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Structural analysis for MRA Reflector Vessels and
Backlbone

e Separate CFD thermal analysis* was done for the reflector
vessels and Stainless Steel Backlbone

e Three Abaqus Structural models were made for the upper
reflector vessel, the lower reflector vessel and the backbone

e Temperature profiles from the CFD analysis were imported and
mapped onto the Abagus models

*Temperature Profiles from Min-Tsung Kao — Reflector Vessel Thermal hydraulic Analysis
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Reflector Vessel Analysis

e This structural analysis of the upper and lower reflector vessels included
the temperature distributions from thermal hydraulic analysis

The analysis was done for 5 differentload cases which could occur during
operation plus an evaluation of the thermal stress alone

The analysis identified the minimum distance between the allowable
membrane plus bending siress and the closest weld for both vessels

Stresses were compared to the ASME BPVC code section 8 Division 2
allowable limits

Peak deflections towards the target were found and compared to the
imit of 1 mm
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Material Properties for Structural analysis

Aluminum 6061T6 properties Beryllium Properties
Modulus of Elasticity (GPa) 68.9
Poisson’s Ratio 0.33 Modulus of Elasticity (GPa) 303
Coefficient of Thermal Poisson's Ratio 0.24
Expansion (pn/°C) 23.6
(100°F) Sm (MPa) 84.8 (12.3 ksi) Coefficient of Thermal
Expansion (n/°C) 11.5
Sm Weld (MPa) 55 (8ksi)
ASME BPVC Section8 Division 2 Allowable equivalent stress values Tensile Yield Strength (MPa) (345 VHP-517 HIP
Code case 2478-1
Sm Sm Membrane+
Sm Membrane+ | Bending + Secondary
Membrane |Bending(1.5x) (3x)
Non-Weld Regions
(MPa) 84.8 MPa 127 MPa 254 MPa
Weld regions 55 MPa 83 MPa 165 MPa

Temperature not exceeding 93° C
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Weld Heat Affected Zones

« AASME BPVC lists heat affected zone (HAZ) width of welds at 50
mm, 25 mm either side of the weld. The GTAW (arc) welds have
a HAZ width up to 10 mm, correlafing to 5 mm to either side of
the centerline of welds. Stresses at or exceeding the allowable
stress values for weld regions, detailed previously, were
evaluated at half of these respective width values from the
centerline of the weld.
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MRA Upper Reflector Vessel

SpaceClaim model for Aluminum and Beryllium

Planar cut showing Beryllium part with x
cylindrical moderator plane cut

vacuum shell

View with a cut above
moderator vessel
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Upper Vessel Model mesh

e Aluminum
— C3D10 elements
- 1.9 mmnominaledge

- 2.5 mmon top and
bottom outside edges

— .05 Deviation
— 1.05 Growth
- 6,565,043 elements

e Beryllium
- C3DI10 elements
- 3 mmnominaledge
- .1 deviation
- 1.1 Growth
- 1,171,786 elements
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I ¥QakRincE  Aluminum Reflector Vessel pressure loads

Water pressure y-cut Vacuum shell Beryllium pressure Core Vessel Pressure

(5 bar or 3 bar) (0 or 2 bar) (5 bar or 3 bar) O or 1.5 bar)




Boundary condition and constraints

Fixed boundary condition to mimic
bolting to backbone

Tie constraint

5 Edit Constraint

Mame: Constraint-1

Type: Tie

3 Edit Boundary Condition f Mastersurface: Al upper-1.A1be supply [

[

[l Slavesurface:  Be upper-1.Be supply_hele [

Discretization method: | Analysis default E'

[ Exclude shell element thickness

Name: BC-1

Type:  Symmetry/Antisymmetry/Encastre
Step:  Initial

Region: Al_upper-1.fixed_top_nodes [y Position Tolerance
(®) Use computed default

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

CSYS: (Global) [3 A
(O XSYMM (U1 = UR2 = UR3 = 0)

O YSYMM (U2 = UR1 = UR3 = 0)

(O ZSYMM (U3 = UR1 = UR2 = 0)

(O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
(O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
(O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
(O PINNED (U1=U2=U3=0)

(® ENCASTRE (U1 =U2=U3=UR1 = UR2= UR3 = 0)

[ Adjust slave surface initial position
Tie retational DOFs if applicable

| OIZ | Cancglj

Top Surface nodes inring from
180.5 mm radius to outside at 190.5
mm fixed

Artificial tie constraintused to
keep beryllium centered within
vessel
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Load Cases

Case #t Load Case Reflector P |Vac Vessel P|Core Vessel| Thermal
(bar) (bar) P (bar)
1 Reflector MAWP 5 0 0 off
2 Vac Vessel MAWP 3 2 0 off
3 Core Vessel MAWP 3 0 1.5 off
4 Thermal profile 0 0 0 on
5 normal ops 3 0 0 on
Reflector MAWP +
6 thermal 5 0 0 on

Resultswill be shown for Load Cases 1 and 6 which are limiting

MAWP = Maximum Allowable Working Pressure




Upper Case 1 — 5 bar only

S peak 126.3 MPa

S, M

ises

(fAvg: 79%)

Max: +1.263e+08
Elern: &AL_UPPER-1.409242

+1.263e+08
+1.158e+08
+1.0532e+08
+9.473e+07
+8.421e+07
+7.368e+07
+65.315e+07
+5.263e+07
+4.210e+07
+3.158e+07
+2.105e+07
+1.053e+07
+1.295e+01

Mode: 2673070

X

6 load cases i
QDB: MRA_upper_loads.odh  Abagus/STIrmes oo 24 Eastern Standard Time 2023

Step: Step-1, Sbar only

Increment 1: Step Time = 1.000

Primary Var: S, Mises

Deformed War: U Deformation Scale Factor: +3.588e+01

Beryllium S Mises peak 30.3 MPa by
edge of tie to aluminum tube

S, Mises

(Avg: 75%)
+3.028e+07
+2.775e+07
+2.523e+07
+2.271e+07
+2.019e+07
+1.7662407
+1.514e+07
+1.262e+07
+1.009e+07
+7.56%9e+06
+5.046e4+06
+2.523e+06
+1.295e+01

Max: +3.028e+07
Elern: BE_UPPER-1,154060
Mode: 504396

6 load cases
Y QDB MR&_upper_loads.odb  Abagus/STMiard 2020 HF4 Tue Mar 07 19:33:24 Eastern Standard Time 2022

X Step: Step-1, Sbar only
Increment 1: Step Time= 1.000
7 Primary Var: 5, Mises
Deformed war: U Deformation Scale Factor: +3.5888+01
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Upper Case 1 — 5 bar only - Displacements

Verfical Displacement with cut
Displacement peak 1Tmm through beam line channels

U, Magnitude U, Uz
+1.062e-03 +6.454e-04
+9.734e-04 +5.032e-04
+8.849e-04 +3.609e-04
+7.964e-04 +2.186e-04
+7.07%e-04 +7.633e-05
+6.194e-04 -6.595e-05
+2.309e-04 -2.082e-04
+4.425e-04 -3.505e-04
+3.540e-04 -4.028e-04
+2.655e-04 -6.351e-04
+1.770e-04 -7.773e-04
+8.8492-05 -8.196e-04
+0.000e+00 -1.062e-02

Max: +1.062e-03 Max: +6.454e-04

Node: AL_UPPER-1.6725031 Node: AL_UPPER-1.3394697
4

Max: +1.062e-03
6 load cases 6 Ioad cases

Y ODBE: MRA_upper_loads.odb  Abagus/Standard 2020.HF4  Tue Mar 07 19:33:24 Eastern Standard Time 2023 v ODB: MRA_upper_loads.odb  Abaqus/Standard 2020.HF4  Tue o ern Standard Time 2023

I X
Step: Step-1, Shar only m I Step: Step-1, Sbar only
7 X 1.000 1.000

Increment 1: Step Time = Increment 1: Step Time =
Primary Var: U, Magnitude Primary Var: U, Uz X
Deformed var: U Deformation Scale Factor: +3.588e+01 Deformed War: U Deformation Scale Factor: +3.588e+01
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Upper case 1 5 bar 82.74 MPa scale max

=, Mises

(Avg: 75%)
+1.243e+08
+8.274e+07
+7.585e+07
+&.895e+07
+6.206e+07
+5.517e4+07
+4.827e+07
+4.128e+07
+3.449e+07
+2.759e+07
+2.070e+07
+1.381e4+07
+5.912e4+05
+1.5811e+04

QIKR line

Lpper six
X CDE: MRA

z
Step: Step
Increment

Primary wWar:
Deformed “Wal

Scale Maximum at 82.7 MPa =
1.5x §,,, limit for weld region

%OAK RIDGE

National Laboratory




Upper Casel Minimum distance from siress limit o weld

Scale
Maximum at
82.7 MPa =
1.5x §,,, limit

Distance to weld
centerline= 8.7 mm
Distance to HAZ ~ 6§ mm

Y

Cut at Plane of weldx
centerline z

QAK RIDGE
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QUIKR beam

Approximate size of

Heat Affected zone
+/-3 mMmm




Upper Imposed Temperature fields

Outer surface peak 60 C Vertical cut z=0

NT11
+6.008e+01
NT11 +5.8048+01
+6.008e+01 +5.599e+01
+5.804e+01 +5.395e+01
+5.599e+01 +5.190e+01
+5.395e+01 +4.986e+01
+5.190e+01 +4.781e+01
+4.986e+01 +4.5778+01
4.701e+01 +4.372e+01
Tit77ei01 +4.168e+01
+4.372e+01 +3.963e401
+4.168e+01 +3.759e+01
+3.063e+01 +3.8548+01
+3.759e+01 Maz: +6.0088+01
+3.5548+01 Mode: AL_UPPER-1.2627377
Max: +6.008e+01 Min: +2.554e+01
Mode: aL_UPPER-1.2627377 MNode: AL_UPPER-1.9274
Min: +3.554+01
Mode: AL_UPPER-1.9274

all loads
vy ODB: MR _upper_loads2.odh andard Time 2023
all lnads X t Step: Step-4, Thermal anly
¥ ODB: MRA_upper_loads2.odb  Abagqus/Standard 2020.HF4  Wed Mar 08 14:31:25 Eastern Standard Time 2023 X Increment  1: Step Time = 1.000
7 Primary War: NT11
t Step: Step-4, Thermal only Deformed var: U Deformation Scale Factor: +0.000e+00
X Increment 1: Step Time = 1.000

Primary War: NT11
Deformed war: U Deformation Scale Factor: +0.000e+00

Initial temperature 35 °C

Temperature Profiles from Min-Tsung Kao — Reflector Vessel
Thermal hydraulic Analysis

Min-Tsung Kao STS MRA 2023 01 18 Upper MRA.
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Upper Case 6 5 bar plus thermal

S Mises peak 134 MPa

3, Mises

(avg: 75%)
+1.3406+08
+1.229+08
+1.117e+08
+1.005e+08

+6.704e+07
+5.5872+07
+4.471e+07

+1.121e+07
+4.698e+04
Max: +1,340e+08

Elem: AL_UPPER-1.409242
Node: 2673070

Max: +1.3402+08

upper six load steps
Y 0ODE: MR&_upper_| IDadSZ odb  Abagus/Standard 2020.HF4  Thu Mar 09 16:08:51 Eastern Standard Time 2023

ZJ Step: Step-6, 5 bar plus T
X Increment 1 StED Time = 1.000
Primary Var: 8, Mis
Deformed War: U DEfDrmatan Scale Factor: +3.000e+01
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Bottom view

S, Mises
(Bvg: 75%)

Maxi +1,3402+08
Elem: AL_UPPER-1,408242

Node: 2673070

upper sis 0ad step
" WiRA_upper. ads2.00b  Abagqus) andard Time 2023

Step; Step-6, 5 bar plus T
Increment " 1 Sfep Time =
Primary Var: S, Mis

Deformed Var. U Deformation Scals Factor: +3.0008+01

1.000

Stress with view cut above neutron
beam channels

S, Mises.

+8.275e+04
Max: +1.340e

408
Elem: AL_UPPER-1.409242

Node: 2673070

upper six load step:
00B: MRA_upper_| |03d52 odb Abaqus/Standard 2020.HF4 Thu Mar 09 16 g andard Time 2023

Step: Step-6, 5 bar plus T
Incrament 1 Stap Time = 1.000

Primary Var: S, M

Deformed var: U Deformation Scale Factor: +3.0000+01



Upper Case 6 5 bar plus thermal Displacement

Vertical displacement max -1.1 mm  Horizontal displacement U1 (x)

U, Uz U, UL
+5.970e-04 +9.525e-05
+4.536e-04 +8.068e-05
+3.103e-04 +6.612e-05
+1.6692-04 +5.155e-05
+2.358e-05 +3.6959e-05
-1.,19282-04 +2.242e-03
-2.631e-04 +7.Ba0e-0A
-4.0R4e-04 -6.704e-05
-5.408a-04 -2.127e-05
-6.031e-04 -3.583e-05
-5.365e-04 -5.040e-05
-9.798e-04 -£.40968-05
-11123e-03 -7.953e-05

Max; +5.9702-04 Max: +9.525a-05

Mods: AL_UPPER-1.3745164 Mode: &l _UPPER-1.2639270

upper six load steps .
trMar 09 16:08:51 Eastern Standard Time 2023 upper six lnad steps )
0ODB: MRA_upper_loads2.odb Abagus/Standare trear 09 16:08:51 Eastern Standard Time 20232

Y QDB MRA_upper_loads2.odb  Abagus/sStantsrd
hs
% Step: Step-6, 5 bar plus T
Increment  1: Step Time = 1.000 % Step: Step-6, S harplus T
Primary ¥ar: U, Uz Increment 1: Step Time = 1.000
z Deformed war: U Deformation Scale Factor: +3.000e+01 Primary Yar: U, U1
z Deformed War: U Deformation Scale Factor: +3.000e+01
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Upper Case 6 5 bar plus thermal - Beryllium

Berylium Von Mises peak 66.7 MPa Beryllium y cut to show beam lines

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
+6.6686a+07 +6.666e+07
+6.112e+07 +6.113e+07
+5.558e+07 +5.55%e+07
+5.004¢+07 +5.005e+07
+4.443e+07 +4.452e+07
+3.895e+07 +3.893e+07
+3.341e+07 +3.345e+07
+2.786e+07 +2.732e+07
+2,232e+07 +2,238e+07
+1.678e+07 +1.685e+07
+1.124e+07 +1.131e+07
+5.694e+06 +5.778e+08
+1.513e+05 +2.429e+05
Max: +5.666e+07 Max: +6.666e+07
Elem: BE_UPPER-1.37294 Elem: BE_UPPER-1.27294
Node: 222008 Node: 222008

Max: +6.666e+07 Max: +6.866e+07

v QDB MRA_upper_loadsz.odb  Abaqus/Standard 2020.HF4  Thu Mar 09 16:08:51 Eastern Standard Time 2023 v QDB MRA_upper_loadsz.odb  Abaqus/Standard 2020.HF4  Thu Mar 09 16:08:51 Eastern Standard Time 2023
Step: Step-6, S bar plus T Step: Step-6, S bar plus T
Increment 1: Step Time = 1.000 X Increment 1: Step Time = 1.000

upper six load steps upper six load steps

Primary Var: 5, Mises Primary \ar: S, Mises
Deformed var: U Deformation Scale Factor: +&.785e+02 z Deformed var: U Deformation Scale Factor: +6.785e+02

%OAK RIDGE

National Laboratory




Lower MRA Reflector

Horizontal cut through hydrogen vyertical cut z=0 showing one

vacuum vessel tubes 1mm vacuum window Beryllium Part
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Assembly Views

Vertical cut x=0 Horizontal cut y=-.0992m
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Lower MRA Mesh

e Aluminum
— C3DI10 elements
- 2.0 mmnominaledge

- 3.5 mmon top and
bottom outside edges

— .1 Deviation
— 1.05 Growth
— 3,312,375 elements

e Beryllium
— C3DI10 elements
- 2mmnominaledge

- 3 mmon top and
bottom outside edges

— .1 deviation
— 1.05 Growth

— 2,364,100 elements
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I ¥OAKRIDGE  Prassyre [oads for Lower MRA

Water Pressure Vacuum vessel Beryllium pressure Aluminum outer
UCC UCC UCC UCC

5 bar and 3 bar cases 0 or 2 bar cases 5 bar and 3 bar cases Oor1.5bar

22



Boundary Condition and Constraints

Fixed Boundary condition on Tie constraint between Be and Al
bottom surface nodes on fubes

Name: Constraint-1

Type: Tie
4 Edit Boundary Condition § Master surface: Aluminum-1.Al_Be_tie X3 M
Name:  BC-1 f Slavesurface:  Beryllium-1Be Al [y
Type:  Symmetry/Antisymmetry/Encastre
! Discretization method: | Analysis default ™/

Step: Initial

Region: Aluminuml)-1fixed-bot [} [[] Exclude shell element thickness

CSVS: (Global) [y L Position Tolerance
: oba.
O XSYMM (U1 = UR2 = UR3 = 0) @® Use computed default
O YSYMM (U2 = UR1 = UR3 = 0) O Specify distance:
Note: Nodes on the slave surface that are

(O ZSYMM (U3 = URT = UR2 = 0)
XASYMM (U2 = U3 = URT = 0: Ab Standard considered to be outside the position
© . A tolerance will NOT be tied.

O YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
(O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
O PINNED (U1=U2=U3=0)

(® ENCASTRE (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0)

[[] Adjust slave surface initial position
[ Tie rotational DOFs if applicable

 Cancel |

OK Cancel

Artificial fie constraintused to
keep beryllium centered within
vessel
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Lower MRA Load Cases
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Case# |Load Case Reflector P |Vac Vessel P [Core Vessel | Thermal
(bar) (bar) P (bar)
1 Reflector MAWP 5 0 0 off
2 Vac MAWP 3 2 0 off
3 CvV MAWP 3 0 1.5 off
4 Thermal 0 0 0 on
5 normal ops 3 0 0 on
6 Reflector +thermal 5 0 0 on

Only Cases 1 and 6 which are limiting to be presented




LowerCase 1 - 5 bar

S Mises peak 125.4 MPa /=0 cut with 60 MPa

scale maximum Displacement peak 1.1
mm

S, Mises
{owg: 75%)
+1,252e+08
+6.000e+07
+5.500e+07 U, Magnitude
+5.000e+07 +1.132e-03
+4.5002+07 11037603
+4.008e+07 19431004
+3.500e+07 18407004
+3.000e+07 16801004
+2.5002+07 156586-04
+2.008e+07 +47150.04
Wax: +1.2542+08 +1.500e+07 13772004
Elem: ALUMINUMII-1.231603 +1.000e+07 :Z" gggeg:
Node: 40388 +5.0002+06 g8ce-04
+1.086e+01 neRs
Max: +1.25%e+08 Max: +1.132e-03
Elem: ALUMINUMII-1,635582 Node: ALUMINUM)-1.39185
Hode: 2433900 Min: +0.000e400
Node: ALUMINUM))-1.204

1 mod fixed 10mm bottom rind
DB: MRA_lower_S_T.odb  Aba

v
+0
: 3 mod fxed 10mm oo  and thermal
Tevomer ?bigu Time = 1.000 v B: MRA_lower_5_T.odb Agaqus/S(ar\nard 2020HF4  Mon Mar 06 12:
’ Befaemodyar: U “Beformation Seale Fackor: 3369 00 13' mod fixed 10mm bottom ring 5 bar and thermal
X v DB: MRA_lower_5_T.odb  Abagus/Standard 2020.HF4  Mon Mar 06 12:46:31 Eastern Standard Time 2023 Step: Step-1, Sbar
X Increment - 1:StepTime = 1.000

Primary Var: U, Magnit
. Deformedvar. U Beformation Scale Factor: +3.367+01
Step: Step-1, Sbar
Increment  1: Step Time = 1.000
Primary Var: 5, Mises
Deformed Var: U Deformation Scale Factor: +3.367e+01

x
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Lower Case 1 Minimum distance from weld to stress limit
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LowerCase 1 - 5 bar Beryllium

Berylium S Mises peak 27.5 MPa Cut showing peak around fie area

5, Mises
(Avg: 75%)
+2.7528+07

+1.147e+07
+9.1728+06
+6.8798+06
+4.586e+06
+2.293e+06
+1.086e+01

Maz: +2.7528+07
Elern: BERYLLIUM-1,172730
Node: 1977

11 mod fizxed 10mm bottom ring 5 bar and therma
ODB: MRA_lower_S5_T.odb  Abaqus/Standard 2020.HF4  Mon Mar 06 12:46:31 Eastern Standard Time 2023

Step: Step-1, Sbar

Increment 1: Step Time = 1.000
Primary Var: 5, Mises Primary var: oy
Deformed war: U Deformation Scale Factor: +5.000e+01 Deformed War: U Defol
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Lower Temperature Profile

Outer Al surface peak 54.1C

NT11
+5.410e+01

+4.0278+01
+3.8748+01
+3.7208+01
+3.566e+01
Max: +3.410e+01
Node: ALUMINUMII-1,1494935

4 cases 3 b 2 bar 1.5 bar narma
Y ODB: MRA_lower_3215NT.odb Al

Step: Step-4, thermal only
x  Increment 1: Step Time = 1.000
Primary Var: NT11

Deformed War: U Deformation Scale Factor: + 10

/=0 cut through Be and Al

NT11
+5.410e+01
+5.261e+01
+5.1118+01
+4.9628+01
+4.812e+01
+4.663e+01
+4.513e+01
+4.3648+01
+4.2148+01
+4.065e+01

May: +5.410e+01
Mode: ALUMINUMII-1,3253137

4 cases 3 b 2 bar 1.5 bar normal and T anly
Y ODB: MRA_|ower_3215NT.0db  Abaqus/Standarg

Step: Step-4, thermal only
X Increment 1: Step Time =

Primary var: NT11

Deformed War: U Deformation Scale Factor: +0.000e+00

1.000

Temperature Profiles from Min-Tsung Kao — Reflector

Vessel Thermal hydraulic Analysis

Min-Tsung Kao STS MRA 2022 12 07 Lower MRA Update 2.
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Lower Case 6 — 5 bar and thermal stress

S Mises peak 139.5 MPa S Mises /=0 cut

S, Mises
(Awg: 75%) Max: +1.788e+08

S, Mises +1.388e+08

(avg: 75%) (e
+1.395e+08 +1.041e+03
+1.279e+08 +9.254e+07
+1.162e+08 L2 002a.07
+1.046e+08 +6.942e+07
+9.300e+07 +5.785e+07
+5.138e+07 +4.62%9e+07
+6.976e+07 +3.473e+07
+5.814e+07 +2.317e+07
+4.652e+07 +1.160e+07
+3.490e+07 +3.894e+04
+2.328e+07 .
+1.166e+07 Max: 1:1.38Ele+08
+3.894e+04 Eletljﬂ. ALUMINUMII-1.236867

Max: +1.395e+08 MNode: 1400067

Elem: ALUMINUMII-1.609493
Mode: 2373865

11 mod fixed 10mm botta
A ODB: MRA_|ower_5_T.odb Abaqusfﬁtandard 20B0.HF4  Mon Mar 06 12:46:31 Eastern Standard Time 2023

11 mod fixed 10mm bottom ring S bar and therma x  Step: Step-2, upper al temp

Y ODBE: MRA_lower_5_T.odb  Abagus/Standard 2020.HF4  Mon Mar 06 12 46:21 Eastern Standard Time 2022 Increment 1: S5tep Time = 1.000
Primary War: S, Mises
X Step: Step-2, upper al temp Deformed War: U Deformation Scale Factor: +5.000e+01
: ,
Increment  1: Step Time = 1,000

7 Primary Var: S, Mises )
Deformed Var: ) Deformation Scale Factor: +5.000e+01
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Lower Case 6 — 5 bar and thermal stress

Displacement cut through neutron
Displacement peak 1.2 mm beam channels

U, Magnitude U, Magnitude
+1.220e-03 +8.179e-05
+1.118e-03 +7.497e-05
diEd s
+ -l : r +6.134e-
+B.1318-04 Maw: +1,£208-03 +5.4538-05
+7.114e-04 +4.771e-05
+6.098e-04 +4.090e-05
+5.082e-04 +3.408e-05
+4.065e-04 +2.726e-05
+3.04%9e-04 +2.045e-05
+2.033e-04 +1.363e-05
+1.016e-04 +6.816e-06
+0.000e+00 +0.000e+00

Max: +1.220e-03 Max: +8.179e-05

Node: ALUMINUMII-1,39234 Node: ALUMINUMII-1.811882

11 mod fized 10mm bottam ring 5 bar and thermal 11 mod fixed 10mm bottam ring 5 bar and thermm™
ODBE: MRA_lower_5_T.odb  Abaqus/Standard 2020.HF4  Mon Mar 06 12:46:31 Eastern Standard Time 20232 ODB: MRA_lower_5_T.odb  Abaqus/Standard 2029

Y
| X Step: Step-2, upper al temp Step: Step-2, upper al temp
Increment 1: Step Time = 1.000 %

) Increment 1: Step Time = 1.000
Primary Var: U, Magnitude

X Primary Var: U, Magnitude
Deformed Var: U Defarmation Scale Factor: +3.000e+01 7 Deformed War: U Deformation Scale Factor: +3.000e+01

n Standard Time 2023
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Lower Case 6- 5 bar and thermal Aluminum

Y cut—S max 79 MPa near base Peak stress near base
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Summary Aluminum Peak stresses for Upper and Lower

Case |Load Case|Reflector| Vac| Core [Therma|Allowable| Upper Lower |Allowable| Upper Lower Upper Lower
# P (bar)|Vess| Vessel | Aluminum| Vessel Vessel |displacem| vessel vessel vessel vessel
el P |P (bar) Von Mises| Peak Peak |enttoward Displacem|displacem| minimum | minimum
(bar stress |Von Mises| Von Mises | target ent ent dist. Limit | dist. Limit
) (MPa) stress stress (mm) (mm) (mm) toweld | toweld
(MPa) (MPa) (mm) (mm)
Reflector
1 MAWP 5 0 0 off | 127/82.7 | 126.3 125.4 1 1.06 1.13 8.7 15
Vac
2 MAWP 3 2 0 off | 127/82.7 | 75.8 75.2 1 .24 0.68 N/A N/A
cv
3 MAWP 3 0 1.5 off | 127/82.7 73.5 37.6 1 .38 0.34 N/A N/A
4 | Thermal 0 0 0 on |254/165* 89 68.7 1 .09 .09 N/A N/A
normal
5 ops 3 0 0 on |254/165* 92.6 914 1 .70 0.77 N/A N/A
Reflector
6 |+thermal 5 0 0 on |254/165* 134 139.5 1 -1.12 1.22 N/A N/A
04K RIDGE * 93° C Primary+Bending+Secondary (3Sm) : non-weld/weld




Beryllium Peak Von Mises Stress Summary

Upper Vessel Be peak Lower Vessel Be peak
Case # Load Case stress (MPa) stress (MPa)

Reflector

1 MAWP 30.3 27.5

2 Vac MAWP 8 15.5

3 CcvV MAWP 16.9 9.4

4 Thermal 66.7 50.2

5 normal ops 66.7 50.2
Reflector

6 +thermal 66.7 50.2

In all cases the peak stress was well below the tensile yield
strength of 345 to 517 MPa

%OAK RIDGE
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Reflector Vessel Summary

* The design meets nearly all structural requirements with a minor excepftion
for the 1 mm deflection limit towards the target

— The deflections are overthe limitby only ~0.2 mm or less and can be compensated
by slightly dishing the heads

 The addition of thermal stresses added little to the aluminum peak stresses
which are dominated by the pressure loads

* The highest beryllium stresses were due to thermal effects, but were
localized and only 20% or less of the tensile limit

e No stresses in Heat Affected Zones were over the ASME limits with the
closest distance of the limit fo a weld HAZ was approximately 6 mm

* More realistic boundary condifions will be used in final design as the
surrounding design matures

% OAK RIDGE
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MRA Backbone Siructural Analysis

e A preliminary stress analysis was done for the three lower
stainless steel backbone sections without Moderator Vessels

e The principal result of concern was displacements which could
affect moderator locafion and a limit of 0.5 mm at the cenfter
of the mounting surfaces for the reflector vessels was desired

o A full CFD analysis by Min-Tsung Kao had been done and @
data file for the temperatures in the region of inferest was
provided

o Analysis was done for § bar MWAP for the water and vacuum in
the core vessel. A load case was also done for a failed
moderator boundary with 2 bar pressure on the infernal
vacuum boundary

% OAK RIDGE
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Lower Backbone Shown with Moderator Reflector Vessels

Backbone Abaqus material
iInput data — bi-linear elastic-

plastic model*
** MATERIALS

& 3
=Material, name=SS3161
=pensitf]
7969.,
=fFlastic

1.95e+11, 0.27
=Expansion, zero=20.
1.61e-05,
=Plastic

2.5e+08, 0.
2.55e+08, 0.065

Ll 2

Assembly showing moderator reflectorvessels alignment and material assumptions

%OAK RIDGE

National Laboratory



Backbone SpaceClaim Model Section views

Assembly

%OAK RIDGE
Nat
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Wire Frame view showing

internal passages

Abaqus Model with all 3 parts merged

Fullmodel

National Laboratory
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Pressure boundary surfaces

5 Bar water surfaces Vacuum or 2 Bar
Surface

Reflectorvessels and Upper backbone
notincludedin the modelso some
pressure boundaries are not closed

% OAK RIDGE
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Model Mesh with C3D10 Tet elements

Nominal 5.5 mm size with 12
elements around circles Cut near /=0 plane

4> Global Seeds

Sizing Controls

Approximate global size:
M Cunvature control

Maximum deviation factor (0.0 < h/L < 1.0): |0.065
(Approximate number of elements per circle: 12)

Minimum size control

@ By fraction of global size (0.0 < min < 1.0) 0.1

O By absolute value (0.0 < min < global size) |0:00055

Total 3,731,555 elements

AK RIDGE
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Hole 1 node constraint

%OAK RIDGE

National Laboratory

Boundary Conditions

Hole 2 node constraint

Boundary condition to simulate “V”
groove restraint on pins in holes to force
displacementin direction of central axis
Fixed vertically at the 3 nodes

Applied to one node on bottom surface
of each hole

Hole 3 node constraint




Results with 5 bar pressure and all nodes at reference

temperature of 20 C

Vertical displacement - peak ~ 0.2
mm on thin walls by Proton Beam
Assembly with 5 bar load applied channels
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5 bar Pressure only results

S Mises 141 MPa peak by thin wall
edge Stresses in Top zone low ~ 11 MPa

5, Mises
(Bvg: 75%) S, Mises
+1.415e+03 (Bwg: 75%)
+1.297e+08 +1.126e+07
+1.1792+038 +1.032e+07
+1.061e+08 +9.380e+08
+9.434e+07 +8.4422+06
+8.254e+07 +7.504e+06
+7.075e+07 +6.966e+06
+5.896e+07 +5.628e+06
+4.717a+07 +g.ggge+gg
+3.5388 ¥3.7528 4
+2.3552:g; +2.814e+06
+1.179e+07 +1.8768+06
+9.382e+05
Max'++11.7fl7529tr0028 +L7e7e+02
o PART-1- Max: +1.126e+07
EE&! 2%?‘;%9192265207 Elem: PART-1-1.228239
: Mode: 1348885

20 Cinitial , 5 bar, 55 Temp, 2 bar

s
20 C initial , 5 bar, 55 Temp, 2 bar I
0QDB: MRA_backbonel PTPb.odb  Abaqus/Standard 2020, HF4  Tue Aug D8 13:34:29 Eastern Daylight Time 2023

v ODB: MR&_backbonel_PTPb.odb &
Y
Step: Step-1, pressure anly | Step: Step-1, pressure only
X Z  Increment  1: Step Time = 1.00) x Increment  1; Step Time = 1.000
Primary War: 5, Mises Primary Var: 5, Mises
Defarmed Yar: U Deformation Scal Deformed Var: U Deformation Scale Factor: +1.0008+02
z
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Temperature Profiles

Full Backbone Temperature profile Abaqus Mapped Temperatures —
with 0.Tmm helium gap 117 C peak

Temperature (C)

M117.320
I

P T
(IO L m R Fun Rk T Sy e
M= 0PI D T D Th O
OO P oD o)
ONOhE D= = = Thn W
o e o o

[Ty XY

109.093
100.867
92.640
84.413
76.186
67.960
59.733
51.506
43.279

+
Max: +1.173e DE
Mo d P PART-1-1.977531

35 053 20 Cinitial , 5 bar, 55 Temp, 2 ba
. v ODB: MRA_| hackhunel PTPh dh Abagu rn Daylight Time 2023
ILX Step: temperature, temperature with pre
I nnnnnnn I 1: Steu Time = 1.000

Dfrmedv : U Deformation Scale Factor: +0.000e+00

M.Kao, 7/25/23 CFD Model update
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Temperature and 5 bar Pressure

Peak Von Mises peak stress 226 MPa
Vertical Displacement < 0.5 mm on in sharp corner by proton beam
QXIS on upper zone opening

Max: +5.57 -0
U, uz S, Mises -
+g'g§é9_gi (Awg: 75%) Min: +2.551e+04
+5.038e-
+2.259e+08
P +2.0718+08
+3.430e-04 +1.982e+08
+2.0062-04 +1,6958+08
+2.374e-04 +1,506e+08
+1.841e-04 +1.316e+08
+1.308e-04 +1.1308+08
+7.751e03 +3.416a+07
+2.423e-05 +7.533e+07
-2,8058-05 +5.651e+07
-8.233e-05 +3.768e+07
Max: +53.571e-04 Egg?gigz
Mode: PART-1-1.1083 '
Min: -8,.2338-09 Max: +2.259e+08
Node: PART-1-1.82207 Elem: PART-1-1.2414303
Node: 4202310

Min: +2.551e+04
Elem: PART-1-1.712655
MNode: 11

Top Center Displacements
U2=395mm
Ul=-.0mm
U3=-.08 mm

Bottom Center Displacements
U2=.009 mm

U1=.02mm

U3=.001 mm

20 Cinitial , 5 bar, 55 Temp, 2 bar

¥ QODB: MRA_| backbonel PTPb.odb AbaqusjstandaréjQD% %ﬁ%— 5I'ue Aug 08 13:34:39 Eastern Daylight Time 2023
20 C initial , 5 bar, 55 Temp, 2 bar
¥ QDB MRA_| hackhonel PTPb.odb Ahaqusfstandard 2020.HF4 Tue Aug 08 13:34:39 Eastern Daylight Time 2023

z Step: temperature, temperature with pressure

Increment 1. Step Time = 1.000 .
X Primary Var: U, Uz Z Step: temperature, temperature with pressure

Deformed war: U Deformation Scale Factor: +1,000e+02 Increment 1: Step Time = 1.000

X Primary Var: 5, Mises

Deformed “ar: U Deformation Scale Factor: +1.000e+02
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5 bar , Temperature Distribution and 2 bar pressure

Vertical Displacement — addifional
Model with additional 2 bar 0.28 mm on lower surface
pressure | moderator zone not changed
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Backbone Results

e Top center reflector vessel mounting surface peak deflection
was 0.4 mm on axis with tfemperature profile and 5 bar internal
cooling pressure compared to a limit of 0.5 mm

e Bottom center reflector vessel mounting surface peak
deflection was approximately 0.02 mm

e Peak Von Mises stress in thin wall section by beam opening was
141 MPa with 5§ bar internal stress

e Peak stress of 226 MPa at localized corner near beam opening

e 2 bar pressure in vacuum region from hydrogen release did not
change mounting surface deflection

% OAK RIDGE
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Backbone Summary

o Center mounting surface deflections for normal operation due to water
pressure and the temperature profile are below the 0.5 mm limit

e Final design will adjust cooling pattern to reduce rotation of top reflector

e Peak stresses for normal operation are around the thin proton beam
channelwall at a sharp corner. Peak model value was 226 MPa but this
was at a singularity location and no mesh refinement was attempted.

e Final design is expected to improve proton beam tube region by adding
corner radii and increasing wall thickness to reduce high stresses

e Final design is also expected to include kinematic mounts and improve
other regions to reduce high stresses

e The 2 bar pressure excursion stress on the lower surface was
approximately 200 MPa and the mounting location deflections were not
affected by this pressure release

% OAK RIDGE
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