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About

A flexible toolbox for Multiphase Porous Reactive Materials & Less

GnuPlot, Python

Paraview

1D plots \ / 2D/3D contours

Input : model selection, material properties, PATO Output : updated data fields & geometry

boundary conditions & initial conditions

Dakota

Uncertainty quantification

& Optimization

SANDIA National Laboratory, USA
(GNU LGPL)

t

10 Open Source third-party libraries

NASA, USA. (GNU GPL)

OpenFOAM

I/O management
Finite-volume utilities
The OpenFOAM Foundation
(GNU GPL)

t

5 Open Source third-party libraries
+ commercial mesh readers

Mutation++

Thermodynamic & transport properties
Equilibrium chemistry solver.

von Karman Institute, Belgium.

(GNU LGPL)

t

2 Open source third-party libraries



Notices

 PATO is distributed Open Source by NASA.
https://software.nasa.gov/software/ARC-16680-1A redirects to www.pato.ac
L Two types of agreements

* For users : NASA Open Source Agreement version 1.3

* For contributors : Contributor License Agreements (signature required)
Both follow usual “good practice terms” of standard Open Source agreements.
U Inshort :

 PATO is free to use, modify, redistribute (no signature required)

 NASA will continue integrating contributions in the official release (signature required)



Download

1 Two options (online)

* For users
- “Stable” NASA releases
- Zip file on www.pato.ac, about 200 Mo
- Updated in April and September

* For developers
- “Live” development version
- Repository on www.gitlab.com/PATO-dev
- 28 members

J Ask me a bootable USB 3 with Linux OS




Documentation

A pragmatic generic model for porous reactive materials

Thermal protection systems

Carbon fiber preform
(NASA/UC Berkeley)
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Documentation

A pragmatic generic model for porous reactive materials

Hypotheses
multi-phase reactive material (Np solid phase)

multi-species reactive gas mixture (Ng gaseous species)

local thermal equilibrium : all the phases are locally at the same temperature

each solid phase can pyrolyze, vaporize, sublimate, and release species in the gas phase
each solid phase can react with the gas phase (e.g. oxidation of a carbon phase)

gas phase chemistry can be in equilibrium, follow a finite-rate mechanism, or be frozen

phase-0
(gas phase)

phase-1
(solid 1)

phase-2
(solid 2)

Volume (REV)

local scale: averaging volume

Representative Elem.

Averaged effective properties, e.g. density :

Z €iPi

p =€ pPg T Z €iPi =

i€[1,Np] i€[0,N,] \
volume intrinsic
fraction density

Rule also applies for porosity, heat capacity, and
enthalpy. Unfortunately does not apply for
permeability, tortuosity, conductivity. We use
linear interpolation between measured values.



Documentation

Continuity equations : mass

» For each solid phase i

_ 2 . h
—(€ipi) = E €,00i,0 3,0t + w;
j€[1>Pi]
evolution of density pyrolysis heterogeneous reactions

» Gas phase (sum of all the species)

Or(€gpg) + Ox-(€gpgVg) = Z I (€ipi)

evolution of density convection exchange with solid phases

» Momentum conservation (Darcy-Klinkenberg)

(| 1
vg=—— (~K+-F) Oxp
€9 \H p=
Darcian  Klinkenberg  pressure gradient

loci
gas velocity permeability  slippage

Re<1
Kn<1




Documentation

Continuity equations : species & elements

One of the following models can be used
» Constant elemental composition of the pyrolysis gases

Standard approximation in NASA design codes.
Thermodynamic properties from tables or computed with Mutation ++.

» Element conservation, for detailed equilibrium chemistry modeling

Or(egpgzr) + Ox-(€gpg2iVg) + Ox-Fi = i, VI € NE

evolution of elements convection diffusion pyrolysis gaseous
mass-fraction elements elements

» Species conservation, for finite-rate chemistry

at(Egpgyi) T ax'(egpgyz-vg) T de = T + €g<~‘z‘Mz’: Vi€ *\T;

evolution of species convection diffusion  pyrolysis chemistry gaseous
mass-fraction species source terms  species



Documentation

Continuity equations : energy

» Total local energy : sum of the energies of all the phases

PtEt = €gPg€q + Z €ipil;

e[1,N.
total energy gas phase s energy of the

energy solid phases

» Energy conservation under local thermal equilibrium = “T can be defined”
N

O (pee) +0x-(€gpghgVe) —l—é)x-Z(Qk) = Ox(k - 0T —I—,u,eg(K_l Vg) Vg

k=1 .
total energy convection effective diffusion effective effective

(species or elements) heat transfer viscous dissipation

Implicit resolution in T in PATO

- Zz’e[l,Np] hi0y(€ipi)
Z [(€ipicpyi) 8tT]_8X‘(§' K1) = _at(Eg/)gh'g — €gp) + 8X‘(69/)g];'gvg)
i€[1,Np] +0x ) ken N (L) + ;Leg(K_ ©Vg) * Vg

energy stored in effective heat explicit source terms

the solid phases transfer (pyrolysis, chemistry, convection, diffusion, dissipation)
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Projects

Fundamental research — e.g. # Thermal equilibrium assumption

Validity of the local thermal equilibrium assumption : Tg =Ts ?
-> why wondering : Tg (gas) not well predicted = inaccurate finite-rate chemistry
-> how can we verify : explicit verification of local thermal equilibrium

Ng
O¢(€gpgeq) + Ox-(€9pghgVe) + aX'Z(Qk) = H, (Ts — Tj)
k=1
gas energy convection diffusion heat exchange
1 5
Tg=Tg= . O¢(€gpgeq) + Ox(€gpghgVg) + OxZ(Qk)
v k=1

The idea is to estimate H, and explicitly compute T, at each time step and in each cell.

If T, # T, then we know that the model becomes wrong.
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Projects
Fundamental research — e.g. # Thermal equilibrium assumption

Example : ablation test-case 1.0

Initial conditions: T=300 K, p= 1 atm, initial gas

Temperature surface = f(time) composition left open (air, pyrolysis gas, ...)
Psurface = latm

A ™ T .
A 1 minute

1644 K

Estimated H, = 3 10° W/(m”2.K)
—> Thermal disequilibrium : Tg < Ts

h=50mm

1 minute

Ablation test case #1.0
PATO : analysss of thesmal non-equiibnum for Hy = 3e5 WAmM*2.K)
Al

M 300 K —> time
2 min

Bottom B.C. 01 s
Adiabatic, impermeable 1

T(K)

ts)

In these conditions, local thermal equilibrium is obtained for H, > 1068 W/(m?2.K) .



Projects

Engineering & design— e.g. # MSL heatshield

Objectives of TPS design \ Cruise Stage Separation

1- choose suitable material Outside the Martian Atmosphere

. De-spi
2- compute TPS thickness A SRS
i\ Cruise Balance Mass Jettison
%, .
Mars Science Laboratory (MSL) y Turn to Entry Attitude
Thermal Protection System ‘
{7 Entry Interface
Peak Heating Entry
A

4
Peak Deceleration

/ ~
5/ Heading Alignment

Q
%

/
tile material : PICA

porous carbon/phenolic ’

Deploy Parachute

Credits: NASA
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Projects

Engineering & design— e.g. # MSL heatshield

recession,
temperature and
inside velocity

MSL PICA aeroshell image material
heatshield geometry processing mesh
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Projects
Engineering & design— e.g. # MSL heatshield
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(a) Monolithic configuration. (b) Tiled configuration.

Multi-dimensional effects reduced by the tile joints. 14



Projects

Engineering & design— e.g. # MSL heatshield

Windside
outer flank
region

1400

1200 |-

1000

Quantitative analysis of multi-dimensional effects

I | 1 T T T 1 T T
1D = T
tiled3D = - = 8 " ,,,,,,,,, 7_:
monolithic 3D +++++ P 2.54 mm --,,,~
17.78 mm
1 1 1 1 1 L 1 1 \
50 55 60 65 70 75 80 85 90 95
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Projects

Code development — e.g. # material-flow coupling

Native OpenFoam solvers

New coupled capability
Ex: Incompressible hot flow (1000 K) around a cold cylinder (300 K) of TACOT (low density C/P) that pyrolyzes

Energy coupled, flow uncoupled Fully coupled 16



Projects

Code development — e.g. # material-flow coupling

U : velocity in the fluid (m/s) Ta : temperature in the solid (Kelvin)

U Magnitude
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Picture taken during ablation testing of carbon-phenolic ablator
(1 MW/m2, 15 hPa)

Test of Iron in the frame of ESA ATD3 debris demise project

_Pymoeveter 167 " Constant Prop” coupling T T : temperature in the fluid (Kelvin) ---- Ta : temperature in the solid (Kelvin)
1600 ¢ B Pyrometer for "Expenmental dxta Ta
- _3.854e+03
= _1.500e+03
5 2 =
y Sasue =1492.1
 — -
!2708“ 1480.9
2031.1 1469.7

T

1T

1.146e+03 1.455e+03

tis)



Projects

R & D analyses — e.g. # Wood pyrolysis

10-30%
water

Pyrolysis
300 to 800°C




Projects

R & D analyses — e.g. # Wood pyrolysis

Mass loss at 600 °C (%)

0,6 *
0,4 *

0,2 *

0 20 40 60 80 100 120
sample residence time (seconds)

1000 °C laboratory oven

¥

SEM of Niaouli wood, after pyrolysis at 600°C
(University of New Caledonia, France)



Projects

R & D analyses — e.g. # Wood pyrolysis

Wood counts 4 “solid” phases : trapped water, cellulose, hemi-cellulose, lignin.

038 T T T T I T I

i . — Simulated
00 + Experimental

01 .

0 1 I 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Time (s)

Efforts in progress to improve the wood database and drying model.
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Projects

R & D analyses —e.g. # TGA—-DSC

5mm

Alumina
Reproduction of TGA mass loss

1 ._-_A-..L.__“\ da T T T T T —FrrlGA
S —PATO
'\" Exp. Avg.
0.7 Mm 095 -\\
= 09 ”-“_'
£ \
£ 3
085 A\
No temperature el y T
gradients observed up to TR
very high heating rates. 075 , , , . , ,
400 600 800 1000 1200 1400 1600
Temperature (K)
In progress : modeling of DSC with the objective of understanding differences
21

observed with heating rates, presence of lid, pressure, etc.




Team & contacts

Join the team ! We are committed to provide support and integrate contributions.

PATO was originally developed by a team of researchers at the NASA Ames Research Center (California) in
collaboration with colleagues from the von Karman Institute for Fluid Dynamics (Belgium).

Modeling & code development : Dr. Jean Lachaud (jean.lachaud@u-bordeaux.fr)
Modeling & project management : Dr. Nagi N. Mansour (nagi.n.mansour@nasa.gov)
Modeling : Pr. Thierry E. Magin (thierry.magin@vki.ac.be)

Mutation++ development : J. B. Scoggins (james.scoggins@vki.ac.be)

Refactoring project (PATO_v3) : Jérémie Meurisse (jeremie.b.meurisse@nasa.gov)

We would like to thank several colleagues and students for contributing to verification, testing and/or committing
some developments : Tom van Eekelen (Siemens), Dr. Francesco Panerai (NASA Ames), Dr. loana Cozmuta (NASA
Ames), Pr. Ali Omidy (University of Kentucky), Alexandre Martin (University of Kentucky), Kyle Hanquist
(University of Michigan), Julien de Muelenaere (VKI, Stanford), Dr. Victor Pozzobon (Mines d’Albi), Fransciso
Torres (VKI), Florent Anstett (C la Vie), Dr. Joshua Monk (NASA Ames), Dr. John Lawless (Redwood Scientific Inc.),
Nikhil Banerji (EPFL), Dr. Eric Stern (NASA Ames), Pr. Pietro Congedo (INRIA Bordeaux), Michaél Rivier (INRIA
Bordeaux), Pr. Franck Richard (P’, ENSMA, Poitiers), Xiaowen Qin (ENSMA, P’, Poitiers), Dr. Vincent Leroy (VKI),
Jérémy Mora-Monteros (EPFL), Xavier Teileteche (ArianeGroup, University of Bordeaux), Gregory Pinaud
(ArianeGroup), Alexis André (CEA, ENSEEIHT), Mohamed Rebhi (VKI, ENSAM), Nathan Amrofel (University of
Bordeaux), Ines Oudumaya (University of Bordeaux).

Pr. Hrvoje Jasak and Dr. Henrik Rusche are gratefully acknowledged for their interest in PATO from the beginning
and for their guidance during the second OpenFoam summer school (Numerical Modeling of Coupled Problems
in Applied Physics with OpenFoam, Faculty of Mechanical Engineering and Naval Architecture, Zagreb, Croatia;
02-15 September 2009).
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