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STAC-15 by 10 (M. Merola, R. A. Pitts)

W melting: JET misaligned lamella experimen

-
/,\!ﬁ/ A
—

J Executed in July-August 2013

= Use high power Type | ELMing
H-mode plasmas to push misaligned
lamella close to melting during inter-
ELM phases

= Push W transiently over melting at the
ELM -2 investigate melt dynamics,
splashing, effect on plasma, etc.

JPN 84514

" Principal aim of experiment from 10
point of view is to provide benchmark
transient shallow melt data for
validation of MEMOS code being used
at ITER for W-divertor damage
mode“ng KL9A IR camera

Special
lamella

Qu|| IS Xosddy




STAC-15 by 10 (M. Merola, R. A. Pitts)

W melting: JET misaligned lamella experiment (2)

J Melt evolution i 5.5 mm

" High resolution photographs of special
lamella after each pulse

= Melting during ~7 pulses
Appearance of small “droplets” (=100 _w
um diameter)

Formation of large droplet chain

Estimate 5-10 um removed per ELM

Estimate ~6 mm?3 total material moved

Melt motion towards HFS = consistent with
jxB force due mostly to thermal electron
emission current

Leading edge is “machined down”

Only a few droplets expelled 2 no
disruptions or strong effect on confined
plasma




STAC-15 by 10 (M. Merola, R. A. Pitts)
JET experiment: conclusions for ITER

d Need to confirm absence of bulk melting, but the JET results:

= Are the first ever transient driven shallow melting experiment in a
tokamak - provides excellent data for MEMOS validation

= Show no evidence for melt splashing at each ELM, no disruptions due to
ejection of “droplets” and no significant contamination of core plasma

» Demonstrate that there is a process (not yet understood) by which small
droplets form, migrate, coalesce and grow - implications for continued
operation above a damage threshold

= Support the ITER full-W divertor design strategy of shadowing all edges

O JET results provide the basis for estimates on ITER of
consequences for a larger scale melt event

» Require modeling to account for screening and resistance to W
radiation - improve with mean size



STAC-15 by 10 (M. Merola, R. A. Pitts) | Syummary by 10

d

d

A mature full-W divertor design is now in place with the key design supporting
analyses essentially complete.

The design was examined by an expert panel during a Final Design Review in June
2013, as requested by STAC. The review was successfully completed.

In all DAs supplying the divertor components technology development surpasses
the cyclic load specifications.

Key areas in PWI remain those of melting and potential material issues.

JET transient shallow melting experiment generally supports melt code analysis
being applied for ITER.

Vigorous Materials R&D under high fluence, multi-species plasma and in the
presence of transients must continue at good pace during ITER construction.

Indications that reduced (normalized) H-mode confinement observed in present
devices with W or W/Be PFCs may not apply in ITER - unresolved issue and
more R&D required

If sufficient heating power for H-mode operation, adequate ELM and disruption
mitigation and diagnostics are in place for the non-active phase, no major obstacle
to completion of Research Plan as currently foreseen with a full-W divertor. 9
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ITER Research Needs: D. Campbell at ITPA-CC meeting Dec.2013
Priority R&D Issues in Divertor/PWI

Heat fluxes
» Continued limiter heat flux studies (narrow feature) - possible DSOL

» Pursue to completion divertor heat flux studies at high divertor dissipation
» Quantify ELM broadening/heat flux dependence and in-out divertor asymmetries
* More data on unmitigated disruption heat fluxes (but emphasis on metal walls)

Tungsten

» Expanded work in general on He PWI effects - rate of bubble growth, effect of
transients, survival of fuzz - mostly on linear devices, but could be done on some
tokamaks (notably AUG) if He plasmas possible

* More detailed work on surface roughening and micro-cracking, behaviour of
damaged W samples under tokamak exposure (and effect on plasma - AUG)

 Effect of Be layers on W (reduced crack threshold - PISCES-B)
Migration

« Making progress, but key results for ITER will all come from JET, so monitored
closely by ITPA 13
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STAC-16 (H26E58): ITERY G —F TS

Summary of non-active operation

* Overall allocation of time to phases of non-active programme:

Activity 2-shift 3-shift
Plasma operation to ~3.5 MA X-point 90 days
Non-active programme on disruptions/DMS 60 days 40 days
Commissioning programme at 7.5 MA/ 2.65 T ~130 days ~ 250 days
(Helium) H-mode operation at ~7.5 MA/ 265 T 90 days
Development of L-mode operation at 15 MA/ 5.3 T 50 days
Total ~280 days ~430 days

— requirements of this programme consistent with duration of non-active phase

— significant uncertainties due to possible issues in disruption programme,
H&CD commissioning, need for in-vessel access (eg dust collection)

STAC-16, Saint Paul-lez-Durance, 13-15 May 2014, ITER_ D PFFCRMv 1.0  Slide 27 /31
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STAC-16 : ITER)HY—F TS5 ( Disruptiond)—Ip)

1.2 Disruption loads and mitigation

 Programme of disruption characterization, prediction
commissioning, mitigation developed for programme to DT:

integrated into various scenario development phases

* Non-active experimental programme on disruptions: unmitigated
disruptions (where possible), mitigated disruptions, disruption
detection and avoidance:

studies in low current H/He plasmas at <3.5 MA — 260 pulses

studies in medium current H/He diverted L-mode plasmas at <7.5 MA
— 540 pulses

studies in higher current H/He L-mode diverted plasmas at <15 MA
— 430 pulses

studies in He H-mode diverted plasmas (typically up to 7.5 MA, or higher
depending on He H-mode operation) — 350 pulses

STAC-16, Saint Paul-lez-Durance, 13-15 May 2014, ITER_D_PFFCRMv 1.0  Slide 12/31
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STAC-16 : ITERH—F TS5

2.1 Major activities for D Phase

Activity 3-shift

Routine plasma operation at 7.5 MA/ 2.65 T: ~120 days

- commission new systems (possibly in H/He initially) 20

- extend disruption studies/ reliable DMS operation 10

- (re)commission high power H&CD in D-plasmas 20

- extend/ develop required control capability (incl ELM control) 10

- establish and study D H-mode regime 50

- demonstrate reliable application of NTM control 10

- extend H&CD to longer pulse (=100 s) if time permits (20)
Extend D H-mode operation towards 15 MA/ 5.3 T: ~120 days

- extend disruption studies/ reliable DMS operation 10

- develop/ extend necessary plasma scenarios and control capability 50

- Trace T: T-transport, T-fuelling efficiency, T-accounting, DT reactivity 40

- characterize hydrogenic H-mode performance and physics 20
Total ~240 days

STAC-16, Saint Paul-lez-Durance, 13-15 May 2014, ITER_D PFFCRMv 1.0  Slide 28 /31
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STAC-16 : ITERH—F TS5

2.2 Major activities for initial DT Phase

Activity 3-shift
Establish reliable DT plasmas with significant fusion power (Q < 5): ~70 days
- control capabilities for burn control, power handling, helium exhaust 35
- including extension of disruption mitigation capability (5)
- characterization of H-mode performance in DT plasmas 25
- initial a-particle studies: >10

- a-heating
- quantify influence on MHD stability
- studies of a-driven instabilities and losses

Achieve Q 2 10 for several 10s of seconds: ~70 days
- refine control with dominant a-particle heating 10
- optimize H-mode to sustain Q = 10 for several 10s of seconds 40
- initial exploration of burning plasma physics >20
Total ~140 days

STAC-16, Saint Paul-lez-Durance, 13-15 May 2014, ITER_ D PFFCRMv 1.0  Slide 29 /31
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STAC-16 by M. Merola / R. A. Pitts

Cause, interpretation & Mitigation of self castellation

0 Observation

» Self-castellation never appears during the 5000 cycle, 10 MWm- loading

> Typically appears after several 100 loading cycles at 20 MWm

» Crack initiates at the top part of the monoblock with evidence for ductile
fracture surface around the initiation site and a brittle fracture surface with
typical intergranular cracks closer to cooling tube

U Interpretation of cause of self-castellation

» Fatigue crack rather than crack due to brittleness Foa—  {

> Higher fatigue resistance and higher o

resistance to recrystallization (i.e. higher —
recrystallization temperature) would be essential b i addiie.

U To mitigate self-castellation for high performance W materials
» 1O developed W material characterization programme to understand self-
castellation (fatigue crack) threshold and to obtain guideline for the
acceptance criteria for high performance W materials (for 2" divertor set).
» The programme is in preparation for implementation, subject to budget
availability.
19



STAC-16 by M. Merola / R. A. Pitts

W material characterization programme

1 Task Description

(a) Uniaxial tensile test

Report: stress-strain curve, ultimate tensile strength (UTS), Yield
Strength), total elongation (e,.,)

- Test temperature: a single value between 600-800°C (+/- 5°C).

- Test direction: x- and y-directions.

- Material state: as-received and post-recrystallization

(b) Hardness measurement and microstructural observation

Report: Vickers Hardness (HV30), microstructure and grain size

- Material state: as-received and post-recrystallization states

(c) Recrystallization sensitivity tests

Report: Vickers Hardness HV30, microstructure and grain size after
Heat treatment \ L,

temperature : i) 1300°C; ii) 1500°C; iii) 1800°C, for 1 hour

Y direction
€<—>

20



STAC-16 by M. Merola / R. A. Pitts

Monoblock shaping studies (3)

U Investigating a double toroidal chamfer concept

A second 1 mm deep chamfer reduces the
problem of ELM induced melting

But creates a new exposed edge at the
3 mm intra-cassette gaps = introduce a
small radial shift on first half of the target

Monoblock Chamfer /
i Second Chamfer Radial shift: Ar \l,

T sevsasy
olo/o]o
Inter-PFUgap  *Intra-cassette gap

Note that we know from expt. (e.g. JET and T-S) that we do not understand loading on
misaligned edges. Much more work planned - PiC simulations, tokamak expts., thermal

analysis - aiming to make a monoblock shaping decision in 2015
STAC-16, Saint Paul-lez-Durance, 13-15 May 2014, ITER_D_PAYVHR v1.0 Slide 16/26

smgle chamfer
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STAC-16 by M. Merola / R. A. Pitts

3D shallow melt motion modelling (2)

After 10 ELMs Positicn (m) ["aster 10 ELMs Position (um) | After 10 ELMs Position {jim)
Minimsum:  5.36 ;m 2 & a2 .

- < Misimum:  8,52m Mirimum: 8,36 pm
Macimum:  0.86um Macimem: 9.68m Macimem: 1.13um

-

6ablt§oppam.u..

Friction + jxB Friction + jxB + space charge
limitation

U Preliminary results show low damage accumulation by jxB
» For space charge limited thermoelectron emission

» 10 events > ~1 um (pressure), ~0.14 um (jxB)

» Accumulation linear for low event numbers (e.g. 14 um for 1000 events) |
A . ’ STAC-16, Saint Paul-lez-Durance, 13-15 May 2014, ITER_D_ PAYVHR v1.0 Slide 21/26

Friction (pressure) force only
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