
Major plasma radius 5.5 m 
Minor average plasma radius 0.53 m 
Plasma volume 30 m3 
Machine height 4.5 m 
Machine Diameter 16 m 
Machine mass 725 t 
Cold mass 425 t 
Average magnetic field on plasma axis 3 T 
Max. magnetic field on the coils 6.8 T 

Table 1: Main parameters of the Wendelstein 7-X stellarator. 
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1. Introduction 

The main objective of WENDELSTEIN 7-X (W7-X) is the demonstration of the 
inherent steady state capability of a stellarator at reactor relevant plasma parameters [1].  
 

The main parameters of W7-X are shown in table 1 [2,3]. The magnet system consists of 
50 superconducting Non-Planar-Coils (NPC), 20 superconducting Planar Coils (PC) and the 

mechanical structure, which is 
based on the Central Ring and the 
intercoil support structure. The 
NPC and the PC are supported by 
the Central Ring through the 
Central Support (CS) elements, 
two for each coil (Fig.1). The 
Narrow Supports (NS) and the 
Lateral Supports (LS) connecting 
adjacent NPC casings in the inner 
and outer region of the machine 
respectively (Fig.1) and the 
Planar Supports connecting the 

PC to the NPC are the elements of the intercoil support structure. The coils are arranged 
toroidally in five equal modules, each one consisting of two flip symmetric semi-modules. 
One semi-module includes 5 differently shaped NPCs and 2 PCs. 
The Plasma Vessel (PV) has to closely follow the twisted shape of the plasma and it is 
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Fig. 1: Intercoil support structure between 
two NPC and their connection to the Central 
Ring via CS.  

Fig. 2: Plasma Vessel with parts of the 
thermal shield. 
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Fig. 3: Cross section of a typical 3x3 bolt array. 

realised in stainless steel (SS) segments 17 mm thick, which are precisely bent and welded 
one to the other (Fig.2) [4]. About 300 ports with different forms (round, oval, rectangular) 
connect the PV to the Outer Vessel (OV). The NPC, the PC and the mechanical structure are 
located between the PV and the OV and kept at a temperature close to 4 K.  

The detailed design of the mechanical structure was developed with the aim to operate 
in high vacuum (10-4 Pa) and at cryogenic temperature (4K); to limit the displacement of the 
coils within reasonable values avoiding collisions between the coils themselves, the PV and 
the Ports; to keep the stress values within the allowable values and to allow assembly with 
high accuracy. The main constraints of the mechanical structure design were due to the 
complexity of the geometry, the required small distance between the plasma and the NPC in 
the inner region, the accuracy of the magnetic field, the high number of required ports 
between the PV and the OV and the limited access during the assembly phase. In addition, a 
severe restriction was given by the fact that the magnet components (NPC, PC and Central 
Ring modules) were already in the fabrication phase during the detailed design of the intercoil 
support structure limiting the possible solutions to be adopted.  

Considering all the boundary conditions the optimisation of the mechanical structure 
design leads to a CS and LS design realised by “solid connections” (bolted or welded) and the 
NS and PS realised by “contact elements” able to allow sliding and tilting between adjacent 
coil casings during operation. At 4K and zero current in the coils the contact elements have a 
gaps ranging between 0.5 and 4 mm; during the rise of the magnetic field the gap closes and 
the elements get in contact. 
 
2. Critical Connection Elements 

The most critical connection elements are the CS bolted connections, the NS sliding 
connections and some LS connections [5,6]. 

The CS connections are based 
on a “single central rod” or on a 
“matrix of rods” made of Inconel 
718 sufficiently long to maintain 
the strain value of the rods below 
the yield limit. A cross section of a 
typical 3x3 bolt array is shown in 
Fig.3. The Inconel rods are screwed 
on a welded block on the coil 
casing and tightened through a nut 
and a sleeve against the extension 
of the Central Ring.  

In order to withstand the shear loads and the torsion moments acting on the CS, 
shoulders are introduced on the extension elements welded on the Central Ring to avoid 
having to rely only on friction of the bolted connection. Shims and wedges are also introduced 
to adjust the coil position and to close the gaps between the welded block on the coil casing 
and the shoulders.  

The basic design of the NS is shown in Fig.4 [7]. A central pad in Al-bronze is inserted 
between the stainless steel (SS) counter-faces located on the coil casing and the pad-frame. 
The pad with a spherical surface can slide and tilt with respect to the SS counter-faces and is 
protected by a cap against dust falling into it (e.g. thermal shield flakes). 



In order to avoid or at least limit the stick-slip during the sliding of the pad with 
dangerous consequences for the superconducting coils (a quench can be triggered), the pad 
and the counter-faces are coated with a low friction factor material: MoS2. The MoS2 coating 
can be damaged during assembly if in contact with air with humidity higher than 50%, 

therefore special precautions have to be taken.  
 

3. W7-X Finite Element (FE) Mechanical Analysis  
The complexity of W7-X requires the development 

and validation of global and detailed FE models with the 
objective to study the behaviour of the machine from the 
mechanical point of view [8]. 

The Magnet System FE global model is shown in Fig 
5. It can be reduced to one tenth of the whole machine (36°: 
one semi-module) by the introduction of special boundary 
conditions derived from the symmetry condition of the 
geometry of the magnet system. One semi-module includes 

5 NPC, 2 PC, a central ring sector and the intercoil supporting structure. 
Two FE global models have been realised: one (based on the ADINA code) was 

developed in IPP Garching for a preliminary investigation of the mechanical behaviour of the 
Magnet System; another one (based on the ANSYS code), was developed in collaboration 
with the Efremov Institute in St. Petersburg (Russia). The ANSYS model is extensively used 
to perform thermal and mechanical analysis and to extract the boundary conditions in terms of 

forces or displacements to perform detailed analysis in critical areas. In order to validate the 
ANSYS models extensive numerical tests are in progress comparing the results of a FE semi-
module with a complete FE module (72° of W7-X). The updating of the ADINA model is 
also in progress and will be used for an independent check of the calculations performed with 
ANSYS FE global model. In Fig.6 the Von-Mises stresses are shown for the High Iota plasma 
scenario. 

The Cryostat FE global model includes: the Machine Base, the PV, the OV, vessels’ 
supports and the ports between PV and OV. The ports are equipped with bellows to allow for 
different thermal expansion of the OV and PV. Fig.7 shows the OV, PV and Machine Base 
FE model.  

Fig. 4: Basic Design of the Narrow  
Support Elements. 

Fig. 6: Von-Mises stress (MPa) in High 
Iota plasma configuration. Fig. 5: Magnet System Finite Element   
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Detailed analyses are also extensively 
performed in the most critical areas. An example is 
given in Fig.8 showing the meshes of one bolted 
central connection together with a typical Von-Mises 
stress plot (collaboration with Warsaw University).  

 
The results of the FE analyses show that:  

• The global behaviour of the Cryostat and 
Magnet System with respect to displacements 
and stresses are within the limits; 

• The loads on some CS and LS elements are 
very high and detailed FE analysis is 
necessary in some critical areas; 

• The normal loads acting on the NS elements are very sensitive to the gap thickness 
between the pad and the sliding surface at the start up of the experiment (4K and zero 
electrical current in the coils). Very accurate assembly procedure has to be developed 
in order to keep the assembly tolerance as low as possible.  

• A number of welds both on the Magnet and on the Cryostat Systems have to be 
reinforced.  

• The possibility to adjust with appropriate tools the PV horizontal position with respect 
to the OV within ± 5 mm was verified, in fact the new position can be reached with an 
accuracy of ± 2 mm. 

4. Test campaigns  
In order to validate the adopted solutions test campaigns are in progress on the most 

critical components. In the following sections tests on the Central Support Bolted 
Connections, on the Narrow Supports Elements and also on the Lateral Support Elements will 
be described. 

 
4.1 Test on Central Support Bolted Connections 

A single M30 bolt mock-up has been preloaded up to 850 MPa using a “Superbolt” 
tensioner. Successively, the mock-up has been cycled between room temperature and 77 K. 
The results of the tests show that the loss of preload was within acceptable limits as well as 
the thread deformations. No modification of the microstructure was observed in the 
metallographic investigation [9].  

Fig. 7: Cryostat Finite Element Global 
Model.  
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Fig. 8: Example of a bolted central connections (WTU collaboration): mesh (left), von Mises stress (MPa) (right). 



 
A mock-up simulating one row with 3 M30 rods has been manufactured and tested at  

77 K under representative loading conditions. In Fig.9 the mock-up design, the FE model and 
the assembly in the tests machine are shown. During the tests the axial force of 455 kN the 
shear load of 270 kN and the bending moment of 78.3 kNm are applied. 
The following preliminary results have been obtained: 

• After welding the wedges between the shoulders and the CS element (Fig.3), the 
preload of the bolts fell from 500kN to 370 kN. Consequently, during assembly the 
final tightening of the bolts should be done after wedge welding; 

• The mechanical limit was reached when the applied loads were equal to 1.2 times the 
nominal ones. Significant plastic deformations started in some critical areas; 

• No significant change in the bolt preloads was observed after the tests; 
• The different parts have been disassembled without problems, no significant 

deformations or damages on the surfaces were observed.  
A second test campaign simulating the machine lifetime (about 4000 cycles) is planned.  

 
4.2 Test on Narrow Support Elements 

Test at room temperature (RT) have been performed at the IABG company with an ad-
hoc facility able to apply simultaneously up to 1.5 MN compression loads, 2mm sliding and 
0.5° tilting. Cryo vacuum tests at the KRP Company with another facility are being performed 
at 77 K applying the same compression load and sliding as in the IABG test machine. The 
main results are: 
• Stick-slip is more sensitive in cryo vacuum tests than in RT tests. 
• No stick-slip is present in cryo-vacuum tests after more than 4000 cycles, when the 

sliding surfaces (Al-bronze pad and SS counter-face) are coated by MoS2 and the 
roughness is kept as low as possible (Rz<1.0 µm) 

• The friction factor between the Al-bronze pad and SS sliding surface in cryo-vacuum 
tests was lower than 0.08. 

 
4.3 Tests on Lateral Supports 
 

Extensive test campaigns were performed in FZJ to minimise the weld deformation in 
the LS. A typical welded connection is shown in Fig.10. The weld procedure is also being 

Fig. 9: 3 bolt test: CAD model (left), FE model (middle), and mock-up (right) installed in the 
test machine. 



Fig. 10: Lateral Support welded 
connection. 

simulated by LTC company with a FE model with the aim to predict the effects of LS 
shrinkage found during the laboratory tests on the real magnet system.  
From the experimental point of view the optimisation of the weld procedure show that it is 
possible to limit the deformation within an average displacement of 0.5-1.5 mm (depending 
on the weld seam thickness) and a tilting between the two surfaces lower then 0.2°. 

 
5. Conclusions 

The main critical issues in the W7-X design 
derive from the complexity of the 3D geometries, high 
dimensional accuracy required, the limited available 
spaces and the high loads in the magnet system.  

The optimisation of the design of the mechanical 
structure leads to a system of support elements based on: 
CS connecting the coil casing to the central ring by a 
bolted connection;  
NS connecting the NPC in the inner region by sliding 
contacts; LS connecting the NPC in the outer regions by 
welded connections with the exception of the inter semi 
module and inter module which are realised by bolted 
connection. 
 Extensive FE models and tests have been performed and are in progress to validate the 
adopted solutions.  
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