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1 Executive Summary

This report documents the methodology and results of structural, thermal and electromagnetic
Finite Element Analysis performed on PFCs (Plasma Facing Components) — CSFW Tiles rows 7
- 14. Electromagnetic loads were imported to a Multiphysics model, which also incorporated the
effects from bolt preload and thermal ratcheting.

A detailed analysis was performed on the base tile geometry. Three additional geometries were
selected and analyzed for conformance with form, fit and function.

2 Introduction

PFCs experience Lorentz forces induced by plasma disruptions. Fluctuations in electric and
magnetic fields due to plasma disruptions induce eddy currents in the PFCs and the conductive
support structures. Additionally, plasma contact with the PFCs may also generate halo currents.
The halo currents strike the structure at one poloidal and toroidal location, flow thru the
conductive structures and exit at another location.

The magnitudes and directions of the induced Lorentz loads depend on a number of factors
including plasma shapes, movement, current decay, structure material properties, and geometry.
Several assumptions must be made in order to determine “worst case” values for the Lorentz
loads.

The halo currents also generate heat. After multiple halo current pulses, the temperature of the
tiles can rise significantly above room temperature, resulting in stresses due to constrained
thermal expansion.

The combined effect of thermal, electromagnetic and structural (bolt preload) loads must be
studied to ensure that the stresses experienced by the tile assembly are within established
allowable limits.

3 Method of Analysis

Separate Thermal and Electromagnetic analyses were conducted using ANSYS Mechanical and
APDL respectively. The results from these analyses were imported to a structural model, which
also included preload. The results from the structural model were used to determine the
combined effect of the different types of loads.

3.1 Geometry and Materials

Figure 1 shows the labelled geometry and material specifications. The geometric symmetry of
the tiles was taken advantage of, and a 30 degrees toroidal section was modelled. The material
properties were taken from standard PPPL material database.
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Figure 1: Geometry and Maetrials Specifications

3.2 Transient Thermal Analysis

3.2.1 FE Mesh
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Figure 2: FE Mesh Thermal Model

3.2.2 Contact Definitions

Bonded contact was defined at threaded interfaces as shown in Figure 3.
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Figure 3: Bonded Contacts

Figure 4: Frictional Contact with 0.15 COF



3.2.3 Boundary Conditions and Loads

Heat flux from halo loads acts on the tile top surfaces. The emissivity for radiation heat transfer
was assumed to be 0.70, with an ambient temperature of 112.7 C (See referenced thermal
analysis memo for determination of 112.7 C).

Figure 5: Heat flux Surfaces

The heat flux was applied in multiple 5 second pulses, with a 20 minute cool down period
between the pulses. The number of pulses was determined by the ability of the system to
shakedown to a constant maximum temperature. This will be discussed further under the results
section.



Heat Flux Variation with Time
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Figure 6: Heat Flux Application

3.2.4 Results

Figure 7 shows the temperature history for the PFC assembly. It can be seen that the maximum
temperature stabilizes at 588 C, after the fourth pulse. The minimum temperature reaches 200 C.
Temperature distribution plots are shown in Figure 8 and Figure 9.
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3.3 Electromagnetic Analysis

3.3.1 FE Mesh

igure 10: CSFW Mesh

F

R
i
w_

I
LA
it

i
i

i
Il W

i

5_.___‘__
LA ]

i
A

i
/1

I
(4

i
U

Figure 11

1on

CSFW Mesh Cross Sect



SOLID232 (Current-based Electric Element) elements were utilized for the halo current
simulation, while SOLID237 (Electromagnetic Element) elements were used for the eddy current
analysis. Both are 10-node tetrahedral elements.

3.3.2 Contact Definitions

For the purpose of an electromagnetic analysis, frictionless / frictional and bonded contacts are
essentially the same, since we are only concerned with the current flow between the bodies. For
the sake of simplicity, bonded contact was defined at all interfaces that are designed to be
initially touching / closed contact.

The interface between the pins and pin holes was considered a closed contact for the purpose of
EM analysis. There is 0.005” gap between the pin OD and the pin slot ID. However, once the
pre-load and thermal loads are applied, this gap would most likely close. Since the halo current
application follows the pre-load and thermal loads application, it is justified to consider this gap
as closed.

3.3.3 Boundary Conditions and Loads

Figure 12 summarizes the boundary conditions, halo strike points and input currents. Table 1
lists the magnetic field components and dB/dt values. The values in the table, and the method of
determining the halo current (as shown in Figure 12) was taken from NSTXU-CALC-11-08-00.

Table 1: Magnetic Field Inputs Summary

Tile Dimensions [m] | Final Magnetic Field Values [Tesla, T] Field dB / dt [T/s]

Row Poloidal Width Bx By Bz dBx/dt | dBy/dt | dBz/dt
7 0.142 -0.60 3.06 1.82 533 0 -1,915
8 0.130 0.45 3.06 2.23 -378 0 -2,469
9 0.142 0.46 3.06 2.15 -477 0 -2,430
10 0.142 0.62 3.06 1.45 -604 0 -1,697
11 0.142 0.51 3.06 0.89 -472 0 -1,082
12 0.142 -0.66 3.06 1.28 587 0 -1,613
13 0.142 -0.60 3.06 2.00 552 0 -2,508
14 0.142 0.16 3.06 2.10 -123 0 -2,698




Ip, Plasma Current = 2.0 E6 Amps
Hf, Halo Current Factor = 0.10
TPF, Toroidal Peaking Factor = 2.0
Nt, Number of tiles= 24

W = Tile Poloidal Width

Total Halo Current, Ht = Ip(hf)(TPF)/Nt
Halo Strike Current bolted tile, Hs = (Ht)(w)/0.2

Bolted Tile

Floating Tile (X2)

Toroidal

Hs/2 ¥ Radial

Z
Ground Poloidal

Figure 12: Boundary Conditions, Loads, and Halo Current Calculation

3.3.4 Results

Table 2: Electromagnetic Loads Summary

Bolted Tile Halo Loads [N] | Floating Tile Halo Loads [N] | Bolted Tile Eddy Moments [NM] | Floating Tile Eddy Moments [NM]
Row Fx Fy Fz Fx Fy Fz Mx My Mz Mx My Mz
7 -323 258 -537 -443 274 -600 -0.10 -4.38 7.33 -0.55 -4.71 7.74
8 -295 400 -492 -406 455 -549 -0.12 4.02 -5.50 -0.67 4.33 -5.81
9 -323 424 -537 -443 483 -600 -0.12 3.96 -5.60 -0.65 4.17 -5.81
10 -323 318 -537 -443 368 -600 0.00 3.60 -7.60 -0.44 3.88 -8.00
11 -323 208 -537 -442 244 -600 0.00 1.82 -6.23 -0.27 1.96 -6.57
12 -323 157 -537 -443 160 -600 0.00 -3.39 8.06 -0.39 -3.64 8.51
13 -323 289 -537 -443 309 -600 -0.10 -4.81 7.33 -0.61 -5.17 7.74
14 -323 384 -537 -442 432 -600 -0.12 1.35 -1.96 -0.64 1.45 -2.06

The electromagnetic load reaction results are summarized in Table 2. The Halo force values are
sums of all nodal forces in the tiles. These are useful for determining which row experiences the
highest forces. As highlighted in the table, row 9 undergoes the highest forces. The eddy
moments are minute but measureable, and are also highlighted. Positive X-direction is away
from the center stack casing.

The nodal force information (node coordinates, Fx, Fy, Fz, node volume, body force densities)
was output to a text file. The body force densities are defined as nodal force / nodal volume, and
may be imported to a Multiphysics model to study the effect of combined loading (structural,
thermal and electromagnetic).



Figure 13 shows the current density within the assembly. The majority of current entering
through the tiles discharges through the ground specified on the casing surface. This is indicated
by a large region of grey contours in the figure.

The nodal forces are also concentrated close to the ground, and are in the negative x direction —
i.e. the tile is being pushed on to the center stack casing.
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Figure 13: Total Current Density, Row 9
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Figure 14: Nodal Magnetic Forces, Row 9

3.4  Structural Analysis

The results from the thermal and electromagnetic analyses were imported into a structural model
as input loads. The following procedure was followed:

1)

2)

3)

4)

5)

6)

Apply 6.5 ft-Ib (5,555 N) preload torque to weld nuts. This value was determined thru
testing. See reference XYZ.

Import temperature distribution from thermal model. Based on established internal
guidelines (See reference XYZ), the temperature distribution spanning 60 seconds,
starting at the end of the first halo pulse is imported. The structural pre-processor
converts these temperatures to displacement loads based on material CTEs.

Based on the results of the EM analysis, import body force densities for row 9. Body
force density is imported for every node in the tile and bracket, and is defined by nodal
force / nodal volume (N / M®).

Simultaneously with step 3, apply eddy moments to all external faces of the tiles.
Determine relevant stresses, displacements, strains and load reactions for the assembly.

Compare results with established allowable limits / testing results.
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Structural Model Mesh
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Figure 16: Casing Surfaces Frictionless Support
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Coupled Surfaces,

Figure 17: Coupled Surfaces



Figure 18: 5,555 N Pretension (6.5 ft-Ibf torque)



3.4.4 Structural Acceptance Criteria

Figure 19: Body Force Densities

The NSTX structural design requirement outlines the allowable stress limits. These stress limits
are based on multiple factors which are specified in the NSTX requirements document.

Table 3: Design Stress, Sm [MPa] — Metallic Components

Metal Component

Component Type Material YS TS 2/3YS 1/2°TS Min (2/3 YS, 1/2 TS)
Bracket Conducting Alloy 718 1,071 1,369 714 685 685
Weld Nut Steel / Bolting Grade 660 SS 671 939 447 469 447
Washer* Steel / Bolting Alloy 718 1,071 1,369 714 685 685
Weld Stud Steel / Bolting Alloy 625 397 782 264 391 264
Pins Conducting Alloy 625 397 782 264 391 264




*The analysis was run with 316LSS material assigned to the washer. However, the results
showed that a higher strength material (Alloy 718) must be utilized. The results will be
presented based on Alloy 718 allowable stresses.

Table 3 specifies the design stresses (Sm) for the metallic components (highlighted cells). The
allowable stress limits are based on the design stresses and are as follows:

- General Primary Membrane Stress < 1.0*K*Sm

- Local Primary Membrane Stress < 1.50*K*Sm

- Primary Membrane plus Bending Stress < 1.5*K*Sm
- Total Primary plus Secondary Stress < 3.0*K*Sm

Where Sm is the design stress and K is dependent on the level of service condition. For this
analysis k is 1.0 (normal operating conditions).

Table 4: PFC Allowable Stress Limits [MPa]

Component Material Flexural | Compressive 2*FS %*CS
Strength Strength

Bolted Tile PocoTM 59 110 29.5 55

Floating Tile Graphite SGL R6510 60 130 30 65

Table 4 lists the material strengths and the maximum allowable tensile and compressive stresses
for the tiles.

3.4.5 Results
The structural analysis can be divided into four phases:
1) Preload application (Primary Stress)
2) End of first halo pulse temperature application (Primary + Secondary Stress)
3) 60 Seconds after end of first halo pulse (Primary + Secondary Stress)
4) Electromagnetic loads application (Primary + Secondary Stress)

The types of stresses induced during each phase are categorized as shown in the parenthesis.



3.4.5.1 Bracket Results

F: CSFW_luly 2018 PL, T, EM_
Total Deformation 2
Type: Total Defarmation

Unit: mm
Time: 1
8/14/2018 2:32 PM

0.0036307 Max
0.0032272
0.0028252
0.0024224
0.0020197
0.0016169
0.0012142
0.0008114
0.00040864
5.8883e-6 Min

Figure 20: Bracket Total Deformation at Preload

F: CSFW _July 2018 PL, T, EM_
Stress Intensity 3

Type: Stress Intensity

LUnit: kAPa

Time: 1

81442018 2:37 P

149.19 Max
50

43,751
37.502
31.252
25,003
18.754
12.505
62554
0.0061842 Min

Figure 21: Bracket Stress Intensity at Preload




F: CSFW _July 2018_PL. T, EM_
Stress Intensity 3

Type: Stress Intensity

Unit: kP

Tirme: 33

81472018 2:40 P

707.38 Max
200

431.43
362,86
254.29
225.71
157.14
28,

70189 Min

Figure 22: Bracket Maximum Stress Intensity (Preload plus Temperature)

The mesh in the area around the high stresses was refined via sub-modeling before performing
stress linearization to determine the appropriate membrane and bending stresses.

Global Mesh Sub Model Mesh
Figure 23: Bracket Mesh Comparison




0: Bracket Submodel B
Stress Intensity 3

Type: Stress Intensity
Unit: MPa

Time: 1

81472018 2:53 PM

Stress Intensity

0: Bracket Submodel B

Linearized Stress Intenaity - Path - End Time
Type: Linearized Stress Intensity

Unit: MPa

Global Coordinate System

Tirme: 1

—{ B15/2018 5:09.AM

156.03 Max
149.21
14239
135.56

Linearized Stress Intensity

Figure 24: Bracket Sub Model Stress Intensity at Preload

0: Bracket Submodel B
Stress Intensity 3

Type: Stress Intensity
Time: 45

8/14/2018 3:07 PM

Stress Intensity

0: Bracket Submodel B

Linearized Stress Intensity - Path - End Time
Type: Linearized Stress Intensity

Unit: MPa

Global Coordinate System

Time: 45

8/15/2018 %:12 AM

i 2797.1 Max
24903
| 2183.6

L 1876.8
. 1570

Linearized Stress Intensity

Figure 25: Bracket Maximum Sub Model Stress Intensity [44 seconds after halo pulse]

Table 5: Bracket Stress Intensity Results Summary [MPa]

Stress Type Load State | Observed | Maximum Allowable | Safety Factor
General Primary Preload 121 1.0*1.0*714 = 714 0.17
Membrane Stress

Primary _Membrane + Preload 151 1.5%1.0%714 = 1,071 0.14
Bending Stress
. 44 Seconds
Total Primary + after Halo 474 3.0%1.0%714 = 2,142 0.22

Secondary Stress

Pulse




3.4.5.2 Weld Nut Results

F: CSFW _July 2018 _PL. T, EM_
Total Deformation_Weld Nuts
Type: Total Deformation

Unit: mm

Tirne: 1

5/14/2018 3:38 FM

0.012642 Max
0.011275
0.009909
0.0085427
0.0071765
0.0058102
0.0044439
0.0030776
00017114
0.00034508 Min

Figure 26: Weld Nut Total Deformation at Preload (X50 Scale)

F: CSFW _July 2018 PL, T, EM_
Stress Intensity 4

Type: Stress Intensity

Unit: MPa

Time: 1

8/14/2018 3:41 PM

Figure 27: Weld Nut Stress Intensity at Preload




L: Weld Nut Submodel B
Stress Intensity

Type: Stress Intensity
Unit: kPa

Tirne: 65

8/14/2018 3:53 Ph

3684.3 Max
1500

1315.3
11307
346,01
761.35
576.60
392,02
207.36
22.699 Min

Figure 28: Weld Nut Maximum Stress Intensity (X50 Scale)
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Figure 29: Weld Nut Mesh Comparison




L: Weld Nut Submodel B
Stress Intensity

Type: Stress Intensity
Unit: MPa

Time: 1

8/15/2018 818 AM

Stress Intensity
860.81 Max
447

39117
335.33

2795

223.67
167.84

12

56,172
0.33992 Min

L: Weld Nut Submodel B
Linearized Stress Intensity - Path - End Time

Type: Linearized Stress Intensity

Unit: MPa ”’ﬁ/
Slobal Coordinate System

Time:1
&15/2018917 M

860.81 Max
447

39639
345.78
29517
24456
193.95
14334
92.726
42.116 Min

T —

Linearized Stress Intensity

Figure 30: Weld Nut Sub Model Stress Intensity at Preload

L Wekd Mt Submodel B Stress |nten5ity
e nensiy
TS ity

Tine: €5
/15/2018 829 AM

L: Weld Nut Submodel B

Linearized Stress Intensity - Path_Secondary - End Time
Type: Linearized Skress Intensity

Unit: MPa

Global Coordinate System

Time: 65

8/15/2018 %:21 AM

3480.1 Max
ST
713
23869
20225
16581
1297
929.26
564.85
200.44 Min

Linearized Stress Intensity

Figure 31: Weld Nut Sub Model Max. Stress Intensity [60 Seconds after halo pulse]



Table 6: Weld Nut Stress Intensity Results Summary [MPa]

Stress Type Load State | Observed | Maximum Allowable | Safety Factor
General Primary Preload 68 1.0%1.0%447 = 447 0.15
Membrane Stress

Primary Membrane + | 5o 180 1.5%1.0%447 = 670 0.27
Bending Stress
. 60 Seconds
Total Primary + after Halo | 1,166 | 3.0%1.0%447=1,341 0.87
Secondary Stress Pulse

3.4.5.3 Washer Results

Type: Stress Intensity
Unit: kiPa

Tirne: 1

8/16/2018 B:24 AM

321.18 Max
264

231.28
198,57
165,85
13313
100.41
67.697

34.98
2.2627 Min

G: CSFW _July 2018_PL, T, EM_
Stress Intensity - C-ED1303-1 - End Titne

Figure 32: Washer Stress Intensity at Preload

Unit: kPa
Tirne: 24
816/2018 8126 AM

381.18 Max
264

23142
198,584
166,26
133.68
1011
68517
35,937
3.3563 Min

G: CSFW _July 2018 _PL. T. EM_
Stress Intensity - C-ED1303-1 - End Tirme
Type: Stress Intensity

Figure 33: Washer Max. Stress Intensity




Global Mesh

Sub Model Mesh

Figure 34: Washer Mesh Comparison

J: Washer Submodel C
Stress Intensity

Type: Stress Intenssty
Unit: MPs.

Time: 1

162018 834 AM

719.05 Max
64

231.04
198.07
16511
13234
92.181
66217
33.253
0.28884 Min

Stress Intensity

J: Washer Submodel €
Linearized Stress Intensity - Path_Primary - End Time
Type: Linearized Stress Intensity
Unit: MPa

Global Coordinate System
Time: 1

8/16/2018 8:48 AM

719.05 Max
657

584.94
532.88
470.82
40877
34671
284.65
22259
160.54 Min

\

Linearized Stress Intensity

Figure 35: Washer Sub Model Linearized Stress Intensity at Preload




y Time: 66
&16/2018 854 AM

4266.2 Max
m

70279
613.59
52438
43517
345.97
25676
167.56

Stress Intensity

1 Unit: MPa

Time: 66
8/16/2018 8:59 AM

- 4266.2 Max

3852.8

34393

3025.8

26124

e 21989
17854

1372

9585

545.04 Min

J: Washer Submodel €
Linearized Stress Intensity
Type: Linearized Stress Intensity

Global Coordinate System

-

Linearized Stress Intensity

Figure 36: Washer Sub Model Maximum [EM loads] Stress Intensity

Table 7: Washer Stress Intensity Results Summary [MPa]

Stress Type Load State | Observed | Maximum Allowable | Safety Factor
General Primary Preload 210 1.0%1.0*714 = 714 0.29
Membrane Stress

Primary Membrane + Preload 368 1.5%1.0%714 = 1,071 0.34
Bending Stress
Total Primary + EM Loads 938 3.0%1.0*714 = 2,142 0.44

Secondary Stress

3.4.5.4 Pin Stress Results




Unit; MPa
Time: 1

0.63482
0.33568
047655
0.39741
0.31828
0.23915
0.16001
0.080879

G: CSFW _July 2018 PL, T, EM_
Stress Intensity_Pins
Type: Stress Intensity

8/16/201812:25 Ph

0.71395 Max

0.0017452 Min

Figure 37: Pins Stress Intensity at Preload

G: CSFW _July 2018 PL. T, EM_
Stress |ntensity_Pins

Type: Stress Intensity

Unit: kAPa

Tirme: 66

8162018 12:32 Ph

. 3508 Max
265

— 231.88
— 198.77

165,65
. 132.53
— 92414
66,297

3318
0.062958 Min

Figure 38: Pin Maximum Stress Intensity [EM Loads]

The primary stress intensity (at preload) is negligible as shown in Figure 37.



Global Mesh Sub Model Mesh

Figure 39: Pin Mesh Comparison

R: Pin Sub Model
Stress Intensity.

Ririitisond Stress Intensity
Time:
9/15/2:?82:51 PM

853.24 Max
264

231.03
198.05
165.08

1321

99131
66,157
33183
0.20903 Min

R: Pin Sub Model
Linearized Stress Intensity
Type: Linearized Stress Intensity

Unit: MPa

Global Coordinate System

Tirme: 66
8/16/2018 3:01 PM

341.86 Max
305.27
268.68
232.09

195.5

158.91
122.32
85.727
49.137
12.548 Min

= NE——

Linearized Stress Intensity
Figure 40: Pin Sub Model Maximum Stress Intensity [EM Load]




Table 8: Pin Stress Intensity Results Summary [MPa]

Stress Type Load State | Observed | Maximum Allowable | Safety Factor

Total Primary +

EM Loads 342 3.0*%1.0%264 =792 0.43
Secondary Stress

3.45.5 Bolted Tile Results

G: CSFW _July 2018 PL, T, EM_
Maximum Principal Stress - &) E-ED1258-1 - End Time
Type: Maximum Principal Stress

Unit; MPa

Tirne: 66

81772018 11:02 Ak

16,739 Max
12,853
85671
44811
0.39502
-3.691
=717
-11.863
15,049
-20.035 Min

Figure 41: Bolted Tile Max. Principal Stress [EM Loads]

G: CSFW _July 2018 PL, T.EM_
Mini rirn Stress

Timne: 66
817/201811:11 AM

447.51 Max
38345
31938
255,32
191.26
12718
63.128
-0.93621

-65
-914.98 Min

Figure 42: Bolted Tile Min. Principal Stress [EM Loads]




Global Mesh Sub Model Mesh

Figure 43: Bolted Tile Mesh Comparison
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Figure 44: Bolted Tile Sub Model Max. and Min. Principal Stresses [EM Loads]
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Figure 45: Bolted Tile Min. Principal Stress Cross Section [EM Loads]




The bulk stresses in the tile are well below the allowable stress limits. A region of significantly
high compressive stress is observed inside the pin hole where the taper meets the straight bore
(Figure 45). The pin OD makes contact with the taper as the tile assembly displaces under the
influence of temperature and EM loads. A design change was made to alleviate this issue. The
details and results of the design change are documented

3.4.5.6 Floating Tile Stress Results

G: CSFW _July 2018_PL, T, EM_
Maxirurm Principal Stress 3
Type! Maximurn Principal Stress
Unit: hPa

Tirne: 66

B2 2ME 1117 &AM

74.754 Max
60

46,906
33.812
20,718
76237
54704
-18.564
-31.659
-44.753 Min

Figure 46: Floating Tile Max. Principal Stress [EM Loads]

G: CSFW _July 2018 PL, T, EM_

Minirnurm Principal Stress - Multiple - End Tirme
Type: Minirmurm Principal Stress

Unit: MPa

Tirne: 66

82152018 11:23 AkA

7.6452 Max
-1.4355
-10.516
-19.597
-28.677
-37.758
-46,839
-35.019

-65

-103.36 Min

Figure 47: Floating Tile Min. Principal Stress [EM Loads]



The stresses on the floating tile pin slot surfaces follow a similar pattern to the ones observed for
the bolted tile — A region of significantly high compressive stress at the pin — pin slot interface
while the bulk tile stresses are well below the maximum allowable stresses. Performing a sub-
modelling exercise was deemed unnecessary since it would only increase the stress values as
observed with the bolted tile.

Based on the results of this analysis a few design changes were made to the bolted tile assembly.
Four grafoil gaskets were utilized as cushioning between the pin and the bolted and floating tiles
surfaces. This results in significant reduction in the compressive stresses.
Refer to RPT XYZ for the details of the upgraded design.

3.4.5.7 Tile Redesign Submodel
In order to alleviate the high compressive stresses experienced by the tiles at the pin — tile

interface protective grafoil was introduced into the design. A schematic of the updated design is
shown in Figure 48

Grafoil Bushing Grafoil Gasket
Figure 48: Tile Redesign

The intent is to protect the surface of the graphite tile. As an initial check, the existing geometry
was modified as shown and a sub-modelling exercise was performed. For the initial run, the
input loads for the sub-model were the same as the one’s obtained from the original design.

Figure 49 and Figure 50 show the Min. Principal stresses in the bolted and floating tiles. The
stresses have reduced significantly (-45 MPa bolted tile, -7 MPa floating tile) and are well below
the maximum allowable limit of -55 MPa.

A full combined loading analysis will be performed to document the results for the updated tile
design.




X: Pin Stress Model_Gaskets Float
Minimum Principal Stress.

Type: Minimur Principal Stress
Unit: MPa

Time: 66
9/14/2018811 AM.
6.157 Max.
14876
-21323
-16777
| 24422
-32.066
-39m

-55
-68.557 Min

Figure 49: Bolted Tile Redesign, Min. Principal Stress

X: Pin Stress Model_Gaskets_Float
Maximum Principal Stress 2
Type: Maximum Principal Stress

Unit: MPa
Time: 66

9/14/2018 8:25 AM

4.6796

6.1657 Max

Figure 50: Bolted Tile Redesign, Min. Principal Stress




After the completion of this initial analysis, a global model with the full geometry was also run.
A summary of the results from this run are presented in Section 5.

4 Tile Geometric Variants

The tile analysis and results presented thus far were for the “base tile” geometry of the floating
tiles. Several other floating tile geometries exist to allow for diagnostic equipment installation.

1389-1 1389-2 1389-3 1389 5 1389-6

1390-2

Figure 51: Tile Variations (Figure 1 of 2)



1390-7 1390-8 1390-9 1436-01

1437-01

Figure 52: Tile Variations (Figure 2 of 2)

Figure 51 and Figure 52 show the 16 tile geometries. The back sides of the tiles consist of
various geometric features for appropriate diagnostic equipment installation. Several of the
geometries differ only due to slight dimensional differences between the features.

Ideally, one would perform a combined loading analysis for each one of the 16 tiles. However,
the time and resources required for such a task means that this would be an inefficient exercise.

A more reasonable approach would be to perform a full analysis on the base tile, study the
results, and then make judicious decisions to select additional tiles for further analysis.

The results for the base tile show that the bulk of the stresses are well below the allowable limits.
The only area of high stresses is the pin - pin slot interface. This has been addressed via a design
change (Protective gaskets and bushings). However, thermal ratcheting analysis should still be
performed on select geometries to rule out issues with temperature ratcheting, regions of
temperature spikes and thermal expansion at threaded interfaces. Additionally at least one




structural analysis one the tile variants will be performed. The following tile variants were
selected for this purpose:

1) Tile 1389-5: This is the only floating tile with geometry which is unsymmetrical along
the poloidal and toroidal centerlines. Additionally, the curved cut out calls for analysis to
determine the thermal response of the geometry.

2) Tile 1390-5: This tile has the least mass among all the floating tiles. In addition to
thermal ratcheting, a structural analysis was also performed to determine thermal stresses.

3) Tile 1436-1: Tiles 1436 and 1437 contain threads for a Langmuir Probe installation. The
thermal behavior at the threaded interface and the probe assembly should be investigated.

4.1 Tile 1389-5

The model for the base tile analysis consisted of a full bolted tile and two half floating tiles (one
on either side of the bolted tile). This configuration was acceptable due to the geometric
symmetry of the floating tiles about the poloidal centerline. For Tile 1389-5, a configuration with
a full floating tile and half bolted tiles was used, as shown.

Floating Tile

Bolted Tile (X2)

Figure 53: Tile 1389-5 Model Geometry
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Figure 54: Tile 1389-5 Thermal Ratcheting

Al: Thermal Ratch_1389-5
Temperature

Type: Temperature

Unit: °C

Time: 6030.1

8/27/2018 216 AM

537.15 Max

190.47 Min

Figure 55: Tile 1389-5 Temperature Distribution at Peak of Last Pulse




Al: Thermal Ratch_1389-5
Ternperature 2

Type: Ternperature

Unit: *C

Tirne: 6030.1

B/27/2018 210 Ahkd

502.69 Max
472.51
442,34
217
381,99
351,82
321.65
201,47
26813
231.12 Min

Figure 56: Tile 1389-5 Temperature Distribution — Back Side

The contacts, boundary conditions and input heat flux settings were identical to those for the

base tile. The analysis was run for 6 pulses. The system shakes down to a maximum temperature
of ~ 537 C (Base tile was ~ 588 C).

4.2 Tile 1390-5

Owing to the symmetric geometry of floating tile 1390-5 it was modeled similar to the base tile —
A single central bolted tile and two floating tile halves.
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100.

22,596 T
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3750. 5000. 6250.

Figure 57: Tile 1390-5 Thermal Ratcheting

Q: Transient Thermal_Ratch_Mesh_Rad_ED1390-5
Termperature

Type: Termperature

Unit: *C

Tirme: 34051

827 2B 10:15 AM

587.53 Max
544,95
502,36
458,78
417,19
374.61
332,02
289.43
246,85
204.26 Min

Figure 58: Tile 1390-5 Temperature Distribution at Peak of Final Pulse



Q: Transient Thermal Ratch Mesh Rad ED1390-5
Temperature - Multiple - End Time.
Type: Tempenature

Figure 59: Tile 1390-5 Floating Tile halves Temperature Distribution

The maximum temperature experienced by the assembly is 588 C. The floating tile temperature
goes up to ~ 493 C.



Top

Bottom

AB: Structural ED1390-5 AB: Structural ED1390-5
Min. Princ. Stress Min. Princ. Stress
Type: Minimum Principal Stress Type: Minimum Principal Stress
Unit: MPa Unit: MPa
Time: 11 Time: 11
9/19/20184:54 PM 919/20184:55 PM

3.0571 Max 3.0571 Max

-5.4501 -5.4501

-13.957 -13.957

22464 22464

-30.971 -30.971

-39479 -39479

-47.986 -47.986

-56.493 -56493

-65 -65

-89.656 Min -89.656 Min

AB: Structural ED1390-5

Min. Princ, Stress

Type: Minimum Principal Stress
Unit: MPa

Time: 11

9/19/20184:56 PM

3.0571 Max

-5.4501

-12.957
22464

Figure 60: Floating Tile 1390-5 Minimum Principal Stress

The highest compressive stress is seen on a cut surface and is due to the boundary condition on
the surface. The bulk compressive stresses are well below the maximum allowable of 65 MPa.



AB: Structural_ED1390-5

M= Princ, Stress

Type: Maximurn Principal Stress
Unit: MPa

Time: 11

9/19/2018 5:02 PR

18.802 Max

-0.24007
-4.0625
-7.875
-11.687
-15.5 Min

Figure 61: Floating Tile 1390-5 Max. Principal Stress

4.3 Tile 1436-1

Figure 63 shows a cross section of the Langmuir Probe Assembly which will be threaded onto
the floating tile. The thread probe plug is the same material as the tile (Graphite 6510). This will

ensure uniform thermal expansion at the threaded interface.

Figure 62: Tile 1436-1 Cross Section



[ Graphite SGL R6510
D Alumina
[ 316L 58

Figure 63: Langmuir Probe Assembly Cross Section

Ak Thermal Ratch_1436-1
Temperature

Type: Temperature

Unit: °C

Tirne: 6030.1

8/28/208 857 AM

546.29 Max
481

443,67
406,34
369.01
331.68
204,35
257.02
219,69
182.36 Min

Figure 64: Tile 1436-1 Temperature Distribution at Peak of Final Pulse
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Figure 65: Tile 1436-1 Thermal Ratcheting

AJ: Thermal Ratch_1436-1
Ternperature 2

Type: Temperature

Unit: °C

Tirne: 6G030.1

B8/28/2018 &:56 AM

500.77 Max
479,69
4406

419,51
38043
35934
32926
29917
269,09

239 Min

Figure 66: Tile 1436-1 Temperature Distribution — Back Side




5 Full Tile Redesign

Interface between pin and gaskets was bonded to aid in convergence.

Figure 67: Updated Design Cross Section
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The linear region of the lowest density curve was used ( E = 140 MPa)
for gasket / bushing material.

Figure 68: Gasket Material Curve [Ref?]




AX: Thermal Ratch_Gasket_Model
Temperature

Type: Temperature

Unit: °C

Time: 4.94

9/20/2018 10:40 AM

410.7 Max
367.18

1 323.66
280.14
236,62
193.1
14958

| 106.06
62,545
19.025 Min

Figure 69: Updated Design Peak Temperature at End of First Halo Pulse

AZ: Gasket_Structural
Minimum Principal Stress 4
Type: Minimum Principal Stress
Unit: MPa

Time: 72

9/20/2018 8:52 PM
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Max Compressive Stress (-72 MPa) is artificial. The gasket compresses against the shoulder
resulting in high stress, since contact between pin and gasket is bonded. In reality, the
gasket will slide and will not react thru the shoulder.

Figure 70: Updated Design, Bolted Tile Min. Principal Stress




Max compressive stress is below 55 MPa, localized and on cut surface, possibly due
to boundary condition.

Figure 71: Floating Tile Min. Principal Stress
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Total Primary + Bending Stress = 316.85 MPa (20 Seconds after first Pulse)
Max. Allowable = 3.0%1.0%*714 = 2,142 MPa
Safety Factor = 0.15

Figure 72: Updated Design, Bracket Maximum Stress Intensity
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Figure 73: Updated Design, Pins Maximum Stress Intensity
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Figure 74: Updated Design, Weld Nut Maximum Stress Intensity
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Figure 75: Updated Design, Grafoil Compression at Preload
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Figure 76: Updated Design, Maximum Grafoil Compression




6 Conclusion

CSFW row 7 —row 21 tiles pass the form, fit and function requirements as laid down by
internal PPPL acceptance criteria.

Table 9 shows a summary of the stress results for the metallic components within the PFC
assembly. The results are shown as safety factors (Maximum Allowable Stress / Maximum
Observed Stress) for Primary Membrane, Primary Membrane + Bending, and Total stress. The
allowable stresses are based on the NSTX-U structural design guideline. The pins see negligible
primary stress; hence two of the safety factors are listed as N/A.

Table 9: PFC Metallic Components Safety Factors (<1.0 means Pass)

Component Pm Pm+b Total
Bracket 0.17 0.14 0.22
Weld Nut 0.15 0.27 0.87
Washer 0.29 0.34 0.44
Pins N/A N/A 0.43

The graphite tiles experience localized compressive stresses which exceed the maximum
allowable stress. The tiles cannot be qualified for form, fit and function solely based on the
results of this FEA. A design change was made to the bolted tile assembly after this analysis
was released. The modified design is acceptable, as documented in the relevant section in this

report.
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