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Abstract 

Carbon fibre composite (CFC) flat tile armours for actively cooled plasma facing components (PFC’s) are an 
important challenge for controlled fusion machine. Flat tile concepts, water cooled by tubes, were studied, 
developed, tested and finally experienced with success in Tore Supra. The components were designed for 10 
MW/m2 and mock-ups were successfully fatigue tested at 15 MW/m2, 1000 cycles. For ITER, a tube-in-tile 
concept was developed and mock-ups sustained up to 25 MW/m2 for 1000 cycles without failure. Recently flat 
tile armoured mock-ups cooled by hypervapotron tube successfully sustained a cascade failure test under a mean 
heat flux of 10MW/m2 but with a doubling of the heat flux on some tiles to simulate missing tiles (500 cycles). 
This encouraging results lead to reconsider the limits for flat tile concept when cooled by hypervapotron tube. 
New tests are now scheduled to investigate these limits notably in regards to the ITER requirements. The 
concept could also be experimented in Tore Supra by installing a new limiter into the machine. 

 

1. Introduction 

The requirements for the CFC part of the vertical 
target of ITER divertor are 20 MW/m2 for 300 
cycles and 10 MW/m2 3000 cycles. At Tore Supra 
water cooled PFC’s working at steady state has 
been developed and used since 1985. The last 
generation, fabricated in the frame of the CIEL 
project [1] and based on a flat tile concept cooled 
by smooth water tubes, was successfully 
experienced. Swirl tube concept was also 
extensively studied for ITER. As the flat tile 
concept was viewed as not matching the ITER 
requirements a tube-in-tile concept was retained as 
the reference solution. Recently new results on flat 
tile armoured mock-ups cooled by hypervapotron 
tubes lead to reconsider the flat tile concept 
performances.  

2. Experience gained on Tore Supra with flat tile 
armour on water-cooled copper heat sink  

At Tore Supra 3 generations of actively cooled 
components armoured with CFC flat tiles were 
developed [2][3]. The third one was defined after 
various studies on CFC flat tile armour brazed onto 
a square Glidcop tube [4], critical heat flux studies 
on bare tube [5][6] and fatigue tests on armoured 
tubes [7]. For Tore Supra the swirl was abandoned 

due to the reasonable design heat load (10 Mw/m2) 
and due to the limited available pressure drop of 0.5 
MPa. The Glidcop was also abandoned in favour of 
the more ductile CuCrZr material (ultimate 
elongation > 18% at RT and >16% at 400°C). The 
concept is a CuCrZr heat sink cooled by a double 
smooth tube and armoured with CFC tile in N11 
from SNECMA Bordeaux through a compliant 
layer of soft copper able to compensate by 
elongation the thermal expansion mismatch 
between CuCrZr and CFC (Fig. 1). For this 
generation the PLANSEE Company developed a 
special bond between soft copper and CFC [8]. 

Reduced scale mock-ups and prototypes, for the 
toroidal pump limiter of Tore Supra, were 
fabricated and tested on the electron beam facility 
FE200 of CEA Framatome in Le Creusot (France) 
to validate the concept and the feasibility [8][9].  

In 1996 flat tile armoured ITER mock-ups (same 
technology but NS31 CFC from SNECMA) were 
fatigue tested successfully 18 MW/m2, 1000 cycles, 
but with a rather important erosion. For all these 
elements, water-cooled by smooth or swirled round 
tubes, it was considered, up to 2001-2002, that the 
limit of the flat tile technology was around 18 
MW/m2 [10].  



Jacques SCHLOSSER 2

For the Tore Supra antenna protections 220 short 
elements (10 cm long) were first manufactured and 
were used successfully under plasma load in the 
machine [11]. This has qualified the industrial 
process. About 660 long elements (called fingers 
and 50 cm long) were then manufactured to equip 
the toroidal pumped limiter [1][12]. During the 
qualification tests, this technology was successfully 
fatigue tested at 15 MW/m2, 1000 cycles and 10 
MW/m2, 3500 cycles, on the electron beam facility 
FE200 of CEA-Framatome [9][13][14]. The TPL 
fingers were installed in the machine and sustained 
already 2 years of plasma in the machine [15]. 

3. Development of a tube in tile concept for 
ITER  

The tube in tile concept (monoblock) is described in 
Fig. 3. Under heat load (20 MW/m2) the bond 
between CFC and copper is at lower temperature 
for the monoblock (420°C to be compared with 
740°C in case of flat tile and swirl tube, for 
Twater=150°C, P= 3.5 MPa, V = 12 m/s. In fact the 
monoblock concept is submitted to high stresses 
during fabrication but to rather low stresses under 
heat flux compared to flat-tile concept (in terms of 
strain 1.45 and 0.6% to be compared with 0.45 and 
1.7%). The tube in tile concept is difficult to 
fabricate but, if done, is stronger under heat-load. 
Another difficulty lies in the acceptance test that is 
not so easier to interpret as for flat tiles. 

Many mock-ups and prototypes were fabricated and 
tested [16][17][18]. The high heat flux part of all 
these elements was manufactured by the PLANSEE 
Company. The first ones were done of NB31 CFC 
tiles from SNECMA Bordeaux with a round AMC 
copper layer (0.5 mm thick) brazed onto a Glidcop 
tube (1 mm thick). With this technology a medium-
scale vertical target prototype was successfully 
manufactured and tested up to 20 MW/m2 for 2000 
cycles plus a limited number of cycles at 30 
MW/m2 [19]. Then, since 2000, the technology was 
oriented to a CuCrZr tube hipped at low 
temperature (480-550°C) to the round copper layer 
of the AMC tile. For example in 2001, 4 mock-ups 
of this technology were fatigue tested in the FE200 
facility of Le Creusot. The mock-ups sustained well 
1000 cycles at 20 MW/m2 despite defects visible at 
the first screening tests (Fig.8). The CHF limit was 
found around 22.5 MW/m2 for a 23 mm wide 
mock-up and around 25 MW/m2 for a 28 mm wide 
one. A full-scale vertical target prototype was 
manufactured with the HIP’ing technology and is 
now being high heat flux tested in FE200 [20]. The 
figure 6 sums up the performance of the 2 concepts 
in regards to the ITER requirements for divertor 
vertical targets. The flat tile concept is able to 
sustain 10MW/m2 during 3500 cycles but fails to 
sustain 20 MW/m2 300 cycles with a limit at 15-18 
MW/m2 for 1000 cycles. On another hand the tube 
in tile concept sustained well under flat profile (100 
mm) 20 MW/m2 2000 cycles and under a peaked 
reference profile 25 MW/m2 1000cycles and 20 

MW/m2 200 cycles (Fig.9). The requirement of 10 
MW/m2 3000 cycles should be obtained with 
comfortable margins and without difficulties, 
however such a fatigue test is still to be performed.  

4. New results with flat tile armour on HV heat 
sink   

This concept (Fig 7) is studied since 1996 as an 
alternative concept for the vertical target in regards 
to its good thermal hydraulic behaviour (high 
critical heat flux, low pressure drop) [21][22]. The 
hypervapotron concept consists of a square tube 
with fins perpendicular to the water flow typically 4 
mm high, 3 mm thick and with a 3 mm gap between 
the fins. Due to the difficulty of such a concept to 
sustain 20 MW/m2 and in regards to the good 
performances of the tube in tile concept it was 
abandoned. However last years tests on the FE200 
showed unexpected results and could relaunch the 
concept. 

First tests of critical heat flux at low velocity 
showed that temperature of the CFC/Cu joint is 
lower than the one predicted by calculations. Figure 
8 shows that the temperature of the CuCrZr under a 
peaked heat flux of 20 MW/m2 could be 400°C 
(which means 520°C for the copper layer) when the 
calculations predicted 540°C (and 660°C for the 
copper layer). These values have to be compared 
with 620°C (and 740°C) for swirl or smooth tube 
concepts 

Secondly, simulations of cascade failure tests, 
under 10 MW/m2, were performed on CFC mock-
ups. Cascade failure is expected because the fall 
down of a tile leads to the transfer of the missing-
tile deposited power onto the adjacent tile. In 
perpendicular incidence it was simulated as 
follows: the total additional power was 
concentrated on 2 mm of the tile with a local heat 
flux of 90 MW/m2, which leads to a doubling of the 
power on the tile. Calculations showed it is 
equivalent to a leading edge deposition for the heat 
transfer profile through the CFC/Cu joint. Whereas 
the calculation predicted 850°C at the CFC/Cu 
bond, no detachment of the tile was observed after 
100 cycles at half power and 200 cycles at full 
power or over. However as predicted by 
calculations CFC temperature was around 3000°C 
and an erosion of 1.3 mm was observed at the end 
of the test on the 2 zones tested (Fig. 12). The test 
was pursued in glancing incidence with machined 
tiles in order to create leading edges. The result was 
quite similar after 500 cycles at full power. A 
power increase in normal incidence showed that the 
mock-ups were able to sustain 20 MW/m2 60s with 
a tile temperature around 1400°C, which is quite 
acceptable [23]. 

5. Conclusion   

The flat tile concept is certainly less robust under 
heat loads of the order of 20 MW/m2 than the 
monoblock concept. However it is easier to 
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fabricate and there is a large experience of 
industrialisation of such kinds of components. The 
last high heat flux tests lead to envisage new tests, 
to assess the limits and to foresee the installation of 
such a component in the Tore Supra Tokamak in 

order to gain an experience in Plasma operation. On 
the other hand acceptance non-destructive tests and 
industrialisation have to be studied for tube in tile 
concept in order to make it as attractive as flat tile 
armours. 
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Figure captions 
 

Fig 1: Tore Supra 3rd generation PFC concept (CuCrZr heat sink, soft copper layer and N11 CFC 
armour) 

Fig. 2: View of the TPL fingers installed in the machine 

Fig. 3: Monoblock concept (CuCrZr tube, round soft copper layer, CFC) 

Fig. 4: Comparison of the temperature isovalues under heat load between the 2 concepts (20 MW/m2, 
Twater = 120°C, V = 12m/s, P= 3.5 MPa) (1545°C maxi for the flat tile and 1740°C for the 
monoblock, in case of NB31 CFC, 6 mm thick) 

Fig. 5: Monoblock-tiles 1 to 5 of the mock-up B28 after 1000 cycles at 20 MW/m2, the surface 
temperature did not evolve despite evident defects, underscored by higher surface temperature than 
expected 
(water : 3.5 MPa, 12 m/s, 140°C) 

Fig. 6: Comparison of the best performances obtained between the 2 first concepts with the critical 
heat flux limits for the monoblock concept 

Fig. 7 : Hypervapotron concept (CuCrZr tube, soft copper layer, CFC armour) 

Fig. 8: Observed surface temperature on bare hypervapotron tubes 

Fig. 9: IR view under peaked heat flux of 90 MW/m2 on the first 2 mm of the tile and eroded surface 
after 200 cycles  
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Fig 1: Tore Supra 3rd generation PFC concept 
(CuCrZr heat sink, soft copper layer and N11 CFC armour)
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Fig. 2: View of the TPL fingers installed in the machine
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Fig. 3: Monoblock concept (CuCrZr tube, round soft copper layer, CFC)
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Fig. 4: Comparison of the temperature isovalues under heat load between the 2 concepts
(20 MW/m2, Twater = 120°C, V = 12m/s, P= 3.5 MPa)

(1545°C maxi for the flat tile and 1740°C for the monoblock, in case of NB31 CFC, 6 mm thick)
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T1T5

B28

Fig. 5: Monoblock-tiles 1 to 5 of the mock-up B28 after 1000 cycles at 20 MW/m2, 
the surface temperature did not evolve despite evident defects, 

underscored by higher surface temperature than expected
(water : 3.5 MPa, 12 m/s, 140°C)
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Fig. 6: Comparison of the best performances obtained between the 2 first concepts with the critical heat flux 
limits for the monoblock concept
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Fig. 7: Hypervapotron concept (CuCrZr tube, soft copper layer, CFC armour)
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Mock-up HV27-2, P = 3.2-3.5 MPa, D Tsub-out =120-140°C
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Fig. 8: Observed surface temperature on bare hypervapotron tubes
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Fig. 9: IR view under peaked heat flux of 90 MW/m2 on the first 2 mm of the tile 
and eroded surface after 200 cycles


