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Fusion Energy Reactor Models Simulator (FERMI)

» Framework focused on high
fidelity integrated engineering
modeling for fusion systems.

* Fully integrated framework
allows fast design iterations
and design under uncertainty.

« Highly efficient HPC codes are
needed to allow high-fidelity
design integration.

Badalassi, V., Sircar, A., Solberg, J. M., Bae, J. W., Borowiec, K.,

Huang, P., ... & Peterson, E. (2023). FERMI: fusion energy

reactor models integrator. Fusion Science and

Technology, 79(3), 345-379.
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Fusion REactor Design and Assessment (FREDA)

multi-fidelity

v

P
<

° Extends FERMI framework W|th Design Scoping Design Optimization Digital Twin
high-fidelity plasma treatment. systoms code, generic de-isk components, sub- full systere, lant
. fo . dimensions systems demonstration
» Multi-fidelity approach allows takes conte, Sosan g
advantage of all levels of fidelity. Prodet Buring Piasma |~

« Al/ML integration allows design
integration speed-up.

 High-fidelity HPC codes still needed
to generate date and feedback to
lower fidelity codes.

multi-physics

Handle Reactor
Relevant Conditions <

Harness Fusion Power

SCIENCE DRIVERS

Collins, C., Park, J. M., Barnett, R., Borowiec, K., Hassan, E., Humrickhouse, P., ... & Badalassi, V.
(2023). Introducing FREDA: an integrated physics and engineering tool for fusion reactor design,
assessment, and optimization. In APS Division of Plasma Physics Meeting Abstracts (Vol. 2023, pp.

LEADERSHIP . . CO009-005).
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VERTEX Initiative

Multiphysics
Application

Development

+ New coupled algorithms for
steady and time-accurate
problems

+ Manage multiple grids
under independent
refinement

+ Coupled particle, grid, and
hybrid physics

-National Laboratory | FACILITY

Implicit Hyperbolic
Partial Differential
Equations Solvers

+ Turbulent liquid metal flows
with MHD

+ Multicomponent gas
dynamics with advanced
shock operators for high-
speed flows

* Novel EM discretizations
for improved stability

Hybrid Particle-mesh
Integration

+ Particles as a primary tool
for solving PDEs and other
equations

+ Plasma surface interaction
physics

« Impurity and isotope
tracking in complex
geometries

Unstructured
Adaptive Meshing
Tools

+ New ORNL workflow
capability for analysis

+ Curved mesh for real
geometries

+ Support stable and
accurate low-dissipation
numerical schemes

Pl: Franklin Curtis

Software for
Accelerated Node

Architectures

+ Up-front design connecting
to ORNL data workflows

+ Oak Ridge Leadership
Computing Facility (OLCF)
4/5/6 architectures used
for solving ORNL problems




Design optimization and the need for HPC CFD codes

Multi-objective neutronics optimization study
Development of the first wall Limiter integrated analysis
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Utilizing automated workflow for
design optimization studies

* Parametric CAD generation tool:
TRACER was developed to represent
the design

* This allows for automated design
optimization

* Fully automated workflow was
developed to optimize the neutronics
performance

Borowiec, K., Bae, J. W., & Badalassi, V. (2024). 3D high-fidelity automated neutronics guided
optimization of fusion blanket designs. Fusion Engineering and Design, 200, 114159.
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Values Nominal Optimized
first wall thickness 2 3
inner VV thickness 2 1
coolant channel thickness 2 3
neutron multiplier thickness | 1 0.81
outer VV thickness 3 1
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VV sepc. activity (PBq/kg) | 0.748 0.685
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Utilizing automated workflow for
design optimization studies

* Parametric CAD generation tool:
TRACER was developed to represent

the deSlgn Values Nominal Optimized
first wall thickness 3
. . inner VV thickness 1
* This allows for automated design S0l el i 8
. . . neutron multiplier thickness ;
Optlmlzathn outer VV thickness 3 1
TBR 1.127 1.204
VV sepc. activity (PBq/kg) | 0.748 0.685
* Fully automated workflow was S dollae) 4556 B0
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Design optimization and the need for HPC CFD codes

Multi-objective neutronics optimization study
Development of the first wall Limiter integrated analysis
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Engineering Optimization of First Wall Protection Limiters

Initiative: Validated Design and Evaluation of Fusion Wall Components Team: Katarzyna (Kate) Borowiec (PI), Jake Nichols, Jin Whan Bae, Arpan Sircar,
LOISID: 11441 Furkan Oz, Ahmed Almeldein, Juergen Rapp

* Goal: develop integrated design tools for first

wall protection limiters, to enable the (*  Parametric (" CoolantcFD )
CAD (TRACER)

development of reliable, resilient, and compact (OpenFOAM)

first wall systems.

Coolant flow |+
velocity ‘

» Accomplishments: successful demonstration of
subtools (CAD, neutronics), and identification of
physics model inadequacies (heat flux) or
bottlenecks (CFD) + mitigation plan

* Remaining/updated project scope:

J

 Adapt stellarator codes to more accurately
account for 3D heat fluxes with poloidal limiters

Enriched (90%) Li

* Reduced-order models for CFD acceleration

* Integration of subtools inside optimizer

TBR

 Deliverable: High-fidelity coupled engineering
& plasma physics framework to support rapid
first wall iterative design for public/private MFE

concepts Plasma heat
flux deposition

~~~~~~~

Global TBR
impact (OpenMC()

\_ y,
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Reduced order model for rapid
design optimization

3D conjugate heat transfer coupled along
with cooling channels are a demanding
problem considering there are multiple
long cooling channels.

* Hence a preliminary study is conducted to

=1 : : : Information exchanged
utilize 1D Pipe equation for the cooling at the solid liquid l
channel modelling coupled to 3D heat interface
conduction equation. 500
* Reduced order models can be created to 480

determine pressure drop and heat
transfer coefficient

460

Tw [K]

440

420
Requires efficient,

GPU enabled codes 400
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Liquid immersion blanket simulations using VERTEX-CFD

VERTEX-CFD
LES solution without MHD
LES solution with MHD
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VERTEX CFD

« VERTEX-CFD will be used to solve for
fusion blanket problems:

» LDRD (inductionless model)

» SciDac (full-induction model)
« VERTEX-CFD will rely on:

» VERTEX-CORE,

» VERTEX-CLOSURE.

» VERTEX-MHD

» Fusion blanket problem is a multi-
physics problem that requires a fully

coupled solver.

« VERTEX CFD is open source and
available here:

https://github.com/ORNL/VERTEX-CFD

Conjugate
heat transfer
(VERTEX-CFD)

LEADERSHIP
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Multi- MHD
dimension (VERTEX-MHD) Closure models
Navier-Stokes (VERTEX-CLOSURE)

Equations
(VERTEX-CFD)
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Robust and
accurate multi-

physics solvers
(VERTEX-CORE)

Reynolds Average

Navier-Stokes methods
(VERTEX-CFD/CORE)

Lead developer: Marc-Olivier Delchini


https://github.com/ORNL/VERTEX-CFD

—— coarse mesh

VERTEX-CFD scaling (Summit) 10 —— Basomesn
EGO
= 50
@ 40
+ Initial scaling of VERTEX CFD was c
investigated on summit =
» Scaling on the right includes a simple 1
geometry solving Navier—Stokes equations
with MHD ’ MPIRanks, GPUS
» Code shoes good convergence behavior 8 — coarsemesh /
Base mesh

with strong scaling 7

« Scaling studies are underway on the new
ORNL machine: Frontier

—+— Fine mesh

2 103

¥ OAK RIDGE |55 Scaling prepared by Eirik Endeve 10
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periodic BC

Liquid immersion blanket outlet /
W
« The blanket an important component of the fusion power plant, : wall
being responsible for: /
 Shielding

 Power extraction

» Breeding

« We are working with Liquid immersion molten salt blanket based
on ARC class device.

y
« The blanket has no structural components and consists of pool |
of molten salt. inl

et /
« Note: The inlet and outlet are not consistent with the final design ./ /
therefore this study is purely exploratory. -

« Reynolds and Hartmann numbers were evaluated for the inlet.

5200
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Liquid immersion blanket simulations using VERTEX-CFD

VERTEX-CFD
LES solution of liquid immersion blanket
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LES solution without MHD

« The Wall Adapting Local Eddy-viscosity

(WALE) model was used for all LES runs.

* The no-MDH runs were conducted to
investigate the effect of MHD.

« The Hartman number of molten salt
blankets is much lower than for liquid
metal blankets. However, there is a

significant influence of MHD on the flow.

 This are preliminary LES. We still must
investigate grid refinement and energy
cascade.

% OAK RIDGE | tseossste
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LES solution MHD - problem set-up

» This analysis uses simplified ~1/r
dependence for B field with the toroidal
direction.

 However, accurate solution of B field is
available and will be mapped onto the
grid in the future.

» The fully developed flow was determined
by comparing inlet and outlet mass flow
rate.

« The inlet Reynolds and Hartman numbers
are included in the table below:

% OAK RIDGE et
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1.8e+01

— 14

—12

— 10
l 8
6.7e+00

B [T]



LES solution with MHD [

— 1

« The B field is in the toroidal
direction the resalting vxB
term in the plane of the flow.

* Electric potential is the highest
in the region of higher velocity.

 The turbulent eddies are less

pronounced for the solution 520401 6-96+00
with MHD. [45 5
40
e This is consistent with MHD s g -4
having the effect of ~30 2 -3
suppressing the turbulence. :zz g 2
3 —1

— 15

10
5

%OAKIILQII)DGE Efgc[ffufc 1.4e-06

velocity Magnitude
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Influence of MHD effects on flow

solution

The presence of the magnetic filed
significantly changes the flow in the
blanket.

This effect is expected to also influence
the heat transfer and will be investigated in
the future.

The MHD effects are
significant and must

0.10 15
be accounted for — w .
. . 000 I NO MHD
in design ] 01 0
iterations. 008 00 |
N < x 0.5
> 2-0.1 =
'3 007 8 3
2 | 2 -0.2 ¢ 00
0.06 -03
| -05
0.05 0.4
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x[m] z[m] z[m]



Future VERTEX-CFD development

» Physics development:
« Conjugate heat and electric transfer
« Turbulence closure models for MHD for molten salt designs
* Full-induction model
« Wall models

* Other development:

 Tight integration with TensorFlow lite for closure model
inference

» Development on Frontier and other DOE supercomputers
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Thank youl!
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Back-up slides
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Incompressible NS models

- Artificial Compressibility (AC) » Entropically Dumped AC (EDAC) « Quasi-incompressible model
« Two equations: one continuity and « Two equations: one continuity and » Three equations: one transport of
one momentum. one momentum. density, one continuity, and one
 Pressure time derivative in  Pressure time derivative and momentum.
continuity equation. diffusive term in continuity « Pressure time derivative in
- Artificial compressible coefficient equation. continuity equation.
to couple pressure and velocity. « Artificial compressible coefficient « Artificial compressible coefficient
- Implicit solve. to couple pressure and velocity to couple pressure and velocity
p=M"2 B=M>
 Explicit or implicit solve.  Explicit or implicit solve.
 Entropy condition.
éat¢p+v-pu:0 _a__E+ui_a£=__.l_§_aﬂ+__‘l____82p P Pt+V(,0ﬁ)=0
Jma+ (u-Vyu+ :—)qup = vWu + % ’ at 9x; M? 0x; ~ Re 9x;0x sl viico
ou; ou; ap 1 a‘L','j P v o

2
a7 Woinnd QR 1A 0
ot : 8Xj 0Xx; Re 8Xj (pa)t+v-(,oﬁﬁ)=—Vp+v-(Rl—e (vﬁT+Vﬁ))

LEADERSHIP T
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% ATy > No predictor-corrector method, no pressure equation to solve.
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