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- Presentation outline

« Part-1: Overview of MeV Summer School
+ Part-2: Advancement of Reactor Technologies
 Part-3: Advancement of Reactor Fuel and Materials

Research and Development (R&D)
 Modeling
 Experimentation

« Validation (qualification and licensing)
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I Content Note

The content of this presentation is taken from the lecture
notes of MeV Summer School 2022. The sources are cited
as per lecture notes.

This presentation focused on the general overview of the
lecture content that related to nuclear fuels and material
qualification.
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Part-1:

B MeV School 2022

=

mevschool.net  July 18-29, 2022 mevschool@inl.gov

odeling, Experimentation & Validation . 5 < P
¥ SUMMER SCHOOL b -; | M ev o are o
| , and Validation

2 Summer Sc hool

he Modeling, Experimentation, and Validation (MeV) Summer School is an intensive two-week
program (July 18-29, 2022) for early career researchers and scientists. This year's school will be

hosted by Oak Ridge National Laboratory (ORNL) and will focus on Accelerating nuclear fuels and

materials qualification by combining high through-put materials irradiation and testing, Taken from: MeV (2022),

advanced PIE, and Multiphysics modeling.
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EXAMINATION TECHNOLOGIES CYCLE MATERIALS TECHNOLOGIES AND CHALLENGES ~ NUCLEAR CHALLENGES
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Part-2:

Ny
- Enhancing Reactor Technologies and Systems T

ENHANCING CURRENT
REACTOR
LWRS TECHNOLOGIES
Today Potential Future Energy System
Plant Electricity-only focus Enhanced energy system leverages contributions from low emission

Rlocetitavion energy generation for electricity, industry, and transportation

Flexible Plant
Operation &
Generation

Large
Light Water
Reactors

Small
Riﬁk |I'Ifﬂrl"l"IEd Modular =

System Analysis > Reactors fed
B SR Industry

Micro
Reactors

Materials Research

Hydrogen for
Vehicles and
Industry

Advanced
Reactors Ehenp"zlii:i
Physical Security Processes Taken from:

Flexible Generators % Advanced Processes %* Revolutionary Design  Gehin, J. (2022)
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Part-2:

-Advanced Reactors: Testing at INL

ADVANCED NUCLEAR
. z z g ENERGY

National Reactor Testing Station National Reactor TECHNOLOGIES
52 Reactors at INL over 25 years Innovation Center
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MARVEL MRIC Test Beds DOD Pele Reactor Southern/Terapower MCRE UAMPS/NuScale SMR Taken from:
2022-23 2023 2023-24 2025 2029 Gehin, J. (2022)
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Part-2: @
- Advanced Reactors: Demonstration and Deployment

ADVANCED NUCLEAR
ENERGY

Accelerating future advanced TECHNOLOGIES
reactor demonstration and

deployment ! % NATRIUM® REACTOR
DOME TEST BED 2028 | TERRAPOWER & GE
2024 | NRIC _

R PROJECT PELE
UBTAEP L MICROREACTOR

y — g 2023-2024 | DOD

vor—" ’

S
‘ 025 | oKl
2025 | OKLO

MARVEL

2023-2024 | DOE

@ @ .l .. : I {I 5027 1 :
| }
¥
. S |
* e ot BED MODELING, EXPERIMENTATION . & VALIDATION Taken from

2025 | MRIC Gehin, J. (2022)
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Part-2: _):}

- Nuclear Fuel Cycle: Overview and Challenges

NUCLEAR
Road Map for Toda FUEL
p y 2 CYCLE
2T -
3-5% U-235. & fabrication
1 Used fuel/spent fuel
Front End i
\ ——
Conversion
0.7% U-235 ' to UF, 3
™5
Back End
| ~ Disposal 1 Recycling
Taken from:

P. Paviet, DOE Overseas Corps Orientation Seminar, 14 JUN 2018, DOE, Office of Nuclear Energy Paviet P (2 022)
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Part-3:

- Advanced Reactors Fuel and Materials

ADVANCED REACTOR
FUEL AND
Multiple barriers for toxic release MATERIALS

Advanced Fuel &
Materials: Example

Fuel & Materials .
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v
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High Density |
Fuels (UN,
UsSi) |

Taken from: Rebak, R. B. (2022)
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Part-3:

- Nuclear and Radiation Challenges: Fundamentals

NUCLEAR
Five main radiation damage “scourges”: FUNDAMENTALS
o _ . ’ i Bubbles, voids, precipitates, solute segregation
1. Radiation hardening and embrittlement SFT, Dislocation loo G—LMG@" P ictary
(<O4 TM’ >01 dpa) Amorphization helium cavities
: e n cs & ceramjcs Network dislocations e i }E G iL
2. Phase instabilities from radiation-induced " ———

precipitation (0.3-0.6 T,,, >10 dpa)

3. Irradiation creep and growth (<0.45 T,
>10 dpa)

4. Volumetric swelling from void formation
(0.3-0.6 Ty, >10 dpa)

5. High temperature He embrittlement (>0.5
Ty, >10-100 appm He)

PR~ T

Stage I Stage I11

Stage V
S.J. Zinkle, Phys. Plasmas 12 (2005) 058101: 0 0.1 02 0.3 0.4 0.5 0.6
Zinkle & Busby, Mater. Today 12 (2009) 12 Irradiation Temperature (T/Ty) Taken from:

Zinkle, S. (2022)
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Part-3:

- Nuclear and Radiation Challenges: Applications

Low T (< 0.4 Tm, < 0.1 dpa)
Intermediate T (0.3 < Tm < 0.6, > 10 dpa)
High T (> 0.4 Tm, > 10 dpa)

Lifetime

Hardening,
Fracture
°

NUCLEAR
FUNDAMENTALS

He embrittiement,
Thermal Creep,
Corrosion

Dimensional YA
Instability

Materials Design
Window

Taken from: Wirth, B. (2022)

RPV DBTT- Ductile to brittle transition temperature

Temperature

Wirth et al., 2013 SOFE proceedings

Fuel rod bowing

RPYV steel |

-

L.E. Steele (1975)
IAEA Tech rep. 163

A302-B reference steel

@ =3.1-3.5x10" (nfem? > | MeV)

(&= 66 mb, *'Mn, fission) -
0.3 Ty

ST T T T O N [ L g g a2 a 0 4

Reactor pressure 100 - — 0
vessel (RPV) can be 2 160
embrittled by exposure > Uniradiated AUSE| ]

to neutrons, manifested s . ) L
by transition i 0 - A < .
temperature increases E_
(AT) and upper shelf i imadiated | Q) § wl
energy decreases . Brite | 3
(AUSE). -100 0 100 200 "o

T(C)

100 200 300

Irradiation temperature (°C)

Taken from: Zinkle, S. (2022)

404
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Part-3:

- Nuclear and Radiation Challenges: New Reactors

Relia
Integri
Management

(RIM)
Program

Taken from: Sham, S. (2022)

~=@=Alloy 709
—e—Adv. HT-UPS-2
—— Adv. HT-UPS-1
——HT-UPS
===316H

Thermal stability

Property Rank Chart HT Tensile
1

Weldabitily

Na Compatibility &

Creep-fatigue

Property rank chart for
austenitic alloys

Taken from: Sham, S. (2022)

New and advanced reactors design differs based on fuel,
coolant, operating conditions and structural materials !!

NUCLEAR
FUNDAMENTALS
Packing

fraction (%)
S0

Time-averaged

Power density ternperatura [°C)

(W /ee)

— AGR (US)

German

Japan

Burnup

(% FIMA) 5 Fast fluence

(=10%F nfm?)

Conventional TRISO fuel performance envelopes

Taken from: Demkowicz, D. (2022)
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Part-3:

- Fuel and Materials: R&D Challenges

Reactor Materials-Design Windows

100 t

] Dumer’asnondl Changes

80 1
= S (173 UTS) Iy 1
S o Corrosion/SCC
w
2 p— S, (10 5h, 213
‘: 40 emrbrittaleg':‘ent | b..-creep rupture o)A
= regime
§ (pt=1x10 20 nfcm?)

20

S. M. Zinkle, ORNL

%00 706 €00 800 1000 1200 1400 &
Temperature (K)

Properties change with radiation —

Taken from:

Material limitations Allen, T. (2022)

GFR o B
w ' ' ' | | |
Mo (TZM) | | T
Ta SW_2Hf | [ H
Nb-1Zr-.1C HE i
V-4Cr-4Ti [] HE
ODS ferritic st. l ] Temperature Range
F/M steel I H Grayp—UsefuI °
316 SS HH Blue—? Ppssible
Inconel 718 I I Red —7? Possible
CuNiBe | |
SIC/SiC . . [ ] s | |
Taken from:  ¢"~"Z200 300 600 800 1000 1200 1400

Allen, T. (2022) Temperature (°C)

What Matters?

*Enabling New Capability
*Speed of Deployment
*Optimizing & Protecting Systems

ADVANCED REACTOR
FUELAND
MATERIALS

1200 . . . .
1000
%
VHTR 1
3) 800 | | | 1
E Z .W‘@%*@&W‘&’ﬁ‘@;@@@@'@ & P— SIC
5 B - | fusion
5 goo L. ... ggg@gg &$@$@m$@@$@ _____ ]
g_ .
,,,,, J
= Scww
K 400 [_EEEREE - 1 V alloy, ODS steel
i F/M steel
200 ! = i ]
\ Current I{Gen II}| llssmn reactors
ITER fusion raactcr i i i ]
ol. .. A I N
0 5'[] 100 150 200 250

Displacement Damage (dpa)

Very High Temperature Reactor
Super-Critical Water Reactor

Gas-cooled Fast Reactor

S.J. Zinkle & J.T. Busby, Mater. Today 12 (2009)

12
Lead-cooled Fast Reactor
Sodium-cooled Fast Reactor

Molten Salt Reactor

Taken from:
Zinkle, S. (2022)
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Part-3:

- Modeling: Computational Methods for Nuclear Challenge

High-Fidelity
Modeling and
Simulation

Optimization

Manufacturing Data Analytics

Uncertainties

Ref. Gurecky, et al., “Parallel Simulated Annealing with Embedded
Machine Learning and Multifidelity Models for Reactor Core Design,
PHYSOR 2022

Taken from:
Kropaczek, D. (2022)

sec

ms

ns

ps

COMPUTATIONAL
METHODS FOR
NUCLEAR CHALLENGES

Phase Field Chemical

Models

TIMESCALE

Accelerated Kinetic
Molecular  Monte Carlo/ Dislocation

Dynamics Dynamics

Molecular
Dynamics

Electronic

Structure & LENGTHSCALE
ot ”
nm wm mm m

Taken from:
Wirth, B. (2022)
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Part-3:

- Modeling: Computational Complexity

Reactor
Physics

Thermal
Hydraulics

Mass, Momentum,

(n +v) Transport
and Energy Transport

Nuclear XS Feedback
On-the-fly XS Processing ' |

Whole-core
subchannel resolution

Isotopic Transmutation Multi-phase flow

Fuel Coolant
Performance Chemistry

Thermal Transport Crud source term

Surface deposition
and growth
Equilibrium
thermodynamics

Fuel Evolution
(relocation, swelling)

Clad Evolution (creep)

Mechanical Contact
echanical Contac Chemical Kinetics

Taken from:
Kropaczek, D. (2022)

COMPUTATIONAL
METHODS FOR
NUCLEAR CHALLENGES

Complexity of nuclear fuel performance

L~

Conditions

e
Fuel Swelling
Fuel Creep /},

Fuel Unit
mechanisms

Fuel L
cracking

| Fissiongas  Jee" 7
P F'll
-___ P

oo 0
ad e |

State variables

From M. Tonks et al., Annal. Nucl. Energy 105, 11-24 (2017).
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Taken from:
Andersson, D. (2022)
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Part-3: E —l”'

- Modeling: Computational Tools

COMPUTATIONAL
METHODS FOR

| MOOSE | NUCLEAR CHALLENGES

Griffin
Radiation Transport

Bison Grizzly
Structural Mechanics for
Compo

Muclear Fuel Perfarmance

i v

MPACT Shift

DAKOTA
ORIGEN

MOOSE

Marmot Mole
Mesoscale Materials Species Transport

Tilinos
lIbMesh -
. PETSc

MAMBA

I".-'I.E F'Jt |'I:'l. I'l."l eW

SAM
Multiscala Mulliphysics
= 515

Taken from: Taken from:
Kropaczek, D. (2022) Gehin, J. (2022)
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Part-3:

oo
u ] u ] u u m
- Experiment: Irradiation Testing and Examination
B IRRADIATION
Accelerating nuclear fuels and materials qualification by ! sl
combining high through-put materials irradiation and e 2

‘ EXAMINATION
s L

IVEM
(In-situ)

testing, advanced PIE, and Multiphysics modeling

Advanced Materials & Manufacturing Technologies

o]
&
c
_é” Materials
T Development Integrated
% Approach
e

Environmental
Effects

*Er?"' Taken from:

* Machine lear™® MeV (2022)

& (TReAT B
| B .EI
o - = ) Taken from: Woolstenhulme,
N., Heidrich, B. and

Bhowmik. P.K. (2022)
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Part-3:

- Experiment: Irradiation Test Apparatus at HFIR -

IRRADIATION

. i .. . TESTING AND
Mini Fuel irradiation vehicle EXAMINATION

Basket Target Capsule Fuel

Insulators a

®3 mm X 0.3 mm

Target
basket

@800 pm kernels
3 x axial \
targat Section
positions A-A & X

S >

positions ®1.2 mm TRISO
particles

High fission densities at constant temperatures

Taken from:
Bhowmik. P.K. (2022)
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Part-3: Qo
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- Experiment: Irradiation Test Capabilities at TREAT
IRRADIATION
TESTING AND
* Microreactor system scale benchmark experiments (NIMBLE) EXAMINATION

Capsule Pres-

sure Detector Instrument
Penetrations

 Inert gas test capsule (SETH)
« Sodium capsule (THOR)

* Sodium loop (Mk-IIIR)

* Gas Fast Reactor Loop

* Molten Salt

Rodlet Pres-
sure Detector

Expansion
Boiling Volume

Detectors

Cladding
Thermometry

Heater
Coil

LWR
Instrument Capsule Rodlet
& Specimen Body

Holder

Rodlet Elonga-

tion Detector

Taken from:
Bhowmik. P.K. (2022)
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Part-3: %‘é
[l Experiment: Irradiation Test Capabilities at TREAT (cont'd) 9"

The MARCH System IRRADIATION
TESTING AND

EXAMINATION

SETH f F m—
A Module 1 I } A
Removable Heater I
g |
Insulation I
b |
THOR
v, <
Module I
Primary Conta inment
Pipe, 2 %4” SCH 40
6 cm useable ID 1 I
:
1
i ™. Other I
Modules
Here MARCH (Minimal Activation Re- I
trievable Capsule Holder) )
TER (Broad Specim
Reflector Block t Experiment fig) I
(Graphite) CINDI (Characterization-scale Instru- \_
mented Neutron Dose Irradiation)
SETH (Separate Effects Test Holder) L J
Temperature Heatsink
ultipurpose
. Taken from:
Containment TREAT is the nexus, MARCH is the gateway O ( )
Bhowmik. P.K. (2022) Overpower Response (THOR
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Part-3:

- Validation: Reactor Fuel and Materials Licensing Approaches
The NRC Regulates / o N

Systems
Analysis

Radioactive materials for
medical, industrial and

academic use Nuclear

Materials

/""--- -
/ 1 e
.-"'-’- --H-H"\-\.

{ Volume #5
-II Nuclear y

Fuel Cycle / Mﬂl’__ ‘\_
| Modernizing
Our Tools &

Computer

__""\\ o e
Volume #4 Volume #3

»

NRC
advancing b -~ _ . _
gby ModerniziNgigy Flexible Review Supporting Strategic Stakeholder Taken from:
Our Tools : Strategies Innovation Policymaking Engagement Furstenau, R. (2022),
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Part-3:

- Validation: Reactor Fuel and Materials Licensing Challenges
o, g—)

Advanced Manufacturing
Technologies (AMT)

mJ Licensing Modernization
e Project \ Advanced Fuels Testing /
Components of an AMT Qualification Program Advanced and
New Fuels
Production Process
Fabrication Process Supplemental Performance
Qualification Testing ST Monitoring
Verification Taken from:

Furstenau, R. (2022),
Approved Quality Assurance Program

Unirradiated Test Reactor Lead Test Assembly Irradiations Transient Irradiations and
Irradiations and and Testing Testing Updates to Analyses of

Materials Testi
e Testing Record

Source Term and Other Non-Fuel Performance Testing
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Part-3:

- Validation: Fuels and Materials Licensing Pathways

Engineering Driven
Nuclear Technology Design and Deployment:

Instrumented
Test Train

Engineering Driven

Dual Pipes for
Inlet/Outlet Flow

le—=

Inaccessible

'- .
Representative Material N\
Models

K
. b T o]
I : - b "0 ~ -
5 - * » A
i . Be-Filler X /
| N UBmanseatng | oyl
— + 1 s i
ﬁ I 8 l ... gl
.2 ey . A
& oY m S ATR -
0,9 )
| Sp ORI Davy L=

Booster Fuel Fueled Test
Large-l ™ // Section
y

) ( )
|
~— T
w
Q,
: I
=5
o
(]
w
Q
w
D
Q.
Scale State
A
/o
{ %
4
o0
()
e e
o
‘é) Q)
ooy
“ Q ¥
e

a
= ok L0 O
Mathematical Analysis Scali ‘K/I th "a -,3}@3;00 0,5}
calin ethods .3 Tt
g R : Instrumented
'ot'.. .
Simulation Experiment Te St b € d S

Taken from:
Wachs, D. (2022)
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Part-3:

- Validation: Accelerated Fuel Qualification and Licensing

Data - Driven Approach O ' - \
Pellet Fuel rod

=350 pm fuel
microsphers

odeling, Experimentation & Validation
2 [SUMMER SCHOOL

All empirical: Out-of-pile and in-pile data

":-1.:' ) iy 2
Saf Performance
afety ” Risk Management
=

Uncertainty
_....—-Ih Accelerating nuclear fuels and
R s gio R ‘7’ materials qualification by
Scale models més mé&s Irradiations/m&s = WL 4

« Combining high through-put
materials irradiation and testing,

 Advanced PIE, and
* Multiphysics modeling

NRC Licensing

Modeling and Simulation with Experimental Validation: AFQ Approach

Accelerated Fuel Qualification White Paper, by the Accelerated Fuel
Qualification Working Group White Paper Task Force (slide courtesy
R. Faibich, GA).

Taken from: Andersson, D. (2022)
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Thank you for your attention!




