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All tiles meet their design requirements.
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Overview

The purpose of the analysis is to verify the adequacy of the design to meet the minimum
heat flux requirements in combination with EM forces from eddy and halo currents
without exceeding the T953 graphite stress limits. The allowable stress limits for T953
graphite are half of the ultimate tensile and compressive strength, consistent with the
brittle material requirements specified in the NSTX-U Structural Design Criteria
(NSTX_CRIT-0001-02B). Vendor provided data gives an ultimate compressive strength
of 110MPa for T953. Published values of the UTS of T953 were not available and
material testing was performed to establish UTS of 40MPa for T953. The heat flux
requirement for OBD tiles is defined in requirements in NSTX-U-RQMT-SRD-003-02
tables 4.4-2 (row 3) and 4.4-3 (rows 4 and 5).

Thermal analysis presented here was performed based on the worst-case thermal
transient required. Electromagnetic forces analyzed in these analyses were calculated
from the NSTX-U Disruption Requirements document, NSTX-U-RQMT-RD-003-00.
Halo current forces were implemented as either (1) a force applied to the tile plasma
facing surface(s) corresponding to the component-average nodal forces determined by
eddy current analysis or (2) as a body-distributed force applied at mesh nodes. The
type of EM load defined in each analysis is indicated in each variant subreport.

Similar to previous designs, the OBD3-5 tiles use T-bar supports held by bolts with
Belleville washers and with compliant Grafoil underneath. = The new design OBD
mounting structure incorporates several minor modifications aimed at allowing the tile to
more freely expand when thermally loaded and thus minimize internal stresses induced
in the tile. All analyses assumed hold-down bolts preloaded to 500Ibs (2670N); this
reduced preload was specified to permit thermal deformation while still preventing
movement of the assembly under disruption electromagnetic loads.

This analysis covers the design qualification of the standard OBD row 3 tiles and
mounting shown below. This includes the thermal and structural response from plasma
heating during normal operation combined with disruption loading. Variants of each
standard cutout accommodating embedded diagnostic sensors were also analyzed.
Tables 1 and 2 provide a summary of the peak stresses determined for all variants
analyzed in this report. The detailed results for each variant are given in the applicable
section of this report.

The subreports for each tile variant were done for global model that did not include
chamfers on the plasma facing surface of the bolt hole chamfers. The values of
minimum principle stresses reported in subreports is unrealistically high, as a chamfer
has been incorporated to these edges and was optimized in an independent local
model. The results for the local chamfer model are given in Section 6.



PPPL
Dwg. No.

Description

Max
Temp

Max S1
MPa

Min S3
MPa

Comments

E-ED1403-1

R3 style 1 base tile

1264C

15.5

-50.5

Analysis subreport given for tile model which was
subsequently changed to increase the depth of hold-
down bolt counterbores. The initial stress profiles
matched those of the thermocouple variant, E-ED1403-
6. Subsequent analysis of this tile not necessary - the
results presented for the thermal couple variant
(ED1403-3) are also valid for this tile. The S3 value
reported is based on the chamfer incorporated on the
bolt hole and is shown in Section 6 of this report.

E-ED1403-2

Mirnov

N/A

N/A

N/A

Analysis not required; analysis of R5 Style 1 Mirnov
variant (E-ED1406-2) showed that the probe cutout will
not drive design. See calculation report NSTXU-11-16-
00.

E-ED1403-3

Thermocouple

1264C

15.5

-50.5

E-ED1403-4

Langmuir Probe (2x)

N/A

N/A

N/A

Analysis not required; qualification via R3 Style 2
Langmuir Probe variant (E-ED1402-4). The S3 value
reported is based on the chamfer incorporated on the
bolt hole and is shown in Section 6 of this report.

E-ED1403-6

RF Langmuir Probe

1264C

15.5

-50.5

*Reported values based on incorporation of stress
reduction features analyzed with E-ED1403-3. The S3
value reported is based on the chamfer incorporated on
the bolt hole and is shown in Section 6 of this report.

Table 1 — Summary of analysis results for OBD Row 3 Style 1 tiles. All tiles are made from T953 Graphite; allowables:
S1=20MPa, S3=-55MPa.




PPPL Max | Max S1 | Min S3
Dwg. No. | Description Temp MPa MPa Comments

The S3 value reported is based on the chamfer

E-ED1402-1 | R3 style 2 base tile 1227C 19.5 -50.5 | incorporated on the bolt hole and is shown in Section 6
of this report.
Analysis not required; analysis of R3 Style 1

E-ED1402-3 | Thermocouple N/A N/A N/A thermocouple \(ariant (I_E-ED1403-3) shoyved that the
probe cutout will not drive design. This tile can be
considered qualified by qualification of its’ base design
*Reported values based on incorporation of stress
reduction features analyzed with E-ED1402-1. The tile

E-ED1402-4 | Langmuir Probe (2x) | 1352C 195 505 |Was also modified (chamfer introduced) to address the

compressive stress reported right. The S3 value
reported is based on the chamfer incorporated on the
bolt hole and is shown in Section 6 of this report.

Table 2 — Summary of analysis results for OBD Row 3 Style 2 tiles. All tiles are made from T953 Graphite; allowables:
S1=20MPa, S3=-55MPa.
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1 Subreport E-ED1403-1, R3 Style 1 Base Tile

The results shown in this subreport are for an outdated version of the R3 Style 1 base
tile (E-ED1403-1). The tile design was subsequently changed to (1) increase the depth
of hold-down bolt counterbores (2) add a slot from the forward edge of the tile to the first
bolt access hole, and (3) chamfer the under-tile step at the OBD R2 interface. These
changes are detailed and shown in the subreport for the R3 Style 1 thermocouple
variant (E-ED1403-3). At the time this analysis was completed, the stress profiles the
E-ED1403-1 and E-ED1403-3 tile designs were very similar. Subsequent analysis of the
E-ED1403-1 tile was not necessary as the key features are captured by analysis of the
thermocouple variant.

Please see E-ED1403-3 subreport for the stresses expected in this tile.

QD National Spherical Torus eXperiment Upgrade

OBD R3 Stylel, E-ED1403-1

Thermal/Structural Analysis

o)

PRINCETON
UNIVERSITY



Tbar Slot Stresses

Max S1 =17.2 MPa Max S3 =-14 MPa
Acceptable Acceptable

B: 15Mar 18 R3 Style 1-Structural_Analysis
Maximumn Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 3
Custom

Max: 19.371

Min: -18.578
3/10/2018 1:28 PM

17.186
15.072
12,957
10843
8.7284
6.6141
44997
23853

T953 Allowables: S1 = 20 MPa, S3 =-55 MPa

Shear Pin Hole Stresses

Max S1 =19.4 MPa
Acceptable

Max S3 =-57.6 MPa
Acceptable — localized
peak




Notable Features - 1

Peak S3 occur at:

(1) sharp corner along topmost shelf surface
(2) on top facing chamfered surface

B: R3-Structural_Analysis
Minimum Principal Stress
Type: Minimum Principal Stress
Unit: MPa

Time: 3

Custom

Max: 4.0488

Min: -57.578

3/10/2018 1:15 PM

4.0488

-2.7987
-9.6461
-16.4%
-23.341

-30.189
-37.036
-43.883
-50.731

-57.578

Notable Features - 3

B: 15Mar 18 R3 Style 1 -Struq
Maximum Principal Stress
Type: Maximum Principal Stre
Unit: MPa

Time: 3

Custom

Max: 19.371

Min: -18.578
3/10/2018 1:20 PM

17.186
147
12.234
9.7583
7.2824
4.8066
2.3307
-0.14512
-2.621
-5.0968

S1in the interface “shelf” at R2 tolerable



Tbar Stress

Tbar stress intensity is acceptable

R3 Style 1 -Structural Analysis




2 Subreport E-ED1403-3 R3 Style 1 Thermocouple Variant

This subreport is broken up into two sections to provide design history. The first section
gives the results for the current tile design of E-ED1403-3, which incorporated several
modifications to the tile’s design. The second section presents the analysis of an
outdated version of the E-Ed1403-3 tile design. The peak stresses shown in the
outdated tile design were alleviated by the geometric changes outlined below.

21 Analysis of Current E-ED1403-3 Tile

@ National Spherical Torus eXperiment Upgrade

PPPL NSTX-U PFC: OBD R3, Style 1
E-ED1403-3 Thermocouple Variant

Second Round Analysis




Results Summary — R3 Style 1 ED1403-3

This second round analysis of ED1403-3 reflects tile design modifications to alleviate
issues ascertained from the [nitial 1403-3 Analysis Report. The modifications to the
tile design are summarized here, however, no ANSYS settings were changed from the
original analysis. For a full description of the analysis setup, see the initial report.

* Result Overview for Tile (T953)
* Tpax = 1264°C
* S10w/ S1max= 20 MPa / 15.5 MPa = SF ~ 1.29
* 53, 10w/ S3min = -55 MPa /-39 MPa > SF ~ 1.41

* Notes
1. The above stresses occur at load step 1. Halo Force & Eddy Moment loads serve to reduce peak
stresses.

2. Minimum principal stress around bolt access holes are artificially high as the chamfer on the plasma

facing surface was not modeled. Minimum principle stresses in all other regions were shown to be
acceptable.

Modified R3 S1 Tile Geometry




.|
Geometry Changes

45 degree chamfer

A —————,
Geometry Changes Continued

slot

0.12” fillet




Round 2 Analysis Results
Row 3 Style 2, ED1403-3

Thermal Transient Results




Structural Analysis Results

Tile — Maximum Principal Stress

Hil
Custom
Max: 1.5531e7
Min: -7.8546e6
9/14/2018 6:40 PM

1.5531e7

1.2933¢7

1.0334e7

7.7358e6

5.1374e6

25396

-59393

-2.6578e6

-5.2562e6 1.3876¢ +007
-7.8546e6

Structural Analysis Results

Tile = Minimum Principal Stress




2.2 FOR INFORMATION ONLY - Analysis of outdated E-ED1403-3 tile design

PPPL NSTX-U PFCs
OBD345 R3, $1

E -ED1403 -3
Thermocouple Variant

Joseph B. Tipton, Jr.
ORISE Faculty Researcher at ORNL

Higher Education Research
Experiences (HERE) for Faculty
Program

SR & Saan ooyt Sutie % OAK RIDGE




Results Summary

 Tile (T953)
— Tmax = 1250°C
— S1aiow ! S1max = 25 MPa/ 19.9 MPa - SF ~1.25
— S3a10w ! S3min = -95 MPa /-78.2 MPa - SF~ 0.70

« T-bar (IN625)
— 1/30yrs = 1/3*782 MPa = 261 MPa
— 2/30ys = 2/3*397 MPa = 265 Mpa
— oymmax = 164 MPa - SF ~ 1.59

* Notes

1. The above stresses occur at load step 1. Halo Force & Eddy Moment loads
serve to reduce peak stresses.
2. Minimum principal stress could be lowered via chamfer on tile hole.
% OAK RIDGE
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Geometry
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Geometry

Tile (T953) Thermocouple Variant
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Geometry

T-Bar (IN625) Grafoil
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Geometry

Pin (IN718) Insert (Grafoil)
BHE » Replaced with custom geometry to
s remove inner gap.
- D
ey o=
L S
B P g

e T m—
Dwtads Vew
=. = NEW
e -
e LR
o
Geometry

0.13 mm Gap between T-bar sides

Tile/T-bar Wings in Contact and Tile wings
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Discretization

% OAK RIDGE

Navwroal Ladwsrony

Discretization

— HEX dominant
— Nodes = 866865
— Elements = 409597

~

% OAK RIDGE

B



Discretization

— T-bar isTET dominant
— Refinement level 2 along faces of cantilever support

b
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Natwwal Ladwwsrony

Thermal Model
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Coordinate Systems

ChamSurf

Oham St Coonds
A M

% OAK RIDGE
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Contacts

Tile Contacts Hardware Contacts

— Note no contact between Insert and Pin

Bonded - 00414033 To Thar (D1414-1 Bonded - Multiple To Baseltate
TA/018 DA M TN M

Borded - e-ad30)-3 To Toar EOMM-Y Borded - Pwl) To Toar EOM141
Borded - ¢-edM0)-3 To Gewfod 2 Bonded - T EDIENE- To BasePinte
Borded - e-ad30)-) To Geafod 1 Borded - Mutiple To Basebiate
Borded « KO-Genfod_Insert JBT To eved




Heat Flux

Wetted Surf
— WettedSurf = ChamSurf(Y = 0.11 m)
- SFGRAD,HFLUX,13,Y,0,-125803640
— SF,WettedSurf HFLUX,138384 00

WettedSurt
T8 241

B Wemesst

% OAK RIDGE

Natwwal Ladwwsrony

Results

Temperature Temperature
Temperature - Global Maximum A2 1My 18 - Row 3 Thermd Templote
T Temporstes
12607 Une: *°C
;:T;N:Slﬂ‘v
12497 Max
mie
200 !N
M
NSy
war
: T
:
%0

.
wan P~ ;
tel 03 o oS os ows ons o3 '
Time 0

NOTE: Simuasion rue © 1 second %O;\K RIDGE
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Results

Total Heat Flux

A 21y 18 - Row § Thermd Template

Type: Yool Mant Fhux
Une: Wim"
Tene: 1

T D I

L0 T Max
12607
190507
2472506
1076
63156
ANRE
115756

Results

Total Heat Flux

A 21y 18 - Row § Thermd Tomplete
figare

Type: Yool Mast Fhux

Une: Wim*

Tena: 1

T8 1

L0 T Max
12607
190507
24758
e 76
61156
AN
215756
157876

Directional Heat Flux

A 21y 18 - Row § Thermdd Template
gare

Type: Ovrectonsl Mest FhudX Ans)
Une: Wim'
Chamlud Cocnds
Tena: 1

A D8 P

DOU2 Max
N
177616
<3552
S
710026
830046
106567
128007
AL Min

S~

% 0AK RIDGE

P

Directional Heat Flux

A 21y 18 - Row § Thermd Template
Figare

Type: Durectonal Mest FhudX Ans)

Une: Wim'
Chamiur Coceds
Tene: 1
TR 8

U2 Max
N

1.7761e6
155206
S0k
710806
850086
106567
128007

S~
AT Min 2

¥ OAK RIDGE

scwmal | adowsrory



Structural Model

Contacts

Tile Contacts

A,C,D,E: Friction Coefficient =0.1
C: “Adjust-to-Touch”
AD,E: Removed °“Adjust-to-Touch®

B: Friction Coefficient =0.01

(NOTE: Thiz was gven & 0.1 in the R4, S1 tomplate )
B: Update Stiffness = Aggressive
B: Removed “Adjust-to-Touch”

% OAK RIDGE

Nacurnal | abcrssery

Frictional - e-ed1403-3 To Thar ED1414-1
T/472018 206 PM

Frictonal - e-ed1403-3 To Thar ED1414-1
l'mﬂ « R3<Geafod Insert JBT To ¢-ed¥403-3
[ Fricvonal - e-ed1403-3 To Mutple
[ Fricvonal - e-ed1403-3 To Thar £01414-1
[ Fricvonal - e-ed1403-3 To Thar ED14

7

% OAK RIDGE

Nacumal | aboessery



Contacts

Hardware Contacts
— B: Frictional Coefficient = 0.3

D: Frictional Coefficient =0.01

D: Made R45Pin the target surface
D: Update Stiffness = Aggressive
D: Removed “Adjust-to-Touch”

Supports

Frictionless Supports

B 21Moy 18 - Row ) Template
Frctorien Support 1
Yema: 1.

AN XM

Frctonien &
Fractenless S

Frictional - R3-Gratoll_Insert_JBT To PieR 3
7142018 208 PM

Bonded - Pii3 To Toar EDMNY

Frictonal - Toar ED1414-1 To BasePlate
[ No Sepanation - Multiple To BasePiate
B Fricvonl - R3-Gafed_lnsert JBT To Pk

~

% 0AK RIDGE

Nacwwad Labawsrory

Fixed Supports

B 21Moy 18 - Row 3 Template
Cytndnes! wppont

Yeme: 1.3

018 313 P

B Cyprtrcdt Sugpet O m
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Supports

Frictionless Supports

B 21Mey 18 - Row 1 Template
Frctorien Support

Teme: 1.3
N XM

Fratonier &
Fratonless S

Loads

Halo Forces

B 21May 18 - Row § Template

Halo Force - ChamPlane

Yena: )

T8 )M

[ v Force - Chamblane: S TS N
Comporants 4367 46N

Fixed Supports

B 21May 18 - Row ) Template
Cytndncsl Suppont

Yema: 1.3
08 21 M

B Cyprdncsl Suppet O m

go.u( RIDGE

Natwwnal Ladwwsrory

Eddy Moments
B 21May 18 - Row } Template

Memers

;;:N:OI)MIN

B Vorrant QAT N
Comporantx 03022 -0INm

~

% OAK RIDGE

Navwnal Ladwwsrory



Loads

Bolt Pretension

B 21Moy 18 - Row } Template

Force

Tme: 1.3
N8 213 M

Foece: 20N
Force 2 - 60 N

Results

Total Deformation

B 21May 18 - Row J Template
Teeal Deformmcn

Type: Toral Deformancn

Une: m

Tene: )

NS B0 A

00008472 ) Max
Q00009733

Thermal Loads

* Imported body temperatures from
thermal solution.

%.O0AK RIDGE

Natowal | dewareny

B 2 1My 18 - Row 3 Templete
Toral Deformanen 2

Type: Torsl Deformancn

Une m

Teme: )
INVRNE B0 A

¥ OAK RIDGE

Natwonal L



Results — Deformation (Exaggerated)

Total Deformation

B 21May 18 - Row 3 Template
Teeat Oeformancn

Type: Teoal Deformancn

Une: m

Tene: )

NS B0 A

0000472 ) Max
000039733
Q000 TR
Co00nS
C 2000 dte

Results

Tile — Maximum Principal Stress

B 21May 18 - Row ) Template
Muarrirn Precpsl 2re1s - e-ed30)-3 - fnd Teme
Type: Musseromn Precpsl Fress
Une: Py

Yeme: 1
NN 206 A

L992% T Max
16837
1.36067
1.0580¢7
TAENC
435176
1066
R )
L PMhe
£.15e6 Min

B 21May 18 - Row 3 Template
Tersl Oeformancn 2

Type: Ters! Deformancn

Une: m

Yema:)

NV 20 A

000022 96 ) Max
0 000 9678
Q000N
¢ o0naate
Co004
997%-5
TAS e S
A %Pe-S
24647¢5
0 Mn

% OAK RIDGE

Natwmnal L adwwsrony
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Results

Tile — Minimum Principal Stress

B 2 1My 18 - Row 1 Te:

Mewmum Pracps! Rress - e-ed1803-) - nd Time
Type: Mnemum Procpsl ess

Une: Py
Yema: 1
NN R0 AM

A 75656 Max
L4t
136087
220057
AN
A1 306e7
505667
S9N
690077
T A228e 1 Wiy

Results

Pin

2 1Moy 18 - Row 3 Templote

Equanient (von-Mise1) 2ress - Pelk) - End Tiera
Type: Equanient (von-Mise1) Press

Une: Py

Tene: )
NV 2 AM

A1) Max

4876
1232405 M

% OAK RIDGE

Nl Laboesrory

Grafoil

£ 21Mey 18 - Row 3 Template
Equaalent (von-Mise1) Dress - End Time
Type: Equanient (von-Mise1) Dress
Une: Py

Tene: )

NV 20 A

5085 et Max
47876
41687¢6
1500k
198
23966
1.7954e6
119716

5. 96645
S27.76 M

% OAK RIDGE

Natwwal Ladwwsrory



Results

T-bar

B 210y 18 - Row 3 1

Equavalent (von-Miser) 2ress - Toar E01414-1 - End Tme
Type: Equanient (von-Mize1) Press

Une: Py

Yoma: 1

MR RN A

L6 e Max
145778
127358
1.000%e8
Qe
720007
SA660eT
26040
182267
MHOT9 M

% OAK RIDGE

Natwwal Ladwwsrony

Results

Tile/T-bar Contact

B 21May 18 - Row } Template
o

Type 2w

No Contact on Tile Wings

B 21Mey 18 - Row 3 Template
D

Type: 2anis
e Yeme: 1
12018 93 AM MV I AM

Over Constrarad
L

New

P ]

Rxchng




Results

Grafoil/Baseplate Contact
:::a.,u-u— 1 Template

Yene: )
M8 25 AM

Ovar Cons
Fw

[ ] Nend

[} 2ot
s

© O

—

Pin/insert/Tile Contact

B 21May 18 - Row 1} Template
p

Type: 20

Yene: )

N8 D36 AM

—t
(=

Results Summary

 Tile (T953)
— Trax = 1250°C

— Saiow/ S1max = 25 MPa/ 19.9 MPa - SF ~1.25
— S3aiow  S3min = -95 MPa /-78.2 MPa - SF~ 0.70

+ T-bar (IN625)

— 130yrs = 1/3*782 MPa = 261 MPa
— 2/30ys = 2/3*397 MPa = 265 Mpa
— oymmax = 164 MPa - SF ~ 1.59

* Notes

% OAK RIDGE
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1. The above stresses occur at load step 1. Halo Force & Eddy Moment loads

serve to reduce peak stresses.
2. Minimum principal stress could be lowered via chamfer on tile hole.

% OAK RIDGE
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3 Subreport E-ED1403-6 R3 Style 1 RF Langmuir Probe Variant

The E-ED1403-6 tile design was revised after this analysis to reflect the changes
detailed in the subreport for the R3 Style 1 thermocouple variant (E-ED1403-3).
Analysis of preliminary tile design showed RFLP features minimally impact design and
the resulting stress profile was analogous to that of the E-ED1403-1 tile design. The
stress reduction features incorporated and analyzed with E-ED1403-1 were also
incorporated into this tile and additional analysis of this variant are not warranted. The
results presented in this subreport provide the justification for not re-analyzing this tile
after making the R3 Style 1 design changes.

Please see E-ED1403-3 subreport for the stresses expected in this tile.

PPPL NSTX-U PFCs
OBD345 R3, $1

E-ED1403 -6
RF Langmuir Probe Variant

Joseph B. Tipton, Jr.
ORISE Faculty Researcher at ORNL

Higher Education Research
Experiences (HERE) for Faculty
Program

Qi Rincr




Results Summary

* Tile (T953)
— Tmax =1250°C
— Slaiow / S1max= 25 MPa /23.2 MPa > SF ~1.07
— S3as0w / S3min=-55 MPa /-79.0 MPa > SF ~0.69

* T-bar (IN625)
~ 130yrs = 1/3*782 MPa = 261 MPa
— 2130vs = 2/3*397 MPa = 265 Mpa
— ovumax=217.4 MPa > SF~1.2

* Notes

1. S1maxand oy max occur at load step 1. Halo Force & Eddy Moment loads serve to reduce
peak stresses.

2. Maximum principal stress might be lowered by reducing tile wing contact with sides of T-bar.
3. Minimum principal stress could be lowered via chamfer on tile hole.

% OAK RIDGE

Nacwwal Ladwsrory

Geometry
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Geometry

Tile (T953) RF Langmuir Probe Variant
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Geometry

T-Bar (IN625)
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Geometry

Pin (IN718) Insert (Grafoil)

A T e ) T T
o,

e * Replaced with custom geometry to
;:;_‘ remove inner gap.
Geometry
0.13 mm Gap between T-bar sides
Tile/T-bar Wings in Contact and Tile wings
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Discretization

% OAK RIDGE
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Discretization

— HEX dominant
— Nodes = 873937
— Elements = 412207



Discretization

— T-bar isTET dominant
— Refinement level 2 along faces of cantilever support

b
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Thermal Model
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Coordinate Systems

ChamSurf

Oham St Coonde
N800 AM

MQAx oo
Contacts
Tile Contacts Hardware Contacts
— Note no contact between Insert and Pin

Bonded - 00414036 To Thar (D1414.1 Bonded - To BaselPlate
VN8 101 A V80

Bonded - e-ed340)-6 To Towr DMWY Bonded - M) To Towr EON4.1

Bonded - e-edM0)-6 To Gefod 2 Bonded - Thwr EDNMNE ) To BasePtate

Bonded - e-edM0)-6 To Grvfod } Bonded - Mubsple To Basebiate

Bonded « K3-Genfod_nsert JBT To ered’
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Heat Flux

Wetted Surf
— WettedSurf = ChamSurf(Y = 0.11 m)
- SFGRAD,HFLUX,13,Y,0,-125803640
- SF,WettedSurf HFLUX,138384 00

WettedSut
VR0 AM

B Wermestrt

Results

Temperature

247

Temperature (€)
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Temperature

A: 21May 18 - Row } Thermal Template
Frgare

Type: Terrgersture

Uni: °C

Time: 1

WIN 1016 AM

12497 Max
me

Smdaion rue © 1 econd %O;\I\' RIDGE
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Results

Total Heat Flux

A 21y 18 - Row § Tharmdd Tomplate

Type: Toral Mant Flux
Une: Wim'

Yine: 1
N0 A

L0 J Max
12607
190507
2472506
20076
63156
ANRE
115750
157876
1.2602e- 11 M

Structural Model

Directional Heat Flux

A 21May 18 - Row § Tharmdd Template
Owectonal Mest Flux
Type: Dwrectional Mest FludX Ans)

R0 A

20076 Max
N
177616
355226
S0
710856
8.350%6
106577
128007
AL Min

;(\)“,\K RIDGE

UK RIDCE



Contacts

Tile Contacts

- A,C,D,E: Friction Coefficient =0.1
C: “Adjust-to-Touch”
A.D.E: Removed “Adjust-to-Touch”

B: Friction Coefficient =0.01

(NOTE: Thiz waes gven a2 0.1 in the R4, S1 template )
B: Update Stiffness = Aggressive
B: Removed “Adjust-to-Touch”

Contacts

Hardware Contacts
— B: Frictional Coefficient = 0.3

Frictional Coefficient =0.01
Made R45Pin the target surface
Update Stiffness = Aggressive
Removed “Adjust-to-Touch”

o000

Frictional - Thar ED1414-1 To e-ed1403-6
2018 259 AM

Frictionsl - Toar E01414-1 To e-ed1403-6
=fn«-oml « R3-Geafod Insert JBT To ¢-ed1803-6
[ Fricvonal - Mukiple To ¢-ed1403-6
[ Fricvonal - Toar E01414-1 To e-ed1403-6
[ Frictional - Thar E01414-1 To e-ed?

% 0AK RIDGE

Nacwwad Labawsrory

Frictional - R3-Grafoll_Insert_JBT To PieR 3
TN2018 859 AM

[ Bonded - PR3 To Toar EDMNSY

[ Fricvonal - Toar ED1414-1 To BasePlate
.NoScovm - Muliple To BasePlate
[ Frictional - R3-Geafod_insert JBT To Pink)
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Supports

Frictionless Supports Fixed Supports
B 21May 18 - Row 3 Template

Frctoeien Support 2

Teme: ). s

WNI018 9 AM
Frnoniess Suppont
Fritoniess Suppont 7

B 21May 18 - Row } Template
Cytmdncsl wppont

Teme: ). s
I8 908 AM

.(MuWOm
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Loads

Halo Forces

Eddy Moments
B 21May 18 - Row 3 Template B 21May 18 - Row 3 Template
Halo Force « ChamPlane Mcemere
Yema: ) s Yema: )
08 206 A 08 206 A
[ o Force - Chambiane: SN

[ Mormant 04T Neen
Componants &4 )6 46N Comporantx 0302203 Nm
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Loads

Bolt Pretension

B 21Mey 18 - Row ) Template

Force 2

Tene: ). s
w018 208 A

Force: -JE0N
Force 2260 N

Results

Total Deformation

B 21May 18 - Row 3 Templete
Teeal Deformmcn

Type: Teasl Deformancn

Une: m

Teme:)

V82 AM

0,000 9474 Max
© 000500

QoMo
Co0NeI6

Thermal Loads

* Imported body temperatures from
thermal solution.

%.O0AK RIDGE

Natowal | dewareny

£ 21May 18 - Row 3 Templete
Tersd Deformmen 2

Type: Ters Deformmncn

Unt m

Teme: )
V2018 935 AM

N 75005
N ae722e5
16
oM
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Results

Total Deformation (w/ Exaggerated Deflection)

B 21May 18 - Row } Template
Teeat Oeformancn

Type: Teoal Oeformancn

Une: m

Tene: )

V018 936 AM

0,000 D474 Max
0 0007508
Q00007
coNee
Qo0
Q000 754
Q0001158
7%
4306 S
0 Mn

Results

Tile — Maximum Principal Stress

B 21Moy 18 - Row } Template
Mussrrsm Precipsl Press - ¢-ed140)-6
Type: Musrrsm Prncpsl 2ress
Une Py

Tene: 1
V2018 952 A

2.00240 ] Max
190457
154387
115007
26
154756
s
BE
177756
1965 3¢ 7 Min

B 21Moy 18 - Row ) Template
Teral Oeformancn 2

Type: Ters! Deformancn

Une: m

Yne: )

V018 235 A

00002 1925 Max
0 0001 2te9
Q00017053

C o0y
co0 e
974885
7.3080¢-5
A0S
280615

0 Mn

¥ OAK RIDGE

wrnal | e sreny
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Results

Tile — Minimum Principal Stress

B 21May 18 - Row 3 Template
Maumoum Procpsl Rress - ¢-ed1403-6
Type: Mnmom Procpsl e
Une: Py
Tene: )

V018 058 A

477540 Max
A58
139477
2131507
3280007
L1757
S.1091e7
6080007
69727
15024 1 Min

¥ OAK RIDGE

wrnal | e sreny

Results

T-bar

B 21May 18 - Row 1 Te

Equanient (von-Mise1) 2ress - Toawr ED14141
Type: Equanlent von-Mise1) Dress

Une: Py

Tene: 1
V12018 956 A

2914408 Max
190268
1628
144060
1.200.8
966857
7.2485¢7
407
241667
6091 M
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Results

Pin

B 21May 18 - Row 3 Template
Equaaient (von-Mise1) Dress - Pwel)
Type: Equanient (von-Mise1) 2rens
Une: Py

Tene: )
V08 957 A

L7105 7 Max
23002e7
289167
14847
20me?
166077
125437
Ladalet
43557e6
261985 Min

Results

Tile/T-bar Contact

£ 21Mey 18 - Row 3 Templete
P

Type 2w

Teme: )

V20181007 AM

-
Fur

New

Bae
kg

e

Grafoil

B 21May 18 - Row 3 Template
Equaaient (von-Mize1) 2ress - Mubple
Type: Equanient (von-Mse1) 2rens
Une: Py

Tene: )

V0181000 A

572 Mot Max
508766
445156
1e
16

15886
1.9081¢6
13708
66155
28,0 M

%.O0AK RIDGE

Natowal | dewareny

No Contact on Tile Wings

£ 21May 18 - Row 3 Templete
P

Type: 2oous

Teme: )

V120181000 Am

Over Constrared
v

o

I 37T ]

Ll -

s — - LA




Results

Grafoil/Baseplate Contact Pin/insert/Tile Contact
B 21May 18 - Row J Template B 21May 18 - Row } Template

200 P

Type 2o Type: 2w

:/?/.N:hbnm

Tene: )
V08101 AM
Over Cods
Fw
New
Do
Ruching
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Results Summary

* Tile (T953)
— T =1260°C
- S1auow/ S1max= 25 MPa /23.2 MPa > SF ~1.07
— S3.u0w / S3min=-55 MPa /-79.0 MPa > SF ~0.69
* T-bar (IN625)
- 1/30yu1s = 1/3*782 MPa = 261 MPa
— 2/30vs = 2/3*397 MPa = 265 Mpa
~ ovmax=217.4 MPa > SF~1.2
* Notes

1. S1maxand oy max occur at load step 1. Halo Force & Eddy Moment loads serve to reduce

peak stresses.

2. Maximum principal stress might be lowered by reducing tile wing contact with sides of T-bar.
3. Minimum principal stress could be lowered via chamfer on tile hole.
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4 Subreport E-ED1402-1 R3 Style 2 Base Tile

This subreport is broken up into two sections to provide design history. The first section
gives the results for the current tile design of E-ED1403-1, which incorporated several
modifications to the tile’s design. The second section presents the analysis of an
outdated version of the E-ED1403-1 tile design. The peak stresses shown in the
outdated tile design were alleviated by the geometric changes outlined below.

4.1 Analysis of Current E-ED1402-1 Tile Design



@ National Spherical Torus eXperiment Upgrade

PPPL NSTX-U PFC: OBD R3, Style 2
E-ED1402-1 Base Tile

Second Round Analysis
BrianLinn
September 142018

Results Summary — R3 Style 2 ED1402-1

This second round analysis of ED1402-1 implements the tile design modifications to alleviate
issues ascertained from the Initial 1403-3 Analysis Report. Results and modifications to the
tile design are summarized here, however, no ANSYS settings were changed from the original
analysis. For a full description of the analysis setup, see the referenced report.

* Result Overview for Tile (T953)
* Tmax =1227°C
* S1y0w/ Sl = 20MPa / 19.5 MPa > SF ~ 1.29
* S3.00w / S3min = -55MPa /-39 MPa > SF~ 1.41

* Notes

1. The abovestressesoccuratloadstep 1. Halo Force & Eddy Moment loadsserve to reduce peak stresses.

2. Minimum principal stressaround bolt access holes are artificially high asthe chamfer on the plasmafacing
surface wasnot modeled. Minimum principle stressesin all other regionswere shown to be acceptable.



Row 3 Tile Design Change Summary
Implemented in all Style 1 and Style 2 Tiles

e
Modified R3 S1 Tile Geometry




Geometry Changes

y

45 degree chamfer

Geometry Changes Continued

slot
0.12” fillet



Round 2 Analysis Results
Row 3 Style 2, ED1402-1

.
Thermal Transient Results




Structural Analysis Results

Tile — Maximum Principal Stress

Structural Analysis Results

Tile — Minimum Principal Stress




4.2 FOR INFORMATION ONLY - Analysis of Outdated E-ED1402-1 Tile Design

ORNL Analyst: William Smith

Summary:
The minimum principal stress in the chamfer of one of the bolt holes exceeds its

allowable. See Figure 36. Peak stresses in all components are reported in Table 8,
Table 9, and Table 10. The components considered in the analysis are shown below in
Figure 20 and

Figure 21.

Graphite Tile
(E-ED1402-1_05-23-2018)

Baseplate
Figure 1: Outboard Diverter Row 3 (1402-1).



R3 Pin

R3 Grafoil Insert

Figure 2: Outboard Diverter Row 3 (1402-1) components.

The total number of nodes and elements for the complete assembly is 491,176 and
125,780.
Figure 22 shows the mesh used in the analysis with and without the graphite tile.
Figure 23 shows the mesh of the mounting side of the graphite tile.

Figure 3: Mesh of the Outboard Diverter Row 3 (1402-1)



Figure 4: Mounting side of the graphite tile.

Table 6 lists each component of the assembly and its material.

Table 1: Components Material Definitions

Component Material
Graphite Tile (E-ED1402-1 05-23-2018) T953
Grafoil Slides Grafoil
Baseplate Pure Copper
R3-Grafoil Insert Grafoil
R3 Pin Inconel 718
Thar Alloy 625

Thermal Analysis

The following boundary conditions were used for the thermal analysis.




Portion of graphite
ChamSurf surface for applied
6/24/2018 5:27 PM heat flux

B chamsurf
B WettedSurf

Chamfer Surface

Figure 5: Thermal boundary conditions
Total bolt hole heat flux = 1.3689E07 W/m?

Total top surface heat flux = 1.5094E07 W/m? with a maximum gradient heat flux along
the (%hamSurf coordinate Y-direction (see Figure 9 for coordinate system) of 1.8059E06
W/m*/°

The peak temperature in the assembly is 1341.8 °C and is found on the graphite tile’s
surface.
Figure 25 and
Figure 26 shows the temperature contour due to the applied heat fluxes. Table 7 lists
the peak temperature for each component over all time steps.



A: 23May18 - Row 3 Thermal Template
Temperature 2

Type: Temperature

Unit °C

Time: 1

6/24/2018 5:09 PM

1341.8 Max
1195.5
1049.2
902.89
756.57
610.26
463.94
31763
171.31

25 Min

Figure 6: Temperature contour plot of the Outboard Diverter Row 3 (1402-1)

A: 23May 18 - Row 3 Thermal Template
Temperature

Type: Temperature

Unit: °C

Time: 1

Custom Obsolete

7/2/2018 2:54 PM

1240
1105
970.02
835.01
700
565
429,99
294.98
159.98
25 Min
24,97

Figure 7: Temperature contour plot of Outboard Diverter Row 3 (1402-1) without
graphite tile



Table 2: Peak temperature over time for each component

Component Peak Temperature (°C)
Graphite Tile (E-ED1402-1 05-23-2018) 1341.8
Grafoil 28.396
Baseplate 25479
Grafoil Insert 227.0
R3 Pin 25.003
Thar 25.085

4.3  Structural-Thermal Analysis
Preload force of 2670 N applied to both fastener locations on the Tbar as shown in
Figure 27. Figure 28 shows the eddy moment and halo force loading applied to the
graphite tile.

B: 23May 18 - Row 3 Template

Force 2

Time: 1.5
7/18/2018 2:31 PM

[ Force: -2670. N
[BY Force 2:-2670. N

Figure 8: Bolt preload force applied to the Thbar.



B: 23May 18 - Row 3 Template
Moment

Time: 3.5

7/18/2018 2:57 PM

. Halo Force - ChamPlane: 575.75 N
. Moment: 477.91 Nemm

Figure 9: Eddy moment (A) and Halo force (B) applied to the graphite tile.

Frictionless constraints were applied to three sides of the baseplate and two sides of the
grafoil.
Figure 29 shows the location of these constraints highlighted in blue.

Time: 1.5
7/16/2018 3:36 PM

. Frictionless Support
. Frictionless Support 2

Grafoil constraints Baseplate constraint

Figure 10: Frictionless boundary condition locations on the baseplate and grafoil.



The graphite tile is connected to the grafoil, R3-grafoil insert, and Tbar through frictional
contact with a coefficient of friction of 0.1.
Figure 30 shows the surfaces in contact with each other labeled A through E.

Frictional - e-ed1402-1 To Thar
7/18/2018 2:39PM

. Frictional - e-ed1402-1 To Tbar
[BJ Frictional - e-ed1402-1To R3-Grafoil_Insert
. Frictional - e-ed1402-1 To Multiple
. Frictional - e-ed1402-1 To Thar
[B Frictional - e-ed1402-1To Thar

Figure 11: Frictional contact between the graphite tile and support structure.

The R3 pin is bonded to the Tbar. The contact between the R3 pin and R3-grafoil insert
is frictional with a coefficient of friction of 0.01. The Tbar is in frictional contact with the
baseplate with a coefficient of friction of 0.3. The grafoil and baseplate are in contact
with the no separation condition.

Figure 31 shows the surfaces in contact with each other labeled A through D.



Frictional - R3-Grafoil_Insert To PinR3
7/18/2018 2:40 PM

. Bonded - PinR3 To Thar

. Frictional - Thar To BasePlate

[B No Separation - Multiple To BasePlate
. Frictional - R3-Grafoil_Insert To PinR3

Figure 12: Frictional contact between the support structure.

Results

Total deformation contour plot of the assembly is shown in Figure 32. X, Y, Z
deformation contour in the assembly is shown Figure 33, Figure 34, and Figure 35.



B: 23May18 - Row 3 Template
Total Deformation
Type: Total Deformation
Unit: mm

Time: 3

7/5/2018 11:52 AM

0.32302 Max
028713
0.25124
0.21535
0.17946
0.14357
0.10767
0.071783
0.035892

0 Min

Figure 13: Total deformation of the assembly

B: 23May18 - Row 3 Template
Directional Deformation X
Type: Directional Deformation(X Axis)
Unit: mm

Global Coordinate System
Time: 3

7/5/2018 11:54 AM

0.043444 Max
0.012714
-0.018017
-0.048748
-0.079479
-0.11021
-0.14094
-0.17167
-0.2024
-0.23313 Min

Figure
14 X-direction displacement



B: 23May18 - Row 3 Template
Directional Deformation ¥
Type: Directional Deformation(y Axis)
Unit: mm

Global Coordinate System
Time: 3

7/5/2018 1:25 PM

-6.878%-002 4

0.22931 Max
Min

0.19492
0.16053
0.12615
0.091763
0.057377
0.022991
-0.011395
-0.045781
-0.080166 Min

Figure 15: Y-direction displacement

B: 23May18 - Row 3 Template
Directional Deformation Z
Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate System
Time: 3

7/5/2018 1:127 PM

0.19609 Max
0.16445
0.1328
0.10116
0.06951
0.037865
0.0062188
-0.025427
-0.057073
-0.088719 Min

Figure 16: Z-direction displacement



Table 8 and Table 9 list the peak maximum and minimum principal stress and the
corresponding allowable in the components made of graphite. Table 10 lists the peak
equivalent stress and the corresponding allowable for the components made from

metal.

Table 3: Maximum Principal Stress of Graphite Components

Component Peak Stress Allowable Load Step
(MPa) (MPa)

Graphite Tile (E-ED1402-1 05-23- 28.17 20 1.69 to 2.02
2018)

Graphite Tile — Tbar Slot 28.17 20 1.69 to 2.02

Graphite Tile — Shear Pin Hole 13.18 20 2.67 to0 3.00

Grafoll 1.31 20 0.72t0 1.04

Grafoil Insert 0.51 20 2.02 10 2.35

Table 4: Minimum Principal Stress of Graphite Components

Component Peak Stress Allowable Load Step
(MPa) (MPa)
Graphite Tile (E-ED1402-1 05-23- -80.28 -55 0.07 to0 0.39
2018)
Graphite Tile — Tbar Slot -36.94 -55 2.67 to 3.00
Graphite Tile — Shear Pin Hole -19.75 -55 1.04 to 1.37
Grafoll -2.38 -55 1.70
Grafoil Insert -2.19 -55 2.67 t0 3.00
Table 5: Equivalent Stress of metallic components
Component Peak Stress Allowable Load Step
(MPa) (MPa)
Baseplate 34.88 ?? 2.78 to 3.00
Pin 23.05 ?? 2.78 t0 3.00
Thar 195.94 261 1.89 to 2.11

The minimum principal stress in the chamfer of the bolt hole, shown in Figure 36,
exceeded its allowable stress. The maximum principal stress also exceeded its
allowable and occurred in the tile tbar slot as shown in Figure 37.



B: 23May 18 - Row 3 Template
Minimum Principal Stress 5
Type: Minimum Principal Stress
Unit: MPa

Minimum Over Time
7/16/2018 3:58 PM

0.26455 Max
-8.685
-17.635
-26.584
-35.534
-44.483
-53.433
-62.382
-71.332
-80.282 Min

Figure 17: Location of peak minimum stress in graphite tile.



B: 23May 18 - Row 3 Template
Maximum Principal Stress over all time
Type: Maximum Principal Stress

Unit: MPa

Maximum Over Time

7/17/201810:53 AM

28.169 Max
24,982

21.795

18.608

15.421

12.234

2.047

5.86

26729
-0.51412 Min

Figure 18: Location of peak maximum principal stress.



B: 23May 18 - Row 3 Template
Equivalent Stress T-bar

Type: Equivalent (von-Mises) Stress
Unit: MPa

Maximum Owver Time

8/6/2018 2:16 PM

195.94 Max
17417

1524

130.63

108.86

87.086

65.315

43,543

21,772
1.3119e-9 Min

Figure 19: Location of peak equivalent stress



5 Subreport E-ED1402-4 Row 3 Style 2 Langmuir Probe Variant

The E-ED1402-4 tile design was revised after this analysis to incorporate the changes
detailed in the subreport for the R3 Style 2 base tile. Analysis of preliminary tile design
showed that the Langmuir probe cutouts will not drive this variant’s design. The stress
reduction features incorporated and analyzed with E-ED1402-1 were also incorporated
into this tile. The results presented in this subreport provide the justification for not re-
analyzing these changes.

Please see E-ED1403-3 subreport for the stresses expected in this tile.

Analysis of Outboard Diverter Row 3 style 2 variant (1402-4)
ORNL Analyst: Jason Cook
Summary:

The minimum principal stress in the chamfer of one of the bolt holes exceeds its
allowable. See Figure 36. | do not have the allowable stress for pure copper. Peak
stresses in all components are lists in Table 8, Table 9, and Table 10. The components
considered in the analysis are listed below in Figure 20 and

Figure 21.

Graphite Tile
(E-ED1402-4)

Baseplate

Grafoil

Figure 20: Outboard Diverter Row 3 style 2 variant (1402-4)



Tbar

R3 — Grafoil Insert

Figure 21: OBD Row 3 style 2 variant (1402-4) components considered in analysis.

The total number of elements and nodes for the whole assembly is 160,863 and
579,133 respectively.
Figure 22 shows the mesh used in the analysis with and without the graphite tile.
Figure 23 shows the mesh of the mounting side of the graphite tile and the bottom of the
baseplate.
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Figure 22: Mesh of the Outboard Diverter Row 3 style 2 variant (1402-4)
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Figure 23: Mounting side of the graphite tile and bottom of baseplate.
Table 6 lists each component of the assembly and its material.

Table 6: Components and their materials.

Component Material
Graphite Tile (E-ED1402-4) T953
Grafoil Grafoil
Baseplate Pure Copper
R3-Grafoil Insert Grafoil
R3 Pin Inconel 718
Thar Alloy 625




Thermal Analysis
The following boundary conditions were used for the thermal analysis.

Portion of graphite
surface for applied
heat flux

Figure 24: Thermal boundary conditions

Top Surface heat flux = 15,125,544 W/m? with a gradient heat flux along the y-direction
of —137,504,948 W/m?/° with the extent being 0.11 m.
The peak temperature in the assembly was 858 °C in the graphite tile.
Figure 25 and
Figure 26 shows the temperature contour because of the applied heat fluxes. Table 7
shows lists the peak temperature for each component.



A: 23May 18 - Row 3 Thermal Template
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Figure 25: Temperature contour plot of the Outboard Diverter Row 3 style 2 variant
(1402-4)
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Figure 26: Temperature contour plot of the Outboard Diverter Row 3 style 2 variant
(1402-4) without graphite tile



Table 7: Peak temperature for each component

Component Peak Temperature (°C)
Graphite Tile (E-ED1402-4) 1352
Grafoil 28
Baseplate 25
R3-Grafoil Insert 225
R3 Pin 25
Thar 25

Structural-Thermal Analysis

Preload force of 2670 N applied to both fastener locations on the Tbar as shown in
Figure 27. Figure 28 shows the eddy moment and halo force loading applied to the
graphite tile.

B: 23May 18 - Row 3 Template
Force 2

Time: 3.5
8/28/2018 1:35 PM

B Force: -2670.N
[BY Force 2:-2670.N

Figure 27: Bolt preload force applied to the Tbar.
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Moment

Time: 3.5
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. Halo Force - ChamPlane: 575.75 N
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Figure 28: Eddy moment (A and B) and Halo force (C) applied to the graphite tile.

Frictionless constraints were applied to three side of the baseplate and three sides of
the grafoil.
Figure 29 shows the location of these constraints highlighted in blue.
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. Frictionless Support
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<<<<<
o

Baseplate constraint
(including bottom surface)

Grafoil constraints

Figure 29: Frictionless boundary condition locations on the baseplate, grafoil, and bolt
hole.

The graphite tile is connected to the grafoil and Tbar through frictional contact with a
coefficient of friction of 0.1. The grafoil pin insert is connected through frictional contact
to the tile with a coefficient of friction of 0.01.

Figure 30 shows the surfaces in contact with each other labeled A through E.
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Y
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[BY Frictional - e-ed1402-4 To Thar

Figure 30: Frictional contact between the graphite tile and support structure.

The R45 pin is bonded to the Thar. The contact between the R45 pin and R45-grafoil
insert is frictional with a coefficient of friction of 0.01. The Tbar is in frictional contact
with the baseplate with a coefficient of friction of 0.3. The grafoil and baseplate are in
contact with the no separation condition.
Figure 31 shows the surfaces in contact with each other labeled A through D.
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B Bonded - PinR3 To Thar
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- Frictional - R3-Grafoil_Insert To PinR3

Figure 31: Frictional contact between the support structure.

Results
Total deformation contour plot of the assembly is shown in Figure 32. X, Y, Z
deformation contour in the assembly is shown Figure 33, Figure 34, and Figure 35.
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Figure 32: Total deformation of the assembly
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Figure 33: X-direction displacement
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Figure 34: Y-direction displacement
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Figure 35: Z-direction displacement



Table 8 and Table 9 list the peak maximum and minimum principal stress and the
corresponding allowable in the components made of graphite. Table 10 lists the peak
equivalent stress and the corresponding allowable for the components made from
metal. Note that BPL — bolt preload, Halo — halo forces, and Eddy — eddy current
induced moment.

Table 8: Maximum Principal Stress of Graphite Components

Component Peak Stress Allowable Load Step
(MPa) (MPa)

Graphite Tile (E-ED1402-4) 28.33 20 BPL+Halo
Graphite Tile — Tbar Slot 28.33 20 BPL+Halo
Graphite Tile — Shear Pin Hole 12.42 20 BPL+Halo+Eddy

Grafoil 1.26 20 BPL+Halo
R45-Grafoil Insert 1.95 20 BPL+Halo

Table 9: Minimum Principal Stress of Graphite Components

Component Peak Stress (MPa) Allowable Load Step
(MPa)
Graphite Tile (E-ED1402-4) | -82.93 (unchamfered -55 BPL+Halo
hole)
Graphite Tile — Tbar Slot -15.54 -55 BPL
Graphite Tile — Shear Pin -35.71 -55 BPL+Halo
Hole
Grafoil -2.3 -55 BPL+Halo
R45-Grafoil Insert -2.45 -55 BPL+Halo+Eddy
Table 10: Equivalent Stress of metallic components
Component Peak Stress Allowable Load Step
(MPa) (MPa)
Baseplate 33.68 ?7? BPL+Halo
R45 Pin 23.11 ?? BPL+Halo+Eddy
Tbhar (ED1414-2 R4) 186.94 261 BPL+Halo

The tbar slot stress in the tile exceeded its allowable. All other stress values were
below their respective allowables. Figure 36 shows the location of the peak minimum
principal stress with bolt preload and the halo load. The location of maximum principal
stress with bolt preload and the halo load is shown in Figure 37. The location of peak

equivalent stress with bolt preload and the halo load is shown in
Figure 38.
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Figure 37: Location of peak maximum principal stress.
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Figure 38: Location of peak equivalent stress for combined loading.



6 Row 3 Bolt Access Hole Chamfer Calculation

The analysis contained within this report did not include any chamfers on the edges
around the row 3 bolt access holes. Subsequent to these analyses, a 4.96 degree
chamfer having length 0.11 inch was incorporated onto the surface around the bolt
access holes of all row 3 tiles. This chamfer is reflected on the drawings for row 3 tiles
E-ED1402 and E-ED1403. A picture of the finalized design of row 3 tiles is given below
where the chamfers incorporated can clearly be seen.

The chamfer was validated by running a 2D APDL script. The results are shown below.

The maximum temperature on the chamfer is 1205C and the minimum principle stress
is -50.5 MPa as shown below.



ANSYS
NODAL SOLUTION R19.1
STEP=1 SEP 27 2?18
SUB =1 1'6': 3427
TIME=1
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I
78.1446 288.656 499.168 709.68 G208
183.4 S O8INOHD. 604.424 814.936 1102:5745)
Heat Flux=10.5 MW/m2, Impingement angle 9.2 deg

ANSYS
NODAL SOLUTION R19.1
SEP 27 2018
STEP=1
SUB =1 86 s 8S=8110,

(AVG)
=.424E-03
=—.505E+08

—.505E+0¢ 3k -.285E+08 8 -.645E+07
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Heat Flux=10.5 MW/m2, Impingement angle 9.2 deg
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