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Outline

1. Introduction to turbulence
hierarchy of models

2. Implementation in the
SOLEDGE3X code

3. Application to TCV-X21
reference scenario
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Example from the neutral fluid community

E(k 4 Energy injection Inertial range Dissipation
- Underlying model: Navier-Stokes equation U | targe scates) (energy cascade) (small scales)
« Turbulence key properties (in 3D):
« Mixing effect
- Well characterized energy spectrum
« Turbulence numerical modelling hierarchy: >
k
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Example from the neutral fluid community

« 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

- Underlying model: Navier-Stokes equation

« Turbulence key properties (in 3D):
«  Mixing effect
- Well characterized energy spectrum

« Turbulence numerical modelling hierarchy:

Large Eddy Simulation

LES
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Example from the neutral fluid community

E k 4 Energy injection Inertial range Dissipation
( ) (large scales) (energy cascade) (small scales)

- Underlying model: Navier-Stokes equation

« Turbulence key properties (in 3D):
«  Mixing effect
- Well characterized energy spectrum

Model
estimated

« Turbulence numerical modelling hierarchy:

w‘VV

Efficiency Fidelity

Reynolds-Averaged Navier-Stokes Large Eddy Simulation
RANS LES

— —

_ Model used:
Mean-field - Empirical effective turbulent viscosity Turbulence
simulations e Semi-empirical: k — ¢, k — w, ... simulations
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e %
Hierachy of models in edge plasma community%%

Underlying model: Braginskii’s equations

Physical model * Mean-field (2D or 3D) »  First principle modelling
Complex turbulence properties in strongly magnetized ) Emp_“ﬁ'cal' o sisin =
lasma empirical
P o *  Multi-physics (neutrals,
« Mixing effect (enhanced transport) impurities...)
- Strong interaction between large scale flows and
turbulent structures - barrier formation... Purposes - Experimentinterpretation ~ «  Predictive modelling (4,
* Plasma scenario design L — H threshold...)
(exhaust)
Hierarchy of models for turbulence: Examples SOLPS-ITER, EDGE2D, GBS, GRILLIX, HERMES-3,
_ _ o EMC3, SONIC, SOLEDGE3X
Reduced models for effective turbulent diffusivities: SOLEDGE3X...

- Empirical: ad-hoc diffusivities to match experimental 7. [eV]
profiles

« Semi-empirical:

10°

4 4

- Two equations models: Il
-k — & [H. Bufferand et al., Contrib. Plasma Phys. 60 (2016),
Baschetti et al., Nucl. Fusion 61(2021)]

L 10!

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

- Predator-Prey models [Miki and Diamond, Phys.
Plasmas 19 (2012)]

10°

1.0 11 1.2 13

-4 4

107!

SOLEDGE3X WEST turbulent simulation

R[m]

@ G. Ciraolo — 21st EFTC- Aix en Provence SOLEDGES3X ITER transport simulation 23/09/2025 8
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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

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

m Challenge: Time scale to reach Quasi-Steady-State with neutrals

m Time scales at play:
m T.yrp = TUrbulence time scale: time for turbulent structures to develop

Vp-VB > : 7~ YoR
pB turb I Cs

B Tiansp = Iransport time: time for a plasma quantity (particle/energy) to travel from the source to the

- . o2 Ly
sink (wall): Ttransp ~ ~—~1-—10ms

Interchange growth rate y; = c ~ 10us

m 7., = Particle and energy balance: time to equilibrate net sources with net sinks (e.g. energy injected
= energy deposited / gas puff = pumped flow) 2 7., > 100 ms

Time scales (s)
1075 1073 1072 > 1071

Ttransp,n Ttransp,E
Tegn = 1_R —) TeqE = 1—R Turbulence
n Impurity E

content

0 diati ~ 0
Ru>95%® pieen Re o~ 25%

Recycling Npoints 17 000 000 60 000 2000 000

tstmay (1S) 0.8 30 20
Cost (CPUh/ms) 1250 000 13 25 000
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Reduced k-equation turbulence model implemented

in SOLEDGE3X

One equation model based on estimating turbulent kinetic energy k = %(ﬁz)

Effective turbulent diffusivity proportional to k : D = tk

0.k +V - (kD) = y,k(1 — Bk)

linear drive non-linear saturation
. . _ VB Vp
Drive governed by interchange growth rate: y; = ¢, T
Saturation set empirically with scaling law:
- D at fixed point: D = 7871 5 L
=T
« SOL width by L vs || balance: Agcaling = pH Csﬂ'gcaling

Cs
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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

. . . 1
* Neglecting transport, steady-state is reached when 1 — Sk = 0 thatis k = B
D
* Recalling that D = kt;jand using SOL width condltlon —
LH ASOL
L
o IB T e
CSASOL [Scarabosio et al INM 2013]
* The free parameter [ is determined g
. . - - | m AUG
using this expression of scaling law for A5y, 1.44B, 0800221 14R-008 (1) *JETH,
scaling )
‘ Asor = Asor ~ 4p;Qos Al %
[R.J. Goldston, Nucl. Fus. 2012; N. Fedorczak et al., NME 2017] z 5l {, + +{;£{
. M;Cs _aB, ab + 4 1
7T 4B 1° " RB, m
3r
| + R?=0.78
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Application of k-model to simulate TCV discharges

O Simulation parameters: pure deuterium, ey, oup = 0.7 - 101° m™3 and P, = 100 kW;
O By changing the magnetic equilibrium, the main plasma is not affected;
U Very good agreement between simulation results (=) with HRTS data (*) in the SOL.

E— 10" Density [m™] T, [eV]
0-8:\ 2.5 | 250 i D from k-model considering
06 - ol 200, | three TCV configurations
04! T [Baschetti et al., NME 19 (2019)]

150 "\
02r i

=PrL

= SWISS
PLASMA
CENTER

*  HRTS short
* HRTS medium
** HRTS long

S. Baschetti et al., J. Phys.: Conf. Ser. (2018)
S. Baschetti, PhD manuscript, Aix-Marseille University, 2019
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The TCV-X21 case

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

Parameter Value

m Deuterium Ohmic L-mode, lower single-null
m Low magnetic field for lower p* = p; /a
m Low density, targeting sheath-limited regime

m Main results in D.S Oliveira, T. Body et al.,
Nucl. Fusion 62 (2022) [1]

m Public experimental dataset on
https://github.com/SPCData/TCV-X21
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https://doi.org/10.1088/1741-4326/ac4cde
https://github.com/SPCData/TCV-X21

The TCV-X21 benchmark

m Experimental dataset used to benchmark edge
turbulence codes

GBS EPFL
: %« No Neutrals !
m GRILLX e

s TOMAK3X BYrm

- Rather good agreement with mid-plane profile
measurements — discrepancies in the divertor

m TCV-X21 plasmas simulated with SOLPS-ITER
[Wang et al., Nucl. Fusion 64 (2024)]

Lawrence

= Recent benchmark with HERMES-3 | B
[pre-print arXiv:2506.12180]
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GBS GRILLIX TOKAM3X  n[1/m3]

= = Separatrix
— \essel

1019

1018

Vertical position (Z) [m]

1017

0.75 1.00 0.75 1.00 0.75 1.00 0.75 1.00
Radial position (R) [m]

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)].

23/09/2025 17



The TCV-X21 case

m Conclusions of [1] show that:
m The three edge turbulence codes are in the right ballpark for predicting OMP profiles
m By comparison, significant mismatch at the divertor targets

m GBS and TOKAM3X were used with non-realistic values for heat conductivities and resistivity for
numerical reasons

m Despite targeting low density sheath-limited regime, physics of neutrals and recycling should be
included (density mismatch in the divertor between modelling and measurements)

GRILLIX TOKAM3X
1D

[ew/g;0T] A3Isuap

o O N W H U O

RY — RY,, [cm]
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Case1: Empirical mean-field modelling

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

1lel9
e HRTS data
-9 fit for feedback
o g%
4229 —}— S3X results
R

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)

r/a

PO e HRTS data Estimations from HRTS mid-plane data:
200 .§j . fit for feedback
—— S3X results quantity Hypothesis
250 e
Ngep [M™3] 8 x10"°

T—' 200
E 3/2 =
= 150 Aq [mm] 1 I & nele E

o0 Pyrs [kW] 46 Sheath limited &

Ti = Te 5
50 Pirs [kW] 58 e
LES 45435
= > nT,cCs
0
0.7
—— D,
—— x n
'_‘.‘— 100.
'E
107* T T T T
0.7 0.8 0.9 1.0 11 1.2 23/09/2025

rfa

-0.6

TCV#51333 equilibrium.

Points show HRTS
measurement location
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Case1: Empirical mean-field modelling

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

RDPA: Experiment vs SOLEDGE3X simulation

SED

RY — RYe, [cm]

500 le1o  Low field side Low field side
' —— S3X target 140 4 —— 53X target Estimations from HRTS mid-plane data:
. o e —_ “AX midpiane Simulation results
1207 XHS quantity | Value Hypothesis
o
i -3
c E 7.5 x 101° Ngep [M™°] 8 x 107
o o s
: 3.7 Ag [mm] 4.1 q) < neT;/2 N
72 Pyrs [kW] 46 Sheath limited &
Ti = Te v
0 q,¢
-2 0 2 90 Prs [KW] 58 _ 45+ 3,5n -
2 etevs
R = Rsep (cm)
field sid
/ Electron density [m Electron temperature [m™ \ e "
6.08 (y 1lel8 - cv 28 g 250 121 =
104
B —-0.1 192 51 — &
J 125 | §
’\" -0.2 135 5 2 6
N . : ]
-0.3 7.87 0.3/ 0.0 ,
0.0862 —2 0 2 |
RY — [cm] 2.22 o JEEEEET
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ne (m=3)

Z—Zx [m]

Case1: Empirical mean-field modelling

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

5 00 -1e19 Low field side High field side
' — 53X target 140 4 — 53X target
1.75 1 53X midplane —— 53X midplane . :
. 50_:-( x HRTS 120 4 Xx—FATS Simulation results
- —+ b
1.25
7.5%x 101 7.5x10%°
1.00 A
0.75 4 3.7 4.0
0.50 4
72 45
0.25 4
0.00 .
-2 0 2 4 e de
R- Rsep (cm)
Electron density [m Electron temperature [m~3]

TCV

lel8 -

~0.1
~0.2
-0.3

-2
Ru

4

‘l Goaooﬂi

0

SED

[cm]

4.5
3.0
1.5

0.0
2

0.0862

RDPA: Experiment vs SOLEDGE3X simulation

TCV

-0.1

-0.2

-0.3

-2 0 2

RY — RYe, [cm]

24.8

19.2

13.5

7.87

0.0
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Estimations from HRTS mid-plane data:

Ngep [M™3] 8 x 101°

Ag [mm]

Pyrs [kW]

Pyps [kW]

4.1

46

58

3/2
q) % neTe/

Sheath limited &
Ti = Te H
q,t

_ 4,5+ 3,5

2 neTe CS

Low field side

0.5 1.0 15 2.0 2.5

Z(m)

3.0

06l

02f /

(=]

|
-0.2]

04|

o6f ||

07 08 09 1 141
R (m)

TCV#51333 equilibrium.
Points show HRTS
measurement location
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Case2: Semi-empirical mean-field modelling: k-model

k[m=2]
« Inputs: | | - g \ | _Low field side
« Heating power [170kW — 50/50 ion/electron 2.0+05
channel] 4 |
Nsep = 8 X 10'%m™3 (used to tune gas puff rate) M L5e+05
£ 0.0
N 02 1.0e+05
- Map of turbulent kinetic energy computed with the el |
k_model: ‘ 5.0e+04
. . . —0.6 1
- Low field side ballooning e \_/
i -0.8 4, . 0.0e+00
 Turbulence along LFS divertor leg R
5o leld  Low field side Low field side
® PI’OfI|eS 1.75 : ::i 2;3;‘;“8 1407 : :zi :irdgeltane
¥ HRTS 120—XX. %  HRTS i

« T, profile OK but n, profile too flat

+
. 100 4
- A4 overestimated = <
£ o 809
:U.l P'EJ 60_
40 1
20 A

4.1 11 7.1

Value (mm) . .
-2 0 2 4

R- Rgep (cm) R- Rsep (em)
G. Ciraolo — 215t European Fusion Theory Conference — Aix en Provence 23/09/2025



Case3: First principle simulations

m Enable direct comparison with
turbulence measurements

- Characterization of divertor localised
filaments

g G. Ciraolo — 215t European Fusion Theory Conference — Aix en Provence

Region shadowed
LCFS by baffle

Injection
nozzle (R,Z)= —
(0.95,0.37)m

Capillary tube *
behind carbon

. Discard pixels
Gas with too low SNR
injection
valve

Sketch of the gas puff imaging diagnostic on TCV.
Figure from [3]
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Case3: First principle simulations

Inputs:

- Heating power [170kW — 50/50 ion/electron

channel]

Ngep = 8 X 10'®m™3 (used to tune gas puff

rate)

Power balance :

4.1

46

8 x 101° Ngep [M™3] 8 x 1017
3.8 Aq [mm]
50 Pyps [kW]
72 Prps [KW]

58

Simulation guantity | Value Hypothesis
results

3/2
q & neTe/

Sheath limited &
Ti = Te 5
g,

_ 4,5+ 3,5

2 ne Te CS

Low field side

— 83X
—+ R

B it 1, ~ 38mm
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2.00
1.75
1.50 1

—~1.251

E 1.00]

< 0.75 1
0.50 -
0.25 -

1el19 Low field side

—— S3X target
——— S3X midplane
X HRTS

0.00

-2

Rather good agreement on 4,

Low field side

140 - —— S3X target
—— S3X midplane
1201 X% X HRTS
K . LP
100 £
. X
3 80 .
1]
= 60
404
20
0 —
-2 0 2 4
R = Rsep (cm)

High field side
2.00 lel9 9
—— S3X target
1.75 —— S3X midplane
X X HRTS
1.50 WKRX —— P
x
— 1.251
I
E 1.00
< 0.75 1
0.50 A
0.25 ~1
0.00 L——#7 s .
-2 0 2 4
R = Rsep (cm)
High field side

Te (eV)
0]
o

140 %
1201 % gy X HRTS

— S3X target
—— S3X midplane

LP

R = Rsep (cm)

Rather good agreement on A in the SOL but too hot
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Case3: First principle simulations

- Inputs:
- Heating power [170kW — 50/50 ion/electron
channel]
Ngep = 8 X 10'®m™3 (used to tune gas puff
rate)

- Power balance :

Simulation quantity | Value Hypothesis Low field side
results

— S3X
ol —+ R
8 x 101° Ngep [M™3] 8 x 1017
T 61
3.8 Aq [mm] 4.1 qy < n T/ g Fit: 14 = 3,8mm
=47 /
50 Purs [kW] 46 Sheath limited & i
Ti = Te g 21
72 Pyrs [kW] 58 Qe
L 45+ 3,5 L i s B i i
= TneTeCS -10 -05 00 05 1.0 15 20 25 3.0
rulem]
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Z—Zx [m]

RY—RY.. Tcml
TCV

6.08

4.58

3.08

1.58

19.2

13.5

7.87

2.22

0.0 6.0
0.1 +>
3.0
2
0 1.5
035 0.0
25.0C
19.2¢
12.5€
6.75
0.00
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Conclusions and discussions

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

* Results from SOLEDGE simulations in L-mode plasma coupling transport equations with Kk 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

* Increasing the database and comparison with turbulent 3D simulations

* Generalization to transport simulations with impurities

* Ongoing work for introducing in the k—€ model the dependence of the radial coefficients on ExB shear
flow intensity in order to address the L-H transition

26




d V4

Including impurities in 3D turbulent simulations

1el9
Ne [M~3] 3.0 P,[Pa] 10°Praq,c [Wm™3] [ 5e+04

- 4e+04

3e+04

2e+04

le+04

0e+00

0.0 Jigre
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RDPA summary

Casel Empirical Case2 k-model Case3 1st principles

6.08

6.0
4,58 4.5

3.08 3.0

Z—-Zx[m]

1.58

0.0

0.0862

24.8 25.0C

1o 19.25

12.5C
135

6.75

7.87

7 0.00

2.22
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Electron density [m 3]

Electron temperature [m~3]
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Time scales of transport and turbulence simulations
taking into account neutral physics

m Challenge: Time scale to reach Quasi-Steady-State with neutrals

m Time scales at play:

m Ty = TUrbulence time scale: time for turbulent structures to develop
var
B 4 Tturp ~ T = Co

B Tyqnsp = Iansport time: time for a plasma quantity (particle/energy) to travel from the source to the

sink (Wall): Tgrgney ~ o ~ 1~ 1~ 10ms
- Ltransp

Interchange growth rate y; = c; ~ 10us

m 7., = Particle and energy balance: time to equilibrate net sources with net sinks (e.g. energy injected
= energy deposited / gas puff = pumped flow) 2 7., > 100 ms

Time scales (s)

7:transp n Ttransp E -5 -3 -2 -1
_ : _ : 10 10 10 > 10
Togn = 1R ) T, = 1_ R
" Impurity E Turbulence
content
R, > 95% ® rsdliation R ~ 259%
n .
Recvalin aance How can we address the long time scales
ycling with a 3D turbulence code ?

= .



Conclusions and perspectives

m TCV-X21 simulations with SOLEDGE3X including neutral recycling recovers experimental turbulence
features in the divertor such as Divertor Localized Filaments

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

m 2D - 3D coarse = 3D fine

Time scales (s)
2D transport 1075 1073 102 > 1071

Npoints 17 000 000 60 000 2 000 000

tsimy (MS) 0.8 30 20 I I
Cost (CPUR/ms) 1250000 25000 3Df 3Dc

m New reference case TCV-X23 for turbulence in high recycling / detached ongoing in TSVV framework
- Even more demanding (stiff neutral physics)

= "



GENERALIZATION TO 2-EQUATIONS MODEL FOR TURBULENCE INTENSITY

* Two transport equations on turbulent intensity and its dissipation rate from a heuristic

approach (Baschetti et al. NF 2021):

oK
E+V.K=y,cic—£
de 5
E+\7.E=yge—ﬁge

e Quadratic saturation term for €

with V = p”cs

%4
Pe = =5

1 , Kinetic energy per unit mass of the
K= E (VJ_> fluctuating transverse velocity
Rate of turbulent energy dissipation (drive
E = K/T,Cg the damping of the fluctuations) with

T,e Characteristic time of turbulence

Linear driving terms

Cs Vp.VB, K*
yK:yE:y:—\/RZ ‘ D = —

R pB; L E



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

Z (m)

o Core boundary conditions

I:)in: I:)tot'Pradiated,bulk'Pripple: 1 MW

- Plasma density controlled by gas puff injection 500
o Transport coefficients obtained from x — e model 4. 1019
3.6




APPLICATION TO WEST EXPERIMENT #55049

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

max

Diffusion coefficient D
in the poloidal plan
(logarithmic scale)

2 2.5 3
R(m)

 Recovering the ballooned
radial transport

 Spreadingofkand D
governed by parallel
transport in the near SOL

region

Baschetti et al. NF 2021



RADIAL TRANSPORT AND COMPARISON WITH 3D TURBULENT SIMULATIONS

Contour plot of k/k,_, in Diffusion coefficient D in
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COMPARISON BETWEEN EXPERIMENTAL AND SIMULATION PROFILES
(WEST #55049)

outer midplane profiles
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* Agreementin the near SOL region (0.01lm < R — R, < 0.03m)
* Too strong numerical gradients in the far SOL (0.03m < R — R, < 0.05m)
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Modelling radial transport in transport codes: the
gradient-diffusion closure

I Plasma mean-field transport solver n 10" m3)
e
on
—+V.(nu) =S(n,u,...)
dt
= Scale separation n=n+n
u=u+t+u
on _(C o —
—+ V. (7 + (Ail),)|= ST, ) +{SGE, D)oy + - |
— + V. Uine==n =9
. e = d(n)
= gradient-diffusion closure <nu>t,r = —DnV({n) NV

Fral V- ((nyy, — D,V(n)) = S,
Solves only the fluctuation averaged fluid equations

Diffusion coefficient is chosen to reproduce outer midplane profiles from experiments




