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Outline

• Brief recall on transport codes and their applications 

• Introducing turbulence in mean flow equations

– The ideas from Computational Fluid Dynamics

– The derivation for edge plasma transport codes

• Implementation in SOLEDGE code and application to 
modelling TCV and WEST experiments

• Summary and conclusions

G. Ciraolo, EPS 2022
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Tokamak edge plasma modelling with fluid transport codes

• Architecture:

– Fluid solver for the quasi-neutral plasma (main
species + impurities)

– Model to describe the plasma sheath

– Databases or specific model to describe wall
properties (recycling properties, sputtering…)

– Solver for neutrals (fluid or kinetic)

• Non-exhaustive list of transport codes: SOLEDGE-EIRENE, SOLPS-ITER, EDGE2D-EIRENE, EMC3-
EIRENE, COREDIV, SONIC, UEDGE, …

• Transport codes provide a coarse grained picture of edge plasma properties integrating the 
many actors at play: main plasma, neutrals, impurities, wall properties

• Reduction: Radial turbulent transport treated with empirical diffusion coefficients

Example of SOLEDGE-EIRENE 
simulations for WEST geometry

G. Ciraolo, EPS 2022
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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 

𝜕𝑛

𝜕𝑡
+ 𝜵. 𝑛𝒖 = 𝑆 𝑛, 𝒖,…

𝜕 ෤𝑛

𝜕𝑡
+ 𝜵. ෤𝑛ഥ𝒖 + ത𝑛෥𝒖 = ሚ𝑆

𝑛 = ത𝑛 + ෤𝑛

𝒖 = ഥ𝒖 + ෥𝒖

𝜕ത𝑛

𝜕𝑡
+ 𝜵. ത𝑛ഥ𝒖 + ෤𝑛෥𝒖 𝑡,𝒓 = 𝑆 ത𝑛, ഥ𝒖,… + 𝑆 ෤𝑛, ෥𝒖,… 𝑡,𝒓 +⋯

෤𝑛෥𝒖 𝑡,𝒓 = −𝐷𝑛𝜵〈𝑛〉
𝜕〈𝑛〉

𝜕𝑡
+ 𝛁 ⋅ 〈𝑛〉𝒗∥ − 𝐷𝑛𝛁〈𝑛〉 = 𝑆𝑛

G. Ciraolo, EPS 2022 4
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DERIVATION OF A SEMI-EMPIRICAL MODEL FOR TURBULENT INTENSITY IN EDGE 
TOKAMAK PLASMA

𝜕𝜅

𝜕𝑡
+ 𝛻.𝑲 = 𝑆𝜅 − 𝜺

• Transport equation for turbulent intensity 𝜅 =
1

2
෤𝑢2

• Source term: 𝑆𝜅 = 𝛾𝑖𝑛𝑡𝜅 with 𝛾𝑖𝑛𝑡 is the interchange growth rate 𝛾𝑖𝑛𝑡
2 = 𝑐𝑠

2 𝛻𝐵⋅𝛻𝑝𝑖

𝐵𝑝𝑖
−

Θ

𝑅2
with Θ the interchange 

threshold so that interchange develops for 
𝑅

𝜆𝑝
> Θ [X. Garbet et al., Nucl. Fusion 32 (1992)]

• 𝜸𝒊𝒏𝒕 : linear growth rate of the interchange instability (governs a ballooning of the local drive)

• Sink term: 𝜺 = Δ𝜔𝑘2 represents turbulence non-linear saturation

• 𝚫𝝎 is the free parameter model closure: tuning with scaling law to improve predictive capabilities

• Assuming transport coefficient proportial to turbulent intensity (𝐷 ∝ 𝜅)

𝜕𝜅

𝜕𝑡
+ 𝛻.𝑲 = 𝜸𝒊𝒏𝒕𝜅 − 𝚫𝝎𝑘2

• Taking inspiration from the 𝜿 − 𝜺 model for neutral fluids  ([Jones, Launder 1971]) and prey-predator models [Miki, 
Diamond 2013]

H. Bufferand et al, CPP 2016

G. Ciraolo, EPS 2022 5
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• Neglecting transport, steady-state is reached when 𝛾𝑖𝑛𝑡𝑘 = Δ𝜔𝑘2 that is 𝑘 = 0 or 𝒌 =
𝜸𝒊𝒏𝒕

𝜟𝝎

• The SOL balance gives 
𝑐𝑠

𝐿||
≈

𝐷

𝜆𝑆𝑂𝐿
2 hence, recalling that 𝐷 = 𝑘𝑡|| and 𝑘 =

𝛾𝑖𝑛𝑡

𝛥𝜔

• 𝛥𝜔 = 
𝐿||𝛾𝑖𝑛𝑡

𝑐𝑠𝜆𝑆𝑂𝐿
2

• The free parameter 𝛥𝜔 is determined
using the scaling law for 𝝀𝑺𝑶𝑳

[R.J. Goldston Nucl. Fusion 2012]

[Scarabosio et al JNM 2013]

𝝀𝑺𝑶𝑳 = 𝜆𝑆𝑂𝐿
𝑠𝑐𝑎𝑙𝑖𝑛𝑔

∼ 4𝜌𝑖𝑞95

DERIVATION OF A SEMI-EMPIRICAL MODEL FOR TURBULENT INTENSITY IN EDGE 
TOKAMAK PLASMA

G. Ciraolo, EPS 2022 6

𝜌𝑖 =
𝑚𝑖𝑐𝑠
𝑞𝑖𝐵𝑡𝑜𝑡

𝑞95 =
𝑎𝐵𝜑

𝑅𝐵𝜃

𝜕𝜅

𝜕𝑡
+ 𝛻.𝑲 = 𝜸𝒊𝒏𝒕𝜅 − 𝚫𝝎𝑘2
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MEDIUM LEG #51333

SHORT LEG #51262

𝑹 [𝒎] 0.89

𝒂 [𝒎] 0.22

𝒌 1.44

𝑰𝒑[𝑘𝐴] 210

𝑩𝒕 [𝐓] 1.4

 One-equation model implemented in SOLEDGE tested vs very well diagnosed TCV experiment ([Maurizio et
al., NF, 58 (2018); Gallo et al., PPCF, 60 (2018)])

 This experiment consists in L-mode, LSN discharges with same main plasma parameters and varying magnetic
divertor geometry (𝑳𝒅𝒊𝒗).

LONG LEG #51325

𝑳
𝒅
𝒊𝒗

IMPLEMENTATION IN SOLEDGE AND APPLICATION TO TCV EXPERIMENT 

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

7G. Ciraolo, EPS 2022
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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

IMPLEMENTATION IN SOLEDGE AND APPLICATION TO TCV EXPERIMENT 

G. Ciraolo, EPS 2022 8



Commissariat à l’énergie atomique et aux énergies alternatives

#51262
#51333

#51325

𝑅 [𝑐𝑚] 𝑅 [𝑐𝑚] 𝑅 [𝑐𝑚]

𝑍
[𝑐
𝑚
]

𝐷𝑛 [𝑚
2/𝑠]

POLOIDAL MAP OF DIFFUSION COEFFICIENT OBTAINED FROM SOLEDGE COUPLED 
TO THE EQUATION ON TURBULENT INTENSITY

𝐷𝑛 [𝑚
2/𝑠] 𝐷𝑛 [𝑚

2/𝑠]

G. Ciraolo, EPS 2022 9
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• 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 

G. Ciraolo, EPS 2022 10

• 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
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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

G. Ciraolo, EPS 2022 11
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• Recovering the 

ballooned radial 
transport 

• Spreading of k and D 

governed by parallel

transport in the near

SOL region

Nucl. Fusion 61 (2021) 106020 S. Baschetti et al

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
G. Ciraolo, EPS 2022 12

Contour plot of k/kmax

in the poloidal plan 
(logarithmic scale)
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Nucl. Fusion 61 (2021) 106020 S. Baschetti et al

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

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
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Diffusion coefficient D in 
the poloidal plan 
(logarithmic scale)

Contour plot of k/kmax in 
the poloidal plan 
(logarithmic scale)

G. Ciraolo, EPS 2022
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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)

Nucl. Fusion 61 (2021) 106020 S. Baschetti et al

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

outer midplane profiles outer target profiles

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

Baschetti et al. NF 2021

14G. Ciraolo, EPS 2022
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• Results from SOLEDGE simulations in L-mode plasma coupling transport equations with κ–ε 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

• We address the issue of modelling radial transport in edge plasma transport codes

• Taking inspiration from what have been done in CFD community we introduced a self-consistent 
approach for turbulent intensity from which one can derive the radial transport coefficients
• a single scalar to be fixed
• 2D map of radial transport obtained with this approach (recovering the ballooning feature) 

SUMMARY AND CONCLUSIONS

15

• 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

G. Ciraolo, EPS 2022
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