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DESIGN MANUFACTURING AND THERMO-MECHANICAL TESTING OF A 
RELEVANT SIZE MONOBLOCK DIVERTOR PROTOTYPE 
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Following a technological development of joining techniques between carbon fibre composite tiles and 
metallic tubes, and the manufacturing and testing of small size actively cooled mock-ups, a relevant size divertor 
prototype has been designed, manufactured and tested. The prototype consisted of a series of metallic tubes 
surrounded by CFC tiles, cooling collectors and a supporting system representative of a divenor dump plate for 
high power reactors. The tubes have been preliminary tested at the CEA 200kW electron beam facility with 
uniform fluxes up to 5 MW/m- to select the best five tubes, which together with a sixth non tested tube have been 
then assembled to form the prototype. This has been tested at the JET high power neutral beam injector test 
facility. After screening tests the prototype has been subjected to thermal cycling at more than 15 MW/m-. 

1. INTRODUCTION 

A considerable R&D effort in the European 
fusion programme has been dedicated to the 
development of components compatible with the 
plasma environment and able to withstand high heat 
fluxes (>5 MW/m-). Among the several concepts 
pursued, the monoblock has demonstrated excellent 
performances and a high reliability. The concept 
has been designed [1-3] for an high heat flux 
divertor (>10 MW/m-). The high reliability is 
achieved by surrounding the metallic cooling tubes 
with plasma facing armour material, avoiding 
points of discontinuity between the armour and the 
tube in their crossection. 

The R&D programme has been entirely carried 
out using carbon fibre composites (CFC) as armour 
materials and molybdenum alloy or dispersion 
strengthened copper for the cooling tubes. Other 
materials such as beryllium or tungsten could be 
considered in the future if required by plasma wall 
interaction problems. 

The technological development has been 
performed in three stages. In the first the basic 
materials have been chosen and the joining 
techniques have been defined [4-6]. In the second 

stage several small size (-100 mm long) single tube 
actively cooled mock-ups have been manufacrured 
and tested in order to evaluate by experiment their 
thcrmo-mechanical behaviour and performances. In 
parallel non destructive examination methods 
(NDE) have been developed in particular to verify 
the CFC/metai joint quality. High performances 
have been reached in tests on single tube mock-ups 
[6,71. Resistance to >20 MW/m- in single pulses 
and up to 3000 cycles at -15 MW/m- have been 
reached. 

In the third stage a relevant size multiiube 
prototype with representative supporting and 
cooling systems has been manufactured and tested 
to demonstrate the feasibility of the concept. 

2. DESIGN AND MANUFACTURING 

The prototype has been made with the collaboration 
of several institutions. The NET Team was 
responsible for the design, ihc definition and co
ordination of the activities. ENEA has been the 
main contractor during the entire R&D program, 
has assembled the armoured tubes in the prototype 
also manufacturing the supporting and cooling 



Fig. 1 Prototype Design 

systems. The armoured lubes were manufactured by 
Ansaldo. Metallwerk Plansee and ENEA. Tests 
have been performed by CEA/Framatome and JET 
and the post-processing is being done in 
collaboration with me University of Palermo. The 
design is shown in Fig. 1. It consists of six 448 mm 
long armoured tubes with 14 mm ID and 16 mm 
OD. A twisted tape is inserted inside the tube to 
enhance the thermo-hydraulic performances. An 
actively cooled sliding support system [3] provides 
the necessary support to the tubes allowing their 
thermal expansion. The prototype has a tapered 
shape (tile width increases from 22 to 26 mm) to 
represent the toroidal geometry of the divertor. 

2.1 Material selection 
Two CFC materials have been chosen for the 

armour SEPCARB N112 and DLTNLOP DMS 678. 
The first has given the best results in the previous 
development stages [6,7]. It is a 3d material: a final 
hipping process anneals the defects and reduces the 
porosity resulting in a high thermal conductivity 
and rather uniform material properdes between 
different plates. The second has been used 
extensively in JET and had demonstrated relatively 
good properties at a lower costs. 

The molybdenum alloy TZM (0.5 Tt. 0.07 Zr) 
has been chosen for the lube due to the lower 
thermal expansion mismatch to the CFC in 
comparison to DS Copper. All the other parts of the 

Fig. 2 Surface Temperatures in me EB Tests 

prototype were made in AISI316L steel. 

2.2 CFC to TZM Joint 
Brazing has been chosen as joining technique. 

The best results in strength and reliability have been 
obtained using TiCuSil brazes. The brazing 
procedure has been optimised in the previous 
stages. Typical parameters: brazing temperature 
910+950 °C hold dme 120+600 s. Special brazing 
techniques have been developed: Ansaldo direcdy 
braze with a precise gap control using TiCuSil tapes 
inserted between the tube and die tile. Metallwerk 
Plansee use laser drilling to condition the CFC 
surface with 500 Jim deep holes which filled by die 
braze increase die shear strengdi [4], ENEA obtain 
a similar result using a multiple threading of die 
CFC internal surface [8] 

3. NON DESTRUCTIVE EXAMINATIONS . 

Nine armoured tubes were manufactured (3 for each 
manufacturer). Only one tube, manufactured by 
Ansaldo was in DS copper, the odiers were all in 
TZM. They were preliminary examined using US 
and X -rays. No large defects being detected, die 
nine tubis have been subjected to thermographic 
examination at the 200 kW electron beam (EB) 
facility in Le Creusot [9.10]. The EB parameters 
were adjusted to obtain a uniform heat flux 
sweeping at high frequency. The maximum power 
density delivered in steady state condition was 5 
MW/m". This value has been estimated as suitable 
to detect acceptable defects in the joint using die 
infrared camera image of die exposed surface, still 
keeping low die mermal stresses. 

Disuniformities in die surface temperature of 
some tiles were clearly observed in particular for 



the DUNLOP 678. High temperature at low heat 
fluxes and large difference in the steady state 
temperature indicate that these tiles have large 
material disuniformities and possibly brazing 
defects. Only small differences were found in the 
SEPCARB tubes. Fig. 2 shows the experimental 
values of the surface temperature in a central zone 
for three tube (Ansaldo AN5. Plansee MPI and 
MP2) and the analytical values evaluated with the 
F.E.M. code ABAQUS at different incident heat 
fluxes. The scattered experimental values are below 
the analytical indicating an over-estimation of the 
power density (the data processing is in progress). 

After the tests the best two tubes for each 
manufacturer were chosen to be installed in the 
prototype. Unfortunately the best Ansaldo tube was 
damaged during shipment. Due to the tight time 
schedule it was substituted by a ready available 
untested third Metallwerk Plansee tube (it was 
decided to renounce to the installation of a single 
DS copper tube to avoid large additional 
disuniformities to the prototype). 

4.THERMO-MECHANICAL TESTS 

Fig. 3 shows the assembled prototype. The two 
inner tubes were armoured with Sepcarb N112, the 
others with Dunlop 678. The tests were carried out 
at the JET neutral beam injector test bed [11,12]. 
Test conditions were: 

Pulse duration max 10 sec 
Water velocity 10.6 m/s 
Water temperature 20 °C 
Inlet water pressure 0.52 MPa 
Outlet water pressure 0.23 MPa 
Beam H (ion+ncutrals) 3CW7 keV 

The power density profile was well calibrated 
but unfortunately rather non uniform with an 
efficient area of -150X130 mm^ and with two 
peacked zones, so that the data processing is more 
complicate. Tests started with 12 MW/m-1- peak. As 
in the NDE tests, some of the Dunlop tiles appeared 
substantially hotter than the others and had longer 
cool down times. The Sepcarb central tubes showed 
an almost uniform behaviour according to (he power 
density profile with a maximum temperature of 
-1000 °C. After better positioning of the beam to 
reduce the load on the hot tiles, the peak power 
density was set to 18.5 MW/m2 and 332 thermal 
cycles were performed with 5 seconds shots. The 
Sepcarb tubes kept their uniform behaviour. Just a 

slight increase of the surface temperature was 
observed. Fig. 4 shows the increase of temperature 
profile (at an estimated flux of -14 MW/m-) along 
the central line of the Sepcarb tubes after 139 shots. 
Surface temperature at 18 MW/m- was -1700 ° C 

The surface temperature of the other tubes 
further increased during the cycling. However no 
new failures occurred in any of the tubes. 

Analysis of the surface temperature rise 
indicates that mere are substantial differences in the 
thermal properties of Dunlop tiles and that they 
deteriorate during the tests. However some of the 
Dunlop tiles in tube 5 show good performances and 
no deterioration. Due to these differences it is not 
possible to assess to quality of the joint for the 
Dunlop tiles. Finally a good agreement between the 
analysis and the experimental data is found only for 
the Sepcarb tubes. 

The sliding supporting system resulted suitable, 
working under vacuum and providing enough 
restrain to the tubes without apparently affecting 
their performances. 

It must be mentioned that a large increase of the 
electrical conductivity of the cooling water was 
detected. This indicated a considerable corrosion of 
the tube inner surface with water at elevated 
temperatures (probably during subcooled boiling). A 
loss of 10 mg/scc was estimated by the JET Team. 

The two central tubes have been removed from 
the prototype and additional thermo-mechanicai 
tests are in progress on them at the CEA EB facility 
to observe their thermal behaviour more in detail. 

Fig. 3 Photo of the Prototype 
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5. CONCLUSIONS 

The R&D effort on the CFC monoblock has 
demonstrated: 
- the feasibility of the concept (excluding the 

neutron effects) 
- its reliability and robustness at up to 15 MW/nA 

Tests on a multitube prototype have shown a 
good thermo-mechanical behaviour of the Sepcarb 
material. Substantial differences in the material 
properties of the Dunlop CFC were instead 
observed. The joining techniques seem adequate, 
but additional efforts should be devoted to the 
improvement of the manufacturing reliability in 
view of the use for a large number of components. 

The supporting and cooling system resulted 
fully adequate. 

The choice of the CFC material is of paramount 
importance. Defect free materials with stable 
material properties should be used. 

The choice of TZM for the cooling tube should 
be revised. Problems of fragility and corrosion were 
encountered. More effort should be devoted to 
copper alloys and/or belter molybdenum alloys, 
including the development of surface treatment 
processes to avoid corrosion. 

Finally it should be noted that no large failures 
or breakeges of monoblock tiles have happened 
during the tests of the prototype and of several 
actively cooled tubes at severe thermal conditions. 
No water leakages or burn out have been 
experienced so far. The use of subcoolcd boiling 
with turbulence promoters has assured stable and 
reliable cooling. 
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