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Executive Summary

The analysis has shown the tile temperatures are within the allowables but is has
identified several areas where high stresses exist. The spherical connection of the pins to
the rods show high contact stresses though hand calculations suggest it should be
acceptable. It is recommended that the connection be tested to demonstrate acceptable
life. Also, the reverse helicity case results in high surface compression for the prescribed
1 MW/m2 for 1 sec.

Introduction

The Inboard Divertor Vertical (IBDV) Tiles are part of the High Heat Flux (HHF) tiles
exposed to the highest surface heating from the plasma. As with the other HHF tiles they
are both castellated to reduce thermal stresses and fishscaled to eliminate edge heating
during normal (forward) helicity operation. They are held in place by Inconel rods at the
base of the castellations that are shielded by the tiles from the heat flux carried along
magnetic field lines. The rods are held in place by pins that connect to the rods thru a
spherical contact which can be engaged by turning the rods, eliminating the need for
accessing bolts from the surface of the tile as originally designed.

The IBDV tiles have a number of variations in the design to accommodate diagnostics.
The analyses address first the baseline tile without diagnostic cutouts. Rather than
analyze all the diagnostic tile s separately a single model was create containing most of
the cutouts that exist in the different tiles in one “super tile’. This includes cutouts for a
mirnov coil, langmuir probes and thermocouples. A separate model was still required for
the line of sight tile due to the presence of the large view port.

Assumptions

The tile is assumed to be made of Sigrafine R6510 with a layer of Grafoil between it and
the underlying cooling plate. All supports (cooling plate and frame) and hardware (rods
& pins) are Inconel 718.

Method of Analysis

The ANSY'S Workbench version 19.1 is used to analyze the thermal and structural
response to the applied preload, heat fluxes and EM loads as specified in Ref 1. Note the
EM loads are calculated using field data (B and dB/dt) from Ref 2 which in turn was
developed from Ref 1.

Several Heating scenarios are given in the requirements and are repeated below (TBD)

Results - Baseline Tile, Diagnostics Super Tile, Baseline Tile in POCO
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Analysis of Inboard Diverter Vertical (IBDV) high heat flux tile
ORNL
The ANSY'S Workbench project diagram is shown in Figure 1. It included a static

analysis of preload, halo, and eddy current forces without the thermal load. Two thermal
loading conditions were applied to the tile. Finally, all loads were combined.
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Figure 1: Workbench Schematic of IBDV Analysis.
The components considered in the analysis are listed below in Figure 2 and Figure 3.
Vertical Tile Row 3
Vertical Tile Row 4
Vertical Tile Rail

Nut (150258) x3

Back Plate with
integrated STUDS
(MM-E-DC1437-1)

Figure 2: Inboard Diverter Vertical Tile Base Tile Assembly
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Connecting Rods

Grafoil Washer

(E-ED 1432-01) x6 Grafoil Gasket

Connecting Pin
(E-ED 1432-1) x6

Figure 3: Inboard Diverter Vertical Tile Base Tile Assembly.

The mesh consisted of high order tetrahedrals. The total number of elements and nodes
for the whole assembly is 1,494,898 and 2,470,378 respectively. The contact areas
between the connecting rods and tiles had a refined mesh. The connecting pin heads also
had a refined mesh where they contact the connecting rods. Figure 4 shows the mesh
used in the analysis with and without the graphite tile. Figure 5 shows the refined mesh
of the tile, connecting rod, and connecting pin contact areas.
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e
s
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Figure 4: Mesh of the Inboard Diverter Tile Assembly with and without theTiles
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Figure 5: Refined mesh of the connecting rod, connec ngp and tile contact areas.

Table 1 lists each component of the assembly and its material.

Table 1: Components and their materials.

Component Material
Graphite Tiles (row 3 and row 4) Graphite SGL R6510
Grafoil Gaskets and Washers Grafoil

Back Plate with integrated studs Inconel 718
Vertical Tile Rail Inconel 718
Connecting rods Inconel 718
Connecting pins Inconel 718
Nuts (150258) Inconel 718

Thermal Analysis

Two transient thermal analyses were performed for case 1 and one for case 3 with an
initial ambient temperature of 192.36 °C for a 5s heat flux pulse mapped over two
specified areas of the tile. Both heat flux values for case 1 were 6.77 MW/m?, over an
extent of 0.11m. The peak heat flux started at 6.77 MW/m? and tapered linearly down to
a heat flux of 0 over 0.11 m. This was followed by a 115 s cooldown period. Case 3 had
a uniform heat flux of 57.29 MW/m? applied to specific areas on both tiles for 1 second
followed by a 124 s cooldown. The heat flux for case 3 is only applied to a small area on
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the upper side of the castellations. Helium cooling using 25 C helium in the baseplate
was assumed with a convective heat transfer coefficient of 300 W/m?K. Radiation was
included for the top tile surface only, since all other have no open view factor. The
emissivity was 0.7 and the reference background temperature was 103.42 °C. The
starting assembly temperature was assumed to be 192.36 °C. The first heat flux profile
for case 1 is shown in Figure 6. The second heat flux profile for case 1 is shown in
Figure 7. The heat flux profile for case 3 is shown in Figure 8. The radiation and
convective surfaces are shown in Figure 9. Contact thermal conductance between all
parts was 1000 W/m?C.

Location of peak
heat flux

Figure 6: Case 1 heat flux profile 1
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Figure 7: Case 1 heat flux profile 2

Heat flux applied to
areas shaded in red
(both tiles)

Figure 8: Case 3 heat flux profile
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B: Transient Thermal
Radiation

Time: 5. 5

9/12/2018 %:34 AM

[l Radiation: 103.42 °C, 0.7

B: Transient Thermal
Convection

Time: 5. s

9/12/2018 %:36 AM

I:' Convection: 25. °C, 300, W/m®°C

Figure 9: Radiation (top) and Convection (bottom) surfaces.

The peak temperature in the assembly was 1436 °C in the graphite tile for heat flux case
1 profile 1. Figure 10 shows the temperature contour plot of the tile and substructure
after 5 seconds of applied heat flux. Figure 11 shows temperature contour plot of the
tiles and substructure after 115 s cooldown. Table 2 lists the peak temperature and
corresponding time for each component for heat flux case 1 profile 1.
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B: Transient Thermal
Temperature 4

Type: Temperature
Unit: *C

Time: 5

9/12/2018 8:42 AM

1435.6 Max
1296

1156.3
1016.7
877.07
73744
597.81
458.17
318,54
178.91 Min

B: Transient Thermal
Temperature §

Type: Temperature
Unit: °C

Time: 5

9/12/2018 10:01 AM

194.18 Max
192.49
190.79
189.09
187.39
185.7
184
182.3
180.6
178.91 Min

Figure 10: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 1 at 5 seconds
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B: Transient Thermal
Temperature 6

Type: Temperature
Unit: *C

Tirme: 120
9/12/201810:05 AM

413.27 Max
378.86
34445
310.04
27563
241.22
206.81
1724

137.99
103.58 Min

B: Transient Thermal
Temperature 5

Type: Ternperature
Unit: °C

Tirne: 120

9/12/2018 2:46 AM

329.3 Max
304.22
27914
254.06
22898
203.9
— 178.82
{ 153.74
128.66
103.58 Min

Figure 11: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 1 at 120
seconds

Table 2: Peak temperatures for each component for heat flux case 1 profile 1

Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1436 5
4)
Grafoil Gaskets and Washers 335 73
Back Plate with integrated 192 0
studs
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Vertical Tile Rail 221 114

Connecting rods 279 120
Connecting pins 206 120
Nuts (150258) 192 0

The peak temperature in the assembly was 1427 °C in the graphite tile for heat flux case
1 profile 2. Figure 12 shows the temperature contour plot of the tile and substructure
after 5 seconds of applied heat flux. Figure 13 shows temperature contour plot of the
tiles and substructure after 115 s cooldown. Table 3 lists the peak temperature and
corresponding time for each component for heat flux case 1 profile 2.

C: Mid_plane Transient Thermal
Ternperature 4

Type: Temperature

Unit: *C

Time: 5

9/12/201810:36 AM

1427.3 Max
1288.6
1148.9
1011.2
87248
73377
595.05
456,34
317.62
178.91 Min

C: Mid_plane Transient Thermal
Temperature 5

Type: Temperature

Unit: °C

Time: 5

9/12/2018 10:39 AM

196.34 Max
1944

10246
190.53
188.59
186.65
184,72
182.78
180,84
178.91 Min

Figure 12: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 2 at 5 seconds
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C: Mid_plane Transient Thermal
Temperature 6

Type: Temperature

Unit: *C

Tirne: 120

9/12/201810:48 AM

389.58 Max
357.83
326.08
204.33
262.58
230.83
199.08
167.33
135.58
103.83 Min

C: Mid_plane Transient Thermal
Terperature 7

Type: Terperature

Unit: °C

Tirme: 120

9/12/201810:49 AM

341.1 Max
314.74
288.37
262.01
235.65
o 209.29
182.92
156.56
1302

103.83 Min

Figure 13: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 2 at 120
seconds

Table 3: Peak temperatures for each component for heat flux case 1 profile 2

Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1427 5
4)
Grafoil Gaskets and Washers 353 63
Back Plate with integrated 193 5
studs
Vertical Tile Rail 228 120




PFCs Analysis of the IBDV HHF Tiles

Connecting rods 283 120
Connecting pins 204 120
Nuts (150258) 193 5

The peak temperature in the assembly was 2206 °C in the graphite tile for heat flux case
3. Figure 14 shows the temperature contour plot of the tile and substructure after 1
seconds of applied heat flux. Figure 15 shows temperature contour plot of the tiles and
substructure after 119 s cooldown. Table 4 lists the peak temperature and corresponding
time for each component for heat flux case 3.

A: Case 3 Thermal
Temperature 4 z
Type: Temperature
Unit: °C
Time: 1
9/21/201810:14 AM

1938.2 Max
17435
1548.8
1354.2
11595
964.81
77012
57544
380,76
186.08 Min

A: Case 3 Thermal
Temperature 6
Type: Temperature
Unit: °C

Tirme: 1

9/21/2018 10:22 AM

N

- 192.36 Max
191.66
190.96
1%0.27
18957
188.87
188.17
187.48
186.78

186.08 Min

Figure 14: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 3 at 1 seconds
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A: Case 3 Thermal

Temperature 7

Type: Temperature Z

Unit: °C

Tirme: 120 Y
9/21/201810:25 AM

203.38 Max
192,32
181.27
170.21
15915
148.1
137.04
125.98
114.93
103.87 Min

A: Case 3 Thermal
Temperature 5
Type: Temperature
Unit: °C

Time: 120
9/21/2018 10:19 AM

203.38 Max
192.32

181,27

170.21

159,15 X
148.1
137.04
125.98
114,93
103.87 Min

Figure 15: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 3 at 120 seconds

Table 4: Peak temperatures for each component for heat flux case 3
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Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1938 1
4)

Grafoil Gaskets and Washers 200 42

Back Plate with integrated 192 0
studs

Vertical Tile Rail 193 18

Connecting rods 195 120
Connecting pins 192 0
Nuts (150258) 192 0

Structural-Thermal Analysis

The temperature profiles that resulted from the thermal analysis were imported into a
static structure analysis that included bolt preload, eddy current forces, and halo forces.
Bolt preload forces of 1000 N were applied to the tree bolts connecting the back plate to
the tile rail. Equal and opposite forces were applied to the head of the pins and tile rail.
375 N of force was applied to the 4 outer pins and 750 N of force were applied to the
center pins. Figure 16 shows a schematic of the bolt preload and pin loading used for the
structural analysis.

375 N for outer pins (x4) 750 N for center pins (x2)
D: Refined IBDV
Bolt Pretension 3
Time: 1.5
9/12/2018 11:40 AM

. Bolt Pretension: 1000. N [l A
. Bolt Pretension 2: 1000. N
[8) eott Pretension 3: 1000. N £
[l Force & -750.N
Bl Force %:-375. N
. Force 11: -750. N
[Bl Force 13: -375.N

Equal and opposite Forces
750 N for center pins (x2)
350 N for outer pins (x4)

Figure 16: Bolt Preload and pin Loading.

Halo loads were applied to each tile. The row 4 tile halo load was applied in the positive
axial and circumferential directions. The row 3 halo load was applied in the negative
axial and positive circumferential directions. The loads were divided and applied to each
node in each of the tiles. Figure 17 shows direction and magnitudes of the halo loads on
the two tiles.
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Axial Force =573 N Axial Force = -457 N

Circumferential

Force =389 N Circumferential

Force =253 N

Vertical Tile Row 4 Vertical Tile Row 3
(Loads divided across (Loads divided across
all nodes in tile) all nodes in tile)

Figure 17: Halo forces applied to all nodes in each of the graphite tiles.

The eddy current loading was applied with equal and opposite loading in the radial
direction on the sides of the tile creating moments. Figure 18 shows the surfaces and
magnitudes of the eddy current forces applied to the tiles.

D: Refined IBDY
Force 25

Tirne: 1.5
9/12/2018 1:01 PM

. Force 15: 62. N
- Force 19: 62. N
B Force 20:44. N
. Force 21: 44. N
- Force 22: 77. N
. Force 23: 77. N
B Force 24: 114. N
B Force 25: 114. N

|
Figure 18 Eddy current loading in IBVD tiles

Fixed displacements were applied to the back plate and tile rail to constrain the model
during the analysis. Circumferentially fixed displacements were placed on the sides of
the back plate and tile rail. A fixed axial displacement was placed on the back plate
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surface on the row 3 tile end of the assembly Figure 19 shows the location of these fixed
displacements highlighted in yellow.

Axial Fixed
Displacement

Circumferential Fixed
Displacement
(Same on opposite side)

Figure 19: Fixed Displacement locations for IBDV Analysis.

The components of the assembly were connected through various forms of contact. A no
separation contact was applied between the grafoil washers and the connecting rod pins
as shown in Figure 20. Frictional contact with a coefficient of 0.3 was added between the
nuts and tile rail connecting it to the back plate. Figure 21 shows the location of contact
between the nuts and tile rail. Finally, the remaining contact between the components was
assumed to be frictional with a coefficient of 0.1. This contact is between the following:

1) Tiles and gasket grafoil.

2) Tiles and connecting rods.

3) Connecting rod pins to connecting rods.

4) Tile rail and gasket grafoil.

5) Tile rail and back plate.

Figure 22 shows the locations of the remaining contact in the assembly.
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No Separation - E-ED1432-1 To Part10*E-ED1432-01_ASM
9/12/20181:22 PM

. Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_ASM
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM
. Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_A3M
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM
[Bl Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_45M
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM

Figure 20: No separation contact between grafoil washers and connecting rod pins.

Frictional - 150258(Analysis) To MM_YERT_TILE_RAIL_¥2-1
9/12/20181:27 PM

[l Frictional - 150258(Analysis) To MM_VERT_TILE_RAIL_v2-1
Bl Frictional - 150258(Analysis) To MM _VERT_TILE_RAIL V2-1
[l Frictional - 150258(Analysis) To MM_VERT_TILE_RAIL_v2-1

Figure 21: Frictional contact between the nuts and tile rail.
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Frictional - MM_YERT_ROD ¥4 To MM_YERTICAL TILE_ROW_4A[Sym metry)
Iterns: 10 of 17 indicated
91272018 2:16 PM

[ Frictional - E-ED1432-1 To MM _YERT_ROD_v4

B Frictional - E-ED1432-1 To MM _YERT_ROD_v4

[l Frictional - E-ED1432-1 To WM _VERT_ROD 4

[B Frictional - E-ED1432-1 To MM _YERT_ROD 4

[l Frictional - E-ED1432-1 To MM _YERT_ROD 4

[ Frictional - E-ED1432-1 To MM _YERT_ROD_v4

[B Frictional - MM-E-DC1437-1_C5-STUD-1 To MA_VERT_GASKET

[ Frictional - MM-E-DC1437-1_CS-STUD-1 To MM_VERT_TILE_RAIL_V2-1
[ Frictional - MM-E-DC1437-1_CS-STUD-1 Ta MM_VERT_GASKET

B Frictional - MM_VERT_TILE_RAIL_¥2-1 Ta MM _YERT_GASKET

Figure 22: Frictional contact between the graphite tiles and support structure.

Results

The preload, eddy current, and halo loads were combined with the resulting temperature
distribution load from the thermal analysis. Note that eddy current and halo loads will be
referred to as EM loads. The temperature profile at 5 seconds for each heat flux profile in
case 1 was incorporated into a static structural analysis with preload and EM loads. The
temperature profile at 5 seconds for load case 3 was incorporated into a static structural
model with the preload and EM loads. Finally, the temperature profile that had the
highest substructure temperatures at the end of the 115 second cool down was case 1
profile 2. The temperature profile for this case was incorporated with the preload and EM
loads. The results from the static analyses for all these heat flux profiles are presented
below.

Case 1, Profile 1 and 2 at 5s

Both heat flux case profile 1 and 2 at 5s were compared with each other. The results
below represent the worst case between the two profiles. The deformation contour plots
in the radial, circumferential, and axial directions of the assembly as a result of the loads
is shown in Figure 34, Figure 35, and Figure 36.
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E: MidRefined IBDY-5s
Directional Deformation 2

Type: Directional Deformation( s
Unit: mim
Coordinate System
Tirme: 1
9713/201810:48 40

1.0944 Max
1.0447
093406
0.94526
0.59556
054586
0.79616
074646
0.69676
0.654706 Min

Figure 23: Radial deformation for case 1, profile 2 at 5 seconds.

E: MidRefined IBDV-5s
Directional Deformation 3

Type: Directional Deformationy Axis)
Unit: mm
Coordinate System
Tirme: 1
9/13/201810:49 Ak

- 0.4965 Max
042532
035414
028208
021178
01406
0.062423
-0.0017562
-0.072936

o -0.14412 Min

Figure 24: Circumferential deformation for case 1, profile 2 at 5 seconds.
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D: Refined IBDY-5s
Directional Deformation 4

Type: Directional Deformation(Z Axis)
Unit: rmm
Coordinate Systern
Tirme: 1
913720131052 A

080952 Max
0.711A

0.6139

0.51609
041828
0.32047
0.22266

012485
0.027044
-0.070766 Min

Figure 25: Axial deformation for case 1, profile 1 at 5 seconds.

The following results are for case 1, profile 1 at 5 seconds. Table 5 and Table 6 list the
peak maximum and minimum principal stress and the corresponding allowable in the
components made of graphite tiles and grafoil gaskets. Table 7 lists the peak equivalent
stresses in the Inconel 718 components.

Table 5: Maximum Principal Stress of tiles and grafoil gaskets for case 1, profile 1 at 5 seconds

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 10.37 19 BPL+Halo+Eddy
Graphite Tiles row 4 10.56 19 BPL+Halo+Eddy
Grafoil Gasket 0.91 25 BPL+Halo+Eddy

Table 6: Minimum Principal Stress of tiles grafoil gaskets for case 1, profile 1 at 5 seconds

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -33.91 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -37.18 -65 BPL+Halo+Eddy
Grafoil Gasket -1.91 -55 BPL+Halo+Eddy
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Table 7: Equivalent Stress in Inconel 718 components for case 1, profile 1 at 5 seconds

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 65.38 276 BPL+Halo+Eddy
Vertical Tile Rail 79.51 276 BPL+Halo+Eddy
Connecting rods 691 276 BPL+Halo+Eddy
Connecting pins 308 276 BPL+Halo+Eddy

Nuts (150258) 65.38 276 BPL+Halo+Eddy

The following results are for case 1, profile 2 at 5 seconds. Table 8 and Table 9 list the
peak maximum and minimum principal stress and the corresponding allowable in the
components made of graphite tiles and grafoil gaskets. Table 10 lists the peak equivalent

stresses in the Inconel 718 components.

Table 8: Maximum Principal Stress of tiles and grafoil gaskets for case 1, profile 2 at 5 seconds

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 10.95 19 BPL+Halo+Eddy
Graphite Tiles row 4 11.47 19 BPL+Halo+Eddy
Grafoil Gasket 0.86 25 BPL+Halo+Eddy

Table 9: Minimum Principal Stress of tiles grafoil gaskets for case 1, profile 2 at 5 seconds

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -33.72 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -37.10 -65 BPL+Halo+Eddy
Grafoil Gasket -1.79 -55 BPL+Halo+Eddy
Table 10: Equivalent Stress in Inconel 718 components for case 1, profile 2 at 5 seconds
Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 65.31 276 BPL+Halo+Eddy
Vertical Tile Rail 79.13 276 BPL+Halo+Eddy
Connecting rods 681 276 BPL+Halo+Eddy
Connecting pins 306 276 BPL+Halo+Eddy

Nuts (150258) 65.31 276 BPL+Halo+Eddy

Both graphite tiles and the grafoil gaskets resulted in stresses below their allowable
values. Figure 26 shows the minimum stress contour plot of the graphite tiles. Figure 27
shows the minimum stress contour plot of the grafoil gaskets.
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Figure 26: Minimum principal stresses in graphite tiles for case 1, profile 1 at 5 seconds.
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Figure 27: Minimum principal stresses in the grafoil gaskets for case 1, profile 1 at 5 seconds.

Figure 28 and Figure 29 shows the equivalent stress contour plot of all of the Inconel 718
components for both profiles of case 1. Several Inconel 718 components exceeded their
allowable values. Figure 30 shows the equivalent stress contour plot of the back plate
and nuts. Figure 31 shows the equivalent stress contour plot of the tile rail. The peak
stress in these components was below the allowable. The connecting rod pins had
localized areas of high stress as shown in Figure 32. These components are likely okay.
However, the high stresses in the connecting rods may be cause for concern. Not only
are they high, but the high stress extends across several elements. Figure 33 shows the
stresses in the connecting rods. It may be possible to reduce the stress in the connecting
rods by reducing the preload in the center pins from 750 N to 375 N.
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Figure 28: Equivalent stress contour plot of Inconel 718 components for case 1, profile 1 at 5 seconds.
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Figure 29: Equivalent stress contour plot of Inconel 718 components for case 1, profile 2 at 5 seconds.
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Figure 30: Back plate and nuts equivalent stress contour plot for case 1, profile 1 at 5 seconds.
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Figure 31: Tile rail equivalent stress for case 1, profile 1 at 5 seconds.
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Figure 32: Connecting rod pin equivalent stress contour plot for case 1, profile 1 at 5 seconds.
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Figure 33: Equivalent stress plot of the connection rods for case 1, profile 1 at 5 seconds.

Case 1, Profile 2 at 120 seconds

The deformation contour plots in the radial, circumferential, and axial directions of the
assembly as a result of the loads is shown in Figure 34, Figure 35, and Figure 36.
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Figure 34: Radial deformation for case 1, profile 2 at 120 seconds.
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Figure 35: Circumferential deformation for case 1, profile 2 at 120 seconds.
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Figure 36: Axial deformation for case 1, profile 2 at 120 seconds.

Table 11: Maximum Principal Stress of tiles and grafoil gaskets

All results presented in the tables below are from case 1, profile 2 at 120 second. Table
11 and Table 12 list the peak maximum and minimum principal stress and the
corresponding allowable in the components made of graphite tiles and grafoil gaskets.
Table 13 lists the peak equivalent stresses in the Inconel 718 components.

Component Peak Stress Allowable Loads
(MPa) (MPa)

Graphite Tiles row 3 9.82 19 BPL+Halo+Eddy

Graphite Tiles row 4 9.73 19 BPL+Halo+Eddy

Grafoil Gasket 0.87 25 BPL+Halo+Eddy

Table 12: Minimum Principal Stress of tiles grafoil gaskets
Component Peak Stress (MPa) Allowable Loads
(MPa)

Graphite Tiles row 3 -34.06 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -37.94 -65 BPL+Halo+Eddy
Grafoil Gasket -2.18 -55 BPL+Halo+Eddy
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Table 13: Equivalent Stress in Inconel 718 components

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 225 276 BPL+Halo+Eddy
Vertical Tile Rail 574 276 BPL+Halo+Eddy
Connecting rods 673 276 BPL+Halo+Eddy
Connecting pins 316 276 BPL+Halo+Eddy

Nuts (150258) 225 276 BPL+Halo+Eddy

Both graphite tiles and the grafoil gaskets resulted in stresses below their allowable
values. Figure 37 shows the minimum stress contour plot of the graphite tiles. Figure 38
shows the minimum stress contour plot of the grafoil gaskets.
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Figure 37: Minimum principal stresses in graphite tiles for case 1, profile 2 at 120 seconds.
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Figure 38: Minimum principal stresses in the grafoil gaskets for case 1, profile 2 at 120 seconds.

Figure 39 shows the equivalent stress contour plot of all of the Inconel 718 components.
Several Inconel 718 components exceeded their allowable values. Figure 40 shows the
equivalent stress contour plot of the back plate and nuts. The peak stress in these
components was below the allowable. The connecting rod pins had localized areas of
high stress as shown in Figure 41. These components are likely okay. However, the high
stresses in the connecting rods and tile rail may be cause for concern. Not only are they
high, but the high stress extends across several elements. Figure 42 shows the stresses in
the tile rail. Figure 43 shows the stresses in the connecting rods. It may be possible to
reduce the stress in the connecting rods and rail by reducing the preload in the center pins
from 750 N to 375 N. Also reducing the preload in the bolts connecting the back plate to
the rail will also reduce stress.
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Figure 39: Equivalent stress contour plot of Inconel 718 components for case 1, profile 2 at 120 seconds.
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Figure 40: Back plate and nuts equivalent stress contour plot for case 1, profile 2 at 120 seconds.
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Figure 41: Connecting rod pin equivalent stress contour plot for case 1, profile 2 at 120 seconds.
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Figure 42: Tile rail equivalent stress for case 1, profile 2 at 120 seconds.
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Figure 43: Equivalent stress plot of the connection rods for case 1, profile 2 at 120 seconds.

Case 3 at 1 second

The deformation contour plots in the radial, circumferential, and axial directions of the
assembly as a result of the loads is shown in Figure 34, Figure 35, and Figure 36.
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Figure 44: Radial deformation for case 3 at 1 second.
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Figure 45: Circumferential deformation for case 3 at 1 second.
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Figure 46: Axial deformation for case 3 at 1 second.

All results presented in the tables below are from case 3 at 1 second. Table 14 and Table
15 list the peak maximum and minimum principal stress and the corresponding allowable
in the components made of graphite tiles and grafoil gaskets. Table 16 lists the peak
equivalent stresses in the Inconel 718 components.

Table 14: Maximum Principal Stress of tiles and grafoil gaskets

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 14.52 19 BPL+Halo+Eddy
Graphite Tiles row 4 12.81 19 BPL+Halo+Eddy
Grafoil Gasket 0.89 25 BPL+Halo+Eddy

Table 15: Minimum Principal Stress of tiles grafoil gaskets

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -93.26 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -92.46 -65 BPL+Halo+Eddy
Grafoil Gasket -2.13 -55 BPL+Halo+Eddy
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Table 16: Equivalent Stress in Inconel 718 components

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 54.42 276 BPL+Halo+Eddy
Vertical Tile Rail 64.50 276 BPL+Halo+Eddy
Connecting rods 690 276 BPL+Halo+Eddy
Connecting pins 309 276 BPL+Halo+Eddy

Nuts (150258) 54.41 276 BPL+Halo+Eddy

The grafoil gaskets resulted in stresses below their allowable values. The resulting
maximum principal stresses in the tiles were below the allowable. However, the resulting
minimum principal stress in the tiles exceeded the allowable. Figure 47 shows the
minimum stress contour plot of the graphite tiles. Figure 48 shows the minimum stress

contour plot of the grafoil gaskets.
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Figure 47: Minimum principal stresses in graphite tiles for case 3 at 1 second.
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Figure 48: Minimum principal stresses in the grafoil gaskets for case 3 at 1 second.

Figure 49 shows the equivalent stress contour plot of all of the Inconel 718 components.
Several Inconel 718 components exceeded their allowable values. Figure 50 shows the
equivalent stress contour plot of the back plate and nuts. Figure 51 shows the equivalent
stresses in the tile rail. The peak stress in these components was below the allowable.
The connecting rod pins had localized areas of high stress as shown in Figure 52. These
components are likely okay. However, the high stresses in the connecting rods may be
cause for concern. Not only are they high, but the high stress extends across several
elements. Figure 53 shows the stresses in the connecting rods. It may be possible to
reduce the stress in the connecting rods by reducing the preload in the center pins from
750 N to 375 N.
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Figure 49: Equivalent stress contour plot of Inconel 718 components for case 3 at 1 second.
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Figure 50: Back plate and nuts equivalent stress contour plot for case 3 at 1 second.
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Figure 51: Tile rail equivalent stress for case 3 at 1 second.
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Figure 52: Connecting rod pin equivalent stress contour plot for case 3 at 1 second.
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Figure 53: Equivalent stress plot of the connection rods for case 3 at 1 second.
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Analysis of Inboard Diverter Vertical (IBDV) high heat flux Super
tile

ORNL

The ANSY'S Workbench project diagram is shown in Figure 1. It included a static
analysis of preload, halo, and eddy current forces without the thermal load. Two thermal
loading conditions were applied to the tile. Finally, all loads were combined.
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Figure 54: Workbench Schematic of IBDV Analysis.

The components considered in the analysis are listed below in Figure 2 and Figure 3.
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Vertical Super Tile Row 3

Vertical Super Tile Row
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Figure 55: Inboard Diverter Vertical Tile Super Tile Assembly

Connecting Rods

Grafoil Washer
(E-ED 1432-01) x6
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Connecting Pin
(E-ED 1432-1) x6

Figure 56: Inboard Diverter Vertical Tile Super Tile Assembly.
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The mesh consisted of high order tetrahedrals. The total number of elements and nodes
for the whole assembly is 2,384,737 and 3,844,218 respectively. The contact areas
between the connecting rods and tiles had a refined mesh. The connecting pin heads also
had a refined mesh where they contact the connecting rods. Figure 4 shows the mesh
used in the analysis with and without the graphite tile. Figure 5 shows the refined mesh
of the tile, connecting rod, and connecting pin contact areas.

Figure 57: Mesh of the Inboard Diverter Tile Assembly with and without theTiles
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Figure 58: Refined mesh of the connecting rod, connecting pin and tile contact areas.

Table 1 lists each component of the assembly and its material.

Table 17: Components and their materials.

Component Material
Graphite Tiles (row 3 and row 4) Graphite SGL R6510
Grafoil Gaskets and Washers Grafoil

Back Plate with integrated studs Inconel 718
Vertical Tile Rail Inconel 718
Connecting rods Inconel 718
Connecting pins Inconel 718
Nuts (150258) Inconel 718

Thermal Analysis

Two transient thermal analyses were performed for case 1 and one for case 3 with an
initial ambient temperature of 192.36 °C for a 5s heat flux pulse mapped over two
specified areas of the tile. Both heat flux values for case 1 were 6.77 MW/m?, over an
extent of 0.11m. The peak heat flux started at 6.77 MW/m? and tapered linearly down to
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a heat flux of 0 over 0.11 m. This was followed by a 115 s cooldown period. Case 3 had
a uniform heat flux of 57.29 MW/m? applied to specific areas on both tiles for 1 second
followed by a 124 s cooldown. The heat flux for case 3 is only applied to a small area on
the upper side of the castellations. Helium cooling using 25 C helium in the baseplate
was assumed with a convective heat transfer coefficient of 300 W/m?K. Radiation was
included for the top tile surface only, since all other have no open view factor. The
emissivity was 0.7 and the reference background temperature was 103.42 °C. The
starting assembly temperature was assumed to be 192.36 °C. The first heat flux profile
for case 1 is shown in Figure 6. The second heat flux profile for case 1 is shown in
Figure 7. The heat flux profile for case 3 is shown in Figure 8. The radiation and
convective surfaces are shown in Figure 9. Contact thermal conductance between all
parts was 1000 W/m?C.

Location of peak
heat flux

Figure 59: Case 1 heat flux profile 1
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Figure 60: Case 1 heat flux profile 2

Heat flux applied to
areas shaded in red
(both tiles)

Figure 61: Case 3 heat flux profile
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Figure 62: Radiation (top) and Convection (bottom) surfaces.

The peak temperature in the assembly was 1440 °C in the graphite tile for heat flux case
1 profile 1. Figure 10 shows the temperature contour plot of the tile and substructure
after 5 seconds of applied heat flux. Figure 11 shows temperature contour plot of the
tiles and substructure after 115 s cooldown. Table 2 lists the peak temperature and
corresponding time for each component for heat flux case 1 profile 1.
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Figure 63: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 1 at 5 seconds
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B: top-heat

Temperature - 120. 5

Type: Temperature

Unit: *C

Tirme: 120 4
9/21/201811:52 AM

434,08 Max
397.57
361.06
32454
288.03
251.52

215

17849
141.98
105.46 Min

B: top-heat
Temperature - 120, 5
Type: Temperature
Unit: *C

Time: 120
9/21/2018 11:52 AM

310.32 Max

287.56 ¥
264.8
242,03
219227

= 196.51
173.75
150.99
12823
105.46 Min

Figure 64: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 1 at 120
seconds

Table 18: Peak temperatures for each component for heat flux case 1 profile 1
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Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1440 5
4)
Grafoil Gaskets and Washers 327 60
Back Plate with integrated 195 49
studs
Vertical Tile Rail 232 83
Connecting rods 270 120
Connecting pins 208 120
Nuts (150258) 195 49

The peak temperature in the assembly was 1431 °C in the graphite tile for heat flux case
1 profile 2. Figure 12 shows the temperature contour plot of the tile and substructure
after 5 seconds of applied heat flux. Figure 13 shows temperature contour plot of the
tiles and substructure after 115 s cooldown. Table 3 lists the peak temperature and
corresponding time for each component for heat flux case 1 profile 2.
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B: Mid_heat_flux
Temperature - 5. 5
Type: Temperature
Unit: °C Z
Time: 5

9/21/2018 12:46 PM

1431.8 Max
1292.6
1153.4
104.2
874.97
735.76
596.54
457.33
31812
178.9 Min

B: Mid_heat_flux
Ternperature - Multiple - 5. s
Type: Temperature

Unit: °C

Time: §

9/21/201812:48 PM

197.79 Max
195.69
193.59
191.49
18939

187.3

185.2

1831

181

178.9 Min

Figure 65: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 2 at 5 seconds
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B: Mid_heat_flux
Temperature - 120, 5

Type: Ternperature 7
Unit: °C

Time: 120
9/21/201812:54 PM

402.53 Max
369.55
336,57
303.59
270.62
237.64
4 204,66
171.68
13871
105.73 Min

B: Mid_heat_flux
Temperature - Multiple - 5.5 4
Type: Temperature

Unit: °C

Time: 120

9/21/201812:51 PM

322.52 Max
29843
274.34
250.25
22617
202.08

105.73 Min

Figure 66: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 1 profile 2 at 120
seconds
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Table 19: Peak temperatures for each component for heat flux case 1 profile 2

Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1432 5
4)
Grafoil Gaskets and Washers 338 59
Back Plate with integrated 195 48
studs
Vertical Tile Rail 233 71
Connecting rods 275 120
Connecting pins 204 120
Nuts (150258) 195 48

The peak temperature in the assembly was 1897 °C in the graphite tile for heat flux case
3. Figure 14 shows the temperature contour plot of the tile and substructure after 1
seconds of applied heat flux. Figure 15 shows temperature contour plot of the tiles and
substructure after 119 s cooldown. Table 4 lists the peak temperature and corresponding
time for each component for heat flux case 3.
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A: Copy of Case 3
Temperature 2
Type: Temperature
Unit: *C

Tirme: 1
9/21/20183:08 PM

z

r 1897 Max
1706.9
1516.8
1326.7
1136.6
246.5
756,39
566.29
376.18

L 186.08 Min

A: Copy of Case 3
Temperature 5

Type: Temperature

Unit: *C

Time: 1 Z
9/21/2018 3:25 PM

192.36 Max

191,66

190.96

190.27 X
189.57
188.87
18817
187.47
186.77
186.08 Min

Figure 67: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 3 at 1 seconds
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A: Copy of Case 3

Temperature

Type: Termperature

Unit: °C

Time: 120 z

9/21/2018 3:21 PM Y

205.7 Max
194,62
183.53
172.45
161.37
150.28
139.2
12611
117.03
105.94 Min

A: Copy of Case 3
Temperature 4

Type: Temperature

Unit: °C

Time: 120 7 4
9/21/2018 3:23 PM

194.4 Max
184.57
174.74
164.91
155.09
145.26
13543
125.6
1577
105.94 Min

Figure 68: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 3 at 120 seconds
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Table 20: Peak temperatures for each component for heat flux case 3

Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1897 1
4)
Grafoil Gaskets and Washers 199 41
Back Plate with integrated 192 0
studs
Vertical Tile Rail 192 0
Connecting rods 195 65
Connecting pins 192 0
Nuts (150258) 192 0

Structural-Thermal Analysis

The temperature profiles that resulted from the thermal analysis were imported into a
static structure analysis that included bolt preload, eddy current forces, and halo forces.
Bolt preload forces of 1000 N were applied to the tree bolts connecting the back plate to
the tile rail. Equal and opposite forces were applied to the head of the pins and tile rail.
375 N of force was applied to the 4 outer pins and 750 N of force were applied to the
center pins. Figure 16 shows a schematic of the bolt preload and pin loading used for the
structural analysis.

375 N for outer pins (x4) 750 N for center pins (x2)
D: Refined IBDV
Bolt Pretension 3
Time: 1.5
9/12/2018 11:40 AM

. Bolt Pretension: 1000. N
. Bolt Pretension 2: 1000. N
[B Bott Pretension 3: 1000. N
[ Force & -750.N

[Bl Force 2:-375.N

. Force 11: -750. N

[Bl Force 13: -375.N

Equal and opposite Forces
750 N for center pins (x2)
350 N for outer pins (x4)

Figure 69: Bolt Preload and pin Loading.

Halo loads were applied to each tile. The row 4 tile halo load was applied in the positive
axial and circumferential directions. The row 3 halo load was applied in the negative
axial and positive circumferential directions. The loads were divided and applied to each
node in each of the tiles. Figure 17 shows direction and magnitudes of the halo loads on
the two tiles.
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Axial Force =573 N Axial Force = -457 N

Circumferential

Force =389 N Circumferential

Force =253 N

Vertical Tile Row 4 Vertical Tile Row 3
(Loads divided across (Loads divided across
all nodes in tile) all nodes in tile)

Figure 70: Halo forces applied to all nodes in each of the graphite tiles.

The eddy current loading was applied with equal and opposite loading in the radial
direction on the sides of the tile creating moments. Figure 18 shows the surfaces and
magnitudes of the eddy current forces applied to the tiles.

D: Refined IBDY
Force 25

Tirne: 1.5
9/12/2018 1:01 PM

. Force 15: 62. N
- Force 19: 62. N
B Force 20:44. N
. Force 21: 44. N
- Force 22: 77. N
. Force 23: 77. N
B Force 24: 114. N
B Force 25: 114. N

|
Figure 71 Eddy current loading in IBVD tiles

Fixed displacements were applied to the back plate and tile rail to constrain the model
during the analysis. Circumferentially fixed displacements were placed on the sides of
the back plate and tile rail. A fixed axial displacement was placed on the back plate
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surface on the row 3 tile end of the assembly Figure 19 shows the location of these fixed
displacements highlighted in yellow.

Axial Fixed
Displacement

Circumferential Fixed
Displacement
(Same on opposite side)

Figure 72: Fixed Displacement locations for IBDV Analysis.

The components of the assembly were connected through various forms of contact. A no
separation contact was applied between the grafoil washers and the connecting rod pins
as shown in Figure 20. Frictional contact with a coefficient of 0.3 was added between the
nuts and tile rail connecting it to the back plate. Figure 21 shows the location of contact
between the nuts and tile rail. Finally, the remaining contact between the components was
assumed to be frictional with a coefficient of 0.1. This contact is between the following:

1) Tiles and gasket grafoil.

2) Tiles and connecting rods.

3) Connecting rod pins to connecting rods.

4) Tile rail and gasket grafoil.

5) Tile rail and back plate.

Figure 22 shows the locations of the remaining contact in the assembly.
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No Separation - E-ED1432-1 To Part10*E-ED1432-01_ASM
9/12/20181:22 PM

. Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_ASM
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM
. Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_A3M
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM
[Bl Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_45M
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM

Figure 73: No separation contact between grafoil washers and connecting rod pins.

Frictional - 150258(Analysis) To MM_YERT_TILE_RAIL_¥2-1
9/12/20181:27 PM

[l Frictional - 150258(Analysis) To MM_VERT_TILE_RAIL_v2-1
Bl Frictional - 150258(Analysis) To MM _VERT_TILE_RAIL V2-1
[l Frictional - 150258(Analysis) To MM_VERT_TILE_RAIL_v2-1

Figure 74: Frictional contact between the nuts and tile rail.
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Frictional - MM_YERT_ROD ¥4 To MM_YERTICAL TILE_ROW_4A[Sym metry)
Iterns: 10 of 17 indicated
91272018 2:16 PM

[ Frictional - E-ED1432-1 To MM _YERT_ROD_v4

B Frictional - E-ED1432-1 To MM _YERT_ROD_v4

[l Frictional - E-ED1432-1 To WM _VERT_ROD 4

[B Frictional - E-ED1432-1 To MM _YERT_ROD 4

[l Frictional - E-ED1432-1 To MM _YERT_ROD 4

[ Frictional - E-ED1432-1 To MM _YERT_ROD_v4

[B Frictional - MM-E-DC1437-1_C5-STUD-1 To MA_VERT_GASKET

[ Frictional - MM-E-DC1437-1_CS-STUD-1 To MM_VERT_TILE_RAIL_V2-1
[ Frictional - MM-E-DC1437-1_CS-STUD-1 Ta MM_VERT_GASKET

B Frictional - MM_VERT_TILE_RAIL_¥2-1 Ta MM _YERT_GASKET

Figure 75: Frictional contact between the graphite tiles and support structure.

Results

The preload, eddy current, and halo loads were combined with the resulting temperature
distribution load from the thermal analysis. Note that eddy current and halo loads will be
referred to as EM loads. The temperature profile at 5 seconds for each heat flux profile in
case 1 was incorporated into a static structural analysis with preload and EM loads. The
temperature profile at 5 seconds for load case 3 was incorporated into a static structural
model with the preload and EM loads. Finally, the temperature profile that had the
highest substructure temperatures at the end of the 115 second cool down was case 1
profile 2. The temperature profile for this case was incorporated with the preload and EM
loads. The results from the static analyses for all these heat flux profiles are presented
below.

Case 1, Profile 1 and 2 at 5s

Both heat flux case profile 1 and 2 at 5s were compared with each other. The results
below represent the worst case between the two profiles. The deformation contour plots
in the radial, circumferential, and axial directions of the assembly as a result of the loads
is shown in Figure 34, Figure 35, and Figure 36.
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C: Mid_heat_all_loads-5s

Directional Deformation

Type: Directional Deformation(( fuxis)
Unit: mm
cylinder

Time: 1

072172018 1:08 Ph

1.0864 Max
1.0417
099702
095233
090782
086204
081825
077356
072536
0.68417 Min

Figure 76: Radial deformation for case 1, profile 2 at 5 seconds.

C: Mid_heat_all_loads-5s

Directional Defarmation 2

Type: Directional Deformation(y Lxis)
Unit: mm
cylinder

Tirne: 1

0/21/2018 1:00 Phd

0.34507 Max
027207
019807
012607
0.053075
-0.019924
-0.002022
-0.16592
-0.23802
-0.31192 Min

Figure 77: Circumferential deformation for case 1, profile 2 at 5 seconds.
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D: Thermal+5tructural 5s
Directional Deformation 3

Type: Directional Deformation( Axiz)
Unit: mim

cylinder

Time: 1

0/21/2018 1:10 PM z

0.66201 Max
0587485
051369
043953
036538
029122
0.21706
01429
0.0653739
-0.0054196 Min

Figure 78: Axial deformation for case 1, profile 1 at 5 seconds.

The following results are for case 1, profile 1 at 5 seconds. Table 5 and Table 6 list the
peak maximum and minimum principal stress and the corresponding allowable in the
components made of graphite tiles and grafoil gaskets. Table 7 lists the peak equivalent
stresses in the Inconel 718 components.

Table 21: Maximum Principal Stress of tiles and grafoil gaskets for case 1, profile 1 at 5 seconds

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 13.26 19 BPL+Halo+Eddy
Graphite Tiles row 4 13.74 19 BPL+Halo+Eddy
Grafoil Gasket 6.55 25 BPL+Halo+Eddy

Table 22: Minimum Principal Stress of tiles grafoil gaskets for case 1, profile 1 at 5 seconds

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -34.38 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -34.45 -65 BPL+Halo+Eddy
Grafoil Gasket -9.41 -55 BPL+Halo+Eddy
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Table 23: Equivalent Stress in Inconel 718 components for case 1, profile 1 at 5 seconds

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 63.23 717 BPL+Halo+Eddy
Vertical Tile Rail 77.53 717 BPL+Halo+Eddy
Connecting rods 1,732 717 BPL+Halo+Eddy
Connecting pins 1,993 717 BPL+Halo+Eddy

Nuts (150258) 63.23 717 BPL+Halo+Eddy

The following results are for case 1, profile 2 at 5 seconds. Table 8 and Table 9 list the
peak maximum and minimum principal stress and the corresponding allowable in the
components made of graphite tiles and grafoil gaskets. Table 10 lists the peak equivalent

stresses in the Inconel 718 components.

Table 24: Maximum Principal Stress of tiles and grafoil gaskets for case 1, profile 2 at 5 seconds

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 14.10 19 BPL+Halo+Eddy
Graphite Tiles row 4 13.14 19 BPL+Halo+Eddy
Grafoil Gasket 0.86 25 BPL+Halo+Eddy

Table 25: Minimum Principal Stress of tiles grafoil gaskets for case 1, profile 2 at 5 seconds

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -34.17 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -34.37 -65 BPL+Halo+Eddy
Grafoil Gasket -1.79 -55 BPL+Halo+Eddy
Table 26: Equivalent Stress in Inconel 718 components for case 1, profile 2 at 5 seconds
Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 63.21 717 BPL+Halo+Eddy
Vertical Tile Rail 77.54 717 BPL+Halo+Eddy
Connecting rods 1,727 717 BPL+Halo+Eddy
Connecting pins 1,987 717 BPL+Halo+Eddy

Nuts (150258) 63.21 717 BPL+Halo+Eddy

Both graphite tiles and the grafoil gaskets resulted in stresses below their allowable
values. Figure 26 shows the minimum stress contour plot of the graphite tiles. Figure 27
shows the minimum stress contour plot of the grafoil gaskets.
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D: Thermal+Structural 5s

Minimum Principal Stress - Multiple - 1, s
Type: Minimum Principal Stress

Unit: MPa

Time: 1

9/21/2018 1:27 PM

4.009 Max
-0.26399
-4.537
-8.8101
-13.083
— -17.356

4 -21.629
-25.902
-30.175
-34.448 Min

Looking down
connecting rod hole

Figure 79: Minimum principal stresses in graphite tiles for case 1, profile 1 at 5 seconds.
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D: Thermal+Structural 5s

tinimum Principal Stress - Multiple - 1. 5
Type: Minimurm Principal Stress

Unit: MPa

Time: 1

O21,/2018 1133 PM

0.76097 Max
-0.36913
-1.4992
-2.6293
-3.75
-4.8805
-6.0197
-7.1493
-8.2799
-9.41 Min

Figure 80: Minimum principal stresses in the grafoil gaskets for case 1, profile 1 at 5 seconds.

Figure 28 and Figure 29 shows the equivalent stress contour plot of all of the Inconel 718
components for both profiles of case 1. Several Inconel 718 components exceeded their
allowable values. Figure 30 shows the equivalent stress contour plot of the back plate
and nuts. Figure 31 shows the equivalent stress contour plot of the tile rail. The peak
stress in these components was below the allowable. The connecting rod pins had and
connecting rods had localized areas of high stress as shown in Figure 32. These
components are likely okay. Figure 33 shows the stresses in the connecting rods. A sub
model of these the connecting pin and rod location was created to address these high
stresses.
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D: Thermal+Structural 5s
Equivalent Stress 3

Type: Equivalent (von-hdises) Stress
Unit: k1Pa

Time: 1

921728 1:33 PAA

1992.5 Max
7

627.38
537,75 .
448,13

358.5

268.88

170,25

80,625
0.00042942 Min

Figure 81: Equivalent stress contour plot of Inconel 718 components for case 1, profile 1 at 5 seconds.
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C: Mid_heat_all_loads-5s
Equivalent Stress

Type: Equivalent fvon-kdises) Stress
Unit: hPa

Tirme: 1

9721/2018 1:40 PR

. 1987 Max

7 il
— 62738

— 53775

— 448,13

— 3585

— 26888

179,25
I B2.625
0.0002 7329 Min

Figure 82: Equivalent stress contour plot of Inconel 718 components for case 1, profile 2 at 5 seconds.
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D: Thermal+Structural 5s

Equivalent (von-Mises) Stress - Multiple - 1. 5
Type: Equivalent {von-Mises) Stress

Unit: MPa

Tirme: 1

9/21/2018 1:41 PM

63.228 Max
56.242 X
49.257

42.271

35,285

28.3

21.314 L g
14.328
7.3427
0.35703 Min

Figure 83: Back plate and nuts equivalent stress contour plot for case 1, profile 1 at 5 seconds.
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D: Thermal+Structural 5s
Equivalent (von-Mises) Stress - MM_VERT_TILE_RAIL_V2-1-1.s

Type: Equivalent (von-Mises) Stress Max

Unit: MPa .
Time: 1 .
9/21/2018 1:44 PM

77.525 Max
68.911

60.298

51.685

43,072

34458

25.845

17.232

86186
0.0053905 Min

v & k3 &

Top side Back side

Figure 84: Tile rail equivalent stress for case 1, profile 1 at 5 seconds.
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D: Thermal+Structural 5s

Equivalent {von-Mises) Stress - Multiple - 1. 5
Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

9/21/2018 1:51 PM

1992.5 Max Z

17

627.38 ¢
537.77

44815

358.53 X
268.92

179.3

89.685

0.068844 Min

Figure 85: Connecting rod pin equivalent stress contour plot for case 1, profile 1 at 5 seconds.
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D: Thermal+Structural 5s

Equivalent (von-Mises) Stress - Multiple - 1. s
Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

9/21/2018 1:49 PM

™~

1731.9 Max
nz

627.38

537.76

44814

35853

268.91

179.29

89.67
0.051793 Min

Figure 86: Equivalent stress plot of the connection rods for case 1, profile 1 at 5 seconds.

Case 1, Profile 1 at 120 seconds

The deformation contour plots in the radial, circumferential, and axial directions of the
assembly as a result of the loads is shown in Figure 34, Figure 35, and Figure 36.
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C: Ther mal + Structural 120s
Directional Deformation

Type: Directional Deformation (2 &xiz)
Unit: rm

cylinder

Tirne: 1

Y21/2018 203 PM £

1.0033 Max
0.92299
084272
076245
0.68218
0603
052164
044137
03611
0.28082 Min

Figure 87: Radial deformation for case 1, profile 1 at 120 seconds.

C: Thermal+5Structural 120s
Directional Deformation 2

Type: Directional Deformationy Auxis)
Unit: mrn

cylinder

Tirne: 1 7
9/21/218 2:04 PM

0.28147 Max
0.2293
017813
012645
0.074783
0.023112
-0.028559
-0.08023
-0.313
-0.18357 Min

Figure 88: Circumferential deformation for case 1, profile 1 at 120 seconds.
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C: Thermal+Structural 120s
Directional Defarmation 3

Type: Directional Deformation(Z Buxis)
Unit: mm

cylinder

Tirre: 1 z
072172018 2:05 PR

0.52878 Max
0.45065
037253
02944
021628
013815
0.060024
-0.0181n
-0.006227
-0.17435 Min

Figure 89: Axial deformation for case 1, profile 1 at 120 seconds.

All results presented in the tables below are from case 1, profile 1 at 120 second. Table
11 and Table 12 list the peak maximum and minimum principal stress and the
corresponding allowable in the components made of graphite tiles and grafoil gaskets.

Table 13 lists the peak equivalent stresses in the Inconel 718 components.
Table 27: Maximum Principal Stress of tiles and grafoil gaskets

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 16.13 19 BPL+Halo+Eddy
Graphite Tiles row 4 16.13 19 BPL+Halo+Eddy
Grafoil Gasket 5.96 25 BPL+Halo+Eddy

Table 28: Minimum Principal Stress of tiles grafoil gaskets

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -36.71 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -35.67 -65 BPL+Halo+Eddy
Grafoil Gasket -9.42 -55 BPL+Halo+Eddy
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Table 29: Equivalent Stress in Inconel 718 components

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 97 717 BPL+Halo+Eddy
Vertical Tile Rail 214 717 BPL+Halo+Eddy
Connecting rods 1,739 717 BPL+Halo+Eddy
Connecting pins 1,781 717 BPL+Halo+Eddy

Nuts (150258) 97 717 BPL+Halo+Eddy

Both graphite tiles and the grafoil gaskets resulted in stresses below their allowable
values. Figure 37 shows the minimum stress contour plot of the graphite tiles. Figure 38
shows the minimum stress contour plot of the grafoil gaskets.

C: Thermal +Structural 120s

Minirmum Principal Stress - Multiple - 1. s
Type: Minimum Principal Stress

Unit: MPa

Tirme: 1

9/21/2018 214 PM Z

4.0524 Max
-047673
-5.0058
-05349
-14.064
-18.593
-23.122
-27.651
-32.18
-36.709 Min

Looking down
connecting rod hole

Figure 90: Minimum principal stresses in graphite tiles for case 1, profile 1 at 120 seconds.
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C: Thermal+Structural 120s

Minimnur Principal Stress - Multiple - 1,5
Type: Minirmurn Principal Stress

Unit: kP2

Tirme: 1

922018 207 PM

1.5579 Max
0.33806 X
038173
-2.1015
-3.3213
45411
-5.7609
-6.0807
-8.2005
-9.4203 Min

Figure 91: Minimum principal stresses in the grafoil gaskets for case 1, profile 1 at 120 seconds.

Figure 39 shows the equivalent stress contour plot of all of the Inconel 718 components.
Several Inconel 718 components exceeded their allowable values. Figure 40 shows the
equivalent stress contour plot of the back plate and nuts. The peak stress in these
components was below the allowable. The connecting rod and pins had localized areas
of high stress as shown in Figure 41. Figure 42 shows the stresses in the tile rail. Figure
43 shows the stresses in the connecting rods. A sub model of these the connecting pin
and rod location was created to address these high stresses. The high stresses in the tile
rail are due to thermal effects and are considered secondary stresses which are below the
allowable.



PFCs Analysis of the IBDV HHF Tiles

C: Thermal+Structural 120s
Equivalent Stress

Type: Equivalent {von-hdises) Stress
Unit: hPa

Tirme: 1

921,28 2:22 PM

1781.3 Max Z
7

627.38

53775

448,13

3585

268,88 y

179,25

89,63
0.0051894 Min

Figure 92: Equivalent stress contour plot of Inconel 718 components for case 1, profile 1 at 120 seconds.

C: Thermal

Equivalent (von-Mises) Stress - Multiple - 1. 5

+Structural 120s X

Type: Equivalent (von-Mises) Stress ‘

Unit: MPa
Time: 1

9/21/2018 2:22 PM

97.492 Max

86.685
75.877
65.069
54.262
43.454
32.647
21.839
11.032

0.22416 Min

Figure 93: Back plate and nuts equivalent stress contour plot for case 1, profile 1 at 120 seconds.
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C: Thermal+Structural 120s

Equivalent (von-Mises) Stress - Multiple - 1. s
Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

9/21/2018 2:31 PM

]

1781.3 Max
n7

627.38

537.77 ¢
448,15

358,53 X
268.92

179.3

89,636

0.069449 Min

Figure 94: Connecting rod pin equivalent stress contour plot for case 1, profile 1 at 120 seconds.
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C: Thermal +Structural 120s
Equivalent (von-Mises) Stress - MM_VERT_TILE_RAIL V2-1-1.5
Type: Equivalent (von-Mises) Stress
Unit: MPa

Tirme: 1

9/21/2018 2:33 PM

213.9 Max

100.13

166.37 )
1426 —
118.84

05.075

71311

47.546

22.781

0.016339 Min

Top side Back side

Figure 95: Tile rail equivalent stress for case 1, profile 1 at 120 seconds.
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C: Thermal+Structural 120s
Equivalent {von-Mises) Stress - Multiple - 1. s
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

072172018 2:36 PM

1739.3 Max
7

627.38

537.76

448,14

358,52

268.9

179.28

89,658
0.037798 Min

Figure 96: Equivalent stress plot of the connection rods for case 1, profile 1 at 120 seconds.

Case 3 at 1 second

The deformation contour plots in the radial, circumferential, and axial directions of the
assembly as a result of the loads is shown in Figure 34, Figure 35, and Figure 36.
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B: Thermal+Structural 5s
Directional Deformation
Type: Directional Deformation( Axis)
Unit: rmm
cylinder

Tirne: 1

9/21/2018 3:34 P

1.1155 Max
1.0704
1.0254
0.58031
0.83524
0.88017
0.8451
0.80002
0.73495
0.70988 Min

Figure 97: Radial deformation for case 3 at 1 second.

B: Ther mal+Structural 55
Directional Defarmation 2

Type: Directional Deformation Axis)
Unit: mm

cylinder

Tirne: 1

92172018 2:34 PM

0.35544 Max
0.28023
0.20502
01298
0.034592
-0.02062
-0.093832
-017104
-0.24626
-0.32147 Min

Figure 98: Circumferential deformation for case 3 at 1 second.
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B: Ther mal+Structural 5s

Directional Defarmation 3

Type: Directional Deformation (@ fxis)
Unit: mm

cylinder

Tirme: 1

972172018 3:35 PM z ¥

0.65168 Max
0.57927

0.30636

0.43445

0.36204

0.28964

0.21723

0.14482

0.072409
-6.9314e-17 Min

Figure 99: Axial deformation for case 3 at 1 second.

All results presented in the tables below are from case 3 at 1 second. Table 14 and Table
15 list the peak maximum and minimum principal stress and the corresponding allowable
in the components made of graphite tiles and grafoil gaskets. Table 16 lists the peak

equivalent stresses in the Inconel 718 components.
Table 30: Maximum Principal Stress of tiles and grafoil gaskets

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 12.37 19 BPL+Halo+Eddy
Graphite Tiles row 4 12.10 19 BPL+Halo+Eddy
Grafoil Gasket 5.80 25 BPL+Halo+Eddy

Table 31: Minimum Principal Stress of tiles grafoil gaskets

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -92.31 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -92.76 -65 BPL+Halo+Eddy
Grafoil Gasket -6.74 -55 BPL+Halo+Eddy
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Table 32: Equivalent Stress in Inconel 718 components

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 56.48 717 BPL+Halo+Eddy
Vertical Tile Rail 63.31 717 BPL+Halo+Eddy
Connecting rods 1,733 717 BPL+Halo+Eddy
Connecting pins 1,994 717 BPL+Halo+Eddy

Nuts (150258) 56.48 717 BPL+Halo+Eddy

The grafoil gaskets resulted in stresses below their allowable values. The resulting
maximum principal stresses in the tiles were below the allowable. However, the resulting
minimum principal stress in the tiles exceeded the allowable. Figure 47 shows the
minimum stress contour plot of the graphite tiles. Figure 48 shows the minimum stress
contour plot of the grafoil gaskets.

B: Thermal+Structural 5s
Minimurn Principal Stress - Multiple - 1.5
Type: Minimum Principal Stress
Unit: MPa

Tirme: 1

9/21/2018 3:41 PM

o
0.98916 Max

-94274
-19.844
-30.261
-40.677
-51.04
-61.51
-71.927
-82.344
-92.76 Min

Figure 100: Minimum principal stresses in graphite tiles for case 3 at 1 second.
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B: Ther mal+Structural 55
Finirmurn Principal Stress - Multiple - 1,5
Type: Minirnumm Principal Stress
Unit: bAPa

Tirne: 1

9/21/2MB 342 PM o

0.74744 Max
-0.084132
-0.957
-1.7473
-2.5788
-4
-4.242
-5.0736
-5.9051
-6.7367 Min

Figure 101: Minimum principal stresses in the grafoil gaskets for case 3 at 1 second.

Figure 49 shows the equivalent stress contour plot of all of the Inconel 718 components.
Several Inconel 718 components exceeded their allowable values. Figure 50 shows the
equivalent stress contour plot of the back plate and nuts. Figure 51 shows the equivalent
stresses in the tile rail. The peak stress in these components was below the allowable.
The connecting rod pins had localized areas of high stress as shown in Figure 52. Figure
53 shows the stresses in the connecting rods. These high stresses are addressed in a sub-
model analysis of just the connecting pin and rod.
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B: Thermal +5tructural 55
Equivalent Stress 2

Type: Equivalent fvon-hdises) Stress
Unit: MPa

Tirme: 1

22172018 3:56 PM

1993.7 Max

an

627,38

L3N

44813

3585

268,98

17225

99,625
0.00048776 Min

Figure 102: Equivalent stress contour plot of Inconel 718 components for case 3 at 1 second.
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B: Thermal+Structural 5s

Equivalent (von-Mises) Stress - Multiple - 1. 5
Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

9/21/2018 3:46 PM

Z

56.483 Max
50.221

43.96

37.698
31.437
25.175
18914
12.652
6.3906
0.12907 Min

Figure 103: Back plate and nuts equivalent stress contour plot for case 3 at 1 second.
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B: Thermal +Structural 5s
Equivalent (von-Mises) Stress - MM_VERT_TILE_RAIL V2-1- 1.5
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

9/21/2018 3:48 PM

66.308 Max
58.941

51.574

44,207

36.84

20472

22,105

14,738

7372
0.0041582 Min

X Max

. . Max

Top side Back side

Figure 104: Tile rail equivalent stress for case 3 at 1 second.
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B: Thermal+Structural 5s

Equivalent (von-Mises) Stress - Multiple - 1, 5
Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 1

9/21/2018 3:44 PM Z

1993.7 Max
7

627.38

537.77

448,15

358.53

268,92

179.3

89.685
0.068392 Min

Figure 105: Connecting rod pin equivalent stress contour plot for case 3 at 1 second.
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B: Thermal+Structural 5s
Equivalent (von-Mises) Stress - Multiple - 1. 5
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

9/21/2018 3:50 PM

1732.5 Max
n7

627.38 x @
537.77

48,15

358,53

268,91

1793

89.68
0.062747 Min

Figure 106: Equivalent stress plot of the connection rods for case 3 at 1 second.
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Analysis of Inboard Diverter Vertical (IBDV) high heat flux Base tile

with POCO Graphite Properties

ORNL

The ANSY'S Workbench project diagram is shown in Figure 1. It included a static
analysis of preload, halo, and eddy current forces without the thermal load. Two thermal
loading conditions were applied to the tile. Finally, all loads were combined.

~
- a - -
Y I Tensentthermal | [ = sttic stuctural I = staticstructural
2 Q EngineeringData  +" 2 G Engneering Data  +" 2 G EngineeringData +*
3 @) Geometry v . 3 ) Geometry v . 3 (0 Geometry v 4
4 @@ Model v o 4 @ Model v ., 4@ Model v o
5 @ seup »/‘—/05 §@ setp &, 5 @ setup &y
6 Solution v o 6§ Solution Ed & Solution ¥ .
7 @ Results v o 7 @ Resuls E 7 @ Results 7 4
Case 3 Thermal Case 3IBDV-1s Case 3 IBDV-120s
-
[l 77 static Structural
2 | @ EngineeringData +*
3 i Geometry 4 _
4@ Model v o -
5 @8 Setup v o4
6 ﬁ Solution 4
7| @ Results v o
Structural Case 3 IBDV-POCO-1s
- E
: T
2 G EngineeringData "
3 () Geometry v .
4 @ Model v .,
5 @ senp v
6 ﬁ Solution v o
7 @ Results v .
Case 3 Thermal-POCO —

Figure 107: Workbench Schematic of IBDV Analysis.

The components considered in the analysis are listed below in Figure 2 and Figure 3.
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Vertical Tile Row 3

Vertical Tile Row 4

Vertical Tile Rail

Nut (150258) x3

Back Plate with
integrated STUDS
(MM-E-DC1437-1)

Figure 108: Inboard Diverter Vertical Tile Base Tile Assembly

Connecting Rods

Grafoil Washer

(E-ED 1432-01) x6 Grafoil Gasket

Connecting Pin
(E-ED 1432-1) x6

Figure 109: Inboard Diverter Vertical Tile Base Tile Assembly.

The mesh consisted of high order tetrahedrals. The total number of elements and nodes
for the whole assembly is 1,494,898 and 2,470,378 respectively. The contact areas
between the connecting rods and tiles had a refined mesh. The connecting pin heads also
had a refined mesh where they contact the connecting rods. Figure 4 shows the mesh
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used in the analysis with and without the graphite tile. Figure 5 shows the refined mesh
of the tile, connecting rod, and connecting pin contact areas.

e,
R

R A
oAl

Figure 110: Mesh of the Inboard Diverter Tile Assembly with and without theTiles
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Figure 111: Refined mesh of the connecting rod, connectin pin and tile contact areas.

Table 1 lists each component of the assembly and its material.

Table 33: Components and their materials.

Component Material
Graphite Tiles (row 3 and row 4) POCO TM
Grafoil Gaskets and Washers Grafoil

Back Plate with integrated studs Inconel 718
Vertical Tile Rail Inconel 718
Connecting rods Inconel 718
Connecting pins Inconel 718
Nuts (150258) Inconel 718

Thermal Analysis

Case 3 consisted of a uniform heat flux of 57.29 MW/m? applied to specific areas on both
tiles for 1 second followed by a 120 s cooldown. The heat flux for case 3 is only applied
to a small area on the upper side of the castellations. Helium cooling using 25 C helium
in the baseplate was assumed with a convective heat transfer coefficient of 300 W/m?K.
Radiation was included for the top tile surface only, since all other have no open view
factor. The emissivity was 0.7 and the reference background temperature was 103.42 °C.
The starting assembly temperature was assumed to be 192.36 °C. The heat flux profile
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for case 3 is shown in Figure 6. The radiation and convective surfaces are shown in
Figure 7. Contact thermal conductance between all parts was 1000 W/m?C.

Heat flux applied to
areas shaded in red
(both tiles)

Figure 112: Case 3 heat flux profile
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B: Transient Thermal
Radiation

Time: 5. 5

9/12/2018 %:34 AM

[l Radiation: 103.42 °C, 0.7

B: Transient Thermal
Convection

Time: 5. s

9/12/2018 %:36 AM

I:' Convection: 25. °C, 300, W/m®°C

Figure 113: Radiation (top) and Convection (bottom) surfaces.

The peak temperature in the assembly was 1936 °C in the graphite tile for heat flux case
3. Figure 8 shows the temperature contour plot of the tile and substructure after 1
seconds of applied heat flux. Figure 9 shows temperature contour plot of the tiles and
substructure after 120 s cooldown. Table 2 lists the peak temperature and corresponding
time for each component for heat flux case 3.
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E: Case 3 Thermal-POCO
Temperature 4

Type: Temperature

Unit: *C

Tirne: 1

9/24/20189:35 AM

1936 Max
1741.5
1547.1
1352.7
1158.2
963.8
769.37
574.94
380,51
186.08 Min

E: Case 3 Thermal-POCO
Temperature 6

Type: Temperature

Unit: *C

Time: 1

9/24/2018 9:39 AM Z

192.36 Max
191.66
190.96
190.27
189.57
188.87
188.17
18748
186.78
186.08 Min

Figure 114: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 3 at 1 seconds
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E: Case 3 Thermal-POCO
Temperature 2

Type: Temperature

Unit: °C

Time: 120 Y
9/24/2018 2:41 AM

203.32 Max
192.27
181.22
17017
159.12
148.07
137.02
125.96
114.91
103.86 Min

Max

E: Case 3 Thermal-POCO
Temperature 5

Type: Temperature

Unit: °C

Tirme: 120

9/24/2018 942 AM

196.66 Max

186.35 _
176.04 Y
165.73

155.42

145,11

134.8 X
124.48
114,17
103.86 Min

Figure 115: Temperature contour plot of the inboard diverter vertical tiles for heat flux case 3 at 120 seconds

Table 34: Peak temperatures for each component for heat flux case 3
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Component Peak Temperature (°C) Time (sec)
Graphite Tiles (row 3 and row 1936 1
4)

Grafoil Gaskets and Washers 199 42

Back Plate with integrated 192 0
studs

Vertical Tile Rail 193 18

Connecting rods 195 120
Connecting pins 192 0
Nuts (150258) 192 0

Structural-Thermal Analysis

The temperature profiles that resulted from the thermal analysis were imported into a
static structure analysis that included bolt preload, eddy current forces, and halo forces.
Bolt preload forces of 1000 N were applied to the tree bolts connecting the back plate to
the tile rail. Equal and opposite forces were applied to the head of the pins and tile rail.
375 N of force was applied to the 4 outer pins and 750 N of force were applied to the
center pins. Figure 10 shows a schematic of the bolt preload and pin loading used for the
structural analysis.

375 N for outer pins (x4) 750 N for center pins (x2)
D: Refined IBDV
Bolt Pretension 3
Time: 1.5
9/12/2018 11:40 AM

. Bolt Pretension: 1000. N [l A
. Bolt Pretension 2: 1000. N
[8) eott Pretension 3: 1000. N £
[l Force & -750.N
Bl Force %:-375. N
. Force 11: -750. N
[Bl Force 13: -375.N

Equal and opposite Forces
750 N for center pins (x2)
350 N for outer pins (x4)

Figure 116: Bolt Preload and pin Loading.

Halo loads were applied to each tile. The row 4 tile halo load was applied in the positive
axial and circumferential directions. The row 3 halo load was applied in the negative
axial and positive circumferential directions. The loads were divided and applied to each
node in each of the tiles. Figure 11 shows direction and magnitudes of the halo loads on
the two tiles.
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Axial Force =573 N Axial Force = -457 N

Circumferential

Force =389 N Circumferential

Force =253 N

Vertical Tile Row 4 Vertical Tile Row 3
(Loads divided across (Loads divided across
all nodes in tile) all nodes in tile)

Figure 117: Halo forces applied to all nodes in each of the graphite tiles.

The eddy current loading was applied with equal and opposite loading in the radial
direction on the sides of the tile creating moments. Figure 12 shows the surfaces and
magnitudes of the eddy current forces applied to the tiles.

D: Refined IBDY
Force 25

Tirne: 1.5
9/12/2018 1:01 PM

. Force 15: 62. N
- Force 19: 62. N
B Force 20:44. N
. Force 21: 44. N
- Force 22: 77. N
. Force 23: 77. N
B Force 24: 114. N
B Force 25: 114. N

|
Figure 118 Eddy current loading in IBVD tiles

Fixed displacements were applied to the back plate and tile rail to constrain the model
during the analysis. Circumferentially fixed displacements were placed on the sides of
the back plate and tile rail. A fixed axial displacement was placed on the back plate
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surface on the row 3 tile end of the assembly Figure 13 shows the location of these fixed
displacements highlighted in yellow.

Axial Fixed
Displacement

Circumferential Fixed
Displacement
(Same on opposite side)

Figure 119: Fixed Displacement locations for IBDV Analysis.

The components of the assembly were connected through various forms of contact. A no
separation contact was applied between the grafoil washers and the connecting rod pins
as shown in Figure 14. Frictional contact with a coefficient of 0.3 was added between the
nuts and tile rail connecting it to the back plate. Figure 15 shows the location of contact
between the nuts and tile rail. Finally, the remaining contact between the components was
assumed to be frictional with a coefficient of 0.1. This contact is between the following:

1) Tiles and gasket grafoil.

2) Tiles and connecting rods.

3) Connecting rod pins to connecting rods.

4) Tile rail and gasket grafoil.

5) Tile rail and back plate.

Figure 16 shows the locations of the remaining contact in the assembly.
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No Separation - E-ED1432-1 To Part10*E-ED1432-01_ASM
9/12/20181:22 PM

. Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_ASM
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM
. Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_A3M
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM
[Bl Mo Separation - E-ED1432-1 To Part10°E-ED1432-01_45M
. Mo Separation - E-ED1432-1 To Part10~E-ED1432-01_ASM

Figure 120: No separation contact between grafoil washers and connecting rod pins.

Frictional - 150258(Analysis) To MM_YERT_TILE_RAIL_¥2-1
9/12/20181:27 PM

[l Frictional - 150258(Analysis) To MM_VERT_TILE_RAIL_v2-1
Bl Frictional - 150258(Analysis) To MM _VERT_TILE_RAIL V2-1
[l Frictional - 150258(Analysis) To MM_VERT_TILE_RAIL_v2-1

Figure 121: Frictional contact between the nuts and tile rail.
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Frictional - MM_YERT_ROD ¥4 To MM_YERTICAL TILE_ROW_4A[Sym metry)
Iterns: 10 of 17 indicated
91272018 2:16 PM

[ Frictional - E-ED1432-1 To MM _VERT_ROD_V4

[BJ Frictional - E-ED1432-1 To MM _VERT_ROD_V4

[ Frictional - E-ED1432-1 Ta MM _YERT_ROD_V4 —

[BJ Frictions! - E-ED1432-1 To MM_VERT ROD_4 /‘L -
[l Frictional - E-ED1432-1 To MM_VERT_ROD 4 4
[ Frictional - E-ED1432-1 To MM _YERT_ROD_v4 /& ]

[ Frictional - MM-E-DC1437-1.5-STUD-1 To MM_VERT_GASKET | !

[ Frictional - MM-E-DC1437-1_CS-STUD-1 To MIM_VERT_TILE_RAIL V2-1 ‘ }

[ Frictional - MM-E-DC1437-1_CS-STUD-1 To MM_VERT_GASKET \ ‘
[ Frictional - MM_VERT_TILE_RAIL_¥2-1 To MM_YERT_GASKET

Figure 122: Frictional contact between the graphite tiles and support structure.

Results

The preload, eddy current, and halo loads were combined with the resulting temperature
distribution load from the thermal analysis. Note that eddy current and halo loads will be
referred to as EM loads. The temperature profile at 5 seconds for each heat flux profile in
case 1 was incorporated into a static structural analysis with preload and EM loads. The
temperature profile at 5 seconds for load case 3 was incorporated into a static structural
model with the preload and EM loads. Finally, the temperature profile that had the
highest substructure temperatures at the end of the 115 second cool down was case 1
profile 2. The temperature profile for this case was incorporated with the preload and EM
loads. The results from the static analyses for all these heat flux profiles are presented
below.

Case 3 at 1 second
The deformation contour plots in the radial, circumferential, and axial directions of the
assembly as a result of the loads is shown in Figure 17, Figure 18, and Figure 19.
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D: Structural Case 3 IBDY-POCO-1s
¥ Bxis - Directional Deformation - 1.5
Type: Directional Deformation( Auxis)
Unit: rmrn

Coordinate Systern

Time: 1 7
Of24/2018 957 AM

W
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Figure 123: Radial deformation for case 3 at 1 second.

D: Structural Case 3 IBDY-POCO-1s
% Axis - Directional Deformation - 1.5
Type: Directional Deformation(y fxis)
Unit: mim
Coordinate Systern
Titre: 1

0242018 9,58 Ah

® -

0.43557 Max
0368057
030357
023757
017157
010557
0.039385
-0.026437
-0.092438
-0.15844 Min

Figure 124: Circumferential deformation for case 3 at 1 second.
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D: Structural Case 3 IBDY-POCO-1s
Z &is - Directional Deformation - 1. 5
Type: Directional Deformation(Z Auxis)
Unit: rmm

Coordinate System

Tirme: 1 z
Q242018 258 Ak

¥
0.79906 Max @
0.70295

0.60685

0.51074 %
0.41463
0.31853

0.22242

0.12631
0.030205
-0.065901 Min

Figure 125: Axial deformation for case 3 at 1 second.

All results presented in the tables below are from case 3 at 1 second. Table 3 and Table 4
list the peak maximum and minimum principal stress and the corresponding allowable in
the components made of graphite tiles and grafoil gaskets. Table 5 lists the peak
equivalent stresses in the Inconel 718 components.

Table 35: Maximum Principal Stress of tiles and grafoil gaskets

Component Peak Stress Allowable Loads
(MPa) (MPa)
Graphite Tiles row 3 21.24 19 BPL+Halo+Eddy
Graphite Tiles row 4 19.90 19 BPL+Halo+Eddy
Grafoil Gasket 0.98 25 BPL+Halo+Eddy

Table 36: Minimum Principal Stress of tiles grafoil gaskets

Component Peak Stress (MPa) Allowable Loads
(MPa)
Graphite Tiles row 3 -138 -65 BPL+Halo+Eddy
Graphite Tiles row 4 -137 -65 BPL+Halo+Eddy
Grafoil Gasket -1.96 -55 BPL+Halo+Eddy
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Table 37: Equivalent Stress in Inconel 718 components

Component Peak Stress Allowable Loads
(MPa) (MPa)

Back Plate with integrated studs 54.05 717 BPL+Halo+Eddy
Vertical Tile Rail 64.19 717 BPL+Halo+Eddy
Connecting rods 684 717 BPL+Halo+Eddy
Connecting pins 308 717 BPL+Halo+Eddy

Nuts (150258) 54.05 717 BPL+Halo+Eddy

The grafoil gaskets resulted in stresses below their allowable values. The resulting
maximum principal stresses in the tiles were below the allowable. However, the resulting
minimum principal stress in the tiles exceeded the allowable. Figure 20 shows the
minimum stress contour plot of the graphite tiles. Figure 21 shows the minimum stress

contour plot of the grafoil gaskets.

D: Structural Case 3 IBDV-POCO-1s
Minimum Principal Stress

Type: Minimum Principal Stress
Unit: MPa

Time: 1

9/24/201810:08 AM r 4

1.3348 Max
-14.166
-29.666
-45.167
-60.668
-76.168
-91.669
-107.17
-122.67
-138.17 Min

Figure 126: Minimum principal stresses in graphite tiles for case 3 at 1 second.
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D: Structural Case 3 IBDY-POCO-1s
Minimurm Principal Stress 2
Type: Minimum Principal Stress

Unit: MPa
Tirne: 1 w il
Q24,2018 10:10 &AM

0.1374 Max .

-0.09525

-0.3279

-0.56055

Y

-0.7932
-1.0259
-1.2585
-1.4912
-1.7238
-1.9565 Min

Figure 127: Minimum principal stresses in the grafoil gaskets for case 3 at 1 second.

Figure 22 shows the equivalent stress contour plot of all of the Inconel 718 components.
Several Inconel 718 components exceeded their allowable values. Figure 23 shows the
equivalent stress contour plot of the back plate and nuts. Figure 24 shows the equivalent
stresses in the tile rail. The peak stress in these components was below the allowable.
The connecting rod pins had localized areas of high stress as shown in Figure 25. These
components are likely okay. However, the high stresses in the connecting rods may be
cause for concern. Not only are they high, but the high stress extends across several
elements. Figure 26 shows the stresses in the connecting rods. It may be possible to
reduce the stress in the connecting rods by reducing the preload in the center pins from
750 N to 375 N.
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D: Structural Case 3 IBDY-POCO-1s
Equivalent Stress

Type: Equivalent fuon-Mises) Stress
Unit: MPa

Tirme: 1

9724201810011 AM Z

683.66 Max ,
276 ~
2.5
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1725
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103.5

69,004
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Figure 128: Equivalent stress contour plot of Inconel 718 components for case 3 at 1 second.
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D: Structural Case 3 IBDV-POCO-1s

Equivalent (von-Mises) Stress - Multiple - End Time
Type: Equivalent (von-Mises) Stress

Unit: MPa

Tirne: 1

9/24/201810:12 AM

54.048 Max 7
48.069 -

42.09

36.11 ‘

30,131

24,151

18172
12,192
62129
0.23342 Min

Figure 129: Back plate and nuts equivalent stress contour plot for case 3 at 1 second.



PFCs Analysis of the IBDV HHF Tiles

D: Structural Case 3 IBDV-POCO-1s
Equivalent (von-Mises) Stress - Multiple - End Time

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time: 1
9/24/201810:14 AM

64.186 Max
57.054

49.923

42.792

35.661

28.53

21.399

14,268

7.1365
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\f
Y

¥
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Top side Bottom side

Figure 130: Tile rail equivalent stress for case 3 at 1 second.
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D: Structural Case 3 IBDV-POCO-1s
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Figure 131: Connecting rod pin equivalent stress contour plot for case 3 at 1 second.
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Figure 132: Equivalent stress plot of the connection rods for case 3 at 1 second.
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Summary

The results show the tile temperatures are within the allowables but is has identified
several areas where high stresses exist. The spherical connection of the pins to the rods
show high contact stresses though hand calculations suggest it should be acceptable. It is
recommended that the connection be tested to demonstrate acceptable life. Also, the
reverse helicity case results in high surface compression for the prescribed 1 MW/m2 for
1 sec. The recommendation is to relax these requirements if possible. Finally, the
diagnostic tile with cutouts for the Langmuir Probes show high stresses at the one location where
it is in the middle of a castellation whereas the other 4 locations between castellations are
acceptable

The graphite tiles resulted in minimum principal stresses that exceeded their allowable
for case 3 with POCO TM graphite material properties. The minimum stress was -138
MPa with POCO TM properties compared with 93 MPa with SGL R6510 properties.
This was a result of the larger coefficient of thermal expansion (CTE) for the POCO TM
material. Figure 27 shows a comparison of the CTE for the two graphite materials. The
higher the CTE the more the tile grows with temperature which results in higher stresses.
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Figure 133: CTE versus temperature for POCO TM and SGL R6510
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