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Multiscale tritium transport modelling
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Tritium transport capabilities in FESTIM
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FESTIM NUMFOCUS

OPEN CODE = BETTER SCIENCE

Performance Usability
FEniCSx - JIT to fast C++ rapid assembly @ User friendly - Intuitive, Python API easy to use
#"  High-performance solvers - PETSc back-end = Apache 2.0 license - Suitable for academic and commercial
@5 Built for HPC - Native MPI, runs on 1000’s of cores £+ Easyinstall -
Tuned control - Custom meshes, solvers, finite elements _ Online tutorials - Dozens of tutorials
Fast I/O - Parallel mesh loading, low memory footprint Online documentation - Auto-generated
Community Sustainability
D 1,000+ forum views/month - Public, searchable Q&A Built on FEniCSx - Proven FEM backend, 1.5M+ downloads
&) 27+ institutions - Adopted by universities, labs and industry ‘T 5team members at MIT
’&% 23+ contributors - Open to new developers and users () On GitHub - Transparent, version-controlled development
Monthly dev meetings - Community-driven roadmap NumFOCUS affiliation - Backed by a sustainability non-profit
t 80+ Slack users - Active developer and user support CI/CD workflows - Rigorous testing and streamlined releases



Modelling breeding blankets

* TBR calculations are important, but there’s
more!

 |f tritium isn’t extracted quickly, this will
hinder the overall performance of the
plant

* FESTIM helps us understand the tritium
dynamics.
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Figure 8. Evolution of relevant system inventories for (a) Ts; =
1.25h and (b) 74, = 10d. The slower dynamics and the shift of the
inflection time for 75, = 10d is evident.

S. Meschini (2023) 10.1088/1741-4326/acf3fc



ARC model

FLiBe breeder

& 525 MW

No solid walls considered.
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Neutronics Rive: 99 OpenMC

National Laboratory

— 1.0e+7
. 1.0e-8
7
—_— U)
1.0e+6 @ "
= =
=3 oy
2 1.0e-9 g
I =]
10c+5 2 E
S o
v o
(@]
=
= 1.0e-10 3
=
1.0e+4
1.0e-11

Nuclear heating Tritium production ;



CFD

Temperature

— 1000.

— 950.

900.

850.

800.

Temperature (K)

Velocity

— 1.0e+1

1.0e+

1.0e-1

1.0e-2

OAK

RIDGE

National Laboratory

Velocity (m s71)

Turb. Visc.

OpenVFOAM

5.0e-3

— 4.0e-3

— 3.0e-3

— 2.0e-3

1.0e-3

0.0e+

Turbulent viscosity (m?s~1)



OAK

Multi-physics coupling RIDGE
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festim-dev / openmc2dolfinx

A repository to handle the conversion of
OpenMC data to dolfinx functions

5

festim-dev / foam2dolfinx

A repository to handle the conversion of
OpenFOAM data to dolfinx functions

$

Makes use of readers within Pyvista

Maps data from a .vtk mesh to a FEniCSx
mesh

Works with both structured and
unstructured meshes

Interpolation can then be handled
efficiently within FEniCSx

10



OAK

ARC breeding blanket: tritium model Ribci

dc —F vV
D t
—=1V. D(T) =D 6h
™ V-(DVc)+ S+ ulc (T) oeXp<kBT>+SCt+ |[ul|
Fickian Stabilisation
Turbulent
Boundary conditions:
c=0 atinlet (assumes perfect extraction system)
Material properties:
Dy = 6.75 X 107® m?s~* Ep, =0.615eV

SCt == 05
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Fickian vs Turbulent diffusion
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OAK

FESTIM can help optimise blanket inventory Riboe

Max concentration:

1E-3 mol T/m3 Total inventory: 390 mg T

Would suggest residence
time < 1h

@ .
Tritium
hotspots

Flow needs to be optimised to avoid

Runtime: ~1 min (1 CPU
stagnant salt ( )
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OAK

We can also analyse the transient dynamics CAIRCE

Time' '| O S Outlet tritium mass flow rate (mg s™1)
1.4

Outlet concentration:
~3E-4 mol T/m3

0.7
— 2.0e-3 .
i Average
1503 © pulse
= length
1.0e-3 £
g %%.0 0.5 1.0 15
g :
5004 Time (h)
0o+ " e Can use transient data to parametrise system code

* Tritium extraction systems will deal with constantly changing
concentrations

o But extraction efficiency scales with tritium concentration



Parametric study: Influence of Sc;

Vi 0.200 1
Dturb - 0.175 A
Sc, |
2 0.150 - / —— ' 23
: o
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Turbulent diffusion affects the
concentration field.

Total blanket tritium inventory

But unclear what Schmidt 0.025
number should be used.

0.4 0.6 0.8 1.0 1.2
Turbulent Schmidt No., Sc¢



Parametric study: Influence of artificial diffusion

Dy = 6h“u”

* Used to help converge
* The lower, the better

* The mesh could do some more
refinement
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ARC blanket: How to take it further?

/Physics & modelling \

enhancements
* More detailed * Chemical reactions * Uncertainty
geometry guantification
* Redox potential
* Add trapping effects * Leakage out of the
e Speciation vessel
* Non-zero inlet
concentration * Integrate with system-
(extraction efficiency) level codes
* First wall implantation

\ from plasma /




Conclusion FESTIM

FINITE ELEMENT SIMULATION OF TRITIUM IN MATERIALS

* Looking to submit this work in a
publication soon!

* Looking to do more detailed models
on different components of the
tritium fuel cycle.

Contact: darkj385@mit.edu

[=]

Source code Tutorials V&YV book
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Hydrogen transport equations

Advection
Diffusion Source ‘ Trapping
| ' 1 | ' |
dc, dcy i
— =V -(DVcy) +S5S +ulVcy,, — :
aCt’i

ot = Vt,icm(ni — Ct,i) — Vat,iCt,i

Trapping ‘ De-trapping
rate rate
Free

traps



Meet the team
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Openmc2dolfinx and foam2dolfinx PyVista

External mesh data FEniCSx mesh
1. 4, 7.
2 5. 8
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Openmc2dolfinx and foam?2dolfinx

External mesh data

xx2dolfinx

© % . o b bl w N =

l

PyVista

o o ~ o b & w N =

FEniCSx mesh
4, 7.
5. 8.
6. 9.
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Modelling TDS experiments

@ Implantation

@ Heating

Container

00

© Measure desorption

Particles flux (D/m?/s)

1.5

0.5

Temperature (K)

1018
i
IO
’««-«*"”\
400 500 600 700 800

With FESTIM:

lels

Desorption flux (m=2 s71)

Time (s)

Integrate with external tools for automated fitting:

Desorption flux (m=2 571)

1e20 TDS Fitting Animation - Iteration 1/47

— Experimental data
= Current iteration

300 400 500 600 700 800 9200 1000

Temperature (K)
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Damage-induced traps T

D desorption [10"" D/ms]

* Neutron damage will induce defects in structural

. BODI I 4tl)Ul I -E(I.'tOI IG(lJOI ' ?00' 'B{JJOI IQUUI ' I1000
materials

Temperature [K]

M. Pecovnik (2020) 10.1088/1741-4326/ab680f

e Literature shows temperature dependence and

v /l s s | o ) < ] Lo 3 i, |
. . e . 10 4 * 4+ Fukumoto 470K [43]
3 v Wampler 470 K [42]
saturation In tritium retention S e Tyburska 470K 44
. - »— Wright 480 K [45]
14 (. j@’z’%‘b‘" { —4—tHoen 475 K [47]
o —&—"tHoen 520 K [47]
1 —e— Alimov 403 K [49]
/*—" —o— Alimov 550 K backside [49]

>
7
v

0.1+ / +— Takagi 376 K [50]
o »— Barton 470 K [53]

v —o— Wang 370 K [57]
0.014 4 ¢ Moller 420 K [55]
Moller 420 K [55]
—%— Ogorodnikova 470 K [51]
—O— this study

D concentration at damage peak (at. %)
<

§ *SRIM2008.04, 'Quick Calculation of Damage', E;=90eV_]
T

0.001 4 / for e .
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Calculated* peak damage dose (dpa)

T. Schwartz-Selinger (2024) 10.1088/2053-1591/acfdf8
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Damage-induced traps

trap density

[m] [Creation from damage] — [ Destructlgn by J
annealing

on, ng
— = ¢ -K|1- - A-ng

damage rate

[dpa s] trap annealing factor
[s™]
trap creation factor maximum trap density

[m™3 dpa?] [m3]
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2.5

DPA

Damage-induced traps

Self-damaged W samples used in TDS
experiments fitted with extrinsic traps

Trap density evolution fitted using current model
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Multi-isotope, multi-level trapping

—mobile D
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Grorz. hepped b2 7 different species
T 6e+20- * 6 reactions
o _
B e ¢y = 10%° m~3 on the left
"C1e+20 _ 19 -3 .
g * ¢p = 1077 m™ on the right
C 3e+20-
o)
02e+207
le+204
0 e ————

Be-7  le-b 15e-6 206 256 3e-b 356-6 de-b 4506 5ebd
Depth (M)



)

£

tion (

o

@
=+

]

o
|

Concentra

Te+21

8e+20-

4

[0}

+

N

o
|

2e+20-

|sotope swapping

H is swapped only D

with D

6 - only H trapped

/

trapped D

Inventory (H/m2)
N

—H trapped
D mobile
H mobile 31
—D1 trapped
2 1 trapped H
1 -
0_ T ML LR | ML | AL LR | T rTTeT ML | AL | T
1074 1073 1072 1071 100 10! 102 103
Time (s)

le-6

1.56-6

26-6

2566, 36-6

Depth (M)

3566 deb 4506 566 5566

29



D concentration, at.%

D concentration, at.%

D retention, 10*'m=2

Kinetic surface model

Depth, m
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 Dindamaged W (S. Markelk JNM 2016)
e Comparison with NRA profiles
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Anisotropy

Concentration Concentration Concentration
Anisotropy factor 1 Anisotropy factor 10 Anisotropy factor 1000

* Anisotropic materials can be simulations

'D O i with very few modifications
D _ XX * Composites
o O D * Anisotropic microstructures
i Y|
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Surface Reactions

time

ki
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H+ Teo HT
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Di
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Outgassing flux (H/m2/s)

Metal foil pumps for DIR

2.5 1
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lel9
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Recombination activation energy (eV)
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2.00

 Hisimplanted in first 10 nm

e Super-permeation regime is attained
at high-recombination energy
(upstream surface)

/.

1

=
subsurface;s

metal bulk

upstream |~

Benedikt & Day, (2017) Fusion Engineering and Design
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FESTIM is verified & validated

FESTIM V&V online book [1]

Verified against complex analytical solutions

o Testedin 1/2/3D

Validated against experimental data

D Scripts available - including pre/post processing
D Live - can run, update and edit

D Version control - each version citable

[1] - R. Delaporte-Mathurin & J. Santana, FESTIM V&V book, v3, (2024), dspace.mit.edu/handle/1721.1/156690.

FESTIM V&V book

Q Search

FESTIM V&V book

Introduction
Introduction

on and Validation

About this book

Verification

Heat transfer multi-material
Diffusion multi-material
Single trap

Radioactive decay

Kinetic surf,

TMAP cases

Validation
Plasma-driven permeation

Deuterium retention in

Isothermal absorption of

protium in

Deuterium atom expos
self-damaged tungs
sterium implantation in
damaged with

tungsten ions

Appendices

ography

festim-vv-report.readthedocs.io

ontents

About this Book

Feedback and Contributions

FESTIM V&V book

Authors: Remi Delaporte-Mathurin, Jair Santana

Acknowledgments

Welcome to the FESTIM Verification and Validation (V&V) book! This book aims to provide a
comprehensive overview of the verification and validation processes conducted for the FESTIM
code. Through a series of verification and validation cases, we aim to demonstrate the accuracy,
reliability, and applicability of FESTIM for simulating hydrogen transport phenomena.

@ How to cite this book

Remi Delaporte-Mathurin and Jair Santana, FESTIM V&V Book, 2024,

https://dspace.mit.edu/handle/1721.1/156690

About this Book

This book has been generated using Jupyter Book, an open-source tool for building interactive
and collaborative online books using Jupyter Notebooks. Jupyter Book enables us to seamlessly
integrate code, text, equations, and visualisations, providing an interactive and transparent I
platform for presenting our verification and validation results, By utilising Jupyter Book, we aim

to ensure the reproducibility of our results and provide readers with the ability to explore and

interact with the code and data presented in this book.

One key distinction of this book compared to traditional reports, such as the TMAP7 report, is
our emphasis on providing complete transparency and reproducibility. While other reports may
make the code available, many post-processing steps are often missing, making it challenging
for readers to fully understand and reproduce the results. In contrast, we strive to provide not
only the code but also detailed descriptions of post-processing procedures, ensuring that

readers have all the necessary information to replicate our findings accurately.

Furthermore, all the code cells in this book are run automatically at every push to the book
repository. This ensures that the results presented are always up-to-date and reproducible.
Additionally, the book is compiled on the fly with ReadTheDocs, allowing readers to access the
latest version of the book online with ease. Previous versions of the book are also available.

import festim

print(f"FESTIM version: {festim._version_}")

FESTIM version: 1.4

Feedback and Contributions

We encourage readers to provide comments, suggestions, and corrections to this book b
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Artificial diffusion stabilization

Problem with advection diffusion = P
problems in FEM T ety
Can reduce this error by:

* Reduce time step

* Increase mesh refinement

e Use stabilisers

e Use alternate solver ”




. OpenVFOAM
Heat exchanger and extraction systems P

Coupling FESTIM with CFD codes

Tritium coming out

Tritium concentration from hot outlet



Breeding blanket technology

FESTIM neutronics codes

Time: 0.0 days RADIATION ON

5.0e+12
— 4.0e+12
3.0e+12
- 2.0e+12

- 1.0e+12

0.0e+

Tritium concentration
9 OpenMC (m?3)

Good agreement

Cumulative tritium release

]

s}

[ R L2 -

o

—— FESTIM
® Experiment

10 20 30 40 50 60
Time [day]

multi-physics validation case



ARC OpenMC results

Nuclear heating
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ARC OpenFOAM

Temperature

results

Velocity

Turbulent
viscosity
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HISP: coupling FESTIM to plasma codes

*  Tracks deuterium and tritium in PFC’s

* Interfaces plasma codes (pina, smiTer,
SOLEDGE, soLps..) to FESTIM

* Used to inform ITER PFC’s de-tritiation
strategies

* Built to be reactor-agnostic and
plasma-code agnostic

O github.com/festim-dev/hisp

Z (m)

) Heat flux 4
g FESTIM
Plasma codes
> model
Part. flux
y N
Hydrogen isotopes inventory
1015
"g 10%
£
(o]
ITER cross & 10
section z
= — D
g 10° o T
g’ —o— trapl_D
= —o— trapl T
§ 10° —o— trap2 D
—o— trap2_T
== traz3:D
0 —8— trap3_T
10%1 trap4_D
\ —0— trap4_T
6 : 0.0 0.2 04 06 08 1.0 12
R (m) Time (s) le6
Cleaning
Full
< - Y ﬁower ——»<4— pulses+ —»
pulses baking
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Open-source iterative design workflow

CAD generation
with CadQuery

Meshing
with GMSH

Neutronics

& -{A

|

Geometry 1

L[ C)OpenMC]ﬂ"ts

N

mesh

J

me%‘sh OpenVFOAM kresu

CFD

parameters J

lterate

p
FESTIM
g
Its
{ Results
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foam?2dolfinx

§ foam2dolfinx  pubic

¥ main * P 4Branches © 0Tags o file Add file ~ - About

@ ihdark Merge pull request #22 from festim-dev/times attribute @@

W github Merge pull request #18 fi

I sr/foam2dolfink

| test

O .gitignore ignore data file

[ LICENSE Initial commit

[ READMEmd e details on installation and example
[ codecov.yml start testing with c

O pyprojecttoml do

(71 README &8 MIT license

foam2dolfinx

O o [ [P rurt

foam2dolfinx is a tool for converting OpenFOAM output files to functions that can be used within

This small package was inspired by Stefano Riva's repository.

Installation

conda create -n foam2dolfinx-env
conda activate foam2dolfinx-env
conda install -c conda-forge fenics-dolfinx=8.9.8 pyvista

Once in the created in environm

pip install git+https://github.com/festim-dev/foam2dolfinx

57 EditPins ~

D) 95 Commits

6 months ago

3 months
6 month:
3 months
& months

ith:

© Watch 1

- % Fork 0

A repository to handle the conversion of
OpenFOAM data to dolfinx functions

D Readme

m pri
Ty 4stars
® 1watching

Y ofo

Contributors 3

@ jhdark Ja

M RemDelaporteMathurin Rémi Delaport...

‘ dependabot{bot]

Languages

® Python 10

@

1.0
u=Uv=0
08
06
u=v=>0 u=v=0
04
02
u=v=0
le | 0.0
| L 1

(b) Velocity field from OpenFOAM

15.

10.

species concentration (m~3)

(c) Species concentration without advection (d) Species concentration with advection

42

Velocity (ms™1)

species concentration (m~3)



openmc2dolfinx

¥ openmc2dolfinx Public 5 EditPins ~ | @Watch 0 + % Fork 0

P main ~ P 3Branches © 0Tags Q Go tofile Add file - - About

A repository to handle the conversion of

# RemDelaporteMathurin Merge pull request #9 from festim-de mDelaporteMat 4 - lastmonth %) 34 Commits OpenMC data to dolfinx functions
I github rename repo 6 months ago 0 Readme
L3
M vscode g 6 months 2
A
I src/openmc2dolfinx n & months =
W test j 6 months ago = — 6066
® 2.5e-4
[ .gitignore g & montt v
5.0e-6
[ uCENSE t 6 months Re
= {2064 &
- 'n £
[ ReADMEmd e 6 months Releases | 4066 1 g
D codecovyml rename rej S 300 o relesces g 1564 8
2
ks g
[ pyprojecttoml requirement on p st month 3006 g ¢
() 1004 ¢
€ 2
0 README &8 MIT license Va 20e6 3 =
g
5.06-5
106-6
openmc2dolfinx Contributors 2
0.0e+
C T 0.0e+
A repository to handle the conversion of results in OpenMC vtk files to dolfinx functions jhdark James Dark
M RemDelaporteMathurin Rémi Dels
Usage o e y ; i -
(a) Tritium generation field from OpenMC (b) Steady-state tritium concentration from FESTIM

G s 1 Languages
from openmc2dolfinx import StructuredGridReader, UnstructuredMeshReader 9

import pyvista as pv
import numpy as np
import dolfinx

from mpidpy import MPI

® Python 1¢

# download an example tetmesh

filename = pv.examples.download_tetrahedron(load=False)
grid = pv.read(filename)

# assign random cell data

grid.cell_data["mean"] = np.arange(grid.n_cells)

grid ("out.vtk")

# read the vtk file




PathView: a new tool for system modelling

o 100% open-source
o Based on PathSim

o Results compared to Matlab
Simulink

o Can integrate external tools (eg.
FESTIM, ML models/surrogates, ...)

PathView

github.com/festim-dev/pathview
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