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Outline

e Basics of fluid turbulent models.
e Simple 2D model.
o Equations
o Implementation
o Results and limitations
e From kinetic to fluid equations to Braginskii equations.
e 3D GBS modell.
o Inputs / outputs.
o Implementation of the GBS code.
o Results and limitations.

e Fluid codes on GPU using Python and JAX.
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Fluid models basics

e From kinetic equation to fluid equation:s.

e Maxwellian distribution is assumed (high collisionality)!

e Several first moments (up to temperature equations) + closure.

e Much faster compared to kinetic simulations, several 3D models exists (GBS, TOKAM3X, GRILLIX).
e Full-size simulations of medium size machines (COMPASS, TCV, etc).

e Kineftic effects and gyromotions are neglected.

e Describes edge plasma only => unable to simulate core plasma (ITGs, ETGs, TEM neglected).
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Turbulence v okrajovém plazmatu

Complex 3D model Simple 2D model
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Towards simple 2D fluid model
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Drift reduced approximation

e The momentum equation for each charged particle species reduced to an algebraic expression for the
fluid drifts in ferms of scalar fields.

e To separate the parallel and perpendicular moftion.

e Toremove fast temporal scales.

e Can be used because the turbulence is much slower compared to gyro-frequency and much larger
compared to the gyro-radius.

e Perpendicular motion given by ExB drift, diamagnetic drift, and polarization drift.

ExB drift diamagnetic drift polarization drift
v, =—bxV¢p+ —bxV —bx(—+v-V)v,
- B ¢ gnB P qB <8t T )
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Simple 2D model - equations

Perpendicular transport:

of Ia
Kinetic equation — 1+ V- (v V- (—f)=C
ExB drift diamagnetic drift polariza;t&)n drift at _|_ ( f ) + ( m f )
1 . S 'm d )
vl:EbXV¢+qn—Bbxvp+q—BbX(a+vV)'v, 87’2;
Density equation En + V- (nv) =0,

@ @

7 N g8 N\

V-vE=V(%)-b><V¢-I—%be-Vqﬁ:C(qﬁ),

3 0
Temperature equation 5n(— +v-V)T+nTV-v+V.q, =0,

ot
((11—7; +nC(p) —C(nT) = A(n)
dT" 2T T 2T
T e - Tew - TLem = aw)
% —C(nT) = A(Q)

Q) =V xvg =BV x (Bx V¢)=V34.
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Simple 2D model - without temperature

2D model without temperature:

Turbulence can be evolved even without temperature. dn
) i p7 nC(¢) — C(n) = A(n)
e Considering constant temperature - simplificafion.
e Poisson equation is unchanged. d()
— — C(n) = A(Q)
e Numerical solution: dt

o Poisson equation- Poisson solver
o Operator d/dt Agb — Q

o Curvature operator C(.)

o Diffusion operator A
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Simple 2D model - implementation

— +nC(¢) = C(n) = An)

dt
df _of  9fdp Ofd¢

Total time derivative -> time change + convection —+ e

dt 0t Oxdy Oyox

convection
o af
Curvature operator - derivative in y direction C’(f) =St
oy
o*f 0%*f 1
Diffusion term -> diffusion in x and y + parallel decay A(f) — 2 + 8y2 - 7_—
|

1. derivative in x: ofwy)  flztAhy) — flz = Ahy)

ox Ah

i
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Simple 2D model - Arakawa scheme

e Convection term using Arakawa I
e ’“ — e ) . . . s.. R - '
f "’l'.f("’ Ip) o 12(]2 [(z/'ci,j-—l | ‘/’Hl,y-ﬂ ‘/;a',jf'r] (/’HI.J-H) (“H-l,] Sa',j)
scheme for numerical stability.
S
Arakawa conserves + Wi i+ Y1~ Vi — Piga) (G — Licyg)
° W ves:
\ ¥ o
T (‘/’i+1,y‘ + Yir, 01— Piea,g ‘/’z‘~1,y‘+1)(‘»¢?,;‘+1 aall ¥F)

/(—

o Mean vorticity
-+ (wi+1,j—-l =+ wi+1,:i — 1/)1'—1,_77-] - '%'-—1.7')(’:(,5 o "'i,)'—l)

o Mean-square vorticity
o Kinetic energy sk (V’H 1,§ = l/}i,j+l)(ci+1,y’+l “ Ci,j)
= (%’,5—1 - V"z’-~1,1’)(ci,i — CH,;:{)
ojot = (aLjox)(aloy) — (BL[ay)(adlox) = J(L, 4) Wijor — Vi) Cicriar — Cif)
T (‘/"H-l,_i — ‘/’i,y‘—l)(ci,j - C'3+1,j—1)], (45)
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Simple 2D model - Poisson Solver

Solve Poisson equation in 2D using periodical BCs in y:

0? 0?
e The Poisson equation in 2D: ¢ + — qb = ()
92 | Oy?
: . o 52¢ )
e Fourier tfransform in y direction: k2gb 0O
Ox2
e Discretization - solving for phi: ¢i—|—1,j - 2¢’i,j + ¢i_17] kQQb e ,
1,7 — z
AZBZ J 2J
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Simple 2D model - Poisson Solver

Solve Poisson equation in 2D using general BCs:

¢ 9%

522 "oz

e The Poisson equation in 2D:

e Fourier tfransform cannot be used (no periodic BCs) -> finite difference matrix solver [1]:

Qit1,j = 20ij + i—15 | Pij+1 — 2055 + Pij—1
Ax? | Ay?

= {5
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Simple 2D model - Boundary conditions

e Temperature and density set to 1 (normalization).

Right: ﬁ
e Neumann for temperature, density and potential. T
e Dirichlet for vorticity. B~

|

Top and bottom: "l“
e Periodic boundary conditions for all the fields. ﬁ

-
|
©-

Parallel fransport:

e Exponential decay in SOL and WALL SHADOW.

e Represents region of open / closed mg. field lines.
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Simple 2D model - results

Temperature
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Simple 2D model - limits

Advantages

Reduced computational resources.

Faster simulation time

Easier interpretation of the results.

Easier implementation (simple equations).

Some processes can be reasonably approximated
by 2D model.

Validation of more complex 3D codes.

Disadvantages

Limited accuracy (neglects 3rd dimension).
Oversimplification (some processes cannot be
described in 2D).

Not possible to perform full-size simulation.

Cannot describe the complex tokamak geometry.




Towards complex 3D fluid model
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Towards Braginskii equations |

ini% = —Vpl — V . Hi — Zieni[E —+ ViB] — Rei
on
ate =-V- (neve) Wil = Milec *F Din + minn (Viz + Vex) (Vo — Vi)
3 d.JT.
2 :_pev°ve_v'qe_ne:vve
on 2 dt
=-V: (nivi) + Naliy — NiVyec + Sn 3 4
at = Qe =+ nnViz[_Eiz - imeve ' (Ve - gvn)]
— NpVenMeVe * (Vn - Ve) G _neSTe
doVe 2
menew = —Vp. — V-1l — ene[E + v.B| + Ry;
3 diT;
+ menn(yen + 2Viz)(vn - Ve) éni di B —pIV Vi — V- q; — Hi : VVi + Qi
3 i 3
+ nn(Viz == ch)[é(Tn - 711) + m?(vn - Vi)2] 7+ EniSTi
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Towards Braginskii equations li

e Assumptions on drift reduced limit, electrostatic limit, etc...

on

E + V- (VExB + Vdia,e + V”e) =0

nc d 1 ]||
Buw; dt ( ¢ Lpl) + 3miw,b B VGt V”
V-n (Vdia,i T Vdia,e) =0
dVie _ 1 ey Ji
8™ gy - T e — T ST - - 1 Te
m 2t nVHp V”G = 6V||¢ ot + 80_” 0.7 V”

Vi 1 b 2
m; pra —gv(pi + pe) — iV X i -VVji — §V||Gi

3 dli 3 Bé b
D) %'VTeJ’peV'(VLeJFVne)—iév'p"'(EXVTe)_

0.71TVyjj = V- (X1 V) =0

3 dT; 5c b
in R + T [m . (VEB -+ V||e) + V- (ania,e)] -+ 5;])1 (VE) -VT: =0
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Towards Braginskii equations lll

3—’; == %[‘P,n] + ;B [C(Pe) - nC(‘P)] — V| (nve) + DpVin+sp + Vighy — Veeen, (1)

?9—? :_zl_;v' (6,0] =V (v;V)w) +£Vn!u+£€(pe+pz) convection [9,71=b - (Vo x V)
+%C( ;)+DQV§_Q 2yexQ, o)

a((;],”e == %[d)’v”e] VeVl + - (GIH +V)0- —VnPe— EVIIT - iVHG ) curvature C(f) = 153 (V X %) -Vf
+DvH ViV + ;"(ven +2Vig) (Vjn = V)ie) 3)

aavt”l [‘P Vi = vV v = ,,%Vu(l’eﬂ’i) = ﬁVnGz’ .
4Dy Vvt %(Viz+vcx)(v||n—v||') i parallel gadient Vif=b-Vf+— [l[/ fl

% =- }g[tb, T.] - vV T+ 2T l0.71=11 ” I —V“v”e] 4L [ C(T,) + 2 “C(n) —ec(9)]
+V)(¥)eV T) + D,V T + 57, — %Venme§V||e(V||n —Vle) perp. Laplace V [(b X Vf) x b]
—2—l—e(T T)+ v, [—%E — T, +mevye (Ve - 4v||,,)] , 5)

% == §[¢,Ti] —v||iV||VTi+ g% [C(YL) - %c( ) —ec(¢)] = 91(:( T;) | Gi = —no; [an”i o lC(q)) 4 LC(p,-)]
+37% [(v”,. ~Ve) ﬂ — V¥ + V) (V) T) + DrVA T+ s ,@r’;?;"scous Bl e”f
+2——(T T) + 22 (Viy + Vex) [T -T+ 1(v”,, v ©) Ge = ~Thoe [2V||v||e—+— 5C®) - pClr )]

i e
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Operators used in fluid codes

B
Poisson bracket [‘Paf] = _(p_(az¢ aRf — aR‘P aZf)
By
Curvature operator C(f) B azf
0

Perpendicular laplacian Vif — a]%Rf + 8222f

Parallel laplacian Vif = Iz¥YIrf — IrY Iz f iq) Do f
O
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Derivatives in 3D model

1 1 2 2 1
(0zf)ijk = 7 ( 12fi, jk—2— gfi, jk—1T gfi, k41— Efi,j,k+2)

1 1 4 5 4 1
(922f)ijk = 37 (— k2t 3fije1 = S fijet 3 fijen = Efi,j,m)
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e Poisson equation:

® Ampere equation:

2
e” Ly el e"Ho—
(Vi — n) Vie = V%_U”e — nv”,-—l— J||
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Complex 3D codes

3D, flux-driven turbulence codes, based on drift-reduced Braginskii model:

e GBS
o Non-aligned grid, includes plasma core, kinetic neutrals, electromagnetic effects, ion dynamics.
e GRILLIX

o  Cylindrical grid, includes plasma core, electron-ion heat exchange, drift corrections at the magnetic presheath.

o Evolves parallel component of the electromagnetic vector potential A, -

o TOKAMS3X
o Electron-ion heat exchange, drift corrections at the magnetic presheath.
e BOUT++

o  Framework for writing plasma simulations.
o Any set of equations can be inserted and solved.

o  Can perform fluid or kinetic simulations.

17/04/2023 23




GBS - FLUID TURBULENCE SIMULATION

e Global Braginskii Solver - first principle, 3D, flux-driven, global,

turbulence code for plasma edge simulations based on 400
i 0.04
Braginskii equations.
® Full plasma volume, Divertor geometry, electromagnetic 200 -
- 0.02
effects, kinetic neutrals, ion tfemperature dynamics,
self-consistent turbulence evolution. .
N % - 0.00 g
® High computational requirements (~2000 cores, ~5-10 M CPU
hours / simulation), however still lower compared to full kinetic —-200 -
-0.02
models.
—400 -
-0.04
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GBS - SIMULATION DOMAIN

¢ = AT,,Mag on other fields
Set of Magnetic boundary conditions

(Bohm Chodura boundary conditions) Temperature source

vHi=:|:Cs 1—|—T1,

€

1; e
V|je = £ Cs I—Q—T’ exp( T¢)’
€ €
n —, 9 i
asn:ZF avH,, 05 AI“
cor/1+ T Mag on other fields ¢ = AT,
L Dirichlet or Neumann
o T, = o, T, = 0, on other fields
m,n / a”VHl
m;c
O =T - =05V
eq/ 1 —|— T Density source -
Full Bohm boundary conditions

(J. Loizu PoP 2012)
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GBS - SIMULATION DOMAIN

Runge-Kutta time step

‘/"- \‘
i Save results
8ounda Evaluate the RHS an Solve the Poisson and . Yes
> B o ¥ > - E 2 > ; . - Terminate
conditions advance lields Ampire equations ! : g
simulation
1 :
No
. I | J
A - 4
=7 ( Check for 4
Input parameters i L synchronisation
Spatial grid
Initialise parallelisation ﬂ
Initialise quantities/restart file
< [ Synchronisation ] <
& I l R
Compube reaction Evaluate kernel Compute neutral
> rates from plasma Fanations density, tampaerature
quantities and velocity
4

Neutral calculation
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SIMULATION RESULTS EXAMPLES

Electron temperature time trace

Te [eV]

n

10

IR T T W W O W S o |

4.500e+18

4.000e+18

3.500e+18

n [m"-3]

3.000e+18 ee

0

~nN

500e+1¢

=

2.000e+18 o by

1.500e+18

200 1250 1300 1350

t [nus]

1100 1150

17/01/2023

1200 1250 1300 1350

t [nus]

400

200

-200

-400

2D plot of density

500 600

700

800

900

1000

Virtual probe
diagnostics




SIMULATION RESULTS EXAMPLES

#13830, electron temperature radial profile
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I
N |
l
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9 30- ‘I ¥ v
a 1
b~ ! =]
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Example of derivative on GPU

Boosting simulation using GPU

e Python allows simple transformations of the code to GPU. bbbl o e 7 i
backend
e All the fluid terms can be fransformed. T ;fxmggu
-1~ JAXCPU
e Central difference: oft, 2 y) ~ ft,z+ Ah,y) — ft, = — Ah,y) w _b't564
or 2Ah $ 1072 o 33
e Compare of speeds using numpy vs NUMBA vs JAX CPU vs % o
JAX GPU. -
10-5 —
e Huge boost on GPU. IR
e Problem - limited memory on GPUs. o - - - 8

N; array size = N x N
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Using GPUs in Python

GPUs using Python

e JAX - module for calculations on GPU.

e Very easy to use and to convert code into JAX.

e Numpy-like syntax - very easy to be used.

e The code is parallelized along GPU automatically.

e JAXinsluces JIT (just-in-time) compiler boosting the code.

e Uses machine learning for boosting the code even more.

many simple cores several fast cores
parallel operations universal
fast computing sequential operations
fast memory access a lot of memory
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Conclusions

e Turbulence plays a key role in particle and heat transport.
e Understanding and controlling turbulence in plasma edge can lead to better confinement.
e Simulations can provide interpretation or prediction on turbulent transport.
e Fluid models offer higher speeds while still encompassing important physics.
o Much faster compared to kinetic / gyrokinetic codes.
o Does not include kinetic effects (Maxwellian distribution is assumed).
e Simple 2D model can be written very easily, providing still good results.
e Complex 3D models are more complicated, but almost the only way to perform full-size simulations.

e Consider using GPUs in your future works.
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