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Executive Summary 
  The objective of this analysis is to study what kind of additional support structure can help to 
take some out-of-plane (OOP) force of TF outer leg.  
  The upgrade of NSTX CSU will increase the TF current to 130KA. Upon TF self field and 
poroidal field, TF outer leg will have in-plane (i.e. in the plane of TF outer leg) force and OOP 
(i.e. perpendicular to the plane of TF outer leg) force. The only support structure of TF outer leg 
is the umbrella structure (Fig. 1). From previous analysis, with the worst case PF currents, the 
umbrella structure will have very high stress of >1GPa (145 ksi) (Fig. 2). The umbrella structure 
has a cylindrical shape and radial load should not be a problem. Vertical load will be transferred 
to vacuum vessel. OOP load will cause the rotation of umbrella structure and produce high stress 
on the arches. So it is necessary to add additional support structure to take some OOP load and 
so as to reduce the load to umbrella structure. 
  The first idea is to add stainless steel ring to take in-plane expansion and tie bar connected to 
vacuum vessel to transfer the load to vacuum vessel. But the tie bar will constrain the TF coil 
due to vacuum vessel bake out. 
  The second idea is to use stainless steel ring and diamond truss and there is no link to vacuum 
vessel. However, the space is quite limited and only a few of diamond truss can be added. The 
non-uniformly distributed diamond truss will cause the non-axisymmetric coil deformation and 
high stress points in the coil. 
  The third idea is to use ring and tangential (or radius) rods. They occupy the space of existing 
turn buckle and not affected by the vacuum vessel bake out. They can transfer the OOP load to 
vacuum vessel and effective on both symmetric and asymmetric PF currents.  
 

Figure 1: NSTX machine. 
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Figure 2: Previous result of Von Mises stress on umbrella structure (from Srinivas 
Avasarala). 
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Idea 1: adding stainless steel ring, case and tie bars. 
 
  Because the TF coil will expand upon self field, two stainless steel rings are to be added to 
constrain the expansion. But how to take the OOP load is still problematic. There are three ideas. 
The first idea is to use tie bars linked to vacuum vessel to take both in-plane and OOP load. Also 
a stainless steel case is added to increase the stiffness of TF coil. Table 1 shows the result. These 
analyses are done with worst case symmetric PF current. Result shows that stainless steel case is 
not effective because the coil is long and thin. The total force is reduced by ~20%, OOP force 
reduced by ~36% (from 166KN to 106KN) and vertical force increased from 11KN to 45KN. 
However, during vacuum vessel bake out, the tie bars will constrain the TF coils and have to be 
disconnected. 
 

Figure 3: Adding stainless steel cases, rings and tie bars. 
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Table 1: Calculated force on Aluminum block when adding stainless steel case, rings and 
tie bars. 

    ss case no 
effective   link to vacuum vessel: bar1, 2 and 3 

have different orientations 

  no truss 
adding case 
(0.5" thick, 
12" wide) 

adding ring 
(0.5x12" rect, 
welded) 

adding bar1 
(3x3” rect, 
pin 
connected) 

adding bar2 
(3x3” rect, 
pin 
connected) 

adding bar3 
(3x3” rect, 
pin 
connected) 

Total end 
reaction force 
(kN) 

297 294 269 239 249 224 

End reaction 
force r (kN) 245.71 245.96 223.2 212.98 225 192.09 

End reaction 
force theta 
(kN) 

166.49 161.03 149.95 105.98 105.95 106.05 

End reaction 
force z (kN) 11.956 10.3 10.155 19.366 9.2544 44.565 

 
Idea 2: Adding diamond bracing to take the OOP load and there is no link to 
vacuum vessel. 

 
Figure 4: Adding diamond bracing to take OOP load. 

 
 

Idea 2: adding diamond bracing to 
take the out-of-plane load and 
there is no link to vacuum vessel. 



 9

  Upon symmetric PF current, the OOP loads from upper and lower part of the TF coil are same 
in value and in opposite directions. So the second idea is to use diamond truss to take the OOP 
load and doesn’t transfer any load to vacuum vessel. 
  Fig. 4 and Table 2 show the result calculated with worst case symmetric PF current. The total 
force on Aluminum block is reduced by 17% and OOP force reduced by 39%. The total in-plane 
force (including Fr and Fz) increased by 7.6%.  
  However, since PF current is not always symmetric, it can also be asymmetric. Definition of 
worst case symmetric and asymmetric PF currents will be given in next section. From our 
analysis for asymmetric effect, the TF coils and diamond truss will have global theta rotation of 
17mm (0.67”) upon asymmetric PF current (Fig. 5). Thus additional structure should be added to 
prevent global rotation upon asymmetric effect. Also, NSTX has a lot of ports and diamond 
bracing cannot be placed everywhere. Then further study with less diamond bracing should be 
carried out. 

 
Table 2: Calculated force for adding diamond bracing. 

 
 

Figure 5: Coil deformation upon worst case asymmetric PF currents. 
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  Our mechanical engineer, D. Mangra, checked the machine carefully and provided a table 
listing all the available space to put diamond bracing (Table 3).   
 
Table 3: Available space for diamond bars (Y means full diamond and numbers indicate 
the space for partial diamond bars, and 0 means no diamond bar). 

Bay 
Standard diamond bar, 
1,3 upper, 2,4 lower 

shorter diamond bar, 
1,3 upper, 2,4 lower 

A 3,4  1, 2 

B Y   
C 0   
D 0 3? 

E 0   
F 0 1, 3 , 2 

G Y   
H Y   
I 1, 3, 4 2,  

J Y   
K 3 1,  

L Y   
 
  Since the machine has a lot of ports and full diamond bracing cannot be added everywhere, a 
full 360º model is built with diamond bracing added at the exact places (Fig. 6). In this model, 
Aluminum blocks are connected to springs to simulate umbrella structure, standard (full or 
partial) diamonds have intersections at exactly the TF coil center to prevent coil twist, and rings 
are exactly at the position of existing turn buckle. The analysis is done with worst case 
symmetric PF currents. With pin connected rings, the maximal OOP deformation is 1.54” and 

Max theta 
displacement: 
17mm (0.67”) 
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non-axisymmetric (Fig. 7). Coil stress is ~72.5ksi. With welded rings, maximal OOP 
deformation is reduced to 0.7” (Fig. 8), but still non-axisymmetric and coil stress is still 
~72.5ksi. 
 

Figure 6: Full 360º model. 

 
 
Figure 7: Coil OOP deformation and stress (with pin connected rings, diamond bracing 
and symmetric PF currents) 
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Figure 8: Coil OOP deformation and stress (with welded rings, diamond bracing and 
symmetric PF currents) 
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Max coil stress is ~500MPa (72.5ksi) 
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Definition of worst case up-down symmetric and asymmetric PF currents. 
 
  Fig. 9 shows the four types of PF coil connections. OH, PF4 and PF5 don’t have asymmetric 
effect but they will increase the net load. PF1, PF2 and PF3 can have up-down asymmetric 
currents as shown in Table 4. 
 

Figure 9: Four types of PF coil connections. 

 
 

Table 4: Worst case up-down symmetric and asymmetric PF currents. 

Coil Turns Min Curr Min Curr Max Curr Max Curr
worst case 

symm PF curr worst case asym PF curr

  (kA) 
(kA-
Turn) (kA) (kA-Turn) (kA-turn) 

(kA-turn) 
upper                     lower

OH 508 -24.0 -12191.2 24.0 12191.2 -12191.2 -12191.2 -12191.2 
PF1a 88 -0.7 -58.9 8.1 715.5 -58.9 -58.9 715.5 
PF1b 20 -3.6 -71.7 4.2 84.1 -71.7 -71.7 84.1 
PF1c 20 -3.1 -62.4 8.2 164.1 -62.4 -62.4 164.1 
PF2a 14 0.0 0.0 20.0 280.0 0.0 0.0 280.0 
PF2b 14 0.0 0.0 20.0 280.0 0.0 0.0 280.0 
PF3a 15 -16.0 -240.0 8.0 120.0 -240.0 -240.0 120.0 
PF3b 15 -16.0 -240.0 8.0 120.0 -240.0 -240.0 120.0 
PF4b 8 -20.0 -160.0 15.0 120.0 -160.0 -160.0 -160.0 
PF4c 9 -20.0 -180.0 15.0 135.0 -180.0 -180.0 -180.0 
PF5a 12 -32.0 -384.0 0.0 0.0 -384.0 -384.0 -384.0 
PF5b 12 -32.0 -384.0 0.0 0.0 -384.0 -384.0 -384.0 

 
 
 
 

Type I: unipolar, upper and lower coils in series (PF4, PF5) 
Type II: unipolar, midpoint connection between upper and lower 
coils allowing difference current (PF2) 
Type III: bipolar, upper and lower coils in series (OH) 
Type IV: bipolar, midpoint connection between upper and lower 
coils allowing difference current (PF1a, PF1b, PF1c, PF3) 
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Idea 3: Adding tangential (radius) rods to take the OOP load. 

 
  To prevent the global rotation from asymmetric PF currents, P. Titus first proposed the idea of 
radius rod (tangential rod) (Fig. 10) and they only take effect at tangential direction. Then we 
further think about whether we can use them to replace diamond truss. 
  Radius rod support structures are fixed to vacuum vessel, but they are not affected by the vessel 
bake out. Also no need to disconnect them during vacuum vessel bake out. They are effective on 
both symmetric and asymmetric PF currents.  
  At this time, the vacuum vessel model is available and the 360º TF coil model is further 
modified to integrated with the vacuum vessel model and add the radius rods and support 
structures (Fig. 11). Since the double arch area on the umbrella structure has highly concentrated 
stress, thress inch high ribs are welded to reinforce these areas. The analysis is done with both 
symmetric and asymmetric PF currents. The dimensions are: welded ring is 2.8”x2.8” 
rectangular solid, radius rods 2”x2” solid, and radius rod support structures 2”x2” solid. 
 

Figure 10: Titus radius rod concept. 

 
 

Figure 11: TF coil model integrated with vacuum vessel model and adding radius rods. 

 

Vacuum vessel

Radius rod supt Radius rod 

ring

Titus’s radius rod concept (top view) 
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  Fig. 12 shows the coil OOP deformation, maximal 6.5mm (1/4”) for symmetric PF currents, 
and maximal 13.2mm (0.52”) for asymmetric currents. Fig. 13 shows Von Mises stress on 
vacuum vessel, max 46ksi for symmetric current and 47.7ksi for asymmetric current, at the 
Aluminum block area. It is due to the coupling of nodes on Aluminum block and umbrella 
structure where element discontinuity exists. At the area connected to the support structure of 
radius rods, the stress is ~20ksi for both symmetric and asymmetric currents. Fig. 14 shows the 
stress at arch area, max 42ksi for symmetric and max 39.6ksi for asymmetric currents. Fig. 15 
shows the stress at the middle area of vacuum vessel, max 44.4ksi for symmetric and max 
35.4ksi for asymmetric currents. One of the NBI ports is currently reinforced but the other not. 
Max stress happens at the other NBI port. So reinforcement is also recommended for the other 
NBI port. Fig. 16 shows the coil stress, max 21.3ksi for symmetric and max 22.9ksi for 
asymmetric currents. Adding a longer stainless steel case at shown in Fig. 17 may help to reduce 
it. Fig. 18 shows the stress in the ring, max 30ksi for symmetric and max 32.5 for asymmetric 
current. For symmetric current, max load in radius rod is 18.4 klbs and min load is 4.5 klbs. For 
asymmetric current, max load in radius rods is 20.3 klbs and min load is 4 klbs. 

Radius rods 
and the supt 
structures 

NB port area 
reinforced 

3” high ribs welded to reinforce 
double arch on upper and lower 
umbrella structures 
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Figure 12: Coil OOP deformation (m). 
A: Symmetric PF currents. 

 
B: Asymmetric PF currents. 

 

8mm 
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Figure 13: Vacuum vessel Von Mises stress (Pa). 

A: Symmetric PF currents. 

 
B: Asymmetric PF current. 
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Figure 14: arch area stress (Pa). 
A. Symmetric PF currents. 

 
B. Asymmetric PF currents. 

 
 

Symm PF curr: arch stress (max: 
289MPa, 42ksi) 

Asym PF curr: arch stress (max: 273MPa, 
39.6ksi) 
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Figure 15: stress at the middle area of vacuum vessel (Pa). 
A. Symmetric PF currents. 

 
B. Asymmetric PF currents. 
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max 

Asym PF curr: Port area stress (max: 244MPa, 35.4ksi)
Reinforcement needed at the other NB port 

reinforced 
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Figure 16: coil stress (Pa). 
A. Symmetric PF currents. 

 
B. Asymmetric PF currents. 

 
 

Symm PF curr: coil stress (Pa) 
Max 147MPa (21.3ksi) 
At the connection between coil and ring 
Adding stainless steel case may help to reduce it 

Max 158MPa (22.9ksi)
At the connection 
between coil and ring



 21

Figure 17: design of stainless steel case. 
A. current design.                                                        B. improved design. 
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coil 

ring 

coil 
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Figure 18: ring stress (Pa). 
A. Symmetric PF currents. 

 
B. Asymmetric PF currents. 

 
 

Max 206MPa (30ksi) 
At the connection 
between coil and ring 

Max 224MPa (32.5ksi) 
At the connection 
between coil and ring 
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Summary 
 
  Because the TF coil current is promoted to 130KA and the load is too high for umbrella 
structure, additional structure must be added to take some load. Rings were added to reduce the 
pull-out (in-plane) loads at the umbrella structure. Various trusses (including tie bars, diamond 
bracing, and tangential rods) were tried reduce out-of-plane loads from the outer TF legs. Since 
the machine is already crowded, interference was a severe problem limiting the addition of 
trusses. Although we don’t want to transfer more load to vacuum vessel, up-down asymmetric 
currents and resulting net twist required an attachment to the vessel. Tangential radius rods can 
take the net twist and also provided adequate OOP support for symmetric case. Tangential radius 
rods use the existing territory of turn buckle and there is enough room for them. Loads in the 
tangential radius rods allow attachment to the vessel with only modest modification and local 
stress of 20ksi. Vessel stresses in the umbrella structure and equatorial plane port region are 
acceptable or require only modest modification. 
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