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ABSTRACT

The last experimental campaign of Tore Supra was also the last one with a set of plasma facing components
mainly dating from the assembly of the machine in 1988. This campaign was interrupted a few days ahead of
schedule because of the rupture of one coolant tube of the Inner First Wall (IFW). The rupture was observed by
an abrupt increase of the pressure in the vessel. It was caused by a water leak which occurred two seconds after
the end of the lower hybrid heating pulse during the current ramp - down. Investigations show that the accident is
not related to the operation of the machine or a weaker element but rather to alocalised heat flux exceeding the

heat removal capability of the IFW.

1. INTRODUCTION : THE INNER
FIRST WALL IN TORE SUPRA

The inner first wall of Tore Supra is a large
area inner bumper, which is actively cooled by
a pressurised water loop (28 MPa,
temperature 150°C, velocity 3 m/s). The water
flows in steel tubes (internal diameter 14 mm)
with a sguare external section. Graphite or
carbon fibre reinforced carbon (CFC) tiles are
brazed on this heat sink through a 2 mm thick
pure copper plate which absorbs the
differential dilatation between the CFC and the
steel. More details on this component can be
found in former publications where it was
largely described [1-4]. The IFW failed on
november 17", 1999 after the end of the lower
hybrid heating pulse during the current ramp -
down, with a large water leak. The present
paper focuses on the technological analysis of
this accident, whereas plasma physic aspects
are explored in [5], where photographs of the
damaged component are also visible.

In vessel inspection shows that the failure
occurred on one of the new panelsinstaled in
1996. The tile is eroded a few tenth of
millimetre, with the fibre structure of the CFC
clearly visible. This overheating pattern is
quite different from the hit pattern of runaway
eectrons in the equatorial plane and from
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heating leading edges that are observed at
numerous locations. Neighbouring tiles are
unharmed, apart from one just under which is
only dlightly marked. The copper plate has
melted over one third of the surface of the
braze bond, and a two millimetres gap remains
where the copper once stood. Melted copper
has leaked underneath. A reddish spot is
observed around the location of the side,
indicating that the failure may have occurred
over more than one shot. The rest of tileis still
strongly bonded to the heat sink, with no
apparent change of its radial position. Another
location is strongly metalised by braze
material, indicating that it may have neared
accident too (see section 2.). Those IFW
panels underwent extensive non-destructive
testing during manufacturing. The stainless
steel wall thickness under that tile was
measured to 1.3 mm (nominal = 1.5 mm), and
the therma transient tests with infrared
monitoring (test-bed SATIR, [6]) were normal.
The accident is therefore not related to a weak
location.

Comparable erosion patterns were observed in
1997 on the IFW, athough not associated to
water leaks. A fully satisfactorily explanation
could not be found at that time and operation
proceeded without further alarms. Even before
the installation of the new panels, the poloidal
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rows of first generation of IFW located around
the equatorial plane suffered heavy damages.
The interpretation was then hampered by the
brittleness of the graphite tiles (which cracked
when subjected to excessive thermal shocks)
and the poor quality of many brazed bonds.
These points show that the phenomenon is not
new in Tore Supra, but that it only became
critical with the increased use of lower hybrid
additional heating associated with the
lengthening of the discharges.

2.LOCATION OF THE FAILURE

The failure occurred 10° under the equatorial
plane. The IFW is not perfectly toroidal, and
the new panels were installed a few
millimetres forward to be tested more
thoroughly. The failure is located on the most
advanced panel (see Fig. 1), and the second
most advanced is also strongly damaged. It is
stunning to see that tiles recessed from only 5
tenth of millimetres are untouched. This give
hints of the narrowness of the phenomenon
involved. The location of the accident
indicates that it is bound to be related to the
plasma, the failed tile being the one defining
the last closed flux surface. In a poloidal
section, the contact should be in the equatorial
plane, but dlight deformations of the plasma
frontier may locate the contact point on the
lower row of tiles that was actually touched
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fig. 1 : toroidal profile of the Inner First Wall

3. THERMAL ANALYSIS

The lower hybrid additional heating was
applied during 10 seconds. The time constant
of the IFW is 10 seconds, which means that
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the stabilisation time of the structure is around
30 seconds. A heat flux considerably higher
than the nominal value has therefore to be
applied to damage the structure in the small
time laps of 10s. Comparison of the two values
givesinformation of that actual heat flux.
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Fig. 2 : time - evolution of the temperature
and temperature of brazed bonds att =15 s

A thermal transient calculation (Fig. 2) shows
that this condition is obtained for a mean
incident heat flux of 10 MW/m? over half the
surface of the tile. Thisis ten times more than
the nominal value of the structure (which was
designed for 1 MW/m?) and five time more
than the toughest test realised on it (2 MW/m?
on the EB200 facility). Under these conditions,
the interface between copper and the steel tube
reaches the copper melting temperature of
1083°C in 10 seconds, necessary to explain the
gection of the copper. At the same time, the
copper plate under the normal heat flux of 0.5
MW/mzis till under 500°C. Thisis the reason
why the tile can have stayed well bonded to
the heat sink, the interfaces still holding
strongly in this area. With this combination of
events, the flux incoming on the heavily
loaded part of the tile is still passed on to the
copper and to the stainless stedl, increasing the
power load on it and leading ultimately to the
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failure of the inner tube before complete
detachment of thetile.

Two mechanisms are possible for the rupture
of the stainless steel tube : firstly an
overheating of the tube, leading to a cracking
of the stainless steel, and secondly a critical
heat flux in the water of the cooling circuit,
which occur a 6 MW/m?2 incident for the
hydraulic conditions of that shot. At that stage,
it is not possible to distinguish between the
two (see section 5 for further investigations
about this)).

4. THEORETICAL HEAT FLUX
DEPOSITION

A 10 MW/m? local heat flux is not normal on
the IFW for 4 MW of additional power. The
IFW is designed to fit closely the plasma shape
and distribute the heat flux over a large
surface. The heat flux pattern on the IFW was
thoroughly investigated [7-9], both
experimentally and by means of simulation. It
was shown that a fraction of the power is

location of the failure

illuminated area (connection to the
scrape off layer far from the IF\W)

shadowed area (short connexion to an
other part of the IFW)

3.a: drift sides 3.b: IFW-shadowed areas
Fig. 3 : particle deposition on the [FW

deposited "abnormally”, apparently as hest
flux flowing along the field lines with a short
effolding lenght (a few millimetres as
compared to the usual centimetres). A similar

21th SOFT

effect may have occurred here, in some
exaggerated way. Sheath effects like
surbrillance [10] may have played a role to
concentrate even more power on the tile, but
such mechanisms are unlikely to have been the
trigger for the accident as they are not
observed usually on this component.

The simulation gives some hints on the heat
flux reaching the tile (Fig. 3). The tile is
connected to the eectron side, thus enabling
the hypothesis of supra thermal electrons [5].
The eroded location is actually wetted by the
heat flux, not being shadowed by the IFW
itself as other tiles (Fig 3.b). A precise value of
e-folding lenght can however hardly be given,
because it would be a result of the adjustment
of the simulation to the observation of the
surface temperature field. As the parameter
has an order of magnitude smaller than a
millimetre, the correlation would require to
know the geometry of the wall and the plasma
frontier with an accuracy smaller than that,
which is not the case.

5. POST-MORTEM
METALLURGICAL EXAMINATION

The damaged structure was investigated by
metallography. The copper has indeed been
blown-up, possibly by water vapour coming
with the 2.8 MPa pressure from the inside of
the tube. A crater is observed where the copper
once stood. The tile and the square tube have
retained their external shape and are covered
by athin copper layer. Many cracks are found
in the stainless steel tube, where the wall
thickness is the smallest. Some of these cracks
are emerging, which was the cause for the
water leak. Non - emerging cracks show all
stages of the formation. The cracks are
initiated on the copper side and progress
towards the inside, speaking for a rupture
caused by excessive heat flux rather than by
critical heat flux. The cracks are intergranular,
reminiscent of a slow crack progression. This
speaks also in favour of a progressive
damaging of the structure, well compatible to
the flux excess, whereas a critical heat flux isa
faster event. Copper is present as dendrites in
the cracks. Cracking may have be facilitated
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by the presence of liquid copper, which
penetrates the grain boundaries of the stainless
steel, causing their embrittlement.

emerging crack

non emerging cracks

Fig. 4 : microstructure of the failed structure

A pattern of corrosion is observed in the tube
around the crack, indicating the steel has
heated up to around 600°C. There is however
no loss of material and the corrosion is more
likely to be a consequence of the accident than
its cause. No changes in the structure of the
carbon fibre reinforced carbon of the tile are
observed.

6. CONCLUSION

The water leak of the IFW was caused by an
excessive heat flux, between 5 and 10 time the
nominal heat flux of the component. This heat
flux is deposed abnormally within a very
narrow depth of the scrape off layer, the
investigations regarding this heat flux being
reported elsewhere [5]. Rupture is attributed to
an overheating of the stainless steel heat sink,
which eventually cracked under the water
pressure of the cooling water loop. The
cracking of the steel was probably facilitated
by an embrittlement caused by liquid copper.
Physics issues related to this phenomenon will
be addressed by Tore Supra with the new set
of plasma facing components, CIEL, which are
currently being installed. The local heat
removal capacity isincreased by afactor of 10,
which is allowed by the use of a copper based
heat sink. The surface temperature will be
monitored by a set of infrared cameras, aiming
at forbidding thermal excursions. These two
eements give confidence that localised heat
deposition will be better monitored and
absorbed, which will facilitate the study of
plasma scenario aimed at long discharges.
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