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GENE-X simulates global gyrokinetic turbulence in the edge GENE')(
and scrape-off-layer (SOL) of X-point geometries
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Gene-X

Simulating edge and SOL turbulence is a challenging task

core turbulence

edge turbulence

[F. Jenko et al. PoP 7 (2000)]
steep gradient
region

cold / collisional edge

divertor — neutral gas physics

+ wall sheath physics ———p

[W. Zholobenko et al. NME 34 (2023)]
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Our group developed a unique edge turbulence code framework
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Our goal is towards first-principles predicitive simulations in

reactor-sized machines

TCV-X21 ASDEX Upgrade

D

Today's standard application:
medium-sized tokamaks

B>

# of grid points

shown

ITER

Target goal:
reactor-sized machines

Simulation challenges:
» Performance

» Physics accuracy
— validation study
required

EUROFusion roadmap:

» Good confinement
avoiding ELMs
— example: negative
triangularity (NT)

¢ Heat exhaust



In this talk we present results obtained with
JFRS-1 supercomputer

Gene-X

Part |
* Overview of the GENE-X code

Part i
+ Validation of GENE-X in negative triangularity DIII-D

Part Il
» Overview of other studies (analysis ongoing)
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GENE-X code overview




Gene-X

GENE-X enables gyrokinetic turbulence simulations in X-point
geometries

JET
Features: e T—

+ grid-based (Eulerian)

AUG
 global e
non-linear 1ml o
full-f g ‘ §
electromagnetic (EM) ; V|

collisional

GENE-X can simulate from the core to the wall.

Efficiently designed for massively parallelized CPU-based supercomputers. Strong
scaling with >90% efficiency up to 2048 nodes (=~ 100k cores).

[D. Michels, A. Stegmeir, P. Ulbl et al. CPC 264 (2021)] [D. Michels, P. Ulbl et al. PoP 29 (2022)] [P. Ulbl, T. Body et al. PoP 30 (2023)]



Gene-X

GENE-X solves a full-f, collisional, EM gyrokinetic model
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Based on [D. Michels, P. Ulbl, W. Zholobenko et al., PoP 29 (2022) 032307].
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Collision models of varying fidelity are available in GENE-X GENE'X

Bhatnagar-Gross-Krook (BGK) Fokker-Planck/Landau (FPL)

1 0 N 7]
Cap = Vagp (B* Map — fa) . Cap = —Bﬁlg ‘ [BH <Eaﬁfa +Dag - gfa)} ;
I
LCap E
Lenard-Bernstein/Dougherty (LBD) Tag [ 4o/ uD
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Mo
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0 9uB* ma”?h,ag OB\ fa e Components of U are given by linear combina-
+37L KB fo + B Ton | [ tions of elliptic integrals E(m), K(m)
e 2nd order FV discretization
¢ Conservative finite volume discretization (2nd order)
See [R. Hager et. al, JCP315 (2016)]

[P. Ulbl, D. Michels and F. Jenko, Contrib. Plasma Phys. 2021, €202100180]
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Boundary conditions provide heat and particle fluxes in our

simulations

"First-principles" modelling: we start from an arbitrary initial state, not imposing the

experimental profiles as a whole.

GENE-X BCs

Dirichlet with

* Distribution function: Maxwellian
with experimental profile values for n
and 7' (no flow)

» Potentials: zero

New: flux driven mode available
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The Flux-Coordinate Independent Approach (FCI) allows for
simulations in X-point geometries

Plasma turbulence is field aligned, but conventional field aligned coordinates break
down at the X-point.

Solution: FCI approach

+ Collection of Cartesian poloidal planes.
» Connected with magnetic field lines.

— locally field aligned coordinates.

Discretization:

* 4th order sym. FD for z, z, v derivatives
* 2nd order Arakawa for non-linear terms

+ 2nd order elliptic solvers (GMRES + multigrid))

[D. Michels, A. Stegmeir, P. Ulbl et al., CPC 264 (2021) 107986]

* Field line tracing
* Bicubic interpolation
* 4th order sym. FD for y




FCl vs. field-aligned
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GENE-X utilized efficient hybrid MPI+OpenMP parallelization

Gene-X

Hybrid MPI+OMP. MPlin o, v, i, . OMP in RZ
Typical problem size approx. (RZ, p, v, 1, &) = (200000, 32, 80, 20, 2)

» Example: production runs on Raven supercomputer (MPCDF)
320 nodes - 72 cores. 640 MPI procs, 36 cores for OMP.
MPI decomposition e.g. (RZ, ¢, v, 1, a) = (1,16,2,10,2).

» Good strong (left) + weak (right) scaling on MPCDF Cobra
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New strong scaling results on SuperMUC show excellent parallel

efficiency on up to 100k cores

Gene-X
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Tested up to 2048 nodes with
48 cores each, around 98000
cores (4096 MPI procs, 1 per
socket)

As number of procs
increases, communication
starts to become a bottleneck
Simulations are performed on
>1k nodes on this machine
Thanks to B. Frei for
performing this analysis



Simulations performed on JFRS

(analysis ongoing)




DTT-like shapes in NT/PT TCV were simulated to study geometry Gene-X
effects on turbulence
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GENE-X was validated against diverted negative triangularity
DIll-D scenario
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Gene-X

First global gyrokinetic edge and SOL turbulence simulation in
JET has been performed

lon density n,/m~* at t=1.164 ms
leld ;oo
r 0.2
2.75 0.1
2.50
0.0
225
£-01
N
2.00
-0.2
175
-03
1.50
-0.4
125
0356 37 3.8 3.9
S Rim

MAX PLANCK STITUTE FOR PLASMA PHYSICS 1 P. ULBL 1 JUNE 4, 202 GENE-X JFRS 19



Gene-X

Summary

* GENE-X is able to perform first-principles turbulence simulations in X-point
geometry (and stellarators now)

* Hybrid MPI-OpenMP parallelization with >90% efficiency up to 100k nodes

* First global grid-based GK turbulence simulations in DIlI-D NT including the
X-point show excellent agreement of profiles. Analysis ongoing.

+ Simulated pair of NT/PT discharges in TCV DTT-like shapes. Analysis ongoing.

* First global gyrokinetic simulations of edge and SOL turbulence in JET.
Ti=Te approximation is supported. Analysis ongoing.

* Performance and physics-wise, simulations of JT60-SA are now possible

Email: philipp-ulbl@ipp.mpg.de GENE-X code: genex@ipp.mpg.de
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