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Abstract / Motivation

An important goal of the NSTX Upgrade (NSTX-U) research program is to
characterize energy confinement in the low-aspect-ratio spherical tokamak
configuration over a significantly expanded range of plasma current, toroidal
field, and heating power, while increasing flattop durations to ~5 seconds.

However, the narrowing of the scrape-off layer at higher current combined
with an improved understanding of expected halo-current loads has
motivated a significant re-design of NSTX-U plasma facing components in
the high-heat-flux regions of the divertor.

In order to reduce the expected divertor heat flux to acceptable levels, a
combination of mitigation techniques will be used: increased divertor poloidal
flux expansion and divertor radiation, and controlled strike-point sweeping.

The machine requirements for these various mitigation techniques are
studied here using a newly implemented reduced heat-flux model.

Systematic equilibrium scans are used to quantify the required divertor coil
currents and to verify vertical stability for a range of plasma shapes.

Free-boundary control schemes to constrain the strike-point location and
field-line angle-of-incidence are also described.
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NSTX facility upgraded to access
new physics using 2 major new tools:

1. New Central Magnet 2. Tangentlal 2nd NeutraIBeam

Higher T. low v* from low to high Full non-inductive current drive
—> Unique regime, study new —> Not demonstrated in ST at hlgh-BT
transport and stability physics Essential for any future steady-state ST
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NSTX-U integrated performance goals

1. New Central Magnet 2. Tangentlal Z"dNeutraI Beam

e » 2% heating power (5 = 10MW)
;g’; t‘?m'da' field ((1-5111;\)/' >4 divertor heat flux (> ITER levels)
S Ex lpasma Clljrren1 (9 ; ) »Up to 10x higher nTtg (~MJ plasmas)
onger pulse ( s) and energy injected into vessel
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NSTX confinement increased at higher T,

104 ST-FNSF |___ —
\ constant q, B, p*
NSTX
— Upgrade
P
= 01l NSTX ||
w | ITER-like ] ]
lf_ - scaling ~ve 097 ]
an|
—— Total
—&— Thermal
0.01 e
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Ve
Normalized electron collisionality v* o n,/ T2

Will confinement trend continue, or look like conventional A?
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Rationale for 1T, 2MA, 10MW requirement

« 2% Increase In plasma current |, and toroidal field B;
sufficient to differentiate between conventional (ITER
98y,2) and low-A (ST) H-mode confinement time t at
higher plasma temperature and/or density:

f 3 5 —0.69 p 1. S :
Togy.2 OX 109 BO] 041PL0«33 Rl 9780 8K078
5 —0.73
TeT X ]O 7Bl 08|~ O 44 PLO(g)g7

\.

« 2x heating power P needed to access high enough
stored energy to access wide range of 3 at 2x higher
field and current: B < ~4.5-5.5, B+ < ~15-20%
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NSTX-U magnet pulse duration requirement arises
from goal of achieving current profile equilibration

« Current redistribution time t.g o T,3? = longest for
highest confinement, lowest density

* Physics ranges of interest:
—Normalized confinement: Hgg,, = 1-1.5, Hgr < 1
— Normalized density f,, = 0.5-1 — lower range for low v*

— This Hgg,, and fg,, combo accessed only transiently on NSTX
— Significant physics R&D needed to access such plasmas

* Access then measure stationary profiles 2 At ~3tcr

* 3t ~ 5-5.55 = motivates goal of 5s I, flat-top
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Achievable pulse-lengths and At/ t-x
Constraint: maximum I, flat-top duration = 5s (set by TF)

* Hogyp 2 1.2: Aty = 5s for all fgy
* Aty < 5s at lower H (high fg)

* Note: NSTX-U accessed Hgg,,
~ 1.1-1.15 during initial ops

Flat-top durations range
from ~2.7 to ~6.3 g

Nearly all cases (97%)
meet or exceed ~3 1.

l, = 2.0MA, B; = 1.0T, P,g, = 8.0MW

Maximum I, flat-top time [s]

E |
5:< L
___:|:__::|:_—____|:____+____
4
3
. T, =100.C, T, <100.C
2 : Initial T;- =12.0 C
Initial T,y = Variable
1 j Tow - Trr 20.00 C
(dashed = unconstrained)
[ S T T I ST
0.5 0.6 0.7 0.8 0.9 1.0

Normalized density (Greenwald fraction)

v

Maximum |, flat-top time / 37

0.6 0.7 0.8 0.9
Normalized density (Greenwald fraction)
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Boundary shaping flexibility drives PF coil and
structural requirements for plasma operation

2MA, 1T: 32 shapes x 3 OH states = 96 equilibria
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96 scenarios primarily higher-k, lower-|
high-performance H-modes (By ~ 5)
2MA, 1T: 32 shapes /| 96 scenarios

NSTX experimental « vs. |, operating space 28

.............. —— PY \
3.0 Table 1 0-Dscalings  TRANSP simulations ] o :
[ | of NSTX Upgrade ] N
28F /N Bws, % ; * s
: 2 1.6<A<1.8 ] AR .
2.6F 1.4<A<1.6 ] 2.6 "i’ X -
24: 1.2<A<14 1 R ‘,’0 ’0 ¢
K K 2°
221 24/ J
2.0 \d
- 2.3
1.8 L 2
1.6 ] 2.2
B 0.4 0.6 0.8 1 1.2

Internal Inductance J;

* Higher |, ~1-1.5 L-modes not included in design
requirements - L-mode I, < 2MA, At < 5S
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Operating k depends on range of stable internal inductance
(& Impacts power-exhaust solution)

* Internal inductance depends on bootstrap and NBI current
profiles which depend on thermal transport

3.0 T '
S e NSTX
K=28-=-=-=-=-=---~- - - e ~ _
o % ¢ NSTX-U

‘éz' (tmaa:(W)).
* Risk: No NSTX-U transport data yet at high B, I, «

— This confinement physics data is a key motivation for the Upgrade
In the first place!
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Reduced heat flux model




Parametric fits to divertor heat flux

* T. Eich, et al., Nucl. Fusion 53 (2013) 093031, Egn 1
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Figure 1. Typical outer target power parallel heat flux for each machine and result of fitting equation (1).
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Model for SOL heat flux width kq

 T. Eich, et al., Phys. Rev. Lett. 107 (2011) 215001
— Equations 5, 7-10 = Goldston heuristic drift model for A,

:u‘l'}]p

Rgen Bp
A B, =
27ay(1 + k2)/2

Map A,, to outer midplane: A, = R +a) B\
g2eo0 P

P

faz ~7/8 9/8 ,1/8 2mraeBr (1 + Kk?)
A =202 —— B; /8,218 p _ T
V(1 + k?)el/3 ! 1 SOL ey ol 2

with A, in [mm], Pgor In [MW], By in [T]

P

QA \/16(Z cc + 4\1/8 _
fAZ - (l + Z) ( EﬂS ) L= ZZEHE/EHE /-Ti = ZHE‘AE/ZHI‘

[Useﬁq:,ﬁ;]
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Data for private flux region width w,,=S

« M. Makowski et al., Phys.  T. Eich, et al., Nucl. Fusion
Plasma 19, 056122 (2012) 53 (2013) 093031
*[ k2= 0503 Ctod @ ° v
-Mod ' ; 4
+ T ’g:? |
— 3[ AUG Divllb : 3 5 1
1 E b W
| H 8 A ZRIC ST S8 A
lp -1.31£0.15 4 o
By, =02 0.0 PRI
a -0.33£0.10 f
fe 1.03%0.29
3 4 5 0 ;
Asit (mm) 0 2 4;& [mm]s 8 10

Table 5. Variation of mean power spreading factor, S and §/4, for the various devices.
JET DIII-D AUG Divl AUG Divll C-Mod MAST rNSTX 1

S(mm) 0.59-1.04 0.39-227 035-056 0.79-2.02 0.86—-1.46 1.11-4.95 | 0.46-4.35
ST Aq 0.26-0.81 0.24-1.14 0.26-0.28  0.40-0.94 0.67-2.32  0.17-0.95 { 0.15-0.95
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Generalized divertor heat-flux model
consistent with Eich parametric fitting

e SOL heat flux approximately field-aligned = ¢~ ¢ = q||13 = qHE/B

e No SOL heat source = V-7= B - Vig)/B)=0=q = f(¥)B

o g1 = qp(B/Bo)q(v) §(v) = 0.5 exp(og — o)erfe(oy — a/200)

o 0y = S/2), o =5\ s=1—1 = (1) — Vawis) /A

o A=A VUlonp/ AU AU = (Vedge — Vaais)

o Note: qo = FPuivBo/(27|VY|ompA,) for a9 — 0

e Divertor surface normal unit vector = n = Quivertor = (N - ?))QHO(B / BO)QA(&)

e Define total B-field angle of incidence 05 = 7t - b = sin(fp)

e bor (divertor — Eich Q(E) — C]O@(g) = (o = Slll(QB)QHO(B/BO)

Adivertor — Q\|OQA(77;)(B/BO) Sin(QB)
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Choice of S for NSTX-U calculations

* Options:
— Spak = S from Makowski scaling )
—Set = MIN(S 7 Ag) X Aq=0.15 x 2
= MIN(S/ Ag) = 0.15, 0.17 for NSTX, MAST
— S, = fixed / constant value of S

 NSTX-U model uses combination
of all these options as follows:
—First set S = MIN( [Syax0 Srell )

—Then enforce S, <S<S, .,
= Sin=0.2mm, S__, =0.5mm

— S typically setby S =S, ~ 0.2-0.3mm
—S=0.15 x A = S, (fc = 0.4, 2MA, 1T)
=» Consistent w/ physics/ops goal f; = 0.5

max

5

4!

E
E
z

R2=0.603

C-Mod @

+ DIlLD m

Exponent
lp -1.31£0.15
By -0.29 £0.06

a -0.33%£0.10
fe 1.03%0.29

NSTX & |

+ A
AT ¢ soixos

2 3 4
Asit (mm)

5
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Model for power conducted to divertor target

* P, oqt = total heating power (ohmic + auxiliary + alpha)

* .4 = fraction of heating power radiated from core

— For NSTX-U projections assume f,_, = 0.3

* P4 =T.4 % Pheat = POWer radiated from core

* P = Pheat X (1-f,,4) = power into SOL

* N, = Number of in/out divertor legs connected to target
— N, = 1 for single null (SN), N, = 2 for double null (DN)

* ., = fraction of power to outboard divertor leg(s)
— For NSTX-U projections assume f_,, = 0.8 for DN, 0.65 for SN

* i, = (1-f,,) = fraction of power to inboard divertor leg
* fleg = fon OF Ty = fraction of power to chosen divertor leg

[Pdiv = Psoi fieg

<ol flea / Ngiy = POwer conducted to divertor target ]
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NSTX example: low o, I, = 0.8MA

D. Gates et al. Phys. Plasmas 13 (2006) 056122

12""!""]"" | 7 S o 2 (7w (MY SN B [ N TR CEE B Gue S Bnn e o (e e m Ao
“% CHI Gap
Heat Flux MW LSN @, ~0.40)
10 [MW/m?] ﬂ po
8
6 i
1€ MW DN (3, ~0.40)
4 | EMWDN @ ~0.75) :
(outer strike region) 1
]
v .
2 A 1 #117407: LSN@0.373s -
27V N 1 #117432: DN@0.316s
porf NN ! #117424: DN@0.316s
PY] W y
o ,,,,,,,, 1 P

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Radius [m]

FIG. 13. (Color) The peak heat flux vs major radius for three different
divertor configurations: (1) low & lower single null, (2) low & double null,
and (3) high & double null. All three configurations had identical heating
power. The peak heat flux reduces by a factor of ~35.

Shot 1

Shot 117432, 312ms 17|40:T, I3?:5r?15|
—————

Divertor heat flux

@INSTX-U

8[ - - r 12F - : - —
- EFITO2 ; wf EFIT02 q ]
o L=08MA i) L L=08MA | ;
o~ 4__ Pheat = 6 MW |‘ Ill o i Pheat = 6 MW 'l II _E
$tf,=03 P £ S =02 | :
2 2k {11208 A E T I ;
r ol = Y- ! £ Tonl = Y- i 3
o fo=0.624 | \__ 2 1,=0605 /I :
S S=ISMak | L 2' S = Syak | E
0.4 06 0.8 ) 04 06 08 1.0 12

R [m] R[m]
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NSTX example: high 95,

V.A. Soukhanovskii et al Nucl. Fusion 49 (2009) 095025

n Mo o
===

A Reference at 0.544 s
A PDD at 0.529 s
A PDD at 0.596 s

Figure 4. Divertor heat flux profiles in the reference and PDD
discharges: (a) 1.0 MA and (b) 1.2 MA.

= 1.2MA

Shot 128797, 547Tms
e L

R [m]
Dwertor heat flux

LRDFIT06
l,=1.2 MA

f.q=03
f0b|_065

Preat = 6 MW

@INSTX-U
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Strategies for Mitigating Heat Fluxes

* Increase poloidal flux expansion

— changes the amount of wetted area on
divertor, but also makes for shallow
angles

 Strikepoint sweeping In time

—use PF coils to move the strike point
back and forth across the surface !

* Increase radiation fraction

Energy Conf. Time

Div. Temperature, Heat Flux
(30% assumed in models) ‘
fi d i taint f how we move on this
— contingency due 1o uncertainty o olot is a research

compatibility w/ physics goals focus of the fusion

— adding new divertor fueling locations to ~ Program worldwide
help us exploit radiative exhaust
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Comments on comparison to NSTX
and extrapolation to NSTX-U

* Have looked at very limited number of NSTX cases

—f.4=0.2-0.3and S = S,,,, might be reasonable scaling

assumption for NSTX / NSTX-U

» Peak heat fluxes can match, but exact profile shapes differ
= There Is substantial uncertainty in both f_, and S,

— Need DIVSOL TSG to identify more cases for comparison
— More detailed analysis of NSTX S-scaling would be valuable

 For scaling to NSTX-U, use more conservative (l.e.
smaller) S = 5, = 0.15 x A,

« Detachment is option for reducing NSTX-U heat-flux
— Showed reduction of g, by ~50-70% in NSTX

— Prefer not to rely on detachment for NSTX-U scenarios
= Beneficial to have more operating margin if PFCs will allow
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NSTX-U projection example: high 9,
I, = 2MA with high flux expansion divertor

Case NfHz0+wQ IBDHL_OBDL
1 L I LA I L B

iasr7 4

l':'f\'l'\lﬁ'l'\'-

I L. /j/—m N BT
0.4 0.6 0.8 1.0 1.2
R [m]
Divertor heat flux
8- T T T
o PF1A, Cused ]
o | PF1B not used ]
0 0 = 1.1°
2f
oj . : . . .
0.4 0.6 0.8 1.0 1.2

R [m]

«A=1.75, k= 2.74, balanced DN
I, = 2MA, B; = 1T, P, = 10MW
* Agemig =1.97mm, S/A, = 0.15
 Poloidal flux expansion = 36

— Also assume B-field angle of
iIncidence 65 must be = 1° (tile
alignment / leading edge tolerance)

« Radiation fraction = 30%

« 80% of power to outboard

* 50-50 split between upper/lower
* P, ~ 2.8MW to divertor target

* CIdiv-peak = 7.8 MW/m?
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Example case from 96 with high lo-; A

+ A=1.84,¥=2.5,8, | =0.193, 0.375, 10,0, lpr1ay, = 15, 7TKA

Case NfHz0+QF IBDVL_IBDHL
T T W - T T T T T T T T

Case NfHz0+QF OBDL
T I .'.‘,',w:-:.:.;. T T T T T T I T T T | T T T I

i
i

E E
I 018
R [m]
Dilvertor helatflux . _ 25c
I Opeak ~20-25MW/m? 2t
- _ : - 155—
£’ 1 Aty <1ls without £
=1 E . = 10f
i sweeping or other :
mitigation
0.8 1.0 1.2 0.4 0.6 0.8
R [m] R [m]

@D NSTX-U APS-DPP 2017 (J. Menard) 24



Example: Scan 1: No PF1B, use PF1C fo_r high flux expansion
IBDH tile heat flux projections

13

12:
11 -
10 -

a o N

Scan 1: IBDH peak heat flux [MW/m?]

I
A A

AV

0.65

0.55 -

0.45 |

- 1 S? ¥ 05
0 5 10 15 20 25 30
Case Index
 HD model A
Scan 1: IBDH heat flux e-folding | _ S/A =015
width at strike-point [cm] q )
- ¢ f,4=03 18
I\ 14
I \ 1.3
1.2
104 i
M 1
3 0.9 -
0.8
0 5 10 15 20 25 30
Case Index

Scan 1: IBDH strike point R [m]

06

3R %

15 20 25 30

Case Index

0 5 10

Scan 1: IBDH total B-field angle
of incidence [Degrees]

+ 1
L A f\\ J\f\uf
Y

¥

0 5 10 15 20
Case Index

25 30
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Elongation Impacts Use of Poloidal Flux Expansion

* Low-x shapes have x-point far from PFCs
have useful scientific value
— 1, = 1 MA, Pyg = 3 MW L-mode
— flux expansion < 3, field line angles > 10 deg
— high stationary heat flux (> 6 MW/m?)

* Increasing kappa and moving x-point closer
to targets can mean higher |, P\, are ‘easier
— 1,=1.00 MA, B;=0.75 T, 7.5 MW: (s ~ 12 MW/m?
— 1,=1.25 MA, B;=0.75 T, 8.0 MW: Qpeq ~ 7 MW/m?

« Shape/heat flux coupling stronger in STs
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Initial Modeling of Sweeping Shows Benefits

(Implemented in reduced model by M. Reinke, ORNL)

Z (m)

Z (m)

Z (m)

Delta_t [sec]

assemble individual equilibria and interpolate

PHEAT [MW]=10.0 S,1) [mm]=(0.42,2.12
.20 FRRD450 Lower Outer FlEbiodo. )

0.30
- C

0.10

Rm]
Single Equilibrium
Peak Across Scan
Time Averaged

0.05

0.45 0.50 0.55 0.60 0.65 0.70
RMAJ [ml
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HHF Tile Designs Converged to ‘Small Cubes’

ELEMENTS temperature § | somar - COMPressive stress BB | DCDAL SOLTICH tensile stress
TEMPERATURES STEP=1 STEP=]
TMI=103.906 B =1 B =1
TVRE2108.11 TIMERS TIN5
$3 (W) 1 (AVG)
OV =.211E-0 DM =.2115-03
Y = 558840 SMY =43997

SMK =,154F+08

40 mm

v

omm—

103.906 549,285 994.663 1440.04 1885.42 oy ey g g o -433997 —307EH07  658EH07 0IEF08 . .136E+08 _
326,596 771,974 ” 1017.35 1662.73 2108.11 B0 potests VP g "B e T opmn Y e 132E407 L4B3EH07 B3UEH0T J118E+08 154E+0
Castellation w=1.5 h=4 wl=l hl=1 cm Castellation w=1.5 h=4 wl=1 hl=1 cm Castellation w=1.5 =4 wl=l hl=1 cm

ANSYS simulation of 10 MW/m2for 5 sec onto isotropic graphite at normal incidence

* larger tiles ‘bow’, enhancing stress, small cubes relieve this by ‘mushrooming’

* design criteria using T,;,;; ~ 1600 °C, and allowable stresses of 50% material
limit

 scoping simulation show T, = 2100 °C, max compressive stress of 55.8
MPa (86% of allowable) and max tensile stress of15.4 MPa (51% of
allowable)
— example of design that is ‘temperature limited’ and not ‘stress limited’
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Developing Designs Using Castellated Tiles

cover HHF
surfaces using
100 mm x 100
mm tiles made of
4 x 4 castellated
‘small cubes’

example vertical divertor

Designs working to
avoid front-surface
holes in HHF
regions
Side-access
through removing
low-heat flux tiles
w/ front surface
holes

Ex: cam-like
action secures
tiles against
mounting
plate/vessel
Beginning designs
for inter/intra-tile
diagnostics

@INSTX-U
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Empirically Motivated Divertor Power Sharing
(Implemented in reduced model by M. Reinke, ORNL)

« NSTX only measured the outer, lower divertor heat flux
— model uses inner/outer split of 70/30 LSN and 55/45 USN, smooth transition in-between

C-Mod H-mode; Brunner APS 2016

fraction of total power flux H-mode, 0.8 MA, 2.5¢+20 m~3, FWD-B
1.0

MAST L-mode; Wenninger, IAEA 2016

09

o upper inner
o upper outer
o [ 8o o lower inner
o lower outer

0.8

0.7

06
05
LOWER 04
03
02

0.1

I I I I I I I I \ I \
09 092 0584 096 09 1 1.02 104 106 1.08 11 —4
ay

N,sep2
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Tile Shaping Used to Avoid Leading Edges

w4+ g
B Lwet
. 0z + gtan dy gy
anp = .
w « Small ramp toroidally, f~1°
sin B — driven by max field line expected, a,,,,
EF~1+ Sin @ppq; — impacted by alignment uncertainty, §z

« This reduces wetted area (increases
B - #) : ‘enhancement factor (EFY

 Large poloidal expansion leads to
shallow attack angles, a4+ ~ 1°

exaggerated example
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Method for simultaneously controlling
strike-point position and angle of incidence

® (divertor — QHDQA({') (B/BO) SiIl(ng)
® iivertor = od(¢)(B/Bo) (i - b)
g ® (divertor — QHDQA({') (BO/BU) ta'n(ahﬁ?ﬂf)

\ R o tan(aew) = B, /B, B, =Bp-n
a, ( 1 e Can also show that: B, = R™10¢ /o7

D\\JGY\{C o = Ju/IT = RB, tan(ay,eqs) = constant
1arge! N

e = constrain flux gradient at strike-point

>R ° also constrain poloidal flux at strike-point

Implemented in PPPL IDL-ISOLVER: Works well with all 3 divertor PF1 colls
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Summary

* NSTX-U redesign of high-heat-flux PFCs motivated by
projected narrowing of SOL at high I, and improved
understanding of expected halo-current loads

« Systematic equilibrium scans used to quantify the
required divertor coil currents and to verify vertical
stablility for a range of plasma shapes

* Tile designs developed to handle high heat fluxes

* Free-boundary control schemes developed to
constrain the strike-point location and field-line angle-
of-incidence - supports use of fish-scaled tiles

« Can support core confinement studies at the highest
current, power, duration projected for NSTX-U

I@DNSTX-U APS-DPP 2017 (J. Menard) 33 |



