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Why Study Turbulent Transport?

Micro-scale turbulence in magnetized fusion plasma.

Source: White et al., Front. Nucl. Eng. (2024)

Fusion plasmas must confine heat

Micro-scale turbulence drives radial
transport

Zonal flows regulate turbulence

A conceptual picture of zonal flows.

Source: McKee et al., PPCF (2003)

Turbulent transport limits fusion performance.

Global 5D Gyrokinetic PIC Simulations 2 / 19 6th Fusion HPC Workshop



From Turbulence to Geometry

If turbulence limits confinement,

can magnetic geometry regulate it?

Stellarators provide a platform for 3D geometric optimization.

Global 5D Gyrokinetic PIC Simulations 3 / 19 6th Fusion HPC Workshop



W7-X and QSTK: Two Optimized Stellarator Designs

QSTK W7-X

ψ/ψw = 0.57 flux surface

QSTK
Nfp = 6, A = 7.5

Optimized for large critical gradient

Wendelstein 7-X (By IPP, Germany)

W7-X
Nfp = 5, A = 10

Optimized for reduced neoclassical transport
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Comparing Geometries: A Nonlinear Problem

How do we quantitatively compare turbulent transport

in different 3D magnetic geometries?

Nonlinear, multi-scale simulations are required.
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Methodology: Comparing 3D Geometric Optimization

Quantifying turbulence differences requires a global nonlinear framework.

Geometry Input
VMEC equilibria
Realistic 3D fields

W7-X vs QSTK

Physics Model
5D gyrokinetics
ITG turbulence

Zonal flow dynamics

Computational Execution
Global δf PIC using GTC
Long nonlinear evolution
Massively parallel HPC

High-resolution global simulations can isolate geometry-driven turbulence differences.
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Computational Scale of Global Gyrokinetic Simulations

Global nonlinear gyrokinetics demands extreme resolution in
phase space.
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Numerical Resolution in Global Simulations

We solve only one period of geometry instead of the full geometry due to symmetry

Nψ = 121

Nθ = 4400

200 particles/cell

4.8M
grid points

108
particles evolved

104
time steps

High-resolution global 5D simulation requiring ∼ 2× 105 core-hours per run.
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Gyrokinetic Model and PIC Implementation

The computational scale arises from solving a 5D nonlinear Vlasov equation.

df(X, µ, v∥, t)

dt
= 0

Field-aligned spatial discretization

Source: ANL Gyrokinetic slides (web)

Particle-in-Cell time-stepping cycle

Source: Ren & Lapenta, Front. Phys. (2024)

Self-consistent particle–field coupling evolved in 5D phase space using δf PIC in GTC.
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Parallel Execution on HPC Systems

Efficient execution requires massive parallelism and optimized decomposition
strategies.

Parallel Decomposition
Domain decomposition in toroidal direction

Particle decomposition within each domain

Independent particle push

Collective field solve (MPI communication)

Computational Resources
PARAM PRAVEGA (NSM, India)

∼ 108 particles per simulation

O(104) time steps

∼ 2× 105 core-hours per nonlinear run

Particle push dominates cost; scalability achieved through domain and particle parallelism.
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Physics Setup for Turbulence Simulations

We investigate ion-temperature-gradient (ITG) driven turbulence in global stellarator geometry.

Radial temperature profiles (Ti , Te) and imposed gradients.

Flat density profile (isolates ITG
physics)

Ion temperature gradient drives
turbulence

Adiabatic Electron Model

Gradient strength varied
parametrically

Global domain: ψ/ψw ∈ [0.05, 0.7]

The imposed temperature gradient sets the linear drive and determines nonlinear saturation levels.
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Linear Stability Analysis of ITG Modes

We first characterize the dominant linear instability before proceeding to nonlinear simulations.

W7-X QSTK

Linear electrostatic potential δϕ.

Dominant Mode
(m,n):
W7-X: (74, 73)
QSTK: (59, 63)

Max Growth Rate
W7-X: 7.9× 104 s−1

QSTK: 3.28× 104 s−1

kθρi
W7-X: ∼ 0.55
QSTK: ∼ 0.75
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Nonlinear Saturation: Role of Zonal Flows

While linear analysis identifies instability growth, nonlinear saturation is regulated by zonal flows.

QSTK W7-X

Nonlinear electrostatic potential δϕ with and without zonal flows.

Zonal flows suppressed by removing ϕ00; all other simulation parameters identical.
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Quantifying Transport: Nonlinear Heat Diffusivity

The nonlinear structural differences translate directly into heat transport levels.

/
Volume-averaged ion heat diffusivity χi from global nonlinear simulations.

Key Physics Result
QSTK shows stronger sus-
tained suppression due to
enhanced zonal flow regula-
tion.

HPC Context
Steady state reached after
O(104) time steps
∼ 2× 106 core-hours per run.
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Geometry Impact on Turbulent Transport

Global nonlinear gradient scan reveals strong geometry-dependent transport
differences.

27×
reduction at low gradient

8.6×
reduction at mid gradient

4.9×
reduction at high gradient

Full gradient scan:
O(106) core-hours

QSTK consistently exhibits lower transport due to stronger zonal flow regulation.
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Summary: Physics Insights Enabled by HPC

Physics Findings
QSTK exhibits lower linear growth rates and stronger zonal flow regulation.

Up to 27×– 34× reduction in ion heat transport compared to W7-X.

Critical-gradient optimization effectively suppresses ITG turbulence.

Computational Achievement
Global 5D nonlinear gyrokinetic simulations using GTC.

∼ 108 particles evolved over O(104) time steps.

Full gradient scan required O(106) core-hours.

Large-scale HPC simulations are essential to quantify geometry-driven
transport differences.
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Thank You!
Questions or discussions welcome.

Takeaway: Critical-gradient optimization and zonal flows are key to improved
transport suppression in stellarators.

For More Information, please visit

https://physics.iisc.ac.in/∼akuley/

https://physics.iisc.ac.in/~akuley/
https://physics.iisc.ac.in/~akuley/


Backup: Shearing Rate

(a) (b)

(c) (d)

(a-d) Radial transport and zonal flow shearing rates
Numerical instability observed for W7-X without ZF at late times.
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Backup: Geometric Metric Coefficients

gθθ

QSTK W7-X

gζζ

QSTK W7-X

• QSTK exhibits narrower bad-curvature region
• These geometric effects influence linear growth and nonlinear transport
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Backup: Safety Factor Profiles

• W7-X (red) and QSTK (blue) exhibit different q profiles
• Dashed lines indicate simulation domain
• Local magnetic shear influences linear mode structure
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Backup: Linear Dispersion Relationship
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