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Two charge questions are addressed in this presentation

#2 i
] Do DACs and other supportin
Hﬁs the desg,fn been documentation adequg'?el ly sgopon‘
shown tom e,; the the final design?
requirements:

Second Target Station Project: Target Loss of Cooling Thermal Evaluation
S03020000_DAC10001
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Loss of Cooling Thermal Analysis Objectives and Assumptions

%
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This analysis was done to bound the mitigated maximum target temperature after a loss of
cooling compared to the requirement to be below the tungsten vaporization threshold of 800 °C
in steam

The potential of target segments drooping into the moderators due to a loss of strength at
elevated temperature and causing a moderator failure was also evaluated

Principal Assumptions
Proton beam tripped at start of loss of cooling

All components at normal operating temperature at start of loss of cooling
No credit for water in any components
Vacuum mode core vessel operation

Center Target between the moderator reflector vessels was evaluated as the bounding case
because the aluminum reflector vessels have a much lower emissivity than the steel shielding.

Simplified models were used with conservative assumptions.
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Assembly with 20 targets, MRA and Core Vessel shielding

Initial model z=0 cut
and y cut above
targets

Initial Model view cut at the upper
- and lower beamline center
elevations
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Abaqus Analysis model

%

A model was made to evaluate a target
centered between the moderators which was
expected to have the lowest thermal radiation
from the top and bottom surfaces due to low
aluminum emissivity

The model included a 54-degree wedge
centered on the shaft axis and the proton
beam axis which includes the target location
centered on the moderators and the nearest
neighbors on each side

Bounding calculation made by not accounting
for rotation to regions with higher steel
emissivity

Only the four water cooled shielding blocks
close to the targets were retained
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Target segments centered on MRA




Assembly Segment Parts

Target foot with merged tungsten and tantalum

Target segment stalk

Inconel 403,896 DC3D10 elements

~

W

ngsten-Tantalum 305,804 DC3D10 elements

« The “Target Dummy” volume was .00173 m3

including a tungsten volume of .00159 m3 and a £ v Nomminat 1o mmane  cement
tantalum volume of .00014 m?3 (8%) £~ Smm byweld edges

» Perfect thermal contact between Inconel and W/Ta

« 7e5DC3D10 tet elements 316L material

Internal cooling tubes not included

6.8e5 DC3D10 tet elements
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SpaceClaim model of segment and Abaqus simplified stalk

Abaqus model
does notinclude
front/rear split or
tubes
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Shaft SpaceClaim model and simplified Abaqus model with
most cooling passages removed in flange

SpaceClaim Model
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Abaqus model
Simplified without cooling passages

498,508 DC3D10 elements
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MRA Parts

MRA moderators and 316l Backbone MRA Upper Shielding
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Beryllium

X=0 cut ' DC3D10 mesh .
The model did not include the internal hydrogen L. )
vessels or water .j_‘
Bolts, tie rods and most piping not included i
Conduction through bottom supports not included Upper shielding modeled as 316L
2.4e6 DC3D10 element for full MRA
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Core Vessel 316L Water Cooled Shielding

 Shielding further from the targets was not expected to affect the peak target temperature within

24 hours and were not included.

« The blocks used 193,961 DC3D10 tet elements with a nominal size of 25 mm. Internal cooling
passages were not included
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Material Properties and Emissivity's

Material Properties

CTE/ reference

[\ EYIE] Conductivity Density R Specific Heat
W/m-K kg/m3 /C J/kg

6061T6 Alumi- 180 2700 2.36e-5 /20 896

num

Beryllium 216 1850 1.15e-5/20 1925

316L SS 14.3 7969 1.61e-5/20 500

Inconel 9.94 8190 1.28e-5/20 425

Target Dummy 87 19.4 1.6e-5/20 128.3

Copper Zr 368 8940 1.164e-5/20 385
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Emissivity's

Aluminum 0.05

Inconel 0.24

316L - .24-34 ( see figure)

NUCLEAR TECHNOLOGY - VOLUME 158 - 293-305 - INE 2017
© American Neclear Saciety
DG bty /Mot ong/10. 108050 201 1311120

Dabir S. Viswanath. and Sudarshan K. Lovalka®

@ANS

Total Hemispherical Emissivity of SS 316L with Simulated Very
High Temperature Reactor Surface Conditions

Tristan S. Hunnewell. Kyle L. Walion, Sangita Sharma, Tushar K. Ghosh, Robent V. Tompson,
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3 Edit Interaction Property

Name: IntProp-6-steel T
Type  Cavity radiation

4 Use temperature-dependent data
Number of field variables: 02
Data
Emissivity Temp
1 0.26 S0
2 0.26 100
3 0.26 200
4 0.268 250
5 0.277 300
6 0.286 350
7 0.295 400
8 0.304 450
9 0.313 500
10 0.323 550
1 0.332 600
12 0.341 650
12 035 T00
L T
0K

Cancel

Total Hemispherical Emissivity of SS316 with Simulated Very High
Temperature Reactor Surface Conditions. June pp293 305, s.l. :
American Nuclear Society, 2017, Vol. 198.




Target foot thermal radiation — Abaqus open cavity model
used for all cases with 50°C ambient temperature assumption

Target tops to Upper Moderator Target bottoms to lower Target Front to PBW channel
| moderator

K I ;f
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Target stalk to shaft thermal radiation interaction.

Froperiies  Viesfacton  Symmetry

Blecking parfsce chacks QAN () Mong () Partis!
Ut Bt rpflectin
0D Vi ey Body, Sceece ) ) Mo (eleck bady, e=1)
Saarface Prisueriy Eimrisssty
SST16,_wrmintivity [hakda)
SEHh_omnnnaky el
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Segment typical tie constraint

Inconel to Stalk weld surface Inconel to Stalk tie joint

& Edit Constraint
Name: t1_legl
Type Tie

# Main suface: T-1.Tideg [
’ Secondary surface: LOC4343_segment_tm-67-1leg_t1 Q H
Discretization method: Analysis default
[0 Exclude shell element thickness

Position Tolerance

O Use computed default

() Specify distance:

Mote: Modes on the secondary surface that are

considered to be outside the position
tolerance will NOT be tied,

[C) Adjust secondary surface initial position

I8 Tie rotational DOFs if applicable

Cancel

Gap except for weld

Tie surface for weld
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Surfaces tied for thermal analysis

MRA thermal tie surfaces Water Cooled Shielding tie surfaces

Upper shielding to backbone

Upper to
Lower block
ties

Upper Al to backbone
Upper Be to Al
Lower Be to Al

Lower Al to backbone
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Single target segment decay heat (W) and normalized
volumetric decay heat versus time (s)

Decay Heating Normalized Volumetric Decay Heating
300 1.00
— 0.95
\ W& Ta initial = 274 W 0.90 | Inconel & S initial = 2.07e4 W/m?
250 Inconel & S5 initial = 21.5 W 0.85 |||II W & Ta initial = 1.58e5 W/m?
F 200 0.80 ','-hr
; \ 0.75 |\
=3 070 |
_?:150 T —— 0.65 H\\
o DR 0.60 Kx\:l"‘
£ 100 0.58 N
50 0.45 T, e
u iiiiiiiiiiiiiiiiiiiiiiiiii u'qn
0.0E400 2 0E+04 4.0E+04 6.0E404 8.0E4+04 0.0E+00 2.0E+04 4.0E+04 6.0E+04 8.0E+04
Time (s) Time [5]
—W AT —s—lncanel & 5 -+ W&Ta -+Inconel & 55§
McClanahan, T. Neutronics - Decay heat & radionuclide Inventory. 2015 ( data as of April,
2025). S03120100-TRT10012.
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Initial Temperature distributions and Volumetric Decay hea
immediately after loss of cooling

Initial Temperatures — 229 °C peak in tungsten Decay heat at 7 ms — peak 1.58e5 W/m3

HT11
+2. 245e+02
+2.0838+02
+1.521e+02
+1. 750e+02
+ 1597 we02

+1111m402
4+ 485e+01
+ 7 ESde+01
+6, 2428401
+4.02 les01
+3,0006+01
+0.0002+00
Max: +2.245e+02
Modi: T1-1-RA0-2 475792
M +0.000e+00
Mode: LOCA343_SEGMENT_TM-ET:1RA0-2.7

B
Elem: T1-1.1
MNode: 63307

LOC_2025
O0B: LOC_20256.0db  Abaqus/Standard 2025 Tua Jan 27 14:41:41 Eastern SL3

% step: Step-1, decay haat 2025
Incremant  5: Step Time = 7.0000E-03
Primary Var: HBF

LOC_2025
QDB! LOC_J03%6 odls A

% Stap: Step-1, decay host 3
[ncrement  0: Sten Time

7 Primary War: NTL1
Deformaed Var: nok 58t Dafarr
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Temperature vs. time for selected nodes with peak of 389 °C
at 15.8 hours

Selected node temperatures vs time
400 Peak 389.1

375
350
325
300
O 275
@ 250
= 225
& 200
175

; Tungsten rear
15 U E y 279983
Tungsten paak
1 2 5 \ 288965
¥ LOC 21025
O0B: LOC_20255.adb = 2025 Sat Dec 27 11:2 &
x Ly i

100
75
50

Shaft
871100

tur

Tem

Time (hours)

—e—tungsen peak -e—tungstenrear -—e—Inconel -—e—shaft
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Temperatures at 15.8 hours ( Step 15 @ 4.2525e4 seconds)

All with 389.1 °C peak in central target tungsten Without segments peak 87 °C in Shaft flange

NT11

NT11
+3.891e+02 +8.736e+01
+3.5972+02 +8.417e+01
+8.097e+01
+7. 7772401

+3.303e+02
+3.009e4+02
+2.716e+02
+2.422e+02
+2.128e+402
+1.834e+02
+1.540e+02
+1.24724+02
+9.527e+01
+6.58%+01
+3.652e+01

Max: +3.891e+02
Node: T1-1.288%

+7.457e+01
+7.13724+01
+6.8172401

dard Time 2026

Bhdard Time 2026
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Thermal Radiation and Target heat fluxes at 15.8 hours

RAD flux to reflector vessels and from targets Heat Flux at 15.8 hours with 1.5e4 W/m?2 scale maximum

HFL, Magnitude
{Avg: 75%

+3.027e-08

Max: + 1.446e+05

Elem: LOCA343_SEGMENT_TM-67-1.557996
Mode: 754

Min: +3.027e-08

Elem: SHAFT_BOTTOM-1,105620

Mode: 20

L:.":. .5_7 2 i Abagus/Standard 2025 Tue Jan 27 14:41:41 %ﬁ"é‘a'\ﬁi:ﬁ;}pﬁ: - e
TARGET RADFL
UPPER MRA RADFL
Lower MRA RADFL Peak 506 W/m?2 MAX -506 W/m?(TOP)
5 a m
Peak 506 W/m MIN -2351 W/m?2(T1 front)
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Structural Analysis for segment with peak temperatures

Model to evaluate target deflection Mesh models with C3D10 elements
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316L and Inconel elastic-plastic properties used

316L Plastic Stress Strain with Temperature (C )

%
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316L Modulus and Expansion Coefficient vs Temperature (C )
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Boundary Conditions and segment pin interaction with shaft

Fixed at crown connection

£ £t Boundary Condimion
B bt Bty Comiition
— s 54

Type  Duplacement Roisen Tipe  Dapimemrtottan
St ol S
Baoms shataghd [

Hote: The deiplacemant vaboe will be
petined = ulsieguet e

o Caneel

Shaft displacement normal to cut restrained  Shaft displacement normal to cut restrained
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Contact tracking: ) Two configurations (path) () Single configuiation (state)
Secondary Adjustment  Surface Smoathing  Clesrance  Bonding

1O No adjustment

O Adjust only ta remove avercl losure

O Specity tolerance for adjustment zone: [0

() Adpust secandary nodes in set

Contact interaction property: IntProp-4

Gptions:

pin to shaft frictionless hard contact surface
to surface interaction



Analysis Steps and loads

m Gravity load | Centripetal
Profile load

ILTEI 20 C all nodes

Peak

LYl Ml temperatures
profile @ 15.8 hr
Peak
temperatures
profile @ 15.8 hr
Peak
temperatures
profile @ 15.8 hr
Peak
temperatures
profile @ 15.8 hr
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9.8 m/s?

9.8 m/s?

9.8 m/s?

9.8 m/s?

4.712 rad/s

-

1L

1G gravity load ]
|

I
|

dit

aaaaaaaaa -1 1
1

Type  Gravi H

N I
X P

nt 1 |

L

=

e o load
b -

Mame:  Load-2
Type:

Rotational bedy force
Srep: Seep-2 (Static, General)

Region: segment_elem [

Hxis of rotation:

F
Peint 2 (0.482,1,0) 13
Load effect: ) Centrifugal () Retary acceleration () Rotordynamic load
. fix

Point 1: (0.433,-0.016,0)

l“l—rl.__r e —

Distribution: | Uniform

Angular =
Velocity, [ +712 radians/time

o

Amplitude: | (Ramp)




Step 1 Gravity and thermal loads - Vertical Displacement from

20 °C installation relative to crown attachment

Temperature profile with 389.1 °C peak

MT11
+3.891e+02
+3.59%e+02
+3.307e+02
+3.015e+02
+2.7238+02
+2.431e+02
+2.139a+02
+1.847e+02
+1.255e+02
+1.264e+02
+9.716e+01
+6.797e+01
+3.878e+01

Max: +3.891e+02

Mode: T1-1.288965

Min: +3.878e+01
MNode: LOC4343_SEGMENT_TM-67-1.1074
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Peak displacement down 4.5 mm

U, uz2
+4.018e-05
-3.353e-04
-7.108e-04
-1.086e-03
-1.4620-03

-2.9642-03
-3.339%9e-03
-3.715e-03
-4.020e-03
-4.465e-03
Max: +4.018e-05
Node: LOC4343_SEGMENT_TM-67-1.1074

Min: -4.465e-02
Node: T1-1.1072931

LOC with rotation and gravity

0DB: LOC_drop_rotSm.odb  Abaqus/Standard 2025  Wed Jan 28 09:03:

Step: Step-1, gravity with peak LOC temperatures

Increment  14: Step Time = 1.000

X Pprimary Var: U, U2 Min: -4
Deformed Var: U Deformation Scale Factor: +1. UUUE+UU

ndard Time 2026



Step 2 Rotation, gravity and thermal — Horizontal and Vertical
isplacements

Peak horizontal displacement — 2.5 mm Peak displacement down — 5.1 mm

U, UL U, uz
+5.903e-06 +4.750e-05
-1.876e-04 -3.793e-04
-4011e-04 -B.061e-04
-6.046e-04 -11233e-03
-.080e-04 -1.660e-03
-1.012e-03 -2.036e-03

121503 -2513e-03
419e-03 -2.940e-03
6226-03 -3.3678-03

-1.825e-03 -3704e-03

-2.029e-03 -4.220e-03

-2.232e-03 -4.6478-03

3.4368-03 -5.0748-03

Min: -2.436e-03 Min: -5.074e-03
Node: LOC4343_SEGMENT_TM-67-1.1025366 Node: T1-1.1016007

Min: -2.436e-0

LOC with rotation and gravity
B e 2026 ¥ ODB: LOC_drop_rotSm.odb ~ Abaqus/Standard 2025  Wed Jan 28 09:03:48 -Iﬁ

LOC with rotation and gravity

¥ QDB: LOC_drop_rotSm.odb  AbaqusfStandard 2025  Wed Jan 28 09:03:48 Eastern Stagil] Etandard Time 2026

Step: Step-2, centrifugal
X Increment 21: Step Time = 1.000
Primary Var: U, U2
Deformed Var; U Deformation Scale Factor: +3.000e+01

Step: Step-2, centrifugal
X Increment 21: Step Time = 1.000
Primary Var: U,

1
Deformed Var: U Deformation Scale Factor: +3.000e+01 Min: 5
in: -2l
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Mises Stress and Inconel PEEQ - 50x displacements

Stress — 400 MPa scale maximum Plastic PEEQ .02 scale maximum

5, Mises PEEQ
awg: T5%) (Avg: 75%)
6.4808+08 +1.054e-01
:4 OQDE:US +2.000e-02
+3.6678+08 :i%;?ggg
+3.3338+08 &7
+3.000&+09 +1.500e-02
+2.6670+08 +1.333e-02
+2.333e+08 1.167e-02
+2.000e+03 +1.000e-02
+1 667e+03 *ggg§; gg
+1.3336+08 -
olDDDn:OQ ;gggg;g;
+6.6678+07 -
+3.3330+07 +1.667e-03
+4.000e+02 +0.000+00
Max: +6.489e+08 Max: +1.0548-01
Elam; T1-1.41560 Elam: LOC4343_SEGMENT_TM-67-1.559308
Hode: 1173 Hode: 11263
Max: + I.LS-‘D-DI
LOC with rotation and gravity LOC with rotation and gravity
Y 008! LOC_drop_rotSm.odb  Abaqus/Standand 2025 Wed Jan 28 09:03:48 Eastern Standard Time 2026 ¥ ODB8: LOC_drop_rotSm.odd  Abagus/Standand 2025 Wed Jan 2B 09:03:48 Eastern Standard Time 2026
Step: Shep-2, centrifugal Step: Step-2, centrifugal
X Increment  31: Step Time = 1.000 X Incremant  31: Step Time = 1.000
Primary Var 5, Mises Framary Var PEEQ
Deformed Var: U Defosmation Scale Fator: +5 0008 +01 Deformed Var: U Deformation Scale Factor: +5.0008+01

No significant plastic deformation which would allow contact with MRA
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Normal operation with gravity, rotation and operating
temperatures - displacement relative to fixed attachment and

initial 20 °C installation

=
%': rie

I8 Peak Vertical
- s Displacement
— down 2.8 mm

.
[ CHSNNNNNC
i"l‘tl'l-'r'r'r'l-f'l"r—'r
stdteritiivas
A
T nhEL A g e R
i S
2333z=aiidsoc
.
SooooERBRREaR

Normal Operating
Temperatures

PO Wed lan 33 Ofc 5006 Castern Srancand Tme 2004

FESTRA S’
" QOE: Lo _drop_rof_NOSm odh  Ahsqusitisndad 2025 Wed lan 28 0% 50008 Essbarn Standstd Tems 2026 T
W SO LOC_ ron WNOEm.odh AbsoosfStenderd MOEE
| A Ciep=2 i Wifiga
- FETHTHTT 28 Chep Teme & 00D STiD. S D0, CROT LG
Framary /ar; KT1E [ ] Imcremrerk 28: Step Time & 1000
[ e Credpermriationy Soaks Factor: +1.000e+00 Prrnary e L, L2
eitoaimmapd] War | Deformaboen Scals Factor; +1 G00e-00

Loss of cooling only adds 2.3 mm downward displacement over normal operation

SSSSSS
TARGET
STATION
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Conclusions

2.2 S.03.02-1564 Max Temperature without cooling & beam off

The steady state temperature in any portion of the tungsten shall not exceed 800°C during operation
or

without cooling. (initiated immediately upon loss of beam

Pass- 389.1 °C peak with loss of cooling over 24 hours - very large margin over 800 °C with
conservative assumptions

2.1 S.03.02-1566 Hot contact
The target shall not contact Moderator components during a loss of cooling event.
Note: This event occurs without rotation

Pass — Loss of cooling additional displacement down over normal operation was 2.3 mm including
rotation compared to a nominal 10 mm gap

SSSSSS
TARGET
STATION
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