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NEAMS SNL. A

Nuclear Energy Advanced Modeling .
and Simulation ldaho National Laboratory

Mission Statement

NRIC: Deliver successful demonstration and deployment of advanced nuclear
energy

> EBRII Test Bed (DOME)
> ZPPR Test Bed (LOTUS)

» Virtual Test Bed (VTB): Accelerate deployment of advanced reactors by leveraging
state-of-the-art ModSim tools developed by NEAMS program

Ok but what is it?
Reactor Demonstrations

1) Model Development
Leverage codes supported

2) Model Repository

by NEAMS to provide « Storing and

powerful, highly-adaptable showcasing open use-
simulations: cases

* Analysis Tools « Stewardship of

« Problem benchmarks industry-relevant

+ Testing capabilities models

\ ety review * Integration with code
% development
\ framework to avoid



2. GitHub Repo

Ability to clone and contribute to models

The VTB Repository

£} Notifications

sests ?) Actions Projects Wik Security nsights

# main ~ ¥ 2branches © 0 tags Go to file 4 Code - About

The National Reactor Innovation

GiudGiud Use public links in repository, refs #3 s 1hour ago D88 commits Center's (NRIC) Virtual Test Bed
Repository
W doc Use public links in repository, refs #3 hour ago
M Readme
B htarmhtgr Imit each test o the relevant applications that can run them, refs #8 2 days ago N
[ View license
M mstr Limit each test to the relevant applications that can run them, refs #8 2 days aga
B8 pbihi/reflector Limit each test to the relevant applications that can run them, refs #8 2 days ago
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Noreleases published
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w Q contrbuing Cung GitHub €@

gitignore Add FHR steady state input files 2 days ago Packages

COPYRIGHT

Fixup for Ifs files 21 hours ago No packages published

LICENSE Add license, copyright and readme to repository 2 days ago

Virtual Test Bed

Welcome to the Virtual Test Bed (VTB) repository!

README.md Use public links in repository, refs #3 hour ago Contributors 2

GiudGiud Guillaume Giudicall

This repo is a National Reactor Innovation Center (NRIC) initiative aiming to facilitate the use of advanced modeling & simulation (M&S) tools developed by the Department of README.md
Energy NCAN sgram. Following the passage of the Nuclear Energy Innovation Capabilities Act, NRIC was created for accelerating the deployment of these novel reactor
concepts. This will be achieved by providing both physical and virtual spaces for building and testing various components, systems, and complete pilot plants. The VT8

represents the virtual arm in collaboration with DOE's NEAMS program.

milljm Jason Miller

Welcome to the Virtual Test Bed (VTB) repository!

This repo is a National Reactor Innovation Center (NRIC) initiative aiming to facilitate the use of advanced

The VTE repo hosts a wide variety of example challenge problems based on advanced reactor designs. This website contains the background and documentation for each use modeling & simulation (M&S) tools developed by the Department of Energy NEAMS program. Following the Languages

case. Click on a reactor type below to find out more. To access the corresponding inputs and supporting file, refer to the reposiior,. passage of the Nuclear Energy Innovation Capabilties Act, NRIC was created for accelerating the deployment of  —
these novel reactor concepts. This will be achieved by providing both physical and virtual spaces for building and P O CUDiEE:

Users will need to request access to the controlled NEAMS software from the Nuclear Computational Rescurce Cnter. For additional Information on the VTB, please reach aut to ' & ! e s L 3 G o,
testing various components, systems, and complete pilot plants. The VTB represents the virtual arm in s

Dr. Abou-Jaoude at abdalla.aboujaoude.at.inl.gov. e E02n

collaboration with DOE's NEAMS program.

The VTB repository hosts a wide variety of example challenge problems based on advanced reactor designs.
Please refer to the and d tation for each use case.
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Pull Request
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https://mooseframework.inl.gov/virtual_test_bed

MOOQOSE Framework

What is MOOSE?

G VT 2

Multiphysics framework to capture various reactor
physical phenomena (neutronics, hydraulics, heat
conduction, fuel performance etc.)

Finite element based (with new finite volume
capability) and massively parallelizable

Standardized input structure
Nuclear SQA compliant

Why Multiphysics?

Reactors are inherently Multiphysics

Upcoming reactor designs rely on non-traditional
Multiphysics effects (e.g. Core expansion, heat pipes,
molten fuel, fluidized beds, porous flow, etc.)

Predictive Multiphysics enables the study of:

* Power uprates, material changes, design/safety
basis, accident scenarios, design feasibility,
moderator choice, fuel Ioadlng optimization,
NMEICHE] degradation, etc.



fast flux  thermal flux solid temp.  fluid temp.
Pebble Bed Fluoride-Salt-Cooled High
Temperature Reactor (PB-FHR)

 Griffin: Multigroup diffusion

* Pronghorn: Navier-Stokes Finite Volume porous o N ffxpgfﬁfure
media equations with PBR closures with a ecwm : | , 1400s diring
multiscale fuel treatment e e | transient

* SAM: 1-D systems level thermal-hydraulics model fg;s‘ \ l
of the primary, secondary, and DRACS loops s e

» Steady state and a loss of flow (LOF) transient }j‘%ﬁg;ﬁ}g;em

ol

« SAM: 1-D systems o

* Griffin+Pronghorn: 2-D Core Model o

w 4° Steady-state coupled conditions 5



Mk1-FHR

¢ 20% enr. Fuel
contained in TRISO

Inside pebbles

e Fluoride salt
coolant

* High temperature

\
W/

. AIr Direct reactor aux.
N+ inlet cooling system loops
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machines
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cooled heat
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LEGEND
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Figure from “Technical Description of the “Mark 1" Pebble-Bed
Fluoride-Salt-Cooled High-Temperature Reactor (PB-FHR)" Tech.

Report by UCB



« Points of Contact:
* Javier Ortensi

G rlffl n (Javier.ortensi@inl.gov) Changho

Capabilities Lee (clee@anl.gov)

» Flexible, extensible reactor physics using the MOOSE framework
» Collaboration between INL and ANL development teams

* Range of mesh-based MG deterministic solvers (CFEM/DFEM/HFEM w/
SN/PN/diffusion)

FY 22 Highlights

» Enabled multiphysics time-dependent solutions with the SN solver Fast Flux (Group 2) Thermal Flux (Group 8)

e : : : HFEM-PN Solver
* Initial implementation of HFEM-PN solver and pin power reconstruction Bottom Pins Bottom Core

* Initial fast reactor and thermal reactor cross section generation workflows e
1 € Lore
Middle Pins

* Improved SQA documentation and first official release November 2022

Planned FY 23

« PBR workflow (cross sections, burning-in to equilibrium core, sensitivity analysis) K228

« SFR workflow (cross sections, equilibrium core, sensitivity analysis)

Access
e ey Ry 8.4e+02 883‘;3?;;31’;;; ;I;()) 1.0e+03
- Resouceestddistourse foruikLtbirduddet KbrtRGasedBRatource e 2 ||
Center (https://inl.gov/ncrc/) or by contacting nera-software@anl.gov MP transient calculation



Griffin core model Graphite

pebbles

fast flux thermal flux

* Fresh core

* 8g diffusion XS generated from
coarse Serpent tabulation on salt, fuel
temperature

Fuel

e Presented at ANS Winter 2021  Pebbles fi

 Slated to be superseded by Generic
PB-FHR model

Control
rod

. Inney’ EH i -\ Outer
\ ref. reflector




Pronahorn

Lumped Systems
parameter scale
approaches

Porous media/ Engineering
Subchannel/Coarse CFD scale

Reynolds Averaged
Navier-Stokes

Lower
Hybrid Turbulence Modeling length
Large Eddy Simulation scale

Direct Numerical Simulation

Modeling options and approach

Pronghorn Development and Analysis Group, “Pronghorn: a coarse
mesh thermal-hydraulics application based on MOOSE for advanced
reactor concepts,” NUC workshop - Innovations in advanced reactor
design, analysis, and licensing, Raleigh, NC, USA, 2019.

Capabilities
- Based on the Idaho National Laboratory Multiphysics
Object-Oriented Simulation Environment ( )
with other MOOSE-based
applications
- Developed following INL's
flow simulations for steady state
and transient analysis
built into the code for
different type of reactor analyses
- Possibility to implement and
material properties the need of accessing the

- All parameters and correlations are opening
the possibilities to studies.
- Structured and mesh.

- Finite element method (FEM) with stabilization and
finite volume method (FVM) with different
interpolation schemes.

9
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Pronghorn flow model

* Navier-Stokes Finite Volume porous media
equations with PBR closures with a
multiscale fuel treatment

T[]
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e Coarse mesh, 2D RZ model

U [ ]]
L[ 111 (]

* Distributed 1D pebble models sampled at
various locations of the mesh
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117 ]
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Griffin — Pronghorn coupli

* Power &
Temperature fields

Interpolated

* Preserve power
during transfer

Here: mesh align and
only 1e-6 norm error

General case:
renormalization
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SAM primary loop model

e Standalone
simulation on VTB
with 1D-core
which will be
substituted for
Pronghorn multi-D
core

e Steady state and
ULOF transients
available

\
W/

Elevation-Temperature Plot

3
During full-power
4 operation, DHX
DHX: removes some
heat rejection to | |2 : heat to keep
DRACS loop From primary o DRACS molten
heat removal £
I 5 (Diode) 2.
: 0 +«—— Core and
o Bypass mix
Partial nodalization of o
Mk1 Pebble-Bed FHR . -
Time = 90s | 6 -
Normal operation 1
TK) Core BYDESS
799 922 1045
| — 850 900 950 1000 1050 1100

Temperature (K)

Ref: Benchmark Simulation of Natural Circulation Cooling 12
System with Salt Working Fluid Using SAM, 2017



Pronghorn — SAM coupling

* Exchange pressure, temperature, velocities on
core inlet and outlet

 SAM: component with postprocessor BCs

 New boundary conditions in Pronghorn:

 Mass/momentum/energy flux BCs
e Velocity / temperature Dirichlet BCs also work

e Tally of mass/enerqgy flow rates using a newly
developed VolumetricFlowRate postprocessor

\
W/

13



Summary of the multi-physics coupling

* |nitialization simulation ' Mexs
with only fluids (SAM and
. POWET  ouidet v, T

Pronghorn) Ilet P
* Steady state and transient LIETETOEE — [j

use the same coupling / Outiet P

e Transient restarts from
steady state Temperature BCs

L

qh 14
\



Summary coupling model

* Nested fixed-point iterations
* Different physics have different time step requirements

* Naturally handled by MOOSE us;
* May use different time

0 sub-cycles

integration schemes for each
physics

'n core

W

15



Results — relaxation to steady
state
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Results — null transient
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Results — flow-variation
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Related works coming to the VTB

e MSR SAM-Pronghorn coupling with domain overlapping approach

e "Coupled Griffin-Pronghorn-SAM Model of a Molten Salt Fast Reactor System
Transient in the Virtual Test Bed"”

e Just before this talk!
* |naPRtothe VTB

* Generic FHR multiphysics plant model with depletion
e Developed by Reactor Analysis group at INL
e Coming soon to the VTB!

W
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Summary
¢ Loupled SAM-Pronghorn-Grittin multiphysics model ot the primary loop

Grittin — Pronghorn tor the core model

* SAM tor the primary

. Loupledhthrouqh pressure — velocity — temperature boundary conditions in a domain-segregated
approac

I:xample ot COUp“nC] simulations toqether shown at VIB lech lalk
e Coupling using the MultiIApps- | ranster approach
 SAM-Pronghorn I1s most challenging coupling

 Coupling pertformance:
* Max Iterations observed:
* Max stable timestep size: ‘ ’

* Funding acknowledgements: NEAMS & NRIC/V
* Reterences:

A\

N
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