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Background and Significance

* Target: integrated simulation of

fusion blankets for faster design ol e
analyses 2. newly designed divertor
3. copper trim coils
* How: accurate high-fidelity 4. HTS poloidal field coils
computational tools 5 FLiBe blanket
— FERMI (ARPA-E award for 6. HTS toroidal field coils
engineering multiphysics) P
— FREDA (SciDAC award to '
couple plasma physics and i
engineering modules) 9. FLiBe tank
— INCITE award for exascale 10. joints in toroidal field coils

simulations

e This work: focus on acceleration of

i ) NS ) The ARC-class fusion device is a tokamak fusion design
the multi-physics fluid simulations

from Commonwealth Fusion Systems (CFS)
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FERMI: Fusion

Energy Reactor
Models Integrator

Multiphysics simulations for
engineering analysis of fusion
blankets

‘,,.

Reactor geometry

| cubit CAD- |

meshed reacior |Cubit-DAGMC|

~ DAGMC

* Coupled simulations for multiphysics phenomena

* Scalable procedures for advanced high
performance computing architectures

* Optimization, parameterization, validation &
verification, predictions and informed design
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Coupled neutronics and CFD simulations are petformed
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Heat deposition from neutronics is transferred to the
CFD domain and mapped onto the CFD grid
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Sensitivity of simulations to turbulence models
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Conjugate heat transfer
analysis of 3D ARC vacuum
vessel and blanket

Pseudocolor
Var: temp

m"

— 8750
' 750.0
_ 6250
..
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Pseudocolor
Var iniemcl;\desh/T
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Mesh shows solid
components. Contours
show continuity of
temperature through
fluid-solid interfaces
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Var: thermal 2
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Heat deposition
from neutronics
on the solid

Components




Need for exascale simulations

¥
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As we add more physics, computational time increases.

Exploration of design space, parametric studies, optimization of design require ensemble simulations.
OpenFOAM simulations are time consuming — each simulation can take days (up to a week).

Fusion blankets require more physics such as MHD which is poorly understood.

For quick time to solution, GPU acceleration 1s investigated — however, OpenFOAM solvers are

native to CPUs. One approach 1s to use other linear solvers such as PETSc and leverage architecture
agnostic models such as Kokkos.



Quick introduction to PET Sc

I Aoplication Codes I I Higher-Level Libraries ] [
PETSc
. . o ) - TS (Time Steppers) DM (Domain Management)
* [Exascale HPC is moving towards millions of cores with o] Bward | o o | ssp | amranne | Rosenbeock Distributed | Plex (Un
: : - Ar T
high-density cores . - = _Lewew)
SNES (Nonlincar Solvers) TAO (Optimization)
. . . . Newt Neazon Levenberg-
* PETSc includes a large suite of parallel linear, nonlinear 5 | [Line Search| Trust Rogon | FAS | NGMRES | NASM f ASPIN | - | | Newson | ypoue
equation solvers and ODPE integrators that are easily used in z KSP (Krytos Subspace Methods)
application codes written in C, C++, Fortran and Python -3 il Poes] R Y PR P [ R S P
= : ins ; G
: : : P =
* Offers simple parallel matrix and vector assembly routines R o)
. . . > itive ock
that allow the overlap of communication and computation B | Sowarz |scobi| 208 | 1€ [ WU | LU |'SOR | MG | AMG | BODC | Sheh
s
E

with support for MPI, GPU (through CUDA or OpenCL)

and hYbl'ld MPI—GPU Compressed Block Symmetnc
Sparse Row SR Block CSR

Dense | CUSPARSE [ViennaCL] FFT | Shell

Vec (Vectors) | IS (Index Sets)

* PETSc modules includes — index sets, vectots, matrices,
Krylov subspace methods, preconditioners, multigrid ety | Bl | B | M| |

solvers, block solvers and sparse direct solvers

BLAS/LAPACK 1] MPI | |
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petsc4Foam framework

* Execution flow of OpenFOAM 1s unchanged except for the solving part — the final lduMatrix in
OpenFOAM (obtained from discretization) is converted to a PETSc csrMatrix.
Matrix conversion introduces about 2% overbead but allows no intrusion of the OpentOAM source code

* The csrMatrix is operated on by PETSc Krylov Subspace solvers and a preconditioner object

* The PETSc4FOAM library is decoupled from the OpenFOAM build

atec

| _src

L petscdFoam

| Make

t files

options

| csrMatrix

solvers
petscSolver.H
petscSolver.C

| utils
petscCacheManager.C
petscCacheManager.H
petscControls.C
petscControls.H
petscLinearSolverContext.H
petscLinearSolverContaxts.C
petscLinearSolverContexts.H
petscUtils.C
petsclUtils.H
petscWrappadVector.H

|  Allumake

. Allwclean

| Allwmake

| Allwclean

l— tutorials

L Allumake

. Allwclean
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1| splvars

!

i3
1

¥

solver

precondi

petsc
{

opti

{

3

Changes in OpenFOAM
input file fvSolution

patsc;

ticner patac;

one

ksp_type cg;
pc_type bjacobi;

sub_pec_typa dicc;
EKsSp_cg_single reductlon true;
mat_type mpiaijmkl;

caching

E

1

tolerance

relTol
mazltaer

PFinal

i
g

u
1

$p:
relTol

preconditiconaer

matrixCaching
1
update alwvays;

¥
precondivionerCaching
1

update alvays;
¥
1.e-04;
0:

3000;

PBiCGStab
DILU;

Lolerance o;

ralTol
maxItar

0;
B;




| Application Code | | Higher-Level Libraries | | |

PETSc Options in fvSolution PETSc

% TS5 (Time Steppers) DM (Domain Management))
etsc Backward Resenbrock- Distributed | Plex (Un
g Euler | “pre | K | BOF | 5P | ARKIMEX | < Gicy: |
options SMNES (Monlinear Solvers) TAD [Optimization)
{ E Lu::-T;::h Tm"*:"""ﬁf;m FAS | NGMRES | NASM | ASPIN Newton ',‘M“E:’“" g
type cg; :
ksp.type cgi — < —> KSP (Krylov Subspace Methods)
pc_.type bjacobi; — z Padingd
sub_pc_type icc: e GMRES | Richardson | CG | OGS | BiCG5ab | TFOMR | MIMRES | GCR | Chabyshey G
- - - e S
ksp _cg_single_reduction true; E > PC (Preconditioners)
S
. mat_type)mpiaijmkl; #| | Qe | Poct | sacabs | tcc | wu | w0 | S0R | MG [ AMG | BODC | Shat
d Mat {Operators) |
caching Gomircoan | Block | Smmer | Doem | CUSPARSE [ViemnaL] FFT | Shel
t . : Ve (Vectors) | IS (Index Sets)
matrixCaching
{ Standard CUDa Vienna(l Genaral | Block Stride
update always;
} —
BLAS L APACK | | M| | |
preconditionerCaching
{ MatTypes Description
update always; MATAIJ “aif” type for sparse matrices
} MATSBAIJ “sbaij” type for symmetric block sparse matrices
} MATMPIATI] “mpiaij” type for parallel sparse matrices
MATMPIAIJMKL type for parallel sparse matrices with Intel MKL support
MATMPISBIAJ “mpishaij” type for distributed symmetric sparse block matrices
MATHYPRE “hypre” type sequential and parallel sparse matrices based on the hypre #j interface
%OAK RIDGE MATSELL “sell” type for sparse parallel matrix in SELL format
National Laboratory




AMGx solvers can be used for Nvidia GPUs

@ 18 M cells (scaled down 100x for visualization)
104 [ =@ = - 44 M cells (scaled up 100x for visualization) i
Lid driven cavity problem: E _e_ 44 M cells - with GPUs E
8M cells (on node cpu wall time per time-step = 12.4625s) r
64M cells (on node cpu wall time per time-step = 156.7556s) L |
. . . flm'cells son n_ode 'cpu' wa'lllfme per ﬁmo-stcp='149.4231sl) - : — E G 3
[--@-- 8M cells: CPU run ] = e, g--- 4 i
200 8-~ 8M cells: GPU run i B a2l ~B-Crm 3 ---B---H- 1
L —-@-~ 64M cells: CPU run » 10 = 8 = Ry =
£ —~—-~ 64M cells: GPU run @ s = 3
50 F—@— 216M cells: CPU run § [ |
- —{— 216M cells: GPU run bl 3
B frer — |deal scaling o 3 E
= Q. 4
T Y o 100F 1
A E §
w3k - L 4
[ St :
1k < 3 E
: i 107
0.1 | oo m. g o | E
16 2/6 3
Number of nodes (n) [
10..4 = | 1 . 1 PR 1 N 1 N il N i ol g
1 2 4 8 16 32 64
Number of nodes (n)
Scaling of OpenFOAM for full 3D ARC simulations using CFD+MHD on Summit.
Wall clock time per time step on 1 node with 18M cells = 3.03 s
Wall clock time per time step on 1 node with 44M cells: CPUs only = 14.48s &
CPUs+GPUs = 3.3s
¥ OAK RIDGE
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petscKokkos4Foam — developed in the INCITE project

(https://code.ornl.gov/2as/petsckokkos4foam)

Step 1: Build OpenFOAM from source using Frontier's MPICH libraries
(note: you will need this to run OpenFOAM on Frontier CPUs as well).

Step 2: Install PETSc with Kokkos and HIP — PETSc needs to be
configured with the appropriate gfx90a accelerators of Frontier

Step 3: Install petsc4Foam
Step 4: Build the petsc-kokkos interface to OpenFOAM

Step 5: Run simulations by calling the mataijkokkos libraries from PETSc
and use Hypre preconditioning

%OAK RIDGE
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Changes in OpenFOAM configuration

¥
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Building the different libraries does not interfere with the OpenFOAM installation,
in fact, its modular nature allows easy update when new versions are released

Running OpenFOAM requires no changes in the pre or post processing or even
the case setup besides for changes in the solver selection files listed below

system/ fvSolution will need to be changed to enable the AmgX solver path
= Add in the options, caching selections, tolerances and maxlIterations for AmgX

For each linear solver that is being accelerated with AmgX a corresponding
configuration file is necessary as systenz/ amgx<systens>Options
= <gystenr> takes on the linear system being solved, for e.g., p for pressure, Ux
for first velocity component, Uy for second velocity component and so on
= Solver details, preconditioner details, convergence and iterations criterion



Debugging tools

¥
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Particularly useful when setting up existing code for GPU acceleration to identify
where there might be issues.

Valgrind — Tool for debugging memory leaks

* Checks for memory leaks

* Checks for invalid memory access — In our case, was particularly useful to identify
CPU-GPU communications.

Rocgdb — AMD source level debugger for linux which enables debugging on ROCm

* Identifies architecture dependent issues — Informed us of need to explicitly pass
the GTL to use at run-time.

* Mismatch in libraries used by different codes can be tracked — Guided choice of
some library versions (amd-mixed, cpe) we needed.



Profiling tools

Profiling OpenFOAM on Frontier GPUs

rocProf — https://github.com/ROCm/rocprofiler 100

E 18Mcells

* Allows timing different function calls in the code W= 44Mcells

* Can be used to estimate the time spent by CPU and GPU in
computation and memory transfer
* Usetul to assess latencies

Simple kernel timer (Kokkos) —
https://github.com/kokkos/kokkos-tools /wiki/SimpleKernel Timer

* Gives details of kernel calls by Kokkos
* Useful for identifying time taken by GPU kernel calls

GPU usage (%) GPU latency (us)

Goals of profiling: -

* Increase compute time spent on GPUs
* Ensure proper domain decomposition to leverage high GPU throughput

%OAK RIDGE
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https://github.com/ROCm/rocprofiler
https://github.com/kokkos/kokkos-tools/wiki/SimpleKernelTimer

Scaling of OpenFOAM on Frontier for fusion blanket simulations

¥

+ mesh=18M, speed-up
10 4 @~ mesh=18M, CPU
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Normalized execution time

1944

+ mesh=44M, speed-up
=@~ mesh=44M, CPU
=l mesh=44M, GPU

ideal scaling

1073 4=
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MHD effects can be

investigated in
reasonable time frames

B 20400
118
116
1.14
1.12

1.1e+00

Approximations:-

+ Uniform magnetic

field of 5T
e Toroidal direction
(into plane of paper)
. 1.0e+00 6.0e+03 _ 8.56+02
* Constant FLiBe lsooo 840
. .. 08 820
electrical conductivity 8 1000 -
€ 3000 E - 780
of 400 S/m w B - 5 ™
02 1000 i Z:z
0.0e+00 — 0.0e+00 L 706402
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Next steps

Improving performance on GPUs

* Hypre preconditioners can not use GPU aware MPI for multi-node simulations yet.

* Further profiling analyses to identify bottlenecks of simulation performance.

Enhancing physical understanding of MHD effects

* Ensemble simulations to test sensitivity of flow parameters (Re, Ha, Pr, Gr) on MHD.

* Generate data sets to train AI/MIL. models for turbulent MHD simulations.

Inclusion of additional physical effects

*  Work underway to couple with neutronics (Shift) on GPUs

* Plans to also include structural mechanics to enable full FERMI suite running on Frontier
Explore large-scale data handling

* Investigate parallel meshing and post-processing
* Interface with the IRI program

S_QOAK RIDGE
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FREDA: Fusion REactor Design and Assessment

Coupling plasma physics and engineering for integrated fusion device simulations

System State File

I

l l

Plasma State File

Geometry State File Engineering State File

] I

FASTRAN EFIT NUBEAM
. . Cc2 SOLPS
Will standardize TGLF  DCON = TORAY

] ! ]

Structural

Mechanics
Elmer

First Wall Blanket MCNP

DIABLO openFOAM
SHIFT

to ITER-IMAS NCLASS  GATO  GENRAY Divertor CS coil
PF coil TF coil CFD
* \
EPED openFOAM
L ! i [ \
Driver I Driver Driver \
| I Driver \|

* Based on the open-source IPS (Integrated Plasma
Simulator) framework developed in AToM SciDAC

* Incorporates state-of-the-art plasma physics codes
from the community

* Includes integrated model of pedestal-SOL-
divertor regions (ORNL LDRD)

%OAK RIDGE
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/

_ * Includes multiphysics simulation tools
* Includes parameterized geometry

based on Fusion Energy Reactor Models

representation (systems code buildout, Integrator (FERMI) for 3D first wall and
FY23 ORNL LDRD, Humrickhouse

blanket analysis
ECA)



Engineering tasks for FREDA

* Enable auto generation of parametric geometry, mesh, and state files

* Develop engineering physics models
=  Divertor simulations
= Deterministic neutronics
= Tritium transport

= Coolant chemistry

" Nuclear library uncertainties
= Magnet coil analyses

= Structural integrity

* Multiphysics couplings
= First wall loading with CHT analysis
" Couple EM to structural mechanics and CFD
" Thermal feedback in neutronics

* Enable whole pulse engineering solutions
* Transient simulations for ramp up, ramp down and pulses
"  Coupling with plant modeling codes

% OAK RIDGE = Accelerating CFD on GPUs

National Laboratory

Design Scoping I Design Optimization

3

. . Geometry
Radial Buildout

Homogenization

Initial Design Detailed Design
Exploration
[

¥

Defeaturing

3

Single Moduie/
Slice

possible for
neutronics

possible for
multiphysics analysis

possible for
multiphysics analysis

not applicabie to
pg‘FD

requires CAD
specialist

requires analyst

automated

manual process

manual process

i

I

Low-fidelity Simplified Model

|

¥

FREDA Engineering Analysis

|

Engineering State File

MCNP

Magnetic gi
Field fatigue :
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Tritium production rates from
OpenMC neutronics

* OpenMC with tetrahedral mesh tally
e (CAD and tetrahedral mesh from Cubit
* Reaction cross-sections from ENDF7.1 library.

* Units: trittum-generating reactions per time and volume

* Scaled to unit [kg-H3/cm3-s]
* Mesh data and values passed on to OpenFOAM

* Mapped from neutronics mesh to CFD mesh, as source term

S_QOAK RIDGE

National Laboratory




Mapping tritium production
(kg/m?>/s) from neutronics to CFD

— 50609 -~ 5.0e-09
. 4de9 - de-9
— 3e-9 §o) — 3e-9 ©
e e
269 = 269 =
le-9 le-9
0.0e+00 0.0e+00
Step 1: Tritium Step 2: Trittum production on Step 3: Trittum production
production in MCNP MCNP grid in OpenFOAM copy mapped to CFD grid in
¥ OAK RIDGE

OpenFOAM
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Tritium properties: -
T o o o C b e Specific heat capacity (J/kg — K) 1680 — 608 (over 198K — 339K)) (2]
rltlum transport ln AR lanket e Dynamic viscosity (Pa — s) 0.2 — 1.3 (over 122K — 198K))
e Diffusivity in FLiBe (m?/s) 9.3210 "exp(—42/RT) (over T30 K —1700K)
3

A passive scalar equation is added to track
e Density (kg/m?) 267.8 (considering STP and MW of 6)

Trittum with a source term from neutronics

Time: 0.5 Time: 0.5 Time: 0.5

— 1.0e-12 y e
1.0e+00
. 8213 55 — 8e-11
()]
6e-13 o —06 3 6e-11  ©
o] o 3
O g e
4e-13 E 04 = 211 E
‘ =)
2e-13 [ s 2e-11
0.0e+00
0.0e+00 0.0e+00
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Fickian diffusion Soret diffusion

Considering Soret diffusion of Tritium -

J = —=INepm— D VT

B T2

g

— 5.0e-08 — 1.0e-08 9.06+02
4568 869 880
. de-8 —6e9 860
3.5¢-8 4e-9 840
38 g 26:¢ % 820
2508 3 0 § _800 ~
28 F =P E 780
1.5¢-8 ~4e-9 760
le-8 -6e-9 740
5e-9 -8e-9 720
0.0e+00 SROENS 7.0e+02
Tritium concentration Difference in tritium Temperature field in
after one minute concentration with and blanket driving Soret effect =

without Soret effect

1074

107

10 - —— OpenFOAM k-epsilon
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Planned V&V: Benchmarking
with the BABY experiment

- o=
Tritium |
collection

Experimental 2
setup of BABY -
precursor to

LIBRA

void I Inconel-625
58-316 [ sparge gas
air Il breeder
insulator

FESTIM setup

FREDA setup

s_QOAK RIDGE
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§=TBR-TI, Qi = A; ki (Coars — Uc.xl.cmal)
/

neutron o A; ki Coatt

rate

k mass transport coefficient

A surface area

Diffusion of tritium at walls (Qyqu & Qtop) is
modeled in FREDA as a boundary condition

Higher fidelity
" model

Tritium concentration

Temperature Velocity
(steady state) (steady state)

Numerical results to compare from FESTIM
which can be used to validate our approach
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