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Analysis Scope

Analysis Scope Step Files

« This structural analysis for the STS Moderator
Reflector Assembly components not including
the cryogenic moderators and transfer line
sections which are cooled to cryogenic
temperatures and external piping.

N

mar_am_023_simplified.stp

» The analysis evaluates the stresses based on the
applicable ASME Boiler and Pressure Vessel
Code cases including preloads, gravity,
pressures, temperatures and seismic loads.

« Buckling and Thermal fatigue due to beam trips
are also included as part of the ASME BPVC 13 Partial view with upper
a n a IyS | S ) mra_am_001struc2 removed

» Deflections critical for alignment are evaluated.
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Abaqus Model Assembly Parts

Seismic Block

| Upper Shielding cover ‘

Upper Shielding

| Vacuum transfer cover

Backbone

Upper Reflector vessel

‘ Lower Reflector vessel

Mount typical

Tie Rod typical ‘ o

Bolt typical

b

H

)
e

Upper reflector &
Vacuum boundary

Lower reflector & Vacuum
boundary

- Upper Be

Lower Be

Upper and Lower Beryllium
Parts — analyzed separately
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MRA Assembly Materials

Active Materials Color
A3b
Al6061
Beryllilum
SS316L
bolt_steel

T
CONRCE

Density Young’s Poisson’s Expansion | Reference

Modulus ratio Coefficient | Temperatur
(kg/m?) (GPa) e
(m/K)
°C

A36 Steel 7850 200 .26 11.7x10°®

PALTGT T I 2700 68.9 .33 23.6x10% 20
6061T6

Beryllium Al 303 .24 11.5x10° 20
316L 7969 195 27 16.1x10% 20
Bolt Steel gl 195 .27 16.1x10°% 20
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Requirements per S03040000-SR0001-R02

MRA cyclic loading Requirement The MRA shall be designed for a lifetime of 5 years (25000 hours of 700 kW beam power operation) or 2339
more with respect to cyclic loading. The hydrogen boundaries are expected to experience 50 full pressure

cycles during commissioning and 10 full pressure cycles per year during operation. Hydrogen pressure is
expected to fluctuate 2 bar or less during beam trips and ramps. The water boundaries are expected to
experience 20 pump start cycles during commissioning and 4 pump start cycles per year during

operation. A pump start cycle is expected to produce an MRA water pressure change of 1 bar or less. No

full pressure cycles are expected for the water boundaries. 10000 beam trips are expected to occur each

year.

MRA Vacuum Vessel Requirement The MRA vacuum vessels shall be designed to the intent of the 2023 ASME BPVC. Applied seismic loads 2893

(| 37N R Yo (VLT L (T o 1l The MRA backbone shall be designed to the intent of the 2023 ASME BPVC. Applied seismic loads shall 2355
_ be derived from the NPH BOD.

MRA Backbone Requirement The MRA reflector vessels shall be designed to the intent of the 2023 ASME BPVC. Applied seismic 10921
_ loads shall be derived from the NPH BOD.

MRA Vacuum Boundary Pressure The MRA vacuum boundary MAWP shall be 2 bara. 2358

Requirement

MRA Water Boundary Pressure The MRA water boundaries shall have a MAWP of 5 bara 2361

Requirement

MRA Deflection Requirement The MRA outside surfaces shall not deflect more than +/- ~ 1.5 mm from their installed locations under 2994

any expected loading conditions.

MRA Moderator Operational The MRA moderators shall have a displacement of 0.3 mm or less relative to the MRA mounting points 2892
Displacement Requirement from installation to 700 kW operation.

SECOND
TARGET
STATION

%OAK RIDGE

National Laboratory




Original Backbone Parts and Modified Middle Backbone

f B
- UpperBackbone ‘ .
|

Original Backbone parts Modified Middle Backbone with smoothed weld

Middle Backbone

6 mm welds added

Lower Backbone . .
with smooth radius
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Backbone Modifications and typical weld region after parts

merged in Abaqus

Raised surface removed in modified parts

Raised regions removed to make full penetration welds
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Full Penetration weld centerline and flow baffle

Flow baffle on upper and middle
backbone parts before merging
7 e

Typical Merged
weld region

Merged front weld

Merged Backbone Z=0 cut

Flow baffles on upper and middle parts not tied



Backbone 316L model

Backbone mesh model after part merged Backbone covers welded after 3 parts welded

Fart: backbone_all

Tet elements: 4505980
Min angle on Tri Faces < 5: 62 (0.00137595%)
Average min angle on tri faces: 38 97. Worst min angle on tri faces: 0,214 - - = - - — = -

ax angle on Tri faces » 170: 7 (0.00015534%%)

Average max angle on tri faces 7.71. Vorst mex angle on tri faces: 178.49
spect ratio » 10: 31 (0.000687975%)

Part instance: MRA_AM_010-2-1

Aver: pect Tatio: 1.61. Vorst aspect t B0 .86
»hnp:g?a:}tinr <‘E°Dl‘38l- uasggsgggﬁasigm " * :a rdigd Hex elements: 468
tor: 2 t t - . a ’,
Nusber of slexsnts . 4505980,  Analysis errors. 0 (0%). Anslysis vernings: 247 (0 0054816%) Aspect ratio > 10: 0 (0%) )
Average aspect ratio: 1.04, Worst aspect ratio: 1.04
Number of elements : 468, Analysis errors: 0 (0%), Analysis warnings: 0 (0%)

4,505,980 C3D10 tet elements
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Upper Shielding

A36 Upper Shielding mesh model

%

Upper Shielding Vacuum Channel A36 cover plate

Part: upper_shielding

Tet alements: 157244

in sngle on Tri Faces ¢ § 9 (D.005723559%)

hvarage min apgle en tri faces: 36 77. WVexst min angle on tri faces: 2.05
ax angle on Tri faces » 170: 0 (0%)
hverage max angle on tri faces: 89.84
spect ratio » 10: 9 (0.0057235%%)
Average aspect Tatio: 72, Vorst aspect ratio: 2B.68
Shape factor ¢ 0.0001: O (0X)
Average shape factor: 0631933, Worst shape factor: 0.000211

Humber of elements : 157244, Analysis errors: 0 (0%). Analysis warnings: 113 (0.0718628%)

Vorst max angle on tri faces: 165.67

157,244 C3D10 tet elements
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Part: mra_am_001_tm
Hex elements: 1319

Aspect ratio > 10: 15 (1.14329%)

Average aspect ratio:
Humber of elements

1.21,
1312,

Worst aspect ratio:
Analysis errors: 0

Created set 'PoorElements-1' containing 15 elements

16.00
(0%), Analysis warnings: 0 (0%)

1,312 C3D8 Hex elements



Upper Reflector Vessel with merged bimetallic tubes

Vessel with materials shown

Al6061T6 —

Mesh model — 3.8e6 C3D10 elements

Part: UR_2026_merged
Tet elements: 3834419
Min angle on Tri Faces < 5: 26 (0.000678069%)
Average min angle on tri faces: 37.83, Uorst min angle on tri faces: 1.30
Hax angle on Tri faces > 170: 2 (5.21591e-05%)
Average max angle on tri faces: 88.94., Worst max angle on tri faces: 173.90
Aspect ratio > 10: 25 (0.000651989%)
Average aspect ratio: 1.66, Worst aspect ratio: 25.26
Shape factor < 0.0001: 3 (7.82387e-05%)
Average shape factor: 0.651365. Worst shape factor: 0.00e+00
Hunber of elements : 3834419, Analysis errors: 0 (0%), Analysis warnings:

144

(0.00375546%)

%
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Lower Reflector vessel with merged Bi-metallic tubes

Vessel with view cuts and materials

%

Al6061T6
(green)

T~ 316L

(red)

Mesh model 1.6e6 C3D10 tet elements

Part: LR_2026_merged

Tet elements:
Min angle on Tri Faces < 5:
Average min angle on tri faces:
Max angle on Tri faces > 170:

1626212
102 (0.00627225%)

38.32, Worst min angle on tri faces: 0.530
12 (0.000737911%)

Average max angle on tri faces: 88.91, Worst max angle on tri faces: 177.27

Aspect ratio > 10: 118 (0.00725613%)

Average aspect ratio: 1.64, TWorst aspect ratio: 99 24

Shape factor < 0.0001: 34 (0.00209075%)

Average shape factor: 0.654778, Worst shape factor: 0.00e+00

Humber of elements 1626212, Analysis errors: 0 (0%), Analysis warnings: 280 (0.0172179%)

Created set

'PoorElements-3"' containing 290 elements
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Bolts and tie rod models

Typical upper bolt with simplified thread region

Bolts for Upper Reflector

&

ﬂ:.

i

» Threads and Belville
washer replaced by 3
simplified cylindrical
version at head

» Bottom threaded region
made cylindrical with
same diameter as hole

Gesale

v
A
T
7 x

Typical Tie Rod with simplified thread region

12 upper vessel bolts and 12 lower vessel bolts-

similar but shorter — approximately 2e4 C3D10
elements for each bolt
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Tie Rods

25,626 C3D10 tet éléments
nominal 4 mm




Mounting block and vacuum cover shell models

Mounting block and seismic block

Vacuum cover shell

Mounting Block

Mounting Block C3D10 Mesh

Seismic Block C3D8R mesh

%
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Part: TRANSFER_VAC_COVER
Tet elements: 29101
Min angle on Tri Faces ¢ 5: 19 (0.0652898%)

Average min angle on tri faces: 38.23, Worst min angle on tri faces:

Max angle on Tri faces > 170: 0 (0%)

Aspect ratio » 10: 19 (0.0652898%)
Average aspect ratioc: 1.69, Worst aspect ratio:
Shape factor < 0.0001: 0 (0%)

Average max angle on tri faces: 89.75. Worst max angle on tri faces:

77.98

Average shape factor: 0.644448. UWorst shape factor:

Number of elements : 29101, Analysis errors: 0
Created set 'PoorElement=-2' containing 23 elements

(0%},

0.000399
Analysis warnings: 23 (0.0790351%)




Boundary Conditions

Mounting blocks Seismic block restrant

o adan adit
w

Name: BC-7

Type:  Displacement/Rotation

Step:  Initial

Region: seismic_block-1.seismic_block_hole_nodes h

CSYS: (Glebal) [p L
au
Ow
au
Our
CJurz
[CJUR3

Note: The displacement value will be
maintained in subsequent steps.

0K Cancel

Displacement normal to angled surfaces fixed :
. : Hole surface nodes restrained to only
surfaces point to center axis so net : :
. . allow vertical displacement
displacements are radial
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Typical bolt and tie rod head and threaded region contraints

Upper Bolt 1 head and thread tie constraint

% Edit Constraint

Name: B1_head

Type Tie

§ Main surface: backbone all-1HE [3
# Secondary wrface: 1 Suf-8 [3
Discretization method: | Analysis default
() Exclude shell elernent thickness

Position Tolerance

© Use computed defsult

() Specify distance:

Note: Nodes on the secondary surface that are

considered 1o be outside the position
tolerance will NOT be tied.

() Adjust secondary surface initial position
18 Tie rotational DOFs if applicable
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Mame: B1_thread
Type  Tie

# Main surface: UR_2026_merged-2.H9 [}

f Secondarysurface BOLTI-1thread [3
Discretization method: Analysis default
[T Exclude shell element thickness

Pasition Telerance
O Use computed default
O Specify distance:

Note: Node: on the secondary surface that are
considered to be outside the position
tolerance will NOT be tied.

[ Adjust secondary susface initial position
I8 Tie rotational DOFs if applicable

Cancel

Tie rod 1 head and threaded region tie constraint

% Edit Constraint
Hame: tie_yod_1
Tpe T
# Mo rface upper_shielding-1._rod_ 1
# Secondarysurface tie_rod-1washer [3
Discretization meshod: Analysis defauit
) Exchude shel cement thickoness
Position Tolerance
0 Use comguted defaul
2 Specify ditance
Mote: Modes cn the secondary susface that are
considired to be putiide the peitien
tokrance will NOT be tred.
] Adpust secendary wlace initial pesitien
80 Tie rotational DOF: if apphicable

 Edit Comtraint

Hame: tie.rod_1_theead

Type Tie

# Muin surface: backbone_l-15ie 1 [

B Secondary wrface: tieiod-1tbeesd [y

Discretization methad: Anaiyss default
Lachude shell elerment thickness

Pusiton Tokrance

O Use comeuted defauh

O Specify datance:

Mote: Nodes. on the secondary sufbce that are

censdered to ba cutuide the pestion
tolerance will NOT be tied.

Adjust secondary surface intisl position
1B Toe rotaticnal DOFs f applicatie

Cancel




Lower Reflector Vessel 316L weld surfaces

6 Bi-metallic tube weld surfaces Tie Constraints

Lower Reflector showing locations of 6 fitting ties
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Vacuum boundary welds and upper shielding to backbone tie

Vacuum boundary welds

Upper shielding tie to backbone
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Seismic block and lower mount typical tie constraints
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Upper and Lower Reflector Vessel Surface to Surface hard
frictionless Interactions to backbone

e T R =
n Lo ke mcteon
Mama @ buckbons
Marvr |IB o kimgn
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Loads

Preloads 5kN bolts 10 kN tie rods

%

-
)
|
fi
)
I
fi
!
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Neme: Load-3
Type:  Boltload

Step:  preload (Static, General)

Region: Surf-5 [y
Method: | Apply force
Magnitude: | 10000
Amplitude: | (Ramp)

Bolt axis: © Surface normal
O specify:

(8 Pre-tension section at part level

OK

Cancel

B

AN

Water Pressure — 3, 5 and 5.75 bar




Vacuum boundary — 0 or 2 bar Core vessel atmosphere — 0 or 1 bar
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Thermal and Seismic loads

Table 1: STS SSCs using ASCE-7-16 Chap. 13 -
Seismic Requirements for Nonstructural
Components Equwalent Static Method)

SSC Eq.13.3-2 Eg.13.3-3 Eq.13.3.1.2

Moderator Reflector

Assembly

(Conservative

Attachment Height 0.308 1.16 0.22 0.10

Horizontal force Fp =.308 Wp and the vertical Ev =
0.1 Wp. The accelerations to be applied for Abaqus

- Part d
A36-2 upper Backbone arts mappe Temperature all

shielding merged  (h Temperature cases in the horizontal plane (X,Z) are 0.7Fp or 2.11

all

N/m2. In the vertical plane it would be .69 N/m2.
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Temperatures as Mapped by Abaqus from imported data fields

Assembly - peak 85 °C at backbone bottom

NT11
+8.493e+01

+6.7292+01
+6.288e+01
+5.8478+01
+5.405e+01
+4.9648+01
+4.523e+01
+4.0828+401
+3.641e+01
+2.2008401
+0.000e+00
Max: +8.493e+01
Node: BACKBONE_ALL-1.1727336

Ma%: +8.493e+01
ASME thermal cases
QDB mra_g02_T3.0db Abagus/Standard 2025 Tue Jun 23 21:51:02 Eastern Daylight Time 2026

z
Step: water_SBar_T, water 5 bar and thermal
x Increment  6: Step Time = 1.000
Primary WVar: NT11
Deformed Var: U Deformation Scale Factor: +0.000e+00

OAK RIDGE |35
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Aluminum peak 73 C on Upper Vessel vacuum tube

NT11
+7.294e401
+6.9532+01
+6.612e+01

+4.2258+01
+3.882e+01
+3.541e+01
+3.200e+01
Max: +7.2042+01
Node: UR_2026_MERGED-2.899044

ASME thermal cases
¥ ODB: mra_602_T3.0db  Abaqus/Stal

25 Tue Jun 23 21:51:02

Step: water_SBar_T, water S bar and thermal

t 4 Increment  &: Step Time =
X Primary Var: NT:

1
Deformed Var: U

1
Deformation Scale Factor: +0.000@+00

NT11
+7.293e+01
+6.952e401
+6.611e+01
+6.270e+01
+5.929e+01
+5.520e+01
+5.2462401
+4.905e+01
+4.564e+01
+4.223e+01
+3.882e+01
+3.541e401

+01
HNode: UR_2026_MERGED-2.35854

ASME thermal cases

¥ ODB: mra_602_T3.0db Abaqus/Standard 2025  Tue Jun 23 21:51:02
7 Step: water_SBar_T, water S bar and thermal
Increment  &: Step Time = 1.000
X Primary Var: NT11
Deformed Var: U Deformation Scale Factor: +3.000e+01



ASME BPVC Code Cases and Abaqus Analysis cases

Abaqus case Water Pressure | Core Vessel Vacuum Space Seismic load (E) | Thermal
(P bar) pressure(bar) Pressure (bar) T
3 3 0 D 2 0
_ 10 3 1 D 0 0 T
_ 8 5 0 D 0 0 T
- 7 3 0 6D 0 .7E overturn
_ 4 3 0 D 0 7 Ex
_ 5 3 0 D 0 7Ez
- 6 3 0 D 0 7Ey
_ 9 3 0 D 0 0 T
2 5.75 0 D 0 0
_ 11 3 0 D 2 0 T
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Abaqus Analysis done with two input files — non-thermal and
with thermal

Load Manager for non-thermal cases Load Manager for thermal cases

r# Load a % Load Manager X
Name preload gravity Step-3 Step-4 Step-5 Step-6 Step-7 Step-8 Step-9 E Name preload gravity water_3bar_§l water_5Bar_T water_3bar_T water_3bar_CV 1bar water_3bar_vac_2bar
v EX [ ] Created Deactivated Vi [ Created Deactivated
v EY Created Deactivated v Load-1 Created Modified Propagated Propagated Propagated Propagated Propagated
v EZ Created Deactivated v Load-2 Created Modified Propagated J| Propagated Propagated  Propagated Propagated
v Eoverturning Created v’ Load-3 Created Modified Propagated { Propagated Propagated Propagated Propagated
v Load-1 Created Modified Propagated Propagated Propagated Propagated Propagated Propagated Propagated v Load-6 Created Propagated J| Propagated Propagated Propagated Propagated
v Load-2 Created Modified Propagated Propagated Propagated Propagated Propagated Propagated Propagated v P3 Created Deactivated
v’ Load-3 Created Modified Propagated  Propagated Propagated Propagated Propagated Propagated Propagated v’ Plwater Created Propagated Propagated
v’ Load-§ Created Propagated  Propagated Propagated Propagated Propagated Propagated  Deactivated v’ P5 ——Created Deactivated
v vac 2bar Created Deactivated v’ Vac_Zbar Created
v water_3bar Created Propagated Propagated Propag Propagated
" water_5_75_ba Created Deactivated Step procedure: Static, General
v water_5_bar Created Deactivated Load type: Pressure
Load status:
Step procedure: Static, General
Load type: Gravity L Create... Copy.. Rename... Delete... Dismiss )

Load status:

A step with 3 bar water pressure and all
nodes at 32 °C included for beam trip thermal
fatigue stress analysis

« Normal operating temperatures applied for all
following steps

Preload and gravity steps the same for both input
files

SECOND
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Preloads gave predicted Axial loads with peaks at mesh
singularities and at backbone contact regions

Bolt peak at singularity — Backbone peak 125 MPa Tie rod stresses — axial miplane 50 MPa

S, Mises — [ ]
{Avg: 75%) 5, Mises a8
+2.615a+08 [Avg: 75%) ]
+1.720a+08 +1.705e+08
+1.577a+08 +1,150e+08
EET e
+1. + - +9, +
+1.3.3?e+82 e +8.655e+07 s
+1.0042+ o 15 1m0 +7.707a+07 11512408
+8.603e+07 e, S0LT soTIOM-11.13623 +6.755e+07 {ido0a 08
+7.170e+07 Hode: 122 +5.810e+07 +B.660e +07
+5.737e+07 +4.862e+07 +7-237e+407
+4.3042+07 +3.914e407 +5.814a407
+2.871e+07 +2.966e+07 :
+1.438e+07 - +2.017a+07 +1.544a 407
+5 5580404 +1.06%9e+07 - +1.207e+06
: +1.2072+06 Max: +1.7050+08
Max: +2.615e+08 Max: +1.705e408 Ele: E ROD-4.16809
Elem: BOLT_BOTTOM-11.13423 Elem: TIE_ROD-4.16809
Node: 122 ASHE ron-harmal cases Mode: 144
S35 . G055 ™ Abacus/standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026
¥ Step: preload, il bolts
r...x nctarment "1 Stap e = 1,000
Frimary var: S, s
Geformed var: U Deformation Scals Factor: 40.0008+00

l l I Peak at singularity

(Avg: 75%)
+1.720e+08
+1,577e+08

J [ ASME non-thermal cases
Max: +1.705e408 O0B: mra_§02_SS.odb  Abaqus/Standard 2025 Tue I8
HESH v z
Maxi +2'4E+08 ASME nen-thermal cases Step: pradoad, SkH bojts
ASME nen-thermal cases Y ODB: mra_602_S5.0db  Abaqus/Standard 2025 Tue Jun 23 14 ,‘,’,‘,f,’,‘.‘a';“,"“,',,: S'onoTime =  1.000
' ODB: mra_602_55.0db Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastes x Deformed Var: U Deformation Scale Factor: +0.000e+00
Stap: preload, SkN bolts
Step: preload, SkN bolts Increment  6: Step Time = 1,000
I t 6! StepTi = 1.000 z X  Primary Var: 5, Mises
* ncremen p Time Deformed Var: U Deformation Scale Factor: +0.000e+00

z X  Primary Var: 5, Mises
Deformed Var: U Deformation Scale Factor: +0.000e+00

P+1.253e+08

.
e ; P ASME non-thermal cases
AX I a I b O It St r S S 0 M a Y ODB: mra_602 S5.0db  Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026

Step: preload, kN bolts
X Increment 6 Step Time =  1.000

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +0.000e+00
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Preload stress on Reflector Vessels

Upper Reflector vessel peak 121 MPa Lower Reflector vessel peak 89 MPa

S, Misas - .
(Avg: 75%)
+1.2108+08
+1.10%e+08
+1.00%a+08 5
=1 +8.077e+07 (vg: 75%)
+6.0690 407 v
+7.0608 407 Lt
+ +
+6'U%:tg§ 18574et0r
+4.034+07 bkt 4
SpRd 3
% + -
1 00%e 507 ety
Hise iy
. 374150406
Max: +1.2108 408 Max: +8.0908+07 1e95et00
Elem: UR_2026_MERGED-Z.1114071 Node- 3HI7843 Elem: LR_2026_MERGED-1.322457 -0, 050840
Mode: 3827643 Node: 1264107 LR_2006_MERGED-1.322487
284107
Hox: 78.0980-+407
ASME non-thermal cases i
©OD8: mm 602 S5.0db  Abaqus/Standar 2025 Tus Jun 23 Max: +8.0580+07 ASME non-thecmal coses
ASME non-thermal cases ¥ O0#: mea_602_S5.cdb  Abaqus/Standard 2025 Tise Jun 23 14:18:27 Eastern Dayight Time 2026
ASHME non-thermal cases Stap: prakoad, Sk belts ¥ ODB: mra_602_55.0db  Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026
ODB: mra_602_S5.0db  Abaqus/Standard 2025 Tue Jun 23 14:16:27 Eastern Daylight Time 2026 e 5. Vi e = 1000 z Simp: prakoad, Fn boks w00
M Daformed Var: U Deformation Seale Factor: +0,0008-+00 * Stap: praload, Sk bolts cramant 1 Step Time = 1.
Step: preload, SkH bolts X Increment 6: Step Timm = 1,000 Deformed Var: U Deformation Scale Factor: +0.000e-+00
Increment  6: Step Time =  1.000 B e T otion Sonfe Pactor? +OvO00wO
Primary Var: S, Mises TU Dafor +0.000a 4
z X Deformed Var: U Deformation Scale Factor: +0.000e4+00

OAK RIDGE |35
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Preload, Gravity and 5 bar water ( Abaqus case 1)

5, Mises 5, Hises
(Awg: 75%) [hvg: F5%)
+2.61424-08 e 2. B 1 5000
+1.000e+08 W ioieneior
- 49, 167e+07 1g.§a§:g;
ﬁﬁﬁﬁig; = +E.667es07
‘ —_— e &
. +6.667e407 H EE'E'E?”E?
+5.000¢ 107 2z
+4.167e4+07 [ r#.gg;r::g;
T 111432463
+1I55TE+|:'? Max: +2, 6058 +08
+E:333E+DE Elam: BOLT_BOTTON-1.18518
+7.33% 401 Hoda: 115
Max: +2.614a+08
Elem: BOLT BOTTOM-11.13423
Hode: 122
Max: +2.61%+00
Peak of 261 MPa at bolt singularity
ASHE non-tharmal casas
¥ QDB mra_S02 5508 Abaqui/Standand 2025  Tise Jum 23 14:18:27 Exstarn Daylight Tima 2026
I x Stap: Stap-3, watar Sbar
Incramant 6! Step Tima = 1.000
Primary Var: 5, Mises
Deformed Yar: U Daformaticn Scale Factor: 40, 0009 -+00
ASME non-thermal cases Max: 4+2.514e+08
¥ ODB: mra_s02_55.0db Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026
Step: Step-3, water Sbar
Incramant 6: Sbap Tima =  1.000
Fi X Primary Var: 5, Mises

Deformed Var: U Deformation Scale Factor: 40.0002400

SECOND
TARGET
STATION
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Abaqus case 1 backbone Stress

Peak 127 MPa near bolt head contact weld stress low - 20 MPa scale maximum

Lower weld cuts at -.253m Upper weld cutat.229 m

5, Mises
(Avg: 75%)
+1.273a+08
+5.000a+07
+4.583a407
+4.167e407
+3.750e+07
+3.3342407
+2.917e+07
+2,500e+07
+2.084e+07
+1.667e+07
+1.250e+07
+4.172e+06
+5.613a+03
Max: +1.273e+08
Elem: BACKBONE_ALL-1.967651
Node: 2194924

X 06
+LETI0N06
+6.5250403

AL o -Erarmal casen
v DR mim_G03_55 il Abaqus/Shantad 65 Tus lun 31 14; 1837 Fasterm Du pight Toma 3036

| 49, 310841
+6. 6810406

[ +5.017a406
133520406

S, Hisas
[Avg: 75%)

56130403

/
ASME non-thermal cases Max: +1.273e+08

Y ODB: mra_g602_S5.cdb  Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026
Step: Step-3, water Sbar | ASHE noa-tharmal casas
Increment 6: smp Time = 1.000 ! OO0B: mra_602_SS.ocb  Abaqus/Standard 2025 Tue Jum 23 14:18:27 Eastern Daylight Time 2026
z X Primary Var: 5, Mises Max: +1.269e+08 [ I —
Deformed Var: U Deformation Scale Factor: +0.000e+00 z Incramen: " 6: step Tima = 1.000
Datnrmet vas:'U  Daformation Scale Factor: +0.000400

%OAK RIDGE |t
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Abaqus case 1 Upper Reflector Vessel Stress

Peak 126.3 MPa — below 127 MPa 1.5S, limit Minimum 10 mm distance from weld centerline to

83 MPa stress weld Sm limit - exceeds 5 mm HAZ

5, Mizes 5, Migas
(Avg: 75%) {Avg: 75%)
+1.2630 408 #1.2630408
+1157a40 11570408
+1.052e+08 +1.0528+08
— +9.47084+07 +9.470a+07
+8.4180407 4+8.4189407
+7.368e 07 +7.366e 407
+6.313e+07 +6.313e+07
+5.261e+07 +5. 2su+u?
+4.20%0 +07
+3.157e 407 +3. li?t»ﬁ?
+2.104e+07 +2.104e+07
+1.052e+07 +1.| 0510+Bi'
+7. 339'+Ul +7.1 81004-01
Hax: +1.2630 4 Max: +1.263e
!llm Ur !02! MERGED-2.232656 Bem: UR 2ﬂ?.( H!RG
Hode: 1390853 Hode: 1390853

Weld 83 MPa Sm
limit to centerline
10 mm

Weld Centerline

ASME non-tharmal eases ASME non-thermal cases
¥ ODB: mra_502_S5.0db  Abaqus/Standard 2025  Tua Jun 23 14:18:27 Eastern Daylight Tima 2026 ¥ 0DB: mra_602_S5.cdb  Abaqus/Standard 2025  Tuse Jun 23 14:18:27 Eastern Caylight Tima 2026
aerrascn Seus o 4 Bttt
z X Smp: Stap-3, water Sha z Stap: Step-3, watar Shar
Increment ' 6: Step Tme = 1.000 Increment ' 6: Step Time = 1.000
Primary Var: 5, Hises Brimary Var:
mtormied var, U Deformation Scale Factor: +2,0008401 Detormed var-'y - Daformation Scale Foctor: +2.0002+01

%OAK RIDGE | %228
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Abaqus case 1 Lower Reflector Vessel Stress

Mises Stress peak 123.7 MPa on lid inside surface Mises Stress showing weld zones below 83 MPa

5, Mises
(Avg: 75%)
+9.0382+07
+8.285e+07
+7.532e+07
3, Msas S, s - +6.779e+07
{Avg: 75%) (Avg: T54)
+1.237e+08 +§Ig%§+gg
+1.1350408 +3, +
HgE e
767
5aiete +3.0142+07
+§ gg? +g; +2.261e+07
3ivet0r +1.508e+407
+g :gg +g; +7.5552+406
15 10sev07 +2.513e+04
" ”1‘92]’35;“059 Max: +9.0382+07
Max: +1.237e+08 A +1.237e+ : "
Elem: LR_2026_MERGED-1,397849 Elam: LR_2026_MERGED-1.397849 :I:dm.. Ii;g‘z&g;—MERGED I
Node: 1463322 Hode: 1463322 &
Min: +2.513e+04
Elam: LR_2026_MERGED-1,459137
Node: 1612575
ASME non-thermal cases ASME non-thermal cases
Y ODB: mra_602_55.00b Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Tima 2626, ODB: mra_602_55.0db  Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastarn Daylight Time 2026
’ ? Trerament > & Giap 1.000 7 03 e e 1.000
Primory Wor 5, Hises, |+ rimary var: &, oy ASME non-thermal cases Max: +9.0382+07
Deformed Var: U Deformation Scale Factor: +2.0008+01 Deformed var: U Deformabon Scale Factor: +2.000e+01 z ¥ ODB: mra_602_S5.0db Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026
" Step: Step-3, water Sbar
x Increment &: Step Time = 1.000

Primary Var: 5, Mises
Deformed Var: U Deformation Scale Factor: +2.000e+01

%OAK RIDGE | %228
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Load Cases and peak stress and displacement results

ASME | Abaqus |Water Weight Seismic Therma
Case | case |Pressure load S max S max
(bar) (MPa) | (MPa)

5 0D 127 126 0.99
3 3 0D 2 126 121  0.61
10 3 1D T 258 113 0.84
8 5 0D T 261 139 1.11
JE 0.61

7 3 0 .6D overturn 126 122
4 3 0D .7 EX 126 124 0,61
5 3 0D .JEz 126 120 0.61
6 3 0D .7Ey 126 121  0.61
9 3 0D T 259 114 0.85
1.13

2 5.75 0D 128 145.5
11 3 0D 2 T 259 114 0.85

SECO
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Abaqus Case 8 - 5 bar water pressure and thermal

Peak Stress 261 MPa Peak with mesh refinement 253 MPa

S, Mises
{Avg: 75%)
+2.607e+08

5, Misos 5, Mises
Chva 75%) (Avg: 7508

+4.431e+05
Max: +2.607e+08
Elem: BACKBONE_ALL-1.200669
Node: 59232

= 42,6070+ 00
Elem: BACKBONE_ALL-1.200669
Pade: $0237

ASME thermal cases

¥ ODB: mra_602_T3.0db Abaqus/Standard 2 ue Jun 23 21:51:02 Eastem Dayhight Time 2026

z Step: water_SBar_T, water S bar and thermal
Increment  6: Step Time =  1.000
X Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +0.000e+00

OAK RIDGE |35
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Abaqus Case 8 - 5 bar water pressure and thermal

Middle backbone to lower backbone weld stress Vertical stress showing compression at peak

location

S, Mises S- g2z
thvg: 75%) )
+2.536e+08 (ava: 75%)
$2.325e+08 +1.900e+08
+2.114e+08 +1.559e+08
+1.302e+08 +1,218e+08
+1.602e+08 +8.780e+07
+1.451e+08 +3.372e+07
411:%;8“‘55 +1.565e+07
+ [T =
48.4840.407 -1.442e+07
+.8492+07
+6.374e407
+4.265e407 -9.236e+07
" -1.166e+08
12.4330+01 ‘15072408
+4.555e:+05 lo07ess
Max: +2.536e+08 -2.1880+08
Elem: BACKBONE_ALL-1.10g
Node: 59072 - Malx; 1:1.90031—08
M +4,5850405 Elem: BACKEONE ALL-1 202152
Elem: BACKBOK jode:
Node: 16879 Min: -2,188e+08
Elem: BACKBONE_ALL-1.201106

MNode: 1106450

ASME thermal cases ) )
QDB: mra_602_T3.0db  Abagus/Standard 2025  Tue Jun 23 21:51:02 Eastern Daylight Time 2026

F Step: water_SBar_T, water 5 bar and thermal
Increment 6! Step Time = 1.000
Primary Yar: 5, 522
X Deformed Var: U Deformation Scale Factor: +0.0002+00

%OAK RIDGE | %228
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Abaqus Case 8 - 5 bar water pressure and thermal- Reflector
essel stress and displacement

Peak 139 MPa — below 3Sm limit of 254 MPa Peak Displacement 1.1 mm below 1.5 mm limit

5, Mises U, Magnitude
(Avg: 75%) +1.112¢-03
+1.389e+08 +1.020e-03
+1.273e+4+08 +9.271e-04
+1.157e+4+08 +8.247e-04
+1.042e+4+08 +7.423e-04
+3.260e+4+07 +G.45%e-04
+8.102e4+07 +5.575e-04
+6.946e+07 +4.651e-04
+5.788e+07 +3.727e-04
+4.631e+07 +2.803e-04
+3.474e+07 +1.879e-04
+2.317e+07 +9.551e-05
+1.160e+07 +3.101e-08
+2.544e+04 Max: +1.1128-03
Max: +1.289e+08 MNode: LR_2026_MERGED-1.32232
Elern: LR_202&_MERGED-1,297849
Node: 1463322

ASME thermal cazes
v ODB: mra_s02_T3.0odb  Abaqus/standard 2025

ASME thermal cases
Y ODB: mra_e02_T3.0db  Abaqus/Standard 2025

Step: water_SBar_T, water 5 bar and thermal Step: water_SBar_T, water 5 bar and thermal
z « anreme@t S6:Mstep Time = 1.000 z % Increment & Step T(\jme = 1.000

rimary ar: S, Mises Primary “ar: U, Magnitude

Deformed war: U Deformation Scale Factor: +1.000e+00 Deformed War: U Deformation Scale Factor: +1.000e4+00
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Abaqus case 9 Normal operation 3 bar water and thermal
fatigue evaluation

Temperature change after beam Backbone peak 0 % averaging Fatigue life 50 years

trip — 53 °C max 253 MPa at peak location

Field-2
S8520a01
JeriinoH
f‘}’ §§§§:§§ Figure 3-F.3M
88220400 Fatigue Curve for Series 3XX High Alloy Steels, Austenitic-Ferritic Duplex Stainless Steels, Nickel-
M 3 7030001 Mo 152036001 Chromium-iron Alloy, Nickel-Iron-Chromium Alloy, and Nickel-Copper Alloy for Temperatures Not
Node: BACKBONE_ALL-1.1727536 Node! BACKBONE_ALL-1.1727536 Exceeding 427°C
‘1717""‘\‘” N o e S o==co]
~..‘4th AV‘“NN‘-.“‘ 316L Peak S = = i ..
/] ‘A" AA“' 1 253 MPa e
"u'A' A‘A‘ W /b - . I
A A ) Sa=126.5MPa £ [N 1] |1 || L1
A7 ' a7 i Sss T EEHIEET Sl
£
4‘4!)‘{._/ Life~6x 10°cycles | 2 i
A Life ~ 50 years g ! mEtl
E ™ T LI - e
Bed cycles ~ ® =55
6 years
2 Sa ~210MPa
Mas: 45 2958 S~420 MPa 0
COE: R0 S5 Abacus/standard 2025 Tue un 23 2115102 v SR o624 h abanus/standbrd 2025 Tue oun 23 2151 WM R OB LW LB LB TWENT  TENE  TMEME MBI NG
N Max: +5.293e+01 Cyoies
Step: Session Step, Step for Viewer non-persistent fields Step: Session Step, Step for Viewer non-persistent fields.
1 Sesion Frame I.. Seion Frame
Primary Var: Field-2 7 X Primary Var: Field-2
z X Deformed Var: not set  Deformation Scale Factor: not set Deformed Var: not set  Deformation Seale Factor: not set.

%OAK RIDGE |5
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Abaqus case 9 Normal operation 3 bar water and thermal
fatigue evaluation

Reflector Vessel — thermal fatigue peak stress 80.9 Al6061T6 fatigue life minimum 20 years

MPa in upper vessel

Fleld-1, Mises
{Ava: 0%,

SHOT5e
40508+
s AATHe
S2.700e+
#2 v
sLa31e+

Max: il
e
Node: 33018

Figure 1
Design Fatigue Curve for 6061-T6 Aluminum for Temperatures Not Exceeding 300°F

100 T

SSecSsE0g

O b SIS
BURB LB N ROy RE
RS G AT

§ FRadnigasaeas

£
H
s B

Upper Reflector Peak
80.9 MPa

11.7 ksi \
\

Sa=5.87 ksi N

H
2

26_MERGED-2.26010

Life ~2 x 10° cycles
Life ~ 20 years N,
. With zero mean stress

N

- 10 m\ it
i
:

Lower Reflector Peak
68 MPa

9.9 ksi

Sa 4.9ksi

Life~ 3 x 105 cycles
Life ~ 30 years

n" With maximum mean stress

1
10’ 10¢ 10° 10* 10* 10° 107 10* 10°
Number of cycles, N
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Normal operation hydrogen vessel 6 support point locations and
displacements for upper and lower reflector vessels

Displacement (m) and attachment points in red Attachment point closest node displacements

|| Node base location (mm Node displacements (mm
NODE # X Y VA magnitude ux uy uz

Upper
U1 1387493  -0.497 85.700 -38.733
U2 60962 -33.081 85.700 19.796
u3 1368983 33.787 85.700 19.796
U4 1158278 -0.290 132.280 38.964
us 1604049 -34.048 132.280 -19.700
ué 1493301 34.048 132.280 -19.654

0.230 0.161 0.165 -0.008
0.234 0.136 0.189 0.018
0.246 0.178 0.168 0.023
0.192 0.166 0.091 0.033
0.187 0.1585 0.105 0.004
0.206 0.186 0.090 0.009

Lower
L1 2010272 72.728 -81.651  0.039
L2 151810 -43.697 -81.508 54.408
L3 151761 -43.697 -81.508 -54.408
W 2157730 72.727 -121.349 -0.039
LS 153775 -43.697 -121.492 54.408
L6 152931 -43.697 -121.492 -54.408

0.111  0.011 0.110 0.015
0.078 -0.029 0.066 0.028
0.078 -0.022 0.074 -0.015
0.091 0.026 0.086 0.012
0.054 -0.021 0.041 0.028
0.055 -0.014 0.048 -0.022

%OAK RIDGE | %228
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Abaqus case 4 -Seismic Ex load in beam direction example

Peak assembly stress without Displacement toward ta Stress (Pa)

g
bolts and tie rods - 126 Mpa center (m) — peak .22 mm

Displacement x 2000

Bolt and tie rod axial stress <115 Seismic block load 3,870 N

U, u1
+2.172e-04
+3.000e-05
- Mises +2.437e-05
(Avg: 75%) S, Mivea +1.874e-05
+1.265e+408 (Avg: 7252:17 s +1.312e-05
+1.160e+08 42,6178+ : g
+1.054e+08 tiaeetne :z g:?:-gg
. + 8
iy retid 9, 584e+07 -3.767e-06
+7.3802+07 +8.627e+07 -9.395e-06
+§ g;g«g; tg gﬁgig; -1.502e-05
+5.272e+ -2 -
+4.217e+07 +5.753a+07 % ggg:,gg
+3.163e+07 +4.795e+07 X
+2.109e407 +3.837e+07 -3.191e-05
+1.054a407 1355007 -3.753=-0
+1.701e+01 49,6398 406 Max: +2.172e-04
Max: +1.265+08 +6.0926+04 Node: TIE_ROD-1.41598
Elem: BACKBONE_ALL-1.967651 Max: +2.6172+08 Max: +2.6172408
Node: 2194924 OLT BOTTOM-11.13423 ] [ e BOLT.BOTTOM-11.13423
2
Load 3,870 N
| l 1 J ¢ JSHE o tremat s
| SISO coeqoscrs 2025 Ton 2 1010127 Bt Carght e 28
1 3 ASHE non-thermal cases R T
| | | | o e, o0 sbacuaySandent 2025 Tom Jao 23 141027 Exstam Caylght e 2025 T
|
| Stap: Seup-t, watsr 3 bar B
Max: +2.é17=+03 X Increment ' §: Stap Time = .60
ASME non-thermal cases Max: +1.2652+08 ASME non-thermal cases r iy or: 5 m;E'v * .
Y ODB: mra_602_S5.0db Abaqus/Standard 2025 Tue Jun 23 14:18:27 ¥ ODB: mra_602_55.0db Abaqus/Standard 2025 Tue Oulormed Ver: § reskion Scale Factor: +2.000e403
ASME non-thermal cases
Step: Step-6, water 3 bar Ex Step: Step-6, water 3 bar Ex - :18: i
_l. Tncrement " 6 Step Time < 1,000 A Trctamens " 5 Step Time = 1.000 Y ODB: mra_602_S5.0db Abaqus/Standard 2025 Tue Jun 23 14:18:27 Eastern Daylight Time 2026
z X Primary Var: 5, Mises z X Primary Var: 5, Mises
Deformed Var: U Deformation Scale Factor: +2.000e+01 Deformed Var: U Deformation Scale Factor: +2.000e- Step: Step-6, water 3 bar Ex
Increment 6: Step Time =  1.000
z X Primary Var:

, U1
Deformed Var: U Deformation Scale Factor: +2.000e+01
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Abaqus case 2 Test pressure

Upper Vessel

oo- TNVARIANT RESULTS —--=-n-nns-cemssmmsmmooosooasonoas
or computing
nts are: 511, S22, S33, 512, S13, 523

Hax.. nid. Min. Tresca Mizes
Prin. Prin. Prin, Stress

Lower Vessel

€2 1.06287e08 2.915818007 -4.956702006 1.112446468 9.87115407

535892406 -2.064112006 -1,49723+07 2.932522497 1.781492+07 =

Peak Strese,
Point 2 2.625040+05 529878 6673520406 9.298560+06 B.12681e+05

P_=18.7 MPa
P_+P,=131MPa

SECOND
TARGET
STATION

%OAK RIDGE

National Laboratory

" e REsTs o

2.32773¢+07 5.369962+06 1.011120+86 4.22662e+07 4,02645e+87

1.324520+07 2.068076+06 -2.821420+6 1.60666e+07 1.426486+07

a5,
6.695020+06  1.72355¢+06 -2.31910+06 9.01503er06 7.62107¢+06

" Towe dtatnnce siong purh

P_=52 MPa
P_+P,=141MPa

Criteria evaluation

The elastic stresses in the upper reflector vessel for the
test pressure case were evaluated against the criteria in
ASME case 4.1.6.2 Test Conditions. The shell with the
peak stress is AI6061T6 with a yield stress (Sy) of 227.5
MPa (33 ksi). The membrane stress as shown in Figure
82 is 18.6 MPa which is less than Sy/1.5 so the
acceptance criteria is

I:)m'i-Pb < Yminsy
Where

Ymin = 1.5 B, @and B, =.8 for pneumatic testing and
YoinSY = 273 MPa

For this case P,+P, = 131 MPa at point 1 which is less
than y,,,,.Sy

A similar analysis for the lower vessel was done. Stress
linearization point 1 was the high stress node at 142
MPa. The membrane stress was 52 MPa and membrane
plus bending was 141 MPa would show the elastic test

condition criteria of <273 MPa is met.



Beryllium stress analysis and Reflector Vessel Buckling
analysis

%OAK RIDGE |5
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Beryllium analyzed separately with 5 bar pressure and imported
temperature profile

5 bar Pressure Max Principal st

Temperatures

TEMP 5, Max. Principal
(g 75%) ks ?2?0 o7
+5.4738401 e
+E8 302401 riiiderat
+5.1326+01 32280407
157818161 ek
ot d] % Edit Load bER et
¥4.275e401 M
+e10pe-al Name:  water_5_bar +8.260e+06
7676+01 +3.410e+06
tg 5962+01 Type:  Pressure :é.;ggg:gg
+3.4268+01 Step:  water_Sbar (Static, General) Mas: +.5.2EIDg+D7
Region: water_all [3 Elem: LOWER_BE_1-1.35466
HNode: 101396
Distribution: | Uniform

Magnitude: | 500000

Amplitude: | (Ramp)

hsr\'lhuln with Sbar and tharmal .
= mra_430_be.odb  Abagus/Standard 20:

Y
i Step; thermal, temperatures added
" Increment  6; Step Time = 1.000
Primary War; 5, Max. Princip

al
Deformed Yvar: U Dafurmetlun Scale Factor; +7.836e+02

baryllium with Sbar and thermal
ODB: mra_430_be.cdb  Abagus/Standard 2028 By 27 10:04:11 Eastern Dayl]

step thermal, nemoeratures aduad
Increment 6 Step Time = 1.000
7 x  Primary var: TEMP

Deformed Var: U Deformation Scale Factor; +0.000e+00

Stresses well below yield of 241 MPa
(35 ksi) and ultimate strength of 324
MPa (47 ksi).
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Buckling analysis per ASME Method B Section 5.4.3 with
elastic-plastic properties

Materials -T6 — green upper, tan Elastic- plastic properties

lower

ASME Aba Core |Weigh|Vacuu |Seismic |Therma
Case qus |Pressu |Vessel Al6061T6
Step pressu 3.00E+08
re(bar)
2.50E+08 /
1 1

8.35 1.67 _ zooeean
*D £
2 7.348 1.47 1.186 g 1.50E+08
*D Ex g
3  7.348 1.47 1.186 " 1008408
*D Ez
4 7.348 1.47 1.186 5.00E+07
*D Ey
5 7.348 1.47 T with 0.00E+00
*D 1 ‘47*C 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

True strain

TE

—T6_Mmod ==—=weld
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Upper Vessel Eigenvalue analysis

|___Mode | Figenvalue | __FOSS5 bar

7.46736E+06 14.9
1.11582E+07 22.3
1.44570E+07 28.9
— 1.47749E+07 29.5
1.74690E+07 34.9
— 1.79560E+07 35.9
1.80531E+07 36.1
_ 1.93045E+07 38.6
_ 2.00320E+07 40.1

%OAK RIDGE | %228
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Buckling analysis with .25mm initial deformed shape from
mode 1

Upper Vessel Step 1 Stress and displacement Step 1-4 PEEQ - all converged showing stable

Step 4 PEEQ

%OAK RIDGE |t
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Lower Reflector vessel pressure load surfaces and eigenvalue
evaluation with mode shapes

Pressure on surface subject to Mode 1 shape Modes 2 and 3
buckling

Mode 1 Eigenvalue 2.92e7

%OAK RIDGE SSSSSS

1 Labor:



Buckling analysis with .25mm initial deformed shape from
mode 1

Mode 1 PEEQ converged All modes converged showing stable

PEEQ

(wg: 75%)
+2.8620-03
+2.6240-03
+2.38%0-03

+7. -

+4.771e-04

+Z.30858-04

+0.000e+00
Max: +2.863e-03
Elem: LOWER_AL_SHELL_MESH2-1.1471870
Mode: 2376486

buckling model3 8 ksi yield
¥ QDB: LR_buckling_3_stress21.odb  AbagqusfStandard 2025 Fri Jul 04 08:31:10 Eastern Daylight Time 2025

X Step: Step-1, pressure and waight with 1.67 mulipliar
7 Intremert  6: Step Time = 1.000
Primary Var: PEEQ
Deformed Var: U Deformation Scale Factor: +5.0008+01
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Conclusions — requirements met

MRA cyclic loading The MRA shall be designed for a lifetime of 5 years (25000 hours of 700 kW beam power operation) or 2339

Requirement more with respect to cyclic loading. The hydrogen boundaries are expected to experience 50 full pressure

cycles during commissioning and 10 full pressure cycles per year during operation. Hydrogen pressureis  Pass —

expected to fluctuate 2 bar or less during beam trips and ramps. The water boundaries are expected to

experience 20 pump start cycles during commissioning and 4 pump start cycles per year during operation. 50 year life backbone
A pump start cycle is expected to produce an MRA water pressure change of 1 bar or less. No full pressure

cycles are expected for the water boundaries. 10000 beam trips are expected to occur each year. 20 year upper reflector
and 30 year lower
reflector
MRA Vacuum Vessel The MRA vacuum vessels shall be designed to the intent of the 2023 ASME BPVC. Applied seismic loads 2893
Requirement shall be derived from the NPH BOD.
Pass
MRA Reflector Vessel The MRA backbone shall be designed to the intent of the 2023 ASME BPVC. Applied seismic loads shall 2355
Requirement be derived from the NPH BOD.
Pass
The MRA reflector vessels shall be designed to the intent of the 2023 ASME BPVC. Applied seismic loads 10921
shall be derived from the NPH BOD.
Pass
MRA Vacuum Boundary The MRA vacuum boundary MAWP shall be 2 bara. 2358
Pressure Requirement
Pass
MRA Water Boundary The MRA water boundaries shall have a MAWP of 5 bara 2361
Pressure Requirement
Pass

Y YN e fol s W le (V1= <01 The MRA outside surfaces shall not deflect more than +/- ~ 1.5 mm from their installed locations under 2994
any expected loading conditions.

Pass

Peak 1.1 mm
Y| 37N [oTs [T = (e 0o 12 1o )o - | The MRA moderators shall have a displacement of 0.3 mm or less relative to the MRA mounting points 2892
Displacement Requirement from installation to 700 kW operation.

Pass

peak .25mm
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