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Abstract

High heat flux tests have been performed to as$esshermal fatigue life-time in steady-state ctinds of
different small/medium-scale mock-ups including moscent developments related to actively cooled W-
armoured plasma-facing components. In particuter behaviour of these mock-ups manufactured byp&ano
companies with all the main features of the ITERedor design, was investigated for thermal cyclimgler
heat fluxes higher than 10 MW#nto explore the capability for a full W divertoysiem to meet the present
ITER requirement in terms of heat flux performanees operational compatibility. Critical heat fl¢g€HF)
experiments were also carried out on the componvemitsh survived the above thermal fatigue.

Main results showed promising behaviour with resgecheat flux removal capability up to 15 MW/rand
after a limited number of cycles at 20 MW/nBeyond, the bonding to cooled structure and thbrétlement
of W armour materials are still considered unfaedie regarding high temperature deformation andicyc
thermal fatigue. The results of CHF experimentsengliso rather satisfying and in line with safetyrgias
required for ITER operation, since the tested camepts sustained heat fluxes in the range of 30 MiAtim
steady-state conditions.

1. Introduction

Extensive R&D programs have been performed in Eitopdevelop reliable actively cooled
plasma facing components (PFCs) for existing mashie.g. Tore Supra, W7X) and future
fusion experiments such as ITER. These activibesis on the development and fabrication
of relevant plasma facing materials and componeaotspatible with plasma scenarios and
associated plasma wall interaction. Due to its b#ipato withstand cyclic high heat load, the
use of carbon in the divertor within the strikestoiegion and tungsten (W) on moderate
loaded baffle area for the initial “non-active” [gleaof ITER was chosen. While the carbon
material is considered to be adapted for the ‘egpbwy’ stage of operation in H and He, the
deployment of an all-tungsten divertor in ITER mdseen for the following deuterium-
tritium (D-T) phase. Therefore high heat flux (HHf€sts on actively cooled W armoured
PFCs, relevant at ITER strike-point conditions,dnaeen performed to assess the fatigue life-
time of bonding techniques and to validate difféasign concepts.

In this paper, main results in Europe in terms e@&thflux removal capability and thermal
fatigue performances at high heat flux for varidyges of actively cooled W armoured
prototypes, including most recent developmentgeagsented and discussed. In particular, the
behaviour of different mock-ups with all the maeafures of the ITER divertor design was
investigated for thermal cycling under heat loadsve 10 MW/, to explore the heat flux
performances and operational compatibility of A&WIITER divertor system.

2. HHF thermal fatiguetesting of PFCsunder steady state loads
2.1. Main previousresults

2.1.1. Medium/Small-scale mock-ups
Mainly, two high power electron beam European faed have been used to assess the
“fitness for purpose” of the developed technolodasV armoured components.
- the 60 kW JUDITH-I with a hot cell of 0.4%at Forschungszentrum Jilich, Germany, for
smaller mock-ups.
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- the 200 kW FE200 with a vacuum chamber of*8&mAREVA in Le Creusot, France, for
larger mock-ups and prototypes.

The major relevant results of high heat flux tegitained with representative mock-ups over
the last few years by the European community ornrivbared actively cooled high heat flux
component are summarized ihable 1. They show that bonding techniques such as
casting/HIP, brazing/HIP, casting/HRP of the W/@ings provide relevant high heat flux
durability performance. In addition, these resshisw that technical solutions for the baffle
region expected on vertical targets of ITER Diverere feasible (5 MW/fx 3000 pulses
in steady state) and even exceed the HHF requirefoedTER during the “exploratory”
stage of operatiofi].

TESTING CONDITIONS

Year Supplier Geometry Tube W grade | Cu-Alloy W/Cu Cu/Cu Flux Number Facility Ref. | Results
(LXWxH) (ID/OD) | (armour) | (heat sink)| joining technique | joining technique (MW/mZ) of cycles
1999 CEA W-Flat tile (10/12) W DS-Cu Brazing HIP at HT (900C) 6 700 FE200 | [13] [FJ
1999 Plansee W-Macrobrush (10/12) W DS-Cu Cast EBW 9 1000 FE200 [13] |WF
16 1000 OH +FJ
2001 ENEA W-Monoblock (10/12) WLa,05 CuCrZr Cast HIP at HT (700C) 12 200 JUDITH [15] WL
(monolith 4x23x25 mm3) 14.5 1000 WFE
2002 Plansee W-Macrobrush (10/12) | WLa,O3 CuCrZr Cast EBW 13.7 1000 JUDITH [14] |WF
2002 CEA ‘W-Monoblock (10/12) | WLa,O3 CuCrZr | HIP-Ni interlayer | HIP at LT (550C) 18 1000 JUDITH | [14] |WF
(monolith 4x23x25 mm3)
2002 Plansee ‘W-Monoblock (10/12) | W Sheet | CuCrzr Cast HIP at LT (550C) 14.4 1000 JUDITH [14] F
(thin lamellae)
2005 Ansaldo W-Monoblock (12/15) W CuCrZr Cast HTB 10 1000 FE200 - |WF
(monolith 12x27x30) 20 1000 OH + FA
2005 Plansee W-Flat tile - w CuCrZr Cast HIP at HT 10 1000 FE200 - |WF
(hypervapotron) 20 766 OH + FJ
2006 Ansaldo W-Flat tile - W CuCrZr Cast HTB 10 1000 FE200 - _|WF
(hypervapotron) 20 766 OH +FJ
2006 ENEA 'W-Monoblock (10/12) WLa,03 CuCrZr Cast HRP 10 3000 FE200 [6] |WF
(monolith 10x24x23 mm3) 15 2000 WF
2007-2008 | Plansee W-Monoblock (12/15) W CuCrZr Cast HIP at HT 10 3000 FE200 [5] |WFE
(monolith 12x28x36 mm3) 20 500 WE
2007-2008 | Plansee W-Flat tile (12/15) W CuCrZr Cast HIP at HT 5 3000 FE200 [5] |OH
(4 tiles) 10 500 OH + FJ
2007-2008 | Ansaldo W-Monoblock (12/15) W CuCrZr Cast HRP 10 3000 FE200 [5] IWF
(monolith 12x28x36 mm3) 20 500 OH
2007-2008 | Ansaldo W-Flat tile (12/15) W CuCrZr Cast HRP 5 3000 FE200 [5] |WF
(4 tiles) 10 500 OH + FJ
Designation HIP: Hot Isostatic Pressing WEF: Without Failure
HTB: Hot Temperature Brazing WL: Water Leakage
HRP: Hot Radial Pressing FJ: Failure in Joint
HT: Hot Temperature FA: Failure in Armour
LT: Low Temperature FH: Failure in Heat sink
EBW: Electron Beam Welding OH: OverHeating
Table I: Main survey of HHF tested W armoured mopk-
2.1.2. Full-scale prototypical mock-ups
. . . . .. Tungsten
During the ITER EDA (Engineering Design Activityna | e
CTA (Co-ordinated Technical Activities) phases, ex@gnce
of European industry on W armour joining has proteat
the most reliable process for W/Cu joints was th&ting of a | austeniic steel
pure Cu layer on a CuCrZr heat sink tube. A fulalsec
prototype(Fig. 1) produced by Plansee SE and assemblec 3
. . . . S
low temperature hipping, has been tested in thie héat flux 3

(lower part)

FE200 electron beam facility at Le Creusot in Fear
between 2003 and 2006. The lower part of this carapb
was a Carbon Fibre reinforced Carbon (CFC) armgradle

NB31, supplied by the French compaBgecma Propulsion i
Solide The upper part of the prototype was armoured w
tungsten alloyed (WL10).

FIG 1 Vertical target near full-scale prototype

The W monoblock section endured up to 1000 cydld® aMW/nt of absorbed heat flux. To
pursue the fatigue testing campaign at higher theets, transversal slots (“castellation”) in
the W tiles were necessary to alleviate the opsgadiress. Finally, the W monoblock was



successfully exposed to high heat flux cycling afL500 cycles at 15 MW/rfollowed by

an additional 1500 cycles at 20 MW/f, 3].

Additional investigations (metallographic studiesjer thermal fatigue testing showed a
brittleness of W armour surface areas thermallgéoaabove 10 MW/fm This embrittlement
of a W-alloy appeared mainly by micro-cracks omehperpendicularly to the loaded surface,
but had not induced critical overheating in testaogditions. However, some micro-cracks
oriented parallel to the surface were found indMearmour or close to the transition area
between W and copper interlayer (OFHC Cu) in athasmally loaded beyond 10 MW7m
before the introduction of transversal slpts

Results of this intensive thermal fatigue testseheonfirmed previous works, that possible
measures to overcome component failure due to themechanical stresses at high heat
fluxes, was to reduce the size of W armour til@ tsubcritical value and that this procedure
was suitable and even mandatory to sustain suctésgher heat flux (up to 20 MW/h

2.2. Recent results

The on-going effort of the European R&D programasv focused in optimizing the existing
technologies to improve their quality and relialiliPossible repairing methods to maximize
the acceptance rate of the divertor high heatdlmponents during the unprecedented series
production for ITER are also investigated to redube fabrication costs. Having
demonstrated very promising results, the Hot RaBi&ssing (HRP) proce$5] and the
optimized Hot Isostatic Pressing (HIP) techniqyéf were consolidated and adopted
respectively by Ansaldo Ricerche and Plansee S& the two “potential” European
companies appointed to participate at the preqoalibn phase) as final bonding techniques
to join the heat sink cooling tube to the W armsinucture.

2.2.1. Main features of thetested elements

A total of eight (small-scale) W components (sdezhlW mock-ups ) and three (medium-
scale) Vertical Target Prototypical components dalbled VTP component) were
manufactured by Ansaldo Ricerche by Hot Radial $ings(four W mock-ups s, one VTP
component) and Plansee SE by Hot Isostatic Presgog W components, two VTP
components). All PFCs, armoured with pure W mondbldiles, are constituted of
monoblocks having a total height of 25 mm ; semardiy gaps, with a width and an axial
length of 28 and 12 mm, respectively.

The W componentd-ig. 2a) and the W part of the VTP compone(fsy. 2b) have a curved
shape with a radius of curvature of 511 mm alorggttibe axis. To reduce the joint interface
stress, a pure Cu interlayer (1 mm thick) was mledibetween the armour and the CuCrZr
tube. The cooling tube (12/15 mm Inner/Outer diames made of CuCrZr. A twisted tape,
0.8 mm thick, with a twist ratio of 2, was alsoengd into the cooling tube as turbulence
promoter to enhance heat transfer and to incréaseritical heat flux margins.

FIG. 2 Small-scale W components (a) and Mediumes¥atltical Target Prototypical components (b)
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The VTP components consist of a HHF unit includagsteel supporting structure. The
monoblocks are mounted onto the steel plate viamaber of pads fixed onto the supporting
structure. The attachment system allows slidingtled monoblock caused by thermal
expansion of the heat sink tube during operation.

For each manufacturer, two W components includezlrepaired monoblock tile preferably
localized in the centre. For the VTP componentssalsio Ricerche unit is provided with two
repaired monoblocks in both the CFC and W partsthedwo Plansee SE units are provided
with two repaired monoblocks, one in the CFC pidwe, other one in the W part. Apart from
the repairing process, all the components haveah iflentical geometry.

Based on previous in-depth analysis of various ipesgepairing modeg7], the mode
characterized by two vertical half monoblocks wathgap, having proved to be the best one
in terms of residual stresses after manufacturmas adopted by each manufacturer as
repairing process for monoblock geometry. Moreothes, mode presents the huge advantage
to avoid the loss of a monoblock tile in case obaplete heat sink bonding failure.

Hence, this repairing process consists in N
cutting away the monoblock from the the = . .o W
CuCrZr tube. This cutting is performed in [ N\

the middle of monoblock til¢Fig. 3a). The ‘
monoblock is then removed in two parts. .

The joining of two half virgin monoblocks o |

with the copper cast layer is then performed
on the CuCrZr unit tubgFig.3b) by a
second HIP cycle for Plansee SE and by
HRP for Ansaldo Ricerche.

FIG. 3 Scheme of the reﬁg?eation process
2.2.2. Testing procedure
Fatigue testing campaign was performed in the higgt flux AREVA FE200 electron beam
facility at Le Creusot in France. The monitoringthé shots was provided by means of a
CCD camera, two optical pyrometers, a pyro-reflester and an Infrared camera. The
absorbed heat flux is obtained by global calorignefitom the measurement of two
thermocouples installed at the inlet and at théebuoff tested components. The experimental
campaign was devoted to several steps of fatigete dgsts consisting for (small-scale) W
components in 1000 cycles at 10 MW/m2 and in eitb@d0 cycles (for the no-repaired
components) or 500 cycles (for the repaired one2p MW/mz2. Taking into account the first
results, and in order to investigate the behaviahe components under reduced heat flux,
the following testing plan of the (medium-scale)R/€omponents W parts was then modified
to 1000 cycles at 10 MW/m2, 1000 cycles at 15 MW#AN@ 300 cycles at 20 MW/m2. The
thermal cycle was 10s power on (provided by elecbbeam sweeping), then 10s dwell time.
Initial, intermediate and final screenings (thermahpping) were performed at 5 MW/m?2
between the cycling sequences. The hydraulic camditvere set at nominal ITER conditions,
namely at a pressure of 33 bar, an inlet temperaitid20°C and a water velocity inside the
tube of 12 m/s.

2.2.3. Experimental results

a. Performance assessment of consolidated techiesléor divertor strike point conditions
Main experimental HHF results were recently repbft® and pointed out that all tested
components withnot-repaired’ monoblocks endured correctly the cycling at 10 M/
without any visible damagé-ig. 4a). This first step of thermal cycling did not showth
spots or steadily evolution of surface temperatare confirmed the promising behavior
already observed in the past. While no water leal@gdegradation of thermal behavior in

4
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terms of heat flux removal capabilities occurredimy the thermal fatigue tests above

10 MW/n?, visual surface damage was obser{féd. 4b) after the following thermal cycling

conditions in steady-state:

- Presence of longitudinal primary millimeter-lengttacks oriented perpendicular to the
loaded surface after 1000 cycles at 15 MWém some monoblocks. This embrittlement
tends to spread on a majority of monoblocks affemahundreds of cycles at 20 MW/m
These cracks did not modify the thermal behaviduhe components in terms of heat
flux removal capabilities.

- Presence of dense network of secondary micro-crafies a few tens of cycles at
20 MW/n? inducing a slight overall alteration of the sudfan addition of primary cracks.

- Presence of melted W droplets at the surface efeltmonoblocks by secondary micro-
cracks after several hundreds of cycles (typicailyre than 500 cycles) at 20 MW/m
During the cycling, no significant increase of swd temperature was detected by
pyrometers or pyro-reflectometer measurementsthautR diagnostic showed clear drop
of emissivity when local melting occurs.

b.

Transversal View (zoom x 12)

@ Cracks (primary) Top P

@ Micro-cracks (secondary)

........
o "

@ Melting (droplets)

— Surface View (zoom x 12) =

Surface Area after

Surface Area after
« 1000c, 10 MW/m?2 » « 1000c, 20 MW/m 2 »

(No visual damage) (Visual damage)

FIG. 4 CCD pictures: Visual surface damage aftarthal fatigue at10 MW/fi{a), then 20 MW/f(b)
Longitudinal primary cracks®); network of secondary micro-crack®); melted W droplets®)

In addition, the complete melting of two monoblo¢ke. 4% of tested monoblocks) occurred
during the cycling at 20 MW/f(namely, after 450 and 520 cycles respectivelgbably due

to the propagation of a defect at the W/Cu interfaeambined with a creep deformation of the
pure copper interlayer. This factual event was aete by the IR diagnostic, with a sudden
increase of the surface temperature, followed bylearease due the change of surface
emissivity (Fig. 5). However, the thermal cycling pursued until 10§@les as planned in the
testing plan without occurrence of a water leak.

CCD picture after 1000c @ 20 MW/m 2
[ | I

Complete

IR mapping during the cycling @ 20 MW/m 2

At 494, 495 and 521 cycles at 20 MW/m?

\ Y
Defect apparition Defect evoltution Start of the W melting

Al4  Al13

FIG. 5 Complete surface melting after 1000 cyckea0aMW/m of W components
(IR (left) and CCD (right) pictures)
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b. Performance assessment of repairing methodé/faronoblock geometry

Main experimental HHF results were recently repbift¢] and pointed out that all tested
components witlrepaired’ monoblocks endured correctly the cycling at 10 MAAvithout
any visible damage. This value of flux is well bagidhe ITER design target qualification for
the upper part of the vertical target with W arnealPFC for the ‘exploratory’ stage of ITER
operation validating the repairing process for etinopean industrials.

Above 10 MW/nf, no degradation of thermal behavior in terms oéthBux removal
capabilities was noticed after 1000 cycles at 15/M% but again a surface alteration (i.e.
high roughening, brittle failure) was visually obssd on W armour. These cracks initiated at
the loaded surfaces did not impair the heat trarsdpability. This demonstrates the good
quality of materials and repairing process propdsge@ach manufacturer for W monoblock
geometry. Thereafter, during the cycling at 20 M\/montinuous increasing of surface
temperature, due to a debonding at the repaireduMil€ interface is observed. In addition
melting events for W components and VTP componerasufactured by Ansaldo Ricerche
with a repairing process based on HRP technologybserved. Melting events appears after
a few hundreds of cycles at 20 MW/mamely, 300 and 360 respectively). Before rupafre
the repaired assembly plan occurred, a surfaceps#l around the gap area was observed;
this is caused during debonding propagation crgaginthermal barrier. CCD pictures of
repaired monoblocks after fatigue testing campaagashown irFig. 6.

Repairin rocess by « HRP » technolo

Meltin

Repairin: rocess by « HIP » technolo

FIG. 6 CCD pictures after 1000cycles x 10MW/fallowed by 500 cycles x 20 MW/om W components
(right); and 1000cycles x 10MWnfollowed by 1000 cycles x 15 MV¥/m
then 300 cycles x 20 MW/ron VTP _componesi(left)

2.2.4. Analysisand discussion

a. Pre and Post-examinations (SATIR)

Before fatigue testing, preliminary IR thermograpréxaminations were performed in
Cadarache (France) with the SATIRtg&on d’Acquisition et de faitement_hfra Rouge),
[10] experimental device. Aim of this facility, mainfomposed of two water circuits at
different temperature levels and an infrared canert® detect plasma facing components
internal defects. Detection is based on the manioiof the surface temperatures of
inspected elements and of defect free one duritrgresient period. The maximum surface
temperature difference during the thermal transseuence (so-called DTrefmax) is stored
and the presence of a faulty behaviour (i.e. adrighermal resistance due to a bad joining
between the different layers of materials) is detcby a slower surface temperature
response.
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SATIR testing did not reveal any poor bonding gyaklith regard to each monoblock tested
(namely, a total of 80 W monoblocks) after manufdog phase. DTrefmax values measured
by SATIR method are quite homogeneous from monddoeenonoblockFig. 7a).

M W (Ansaldo) components [0 W (Plansee) components
a. SATIR Pre-Testing 4. VTP (Ansaldo) component TP (Plansee) components b. FE200 Initial Screening
W & VTP Components (Front Side) W & VTP (W part) components
(SATIR pre-testing examination) (Thermal mapping & 5 MW/m 2)
10 800 T T T T T T
| I I I I I
| X B o R o R Rt O 8
© 700 H s Ty e o e il AR LR

6 o I I I I I I
L T 2 I I | | I |

~ 4 n_g o | | I I | I 4

S i; o A A
2 . 2 600 | I AR A
3, : ' ! 3 § L 2000 & R 3 ot A j

£ P 2 55, 78 - e 2 R N S N

] © 8 u] % [l | |
50 8 500 1 7 g o o | | |
4 o 1 1@ B W 5 i 1 E u | ] I | |
2 x @ " | | | | I
I I I " I I I

4 400 | —t

6 1 2 3 4 5 6 7 8 9 10 11 12 13 14
N°monoblock N°monoblock

FIG. 7 SATIR pre-examination (a) and FE200 Initareening (b) for each monoblock of each component

This result is also confirmed by the initial scriegn(thermal mapping) performed before
HHF fatigue testing in the FE200 facili(izig. 7b) with an average IR surface temperature of
about 550°C, within a measurement accuracy of ¥50° agreement with FE evaluation
which provides a maximum surface temperature ofG46cated in the edge and a minimum
surface temperature of 470°C located in the cdatean healthy monoblock.

After fatigue testing, final thermographic examioat (SATIR post-testing examination)

show no clear evidence of heat transfer degradadiotested monoblocks, except for

monoblocks which completely melted during the HHEdue testing. DTref max measured

by SATIR method before and after the thermal faigesting is rather consta(fig. 8),

within the accuracy of the test bed (x 5°C). Thisult tends to confirm that:

- the armour material embrittlement leading to thackrformation near the heat loaded
surface during the fatigue testing, does not imgrearheat transfer capability between the
surface and the coolant;

- the high surface temperature leading to the sunfaeking cannot be explained neither
by a global deterioration of heat transfer betwdensurface and the coolant nor by the
propagation of defects at the W/Cu interface. Tioees it appears that the surface
melting described here above mainly depends omtterial structure rather than on the
manufacturing technique.

Difference between DT, 4., pre and post HHF - Plansee Difference between DTz, pre and post HHF - Ansaldo
mock-ups mock-ups
50 50 g
RN 4O
40 © After 1000 cycles at 10 40 " Melted tiles e+ @ After 1000 cycles at 10
20 MW/m?2 & 500 cycles at 20 MW/m2 & 500 cycles at 20
R MW/m2- Mock-up P02 30 MW/m2- Mock-up AG7
S S %
= DAfter 1000 cycles at 10 = W] DOAfter 1000 cycles at 10
.m_E 10 MW/m2 & 1000 cycles at 20 .Q_E 10 MW/m2 & 1000 cycles at 20
0 U MW/m2- Mack-up P03 o MW/m2-Mock-up AO3
g E X ﬁ g o A
2 1 ) 3 4 5 5 i AAfter 1000 cycles at 10 ] ) o 3 : 5 A 6 AAfter 1000 cycles at 10
MW/m2 & 1000 cycles at 20 10 MW/m2& 1000 cycles at 20
20 MW/m2 - Mack-up P04 20 MW/m2 - Mock-up A0S
Monoblock number Monoblock number

FIG. 8 Comparaison of DTrefmax before and after HiHErmal fatigue testing of (small-scale) W
components manufactured by Plansee SE (leftt) gnhisaldo (right)

Those interpretations are preliminary conclusiomsctv will have to be confirmed in the
near future by the metallographic examination efrtionoblocks.
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b. Finite Element Method (FEM) simulations

In order to evaluate the effects of surface andriate temperature rise during thermal
loading, thermal analyses were performed simuldtiegexperimental conditions.

For an absorbed heat flux of

Max./Min. Surface temperature vs Absorbed Heat Flux

10 MW/n12 in Steady-state, the 2D FE calculations: 12 m/s, 35 bar, 120°C
highest computed temperature on [ — 3 wror carme

the heated surface reaches 1100°Cys00 | --- wamowr@suimny .~ .
and the maximum temperature O W-Cuinterface
close to the W/Cu interface is_ %]
about 300°C. < 1500.
For an absorbed heat flux of |
15 MW/nf  (resp. 20 MW/rfj 1000 |
corresponding values are 1400°C ‘
(resp. 1900°C) on the W surface

and 400°C (resp. 500°C) close to o

H H 0 5 10 15 20 25 30
the Interface Elg 9) Absorbed Heat Flux (MW/m2)

FIG. 9 Computed surface and interface temperatures
vs. Absorbed heat flux

These results are in agreement with the experirh&ngeratures measurements observed
on FE200 facility which are comprised between 1758hd 2100°C at 20 MW/mThis also
underlines the possible re-crystallization phenomne(ﬁ"’recrysr1200-1500°C) which can
explain the presence of micro-cracks experimentatiiyerved near the loaded surface from
15 MW/nf.

Furthermore, thermomechanical stresse
assessed by FEM simulations highlight areafi==
close to the top of the cooling tube and the ===
surface with high stresse@Fig. 10). These i
stresses are close to the ultimate tensile streng
for heat flux deposits of 15 MW/rand exceed f ==
it for higher heat fluxes. Hence, this result H:==

1,1577e8

points out that there is a high probability for =
generating structural defects such as cracks i
these areas. Moreover, this probability increase

with the degradation of mechanical properties o Equivalent Stresses — "
W in the vicinity of the heat loaded surface
regarding recrystallization phenomenon due t¢
high temperature usage. '7
All these results are consistent with the visua
experimental observations, namely a priman
longitudinal cracks occurred during the HHF
fatigue testing at 15 MW/mor after a few
hundreds of cycles at 20 MW?nfor the not-
repaired monoblocks and a tendency to collaps
on surface for the repaired monoblocks aroun
the reparation zone when a melting event i
occurred.

|
|
|
| .
,,,,,, 4 g
| .
|
|
i
|
|

o4 - - - -2 ::‘,,,,,‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,
<
|

~1420 MPa |

Oy, Stresses

FIG. 10 FEM computed stresses at 20 MW/m2
(Equivalent Von-Mises and Tensile stresses in Woarn
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3. Critical Heat Flux experiments

An extensive database on critical heat flux teatslbeen established over the last 15 years in
EU on different cooling schemes (smooth tube, swibde, annular flow, hypervapotron)
using mainly square shaped metallic heat sink stras (all-Cu mock-upg)L1-12] such as:
- ‘hypervapotron; which however requires flat armour tiles;
- ‘'swirl tube’, which can also be applied to a tubular heat sislde a monoblock armour
tile.

As far as the heat removal capability of a full Wedtor is concerned, recently a critical heat

flux test campaign was carried out in EU to extémel database for tube shaped heat sink

structures as used by the ITER monoblock divertorcept (width 28mm, length 12mm,
inner diameter 12mm) including for the first timeedevant thickness of W armour (typically

6-8 mm). The critical heat flux tests were perfodmeith the reference range of ITER

hydraulic conditions for the coolant: 3 MPa inneegsure, 120°C inlet water temperature,

~12 m/s flow velocity on mock-ups manufactured byrdpean industrial (namely,

Plansee SE and Ansaldo Ricerche companies) usaitplale and consolidated technologies

for W actively cooled PFCs, including a twisteddapsert (thickness 0.8, twist ratio 2).

The tests were performed at FE200 Facility elecheam at Le Creusot in France on two W

components (see §2.2.1.) which sustained already¥dm? x 1000 cycles followed by

20 MW/nt x 500 cycles in steady-state. After this cycliegtt the mock-ups have not shown

any indication of damage in terms of heat flux realaapability, and were able to sustain

the final CHF testing. The power was progressivetyeased for 30s periods (30s beam on
the component, 30s deflexion on bumper element$) opserving at:

- 27 MWI/nt of absorbed heat flux, a temperature increasehatstirface of Ansaldo
Ricerche componer{Fig. 11, left). Suggesting a precursor of a burn-out event, ¢be t
was stopped manually by the operator at the dogldinthis event in order to preserve
the testing program schedule.

- 37 MW/nt of absorbed heat flux, a water leakage due tora-but failure occurred on
the heated area of Plansee SE compoiierg. 11, right). A sudden loss of vacuum was
observed and the gun power was stopped immedidddyer leak and W melting were
noticed by IR camera.

Ansaldo Component Plansee Component

3500,00

37.2

Temperature Increase at ~27 :}/IW/m 2 Melting event at ~37 MW/m 2
i MW/m? 25 MW wwmt £ \ime

3000,00 +-3000C. g

— e | / - ﬁ“‘"ﬂ MM

| |

re (°C)

Temp
g

B

Temeratu

U W R g |

500,00

1000 1050 1,100 1150 1200 1450 1,500 1,550 1,600
Shotdwration . shotdurat ion

gressenees Tested areas (4 monoblocks)

AR

H A06
“sssrsssdrepaired block)

FIG. 11 Flux Increase during the CHF testing forsaido (left) and Plansee SE (right) components
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The surface temperatures during the tes*
were monitored by one pyroreflectometer
reaching a monoblock temperature| 4000
incursion value close to 2200°C for the ﬁssoo/w
Ansaldo Ricerche component while on the £ 3000 et e
Plansee SE component a temperatur( = 2500 ffm Pref Satured

above 3000°C (saturated measurement & 200 ﬁ
has been measured at the CHF event. Thi & 1590 - /ﬁ 0 —
is in agreement with finite element (FE) | & 1000 | 0 - oo <Tmin
simulation(Fig. 12). /% & Plansee2/ Pyret

Ansaldo / Pyref.

Tsurf. vs AHF

Surface Temperatur

al

o

o
<

These measured temperatures are als 0 ‘ 5 Plansee-1/ Pyrel
coherent with the CCD pictures after CHF 0 10 20 30 40

testing where a large melting is observeg Absorbed Heat Flux (MW/m2)

on the he_ated _area of Plansee SE FIG. 12 Computed and measured temperatures
componentFig. 11, right. during the CHF testing

Additional FE analysis showed that for a homogesdnaident heat flux of 37 MW/Mmthe
surface temperature reaches 3400°C on the edgexarekds locally 580°C at the wall-
coolant interface. Considering acceptable potebtialding defect at the W/Cu interface, the
surface temperature can drastically increase.

This is a satisfying result because the ICHF valb&ined for the components with W
armour gives a safety margin close to 1.8, witlpeesto the design heat flux of 20 MW/m
foreseen for ITER divertor strike-point region. tutcome is also in agreement with recent
results obtained on CFC armoured monobld&sand is above the prediction for square
shaped heat sink structures.

4. Summary and Recommendations

R&D program has been launched to assess the pemfices in terms of thermal fatigue life-
time of W-armoured actively cooled plasma-facingmponents under the conditions
expected in the divertor strike-point region of R.B-or this purpose, W armoured mock-ups
including most recent developments were manufadtime European companies (namely
Ansaldo Ricerche and Plansee SE) and HHF testedeimREVA electron beam FE200
facility (Le Creusot, France) up to 20 MWiim steady-state conditions.

All the mock-ups survived to the testing plan wiith water leakage. No visible damage was
observed up to 1000 cycles at 10 MV¥/ai absorbed heat flux. This confirms that Europe
masters with ITER margin requirements the suitat@ehnologies (including repairing
process) for the reliable manufacture of W-armoysksma-facing components for series
production of ITER divertor foreseen during the peatory” phase. Results showed also
promising behaviour with respect to heat flux realmapability up to 15 MW/fand after a
limited number of cycles at 20 MW/mBeyond, a systematic embrittlement of W armour
near the loaded surfaces occurs (presence of lmhigél primary millimeter-length cracks,
dense set of secondary micro-cracks, rougheningcisprhis structural damage induces
melted W droplets apparition at the altered sudaefier several hundreds of cycles
(typically more than 500 cycles) at 20 MWinDespite of these visible damages, power
handling capability seems to be well preserved with significant increase of surface
temperature during the thermal cycling, confirmaid with the SATIR thermography post-
examination. This behaviour underlines hence tbaterns regarding prolonged use above
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recrystallization temperatures (high temperatugay and below DBTT, impact preferably
the material structure rather than the armour-gBie&tbonding (i.e. manufacturing technique).
Thus, the consequences of damage (like high rougdehbrittle destruction and melting) on
loaded surface for strike-point conditions on sgoeat ITER operation in terms of plasma
compatibility will have to be investigated in maaés with ITER relevant W-armoured PFCs
(e.g. metallic environment with actively cooled qmwnents). In particular, to explore the
long pulse high heat flux exposition with repettikigh temperatures cycling as well as the
effects of combined loads (e.g. short pulse loadsepresent ELMs-like transient loads,
thermal fatigue in steady-state conditions andnoeutradiation).

Finally, as far as the capability for a full W drt@ is concerned, this extensive experimental
campaign culminated with a remarkable CHF valueohdy30 MW/n? of absorbed heat flux
at the thermal-hydraulic ITER conditions. This pisimg result for W-armoured actively
cooled PFCs provides a safety margin greater ttannith respect to the design heat flux of
20 MW/n foreseen for ITER divertor strike-point region.

Acknowledgement

The author wishes to acknowledge the useful disousswith B. Riccardi, P. Gavila, F.
Escourbiac and M. Lipa. This work, supported by Eigopean Communities under the
contract of association between FA4E and CEA, wasedaout within the framework of the
contract FAE-2008-GRT-05 (MS-1V)-01. The views amglnions expressed herein do not
necessarily reflect those of the European Commissio

References

[1] R. Raffrayet al.,Fusion Engineering and Desif§ (2010)

[2] M. Missirlian et al, Fusion Engineering and Desigh-79 (2005)

[3] M. Missirlian et al, Journal of Nuclear MateriaB67-370 (2007)

[4] M. Missirlian et al, 14th International Conference on Fusion Reactatekals (2009)
[5] E. Viscaet al, Fusion Engineering and Desi§ (2009)

[6] F. Escourbiacet al, 12th International Workshop on Plasma-Facing Nkiate and
Components for Fusion (2009)

[7] J. Schlosseet al, Nucl. Fusiord5 (2005)

[8] P. Gavilaet al, 26th Symposium On Fusion Technology (2010)

[9] M. Richouet al, 26th Symposium On Fusion Technology (2010)

[10] A. Durocheret al, Nuclear Fusiod7 (2007)

[11] J. Boscarnet al, Fusion Engineering and Desiga (1998)

[12] J. Boscarnet al., International Journal of Heat and Mass Trandf1999)

[13] G. Viederet al, Fusion Engineering and Desigé-50 (2000)

[14] M. Roediget al., Fusion Engineering and Desigih-62 (2002)

[15] M. Merolaet al, Journal of Nucl. Material307-311 (2002)

11



