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Three lagging tiles – over 12054 – are present since 2006 on Tore Supra main limiter, an actively cooled
high heat flux plasma-facing component. The deterioration is attributed to progressing cracking of the
bond between the tiles and the copper based heat sink. It is observed by an infrared camera: the thermal
time constant of the tiles during cool down increased by a factor of three during the experimental cam-
paigns of 2006 where a high level of additional power was used repetitively during long pulses. An ele-
ment with a defective tile is removed for inspection during the summer shut down of 2007. The bond is
cracked on three quarters of the length. Although the defects are important, the defective tiles do not
limit the operation.

� 2009 Published by Elsevier B.V.
1. Introduction

Tore Supra (TS) operates since 2001 with an actively cooled
toroidal pump limiter (TPL) located in the bottom of the vacuum
vessel as the main plasma-facing component [1,2]. The TPL is made
of 574 high heat flux individual finger elements, arranged in 12
sectors of 48. Each sector covers a toroidal angle of 30� (for the sup-
porting through a beam which is also the manifold). The finger ele-
ments have a water channel allowing thermal steady state in 3 s
(the time constant s is �1 s). The TPL has enabled pulses up to
6 min (Pinj = 3 MW), and steady state is also reached during high
power operation (10 MW) with a peak heat flux of �5 MW/m2

(about half the design maximum heat flux of 10 MW/m2). The sur-
face temperature is monitored by endoscopes and cameras in the
infrared (IR) range. For the 2006 campaign, a new line of sight
was available, aiming at a 35� section not observed since its 2002
installation. The first images of this camera showed 3 lagging tiles
(Fig. 1). The best instant to observe defective tiles is the cool down
after the discharge, because the component cools rapidly due to
the circulation of water in the channels. Lagging tiles remain hotter
than the structure in that process, which makes them appear
clearly. This is the usual method to detect defects [3].

The three defects are observed on a section of 20� of 1000 tiles,
which makes a defect rate of 0.3%. Considering that no lagging tile
has been monitored on Q6B and Q3B lines of sight (2 � 60�, that is
6000 tiles), the defect rate for the entire limiter decreases to 0.05%.
The three defectives tiles are called in the following A, B and C. The
initial IR image suggests that A and B are corner defects, whereas C
is a band defect in the radial direction. The IR image allows to
determine the precise location of the lagging tiles (Fig. 2). The tile
Elsevier B.V.
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position on the element starts at 1 on the leading edge. Mechani-
cally tile A is on the Q6A sector and B&C on Q5B

� A is on the first position of Q6A. It is element N� 200, and it is the
tile 4 of this element.

� B is on the position 47 of Q5B. It is element N� 610, and it is tile 8
of this element.

� C is on the position 46 of Q5B. It is element N�594, and it is the
tile 10 of this element.

The positions are transferred on a heat flux map in Fig. 2. All 3
tiles are localized in a high heat load area, between the two heat
flux concentrations. This area is also the one where the cross field
heat flux is at its maximum, and is also the location where the ion
ripple losses impinge. This can be considered an area where the
heat flux is close to the TPL maximum. Investigation in the records
of the non destructive examination of the finger elements prior to
installation showed that the tiles were defectless at the origin, with
a thermal lag DT smaller than the acceptance criterion of 3� (first
line of Table 1).

The detection of these tiles led to an analysis. Critical heat flux
evaluations, implying a defect tile, have been performed by 2D cal-
culations taking into account typical TS hydraulic operation
parameters (v = 9 m/s, Pout = 2.4 MPa, Tout = 135 �C) including
radiation conditions on the defect interface. For a tile to copper
interface defect of 80%, the tile surface temperature is quite inho-
mogeneous; however the safety factor of wall critical heat flux,
which is different in the two cooling channels, is around 2.8. This
can be explained by the rather high thermal conductivity of copper
material which spread sufficiently the local conducted heat along
the corresponding tile heat sink area. Even at higher heat fluxes
up to 10 MW/m2, where the tile surface will be locally sublimated,
the critical heat flux safety factor remains around 1.8. However, the
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Table 1
Maximum thermal delay (DT) with respect to a reference finger element. A
temperature difference in the range of �3 to 3 K is considered normal. In the range
of 3–6 K, the tile is in derogation.

Tile N� 2 3 4 5 6 7 8

DT (�C) �0.9 1.1 1.0 1.1 1.8 0.8 1.3
DT (�C) 0.7 0.8 0.4 1.7 28.4 1.2 0.4

Fig. 3. Plot of the relative temperature variation versus time for the extraction of
the thermal time constant for defect A (#36594).

Fig. 4. Histogram of the total power injected in the plasma during the 2006
experimental campaign. Only power duration >10 s is retained for that histogram.

Fig. 1. Infrared image of the section PJ6 during cool down after #37047. White
areas are hot (1190 K), and black is cold (400 K).

Fig. 2. Location of the defective tiles on the toroidal pump limiter.
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bond soft copper compliant layer reaches locally unacceptable
temperatures up to 620 �C, implying a high probability of tile
detachment. As the margin to critical heat flux is always high, even
for a severely faulty tile, and that the sole risk is to de-bond a tile in
operation with no risk of water leak, it was decided to proceed
with the experimental campaign, however, with an active monitor-
ing of the tiles using the IR diagnostic.

2. Monitoring

2.1. Method

The monitoring is done by analyzing the thermal time constant
of the tiles (s). This parameter has been intensively studied [4] and
is well suited to characterize the heat transfer of the tile. As the
heat flux on the tile is varying continuously with time during the
discharge, this parameter is not simple to get. Inverse methods
can be used, but such methods require an elaborated mathematic
formalism which hide the tangible evolution of the thermal behav-
ior. The choice here is to estimate s on disruptive discharges,
where the heat flux suddenly stops on the tile. As the water cooling
is intense, the tile cools rapidly with an exponential decay. The
time constant s is then extracted simply by fitting a straight line
though the logarithm of the temperature, and taking its slope
(Fig. 3). The 5 first points (100 ms) are discarded to reduce the
influence of short events like the energy deposited by the disrup-
tion and the artificial shortening of s caused by superficial layers.
Not all disruptions are however usable: the plateau must be suffi-
ciently steady and the initial temperature sufficiently high to have
enough dynamics of the IR signal. The location of the pick-up
points is given Fig. 1, along with some other reference points to
precise the analysis: N (Normal), d1 (deposit), d2 (another deposit
area) – Fig. 1.

2.2. Results

The analysis is done during the 2006 campaign, in which high
power operation is pursued (Fig. 4). High power discharges are also
the most damaging for the bond between the tile and the heat sink.
Fig. 3 shows that 62 pulses over 7.5 MW and lasting at least 10 s
are achieved during that campaign (mainly toward the end). The
value of 10 s is chosen on the basis that thermal steady state must
have been achieved to get the full amplitude of the stress cycle on
the bond – the stress cycle being the reason for crack propagation.
The campaigns from 2002 to 2005 add only 25 of such shots so that
most of the damage is attributed to the 2006 campaign.



Fig. 5. Evolution of the thermal time constants of defective tiles and reference pick-
up points during 2006.

Fig. 6. Photo of the damaged bond (side view of the flat tile bond). The copper heat
sink is on the bottom, the carbon tile above it. The heat flux comes on the top of the
tile.
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The time constant is plotted against the shot number in Fig. 5.
Tile A passes from 1.7 s to 4.4 s, a four fold increase. Tile B in-
creases somewhat less from 1 s to 2.4 s , and tile C from 1 s to
4 s. For the same discharge series, the normal tile undergoes no
significant variation. Deposited tiles demonstrate a slow increase,
from 0.5 s to 0.8 s for the first pick-up point and from 1 s to 2 s for
the second one. These increases are attributed to deposit growth,
and are still a factor of 2 smaller than the one apparently caused
by bond deterioration. The error margin on s is difficult to estab-
lish, still a 20–30% error (the one of the IR measure) is probable.
This error bar is also comparable to the reproducibility of the
evaluations (Fig. 5). As a result, the s increases are significant
and can not be attributed to something else but crack propaga-
tion. The slope of the increase is steady, and does not shows sign
of saturation: the tiles thermal behavior is expected to tend to the
one of a radiation cooled tile.

The defects are less apparent on temperature maps. Even
though their stabilized temperature is up to three times hotter
than regular tiles, the hot area pattern is so much dominated by
the very hot carbon redeposited material that the hotter tiles do
not attract attention. It should be mentioned that the defects are
located in a deposition area, where the stabilized temperature is
influenced by the material deposit. The time constant is less sensi-
tive to material deposits, especially when it is evaluated with a fo-
cus on the time scale of the seconds. A comparison can still be
attempted: previous modeling during the TPL design indicated that
a tile with a three times longer s is two times hotter than normal
tiles at 5 MW/m2 (1470 K instead of 870 K). This is indeed what is
observed, within the IR accuracy of 20%.
3. Ex situ characterization

During the summer of 2007, Q6A was temporarily removed
from the torus, in order to draw 9 element samples (DITS project,
aiming at deuterium trapping investigations). The occasion is used
to remove the first element of the sector, containing the defect A.
Once examined by the side, a crack of 75% of the bond is evidenced
(Fig. 6). The crack is seen on both sides, to about the same length. It
indicates that the defect is certainly continuous throughout the
bond. It is now a transverse band defect, and it is an evolution from
the initial estimate that it was a corner defect. A thermal non
destructive test is done, using the SATIR test bed (Table 1). The
DTsatir is measured to 21.8�. This is an increase by a factor 15 com-
pared to the initial value, stressing how much the heat transfer has
been degraded. It is remarkable to experience that the element is
still functional at half its design heat flux with a so large defect:
with a 75% defect, the cooling by the heat sink is still highly effi-
cient as the tile is cooled in less than 15 s.
4. Conclusion

Three defective tiles are observed on Tore Supra main limiter,
using the infrared diagnostic monitoring the surface temperature
of the component. The tiles cool slower than the others after the
plasma. This amounts in 2007 to a defect rate of 0.05%. Analysis
shows there is no risk of water leak, even if the damage progresses
further. Operation is then pursued, while the defects progression is
monitored using the infrared diagnostic. The thermal time con-
stants increase of a factor 3 in 2006, without consequence on plas-
ma operation: the temperature of the defective tile is still smaller
than other tiles covered by carbon deposit.

One element with a defective is removed from the vessel during
the mid 2007 shut down. The defective tile shows a bond (tile/cop-
per heat sink) cracked to 75%. Tore Supra having been able to oper-
ate high power discharges with this defect, this is a demonstration
that power operation is possible with a highly damaged tile.
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