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Modeling Thermal Protection Systems “

Macroscale Modeling

Microscale Modeling

Full scale material response solvers, using Used to inform material properties and

volume-averaged techniques to solve

) . ) material response parameters used in
conservation equations for ablation

macro-scale modeling

Lachaud and Mansour, /7H72013

Simulation of surface temperature
for MSL heatshield



X-Ray Microtomography

Collect X-ray images of the sample as Use this series of images to
you rotate it through 180° reconstruct the 3D object
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Courtesy of D. Parkinson (ALS)



ire Analysis (PuMA)

Porous Microstruct

New features in Version 3:

Material Properties
* Modular C++ library

Volume Fraction and Surface Area
Pore Diameter Estimation and Fillin .
Tortuosity (continuum and rarefied;g * RedeSIgned GUI
» Computation of Material Orientation
» Conductivity (isotropic and anisotropic) * Wfapped as Python module
Elasticity and Stress Analysis . v .
* Linux and Mac compatibility

>

>

o Shared Utilities

Matrix and Vector data

structures/ operations
Linear solvers

Generation A\ |
Artificial Materials: >

Weaves
Iso-surface extraction

Random Fibers ‘
> Import/Export to binary,

Foams
Analytical shapes TIFE, STL, VTK formats

Micro-CT Import and Filtering

>
>

>

CT Reconstruction of FiberForm




A Multiscale Problem

Porous Tow
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6-ply weave Sub-tow sample



Effective properties for fibrous media

Semeraro, F., Ferguson, J.C., Panerai, F., King, R.J. and Mansour, N.N., Anisotropic analysis of fibrous and woven materials
part 1: Estimation of local orientation. Computational Materials Science, 178, p.109631. (2020)

Semeraro, F., Ferguson , J.C, Acin, M., Panerai, F. and Mansour, N.N., Anisotropic analysis of fibrous and woven materials
part 2: Computation of effective conductivity. Computational Materials Science, 186, p.109956. (2021)
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Fiber Orientation Methods

Structure Tensor

Artificial Flux




Workflow for Weave Orientation

Individual tow segmentation




Eftective Thermal Conductivity
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S1;

ngle Fiber Conductivity Estimation

Two experimental values at Room Temperature: weft - we warD - war W
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Effective Elasticity

Semeraro, F., Acin, M., Panerai, and Mansour, N.N., Anisotropic analysis of fibrous and woven materials
part 3: Computation of effective elasticity. Computational Materials Science, (work in progress)
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Application motivation

Objectives:

* Characterize recession/ablation of carbon surface coated with
NuSil due to oxidation

* Develop a predictive model for use in microscopic (DSMC,
PuMA) and macroscopic (CFD, MRC) solvers

ype~farve O Aa™

‘/4

Preform carbon . Vitreous carbon

Image courtesy: Prof. Panerai SPI Supplies

Murray eral 14



Surface chemistry framework

* Methodology to represent surface sites similar to Marschall, Maclean and Driver [4] for CFD.

* Particles adsorbed (deleted) and desorbed (created), surface element stores adsorbed particle concentration.

e Surface reactions based on concentration within surface element.
* Multiple triangulated elements (like cells) on surfaces

* Langmuir model for surface sites.

Environments Phases Site Sets
GaS Gpl Nss,SPl = 3
N Nss. 2 = 2
Surface sP1 | sp2 | sp3 Ngp =3 Ny, so3 = 1
Bulk ‘ BP1 ‘ BP2 ‘ Ngp =2

taken from Marschall and Maclean.

Marschall, J., & MacLean, M. (2011). Finite-rate surface chemistry model, I: Formulation and reaction system examples. AIAA Paper, 3783, 2011.

SP1 SP2 1 SP3
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PuMA simulation
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Murray, V J., et al. The Journal of Physical Chemistry C119.26 (2015): 14780-14796.



Carbon Oxidation Model
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Adlson Prion

Mechanisins

Misorption

— AR

Renction

Ng)* [8) = (.’:ml“'l

Acksorption-
wedated

GS roactces

LHI O locmsation

(Nads) = OITDNg) 4 (2)

LH1 OO locmaton

LH1 CO, frmation

LH3 Ofa) formation
LH3 CO{a} formation

LIS COb} formston

PS reactions

l,"‘ ‘){.t} & "'”“ M

LHS COfa) descrption

_

\l."S CO[b} desorption

Oads) + C(h) 4 O(ads) — COlg) 4 (s) 4 () (ads)
(Kods) X8 )+C M)+ WX (ads) =+ CO )+ 2{8)+ UV (ads)

"lchi!' -— {)lﬂhil
(Nods) + C(8) + O (ads) = ( 'Olalls) + O lods)

Oads) + C(5) + O lads) =+ COB)(a) + O (ads)

Oa}(s) = Mg) + ()

CONals) =a ClXg) + (»)

COB)(8) = COLg) + (5) )

Fast TD reactions

Slow formation reactions

Desorption reactions

K. Swaminathan-Gopalan et al, " Development and validation of a finite-rate model for carbon oxidation by atomic oxygen." e

Carbon 137 (2018): 313-332.



Vitreous and Preform Carbon model
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Image credit: NASA

Real model
Rates — k

|

Effective model
Rates — k.4

|
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Reaction Rate Constants Fitting Method “

Initial guess for kg

Error = | | fluXeye — fluxey, | |

Find values for k g to

Better initial guesses
minimize this error.

Keep track of the changing

for k based on error o
d surface conditions

Perform reactions based on Systematic proce dure

instantaneous probabilities Particle Swarm

algorithm

Compare final products with
the experimental data

Yes, the rates are
Solution converged ? obtained.

21

K. Swaminathan Gopalan and K. A. Stephani. In 47th AIAA Thermophysics Conference, p. 4347. 2017.



PICA oxidation model

08P~ =i FFexp O
o FF exp CO
~ ~— PICAexp O
o i PICA exp CO
S 06 A
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0 1 1 1 J
1000 1200 1400 1600 1800
Temperature (K)
PICA
Preform carbon CHAR * PICA and FF trends are qualitatively and quantitatively different.

» Difference in reactivity.
» Difference in porosity.

2 phase model
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PICA oxidation model
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* New 2 phase model for PICA
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» Phase 1: FiberForm — same rates as preform carbon model.

> Phase 2: PICA char — new rates for same reactions.
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* Newly developed PICA model agrees well with the experiments.
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PICA-NuSil oxidation model
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200

S10 reactions

PICA-NuSil T = 1800K SiO TOF

Exp total
Fit Total

Mechanisms

Reaction

Scattering

O(g) + Si(s) — O(g) + Si(s)

TD SiO formation
LLH SiO formation

O(g) + Si(s) — SiO(g) +
O(g) + Si(s) — SiO(g) +

(s)
(s)

0.2 0.4 0.6 0.8 1 1.2 1.4
<107

SiO TOF has a fast TD and slow desorption component.
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PICA-NuSil oxidation model

1

Reaction

O(g) + Si(s) — O(g) + Si(s)

O(g) + Si(s) — SiO(g) + (s)
O(g) + Si(s) — SiO(g) + (s)

& e . 3 \~\\\
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* New 3 phase model for PICA-NusSil
» Phase 1: FiberForm — same rates as preform carbon model.
» Phase 2: PICA char — same rates as PICA 2 phase model.

> Phase 3: NuSil — new rates for same reactions.

* Newly developed PICA-NuSil model agrees well with the experiments.
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