10 15 20 2D 30 35 40

Time (s)

Fig. 2 Evolution in time of the temperature. 36



High-fidelity modeling of an arc-jet

Aerothermal
& Hypersonic
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ARC Heater Simulator Data-Parallel Porous-material Analysis

Line Relaxation Toolbox based on OpenFOAM 7
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