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THE RFX GRAPHITE TILES: DESIGN AND TESTS
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The paper, after a brief introduction covering the basic concepts underlying the design of the RFX first wall, describes the
main features of the graphite tiles and presents their predicted operating conditions in the presence of applied heat fluxes and
electrodynamic forces. On the basis of the results of experimental tests performed to measare the tile-vessel contact
conductiance, the thermal behaviour is analyzed by means of numerical models which simulate the real operating conditions of
the frst wall and vacuum vessel, with its forced gas cooling systern and its thernmal insulation. The safety margin, preventing
tile rupture due to elecirodynamic extraction forces during fast plasma current terminations, is then investigated by means of
mechanical tests closely reproducing the real load distribution. Finally, the stresses due to machining allowances on the tiles
and on their grooved seats are analyzed by means of a finite-efernent model, vnder the load produced by the bayonet keys

which clamp the tiles to the vacunm vessel stiffening rings.

1. Introduction

The RFX [1] first wall (major radius R = 2000 mm,
inmer minor radius a = 457 mm) is composed of 2016
trapezoidal graphite tiles (72 in the toroidal direction,
28 in the poloidal direction), covering the whole vacuum
vessel surface except for pumping and diagnostic ports,
The first wall is only 18 mm thick, due to the need to
keep the plasma edge as near as possible to the conduct-
ing walls (vacuum vessel and shell} for the purpose of
plasma stability [2].

A full graphite armor was chosen for the following

reasons:

— a metallic wall with metallic limiters would produce
high-Z contamination and could be seriously
damaged by heat flux;

— a metallic wall with graphite limiters would produce
both high-Z and low-Z contamination (although less
than in the case above) which could impair pulse
repeatability and interpretation of physics data; the
limiters would experience very high heat loads and
the metallic wall could also be damaged during badly
controlled pulses, such as fast terminations;

— a full graphite wall is considered to be compatible
with RFX physics requirements in terms of impurity
production and hydrogen recycling properties, and
graphite offers excellent thermal shock resistance.

The tiles are individually clamped onto the poloidal

rings of the vessel (fig 1), in order to minimize eddy

currents and to aliow remote manipulation of single

tiles. A mechanical attachment {fig. 2) was preferred to
a brazed joint since a metal plate would be subject to
excessive electrodynamic forces during fast plasma cur-
rent terminations.

Fig. 1. One of the 72 vessei elements, showing some graphite
tiles.
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The paper describes the methods and results of
numerical and experimental analyses carried out under
thermal, electrodynamic, and static loads,

2. Tile design

The tiles are made from Le Carbone-Lorraine 5890
PT graphite. This is a micrograined, high purity, high
density, quasi-isotropic graphite, widely used in toka-
mak experiments {3]. Due to the device’s toroidal shape,
the tiles are trapezoidal and a number of special tiles
are required for the 78 access ports to the torus inside,
The vessel rings which support the tiles (fig. 1) are
cocled on two sides by a forced flow of nitrogen or
carbon dioxide [4], so that the thermal power from the
plasma is extracted as closely as possible to the deposi-
tion area. This minimizes thermally induced stresses oo
the vacuum vessel structure,

The clamp is composed (fig. 2) of an Inconel 625
bush, TIG welded to the wessel ring, and of a
moiybdenum key [5]. A graphite cap is brazed onto the
key in order to prevent melting of the exposed surfaces
and high-Z plasma contamination.

3. Operating conditions

The cooling and heating systems [d] will keep the
vessel wall at an almost constant temperature during the
experiments, ranging from approxtmately 50 to 350° C.
During a full-power puise (plasma current I, = 2MA,

Fig. 2. Exploded view of the tile and its clamp.

Table 1
Thermal load on the first wail

Dura- Awverage Average Maximum
ticn  power  power power
{msy (MW) density density
(MW /m®) (MW /m’)
Current rise 30 200 5.5 21
Current flat-top 250 36 10 5
Current decay 30 167 4.6 22

duration ¢, =0.31 5} 20 MJ will be deposited on the
first wall, Table I gives the wall load for the three puise
phases. The assumed poioidal peaking factor of 5 takes
account of 4 3 cm misalignment between the graphite
wall and the plasma outer flux surface, and of an energy
scrape-off layer characteristic length of 0.5 cm.

As far as mechanical conditions are concerned, sud-
den plasma current terminations may produce signifi-
cant eddy currents on first wall components. In RFX,
due to the absence of metal backing plates and the
fairly low toroidal field, the resultant forces are rea-
sonably low: in the case of an exponential plasma
current decay with a time constant as low as 0.1 ms, the
peak extraction force for a single tile is less than 75 N,
while the torques along the three iile axes are always
less than 1.5 N m.

4. Heat conduction to the vessel

The conductive heat exchange from the back of the
tile to the vacuum wvessel occurs through the curved
surface of the tile-supporting rib, which matches the
poloidal groove machined in the solid ring of the vacuum
vessed (fig. 2). The surface finish and dimensional preci-
sion of the mating surfaces strongly affect the value of
the contact conductance [6]. For the components tested,
the roughness of the tile contact surface is measured as
2 pm, while the roughness of the Inconel surface is less
than 0.5 pm.

Measurements of the thermal contact conductance
are taken using the stationary temperature gradient
method. The front face of the tile is heated by an
electrical heater, while the Inconel 625 block is cooled
by water (fig. 3). Twe thermocouples are inserted into
the Inconel block and into the graphite tile as closely to
the contact surface as possible.

When the systern reaches steady state, and assuming
the contact surface is isothermal, the following equation
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Fig. 3. Experimenital apparatus for thermal conductance meas-
urements.
can be written:
A
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where @ is the conductive thermal power which flows
from the section of the graphite tile, in which we
measure the temperature T, to the section of the In-
conel 625 block, in which we measure the temperature
7i: A is the contact area; S, and §; are the distances
from the two measurement sections to the contact
surface; A, and A; are the thermal conductances of
graphite and Inconel 625. H is the unknown thermal
contact conductance which can be cajculated from eq,
(1) if T, and 7, are measured and if @ is known.

Table 2

Thermal contact conductance

W (W) 15.4 20 25
O q (W) 26 17 5
o (W) 12.8 16.3 20
AT (K) 116 155 185
@ /AT (W/K) 0.110 0.105 0.108
b (W,/m K} 74 71 73

¢ is smaller than the input power on the tiie surface,
W, because the tiles exchange heat with the surrounding
objects. The vacuum eliminates conductive and convec-
tive heat loss to the air; conductive heat flux through
solid objects is eliminated, the apparatus being sup-
ported outside the measurement section (fig. 3). To
reduce radiative heat loss, a symmetrical sysiern has
been designed: the electrical heater is placed between
the front faces of two tiles, so that all the input power is
transferred to the tiles. Finally, the radiation from the
back faces of the tiles to the surface of the oven is
reduced by using a radiation shield; nevertheless, the
power Q.4 is estimated by using heat radiation equa-
tions [6] and is used to calculate Q= W — Q.

The test was carmied out with a contact pressure of
0.03 MPa (clamping force of 50 N + 10 %) and varying
the heat flux on the tile surface. The results are sum-
marized in table 2; the margin of error in the measure-
ments of h is about 20%. The linear correjation between
¢ and AT shows that the thermal radiation has been
eliminated. The measured value of A agrees well with
the results of similar measurements [7,8] and was used
for the foliowing thermal analysis.

5. Thermal analysis

The transient thermal load acting on the graphite
tiles is shown in table 1. A peak surface temperature of
approximately 900°C is reached during the pulse {10]
but, due to the good thermal capacity of graphite, only
a small fraction of the tile thickness is subject to signifi-
cant temperature fluctuations. Consequently, thermal
exchange between graphite tile and vacuum vessel can
be considerd to be practically stationary, Furthermore,
the high surface temperature under the transient load
produces an efficient radiative exchange from tile to
tile, reducing the temperature differences along the
poloidal circumference. Therefore, there is no need to
take a peaking factor into account for the first wall
cooling and, for a plasma carrent of 2 MA and a duty
cycle of 10 min, an average heat flux of 920 W/m? was
considered.

Two different operating conditions were examined.
In the first, the vessel is cooled by the maximum gas
flow permissible to keep the temperature as low as
possible (50 ° C); due to forced convection, the tempera-
ture is uniform within a few degrees [4]. The resujtant
graphite tile temperature is approximately 150°C, 55%
of the total thermal flux is conducted across the thermal
contact, 45% is radiated.
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Fig. 4. F.E. mesh for thermai analysis.

On the other hand, to operate at a high wall temper-
ature, the forced cooling is off. In this case, all the
thermal power is radially transferred to the thermal
insulation of the vessel, which may cause significant
thermal gradients across the Inconel sheets. A finite
element analysis [9] of the tile and vesse} temperature
distribution has been performed. The model (fig 4)
represents the graphite tile, the vacuum vessel, and the
thermal insulation.

The following boundary conditions were considered:
heat flux on the front tile surface, radiation between the
back of the tile and the vacuum vessel, convection to
the ambient air, and radiation to the enclosure at 40°C
from the bottom surface of the thermal insulation. The
modet takes into account mutual radiation between
neighbouring tiles by means of special boundary ele-
ments.

The graphite tile shows a fairly uniform temperature
of 415° C, while the vacuum vessel temperature is in the
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range 390 to 365°C (fig. 5). Due to the efficiency of
radhation, the thermal gradient in the vessel is mainly
radial and the conductive flux across the contact be-
tween tile and vacuum vessel is only 10%. The tempera-
ture difference between inner and outer vessel sheets is
acceptable {11].

6. Stress and strength

Stresses on the tiles are induced by electromagnetic
loads, clamping forces, and temperature gradients. For
those produced by thermal gradients, the operating
conditiens of the RFX tiles can be compared with those
of various high heat flux experiments carried out on free
blocks of similar graphites svited to fusion applications
[12-15} It turns out that thicker blocks overcome more
severe thermal conditions than in RFX; nevertheless,
thermocycling tests are now planned on real compo-
nents.

6.1. Magnetic load

The ability of the tile to withstand detachment from
the wall was experimentally investigated with a rupture
test. An apparatus was used to simulate the magnetic
pressure on the tile and the retention force of the key.
The test was designed to check the tile central zone, in
particular, where a large hole is drilled to make room
for the head of the key. The apparatus is composed of
two hinged rubber beds and a central shaft with a
sphere (fig. 6). All the tests performed terminated with
the punching of the annular zone under the head of the

420. [°C]

Fig. 3. Temperature disttibution without vessel cooling.
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Fig, 6. Experimental apparatus for tile supture tests,

key (fig. 7); the breaking force was 2.5 kN, which is
considered a safe margin for operation.

6.2. Clamping load

FThe ciamping force should in principle not be
dangerous for the tile since ii induces compressive stress
above all. However, geometric imperfections in the con-
tact with the vessel rings cannot be excluded, which
may cause tensile stresses. In fact, in order 1o avoid
uncertainties in tile positioning, machining allowances
have been set to ensure that the outer regions of the tile
rib always match the ring. Due to the difference in
radius of curvature, a gap of 005 mm may occur
between the tile centre and the seat. In this case, the tile
will bend when subject 1o the clamping force or when
accidentally pressed against the ring by the manipula-

Fig. 7. One tile after rupture lest.

Fig. 8. F.E. mesh for mechanical analysis.

tor. A finite element analysis [16] of the tile has been
carried out to evaluate the maximum tensile stress aris-
ing in the tile up to the full contact with the seat.

Fig. 8 shows the mesh of the tile, reduced to a

quarter due to the symmetries: the mesh is finer in the
central zone, where stress distribution is complicated by
the presence of the hole.
The stress distribution in the central region is illustrated
in fig. 9 (arrows = tensile stress). The tensile stress is
relatively high around the hole; nevertheless, the maxi-
mum value reached for a defiection of 0.05 mm, corre-
sponding to a force of 700 N, is about 11 MPa; the
flexural strength of the material is higher than 40 MPa.
Moreover, neither the clamping key, nor the manipula-
tor, are able to apply such a large force on the centre of
the tile.

Fig. 9. Stress distribution aronnd the central hole.
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7. Conclusions

The resuits of finite-element analyses and experi-
mental tests reported in this paper show that the RFX
graphite tile design is very reliable mechanically, and
cperates within reasonable safety marpins under all the
predicted load conditions. The cooling system allows
operation of the machine at different wall temperatures
without producing dangerous secondary stresses on the
structure of the vacuum vessel. It will therefore be
possible to change the graphite properties with regard
to particle recycling and imparity production, as
required by the experimental physics.
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