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In the frame of the Tore-Supra upgrade, where it is planned to inject up to 25 MW during a 
time up to 1000 s, a complete toroidal pumped limiter covered of CFC (Carbon Fiber Composite) 
tiles is being designed. The design is based on the important experience gained from the 
operation on Tore Supra of actively cooled plasma facing components and pumped limiters. This 
toroidal limiter covers 7.5 m 2 of the bottom part of the inner vessel and is composed of 576 
elementary components. Each element is built from dispersion strengthened copper (DSCu) 
protected by brazed CFC flat tiles and cooled by pressurised water at 150°C. This limiter is 
designed to sustain 15 MW of convective power. 

I. GENERAL CONCEPT 

The toroidal pumped limiter (TPL) will be 
the main component in interaction with the 
plasma in the frame of Tore Supra upgrade 
(Fig. 1). I t is designed to remove 15 MW of 
convective power from the plasma and to 
control the particles in the scrape off layer. 
This limiter is an horizontal annular disk 
(Ri = 2.22 m, Re = 2.71 m) tangent to the 
plasma (R = 2.4 m, a = 0.72 m) and located in 
the bottom of the vacuum chamber. A throat 
on the internal part of the limiter allows the 
particles to be neutralised and then pumped. 
The TPL is made of 576 elementary 
components assembled on a rigid structure 
which is isolated from the vessel by ceramic 
rings allowing a polarisation of the TPL up to 
2.5 kV. 

1.1. High heat flux e l emen ta ry 
c o m p o n e n t concept 

Each elementary component (495 mm 
long, 28 mm thick and with a mean width of 
25.7 mm) is designed to sustain without 
damage a heat flux of 10 MW/m2. The DS 
copper heat sink is water cooled by two 
internal channels equipped with twisted 
tapes (twist ratio 2) and protected by CFC 

flat tiles brazed to the heat sink using a 
2 mm OFHC Cu compliant layer to 
compensate, by plastification, the mismatch 
of the thermal expansions (Fig. 2). Each 
elementary component has a trapezoidal 
shape in order to form a continuous annular 
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Figure 1. View of the Tore Supra TPL in 
the vessel 
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Figure 2 , Elementary component concept 

The thermal-hydraulics conditions of the 
cooling water are : P = 3.5 MPa, T = 170°C, 
Vin = 10 m/s. The heat sink material is 
either DS copper (Glidcop) or CuCrZr 
(Outokumpu). The CFC material is N i l from 
SEP-Bordeaux which is close to an isotropic 
material 

1.2. Support structure concept 
The actively cooled part and the box 

allowing the control of the particles are 
bolted and hydraulically connected to an 
austenitic stainless steel support used as a 
header and as a mechanical reference plane. 
This annular support is designed to sustain 
the disruption forces. The whole system is 
shown on figure 3. The support is constituted 
of twelve angular sectors of 30° linked 
together by twelve isolating mechanical 
connections, in order to form a rigid ring. 
Each 30" sector (supporting 48 elementary 
components) is linked by a supporting 
column to an external rigid ring also consti
tuted of twelve isolated sectors. To allow a 
free thermal expansion (7 mm radius) of the 
in vessel reference support, each column is 
connected by two titanium elastic plates to 
the header. This whole structure can be 
compared to a squirrel cage with a vertical 
axis independent of the machine. The 
position of the support structure is adjusted 
by six hydraulic cylinders. 

1.3. Particle control concept 
Particle neutralisation and pumping are 

done by twelve elements regularly positioned 
under the actively cooled part of the TPL and 
upon the twelve lower vertical ports of the 
vessel (Fig- 3). Each neutraliser is made of 
4 elementary components, similar to the 
previous ones, assembled like a rafter with 
an 10° opening angle, one side of the angle 
being aligned with the toroidal direction. The 
neutraliser are bolted on a watercooled 
austenitic steel plate covered by B^C. This 
plate with the leading edge of the limiter 
constitutes the pumping throat (total section 
0.15 x 0.04 m2). Under this throat the 
neutralised particles are collected in a leak 
tight austenitic steel channel which is linked 
to the_turbo molecular pumping system 
localised outside the magnetic circuit. 

Figure 3. Neutralising and pumping concept 

2. MECHANICAL DESIGN 

2.1. The actively cooled part 
A finite element calculation enables us to 

confirm the mechanical strength of the 
elementary components during a disruption. 
Of this study are resulting two geometric 
parameters which are the width and the 
thickness of the element. In this calculation, 
the electromagnetic forces created by the 



circulation of the Eddy and the Halo currents 
in a toroidal field of 4.5 T during 5 ms are 
considered. The maximal Von Mises stress 
reaches 140 MPa at the level of the bolt 
which is acceptable for the Glidcop A115 
(Yield Strength (YS) at 500°C : 169 MPa). 

2.2. Mechanical design of t h e support 
structure 

The mechanical strength of the squirrel 
cage constituting the support structure of the 
limiter has been calculated using beam 
elements. Two load cases have been 
considered : normal and exceptional opera
ting conditions (Eddy and Halo currents). In 
normal operating conditions the leading edge 
of the limiter rises up of 3.5 mm, the internal 
radius of the actively cooled annular disk 
grows of 6 mm, and there is a slope default of 
0.5 mm on the fingers. In the exceptional 
operating conditions, the maximal Von Mises 
stress reaches 133 MPa in the isolating 
connections which is acceptable for stainless 
steel [YS (300"C) = 140 MPa]. 

Figure 4. Deformations of the support 
structure of the limiter in normal operation 
conditions 

3. WATER CONNECTION AND 
PRESSURE DROP 

Several mocks up have been done to 
measure the pressure drop of the different 
elements and to insure that the welding of 
the different components is possible. The 

elementary components are water fed in 
parallel but put in series two by two. 0.5 Mpa 
of pressure drop is expected in two elemen
tary components when 0.15 is estimated for 
the collectors and feeding pipes (total flow : 
520 t/h). The pumping system of the pres
surised cooling loop is going to be modified in 
order to allow a 0.75 Mpa total pressure drop 
on the TPL and a flow up to 750 t/h. 

4. DEPOSITED POWER AND 
PUMPING 

The Tore Supra TPL has been designed to 
offer the most favourable geometry to control 
the particles when taking into account that 
the best situation is obtained by maximising 
the incident flux on the leading edge 
(possibility of moving vertically the limiter or 
horizontally the plasma). A simple model of 
exponential power load decay is used : 
P (a + x) = P 0 (a) e_x/*<i since. It has been 
shown that for Tore Supra the Xq factor is 
correlated to the plasma current [5] : 
Xq = 15.4Ip"5 so that for a nominal plasma 
current Ip = 1.7 MA the value is 
Xq = 1.2.10"2 m and for a lower value 
Ip = 0.8 MA, allowing high PN studies, 
Aq= 1.7.10'2 m. Table 1 gives the maximum 
incident heat flux on the leading edge and on 
the neutraliser rafters. 

Table 1 
Power density on the leading edge and on 
the neutraliser versus Xq 

Xq(m) 1.102 1.2.1Q-2 1.7.1Q-2 

leading edge (MW/m2) 5 6 7.9 
neutraliser (MW/m2) 0.9 1.6 3.2 

5. HIGH HEAT FLUX COMPONENT 
THERMAL HYDRAULICS ANA
LYSIS, TESTS, AND TECHNOLOGY 

The main parameters for the elementary 
component thermal hydraulic optimisation 
are the critical heat flux [3] {6], the CFC 
surface temperature and the brazing surface 
temperature. Finite elements calculations in 
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subcooled boiling regime have been done and 
results are shown on figure 5. 

Figure 5. Deposited power, surface tempe
rature and temperature isovalues along the 
elementary component 

Table 2 
Limits in local power density (MW/m2) in 
regards to the constraints [corresponding 
limits in total TPL power (MW)l 

leading edge current part 
critical heat flux 10 (23) 22 (88) 
CFC temp.(< 1200°C) 14 (33) 15 (60) 
brazing temp.(< SOO'C) 9 (21) 11 (43) 

Table 3 
Safety margin in regards to critical heat flux 

leading edge current part 
safety margin L5 5J) 

Thermomechanical calculations with a 
thermo plastic behaviour of the copper were 
also done to evaluate stresses and 
deformation after brazing and during service 
conditions. The maximum VM stresses are 
75 MPa in the copper associated to a 0.4 mm 
component displacement. Thermal hydraulic 
mock u;v: cf the leading edge were build and 
Sestei «wi ï ) e electron beam facility FE200 of 
U* Crtuaot (P = 3.5 MPa, V = 10 m/s, 
Tin = 1?0°C) to evaluate the incident burn 
out heat flux. The technology for this type of 

high heat flux component was developed 
during several years [1] [2J' {4J. The concept 
is to braze flat tiles through a OFHC copper. 
A high level quality control of the brazing is 
required. It is based mainly on process 
control, destructive tests of samples, X-ray 
pictures, infrared testing and the possibility 
to reject, thanks to the modularity, 
elementary components 17]. 

6. CONCLUSION 

A pumped flat toroidal was chosen to 
removed up to 15 MW of convective power 
and to control the particles in the scrape off 
layer. In order to limit the forces due to the 
induced currents, in agreement with the 
experience gained previously, the TPL is 
designed as an assembly of 576 elementary 
components ; this modularity allows to 
expect zero defects on the brazing tiles. 
Studies of deposited power have shown that 
this component, designed to sustain 
10 MW/m2, will have a safety margin of at 
least 1.5 at nominal loading. 
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