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Introduction to 
turbulence 
hierarchy of models
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• Underlying model: Navier-Stokes equation

• Turbulence key properties (in 3D): 

• Mixing effect

• Well characterized energy spectrum

• Turbulence numerical modelling hierarchy:

4

Example from the neutral fluid community

𝑘

𝐸(𝑘)
Energy injection

(large scales)

Inertial range

(energy cascade)
Dissipation

(small scales)
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• Underlying model: Navier-Stokes equation

• Turbulence key properties (in 3D): 

• Mixing effect

• Well characterized energy spectrum

• Turbulence numerical modelling hierarchy:
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Example from the neutral fluid community

𝑘

𝐸(𝑘)

Numerically 

resolved

Energy injection

(large scales)

Inertial range

(energy cascade)
Dissipation

(small scales)

DNS

Reynolds-Averaged Navier-Stokes Large Eddy Simulation Direct Numerical Simulation

Fidelity
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• Underlying model: Navier-Stokes equation

• Turbulence key properties (in 3D): 

• Mixing effect

• Well characterized energy spectrum

• Turbulence numerical modelling hierarchy:
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Example from the neutral fluid community

𝑘

𝐸(𝑘)
Energy injection

(large scales)

Inertial range

(energy cascade)
Dissipation

(small scales)

Numerically

resolved
Model 

estimated

LES

Reynolds-Averaged Navier-Stokes Large Eddy Simulation Direct Numerical Simulation

Fidelity
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• Underlying model: Navier-Stokes equation

• Turbulence key properties (in 3D): 

• Mixing effect

• Well characterized energy spectrum

• Turbulence numerical modelling hierarchy:
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Example from the neutral fluid community

𝑘

𝐸(𝑘)
Energy injection

(large scales)

Inertial range

(energy cascade)
Dissipation

(small scales)

Model 

estimated

RANS

Reynolds-Averaged Navier-Stokes Large Eddy Simulation Direct Numerical Simulation

FidelityEfficiency

Model used:

• Empirical effective turbulent viscosity

• Semi-empirical: 𝑘 − 𝜀, 𝑘 − 𝜔,…

Mean-field 

simulations
Turbulence 

simulations
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• Underlying model: Braginskii’s equations

• Complex turbulence properties in strongly magnetized 
plasma

• Mixing effect (enhanced transport)

• Strong interaction between large scale flows and 
turbulent structures → barrier formation…

• Hierarchy of models for turbulence:

• Reduced models for effective turbulent diffusivities:

• Empirical: ad-hoc diffusivities to match experimental 
profiles

• Semi-empirical: 

8

Hierachy of models in edge plasma community
Transport codes Turbulence codes

Physical model • Mean-field (2D or 3D)

• Empirical or semi-

empirical

• Multi-physics (neutrals, 

impurities…)

• First principle modelling

Purposes • Experiment interpretation

• Plasma scenario design 

(exhaust)

• Predictive modelling (𝜆𝑞, 

𝐿 − 𝐻 threshold…)

Examples SOLPS-ITER, EDGE2D, 

EMC3, SONIC, 

SOLEDGE3X…

GBS, GRILLIX, HERMES-3, 

SOLEDGE3X

SOLEDGE3X ITER transport simulation 

[Rivals et al., Nucl. Fusion 65, 2025] 

SOLEDGE3X WEST turbulent simulation

• Two equations models: 

- 𝒌 − 𝜺 [H. Bufferand et al., Contrib. Plasma Phys. 60 (2016), 

Baschetti et al., Nucl. Fusion 61(2021)]

- 𝒌 − 𝜻 [Coosemans et al., Contrib. Plasma Phys. 60 (2020),..]

• Predator-Prey models [Miki and Diamond, Phys. 

Plasmas 19 (2012)]

• …

23/09/2025G. Ciraolo – 21st EFTC– Aix en Provence
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SOLEDGE3X: a versatile fluid code for edge plasma 
modelling

• Drift-fluid code based on Braginskii’s equations with Zhdanov closure 

terms for multi-component plasma

• Up to the first wall modelling thanks to immersed boundary conditions

• Kinetic neutrals via coupling with EIRENE

• Applications: 2D/3D transport AND 3D turbulent simulations

G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence

In this conference:

H. Corvoysier: Heat flux decay length scaling based on first-principles turbulence codes (Poster session #2)

M. Lambresa: Exploring 3D turbulent transport in linear plasma devices using SOLEDGE3X (Poster session #2)

R. Kaur: Integrating Core and Edge models for highly radiative scenario development (Poster session #2)

N. Varedarajan: Integrated Modelling of Tungsten Erosion, Transport, and Radiation in WEST (oral, Friday aft.)
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■ Challenge: Time scale to reach Quasi-Steady-State with neutrals

■ Time scales at play:

■ 𝜏𝑡𝑢𝑟𝑏 = Turbulence time scale: time for turbulent structures to develop

Interchange growth rate 𝛾𝐼 ≈ 𝑐𝑠
𝛻𝑝⋅𝛻𝐵

𝑝𝐵
➔ 𝜏𝑡𝑢𝑟𝑏 ∼ 𝜏𝐼 ≈

𝑎𝑅

𝑐𝑠
∼ 10𝜇𝑠

■ 𝜏𝑡𝑟𝑎𝑛𝑠𝑝 = Transport time: time for a plasma quantity (particle/energy) to travel from the source to the 

sink (wall): 𝜏𝑡𝑟𝑎𝑛𝑠𝑝 ∼
𝛿𝑟2

𝐷
∼

𝐿∥

𝑐𝑠
∼ 1 − 10𝑚𝑠

■ 𝜏𝑒𝑞 = Particle and energy balance: time to equilibrate net sources with net sinks (e.g. energy injected 

= energy deposited / gas puff = pumped flow) → 𝜏𝑒𝑞 > 100 𝑚𝑠

10

Time scales of transport and turbulence simulations 
taking into account neutral physics

𝜏𝑒𝑞,𝑛 =
𝜏𝑡𝑟𝑎𝑛𝑠𝑝,𝑛
1 − 𝑅𝑛

𝜏𝑒𝑞,𝐸 =
𝜏𝑡𝑟𝑎𝑛𝑠𝑝,𝐸
1 − 𝑅𝐸

𝑅𝑛 > 95% 

Recycling

𝑅𝐸 ∼ 25%

Impurity 

content 

radiation 

balance

Turbulence Transport
Energy 
balance

Particle 
balance

10−5 10−3 10−2 > 10−1
Time scales (𝑠)
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Implementation in 
the SOLEDGE3X 
code

11

2

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence



Disposition : Titre et contenu

• One equation model based on estimating turbulent kinetic energy 𝑘 =
1

2
෤𝑣2

• Effective turbulent diffusivity proportional to 𝑘 : 𝐷 = 𝜏𝑘

• Drive governed by interchange growth rate: 𝛾𝑖 = 𝑐𝑠
∇𝐵

𝐵
⋅
∇𝑝

𝑝

• Saturation set empirically with scaling law:

• 𝐷 at fixed point: 𝐷 = 𝜏𝛽−1

• SOL width by ⊥ vs ∥ balance: 𝜆𝑠𝑐𝑎𝑙𝑖𝑛𝑔
2 = 𝐷

𝐿∥

𝑐𝑠

12

Reduced k-equation turbulence model implemented 
in SOLEDGE3X

𝜕𝑡𝑘 + ∇ ⋅ 𝑘 Ԧ𝑣 = 𝛾𝐼𝑘 1 − 𝛽𝑘

linear drive non-linear saturation

𝛽 = 𝜏
𝐿∥

𝑐𝑠𝜆𝑠𝑐𝑎𝑙𝑖𝑛𝑔
2

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence

𝐷 and 𝑘 for a TCV case from

[Baschetti et al., NME 19 (2019)]
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Deriving a closure for the k-model complying 
with experimental scaling law

• Neglecting transport, steady-state is reached when 1 − 𝛽𝑘 = 0 that is 𝑘 =
1

𝛽

• Recalling that 𝐷 = 𝑘𝑡||and using SOL width condition 
𝑐𝑠

𝐿||
≈

𝐷

𝜆𝑆𝑂𝐿
2

• 𝛽= 𝜏
𝑳||

𝒄𝒔𝝀𝑺𝑶𝑳
𝟐

• The free parameter 𝛽 is determined
using this expression of scaling law for 𝝀𝑺𝑶𝑳

[R.J. Goldston, Nucl. Fus. 2012; N. Fedorczak et al., NME 2017]

[Scarabosio et al JNM 2013]

𝝀𝑺𝑶𝑳 = 𝜆𝑆𝑂𝐿
𝑠𝑐𝑎𝑙𝑖𝑛𝑔

∼ 4𝜌𝑖𝑞95

𝜌𝑖 =
𝑚𝑖𝑐𝑠
𝑞𝑖𝐵𝑡𝑜𝑡

𝑞95 =
𝑎𝐵𝜑

𝑅𝐵𝜃

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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Application of k-model to simulate TCV discharges

𝑅 − 𝑅𝑠𝑒𝑝 [𝑚]

Density [𝑚−3]

𝑅 − 𝑅𝑠𝑒𝑝 [𝑚]

𝑇𝑒 [𝑒𝑉]

❑ Simulation parameters: pure deuterium, 𝑛𝑠𝑒𝑝,𝑂𝑀𝑃 = 0.7 ⋅ 1019 𝑚−3 and 𝑃𝑖𝑛 = 100 𝑘𝑊;

❑ By changing the magnetic equilibrium, the main plasma is not affected;
❑ Very good agreement between simulation results (      ) with HRTS data (∗) in the SOL.

∗ HRTS short

∗ HRTS medium

∗ HRTS long
S. Baschetti et al., J. Phys.: Conf. Ser. (2018)
S. Baschetti, PhD manuscript, Aix-Marseille University, 2019

𝐷 from k-model considering

three TCV configurations 
[Baschetti et al., NME 19 (2019)]



Disposition : Titre de section

Application to the 
TCV-X21 reference
scenario

15
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■ TCV-X21 = set of shots on TCV for edge turbulence codes confrontation

■ Deuterium Ohmic L-mode, lower single-null

■ Low magnetic field for lower 𝜌⋆ = 𝜌𝐿/𝑎

■ Low density, targeting sheath-limited regime 

16

The TCV-X21 case

Parameter Value

𝑅 0.88 𝑚

𝑎 0.25 𝑚

𝐵𝜙 0.95 𝑇

𝐼𝑝 165 𝑘𝐴

𝑞95 3.2

𝑓𝐺𝑊 0.25

𝑃𝑂ℎ𝑚 150 𝑘𝑊

■ Main results in D.S Oliveira, T. Body et al., 

Nucl. Fusion 62 (2022) [1]

■ Public experimental dataset on 

https://github.com/SPCData/TCV-X21 

TCV-X21 magnetic 

configuration and main edge 

diagnostics. Figure from [1].

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence

https://doi.org/10.1088/1741-4326/ac4cde
https://github.com/SPCData/TCV-X21
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■ Experimental dataset used to benchmark edge 

turbulence codes 

■ GBS

■ GRILLIX

■ TOMAK3X              

→ Rather good agreement with mid-plane profile 

measurements – discrepancies in the divertor

■ TCV-X21 plasmas simulated with SOLPS-ITER

[Wang et al., Nucl. Fusion 64 (2024)]

■ Recent benchmark with HERMES-3

[pre-print  arXiv:2506.12180]

17

The TCV-X21 benchmark

Comparison between turbulence code simulations of a TCV-X21 

shot – poloidal map of the density. On the left panel, the green 

and blue shaded areas display the particle and energy source 

respectively. Figure from [Oliveira et al, Nucl Fusion 62 (2022)].

 No Neutrals !

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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■ Conclusions of [1] show that:

■ The three edge turbulence codes are in the right ballpark for predicting OMP profiles

■ By comparison, significant mismatch at the divertor targets

■ GBS and TOKAM3X were used with non-realistic values for heat conductivities and resistivity for 

numerical reasons

■ Despite targeting low density sheath-limited regime, physics of neutrals and recycling should be 

included (density mismatch in the divertor between modelling and measurements)

18

The TCV-X21 case
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Case1: Empirical mean-field modelling

TCV#51333 equilibrium. 

Points show HRTS 

measurement location

Estimations from HRTS mid-plane data:

quantity Value Hypothesis

𝑛𝑠𝑒𝑝 [𝑚
−3] 8 × 1019

𝜆𝑞 [𝑚𝑚] 4.1 𝑞∥ ∝ 𝑛𝑒𝑇𝑒
3/2

𝑃𝐻𝐹𝑆 [𝑘𝑊] 46 Sheath limited & 
Ti = Te :
𝑞∥,𝑡

=
4,5 + 3,5

2
𝑛𝑒𝑇𝑒𝑐𝑠

𝑃𝐿𝐹𝑆 [𝑘𝑊] 58

• Input: Thomson Scattering profiles (remapped at mid-plane)

• Output: Turbulent diffusivities found by the fitting 
procedure to match experimental OMP radial profiles   →

• Quite complex radial variations with amplitude ranging 
over 1 order of magnitude (hard to guess a priori)

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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• Input: Thomson Scattering profiles (remapped at mid-plane)
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Case1: Empirical mean-field modelling

TCV#51333 equilibrium. 

Points show HRTS 

measurement location

Estimations from HRTS mid-plane data:

quantity Value Hypothesis

𝑛𝑠𝑒𝑝 [𝑚
−3] 8 × 1019

𝜆𝑞 [𝑚𝑚] 4.1 𝑞∥ ∝ 𝑛𝑒𝑇𝑒
3/2

𝑃𝐻𝐹𝑆 [𝑘𝑊] 46 Sheath limited & 
Ti = Te :
𝑞∥,𝑡

=
4,5 + 3,5

2
𝑛𝑒𝑇𝑒𝑐𝑠

𝑃𝐿𝐹𝑆 [𝑘𝑊] 58

RDPA: Experiment vs SOLEDGE3X simulation

Electron density 𝑚−3 Electron temperature 𝑚−3

Simulation results

Pure D With Carbon

7.5 × 1019

3.7

72

90

Fit: 𝜆𝑞 ≈ 3,7𝑚𝑚

G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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• Input: Thomson Scattering profiles (remapped at mid-plane)
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Case1: Empirical mean-field modelling

TCV#51333 equilibrium. 

Points show HRTS 

measurement location

Estimations from HRTS mid-plane data:

quantity Value Hypothesis

𝑛𝑠𝑒𝑝 [𝑚
−3] 8 × 1019

𝜆𝑞 [𝑚𝑚] 4.1 𝑞∥ ∝ 𝑛𝑒𝑇𝑒
3/2

𝑃𝐻𝐹𝑆 [𝑘𝑊] 46 Sheath limited & 
Ti = Te :
𝑞∥,𝑡

=
4,5 + 3,5

2
𝑛𝑒𝑇𝑒𝑐𝑠

𝑃𝐿𝐹𝑆 [𝑘𝑊] 58

RDPA: Experiment vs SOLEDGE3X simulation

Electron density 𝑚−3 Electron temperature 𝑚−3

Simulation results

Pure D With Carbon

7.5 × 1019 7.5 × 1019

3.7 4.0

72 45

90 35

Fit: 𝜆𝑞 ≈ 4𝑚𝑚

With Carbon

G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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• Inputs: 

• Heating power [170𝑘𝑊 – 50/50 ion/electron
channel]

• 𝑛𝑠𝑒𝑝 = 8 × 1018𝑚−3 (used to tune gas puff rate)

• Map of turbulent kinetic energy computed with the 
k-model:

• Low field side ballooning

• Turbulence along LFS divertor leg

• Profiles:

• 𝑇𝑒 profile OK but 𝑛𝑒 profile too flat

• 𝜆𝑞 overestimated

15/10/2025 22

Case2: Semi-empirical mean-field modelling: k-model

𝝀𝒒 TCV-X21 Scaling (𝟒𝒒𝟗𝟓𝝆𝑳) Simulation

Value (mm) 4.1 11 7.1

Fit: 𝜆𝑞 ≈ 7𝑚𝑚

Fit: 𝜆𝑞 ≈ 4𝑚𝑚

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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■ Enable direct comparison with

turbulence measurements

→ Characterization of divertor localised

filaments

23

Case3: First principle simulations

𝑛𝑒 𝑚−3

𝑇𝑒 𝑒𝑉

0

1.5𝑒19

0.5𝑒19
1.0𝑒19

0

300

100
200

Sketch of the gas puff imaging diagnostic on TCV. 

Figure from [3]

Experimental data:

Normalized brightness

Video from [3]

Simulation data:

Deuterium atom radiation 

(W/m3)

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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• Inputs: 

• Heating power [170𝑘𝑊 – 50/50 ion/electron

channel]

• 𝑛𝑠𝑒𝑝 = 8 × 1018𝑚−3 (used to tune gas puff 

rate)

• Power balance :

24

Case3: First principle simulations

quantity Value Hypothesis

𝑛𝑠𝑒𝑝 [𝑚
−3] 8 × 1019

𝜆𝑞 [𝑚𝑚] 4.1 𝑞∥ ∝ 𝑛𝑒𝑇𝑒
3/2

𝑃𝐻𝐹𝑆 [𝑘𝑊] 46 Sheath limited & 
Ti = Te :
𝑞∥,𝑡

=
4,5 + 3,5

2
𝑛𝑒𝑇𝑒𝑐𝑠

𝑃𝐿𝐹𝑆 [𝑘𝑊] 58

Simulation 

results

8 × 1019

3.8

50

72

Fit: 𝜆𝑞 ≈ 3,8𝑚𝑚

Rather good agreement on 𝜆𝑛

Rather good agreement on 𝜆𝑇 in the SOL but too hot

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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• Inputs: 

• Heating power [170𝑘𝑊 – 50/50 ion/electron

channel]

• 𝑛𝑠𝑒𝑝 = 8 × 1018𝑚−3 (used to tune gas puff 

rate)

• Power balance :

25

Case3: First principle simulations

quantity Value Hypothesis

𝑛𝑠𝑒𝑝 [𝑚
−3] 8 × 1019

𝜆𝑞 [𝑚𝑚] 4.1 𝑞∥ ∝ 𝑛𝑒𝑇𝑒
3/2

𝑃𝐻𝐹𝑆 [𝑘𝑊] 46 Sheath limited & 
Ti = Te :
𝑞∥,𝑡

=
4,5 + 3,5

2
𝑛𝑒𝑇𝑒𝑐𝑠

𝑃𝐿𝐹𝑆 [𝑘𝑊] 58

Simulation 

results

8 × 1019

3.8

50

72

Fit: 𝜆𝑞 ≈ 3,8𝑚𝑚
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Conclusions and discussions

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence

• Results from SOLEDGE simulations in L-mode plasma coupling transport equations with κ model for 
radial transport: good match with the experimental profiles, both at the divertor and at the 
midplane is found for TCV and WEST experiments

• Taking inspiration from what have been done in CFD community we introduced an approach for 
turbulent intensity from which one can derive the radial transport coefficients

• 2D map of radial transport obtained with this approach (recovering the ballooning feature) 

• Ongoing work for introducing in the κ–ε model the dependence of the radial coefficients on ExB shear 
flow intensity in order to address the L-H transition

• Increasing the database and comparison with turbulent 3D simulations

• Generalization to transport simulations with impurities
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Including impurities in 3D turbulent simulations
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RDPA summary

Electron temperature 𝑚−3

Electron density 𝑚−3

Experiment Case1 Empirical Case2 k-model Case3 1st principles

23/09/2025G. Ciraolo – 21st European Fusion Theory Conference – Aix en Provence
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■ Challenge: Time scale to reach Quasi-Steady-State with neutrals

■ Time scales at play:

■ 𝜏𝑡𝑢𝑟𝑏 = Turbulence time scale: time for turbulent structures to develop

Interchange growth rate 𝛾𝐼 ≈ 𝑐𝑠
𝛻𝑝⋅𝛻𝐵

𝑝𝐵
➔ 𝜏𝑡𝑢𝑟𝑏 ∼ 𝜏𝐼 ≈

𝑎𝑅

𝑐𝑠
∼ 10𝜇𝑠

■ 𝜏𝑡𝑟𝑎𝑛𝑠𝑝 = Transport time: time for a plasma quantity (particle/energy) to travel from the source to the 

sink (wall): 𝜏𝑡𝑟𝑎𝑛𝑠𝑝 ∼
𝛿𝑟2

𝐷
∼

𝐿∥

𝑐𝑠
∼ 1 − 10𝑚𝑠

■ 𝜏𝑒𝑞 = Particle and energy balance: time to equilibrate net sources with net sinks (e.g. energy injected 

= energy deposited / gas puff = pumped flow) → 𝜏𝑒𝑞 > 100 𝑚𝑠
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Time scales of transport and turbulence simulations 
taking into account neutral physics

𝜏𝑒𝑞,𝑛 =
𝜏𝑡𝑟𝑎𝑛𝑠𝑝,𝑛
1 − 𝑅𝑛

𝜏𝑒𝑞,𝐸 =
𝜏𝑡𝑟𝑎𝑛𝑠𝑝,𝐸
1 − 𝑅𝐸

𝑅𝑛 > 95% 

Recycling

𝑅𝐸 ∼ 25%

Impurity 

content 

radiation 

balance

Turbulence Transport
Energy 
balance

Particle 
balance

10−5 10−3 10−2 > 10−1
Time scales (𝑠)

How can we address the long time scales

with a 3D turbulence code ?



Disposition : Titre et contenu

■ TCV-X21 simulations with SOLEDGE3X including neutral recycling recovers experimental turbulence 

features in the divertor such as Divertor Localized Filaments

■ Challenge for simulating long time scales with turbulence codes could be addressed by coarse graining + 

refining strategy

■ 2D → 3D coarse → 3D fine

■ New reference case TCV-X23 for turbulence in high recycling / detached ongoing in TSVV framework

→ Even more demanding (stiff neutral physics)
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Conclusions and perspectives

Case 3D fine 2D transport 3D coarse

𝑁𝑝𝑜𝑖𝑛𝑡𝑠 17 000 000 60 000 2 000 000

𝑡𝑠𝑖𝑚𝑢 (𝑚𝑠) 0.8 30 20

𝐶𝑜𝑠𝑡 (𝐶𝑃𝑈ℎ/𝑚𝑠) 1 250 000 13 25 000 3Df 3Dc 2D



• Two transport equations on turbulent intensity and its dissipation rate from a heuristic 
approach (Baschetti et al. NF 2021):

𝜅 ≡
1

2
෤𝑣⊥
2

Kinetic energy per unit mass of the 
fluctuating transverse velocity

Rate of turbulent energy dissipation (drive 
the damping of the fluctuations) with 
𝜏𝜅𝜀 characteristic time of turbulence

𝜕𝜅

𝜕𝑡
+ 𝛻.𝑲 = 𝛾𝜅𝜅 − 𝜀

𝜕𝜀

𝜕𝑡
+ 𝛻. 𝑬 = 𝛾𝜀𝜀 − 𝛽𝜀𝜀

2

GENERALIZATION TO 2-EQUATIONS MODEL FOR TURBULENCE INTENSITY 

• Quadratic saturation term for 𝜺

𝛽𝜀 =
𝑉

𝜅3/2
with 𝑉 = 𝜌∗ 𝑐𝑆

• Linear driving terms

𝛾𝜅 = 𝛾𝜀 = 𝛾 =
𝑐𝑆
𝑅

𝑅2
𝛻𝑝. 𝛻𝐵𝑡
𝑝𝐵𝑡

𝜀 ≡ 𝜅/𝜏𝜅𝜀

𝐷
⊥
=
𝜅2

𝜀



APPLICATION TO WEST EXPERIMENT #55049 

o Plasma composition

• Pure Deuterium 

o Wall parameters

• Recycling coefficients of the wall is 0.99.

• Red line on the wall represent the passive 
pumping with the recycling coefficient 0.9

o Core boundary conditions

• Pin=Ptot-Pradiated,bulk-Pripple= 1 MW

• Plasma density controlled by gas puff injection

o Transport coefficients obtained from 𝜅 − 𝜀 model

𝑰𝒑[𝑘𝐴] 500

ഥ𝒏𝒆[𝒎
−𝟐] 4 ⋅ 1019

Bt(T) 3.6



• Recovering the ballooned 
radial transport 

• Spreading of k and D 
governed by parallel
transport in the near SOL 
region
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Figure 13. SolEdge2D-Eirene simulation of the WEST shot 55 049. Left-hand side: variation in the poloidal plane of κ normalized by its
maximum value with logarithmic scale. Right-hand side: poloidal plane variation of D, units m2 s− 1, with logarithmic scale.

Figure 14. Divertor prof les and radial prof les at the outer midplane of the electron thermal energy, left-hand side, and density, right-hand
side, obtained with the SolEdge2D-Eirene simulation of the shot WEST-55049. The divertor prof les are remapped at the midplane.
Midplane prof le, blue curve closed circles, divertor prof le black curve open circles.

are λWEST
SOL = 9.1 mm and λSE2D

SOL = 7.3 mm, with a difference

of order 20%, and the decay length towards the private f ux

are λWEST
pf = 1.1 mm, smaller than estimated from the simu-

lation λSE2D
pf = 1.5 mm. Regarding the ion saturation current,

the experimental peak value is typically 1.6 times the value

achieved in SolEdge2D-Eirene. The simulation is thus char-

acterized by a too large fueling eff ciency, and consequently,

smaller particle f ux to the target plate for the same core

density.

Since the electron thermal energy Te is proportional to the

divertor heat f ux divided by the particle f ux, one expects a fac-

tor 1.9 drop of Te between simulation and experiment, f gure

17 right-hand side. In practice one f nds a ratio of the order of

2.2, therefore reasonably close. One also notices that the pro-

f les shapes do not compare well. Differences in the density ne

prof les, f gure 16 left-hand side should behave as the inverse

of the thermal energy, and one f nds indeed that the density

is about 2.3 times larger in the experiment compared to the

simulation together with a difference in shape that is the oppo-

site to that seen for the electron thermal energy. Although,

there are differences, one f nds consistency most likely gov-

erned by the conservation of the total plasma pressure along

the f eld lines and by the agreement between simulation and

experiment of the plasma energy f ux onto the divertor.

Regarding the various ways of determining the SOL width,

from e-folding length of the plasma pressure in the mid-

plane, given by SolEdge2D-Eirene λSE2D
SOL , or by the recipro-

cating Langmuir probe λWEST
pe

, or from the heat f ux deposi-

tion pattern, λSE2D
SOL given by SolEdge2D-Eirene, and λWEST

SOL

given by the probe data, table 5 yield quite comparable val-

ues 8 ± 0.8 (mm) in the SolEdge2D-Eirene simulations and

8.2 ± 0.9 (mm) for the WEST experiment. This value agrees

with the scaling law λH = 0.64 B− 1.15
pol [89] for the SOL width

in H-mode, with a factor 2 increase from H-mode to L-mode,

one obtains λL ≈ 2λH = 8.2 (mm). The latter value agrees

with both simulation and experimental results. Conversely,

22

Diffusion coefficient D 
in the poloidal plan 
(logarithmic scale)

APPLICATION TO WEST EXPERIMENT #55049 

Baschetti et al. NF 2021

Contour plot of k/kmax

in the poloidal plan 
(logarithmic scale)
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Figure 13. SolEdge2D-Eirene simulation of the WEST shot 55 049. Left-hand side: variation in the poloidal plane of κ normalized by its
maximum value with logarithmic scale. Right-hand side: poloidal plane variation of D, units m2 s− 1, with logarithmic scale.

Figure 14. Divertor prof les and radial prof les at the outer midplane of the electron thermal energy, left-hand side, and density, right-hand
side, obtained with the SolEdge2D-Eirene simulation of the shot WEST-55049. The divertor prof les are remapped at the midplane.
Midplane prof le, blue curve closed circles, divertor prof le black curve open circles.

are λWEST
SOL = 9.1 mm and λSE2D

SOL = 7.3 mm, with a difference

of order 20%, and the decay length towards the private f ux

are λWEST
pf = 1.1 mm, smaller than estimated from the simu-

lation λSE2D
pf = 1.5 mm. Regarding the ion saturation current,

the experimental peak value is typically 1.6 times the value

achieved in SolEdge2D-Eirene. The simulation is thus char-

acterized by a too large fueling eff ciency, and consequently,

smaller particle f ux to the target plate for the same core

density.

Since the electron thermal energy Te is proportional to the

divertor heat f ux divided by the particle f ux, one expects a fac-

tor 1.9 drop of Te between simulation and experiment, f gure

17 right-hand side. In practice one f nds a ratio of the order of

2.2, therefore reasonably close. One also notices that the pro-

f les shapes do not compare well. Differences in the density ne

prof les, f gure 16 left-hand side should behave as the inverse

of the thermal energy, and one f nds indeed that the density

is about 2.3 times larger in the experiment compared to the

simulation together with a difference in shape that is the oppo-

site to that seen for the electron thermal energy. Although,

there are differences, one f nds consistency most likely gov-

erned by the conservation of the total plasma pressure along

the f eld lines and by the agreement between simulation and

experiment of the plasma energy f ux onto the divertor.

Regarding the various ways of determining the SOL width,

from e-folding length of the plasma pressure in the mid-

plane, given by SolEdge2D-Eirene λSE2D
SOL , or by the recipro-

cating Langmuir probe λWEST
pe

, or from the heat f ux deposi-

tion pattern, λSE2D
SOL given by SolEdge2D-Eirene, and λWEST

SOL

given by the probe data, table 5 yield quite comparable val-

ues 8 ± 0.8 (mm) in the SolEdge2D-Eirene simulations and

8.2 ± 0.9 (mm) for the WEST experiment. This value agrees

with the scaling law λH = 0.64 B− 1.15
pol [89] for the SOL width

in H-mode, with a factor 2 increase from H-mode to L-mode,

one obtains λL ≈ 2λH = 8.2 (mm). The latter value agrees

with both simulation and experimental results. Conversely,
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RADIAL TRANSPORT AND COMPARISON WITH 3D TURBULENT SIMULATIONS

Poloidal map of density
fluctuations obtained from 3D 
turbulence simulation 
performed with SOLEDGE3X. 

Baschetti et al. NF 2021
H. Bufferand et al, NF 2022

Diffusion coefficient D in 
the poloidal plan 
(logarithmic scale)

Contour plot of k/kmax in 
the poloidal plan 
(logarithmic scale)
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Figure 15. Radial prof les at the outer midplane for the shot WEST-55049. SolEdge2D-Eirene (black curve closed circles), probe data (blue
dashed line and open triangles). The experimental data measured with the reciprocating Langmuir probes (RLP) located at the top of the
device with vertical plunge are mapped at the midplane. The radial extent is restricted to the region where the experimental data is reliable,
in the far SOL R − Rsep 0.05 m, the density is small and the interpretation of the probe characteristics is diff cult, when approaching the
separatrix R − Rsep 0.01 m the probe head interacting with a hot plasma starts behaving as a secondary limiter. Left-hand side: electron
thermal energy. Right-hand side: density.

Figure 16. Experimental and simulation divertor prof les remapped at the outer midplane for the shot WEST-55049. Experimental data from
Langmuir probes, labeled WEST, embedded in the divertor f oor, closed blue circles, SolEdge2D-Eirene plain black line, labeled SE2D. Left
and right logarithmic scales have the same ratio between max and min, but are shifted to ensure overlap of the peak values. Left-hand side:
ion saturation current. Right-hand side: parallel heat f ux.

the scaling law for L-mode [87] leads to λq which is about

2.8 times smaller than the observed value. Furthermore, the

considerable uncertainty governed the error bars on the expo-

nents leads to a range of values from 0.3 (mm) to 18 (mm).

One f nds that the SolEdge2D-Eirene simulation with the κ–ε

transport model has better predictive capability than the scal-

ing law built for L-mode data. The latter appears to exhibit a

too strong dependence on the safety factor. The uncertainty on

the exponents and that for the safety factor is also an issue.

Finally, the WEST experiment analyzed here is characterized

by a large aspect ratio. The dependence on that parameter is

not well known because of the lack of appropriate data in the

databases that have been used. As discussed in section 3.3, a

complete picture of cross-f eld dependence on aspect ratio and

safety factor is still missing. This issue is partly made more

complicated because of the dependence of the safety factor on

the aspect ratio A, qcylA = BT/ Bpol, where qcyl is the cylindri-

cal approximation of the safety factor. The open issue appears

to be therefore the balance between magnetic f eld properties

BT/ Bpol and geometry A = R/ a.

With the confrontation to the WEST experiment we thus

f nd that the κ–ε cross-f eld model of transport is robust and

23

Te and ne radial profiles at the outer midplane
(radial extension where experimental data are available)

• Agreement in the near SOL region (0.01m ≤ 𝑅 − 𝑅𝑠𝑒𝑝 ≤ 0.03𝑚)

• Too strong numerical gradients in the far SOL (0.03m < 𝑅 − 𝑅𝑠𝑒𝑝 ≤ 0.05𝑚)

COMPARISON BETWEEN EXPERIMENTAL AND SIMULATION PROFILES 
(WEST #55049)
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Figure 15. Radial prof les at the outer midplane for the shot WEST-55049. SolEdge2D-Eirene (black curve closed circles), probe data (blue
dashed line and open triangles). The experimental data measured with the reciprocating Langmuir probes (RLP) located at the top of the
device with vertical plunge are mapped at the midplane. The radial extent is restricted to the region where the experimental data is reliable,
in the far SOL R − Rsep 0.05 m, the density is small and the interpretation of the probe characteristics is diff cult, when approaching the
separatrix R − Rsep 0.01 m the probe head interacting with a hot plasma starts behaving as a secondary limiter. Left-hand side: electron
thermal energy. Right-hand side: density.

Figure 16. Experimental and simulation divertor prof les remapped at the outer midplane for the shot WEST-55049. Experimental data from
Langmuir probes, labeled WEST, embedded in the divertor f oor, closed blue circles, SolEdge2D-Eirene plain black line, labeled SE2D. Left
and right logarithmic scales have the same ratio between max and min, but are shifted to ensure overlap of the peak values. Left-hand side:
ion saturation current. Right-hand side: parallel heat f ux.

the scaling law for L-mode [87] leads to λq which is about

2.8 times smaller than the observed value. Furthermore, the

considerable uncertainty governed the error bars on the expo-

nents leads to a range of values from 0.3 (mm) to 18 (mm).

One f nds that the SolEdge2D-Eirene simulation with the κ–ε

transport model has better predictive capability than the scal-

ing law built for L-mode data. The latter appears to exhibit a

too strong dependence on the safety factor. The uncertainty on

the exponents and that for the safety factor is also an issue.

Finally, the WEST experiment analyzed here is characterized

by a large aspect ratio. The dependence on that parameter is

not well known because of the lack of appropriate data in the

databases that have been used. As discussed in section 3.3, a

complete picture of cross-f eld dependence on aspect ratio and

safety factor is still missing. This issue is partly made more

complicated because of the dependence of the safety factor on

the aspect ratio A, qcylA = BT/ Bpol, where qcyl is the cylindri-

cal approximation of the safety factor. The open issue appears

to be therefore the balance between magnetic f eld properties

BT/ Bpol and geometry A = R/ a.

With the confrontation to the WEST experiment we thus

f nd that the κ–ε cross-f eld model of transport is robust and
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outer midplane profiles outer target profiles

Ion saturation current and parallel heat flux at the 
outer strike point

Baschetti et al. NF 2021
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Modelling radial transport in transport codes: the 
gradient-diffusion closure

Plasma mean−field transport solver

▪ Scale separation

▪ gradient-diffusion closure

▪ Solves only the fluctuation averaged fluid equations

▪ Diffusion coefficient is chosen to reproduce outer midplane profiles from experiments 
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