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1 Executive Summary 
 

All components in the rows 5 and 6 tile assemblies (tiles, T-bars, shear pins, and 
bolts) were evaluated under the operating conditions laid out in section 2 and found 
to be within their mechanical acceptance criteria as laid out in the “NSTX Structural 
Design Criteria.” The Belleville washers are designed for high load functions and are 
thus deemed acceptable. The margins of safety for other components of interest are 
summarized in Table 1 for each mechanical loading scenario considered. 
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Tile 
[R6510 Acceptance 
criteria = 19 MPa in 
tension and 65 MPa 

in compression] 
 

[ET-10 = 17.15 MPa 
in tension and 44 

MPa in compression] 

14.1 MPa 
max 
[25.8% 
margin] 
-36.3 MPa 
min 
[44.2% 
margin] 

10.9 MPa 
max 
[42.6% 
margin] 
-51.7 MPa 
min 
[20.5% 
margin] 

6.1 MPa 
max 
[67.9% 
margin] 
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9.1 MPa 
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[38.4% 
margin] 
-56 MPa min 
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8.0 MPa 
max 
[57.9% 
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10.0 MPa 
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-64.9 MPa 
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[0.2% 
margin] 

25.6 MPa 
max 
[exceeds 
allowable] 
-48.2 MPa 
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allowable] 
 

26.8 MPa max 
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-53.4 MPa 
min 
[17.8% 
margin] 

T-Bar 
[Peak allowable 

stress = 585 MPa] 

129.5 MPa 
intensity 
[77.9% 
margin] 

119.6 MPa 
intensity 
[79.6% 
margin] 

N/A N/A 135 MPa 
intensity 
[76.9% 
margin] 

131 MPa 
intensity 
[77.6% 
margin] 

143.2 MPa 
intensity 
[75.5% 
margin] 

185.3 MPa 
intensity 
[68.3% 
margin] 

168.6 MPa 
intensity 
[71.2% 
margin] 
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[74.7% 
margin] 

Shear Pin 
[Peak allowable 

stress = 291 MPa] 
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margin] 
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margin] 
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margin] 

8.5 MPa 
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margin] 

53.2 MPa 
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margin] 

23.0 MPa 
intensity 
[92.1% 
margin] 

23.7 MPa 
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margin] 

Bolt 
[Peak allowable 

stress = 585 MPa] 

353 MPa 
intensity 
[39.7% 
margin] 

361.3 MPa 
intensity 
[38.2% 
margin] 

N/A N/A 357.1 MPa 
intensity 
[39% 
margin] 

357.7 MPa 
intensity 
[38.9% 
margin] 

386.1 MPa 
intensity 
[34% 
margin] 

349 MPa 
intensity 
[40.3% 
margin] 

346.6 MPa 
intensity 
[40.8% 
margin] 

331.0 MPa 
intensity 
[43.4% 
margin] 

Table 1: Tile Assembly Components Results and Margins 
 
The transient thermal analysis results between variations of the row 5 and 6 tiles are 
compared in Table 2.  All maximum temperature results fall within the allowable 
peak temperature of 1600 C.  
 
 
 
 
 
 
 
 
 
 
 
 



 

Row 5 and 6 Tile Temperatures [C]  
Heat Flux [in 20 minute increments] 1 2 3 4 5 6 7 8 
Default 6510 Tiles with Strike Point 
on Edges 1109.5 1137.8 1149.9 1154.2 1156.9 1157.5 1158.8 1158.4 

Default 6510 Tiles with Strike Point 
above Shear Pin 1139.3 1179.1 1195.1 1202.4 1205.7 1207.3 1209 1208.8 

Diagnostic 6510 Tiles with Strike 
Point above Shear Pin 1196.1 1221.5 1230.4 1234.1 1235.7 1236.4 1237.6 1237.2 

6510 Under Tiles with Strike Point 
above Shear Pin (High flux case) 957.1 974 979.8 982.2 983.1 983.5 984.3 984 

6510 Under Tiles with Strike Point 
above Shear Pin (low flux case) 893.1 908.9 913.4 915.4 916.2 916.6 917.2 916.9 

Diagnostic ET-10 Tiles with Strike 
Point above Shear Pin 709.1 759.3 791.8 811.9 824.1 831.3 836.2 838.4 

Diagnostic 6510 (Applicable 
Material Properties) Tiles with Strike 
Point above Shear Pin 

692.8 N/A N/A N/A N/A N/A N/A N/A 

Table 2: Row 5 and 6 Tile Variation Temperature Results 
 

2 Purpose 

The purpose of this report is to evaluate rows 5 and 6 Center Stack Angular Section 
(CSA) tile assemblies to ensure each component can withstand total mechanical 
loads due to halo forces, eddy moments, and thermal stresses during maximum 
anticipated operating conditions. Thermocouple and gas injection tube tile variations 
are also assessed to confirm assembly acceptability. 

The anticipated thermal conditions are simulated in a transient thermal analysis via 
ANSYS [ANalysis SYStem] version 19.1 and then input into a static structural 
analysis to simulate the halo forces and eddy moments. The following models are 
evaluated within the scope of this calculation. 

1. 6510 Transient Thermal with Strike Point on Edges for Standard Row 5 and 6 
tiles [CSAS Case 1 of PFC System Requirements] 

a. Row 5 Thermal Stress Only 
b. Row 6 Thermal Stress Only 
c. Row 5 all Mechanical Loads 
d. Row 6 all Mechanical Loads 
e. Preload Only 

2. 6510 Transient Thermal with Strike Point over Shear Pin for Standard Row 5 
and 6 Tiles [CSAS Case 1 of PFC System Requirements] 

a. Row 5 all Mechanical Loads 
b. Row 6 all Mechanical Loads 

3. 6510 Transient Thermal with Strike Point over Shear Pin for Diagnostic Tiles 
Rows 5 and 6 [CSAS Case 1 of PFC System Requirements] 

4. 6510 Transient Thermal With Strike Point over Shear Pin for Under Tiles 
Rows 5 and 6 [CSAS Case 1 of PFC System Requirements] 



 

 

Figure 1: Center Stack Angular Section Tiles Row 5 and 6 Location 

 

3 Assumptions 

None. Any assumptions contained within hand calculation are explicitly stated in 
their respective sections.  

4 Inputs 
4.1 Material Assignments 

4.1.1 Casing – Alloy 625 
4.1.2 Shear Pin – Alloy 625 
4.1.3 Gaskets – Grafoil 
4.1.4 Tiles – Graphite 6510 
4.1.5 T-Bar – Grade 660 SS 
4.1.6 Bolts – Grade 660 SS 
4.1.7 Belleville Washers – 316L SS 

 
4.2 Material Data 
See appendix 8.3 

 
 
 

CSA 



 

4.3 Bolt Preload 
4.3.1  960 lb = 4270 N per bolt (See sections 4.2 and 4.3 for minimum preload 

requirements) 
 

4.4 Friction Coefficients  
4.4.1 Between Tile [Graphite ET 10] and Gasket [Grafoil] = 0.1 (Table 5.4.3 of 

Ref.8.2) 
4.4.2 Between Tile [Graphite ET 10] and Tee-bar [Grade 660 SS] = 0.1 (Table 

5.4.3 of Ref.8.2) 
4.4.3 Between Tile [Graphite ET 10] and Sheer Pin [Inconel Alloy 625] = 0.1 

(Table 5.4.3 of Ref.8.2) 
4.4.4  Between Case [Inconel Nickel-Chromium Alloy 625] and Gasket [Grafoil 

flexible Graphite] = 0.1 (Table 5.4.3 of Ref.8.2) 
4.4.5  Between Case [Inconel Nickel-Chromium Alloy 625] and Tee-Bar [Grade 

660 SS] = 0.3  
 

4.5 Thermal 
4.5.1 Initial Temperature 25C (Systems Requirements Document) 
4.5.2 Surface Fluxes 6.4*10^6 W/m^2 linearly decreasing to 0 over an 8 cm 

span (Figure 1 of Ref.8.3) 
4.5.3 Chamfer Fluxes 3.4*10^7 W/m^2 (Systems Requirements Document) 
4.5.4 Radiation Emissivity = 0.7 (Systems Requirements Document) 
4.5.5 Ambient Temperature = 110.73C for CSAT1 (Figure 1 of Ref.8.1)  
4.5.6 Convection 
4.5.6.1 Film Coefficient = 357 W/(m^2*C) (Systems Requirements Document) 
4.5.6.2 Ambient Temperature = 22C (Systems Requirements Document) 

 
4.6 Row 5 Mechanical Inputs 

4.6.1 Body Force Distribution due to Electromagnetic Forces (Ref. 8.5) 
 

 
Figure 2: Row 5 Body Force Distribution 

 
4.6.2 Moments (Ref. 8.5) 

4.6.2.1 X-direction is -3.03 N*m  
4.6.2.2 Y-direction is -25.6 N*m  
4.6.2.3 Z-direction is 37.7 N*m  



 

 
Figure 3: Row 5 Moments 

 
4.7 Row 6 Mechanical Inputs 

4.7.1 Body Force Distribution due to Electromagnetic Forces (Ref. 8.5) 

 
Figure 4: Row 6 Body Force Distribution 

 
4.7.1 Moments (Ref. 8.5) 

4.7.1.1 X-direction is -4.52 N*m  
4.7.1.2 Y-direction is -19.0 N*m  
4.7.1.3 Z-direction is -31.4 N*m  



 

 
Figure 5: Row 6 Moments 

 

5 ANSYS Results 
 
Thermal inputs for each case are as follows (Figure 5A): 

• Radiation 
• Tiles outer surfaces radiating to ambient, 110.73C, 0.7 emissivity 
• Bodies radiating to each other with 0.7 emissivity 

• Convection 
• Casing Cooling based on film coefficient of 357 W/m2-C with 22C coolant 

• Initial Temperature = 25C 
• Fluxes = 6.4*10^6 W/m^2 linearly decreasing to 0 over an 8 cm span  
• Chamfer flux is 3.4*10^7 W/m^2 (Figure 5B) 
• Strike points are located on the top-most edge or directly above the shear pin 

depending on the scenario being evaluated. 
 



 

 
Figure 5A: General Thermal Model 

 

 
Figure 5B: Chamfer Heat Flux 

 
5.1 6510 Transient Thermal with Max Flux on Edges [Standard Row 5 and 6] 

 
 
 
 



 

 
 
 
 
 

  
Figure 6: End of First Flux Shot for Standard Tiles with Strike Point on Edges 

 

 
Figure 7: End of Eighth Flux Shot for Standard Tiles with Strike Point on Edges 
 

 
Figure 8: Transient Thermal Results for Default Tiles with Strike Point on Edges 
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5.1.1 Row 5 Thermal Stress Only 
 

 
Figure 10: Default Row 5 Tile, Strike Point on Edge, Thermal Stress Only Deformation 

 
 
 
 
 

 

 



 

Figure 11: Default Row 5 Tile, Strike Point on Edge, Thermal Stress Only Stresses 
 

 

 
Figure 11: Default Row 5 Tile, Strike Point on Edge, Thermal Stress Only Stress Plots 

 
5.1.2 Row 6 Thermal Stress Only 

 

 
Figure 12: Default Row 6 Tile, Strike Point on Edge, Thermal Stress Only Deformation 

 



 

 

 
Figure 13: Default Row 6 Tile, Strike Point on Edge, Thermal Stress Only Stresses 

 

 



 

 
Figure 14: Default Row 6 Tile, Strike Point on Edge, Thermal Stress Only Stress Plots 

 
5.1.3 Row 5 All Mechanical Loads 

 

 
Figure 15: Default Row 5 Tile, Strike Point on Edge, All Mechanical Stress Deformation 

 
 

 



 

 

 
Figure 16: Default Row 5 Tile, Strike Point on Edge, All Mechanical Stresses 

 

 
 

Figure 17: Default Row 5, Strike Point on Edges, All Mechanical Loads, Stress on T-Bar 
 



 

 
Figure 18: Default Row 5, Strike Point on Edges, All Mechanical Loads, Stress on Shear 

Pin 
 

 
Figure 19: Shear Pin Linearized Stress for Default Row 5, Strike Point on Edges, All 

Mechanical Loads 
 

 
Figure 20: Shear Pin Linearized Stress Graphs for Default Row 5, Strike Point on 

Edges, All Mechanical Loads 
 



 

 

 
Table 3: Shear Pin Linearized Stress Table for Default Row 5, Strike Point on Edges, All 

Mechanical Loads 
 



 

 
Figure 21: Default Row 5, Strike Point on Edges, All Mechanical Loads, Stress on Bolt 

 
5.1.4 Row 6 All Mechanical Loads 

 

 
Figure 22: Default Row 6 Tile, Strike Point on Edge, All Mechanical Stress Deformation 

 
 



 

 

 
Figure 23: Default Row 6 Tile, Strike Point on Edge, All Mechanical Stresses 

 

 
Figure 24: Default Row 6, Strike Point on Edges, All Mechanical Loads, Stress on T-Bar 



 

 

 
Figure 25: Default Row 6, Strike Point on Edges, All Mechanical Loads, Stress on Shear 

Pin 
 

 
Figure 26: Shear Pin Linearized Stress for Default Row 6, Strike Point on Edges, All 

Mechanical Loads 
 

 
Figure 27: Shear Pin Linearized Stress Graph for Default Row 6, Strike Point on Edges, 

All Mechanical Loads 
 



 

 

 
Table 4: Figure 27: Shear Pin Linearized Stress Table for Default Row 6, Strike Point on 

Edges, All Mechanical Loads 
 
 



 

 

 
Figure 28: Default Row 6, Strike Point on Edges, All Mechanical Loads, Stress on Bolt 

 
5.1.5 Preload Only [No Thermal inputs] 

 
Figure 29: Top and Bottom Surface Deformation of Row 6 Grafoil 

 

 
Figure 30: Top and Bottom Surface Deformation of Row 5 Grafoil 

 



 

 
Table 5: Grafoil Deformation Calculation 

 
5.2 6510 Transient Thermal with Max Flux over Shear Pin [Standard Row 5 and 6 

Tiles] 
 

 
Figure 31: Standard Tiles With Strike Point over Shear Pins Temperature After First 

Flux Shot 
 

 
Figure 32: Standard Tiles With Strike Point over Shear Pins Temperature After Eighth 

Flux Shot 
 



 

 
Figure 33: Transient Thermal Results for Default Tiles with Strike Point over Shear Pins 
 

5.2.1 Row 5 All Mechanical Loads 
 

 
Figure 34: Default Row 5 Tile, Strike Point over shear Pin, All Mechanical Stress 

Deformation 
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Figure 35: Default Row 5 Tile, Strike Point on Edge, All Mechanical Stresses 

 

 
Figure 36: Default Row 65, Strike Point Over Shear Pins, All Mechanical Loads, Stress 

on T-Bar 
 



 

 
Figure 37: Default Row 5, Strike Point Over Shear Pins, All Mechanical Loads, Stress  

on Shear Pin 
 

 
Figure 38: Shear Pin Linearized Stress for Default Row 5, Strike Point over shear Pin, 

All Mechanical Loads 
 

 
Figure 39: Shear Pin Linearized Stress Graph for Default Row 5, Strike Point over 

Shear Pin, All Mechanical Loads 
 



 

 

 
Table 6: Shear Pin Linearized Stress Table for Default Row 5, Strike Point over Shear 

Pin, All Mechanical Loads 
 
 



 

 
Figure 40: Default Row 5, Strike Point Over Shear Pins, All Mechanical Loads, Stress 

on Bolt 
 

5.2.2 Row 6 All Mechanical Loads 
 

 
Figure 41: Default Row 6 Tile, Strike Point over shear Pin, All Mechanical Stress 

Deformation 
 



 

 

 
Figure 42: Default Row 6 Tile, Strike Point on Edge, All Mechanical Stresses 

 

 
Figure 43: Default Row 6, Strike Point Over Shear Pins, All Mechanical Loads, Stress 

on T-Bar 
 



 

 
Figure 44: Default Row 6, Strike Point Over Shear Pins, All Mechanical Loads, Stress 

on Shear Pin 
 

 
Figure 45: Shear Pin Linearized Stress for Default Row 6, Strike Point over Shear Pin, 

All Mechanical Loads 
 

 
Figure 46: Shear Pin Linearized Stress Graph for Default Row 6, Strike Point over 

Shear Pin, All Mechanical Loads 
 



 

 
Table 7: Shear Pin Linearized Stress Table for Default Row 6, Strike Point over Shear 

Pin, All Mechanical Loads 
 



 

 
Figure 47: Default Row 5, Strike Point Over Shear Pins, All Mechanical Loads, Stress 

on Bolt 
 

5.3 6510 Transient Thermal with Max Flux Over Shear Pin [Diagnostic Tiles Row 5 
and 6] 

 

 
Figure 48: Diagnostic Tiles With Strike Point over Shear Pins Temperature After First 

Flux Shot 
 

 
Figure 49: Diagnostic Tiles With Strike Point over Shear Pins Temperature After Eighth 

Flux Shot 



 

 
 

 
Figure 50: Transient Thermal Results for Diagnostic Tiles with Strike Point over Shear 

Pins 
 
 

5.3.1 Row 5 Diagnostic Tile [Thermocouple], Thermal Stress 
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Figure 51: Row 5 (Thermocouple) 6510 Thermal Stress Deformation 
 

 

 



 

Figure 52: Row 5 (Thermocouple) 6510 Thermal Stresses 
 

Figure 53: Row 5 (Thermocouple) 6510 Thermal Stress on T-Bar 
 



 

 

 
Figure 54: Row 5 (Thermocouple) 6510 Thermal Stress on Shear Pin 

 

 
Figure 55: Shear Pin Linearized Stress for Row 5 (Thermocouple) 6510 with All Thermal 

Stress Loads 
 



 

 
Figure 56: Shear Pin Linearized Stress Graph for Row 5 (Thermocouple) 6510 with 

Thermal Stress Loads 
 



 

 
Table 8: Shear Pin Linearized Stress Table for Row 5 (Thermocouple) 6510 with 

Thermal Stress Loads 
 



 

 
Figure 57: Row 5 (Thermocouple) 6510 with Thermal Stress Loads on Bolt 

 
5.3.2 Row 6 Diagnostic Tile [Gas Injection] Thermal Stress 

 

 
Figure 58: Row 6 (Gas Injection) 6510 Thermal Stress Deformation 

 



 

 

 

 
Figure 59: Row 6 (Gas Injection) 6510 Thermal Stresses 

 



 

  
Figure 60: Row 6 (Gas Injection) 6510 Thermal Stress on T-Bar 

 

 
Figure 61: Row 6 (Gas Injection)  6510 Thermal Stress on Shear Pin 

 



 

 
Figure 62: Shear Pin Linearized Stress for Row 6 (Gas Injection) 6510 with All Thermal 

Stress Loads 
 

 
Figure 63: Shear Pin Linearized Stress Graph for Row 6 (Gas Injection) 6510 with 

Thermal Stress Loads 
 



 

 
Table 9: Shear Pin Linearized Stress Table for Row 6 (Gas Injection) 6510 with Thermal 

Stress Loads 
 
 



 

 

 
Figure 64: Row 6 (Gas Injection) 6510 with Thermal Stress Loads on Bolt 

 
 

5.4 6510 Transient Thermal with Max Flux over Shear Pin [Under Tiles – Rows 5 
and 6] High Heat Flux Case 

 
 

 
Figure 65: Under Tiles High Heat Flux Case With Strike Point over Shear Pins 

Temperature After First Flux Shot 
 



 

 
Figure 66: Under Tiles High Heat Flux Case With Strike Point over Shear Pins 

Temperature After Eighth Flux Shot 
 
 

 
Figure 67: Transient Thermal Results for Under Tiles High Heat Flux Case with Strike 

Point over Shear Pins 
 
 

5.5 6510 Transient Thermal with Max Flux over Shear Pin [Under Tiles – Row 5 
and 6] Low Heat Flux Case 
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Figure 68: Under Tiles High Heat Flux Case With Strike Point over Shear Pins 

Temperature After First Flux Shot 
 

 
Figure 69: Under Tiles High Heat Flux Case With Strike Point over Shear Pins 

Temperature After Eighth Flux Shot 
 

 
Figure 70: Transient Thermal Results for Under Tiles High Heat Flux Case with Strike 

Point over Shear Pins 
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5.6 Diagnostic ET-10 Tiles with Strike Point above Shear Pin 
 

 
Figure 71: Temperatures after First and Eighth Flux Shot 

 

 
Figure 72: Transient Thermal Results for Eight Flux Shots 

 
 

5.6.1 Diagnostic ET-10 Tiles with Strike Point above Shear Pin Row 5 All 
Mechanical Loads 

 
 
 
 
 



 

 

 
Figure 73: Maximum and Minimum Tile Stresses 

 

 
Figure 74: T-Bar Stress Intensity 

 



 

 
Figure 75: Shear Pin Stress Intensity 

 
 

 
Figure 76: Bolt Stress Intensity 

 



 

 
Figure 77: Shear Pin Linearized Stress Intensity 

 



 

 

 
Table 9A: Shear Pin Stress Intensity 

 
 
 
 



 

5.7 Diagnostic 6510 (Applicable Material Data) Tiles with Strike Point Above Shear 
Pin Row 5 All Mechanical Loads 

 

 
Figure 78: Temperature at End of First Flux Shot 

 

 
Figure 79: Temperature at End of First Flux Shot 

 
5.7.1 Diagnostic 6510 (Applicable Material Data) Tiles with Strike Point Above 

Shear Pin Row 5 All Mechanical Loads 
 



 

 

 
Figure 80: Tile Max and Min Stresses 

 
Figure 81: T-Bar Stress Intensity 

 



 

 
Figure 82: Bolt Stress Intensity 

 

 
Figure 83: Shear Pin Stress and Linearized Stress 

 



 

 
Figure 84: Shear Pin Linearized Stress Plot 

 



 

 

 
Table 9B: Shear Pin Linearized Stress Table 

 



 

6 Hand Calculations 
6.1 Gasket Compression 

6.1.1 Normal Stress 
Compressive stress is calculated as follows: 

σrow 6 =
Fn
A

=
1920 lbf
6.37 in2

= 301.4psi 
 

σrow 5 =
Fn
A

=
1920 lbf
5.52 in2

= 347.8psi 
Where 
σ = normal stress in psi (lbf/in2) 
Fn = normal force acting perpendicular to the area (lbf) =960*2=1920 lb 
A = area (in2) = 4107.0 mm2 = 6.37 in2 for row 6; and 3558.8 mm2 = 5.52 in2 for 
row 5. 
 

  
Figure 85: Row 6 Gasket Compressibility Area 

 



 

 
Figure 86: Row 5 Gasket Compressibility Area 

 
6.1.2 Change in Gasket Thickness  

dlrow 6 =
(σ)(l0)

E
=

(301.4psi)(0.06 in)
27,557.2 psi

= 0.00066 in 

 

dlrow 5 =
(σ)(l0)

E
=

(347.8psi)(0.06 in)
27,557.2 psi

= 0.00076 in 

Where 
dl= change of length (in) 
l0= initial thickness of gasket = 1.524 mm = 0.06 in 
E = Young’s Modulus of Elasticity (psi) = 1.9*10^8 Pa = 27,557.2 Psi [per 
engineering data Appendix 8.3] 
 

 
Figure 87: Gasket Thickness 



 

6.1.3 Percent Deformation  

% deformationrow 6 = �
0.00066 in

0.06 in �100 = 1.1% 
 

% deformationrow 6 = �
0.00076 in

0.06 in �100 = 1.27% 
 

6.2 Minimum Pretension Requirements to Prevent Sliding Due to Halo Forces 
Figure 52 displays a free-body diagram containing all the planar forces acting on tile 5 
parallel to the casing. The total resistive force resulting from the bolts normal force (N* 
μ) must be greater than 1376 N. Therefore, the minimum total normal force must be at 
least (0.3)(1376N)=4587 N=1031 lbf. Therefore, the minimum pretension on each bolt is 
516 lbs. 
 
 
 
 

 

 

 

 

 

 

 

Figure 88: Free Body Diagram of Row 5 Tile 

Figure 53 displays a free-body diagram containing all the planar forces acting on tile 6 
parallel to the casing. The total resistive force resulting from the bolts normal force (N* 
μ) must be greater than 993 N. Therefore, the minimum total normal force must be at 
least (0.3)(993N)=3310 N=744 lbf. Therefore, the minimum pretension on each bolt is 
372 lbs. 
  

Poloidal 
Force = 
796N 
[1149N for 
tile 5] 

Pretension = 2*960 lb = 2*4270 N = 8540 N 

Normal (N) = Pretension-F_norm= 
960 lb - 63N= 4270-63N=4207 N 

Resistive Friction 
Force:  
N* μ = 
8540*0.3=2562 N 
2562>1376 ∴ it 
will not slide 

Toroidal 
Force = 594N 
[757N for Tile 
5] 

�𝟕𝟕𝟕𝟕𝟕𝟕𝟐𝟐 + 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟐𝟐
= 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 

Normal Halo Force 
F_norm= 63 N 



 

 

 

 

 

 

 

 

 

 

Figure 89: Free Body Diagram of Row 6 Tile 

 
6.3 Heat Flux Conservatism 

  

Figure 90: Tile Surface Area Dimensions 

 

• 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 6 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ = 10.22𝑐𝑐𝑐𝑐+9.23𝑐𝑐𝑐𝑐
2

= 9.725 𝑐𝑐𝑐𝑐 
• 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 5 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ = 11.95𝑐𝑐𝑐𝑐+10.96𝑐𝑐𝑐𝑐

2
= 11.455 𝑐𝑐𝑐𝑐 

• Section length for both tiles is 8𝑐𝑐𝑐𝑐
20

= 0.4 𝑐𝑐𝑐𝑐 

Poloidal 
Force = 
796N 
[1149N for 
tile 5] 

Pretension = 2*960 lb = 2*4270 N 
= 8540 N 

Normal (N) = Pretension-F_norm= 
8540 N - 166N= 4270-63N=8374 N 

Resistive Friction 
Force:  

N* μ = 
8374*0.3=2512 N 

2512>993 ∴ it will 
not slide 

Toroidal 
Force = 
594N 
[757N for 

�𝟓𝟓𝟓𝟓𝟓𝟓𝟐𝟐 + 𝟕𝟕𝟕𝟕𝟕𝟕𝟐𝟐
= 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗 

Normal Halo Force F_norm= 166 N 



 

• Average section heat flux is: 
6.4∗106 𝑊𝑊

𝑚𝑚2

2
 

• Upper Rieman Sum of a linear function 
• Equation for Extra Power (W) Applied to a Tile can be expresses as:   
• 𝑛𝑛 ∗ 𝑤𝑤 ∗ 𝑙𝑙 ∗ �𝑄𝑄𝑖𝑖 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 �

2𝑖𝑖−1
2𝑛𝑛
��     where   lim𝑛𝑛→∞ ∑ 𝑤𝑤 ∗ 𝑙𝑙 ∗ �𝑄𝑄𝑖𝑖 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 �

2𝑖𝑖−1
2𝑛𝑛
�� = 0𝑛𝑛

𝑖𝑖=1      
where, 

• The highest value of I is applied to the segment with the largest heat flux 
• n= Total number of length increments = 20 
• w = width of the increment  

• (Conservatively assumed as constant for each tile – in reality a 
greater flux is applied to the wider segments towards the top of the 
tiles) 

• l = length of the increment (constant for each tile at 8cm/n) 
• Qmax =6.4*10^6 W/m^2 (See bar graph below)  
• Qi = flux applied to increment i 

Number of 
Increments 

Extra 
Power 
Applied 
to Tile 5 

[kW] 

Extra 
Power 
Applied 
to Tile 6 

[kW] 
1 29.3 24.9 
10 2.9 2.5 
20 1.5 1.2 
40 0.7 0.6 
80 0.4 0.3 

Table 11: Conservatism in Tile Surface Heat Flux Increment Numbers 



 

 

Figure 91: Conceptual Illustration of Conservatism in Tile Heat Flux 

 

Figure 92: Conservatism in Tile Heat Flux 
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7 Conclusion 
The following results are summarized in section 1. 

 
7.1 Tiles 

The primary tile material evaluated is Graphite 6510.  Graphite 6510 has a 
tensile strength of 38 MPa and compressive strength of 130 MPa (Appendix. 
8.2). Per section 2.5.2.4 of Ref. 8.4, the allowable stress for carbon tiles is ½ 
of the ultimate tensile and compressive stresses.  Thus, the acceptance 
criterion for the 6510 tiles is 19 MPa in tension and 65 MPa in compression.  
 
The maximum stress from row 5 and 6 analysis from all the 6510 scenarios 
evaluated is 16.6 Mpa in tension (Section 5) and 67.3 Mpa in compression 
(Section 5). The maximum tension value fall within the acceptance criterion 
of 19 MPa with a margin of 12.6%. The maximum compression value of 67.3 
MPA exceeds the 65 MPa criterion.  
 
ET-10 has a tensile strength of 34.3 MPa and compressive strength of 98 
MPa (Appendix. 8.2). Per section 2.5.2.4 of Ref. 8.4, the allowable stress for 
carbon tiles is ½ of the ultimate tensile and compressive stresses.  Thus, the 
acceptance criterion for the ET-10 tiles is 17.15 MPa in tension and 44 MPa 
in compression.  
 
The maximum stress for the ET-10 scenarios evaluated is 25.6 Mpa in 
tension (Section 5) and 48.2 Mpa in compression (Section 5). The maximum 
tension and compression values exceed the acceptance criterion of 17.15 
MPa and 44 MPa. 
 

7.2 T-Bar 
The T-Bar material is Grade 660 SS (Section 3.2.6).  Grade 660 SS has a 
yield stress of 585-725 Mpa (Appendix 8.1). Conservatively taking the lower 
value of 585 MPa (for class A, B, or C grade 660 SS) to calculate the design 
tresca stress (Sm) value as 2/3 of the material yield stress (Guidance per 
section 2.4.1.1 of Ref. 8.4) results in an Sm value of 390 MPa. The peak 
allowable stress for the bolts is calculated (per guidance of section 2.4.1.4.1 
and 2.4.1.4.2 of Ref. 8.4) as follows: 1.5(K)(Sm)=1.5(1)(390 MPa)=585 MPa. 
The multiplier “K” is conservatively assigned a value of 1.0 to reflect normal 
operating conditions per section 2.4.1.5 of Ref. 8.4. 
 
The maximum T-bar stress from row 5 and 6 analysis from all the scenarios 
evaluated is 185.3 Mpa (Section 5) which is less than the peak allowable 
stress of 585 MPa. Thus, the T-bars satisfy the stress acceptance criteria 
with an 68.3% margin. 

 
7.3 Shear Pin 



 

The shear pin material is Alloy 625 (Section 3.2.2). The bending stress is 
calculated as follows: Mc/I= 73 MPa which is multiplied by Kt=1.8 to account 
for fillet stress concentration to allow peak stress value of 131 Mpa. 
However, the primary allowable is 291 with the new factor for the fillet.  The 
highest linearized stress concentration on the shear pin is 28.7 MPa. This 
maximum stress provides a 90.1% margin.  

 
7.4 Bolts 
7.4.1 Basic Stress Limits 

 
The bolt material is Grade 660 SS (Section 3.2.6). Grade 660 SS has a yield 
stress of 585-725 Mpa (Appendix 8.1). Conservatively taking the lower value 
of 585 MPa (for class A, B, or C grade 660 SS) to calculate the design 
tresca stress (Sm) value as 2/3 of the material yield stress (Guidance per 
section 2.4.1.1 of Ref. 8.4) results in an Sm value of 390 MPa. The peak 
allowable stress for the bolts is calculated (per guidance of section 2.4.1.4.1 
and 2.4.1.4.2 of Ref. 8.4) as follows: 1.5(K)(Sm)=1.5(1)(390 MPa)=585 MPa. 
The multiplier “K” is conservatively assigned a value of 1.0 to reflect normal 
operating conditions per section 2.4.1.5 of Ref. 8.4.  
 
The maximum bolt stress from row 5 and 6 analysis from all the scenarios 
evaluated is 361.3 Mpa (Section 5) which is less than the peak allowable 
stress of 585 MPa. Thus, the bolts satisfy the stress acceptance criteria with 
a 38.2% margin.   

 
7.4.2 Preload Stress Limits 

Per section 2.4.1.4.3 of Ref. 8.4, the bolt preload stress is not to exceed 
0.75 of the yield stress (Sy). Using the yield stress of 585 MPa results in a 
maximum preload stress acceptance criterion of 439 MPa. 
 
The bolt shank has a diameter of 5.766 mm (0.005766 m).  Thus, the shank 
cross sectional area is πr2=π*(0.005766 m)2=1.044E-4 m2. The bolt preload 
of 4270 N (Section 3.3) results in a bolt shank preload stress of 
(4270N/1.044E-4 m2)*10-6 = 40.9 MPa.  The preload stress of = 40.9 MPa is 
less than the peak allowable preload stress. Thus, the bolts satisfy the 
preload stress acceptance criteria. 
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