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Thermal Protection Systems (TPS)
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Ablative TPS

Carbon preform  Phenolic Resin

Stardust Capsule Mars Science Laboratory



Modeling TPS

Macroscale Modeling

Full scale material response solvers, using
volume-averaged techniques to solve
conservation equations for ablation

Radiation

Conduction

Simulation of surface temperature
for MSL heatshield

o &

Microscale Modeling

Used to inform material properties and
material response parameters used in
macro-scale modeling
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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

Penetrating power Multiple angles Courtesy of D. Parkinson (ALS)



Porous Microstructure Analysis (PuMA) “

»  Volume Fraction and Surface Area e Mo dular C++ library

> Pore Diameter Estimation and Filling

> Tortuosity (continuum and rarefied) e Re desi e d GUI
> Permeability gn

» Computation of Material Orientation ° Wrapped as Python module

»  Conductivity (isotropic and anisotropic)

>  Elasticity and Stress Analysis e [inux and Mac Compatlblhty

Domain
Generation

>  Artificial Materials:

Shared Utilities

Matrix and Vector data

structures/operations

Weaves .
g > Linear solvers

> Random Fibers ]
> Iso-surface extraction

>R > Input/Output to binary,

> Analyticalishapes TIFE, STL, VTK formats

> Micro-CT Import and Filtering

CT Reconstruction of FiberForm




Transport Properties in PuMA “‘

Tortuosity / Diffusivity

Conductivity of Woven materials

High Knudsen Low Knudsen

tibrous materials considering anisotropy

Considering Anisotropy

Pressure driven Pressure driven flow

flow through 2D through 3D tripl 8
: S . . g. p Y Ray casting Heat flux

fibrous material periodic material

orientation orientation



Material Response - Oxidation




Advanced Domain Generation

Packed Sphere Beds Periodic Foams

100\‘""

Fiber Structures

10



Fibers and Weaves Generator



An Anisotropic and Multiscale Problem

Porous Tow Fiber
100 VOX -

W
N\ N2

6-ply weave Sub-tow sample
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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)

150

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

oS

Ray Casting
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Workflow for Weave Orientation

Individual tow segmentation and tracking 21 ZT

Mean Filtering
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Effective Thermal Conductivity
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Single Fiber Conductivity Estimation “‘

Two experimental values at Room Temperature: WU/G t e 1 Z 154,18 and [k}u/a,,p, EUT] 2 (7.7, 27]&
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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)

Vo=V (Ce)=0 — o(z,t) = E(x)D" (z,1)

Multi-Point Stress Approximation (MPSA)
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Conclusion

Porous Microstructure Analysis (PuUMA) J@/
[ Domain Generation ] [ Material Properties ] [ Shared Utilities J k
>
® X-ray Microtomography PY Porosity / Volume ® Matrix & Vector data |
import / filtering Fractions structures / operations \
o
{
e
® Woven Material ® [ Specific Surface Area ] (&) [ Linear Solvers ] \
Generation (TexGen) {
« 4 £
p N @ [ Pore Diameter ] @ [ Iso-surface extraction ] \
® Simplified Geometry |
L Generation )@ Effective Thermal & ) [ Input/output utilities ] \
Electrical Conductivity ‘
(&) [ Analytical shapes ] < \
- _ PY Anisotropic Thermal & [ Material Response .
®) [ Fibrous Materials J Electrical Conductivity 4 '\
O [ Microscale Oxidation ‘i
@) [ Sphere Beds ] O [ Anisotropic Elasticity ] y
© Triply Periodic @ [ Material Orientation ] O { Tansientimsion )
Materials ~
® [ Continuum Tortuosity ] O [ Transient Conduction
@ Already available /
~
O workin progress @ [ Rarefied Tortuosity ] o Hyperthermal Beam
Simulations
J
© [ Permeability ]
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Application motivation

Objectives:

NusSil-coated
FiberForm

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

Image courtesy: Dr. Bessire

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

Chopper Wheel

Heated Sample

* Pulsed Valvel
and Nozzle

To lon
Counting
System

itr rbon
Murray, V J., et al. The Journal of Physical Chemistry C119.26 (2015): 14780-14796. Vitreous carbo 21
Image courtesy: Prof. Panerai SPI Supplies



Surface chemistry framework

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

* Particles adsorbed (deleted) and desorbed (created), surface element stores adsorbed particle concentration.
* Surface reactions based on concentration within surface element.

* Multiple triangulated elements (like cells) on surfaces

* Langmuir model for surface sites.

taken from Marschall and Maclean.

SP1 SP2 1 SP3

Environments Phases Site Sets
Gas GP1 Ngs sp1 =3
S I‘f N =3 — Nss,SPZ =2
urface SP1 SP2 SP3 s Ny op3 = 1 !
- 1
Bulk ‘ BP1 BP2 ‘ Ngp=2 !
I
1
]

Marschall, J., & MacLean, M. (2011). Finite-rate surface chemistry model, I: Formulation and reaction system examples. AIAA Paper, 3783, 2011. 22



PuMA simulation

23




Molecular Beam Experimental Setup

Electrical current
delivered through
copper cooling lines _."E.'
3
g
Water-cooled g
copper blocks '2’;: 32 (0,
400 Impulsively scattered (IS) Murray ez a/ 2
/non-thermal Total
f IS 0
@0 3001 P ™D
' slow
= !
& 200+ | Thermally desorbed (TD) prompt
E - MB distribution
~
=100 LH Slow desorbing
P
0

400 600 800 1000

Flighttime /. s

0 200

C cos'%(8)

24

Murray, V ], et al. The Journal of Physical Chemistry C119.26 (2015): 14780-14796.



Carbon Oxidation Model

Type Mechanisms Reaction
Adsorption Adsorption 0O(g) + (s) — O(ads)
TD O formation O(ads) — O(T'D)(g) + (s)
TD CO formation O(ads) + C(b) + O'(ads) — CO(g) + (s) + O'(ads)
Ai;d"’l‘;‘tf; TD CO, formation | O(ads)+O(s)+C(b)+40(ads) — CO,(g)+2(s)+40' (ads)

GS reactions

LH O{a} formation

O(ads) — Ofa}(s)

e
LH CO{a} formation
LH CO{b} formation

PS reactions

LH O{a} desorption

LH CO{a} desorption

\LH CO{b} desorption

O(ads) + C(b) + O'(ads) — CO{a}(s) + O' (ads)
O(ads) + C(b) + O'(ads) — CO{b}(s) + O'(ads)
O{a}(s) — O(g) + (s)

CO{a}(s) — CO(g) + (s)

CO{b}(s) — CO(g) + (s) Y,

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

Carbon 137 (2018): 313-332.

>' Fast TD reactions

>' Slow formation reactions

> Desorption reactions

-/
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Vitreous and Preform Carbon model

Vitreous
carbon
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Eftective model for macroscopic solvers

Real model
Rates —> k

|

Effective model
Rates — kg

|

Image credit: NASA
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FiberForm — Varying Porosity

[ Varying porosity ]
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FiberForm — Varying Porosity

[ Real model Rates — k }

Effective Rates — keg(T)

[ Effective model Rates — k. «(T,€)
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Effective model as a function of porosity

Rate constant k = f(®) x A x exp(—E/T)

Mechanisms Reaction A=aj4arxd Fazve
/(@) b
ap ai as

Adsorption O(g) + (s) — O(ads) I+ g\/s’;bz +1.34E—1 | +1.58E40 | —8.18E—1 0
LH1 O formation O(ads) — O(T'D)(g) + (s) 1 +6.30E+1 | —1.15E+2 | +5.94E+1 | +6.16E+3
LH1 CO formation O(ads)+C(b)+0'(ads) — CO(g)+(s)+0O'(ads) - —8.50E+6 | +1.89E+7 | —9.25E+6 | +1.66E+4

LH3 O{a} formation O(ads) — O{a}(s) 1 1 0 0 0
LH3 CO{a} formation | O(ads)+ C(b)+ O'(ads) — CO{a}(s) + O'(ads) + —7.34E+4 | +1.64E+5 | —7.99E+4 | +1.04E+4
LH3 CO{b} formation | O(ads)+ C(b)+ O'(ads) — CO{b}(s) + O'(ads) - —5.090E+2 | +1.13E4+3 | —5.55E+2 | +2.91E+3
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FiberForm-NuSil oxidation model

NusSil

Preform carbon

2 phase model

Mole fraction

1+~

——a—— FF-NuSil O
—@—— FF-NuSil CO
——&—— FF-NusSil SiO

0.6

s ~+=i3+-—=- FFuncoated O
0.4 f —— g — = FF uncoated CO
0.2
Ca‘--—.;ﬂ._._"'.ﬂ:’.":
Ob—o—4—o— —L—
1000 1200 1400 1600 1800

Temperature (K)

SiO additional product with NuSil.
O mainly scatters non-reactively from NusSil.
NusSil starts burning off ~ 1400 K.

Higher fluxes of O and lower fluxes of CO on

NusSil surfaces at lower temperatures. 21



S10 reactions

SiO TOF T = 1800K

New reaction mechanisms for SiO

Reaction

O(g) + Si(s) — O(g) + Si(s)

O(g) + Si(s) — SiO(g) + (s)

O(g) + Si(s) — SiO(s)
Si0O(s) — SiO(g) + (s)

200 : :
—— Exp
N Fast TD
150 |- | ]
3
g 100 Mechanisms
e Scattering
é 50 . .
fast SiO formation
a slow SiO formation
0 T
I slow SiO desorption
-50 L L 1 L |
0 0.2 0.4 0.6 0.8 1 1.2 1.4

x1073

Time (s)

* SiO TOF has a fast TD and slow desorption component.




Reaction Rate Constants Fitting Method “‘

Initial guess for k ¢

Error = | | ﬂuxcalc—ﬂuxexp | |

o Find values for k g to
SIS Ak Fsse Keep track of the changing ¢

Tora T el Gy SR minimize this error.

surface conditions

Perform reactions based on Systemati ¢ proce dure

Particle Swarm
algorithm

instantaneous probabilities

Compare final products with
the experimental data

Yes, the rates are
Solution converged ? obtained.

33

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



0.8

0.6

Mole fraction

0.2

0 ——————0—
1000

FiberForm-NuSil oxidation model

FF-N exp O
FF-N exp CO

i

— —o— - FF-Nexp SiO
— —{— - FF-N model O

- —-=—-~ FF-N model CO
—.—=(—-= FF-N model SiO

/‘A
‘——J—.-." |
1200 1400 1600

Temperature (K)

".“0—-,—5
1800

Mechanisms Reaction Rate constant (k)
Scattering O(g) + Si(s) — O(g) + Si(s) % * l\/gfr",:" x0.1
fast SiO formation O(g) + Si(s) — SiO(g) + (s) | L.2TET7 x exp(— M)

slow SiO formation

slow SiO desorption

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

1
1.12E6 * exp(— 2W&)

* New 2 phase model for FiberForm-NuSil

» Phase 1: FiberForm — same rates as preform carbon

model.

> Phase 2: NuSil — new reactions and rates.

with the experiments.

* Newly developed FiberForm-NuSil model agrees well
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o
Summary Qo

Detailed surface chemistry framework was implemented in PuMA.
The vitreous carbon (VC) oxidation model was developed and extended to FiberForm.
Effective oxidation model for use in CFD was developed as a function of porosity kg (T,€).

Effective model was extended to NuSil-coated FiberForm.

Future Work: extend to NuSil-coated PICA
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Questions?

Federico Semeraro (federico.semeraro(@nasa.oov)

Krishnan Swaminathan Gopalan (krishnan.swaminathan-gopalan(@nasa.gov)
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