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CEFDA99-501
Y0Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa

Task Title:
CFC MONOBLOCKS

CRITICAL HEAT FLUX TESTING AND FATIGUE TESTING OF

200 kKW electron beam gun test
Y00 YaYaYaY0YaYaYaY0YaYaYaY0YaYaYaY0YaYaYaY0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa

INTRODUCTION
Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

In ITER, the vertical target (VT) of the divertor consists in
an assembly of 18 units. These units have a poloidal,
toroidal and radial length of about 1400, 23 and 140 mm,
respectively. The lower part consists in a straight CFC
monoblock.

Both thermal fatigue and critical heat flux (CHF) limits are
key issues as far as design of the element is concerned.

Therefore an experimental assessment of the thermal
behaviour under cycling loads and under critical heat flux
experiments of such component is an essential key to
demonstrate the validity of the selected design solution.

Finally the need to reduce the cost of ITER - then of the
divertor component- requires to investigate the possibility to
increase the width of the VT from the present 23 mm to the
highest possible value in order to reduce the overall number
of toroidal VT units.

2002 ACTIVITIES
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa

A high heat flux testing campaign dedicated to such issues,
based on fatigue cycling and critical heat flux detection on
straight monoblocks was performed on FE200 in the period
july/august 2002 [1], [2], [3]-

TEST SECTIONS

A total of 10 straight CFC NB31 monoblocks with 3
different width (23, 28, 33 mm) was manufactured to
investigate width effect on fatigue behaviour and critical
heat flux limits.

All of them have the following common features:

- one cooling channel of a CuCrZr Copper alloy tube;

- a twisted tape insert (twist ratio 2) made of OFHC
Copper;

- 3 thermocouples implemented into the NB31 armour.

Table 1, left column summarizes the main features of the
monoblocks. Note that AL28 has a 8mm thick NB31
armour instead of 3 mm for the 9 other monoblocks, this is
aimed at investigating the possible effect of the armour
thickness on the critical heat flux limit. AA33 is equipped
with a CuCrZr tube of 12 mm internal diameter instead of
10 mm for the 9 other monoblocks, this is aimed at
investigating the effect of the tube diameter on the critical
heat flux limit for the largest tubes.

INFRARED EXAMINATION

The 10 samples were characterized on SATIR test bed,
huge defects with DTref higher than 15°C were detected.
Compilation of the measurements is given on figure 1
Nevertheless, due to the different width of the components,
choice of reference has a great impact on the measurements
an interpretation of the DTref values has to be moderated.

—+—A23
——B23
+ A28
B28
—*—C28
—0—A33
—+—B33
—=—C33
AA33
AL28

Figure 1 : Compilation of measured DTref on SATIR test bed for the 10 monoblocks



-58-

EFDA technology / Vessel/In-Vessel / Plasma Facing Components

Table 1 : Summary of CHF tests results

Geometry and
transversal incident
flux profile

Longitudinal
incident flux
profile

Lh

(m)

P

(Mpa)

Tin

Q)

Tsat-Tout

Q)

\Y%

(m/s)

Power

&W)

Max.AHF

(MW/m?)

FE
WCHF
(MW/m?)

FE
Peaking
Factor

Shot
Number

07/02 : A23/B23
Material :
NB31 + CuCrZr

2

3 mm

+—>
23
ID/OD 10/12
Eng. Pf=2.3

TR

Lh

0.7Lh

A

Frax=2.83F

0,1
0,1

34,3
34,2

34,1

119,7
119,8

114,3

102,9
103,0

121,0

11,9
11,9

6,0

51,8
50,9

22,5
22,1

343

38,4
38,1

29,3

1,55
1,55

1,55

2601
2602

2627

07/02 : A28/B28/C28
Material :
NB31 + CuCrZr

v

3 mm

«—>
28

ID/OD 10/12
Eng. Pf=2.8

Lh

0,1
0,1
0,1

341
34,3
34,3

119,7
119,8
119,7

95,9
101,2
98,0

11,8
11,7
11,8

69,6
55,8
67,7

24.9
19,9
24,2

36,1
37,3
36,6

1,6
1,6
1,6

2605
2609
2611

07/02 : AL28
Material :
NB31 + CuCrZr

v

8 mm

+—>
28

ID/OD 10/12
Eng. Pf=2.8

Lh

0,1
0,1

33,7
33,5

119,8
109,9

98,0
98,8

5,1
33

54,1
50,0

19,3
17,9

23,3
18,7

1,75
1,75

2625
2626

07/02 : A33/B33/C33
Material :
NB31 + CuCrZr

¥

3 mm

—>
33

ID/OD 10/12
Eng. Pf=3.3

Lh

0,1
0,1
0,1

34,3
34,2
341

119,9
119,7
119,7

98,7
101,6
97,8

11,8
11,8
11,8

64,3
55,6
66,5

19,5
16,8
20,2

36,8
37,5
36,6

1,64
1,64
1,64

2606
2621
2620

07/02 : AA33
Material :
NB31 + CuCrZr

¥

3 mm

«—>
33

ID/OD 12/15
Eng. Pf=2.75

Lh

0,1

34,0

119,8

103,3

12,1

76,9

23,3

2623




FATIGUE TESTS RESULTS

Fatigue tests experiments were performed at ITER relevant
hydraulic conditions (i.e. 35 bar, 12 m/s, 140°C) with the
following parameters:

- uniform heat flux profile;

- 110 mm length heated surface;

- pulse duration and dwell time : 10s ON / 10s OFF;
- ~20 MW/m? heat flux absorbed in the water.

Four mock-ups were fatigue tested : 2 mock-ups of
23 mm width (A23 and B23) an 2 others of 28 mm width
(B28 and C28).

It was not possible to fatigue at 20 MW/m? a 33 mm width
mock-up due to too high temperature reached during
increase power (more than 2500°C for 17 MW/m?).

A view of the 4 mock-ups fatigue tested after 1000 cycles at
20 MW/m? is proposed figure 2.

Even if the screening cross checked with non destructive
examination have shown that the bonding interfaces present
some defects (specially on B28 with DTref > 15°C on
SATIR and Tsurf on the edges up to more than 2400°C
under 20 MW/m?), the cycling step was well sustained by
the four mock-ups (see figure 2).

CRITICAL HEAT FLUX TESTING RESULTS

Following the usual procedure on FE200, 12 values of
Critical Heat Flux (noted Max. AHF in table 1 for
Maximum Absorbed Heat Flux) were measured on the 10
prototypes.
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Results for the 23 mm width mock-ups:

The 2 CHF obtained with uniform incident heat flux
confirm the previous results measured on a prototype tested
in 1999 (PRODIV1), ie. 22 MW/m? for representative
ITER thermal hydraulics conditions (~12 m/s, 35 bar,
140°C). TONG75 modified correlation gives a good
prediction of such a value ( the error range being +/- 20 %).
In case of peaked heat flux, a higher CHF of 35.4 MW/m? is
found, giving a comfortable margin with regards to ITER
nominal conditions.

Results for the 28 mm width mock-ups:

Three CHF were measured on the 28 mm width, 3 mm
thickness mock-ups with some discrepancies : width effect
is not evident, two values being higher than in 23 mm case
(24.2 and 24.9 MW/m?, see table 1), the third one being
lower (19.9 MW/m?) but may be attributed to a bonding
defect. Two CHF were measured on the 28 mm width, 8
mm thickness mock-ups. This mock-up was tested at
moderate thermo hydraulic conditions because of the
expected limitations on surface temperature : low velocities
were chosen (5.1 and 3.3 m/s) and led to CHF as high as
19.3 and 17.9 MW/m? explained by a post-CHF regime
when low velocities are used.

Results for the 33 mm width mock-ups:

Three CHF were measured on the 33 mm width, cooling
tube ID/OD 10/12mm mock ups: 20 MW/m? was not
systematically attained even at velocities as high as 12 m/s,
moreover, surface temperature reach up to 2500°C at ICHF.
One CHF of 23 MW/m? was measured on the 33 mm width,
cooling tube ID/OD 12/15mm, such geometry appearing
finally as performing as 23 mm width, ID/0D 10/12mm.

Figure 2 : The 4 fatigue tested mock-ups after 1000 cycles at 20 MW/m?



CONCLUSIONS
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

Ten CFC NB31 monoblock with 3 different widths (23, 28
an 33 mm) were fatigue tested and Critical Heat Flux (CHF)
tested on the FE200 facility in the frame of this contract.

Both the 23 and 28 mm width mock-up meet the design
requirements (1000 cycles at 20 MW/m? + CHF higher than
20 MW/m?).

As regards the 33 mm width monoblock, too high surface
temperature did not allowed fatigue testing to be done.
Moreover, it was found that it is necessary to increase the
tube diameter from 10/12 mm to 12/15 mm ID/OD in order
to obtain the same CHF performance than with the 23 mm
width monoblock.

REPORTS AND PUBLICATIONS

Y00 YaYaY0Y0YaYaYaYaYaYaYaY1YaYaYaYaYa¥a
[1] F.Escourbiac, «Spécifications techniques pour la
maquette CHF-monobloc a tester au FE200 », CEA
report CFP-NTT/2002-023, june 2002.

F.Escourbiac, «Contract 99-501 : Critical heat flux
testing of monoblock mock-ups- Final report», CEA
report CFP-NTT/2002-035, Dec. 2002.

I. Bobin Vastra “Mock-up CHF monoblocks : fatigue
testing and critical heat fluxes on 10 CFC-NB31
elements”, FRAMATOME report TFCW R 02. 884 A,
Dec. 2002.
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CEFDAO01-581
Y0Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa

Task Title:

CRITICAL HEAT FLUX TESTING OF HYPERVAPOTRONS

200 kKW electron beam gun test
Y00 YaYaYaY0YaYaYaY0YaYaYaY0YaYaYaY0YaYaYaY0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa

INTRODUCTION
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

Heat fluxes (5-20 MW/m?) to be removed by specific
plasma facing components (PFC) in ITER are in the same
range than observed in the klystron of electronic tubes. Fin
enhancement cooling concepts with boiling/condensation
effect, named vapotron® (1950) and then hypervapotron®
(1973), were developed by Thomson CSF Company [1]. As
far as ITER PFC are concerned, the hypervapotron®
concept with flat tile armour is an interesting alternative to
tubes with swirl insert armoured with monoblocks [2]
because:

- bonding of flat tiles is easier;

- volume of armour material attached to the heat sink is
lower and the concept is expected to be cheaper;

- the Critical Heat Flux (CHF) is higher for
hypervapotron® than for swirl tubes for the same width
of compared elements [3][4].

In addition of the possible use in the divertor vertical target,
the hypervapotron® cooling is also envisaged in the
divertor dome component.

Hence, it is necessary to measure and analyze CHF limit of
different hypervapotron® (HV) metallic mock-ups in order
to consolidate and enlarge the critical heat flux database on
this type of geometry including cooling conditions foreseen
for the dome.

2002 ACTIVITIES
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

TEST SECTIONS

Nine metallic prototypes with 3 different widths of 27; 40
and 50 mm were manufactured by CEA. To allow the
repetition of CHF tests, samples are identical 3 by 3,
respectively identified HV27-1, HV40-i and HV50-i; i being
a number varying from 1 to 3. The cross section geometry is
given figure 1: a slot of 1 mm is machined on the edges of
the channel.

Practically, useful length of each component is 300 mm,
overall length being 555 mm including inlet and outlet
parts. Each prototype is made of Glidcop Al 25 (dispersion
strengthened copper 0.25 % Al,O; manufactured by SCM,
USA). Although it is not relevant for ITER this material has
a good behaviour at temperature higher than 600°C
expected during CHF experiments and simulates well the
thermal conductivity of CuCrZr alloy that would be used for
ITER.

After milling of the grooves on the rectangular bars, rear
plates were electron beam welded to close the channel (see
figure 2). During final machining, inlet and outlet were
turned to obtain a transition for circular tube connection.

3
Tk inr
20 1.5 s 9
w=27 : HV27-1;2;3
w=40 : HV40-1,2;3
w=50 : HV50-1;2;3

Figure 1 : Schematic drawing of tests samples

Figure 2 : Rear view of HV40-1 before EB welding

EXPERIMENTS AND TEST MATRIX

CHF experiments were performed using the European high
heat flux facility FE200 [5][6]. Incident power on the
heated mock-up was increased step by step for a set of
parameters: heated length (100-200 mm), inlet water
temperature (65-103°C), pressure (32-34 bar) and flow rate
(0.3-1.1 kg/s) up to the detection of abnormal variation on
surface temperature measured by infrared thermography and
pyrometers and marking a burn-out. Maximum absorbed
power at steady-state before this abnormal variation was
computed and allowed the calculation of the so-called
Incident Critical Heat Flux (ICHF), the radiative power
being negligible.

Following this procedure, 54 values of ICHF were
measured on the 9 prototypes, they were systematically
detected at the outlet section where the subcooling is the
lowest (cf. figure 3).

Several values of parameters were investigated during the
testing campaign : flow rate (3 values between 2 and 6 m/s),
incident heat flux profile (uniform 100 mm or peaked 200
mm length, see figure 4) and width of the prototypes (27, 40
and 50 mm). The inlet temperature was adjusted with
pressure to tentatively obtain a constant outlet subcooling.
Low axial velocities values were chosen for possible
application in the ITER divertor dome cooling.
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Figure 3 : Detection of burn-out
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Figure 4 : FE200 peaked profile
RESULTS AND DISCUSSION

ICHF values for the 9 mock-ups as a function of axial
velocity, both for uniform and peaked heat flux are
presented figure 5.

For the same set of parameters, each ICHF detection was
repeated 3 times in order to increase the reliability of the
measurements (however the accuracy of ICHF, calculated
from calorimetry, is 8 %).

The data match the value obtained during 1996 testing
campaign [3]. It is further confirmed that an incident
uniform heat flux of 28 MW/m? can be reached without
burn-out for a 27 mm width hypervapotron®, 5 m/s axial
velocity and ~120°C subcooling, as considered for the
ITER dome and possibly for the vertical targets.

An important result of the campaign is the negative effect of
the width on the ICHF (figure 7): from 27 mm to 50 mm
width, ICHF decreases more than 30 % in case of uniform
profile and of 10-20% for peaked profile.

One can assume that water enters better the slots from the
lateral 1.5 mm groove if the mock-up is narrow, this effect
being less important with peaked heat flux.

The measured surface temperature during the tests
correspond to the joint temperature of an armored flat tile
component. This temperature at 20 MW/m? depends on the
water velocity and on the shape of the flux, varying from
450°C to 700°C in case of 27 mm width hypervapotron (cf.
figure 6), it may be the limitation of such a concept.
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Figure 7 : ICHF vs width (mm)

Pressure drop of the mock-ups were carefully measured
after CHF experiments at ambient temperature in the range
0.1-5 bar, 0.1 — 1.5 kg/s with an accuracy of less than 3 %
on the high velocity pressure drop test bed of CEA
Cadarache. Small holes for pressure gauges connections
were machined directly upon the fins avoiding inlet and
outlet perturbations. Results are reported figure 8 as a
function of velocity for each prototype and compared with
Baxi’s correlation for HV27 [7].



For a given velocity, pressure drop per unit length is
increasing when the width of the mock-up decreases but still
lower than for swirl tube, shown for comparison.

On the other hand, for given axial velocity, flow rate
decreases when prototype width increases. Pumping power -
defined as pressure drop times volumic flow rate - is a well
adapted parameter for comparison between various tubes: it
indicates the power needed to feed a tube with the required
flow rate and pressure drop (Figure 9). The hypervapotron
concept needs a lower pumping power than swirl tube. For
example to remove a uniform heat flux of 25 MW/m2,
HV50, HV40 and HV27 requires respectively ~40, 100 and
150 W/m of pumping power whereas a 27 mm double swirl
tube with two channels of 10 mm diameter needs 300 W/m

[4].
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Figure 8 : Pressure drop vs flow rate
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Figure 9 : ICHF vs pumping power
CONCLUSION

Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

Nine metallic hypervapotron® tubes with 3 different widths
were CHF tested. The 54 points of measurements obtained
at 120°C constant subcooling have shown that for the 27
mm width, heat flux up to 25-30 MW/m? can be removed
with an axial velocity as low as 4-6 m/s. However surface
temperature at 20 MW/m? may be the limit for the
hypervapotron® concept as far as flat tile armour is
concerned. ICHF was also found depending on
hypervapotron® width. These conclusions enlarge the
previous data base, confirms the good performances of
hypervapotron compared to swirl tube concept.
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Task Title: OPTIMISATION AND MANUFACTURE OF HHF COMPONENTS
Study of flat tile cascade failure possibility for high heat flux
components
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INTRODUCTION
Y030 YaYaY0YaYaYaY0YaYaYaY0Y2YaYaYaYa

The object of this task is to evaluate the possibility of
failure in cascade of flat tiles under convective heat flux
with a glancing incidence.

Calculations and tests on the high heat flux (HHF) facility
FE200 are planned.

Preliminary works in 1999 consisted in the definition of the
geometry, the study of the feasibility of the tests by finite
elements calculations and the definition of foreseen tests
and mock-ups to be prepared.

In 2002 the mock-ups were delivered by Plansee: 2 of them
armoured with NB31 CFC flat tiles and 2 of them with
pure-W castellated flat tiles.

The tests were defined [1] and launched on the FE200.
Only the mock-ups with CFC tiles were tested in 2002. The
tests gave very good results with no evidence of cascade
failure.

2002 ACTIVITIES
Y030 YaYaY0YaYaYaY0Y0YaYaY0YaYaYaYaYa

RECALL OF THE OBJECTIVES
The flat tile with hypervapotron (HV) cooling has the

following advantages:

- It is cheaper than the corresponding monoblock
geometry by about 25 % (excluding the armour cost).

- The armour cost is reduced by about 50 %.
- The width of the VT unit can be increased appreciably.
- The surface temperature is more uniform.

- It has a higher critical heat flux limit and a lower
pumping power with respect to the “swirl tube” with a
twisted tape having a twist ratio of 2.

- A curved component can be manufactured without
adding significant manufacturing issues.

- The thickness of the cooling tubes is not intrinsically
limited to 1 mm as for the monoblock geometry. It is
worth noting that the cooling tubes represent the only
boundary between the pressurised water coolant and the
plasma vacuum chambers.

- It is a more mature technology and is already foreseen
in existing tokamaks.

However the following issues needs to be investigated:

- It generates significantly higher cyclic thermal stresses
than monoblock geometry; therefore the thermal fatigue
lifetime is lower (19 MW/m* x 1000 cycles vs. 24
MW/m® x 1000 cycle for a flat tile and monoblock
geometry, respectively). This is particularly important in
the bottom part of the VT where the highest heat flux
will occur.

- In the case of a convective heat flux, as for the lower
part of the VT, one should also take into account that if
one tile falls off, the adjacent tile receives an extremely
high heat flux localised on its edge as a consequence of
the glancing incidence. As a result a rapid temperature
rise occurs in the armour - heat sink joint, which might
seriously damage the joint. The heat flux to the coolant
also increases significantly thus causing possible critical
heat flux problems.

This last point is the objective of this task.
MOCK UPS DELIVERY

Four mock-ups were delivered by Plansee Company
(figure 1). Two of them were made of NB31 CFC flat tiles
bonded to a hypervapotron CuCrZr heat sink

w

!

e

Figure 1 : The 4 mock-ups as delivered by Plansee

The amour is composed of 25 19.2x27 mm?” tiles each of
them being 6 mm thick except some tiles which are
machined to 5 mm: tiles 6, 10, 13, 21 on the whole surface,
15 on the second half and tile 18 on the first half (figure 2).

SATIR TESTS AND FE200 SCREENING

SATIR tests did not give good results due to the lack of
reference elements (figure 3). In these conditions it is very
difficult to find correlations between SATIR testing and
screening. The screening show rather good mock-ups with
temperature at 6.4 MW/m’® between 450 and 550 °C, the
machined parts with lower temperature are well visible
(figure 4).
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Figure 2 : Tile machining on the NB31 CFC mock-up
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Figure 4 : Screening at 6.4 MW/m’ showing well the machined parts
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Figure 5 : Comparison of heat flux profile at the CFC-Cu interface



- 69 - EFDA technology / Vessel/ln-Vessel / Plasma Facing Components

TESTS WITH NORMAL INCIDENCE

31802C 026
It was shown by calculation (figure 5) that it can be iy 354 c
possible to have almost the same heat flux at the CFC-Cu =7 389°C
interface with a normal incidence profile than with a = )i
glancing incidence of 3°. As normal incidence tests are 90 MW/m> Normalized flux

routinely operated in the FE200 it was decided to perform 1
first a normal incidence testing. ‘

N

0,5 10 MW

Only one mock-up (CFC-5) was tested on 2 zones
(figure 6). The incidence was 95° in order to avoid CHF 0 20 40 60
between the tiles.
> 90 MW/m? (+30% +/- error margin)
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Figure 6 : View of the 2 NB31 CFC mock-ups
in the vacuum chamber

The results obtained were rather in agreement with initial
calculations with a surface temperature of 3015°C and a
high erosion of the tile. Three hundred cycles were
performed with the profile 10s on a zone and 10s on the
other. The detail of the cycles is given table 1. The CFC/Cu
bond was not damaged at the end of the tests but an
important erosion of the CFC was observed (1.3 mm)
(figure 7).

Figure 7 : Calculation, profile, IR view during the tests,

Table 1 : Cycling with normal incidence and eroded surface at the end
Number Power removed Local alpha ~ 3° 2
of cycles into the water Max. IHF (MW/m2) 190 MW/m?3
kW)

100 14 58

100 24 100

100 28 117 Figure 8 : Principle lay out of the glancing incidence test

(+30%/nominal)

TESTS WITH GLANCING INCIDENCE MI.IHII~

The principle layout of this test is given figure 8. The two
mock-ups are positioned in the vacuum chamber so that an
angle of about 3° with the beam is obtained (figure 9 and
figure 10). The CCD camera was moved to the lateral
window so that to obtain a front view of the mock-ups
during the test (figure 10). A total of 500 cycles were
performed at 190 MW/m® (equivalent to 10 MW/m® in
normal incidence). The tile leading edges erosion occurred
in 1 or 2 cycles only, and both IR and CCD views showed a Figure 9 : The two mock-ups installed in the vacuum
stable situation for the rest of the cycles (figure 11). chamber for glancing incidence tests




Top view

Mock-up axis

Figure 11 : IR view, CCD view and photograph
of the mock-up at the end of the test

After the 500 cycles a shot of 1000 s was performed in
order to check the stability of the IR image (table 2). After
the test the mock-up showed an important shaping of the
leading edges, but no damage of the CFC/Cu bond could be
seen. The cascade failure did not occur.

Table 2 : Cycling with glancing incidence

Number Power removed Local IHF (MW/m?)
of cycles into the water on the edge
(kW)
500 40 190
(10s) (+20% (+20%
+/- error margin) +/- error margin)
1 40 190
(1000s)
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CONCLUSION
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa

The expected phenomenon of cascade failure did not occur
during the tests, showing that the hypervapotron cooling is
probably more efficient than calculated. This concept of
hypervapotron heat sink armoured with CFC flat tiles
becomes then an attractive alternative design for the
vertical targets of ITER.

The task will continue in 2003 with the tests on the
Tungsten mock-ups.
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INTRODUCTION
Y030 YaYaY0YaYaYaY0YaYaYaY0Y0YaYaYaYa

Carbon based material is widely used as plasma facing
component in present fusion device due to its good
thermophysical properties. This is also the material selected
for the ITER divertor. Nevertheless, physical and chemical
sputtering yield of carbon are important and this lead to
high erosion rate. As a consequence, the large carbon
source reacts with the plasma and creates a very complex
Plasma Wall Interaction physic. In particular, carbon
redeposition may occur when carbon atoms or ion return to
the wall. Because of the reactivity of carbon with hydrogen,
carbon layers are built up with a large hydrogen isotope
content. In the case of ITER, the tritium retention in these
carbon redeposited layers may limit the operation for safety
reason.

So far, only basic erosion and redeposition measurements
have been undertaken in present tokamak and none of them
can provide in situ a time resolved erosion/redeposition
measurement.

In the framework of the CIEL program [1], it is planed to
obtain in Tore Supra high performances long time
discharges (up to 1000 s). For such a duration, erosion of
plasma facing components may become very significant.
Therefore, Tore Supra being the only tokamak where
erosion/redeposition for a single shot is similar to that
expected in ITER, in situ diagnostic should be developed
and tested in order to demonstrate our capability to monitor
the codeposition process in ITER.

PREVIOUS RESULTS

For a 1000 seconds discharge, the resulting gross erosion
on the LPT in CIEL was estimated to be in the range of
10*C per cm® or 10 um. Previous measurements performed
on actively cooled carbon limitor on inner wall [2] have
shown that the net erosion rate can be reduced, due to local
redeposition, by 2 orders of magnitude. As a consequence,
the erosion and redeposition process to measure should be
in the range from 0.1 to 10 pm for a single discharge. From
bibliography analysis [3], Speckle interferometry has been
retained as the most promising technique.

Preliminary experiments [4] showed the feasibility of such
technique on a carbon fibre material and provided
qualitative and quantitative information on surface
displacement. It was also shown that 2 wavelengths are
required for a tokamak application. By using a second laser,
it is possible to measure the relative displacement and to
perform a shape measurement of the object to analyse.
According to the proposal made last year [3], 2-wavelength
speckle interferometry has been investigated.

2002 ACTIVITIES
Y030 YaYaY0YaYaYaY0Y0YaYaY0Y0YaYaYaYa

The main objectives of the work performed in 2002 was to
define the specifications of the lasers (wavelength,
linewidth, power, pulse duration, frequency...) required for
the speckle interferometer. For that purpose, different lasers
source have been tested. Experiments have been performed
in CEA Saclay by using a continuous and accordable Dye
laser pumped with an Argon laser. The argon laser has an
output power of 10 W at 514 nm and the Dye laser about
400 mW at 570 nm.

The laser beam was transmitted to the speckle
interferometer through a 50 m optical fibre. The coherence
length of such a laser is very large (~300 m) due to the
very small linewidth of this laser (Ring CR-699 from
Coherent). Depending of the values of the wavelengths, the
—_ lix2

[I'1- 1 2xeosq
several order of magnitude, in order to be adjusted to the
range of the measurement to perform. Temporal Phase
shifting technique with 4 phases has been used for each
wavelength.

synthetic wavelength, L could be varied of

From the eight pictures acquired, we calculated two phase
images (one for each wavelength). By differentiation of
these two phase images, we obtain a 3D measurement of
the object.

First experiments have been conducted on a 1€ coin, by
using laser wavelength of 572,250 and 573,000 nm,
resulting in a synthetic wavelength, L of 438 nm. The
figure 1 shows the contour plot of a 3D view of 1€ coin as
well as a line profile across the coin, showing a relief value
in the range of 200 um.

Nevertheless, the device is very sensitive to vibrations,
which caused great difficulties to get correct measurements.
Therefore, a pulsed laser with a short pulse length (few ns)
is required in order to “freeze” the vibrations. Following
these experiments, a Call for Tender has been launched for
the procurement of a pulsed and accordable laser with a
large coherence length.

The system which has been retained consists of a dye laser
pumped by a pulsed Yag laser from Continuum. The lasers
have been delivered at Cadarache in December. The
installation in a clean room and commissioning are under
progress.

In May, a paper has been presented at the PSI conference in
Gifu, Japan and in November, an oral presentation has been
done at a conference hold by the Societe Francaise
d’Optique in Bordeaux
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Figure 1 : Contour plot of a 3D measurement of 1 €uro coin performed
with continuous dye laser and horizontal line profile across the coin

CONCLUSIONS
Y030 YaYaY0YaYaYaY0Y0YaYaY0Y2YaYaYaYa

Two-wavelength speckle interferometry measurements
were conducted by using an argon and a dye laser. First
experiments performed in CEA Saclay with a continuous
laser using two wavelengths at 572.250 and 573.000 nm has
provided 3D measurements in the range of 200 pmon a 1 €
coin. This device was found to be very sensitive to
vibrations. On the basis of these experiments, a new device
based on pulsed and accordable laser was defined and
specifications of the lasers required for a speckle
interferometer were issued accordingly.

The lasers have been delivered at Cadarache, installation in
a clean room and commissioning are under progress.
Further  experiments  with  2-wavelength  Speckle
interferometry are planed in a CEA laboratory to validate
the proposed design prior to a possible installation on Tore
Supra. In particular we will investigate methods to increase
the dynamic range and the resolution of the depth
measurements and we will study the behaviour of the
speckle interferometry measurements as function of the
surface roughness of the material.
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NEUTRON EFFECTS ON DIMENSIONAL STABILITY AND

THERMAL PROPERTIES OF CFCs
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INTRODUCTION
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Carbon Fiber Composites (CFCs) are considered as an
attractive choice for high heat flux components in existing
and forthcoming tokamaks such as ITER. Two CFCs are
particularly interesting for fusion devices: NB31 from SEP
which is a 3D CFC constituted by a NOVOLTEX preform,
with P55 ex-pitch fibers in the high thermal conductivity
direction and NS31 which is a Si doped 3D N31 CFC [1].

The aim of this report is to give specific heat capacity and
thermal conductivity changes of NB31 CFC and NS31 CFC
irradiated at low temperature (250°C/260°C) in the
PARIDE (PlAsma facing mateRlIals for ITER and DEMO)
irradiations. These irradiations take place in the High Flux
Reactor for two neutron damage levels: 0.24 dpa.g
(PARIDE 3) and 0.83 dpa.g (PARIDE 4). Moreover the g
activity of the different radionucleides contained in these
two CFCs have been measured.

Initially the thermal conductivity of these two irradiated
CFCs had to be measured ; unfortunately, the g dose rate of
irradiated NS31 thermal diffusivity samples was too high,
and their thermal conductivity could not be measured in our
glove-box facility. So, only the NB31 thermal conductivity
was measured.

A second irradiation with the same CFCs was carried out in
SINTEZ reactor (Russia) at 100°C and at low neutron
damage levels (0.001 dpa, 0.003 dpa, 0.01 dpa, 0.03 dpa,
0.1 dpa). But irradiated samples are not yet available.

2002 ACTIVITIES
Y030 YaYaY0YaYaYaY0Y0YaYaY0Y0YaYaYaYa

POST-IRRADIATION RESULTS OF HIGH
THERMAL CONDUCTIVITIES CFCs [2]

The density measurements of the NB31 samples were
carried out in the ForschungsZentrum Juelich (FZJ,
Germany). The NB31 density changes were 0.05 % in the
PARIDE 3 irradiation, and 0.52 % in the PARIDE 4
irradiation. The density changes in both irradiations are
negligible.

NB31 heat capacities after irradiation in PARIDE 3 and
PARIDE 4 were measured with a SETARAM DSC 111G
calorimeter. The results show that there is no change in
NB31 heat capacity (according to the fact that uncertainty
on the Cp measurement is + 2.5 %) whatever are the
irradiation conditions 260°C/0.24 dpa.g or 250°C/
0.83 dpa.g.

After irradiation at 250°C/0.83 dpa.g, the NS31 heat
capacity increases of 3-4% at 25°C and 50°C; for higher
measurement temperatures, there is no change in NS31 heat
capacity.

NB31 thermal conductivities (K;) were calculated using
results of average irradiated thermal diffusivities (Dy,)
measured by laser flash method, average irradiated heat
capacities (Cp;,) and average densities of irradiated
materials (r;,). Thermal expansion coefficients of the
unirradiated materials were used for r ;; calculations at high
temperature :

rirr (25°C)
1+|(ax)+a(y)+a(z)) (T°C- 25°C)|

rir (T°C) =

with : a(x) : average thermal expansion coefficient (20°C-
800°C) of the unirradiated material in the x
direction
a(y) : average thermal expansion coefficient (20°C-
800°C) of the unirradiated material in the y
direction
a(z) : average thermal expansion coefficient (20°C-
800°C) of the unirradiated material in the z
direction.

The irradiated NB31 thermal conductivity is given by the
relation:

Ki = Dirr ’ Cpirr ’ r‘irr
The NB31 thermal conductivity results in the high thermal
conductivity direction show a large decrease after

irradiation in PARIDE 3 and PARIDE 4 (table 1).

Table 1

THERMAL CONDUCTIVITY OF NB31 IN X DIRECTION

Unirradiated PARIDE 3 PARIDE 4

(260°C/ 0.24 dpa.g) | (250°C/ 0.83 dpa.g)
Measurement

Ko K . K; .
tem?fg;t“re W K | (W k) [ KKy ey (K Ko
25 352.3 56.3 0.160 35.7 0.101
50 337.6 58.0 0.172 36.9 0.109
100 325.0 61.4 0.189 39.5 0.122
150 313.9 64.2 0.204 41.4 0.132
200 300.0 66.2 0.221 43.0 0.143
250 284.4 67.6 0.238 44.1 0.155




Moreover, we noticed that before irradiation, the NB31
thermal conductivity at 250°C was 3.1 times higher in the X
direction than in the Z direction ((Kox/Koz)250°c = 3.1). After
irradiation at 260°C/0.24 dpa.g, this ratio ((Kix/Kiz)2s0°c)
decreases to 2.7; and after irradiation at 250°C/0.83 dpa.g,
to 2.6.

This means, that the thermal conductivity in the X direction
(high thermal conductivity direction) degrades a little more
under irradiation than in the Z direction (low thermal
conductivity direction).

In PARIDE 3 and PARIDE 4 experiments, irradiation
temperatures are the same; even though the damage is 3.5
times higher in PARIDE 4 than in PARIDE 3. So, it is
interesting to compare the neutron damage effect on the
normalized thermal conductivity (Ki/Ky) in the three
directions (table 2). When the neutron damage increases by
a factor 3.5, the NB31 normalized thermal conductivity at
250°C decreases of 35 % in the X direction, 39 % in the Y
direction and 31 % in the Z direction.

Table 2
(Ki/Ko)soc (Ki/Ko)2s0°c (Ki/Ko)2s0°c
X direction Y direction Z direction
PARIDE 3
260°C /0.24 dpa.g 0.238 0.289 0.269
PARIDE 4 0.155 0.177 0186

250°C /0.83 dpa.g

In previous works, we have shown that A05 CFC
normalized thermal conductivity at 400°C and at 600°C is a
logarithmic function of neutron damage, in a wide range of
neutron damage (from 9.10"* to 1.8 dpa.g) [3].

In previous works, we have shown that the normalized
thermal conductivity at the irradiation temperature
(K/Ko)tir ) of all investigated CFCs increases with
increasing irradiation temperature between 400°C and
1500°C [4] (table 3).The NB31 normalized thermal
conductivitiy (Ki/Kg)yseec 1s 0.16, after irradiation at 250°C/
0.83dpa.g (almost 1 dpa.g). So it is clear that a low
irradiation temperature avoids the annealing of the defects
created by the neutron irradiation, therefore the propagation
of the phonons along the graphitic planes is slowed down
inducing a decrease of the thermal conductivity.

Table 3

Irradiation High Ko CFCs Low Ky CFCs
temperature (Ko>300 W.m'., (Ko>100 W.m™".

(°C) K at 25°C) K at 25°C)

(Ki/Ko)tirr at 1 dpa.g (Ki/Ko)tirr at 1 dpa.g

400 0.30-0.35 0.30-0.35

600 0.55-0.60 0.60 - 0.65

800 0.75-0.80 0.85-0.90

1000 0.80-0.85 0.95-1

1500 1 1
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g spectrometry measurements were carried out in order to
get an estimated value of the samples activity. The total
average specific activities are:

- NB31 irradiated at 260°C/0.24 dpa.g: 4300 Bg/g
(december 2002).

- NB3I irradiated at 250°C/0.83 dpa.g: 11400 Bg/g
(december 2002).

- NS31 irradiated at 250°C/0.83 dpa.g: 280 kBg/g
(december 2002).

The distribution of the total activity according to the main
different radio-isotopes shows that the g activity is mainly
due to “Co.

CONCLUSION
The main conclusions which can be drawn are:

- The thermal conductivity changes are mainly determined
by the thermal diffusivity changes. There is no density
and heat capacity changes after irradiation.

- The thermal conductivity in the high thermal
conductivity direction (X direction) degrades a little
more under neutron irradiation than in the two others
directions (Y and Z direction).

- At low irrradiation temperature (250°C/260°C), for a
neutron damage increase of 3.5, the ratio (Ki/Kg)zs0oc
decreases of 31-39% according to the different
directions.

- For high thermal conductivity CFCs, irradiadiated at
250°C/0.83 dpa.g, the ratio (Kiy/Ky)ri; is as low as 0.16.
So it is obvious that the normalized thermal conductivity
decreases with decreasing irradiation temperature.

- The NB31 and NS31 g activities after irradiation at
250°C/0.83 dpa.g are 11.4kBq/g and 280 kBq/g
respectively. In both cases, the g activity is mainly due
to *°Co.
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INTRODUCTION The available diagnostic drawings were also included and
R A R R R R A R TR A A/ /R - - space envelops were kept for the remaining ones (figure 2).

VAL 180
20 Q0E+GD
<1 uuEton

The purpose of the enhancement was to consolidate the
preparation of ITER operating scenarios, in particular with
regard to ELMy H-mode operation in ITER-like
configurations close to the operational boundaries and to
support key ITER design choices which are still to be made.
The project was developed since 2000 with an aim at
producing the final specifications of all components ready
for tendering in year 2002 in order to manufacture the
divertor in 2003 and install the divertor during the 2004
shutdown. Because of financial restrictions, it was decided
to stop the project at completion of the detail engineering
phase.

SMRRT TH ORLET

2002 ACTIVITIES

YaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥aYa¥YaYaYa Figure I.: HP Divertor shadowed area
for HD?2 equilibria

The scope of work in 2002 was to finalize the project in a

state which could be continued in the future if required.

DESIGN FINALIZATION

After the tile shape optimization for the 18 reference
equilibrias, and the validation of the shadowed area (see
figure 1), a new set of priority scenarios was established and
detail thermal calculations were performed to asses the
power handling capacity of the divertor

Table 1 : Maximum pulse length for the high priority
scenario with 40 MW of injected power

Config Max average Cr.ltlcal
flux time
3.5MA hd .
(workhorse high d) 8.4 MW/m 10.1s
Figure 2 : HP divertor model

4MA—hd2 . 8.12 MW/m? 10.8 s

(higher Ip high d)

2Pd5MA,gdhb . 5.9 MW/m2 19.9 s DELIVERABLES

(advanced scenario) YaYaYaYa¥1YaYaYaYaYaYaYaYaYaYaYaYa¥YaYaYa

4MA_OS swpl5 )

(optimised shear) 8.18 MW/m 10.0s The technical draft specifications for the carriers
manufacturing and the tiles machining were delivered to
the CSU JET.

The different operator interfaces were validated with the
JET operator and a proposal for the remote handling

installation was described. The final report on the CEA activity, taking in account the

reporting of 62 documents (references), was delivered in

The full set of the divertor components detail drawings of July 2002.

were achieved in April 2002.
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INTRODUCTION
Y0300 YaYaY0YaYaYaY0Y0YaYaY0Y0YaYaYaYa

The knowledge of power and energy flux impinging on the
divertor during Edge Localised Modes (ELMs) is a crucial
issue for ITER. In JET, during experimental campaigns, the
temperature is measured with an infrared camera and heat
flux is deduced from code computation. During transient
high heat loads the power calculated using standard
material properties is over-estimated [1]. Indeed, the
presence of a thin surface layer of codeposited material
with low thermal conductivity induces a higher surface
temperature for a given flux. In order to improve power
estimation and provide tools for better power/energy
measurements in tokamaks, model validations and
experiments on divertor tiles are carried out using Castem
code [2] and JET Neutral Beam test bed facility.

2002 ACTIVITIES
Y030 YaYaY0YaYaYaY0Y0YaYaY0Y2YaYaYaYa

The scope of the work in 2002 was to define the tests to be
performed, to prepare and install the required diagnostics,
to specify the material properties for the bulk and the
coated layer and implement them in the code. A second
stage consisted in performing the tests and the modelling
and comparing the results.

SETTING-UP THE TESTS

Tile 4 and tile 7 from the Mark Ila divertor have been
selected because they were exposed to plasmas in JET
during 1995-1996 campaign and surface analysis have
shown codeposited layers [3]. Although the tiles were not
Tritium contaminated, they were beryllium contaminated;
machining of both tiles and thermocouples installation has
been successfully achieved at JET Be workshop. A fast
infrared camera was mounted on the test bed facility with
optical fibre connection to the NB control room and
successfully commissioned prior the experiments scheduled
in July.

Unfortunately, the tests were postponed for several months
due to three different water leaks in the NB test facility (the
last one due to a bellow breakage induced one meter deep
water in the tank). During the commissioning of the Be rig,
few days before a second attempt in October, another water
leak occurred again on a below, wasting any chance to
perform the experimental tests in 2002.

MODELLING

A detailed 3-D model with true geometry of tiles with
dumbbell, was developed using the CAST3M code (finite
element code developed at CEA) to calculate the surface
and in-depth temperature distribution on the divertor tiles.

The following heat loads have been considered for the
experiments and the simulations:

- flux 100 MW.m>; 10 ms on, 10 ms off, 5 cycles,
- flux 50 MW.m’z; 17 ms on, 43 ms off, 10 cycles,
- flux 5 MW.m’z; 2 s on, 4 s off, 3 cycles.

Different material configurations have been calculated
taking into account various thermal properties of the
codeposited layers. Previous experiments [4] have showed
that the bulk material properties may differ from the
supplier specifications.

Therefore, various thermal conductivity values have been
introduced in the code for both the bulk material and the
coated layer (table 1).

Table 1 : Combination of bulk
and coating thermal properties used in the code.

Bulk Thermal Coating Thermal Heat exchange
Conductivity K | Conductivity K coefficient
Y Thickness 40 mm
(% Keer (% K. H f
0 Buref = —

of CFC Dunlop) of CFC Dunlop) DT
Cas0 100 % No coating
Casl 100 % 10 %
Cas2 70 % 10 %
Cas3 50 % 10 %
Cas4 30 % 10 %
Cas5 70 % 30 %
Cas6 70 % 50 %
Cas7 70 % 30 % DT =50°C
Cas8 70 % 30 % DT =250°C
Cas9 70 % 30 % DT =500°C

Part of the modelling was performed in CEA Saclay (see
figure 1b) using a non uniform power profile as provided
by the NB test bed (see figure 1a), while another part was
done in CEA Cadarache using more material configurations
with an uniform heat flux.

We consider the maximum surface temperature in the first
case and the surface temperature at the thermocouple
position in the second case, which allows a comparison of
the data.

For a high heat flux of 50 MW.m?, the layer effect can
clearly be seen on the surface temperature (see figure 2)
while at a low heat flux of 5 MW.m™, the presence of the
layer has no effect and only the bulk properties controls the
surface temperature (see figure 3). These modelling results
will have to be compared with the experimental results,
when available.
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CONCLUSIONS
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

Modelling using Castem code with various material
properties and different heat load conditions have been
performed. Power deposition experiments at JET have been
delayed due to several water leaks on the NB test Facility.
Experiments are planned to be done in 2003 and results will
be compared with modelling data in order to provide tools
for better analysis of transient heat load during ELMS.
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INTRODUCTION
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa¥YaYa

The general objective of this task is:

- to propose criterions and models which could be used in
the operating conditions of high heat flux components in
order to establish for each proposal its potential in terms
of performances and lifetime,

- to perform studies, analysis and assessments related to
thermo-mechanics for the plasma-facing component
protection system (tiles, attachments) of present day
tokamak.

2002 ACTIVITIES
YaYa¥aYa¥YaYaYaYa¥YaYaYaYaYaYaYaYaYa Y0¥

RULES FOR DESIGN, FABRICATION AND INSPEC-
TIONS

Although Fusion reactor blankets and high heat flux
components are intended, in long-term, to operate under
steady-state conditions, rupture conditions could be reached
under series of thermal shocks occurring during the reactor
lifetime. Impact on crack initiation and fatigue phenomena
has to be clearly understood and interpretation and
prediction rules have to be qualified on specific and
relevant blanket loading conditions.

The knowledge of crack initiation from an initial defect
(manufacturing or potential defect) can be today predicted
by the sS4 rule, successfully developed and implemented by
CEA over the past years and recently integrated in the
French RCC-MR design code.

This action consists in the design of an experimental set-up
that allows realising experiments of thermal fatigue for
future validation of the Sy criterion (crack initiation) for
Eurofer-type 9Cr steel under blanket relevant thermal
conditions.

Design of a thermal fatigue test:

Thermal fatigue tests with RAFM steel (Eurofer) or
equivalent 9%Cr material are necessary to validate the
criterion for Fusion applications (pure thermal loading
conditions) but such tests were not found in the literature.
So, the first stage of this action has consisted in the design
of the experimental set-up up that allows realising
experiments of thermal fatigue. The CEA technical note
DM2S/SEMT/LISN/RT/02-009/A « Progress in the design
and construction of a thermal fatigue experimental set-up »
presents the principle of these thermal fatigue tests carried
out on a pipe.

Realisation of thermal fatigue test and validation of
sigma-d criterion:

This part concerns the feasibility of the test on a 316L
specimen as reported in the CEA technical note
DM2S/SEMT/LISN/RT/02-031/A “Feasibility of a crack
initiation test under thermal fatigue conditions®. A thermal
fatigue test has been carried out on a 316L specimen and
showed the performance of the experimental set up for
fatigue crack initiation under thermal loading. A 3D finite
element model has been introduced to estimate the number
of cycles to crack initiation and then the test duration.

TILES INTEGRITY

Failure criteria for CFC materials can be used to evaluate
the integrity of tiles used as plasma facing components
under thermal and mechanical loads and to test the different
designs.

The CEA technical note DM2S/SEMT/LM2S/RT/02-011/A
“Failure criteria for carbon fibber reinforced carbon
composite (CFC)” presents a preliminary study on the
choice of a tile integrity criterion for carbon fibres
reinforced carbon composites (CFC’s): this criterion could
be used in the operating conditions as parameters in order to
establish for each proposal its potential in terms of
performances and lifetime. A wide range of CFC materials
can be considered for plasma facing components. The
mechanical properties (which depend on raw materials,
process and structure) are specific to each composite and
may differ highly from a composite to another. The study
indicates that the maximum stress theory or the Tsai-Wu
criterion can be used for CFC.

COMPONENTS ANALYSIS

This activity was mainly focused on divertors and included
thermo-mechanical linear analyses performed with
CASTEM2000 finite element code developed in CEA
associated with the retained criterion for tiles integrity.

Following a previous work performed in 2001, the
mechanical integrity of plasma facing CFC tile was
evaluated using a Tsai-Wu criterion and reported in the
CEA technical note DM2S/SEMT/LM2S/RT/02-033/A
“Evaluation of CFC tile integrity using CAST3IM and a
Tsai-Wu criterion”.

Only elastic behaviour was taken into account resulting in
an over-estimation of the Tsai-Wu strength function:
calculations could be improved by modelling the non-linear
behaviour of CFC composite. Moreover, the parameters of
the strength function should be modified to take into
account the secondary nature of the thermal loading which
is less damageable than purely mechanical one.



SETTING ANALYSIS

In order to improve models used to calculate the thermo-
mechanical behaviour of the plasma facing CFC tiles, the
heat transfer coefficient between the tile and the dumbbell
was taken into account. Realistic modelling of contact
between the tile and the dumbbell was performed taking
into account thermal conductance depending on contact
pressure.

In the CEA report DM2S/SEMT/LM2S/RT/02-034/4
“Thermo-mechanical calculation using CAST3M of CFC
tile taking into account a contact heat transfer coefficient
between the tile and the dumbbell”, the thermal heat
transfer theory between two solids in contact is described.
Two formulations of the heat transfer coefficient were
tested for two different thermal fluxes on the tile. In the case
of CFC tiles under a weak thermal flux (5 MW.m™), the use
of different thermal contact conductance correlation lead to
difference in the maximum Von Mises stress in dumbbell.
In the case of high thermal flux, the temperature gradient in
the dumbbell remains relatively weak and the Von Mises
stress distribution is mainly governed by the force on the
centre block.

CONCLUSIONS
Y0300 YaYaY0YaYaYaY0Y0YaYaY0Y0¥YaYaYaYa

RULES FOR DESIGN, FABRICATION AND INSPEC-
TIONS

In fusion reactor components, rupture conditions can be
achieved under series of thermal shocks. In the framework
of this action, a particular simplified thermal fatigue rule
was developed and validated with an associated
experimental campaign. Therefore, this activity was mainly
focused on the S, criterion for pure thermal loading
conditions. Thermal fatigue tests are necessary to validate
the criterion but such tests were not found in the literature.
Part of this action consisted in the design of an experimental
set-up that allows realising experiments of thermal fatigue
for future application on RAFM steel like 9%Cr material.

In 2002, a thermal fatigue test was performed on a 316L
specimen (AFNOR name is Z2 CND 17-12). The specimen
is a pipe placed inside a furnace to maintain a hot
temperature at its outer surface. A cyclic cooling is imposed
by a local cyclic injection of cold water inside the pipe.

A 3D finite element modelling has been introduced to
estimate the number of cycles to crack initiation and then
the test duration. The application of the sS4 method predicts
that, on a pipe having a defect (semi-elliptic defect: depth
"a" equal to the 10" of the thickness (a = 1.74 mm), width
equal to "8.a"), a crack can initiate in a reasonnable period
of time (4748 cycles @16,5 days).

Thermal fatigue tests on RAFM steel (Eurofer) or
equivalent 9%Cr material pipes are necessary to validate the
criterion for Fusion applications (pure thermal loading
conditions).
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Principle of the test

So, the thermal fatigue test on 316L specimen has to be
completed by a future experimental program on RAFM
steel like 9%Cr material.

TILES INTEGRITY

Failure criteria for CFC materials can be used to evaluate
the integrity of tiles used as plasma facing components
under thermal and mechanical loads and to test the different
designs.

However rupture strengths must be determine for each type
of CFC material. A wide range of CFC materials can be
considered for plasma facing components [1]. The
mechanical properties (which depend on raw materials,
process and structure) are specific to each composite and
may differ highly from a composite to another.

For instance, values of the tensile strength reported in
literature for CFC composites in the fibres direction ranges
from 30 to more than 380 MPa.

The study indicates that two main failure macroscopic
failure theories can be used for CFC materials. Values of
fracture strength in tension, compression and shear for the
different directions (plus eventually interaction terms) must
be known to use these criteria.

A complete set of data corresponding to a three dimensional
composite [2] has been used to evaluate the integrity of a
tile submitted to thermal and mechanical loads.
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