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NSTX-U Calculation Form 
 
Purpose of Calculation: (Define why the calculation is being performed)  
 
The original OBD Row 1&2 tiles could not meet the higher thermal requirements of NSTX-U 

project. The purpose of this calculation is to provide qualification of OBD Row 1&2 tiles on final 

design review of Plasma Facing Components for the NSTX-U recovery project.  

 
References:  

1. NSTX-U-RQMT-GRD-001-02, GENERAL REQUIREMENTS DOCUMENT, Stefan, 

Gerhardt, 2018.  

2. NSTX-U-RQMT-RD-003-01, NSTX-U Disruption Analysis Requirements, Stefan, 

Gerhardt, 2018.  

3. NSTXU-CALC-55-03-00, PFCs Fields and dBdts, Art Brooks, October 13, 2017.  

4. NSTX Structural Design Criteria Document, NSTX_DesCrit_IZ_080103.doc, I. Zatz, 

2016.  

5. NSTX-U-RQMT-SRD-003-02, System Requirements Document on Plasma Facing 

Component, Stefan, Gerhardt, July 2018.  

6. PFCR-MEMO-005-00, Impact of faceting on heat flux to the outboard divertor PFCS, M. 

Reinke, June 2017.  

7. Global Heat Balance Calculations, NSTXU-CALC-10-6-00, Han Zhang, July 2018.  

8. NSTXU-CALC-11-06-00, Analysis of OBD Row 2 High-Z Tiles, Art Brooks, March 4, 

2016.  

9. NSTXU-CALC-11-09-00, Field Errors and Heat Flux Enhancement, Art Brooks, January 

12, 2018.  

10. High Heat Flux PFC OBD12 PDR, Robert Ellis, 11/15/2017.  

11. NSTX-U 2D global heat balance model and some preliminary results, Han Zhang, 2017.  

12. NSTXU-CALC-11-24-00, The fashscaling factors, Bob Ellis, September, 2018.  

13. NSTXU-CALC-11-29-00, Tile Hold Down Rod Submodel, Bob Ellis, September, 2018.  

14. NSTXU-CALC-11-23-00, OBD12 Halo Restraints, Bob Ellis, September, 2018.  

15. Drawings 0EED1408, NSTX PFC OBD Row 1&2 Assembly and Part Details.  

16. Drawings, RE-Test Block Rod, Part Details.  

 
Assumptions:  
 
These are discussed throughout the attached report.  

 
Calculation:  
 
See attached Report.  

 
Conclusion:  
 

The OBD Row 1&2 tiles have been analyzed. The halo and disruption eddy-current loads are 

included in the analysis model. The rod and key submodels are used to further verify the detailed 
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design features to survive with the high heat flux pulse of plasma. The final design of OBD Row 

1&2 tiles can meet the system requirements on the Plasma Facing Components.  
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4.0 Executive Summary 
 

This report is intended to provide transient thermal and structural analyses of OBD Row 1&2 tiles 

to designers of the plasma facing components for the NSTX-U recovery project.  

 

The OBD Row 1&2 tiles with the 40minutes repetition rate of halo and disruption eddy-current 

loads have been analyzed. The simplified rod and key submodels can verify and resolve the over-

stress issues with the rod contact area and the halo restraints on the keys, respectively. The final 

design of OBD Row 1&2 tiles can meet both thermal and structural requirements on the Plasma 

Facing Components. 

 

5.0 Introduction 
 

The original OBD Row 1&2 tiles could not meet the higher thermal requirements of NSTX-U 

project. Therefore, the OBD12 tiles need to be redesigned.  

 

 

5.1 OBD12 Tiles 
 

 

 
Figure 5.0-1 The original OBD Row 1&2 Tiles and underneath mounting BBQ rails without cooling.  

 

Figure 5.0-1 shows the original OBD12 tile locations on both upper and lower portions of NSTX-

U tokomak and underneath mounting structure without cooling. As described in the PFC GRD 

file [1-2], the OBD tiles are used to protect the outboard divertors from the plasma, and also 

protect the plasma from impurities generated by that surface. The OBD 1 &2 tiles are primary 

high-heat flux handling surface for H-mode plasmas. 
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5.2 Halo and Eddy  

 
Table 5.0-1 The estimation of halo forces from Art Brooks 

 

Table 5.0-1 list the estimation of halo forces from Art Brooks [3]. The halo current is assumed to 

flow normal to tile, and the currents resistively share with mounting local structure. The PF fields 

are calculated through scanning 96 scenarios. Note that halo loads on the table are based on the 

tile thickness per inch, so the real input data should multiply the thickness of tiles. Table 5.0-2 

shows the calculated eddy current moments of the worst case of 5 GRD disruptions. All the eddy 

current loads are calculated using the real size of tile.  

 

 
Table 5.0-2 The calculation of eddy loads based on the data from Art 

 

6.0 Design Input  

 

6.1 Criteria  
The NSTX Structural Design Criteria Document [4] defines the stress criteria for different 

structural materials. For the graphite materials, the allowable design stress shall be limited to 1/2 

of ultimate tensile and 1/2 of the ultimate compressive stress. For the metal support structure 

materials, the basic stress limits should not exceed the design Tresca stress value, which is lesser 

of 2/3 of the minimum specified yield or 1/2 of the minimum tensile strength. Also for bolting 

materials, the local peak stress shall not exceed 1.5 of the design Tresca stress.  

 

6.2 Assumptions 
 

The document of GRD Systems (NSTX-U-RQMT-GRD-001-02) [1] requires following 

assumptions for the pulse duty cycle. At the full rated pulse length, the repetition period shall be 

40 minutes, but upgradeable to 20 minutes via modification and upgrades to components outside 

the tokamak core. Plasma pulses with shorter duration may be performed at a more rapid rate, 

consistent with the cooling of the coils and in-vessel components. Since OBD12 do not have the 

cooling system underneath, all the OBD12 tiles inside the tokamak chamber shall be designed for 

the duty cycle of 40 minutes.  
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Table 6.0-1: Heat fluxes on the OBD Row 1 & 2 tiles (from Table 4.4-1 in SRD [5]) 

 

As listed on Table 6.0-1, the PFC SRD [5] defines the heat fluxes with Cases 1, 2, and 3 on the 

OBD Row 1 & 2 tiles. Considering the fishscaling factors and chamfering, the OBD12 tiles will 

be calculated and verified with each case under the worst conditions. The tile temperature at the 

end of the pulse (EOP) should not exceed 1600 deg C on the surface and 2000 deg C at the edge.   

 

 

6.3 Materials and Allowable  

 
Graphite Mechanical Properties 

 
After the material down selection, we choose the Sigrafine 6510 as the first priority with POCO 

TM as a backup. Table 6.0-2 shows the allowable data of two potential graphites and mounting 

rods.  

 

Material Modulus (GPa) Poisson’s Ratio Allowable S1 

(MPa) 

Allowable S3 

(MPa) 

Sigrafine 6510 11.5 0.3 19 -65.0 

POCO TM 10.5 0.3 20.5 -55.0 

316 Stainless 

Steel 

193 0.3 289  

Table 6.0-2. The material properties with allowable.  



Calculation of OBD12 Tiles 

P a g e  | 9 

 

7.0 Modelling  
 

7.1 Fishscaling Thermal Models 

 

 
Figure 7.0-1 The scheme for a vertical plate, faceted divertor (from Reinke [6]) 

 
Figure 7.0-2 Faceting Enhancement Factors for OBD12 with angles of incidence from Reinke 

 

As shown in Figure 7.0-1, Reinke Memo [6] describes the faceting issue with the OBD12 tiles 

due to the b_hat dot n_hat from the axisymmetric plasma and the non-axisymmetric surface. 

Figure 7.0-2 shows the faceting analysis run for the each faceted constellation. Roughly the angle 

is atan(1/(b_rat))*180/pi, and at the shallow field line angles the enhancement is increased by 0.3-

0.4. The OBD12 tiles also need the fishscaling angle to avoid edge over-heated by the heat flux at 

the max shallow toroidal angle, so at the worst min impingement angle, the shadowing of the tile 

constellation by its neighbor will increase the enhancement factors.  
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Figures 7.0-3, 4 and 5 show the thermal models with the fishscaling enhancement factors of 

OBD12 for Case 1, 2, and 3, respectively. As a quick check, we assume the enhancement factor 

will be linearly increased by 0.4 as described in the faceting enhancement factors tables for each 

case.  

 

  
Figure 7.0-3 The Thermal Model with the Fishscaling Factors of OBD12 Case 1 

 

  
Figure 7.0-4 The Thermal Model with the Fishscaling Factors of OBD12 Case 2 

 

  
Figure 7.0-5 The Thermal Model with the Fishscaling Factors of OBD12 Case 3 

 

Figures 7.0-6 show the thermal models with the modified faceted fishscaling factors of OBD12 for Case 

2 according to fishscaling factor distribution toroidally as shown in Figure 7.0-2.  
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Figure 7.0-6 The Thermal Model with the modified Faceted Fishscaling Factors of OBD12 Case 2 

 

 
Figure 7.0-7 The temperature ratcheting of global model for OBD12 from Han Zang 

 

 
Figure 7.0-8 The radiation settings of the thermal model for OBD12 

 

Based on the temperature ratcheting of global model for OBD12 from Han Zang [7], the ambient 

temperatures for the top and bottom surfaces of tiles will choose the average of transient 

temperature. The radiation settings are shown in Figure 7.0-8.  
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7.2 Combined Structural  

 
Figure 7.0-9 The combined structural model with the imported thermal loads 

 

We need to analyze thermal and structural stresses of OBD12. As shown in Figure 7.0-9, before 

the structural analysis, we need to do the transient thermal analysis, and then choose the peak 

temperature distribution at the end of pulse (EOP) on the whole structure to map into the 

structural model as an imported load.  

 

7.3 Rod and Key Submodels 

 

 

Figure 7.0-10. Minimum Principal Stress of Sigrafine R6510 from PDR analysis.  
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As shown in Figure 7.0-10, Stress analyses of the OBD Row 1-2 tiles presented at the November 

2017 Preliminary Design Review [10] have high contact stresses where the hold-down rods cross 

the holes for their #8-32 screws. These stresses can be reduced by thinning the rods where they 

cross over the screw holes, thus shifting the contact area away from the edge of the hole.  

 

Figure 7.0-11. Workbench model of rod and graphite block 

 

Figure 7.0-11 shows a tapered rod with a simple tile block to simulate a hold-down rod submodel. 

See attached Appendix B for detailed structure of rod submodel and see another calculation report 

[11].   

 

Figure 7.0-12. Boundary Conditions 
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As shown in Figure 7.0-12, the bottom surface of the graphite was constrained vertically (uy=0) 

and lateral constraints were applied at two nodes to eliminate rigid body motion. A downward 

force of 890N (200 lbf) was applied at the top midpoint of the rod.  

Table 7.0-1. Comparison of two submodels with different locations of rod contact points.  

 Rod 1 (contact 0.375” from the hole centerline) Rod 2 (0.250” from the hole centerline) 

S1 

 

 

S3 

  

Vert. 

Deform. 
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Table 7.0-1 compares the max (S1) and min (S3) principal stresses and also vertical deformation 

of tile with different rod contact points. They are all within their allowable ranges. Those analysis 

results indicate that the contact point of rod can be moved closer to the screw hole, from 0.375 

inches to 0.250 inches to further reduce the stress by ~25%.  

The results of Rod 1 case with the 0.375” away contact point are comparable with those of 

independent calculation form [13]. Figure 7.0-13 shows the vertical displacement of tile along the 

contact path, which is matching the similar tour plot plus 25% reduction in the calculation report 

[13]. 

 

Figure 7.0-13. Vertical Displacement of tile along the contact path.  

 

      

Figure 7.0-14. Original vs new simplified key model (halo restraints)  

 

Seen from Figure 7.0-14, the original identical keys are modified into two different shapes of key 

concave with round-edged ceilings. The new simplified key submodel for halo restraints will be 

reported in another calculation form [14] with detailed design and results.  

Grafoil Key Pads 
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8.0 Results of OBD12 Tiles 
 

8.1 Thermal Results 

 

  
Figure 8.0-1 The temperature ratcheting and peak temperature at 12001.5s with OBD12 Case 1 

 

 
Figure 8.0-2 The temperature ratcheting and peak temperature at 12005s with OBD12 Case 2 

 

According to the first three thermal models with Case 1-3 heat fluxes on OBD12 tiles, Figure 8.0-

1-3 show the respective transient temperature ratcheting results and peak temperature at the end of 6
th

 

pulse with the repetition rate of 40 minutes. Except Case 2, other two cases can meet the required 

thermal limit of 1,600 degree C as described in PFC SRD[5]. Considering the ramped faceting 

factor along the toroidal direction for each surface of OBD12 tile constellations (see Figure 7.0-

6), the peak temperature of tile on Case 2 could be reduced from 1,664 to 1,476 degree C as 

shown in Figure 8.0-4.  

 

1484 

1665 
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Figure 8.0-3 The temperature ratcheting and peak temperature at 12005s with OBD12 Case 3 

 

  
Figure 8.0-4 The temperature ratcheting and peak temperature at 12005s with modified faceting OBD12 

Case 2.  

 

 

8.2 Tile Material Selection 

 

 
Table 8.0-1. Thermal and structural results of OBD12 tile with high heat flux 

1466 

1476 
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Some thermal and structural results of OBD12 tile with high heat flux inputs are listed in Table 

8.0-1. In summary, the best potential material is Sigrafine R6510, otherwise POCO TM is 

the second choice.  

 

8.3 Sigrafine Combined thermal, halo and preload 

 

All the following results are based on the tile material of Sigrafine R6510. Since the peak 

temperature and heat flux of Case 3 are lower than others. Here we only present the structural 

results with the combined EOP thermal, halo and preloads for Cases 1 and 2.  

 

Case 1 

 
Figure 8.0-5 The minimum principal stress of tile at 12001.5s with OBD12 Sigrafine Case 1 

 

 
Figure 8.0-6 The max principal stress of tile at 12001.5s with OBD12 Sigrafine Case 1 
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Figure 8.0-7 The stress of rods at 12001.5s with OBD12 Sigrafine Case 1 

 

 
Figure 8.0-8 The stress of bolts at 12001.5s with OBD12 Sigrafine Case 1 

 

Case2 

 
Figure 8.0-9 The minimum principal stress of tile at 12005s with OBD12 Sigrafine Case 2 
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Figure 8.0-10 The max principal stress of tile at 12005s with OBD12 Sigrafine Case 2 

 

 
Figure 8.0-11 The stress of rods at 12005s with OBD12 Sigrafine Case 2 

 

 
Figure 8.0-12 The stress of bolts at 12005s with OBD12 Sigrafine Case 2 
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Figures 8.0-5~8 and Figure8.0-5.9~12 show the stress of tile, rods and bolts for OBD12 Sigrafine 

tiles Cases 1 and 2, respectively. All the stress data are within the allowable range except some 

local contact areas which can be resolved by the taped rods and round key concave ceiling as 

described in other two submodeling reports.  

 

 

9.0 Results of POCO Tiles 
 

9.1 New Case 1 

 

 
Table 9.0-1: Heat fluxes on the OBD Row 1 & 2 tiles 

 

Since the tile material is changed from Sigrafine R6510 to the POCO TM, the required heat flux 

for Case 1 on orange color was also modified from 5.4 MW/m
2
, 1.5s to 5MW/m

2
, 1s as shown in 

Table 9.0-1.  

 

9.2 Thermal Results 

 

  
Figure 9.0-1 The Thermal Model with the modified Fishscaling Factors of OBD12 Case 1 

 

In comparison with the Case 1 thermal model as shown in Figure 7.0-3, the right table in Figure 

9.0-1, modifies the faceting enhancement factors and heat fluxes for first six constellations 
according to fishscaling factor distribution toroidally as shown in Figure 7.0-2. Figure 9.0-2 shows the 
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corresponding temperature ratcheting and peak temperature at the end of sixth pulse (12005s). In 

comparison with the results of previous sigrafine Case 1, with the pulse during time changing from 1.5s to 

1s, the peak temperature of POCO is dropped by 25% to 1100 degree C.  

  
Figure 9.0-2 The temperature ratcheting and peak temperature at 12001s with OBD12 POCO Case 1 

 

   
Figure 9.0-3 The temperature ratcheting and peak temperature at 12005s with OBD12 POCO Case 2 

 

The peak temperature of POCO at 12005s is 1577 degree C as shown in Figure 9.0-3 with 

OBD12 POCO Case 2, which is less than 2% margin to the temperature limit for PFC tiles.  

9.3 Combined thermal, halo and preload 

 

All the following results are based on the tile material of POCO TM.  

  

1101 

1577 
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Case 1 

 

 
Figure 9.0-4 The minimum principal stress of tile at 12001s with OBD12 POCO Case 1 

 

 
Figure 9.0-5 The max principal stress of tile at 12001s with OBD12 POCO Case 1 
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Figure 9.0-6 The stress of rods at 12001s with OBD12 POCO Case 1 

 

  
Figure 9.0-7 The stress of bolts at 12001s with OBD12 POCO Case 1 
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Case2 

 
Figure 9.0-8 The minimum principal stress of tile at 12005s with OBD12 POCO Case 2 

 

 
Figure 9.0-9 The max principal stress of tile at 12005s with OBD12 POCO Case 2 
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Figure 9.0-10 The stress of rods at 12005s with OBD12 POCO Case 2 

 

 
Figure 9.0-11 The stress of bolts at 12005s with OBD12 POCO Case 2 

 

Figures 9.0-4~7 and Figure 9.0-8~11 show the stress of tile, rods and bolts for POCO tiles Cases 

1 and 2, respectively. All the stress data are within the allowable range except some local contact 

areas which can be resolved by the taped rods and round key concave ceiling as described in other 

two submodeling reports.  
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Appendix A. Drawings of OBD Row 1&2 Tiles (0EED1408) 

 

 
OBD12 tile overview with diagnostics. 
 

 
Details of OBD12 key and rod submodels with diagnostics.  
 
  



Calculation of OBD12 Tiles 

P a g e  | 28 

Appendix B. Drawings of RE-Test Block Rod 
 

 
One tapered rod and simple graphite block 
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