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DE LA RECHERCHE A L'INDUSTRIE

Fusion Energy Source
on the way to burning plasmas »' '
We need maths!  (CONTROL)

Plasma turbulence

self-organisation  (HEAT)
success requires new goals!

Plasma-wall interaction
divertor nightmare (EXTRACT)
time to face it!

Philippe GHENDRIH, Bordeaux, 13 octobre 2015 PAGE 2 /31



DE LA RECHERCHE A L'INDUSTRIE

Cca ITER: A long way to go... &
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cea Towards burning plasmas  &f

Fusion Energy Source

on the way to burning plasmas |
We need maths!  (CONTROL) &=

Changing practise

new rules (nuclear safety)
new players (engineers, material science...)
new goals: ITER must succeed
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ce2a Fusion Engine: confine heat 4~

strong collision @10 keV D + T plasma }

3.5 MeV helium ash (a particle)

plasma energy source
heat losses — plasma energy balance

Winterna,l
Po: —+ Padd — - — atWinternal
E

7. heat confinement efficiency
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cea  Beat confinement losses &

e (@ + 5) v I

= Amplification factor

6210 sm™ @ Loyt
TE — .’
I

Lawson 1957

Low density burn: ITER Q=10 = T7.=5s

100 000 000 K

AT =108 K O heating power
a=2m =~ 100 MW / 1000 m?

450 K

insulator = magnetic field
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ce2ITER a step towards a reactoréfn

80~ 100 & i
60 - ]
40 = =
20 - o
| / | | | JE-Ir :
0 0.1
02 04 06 08 10 02 04 06 08 10
T /T Lawson TE Te /T Lawson TE

Qmer =10 but T ~+20 %
— 5.7 < Qg < 20
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Cea ITER operation: NO free lunch 4~

Why Q=10? P, =2P,_
= burning plasma condition

\

HC)WClz:I.O—P TEZSS
= H-mode regime

How H-mode conditions?
with Q = 10
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ITER Complexity fin

Complexity is everywhere?
why?
= NO Margin

m) Operation at nominal B mandatory

- Operation point: route via H-mode

- Neutrons: Too few to be relevant
Enough to make a mess
m) Etc...
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cea Optimise + risk minimisation /i

Experiments in a nuclear facility
= optimisation

m) minimise risks

m) maximise benefits

Simulations
at all scales
of all kinds: physics, technology, system codes...

Simulations are strategic mmmp maths
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Free // motion: solution = torus

centrifugal force = g-force
drive of interchange instability

= Rayleigh-Taylor/Rayleigh-Bénard

= alternating g-force

field B=5T
size:R=6m,
a=R/3=2m

height =4a =8 m
g=p=pPy/a=103<<1
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Drift velocities &

Drift velocity

1ForceF
® B field
) 1 = = . - _
i, = qanBQJ: x B Potential : F=-—nVU
. ﬁ = U 5
Stream functions: U, ~V X 2B
o5

charge dependent = current
compressibility part = g term
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Dimensionless parameters &/

Normalised Landau-Vlavov:

'}J;_" — @:’Jﬁ,‘_ .n.t[_x.E +’U'XEJ:’ Q-\E ZV.%..C

0
Species dependent control parameters
Q V[/=TV
a T:LU/VU :L/// V// current loops
" V,=vy ;L,JR
* L~p, ;P =p /a(Reynolds); V,=v, O
d Q 1 >>1; Gyrokinetics framework
d E, plasma current 1V / m, breaking ambipolarity 1 kV / m

breaking quasineutrality 1 MV / m
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Asymptotic limits &/

Gyrotropy Plasma turbulence: Q1 >>1

@“ _JF - 6 ﬁ: o T =Gyrotropic
29,

Viasov:

)J;—‘r . J‘p—'- ne ’[\?-EE‘;E+GXE:’ %\Ez

0
Poisson: A@=n_-n.

Quasineutrality:
only one scale p + homogeneous in density
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cea Modelling ITER confinement &~

ITER

TE law

S UET:
ASDEX-U
COMPASS-D *

O\ S X i 2 e B T e ] e
AD3D # START ¢ TCV d

1-0{ & JET + AUG ¥ CMOD ITER

20 %

C *‘ World Wide Data Base
P (13 Devices)

Performance: Scaling law

JET

: Ll Ll Ll Ll
§ 0.001 0.01 01 1 10

0 - ) 3
size = cost

o
=y

Dimensionless form:

%

L= Reynolds number

,3 ~ plasma pressure

V 5= collisionality S 5de GYSELA
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Scaling laws: bad games &

4 A
_ o= - oo Non-collisionnal
Orp = p 27370900 | ITER 1998
Electromagnetic

2.7 -0.9 0.00
Dedicated experiments: JET (EU) & DIII-D (USA)

1.00 f———r e
v (r) (b)’
: f A K
3.0 0.0 -0.35 |cyiisionnal
Qrp = p 20307 %% <Electrostatic| | |
GyroBohm | | ‘.
- - P,

Y00 02 04 06 08 1.0

Artificial performance: H98 = T exp / Trog
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cea A guide to the various plots &fin

Torus = 2 angles + radial coordinate

unfolding the angles 1-D & 2-D plots

filamem‘)structure = quasi 2D
n (a.u.

¢(t=1990.8a /¢y, 0, @, r=86p,) / rms(9)
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Interchange instability ™

Filtered Eigen mode (r, O)
ballooned structure

Symmetries

collisions = isotropic

gyration = cylindrical
equilibrium = toroidal axisymmetric

turbulence/MHD = non-axisymmetric
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Kinetic effect: particle trapping ™

Particle trapping
L magnetic moment

1
H = smavj + 4 B

B 11 /R (Ampére circulation)
torus: R =R, + r cosB

pendU|um (RO >>r) -1.0 -0.5 0.0 § 1.[]
0/m
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C22a Kinetic effects: non-maxwellian f: {&&fm

Particle trapping & turbulence

1
H:—mavﬁ+uB+qagb

2
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Avalanches: fronts & holes i

box size : 256 p, ~80 mm
upto 2048 p,

ab/p

hole (sub-dense)

Q

§ over-dense front

3 dipole nested in the ISO stream
wings of the front function
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Turbulent Heat Transport &im

— Turbulent heat flux

Turbulent electric potential gb = Turbulent Reynolds stress

time Source
a0 Ballistic transport events
250 more avalanche-like (SOC)
200 than Fourier-like heat transport
A
130 time ' D
N
100 17} \;
50 =
=5 15 /
0
. 14
0.4 0.6 0.8 radius
Vi 2 13
: r 12 - = -
i 50 052 054 056 ,qqjys 060

NIt'Y-PS( i r/a
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Boundary layers &fm

Zz
o
»
C
a

dl1IS ON

Physics for ITER
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160 170 180 190
[
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CONTROLLING
HEAT EXHAUST

Ensuring long life time of
Wall components




cea HEAT fluxes to ITER WALL? dfm

ASDEX-U (Germany)

O

/

©

/] heat flux
100 MW/m?
to 10 GW/m?

2

JET experiment (EU)
neutral particle pressure

Divertor volume

Physics meets Technology

technology limit

Philippe GHENDRIH,

10 MW / m?
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cea ELMs: MHD relaxation events fin

J98.103¢|

// heat flux /%

ELM wall impact Zj: |
relaxation events =

quasi-periodic a9 | |

44.17 44.19

\ g .‘ V////////////////////A MUSt be ContrOIIEd deaux, 13 octobre 2015 PAGE 27 /31




CQ_a Simulation effort: physics & engineering [fim

Reactor design with reduced experimental backing = ITER

Physics codes . -“CRONOS}.| EMEDGE-3D || XTOR || XTOR-K | GYSELA GENE
“““““““““““ A
A k \/
< > ehvpirica/ modellifng <—— model reduction ———> first principle
Scaling Operatlonal Tra nspcébrt FuII Kinetic
laws codes codes fluid codes codes
SOLPS / EIRENE | | SOLEDGE2D | / \
EIRENE TOKAM3X || JOREK 6D PIC
$ ™\ EIRENE __.--" (Gunn)
PFCflux Wﬂl'l.kdgs
$ _ DIVIMP
ANSYS ‘:,'f.lﬁﬁiifff-"“""- . Development of synthetic diagnostics
-1 Engineering codes

Reducing margins = understanding
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cea k-epsilon import in plasmas i

Turbulent intensity k in m?s~2

d
¢d9d410S

.

XENVHOL

/
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DIVERTOR nightmare &

PLANNED: ITER divertor = first actively cooled W divertor
= first divertor to operate 10 years
= first at techno limit 10 MW/m?

[Steady-state Transients ]

N.GW/m2
....lm MW / m?

olojolof

SOIUtion Shaping.,. ‘ “F’Iasma stream direction
300 000 elements to shape

ITER ELM simulator

Y
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Just WEST of ITER &

= — : “I;;}‘\‘:'\‘ﬁ\\\.\
©ITER Organisation ’ A Fj? 1)

ITER divertor <1omw/m2 TORE SUPRA

TORE SUPRA 2010-2012

TORE SUPRA WEST 2016

Tungsten (W) technology

Philippe GHENDRIH,
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towards ITER

Grand challenge for plasma
physics

e MHD

e turbulence

e plasma-wall interaction

e operation & safety

Synergy
e technology

e experimental physics
e theoretical physics
e advanced computing

Simulations
e (Code development GYSELA
long term effort: 15 years

e key for ITER -

Commissariat a I'énergie atomique et aux énergies alternatives

Centre de Cadarache | 13108 Saint Paul Lez Durance Cedex
T.+33(0)442 254659 | F.+33 (0)4 42 25 64 21
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