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Introduction

The characteristics of the W7-X magnet are 5 field periods, each comprising  10
nonplanar coils and 4 planar additional coils. Main dimensions are the major ra-
dius R = 5.5 m, average coil radius r = 1.25 m, magnetic induction on axis  B  =
3 T, operating current of 1.76 MA per nonplanar coil in the standard case.
Superconducting coils provide a steady-state magnetic field.

This report summarises different publications to similar FE-analyses performed
in the time of 1996 to 2003.

The W7-X test cryostat

The geometry of the inner vacuum vessel for the plasma is defined by the shape
of the separatrix and the inside surface of the surrounding nonplanar coils.  Due
to this geometry restrictions, some parts of the vessel  wall  consist  of  domains
with transitions from convex to concave regions. One of the tasks  of  the  R&D
program for the planned W7-X stellarator experiment has been defined to be the
construction of a full-scale ~45o cryostat sector which contains most  of  the  de-
sign features of the basic machine /1/. Since the test cryostat embraces round  a-
bout 1 module, the effect of the lids at the two ends are a greater difference com-
pared with the final cryostat of the W7-X. Calculations have been performed  to
consider the question of a safe design of the test cryostat.

General assumptions for the calculation are the 1/10 plasma vessel section  (ma-
terial: stainless steel) with soft ends to exclude the influences of the lids, the  re-
gard of the NI-port with it´s local spring force of 11 kN, an assumed wall thick-
ness of 15 mm, a maximum outside pressure of 1 bar and the usage of  a  doubl-
ed gravity constant to consider the additional weight of the inner vessel  compo-
nents. The FE-model consists of about 2519  nodal  points  (2456  elements)  as
illustrated in figure 1.

The static analysis showed results up to 217 MPa for the  v.  Mises  stress  as  il-
lustrated in figure 2 (referenced in /2/). With a tolerable yield stress of 295 MPa
at RT, the local safety margin is at least 1.36 and 10.6 in the average (figure 3).

Since a linear static calculation is related to displacements and forces (or strains
and stresses), questions of stability can be solved  calculating  the  buckling  be-
haviour of the  loaded  structure.  The  results  are  loading  factors  of  different
modes equivalent to safety values, by which overload the buckling occurs.

The correspondent buckling analysis referenced in /2/  showed  loading  factors
between 2.65 (mode 1) and 4.17 (mode 10).  A summarise  of  the  loading  fac-
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tors is given in Table 1. Since the test cryostat is not stiffened by the  individual
ports, the values of the loading factors (safety against  buckling)  seemed  to  be
good enough.

Table 1: Critical load factors (buckling):

Mode                        Critical Load Factor
1 2,65
2 3,05
3 3,32
4 3,63
5 3,77
6 3,88
7 3,99
8 4,04
9 4,13
10                                                   4,17

(Partially smoothed surfaces, thickness = 15 mm)

The complete W7-X plasma vessel

Static analysis

To consider  the  contributions  of  the  individual  ports  to  the  stiffness  of  the
plasma vessel, a detailed FE-model has been generated. It is assumed  here,  that
the effects of different ports  at  the  modules  are  small  so  that  it  is  sufficient
to generate the module 1 only. The thickness of the  wall  of  the  plasma  vessel
(stainless steel) is 17 mm, local thickness of different ports and covers has  been
regarded described in “Anlage zu den Stutzen KKS-Nr.: 1-AE” of the 18.07.01.

The FE-model for the static analysis embraces  21329  nodes  (21655  elements),
most of all are defined as shell elements. The ports are closed by  covers,  which
are connected by special springs to the outer vacuum vessel (which has been not
included). Different load cases have been  considered  with  respect  to  different
operating scenarios. The external pressure is 1 bar and has been  changed  to  the
value of –1 bar to simulate an atmospheric pressure in  the  plasma  vessel  while
the cryogenic vacuum within the outer vacuum vessel  remains  unchanged.  The
gravity constant is multiplied by 1.8 to get the realistic weight  of  the  additional
in-vessel components. Additionally, the influence of the temperature  during  the
phase of heating up is computed introducing an uniform temperature of  150  oC.
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As reported in /4/, the  FE-model  with  loads  has  been  generated  using  MSC.
PATRAN /5/, the results are produced by  ADINA  /6/.  The  illustrations  of  re-
presentative stress components of different load cases are  described  in  context
to special functions needed for safety evaluations.

Initial heating

The plasma vessel will be heated up to 150 oC before the phase of normal opera-
tion. The result for this load case are maximum displacements  of  16.8  mm, the
equivalent stress (v. Mises) has a peak value of 413 MPa. The results are  shown
in figure 4 and 5 with the peak stress at the top of the NI-port. Since the shape of
the peak stress is very  sharp,  the  zone  of  this  highly  stressed  region  is  very
small. An improvement may be performed by stiffening this area.

Load due to gravity

During normal operation, the plasma vessel  is  loaded  due  to  the  gravity  only
since the cryovacuum (between the plasma vessel and the outer  vacuum  vessel)
does not contribute to additional forces. The weight of the in-vessel  components
are considered  by  multiplying  the  gravity  constant  with  the  factor  1.8.  The
extreme values of the displacements are +4.32  mm  and  –6.38  mm.  The  equi-
librium stress (v. Mises) with 74 MPa (figure 6, 7) is low  in  comparison  to  the
allowable stress. The main contribution is the zz-stress component with 58 MPa.

External pressure

For the case of an atmospheric pressure within the outer vacuum vessel, it is  as-
sumed that the vacuum in the plasma vessel remains constant. This is equivalent
to an external pressure of 1 bar. This case of temporary operation has been  eval-
uated separately. The calculation gives results with +3.89 mm and –3.29 mm  as
extreme  displacements  and  108.2  MPa  according  to   the   equivalent   stress
(v. Mises) next to the AEH- and NI-port as illustrated in figure 8 and 9.  The  re-
sult indicates a robust structure, the peak stress is affected to a  very  small  area.
The yy-stress component contributes at most to the peak value with  –97.2  MPa.

Internal pressure

Opposite to the foregoing case, an atmospheric pressure inside the plasma vessel
is assumed while  the  vacuum  of  the  outer  vacuum  vessel  remains  constant.
This corresponds to the load of an internal pressure of 1  bar.  The  maximum  e-
quivalent stress (v. Mises) is (identical to the case  before)  108.2  MPa,  the  yy-
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stress contributes +97.2 MPa as main component. The extreme values of the dis-
placements change mutually to +3.29 mm and –3.89 mm compared  to  the  load
case of an external pressure (linear equation system exactly fulfilled).

Safety margins of static loads

The case of initial heating up to 150 oC with the result of 413 MPa and the  yield
limit of 195 MPa at this temperature (steel  1.4429)  points  to  further  improve-
ments which have to be performed at a specific region of the NI-port.  Figure  10
shows the actual safety margin of this load case with 6.9 in the average  but  less
than 1 at that small area. The evaluation of the local peak stress (which is a sec-
ondary stress) will  be  discussed in the next chapter.

The safety margin for the case of an 1 bar pressure difference with  108  MPa  as
peak stress (yield limit assumed to 295 MPa) shows a safe behaviour (figure 11).
The normal case of operation with increased gravity load has  a  peak  stress  be-
low the results of the other load cases with good safety margins.

Evaluation of peak stresses

The  postprocessing  of  results  performs   the   illustration   of   structures   with
colors  corresponding  to  the  result  levels.  The  evaluation   of   peak   stresses
and the question of safety is sometimes not easy.  To  get  more  help,  an  option
has been developed with a second scale at the right side of the colorbar (figure  3
- 7, 10, 11). These  values  reference  to  the  fraction  of  postprocessed  element
areas superseding the minimum of the shown stresses.  With  these  numbers  the
shape of the peak stress can be  evaluated  with  ease  and  the  influence  on  the
small zone compared to the global surface of the structure can be estimated.

Buckling Computation

Since the buckling of the lowest  modes  is  always  in  conjunction  with  lowest
safety values, we performed a calculation of the plasma vessel with all  modules.
The  ports attached to the plasma vessel of module 1 are assumed  to  be  similar
to the other modules. With respect to module 1, the FE-model corresponds to the
element-mesh of the static analysis made just before. The complete  arrangement
(all 5 modules) with the nodes defined for the  radial  and  vertical  fixation  em-
bracing 105745 nodes is illustrated in figure 12 and 13.

Calculations published in /7/ showed at least a load factor  of  3.68  for  the  first
mode (figure 14) considering an  external  pressure  of  1  bar  and  an  increased
gravity by the factor of 1.8. Since the displacements of the first mode seemed  to
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be numerical instable, we made a re-calculation. This has  been  performed  with
an updated version of ADINA (better convergence)  with  new  results.  Table  2
presents the actual buckling loads corresponding to the individual modes.

Table 2: Critical load factors (buckling) of the complete W7-X plasma vessel:

Mode                        Critical Load Factor
1 3,87
2 3,87
3 4,06
4 4,06
5 4,07
6 4,30
7 4,30
8 4,34
9 4,34
10 4,35
11 5,13
12 5,13
13 5,48
14 5,48
15 5,48
16 5,49
17 5,49
18 5,88
19 5,88
20 6,01
....
50                                                   7,63

(Ports included, thickness of the plasma vessel = 17 mm)

Since in the ADINA-ouput the list of the buckling  loads  does  not  refer  to  the
critical nodes or elements, the illustration of critical displacements of the modes
is  needed.   Some  modes  with  the  relevant  displacements  are  shown  in  the
following figures.

Figure 15 illustrates the buckling of  mode  1  of  the  FE-model  (plasma  vessel
with ports,  re-calculation)  with  a  load  factor  of  3.87.  The  two  high-lighted
regions of the  plasma  vessel  are  distorted  to  each-other.  The  maximum  dis-
placement of region 1 (figure 16, red  illustrated,  downwards  left)  is  displaced
by X = 3.51E-03 mm and Y  =  8.74E-04  mm  and  region  2  (same  figure,  red
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illustrated,  upside  middle)  is  displaced  by   X   =   -3.79E-03   mm   and  Y  = 

-2.87E-04 mm. The total maximum displacement is 4.53E-03 mm.

The  maximum  displacement  of  mode  2  is  shown  in  figure  17,   the   global
values  (AEP-Port)  are  X  =  -3.84E-03  mm,  Y  =  -2.59E-03  mm   and   Z   =
2.39E-04  mm.  The  two  high-lighted  regions  of  the  plasma  vessel  indicated
in  figure  18  (region  1  at  the  left  side  with  the   values   given   before   and
region  2  at  the  right  side   with   global   displacements   of   X   =   3.39E-03,
Y = -1.04E-03 and  Z  =  5.37E-04)  show  an  X-distortion  similar  to  mode  1.

Figure 19 illustrates the maximum displacements  of  mode  3  according  to  the
AEU-port with the global values of X = 5.48E-03 mm, Y =  -1.39E-03  mm  and
Z = 1.00E-03 mm forced by  the  local  radial  fixation  at  a  node  in  the  direct
neighbourhood. The shape of this mode 3 is  given  in  figure  20  with  displace-
ments at region 1 (upper left) as given before and correspondent values at region
2 (down left) with values of X = -4.45E-03  mm,  Y  =  2.11E-03  mm  and  Z  =
1.56E-03 mm which indicates again a distortion in the X-direction.

Similar to the previous one, mode  4  shows  another  AEU-port  with  maximum
global  displacements  of  X  =  -5.22E-03  mm,  Y  =  -2.28E-03  mm  and  Z  =
-1.79E-05 mm  (figure  21).  The  shape  of  mode  4  is  illustrated  in  figure  22
with displacements at region 1 (middle right)  as  given  and  values  at  region  2
(below) with global values of X = 5.21E-03 mm,  Y  =  3.15E-04  mm  and  Z  =
-9.80E-04 mm. Again, the  maximum  distortion  between  the  two  regions  ap-
pears in the global X-direction.

Mode 5 is presented in figure 23 and 24, the AEP-port is illustrated  with  global
displacements of X = -2.04E-03  mm,  Y  =  2.59E-03  mm  and  Z  =  -2.79E-04
mm.

With respect to the great number of  possible  modes,  the  first  modes  are  well
known to be most critical. To confirm that the calculation shows not modes with
distortions in X-direction  mainly,  we  picked  up  the  20th  mode  illustrated  in
figure 25. This is apparently a cyclic load  of  the  AFC-port. The  displacements
of  this port are equally distributed (figure 26) and the  maximum  displacements
of  the port shown are X = 4.96E-03 mm, Y = 6.93E-03 mm and Z  =  -1.45E-03
mm. So it is has been checked,  that  the  calculation  points  to  different  modes
with individial distortions (mode shapes).
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Conclusion

Different FE-calculations have been performed with respect to  the  test  cryostat
and the complete plasma vessel with ports. Static calculations  indicated  for  the
case of heating  up  to  150  oC  a  region  with  high  stresses  at  the  top  of  the
NI-port. The peak stress (v. Mises) rises here up to 413 MPa at a  small  location
so that local improvements are recommended. Other  static  evaluations  showed
safety margins which are acceptable. Correspondent buckling  analyses  resulted
in loading factors (this is equivalent  to  a  safety  factor  against  buckling)  with
values of 2.65 for the test cryostat and 3.87  for  the  complete  plasma  vessel  at
least which can be accepted.

To estimate the accuracy of  the  buckling  analysis,  the  close  sequence  of  the
loading factors corresponding to the first 50 modes  indicates  an  sufficient  fine
element mesh to get results with a high resolution.
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Figure 1: FE-model of the
test cryostat with a uniform
thickness of 15 mm



Figure 2: The load of 1 bar and a
doubled gravity shows an equivalent
stress (v. Mises) up to 217 MPa



Figure 3: A supposed yield limit of 295. MPa at  RT  is equi-

valent to a local safety of 1.36 at least and 10.6 in the average



Figure 4: Initial heating up to 150 oC causes
an equivalent stress (v. Mises) up to 413. MPa



Figure 5: The peak stress due to initial
heating is located at the top of the NI-port



Figure 6: The increase of the gravity
(1.8 * g) leads to stresses up to 74.6 MPa



Figure 7: The stress due to an increase of
the gravity shows a small peak distribution



Figure 8: Loading with an ex-
ternal pressure of 1 bar results
in peak stresses of 108. MPa



Figure 9: The peak stress due to the external
pressure 1 bar next to the AEH- and NI-port



Figure 10: Actual safety margin of the case of initial heating up to
150 oC. Improvement at the top of the NI-port is recommended



Figure 11: Safety margin for the case of
an external pressure of 1 bar



Figure 12: Complete plasma vessel with

radial fixation at 5 locations



Figure 13: Complete plasma vessel with 
vertical fixations at 5 locations



Figure 14: First mode with a load factor of 3.68 as published in
/7/. Due to the appearance somewhat like a numerical instabil-
ity, a re-calculation has been performed



Figure 15: Shape of the 1. mode
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Figure 16: Mode 1,  region 1 (down
left) with +X and region 2 (upper
middle) with -X distortion



Figure 17: Mode 2 at the AEP-port
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Figure 18: Mode 2, region 1 (left)
with -X and region 2 (right) with
+X distortion



Figure 19: 3. mode at the AEU-port
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Figure 20: 3. mode, region 1 with +X and 

region 2 with -X distortion



Figure 21: 4. mode at an AEU-port



Figure 22: 4. mode, region 1 with -X

and region 2 with +X

distortion
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Figure 23: 5. mode at the AEP-port



Figure 24: Buckling with the 5. mode at the
AEP-port



Figure 25: The 20. mode with cyclic
distortion of the AFC-port



Figure 26: The 20 mode at the AFC-port

with equally distributed displacements
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