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Thermomechanichal modeling Introduction

Introduction J
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The ESS Spallation material

Cross flow tungsten bricks configuration

Spallation Material
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Thermomechanichal modeling Material Properties

Material Properties

ESS Target Materials Handbook

Material properties according to ESS Target Materials Handbook have been employed for the
analysis. Nonirradiated properties have been used, except for the low conductivity scenario
(sensitivity analysis). NOTE: Temperature is in [°C] unless specified.

@ Density: p(£7) = 19.3027 — 2.3786 - 10~*T — 2.2448 - 107872

@ Thermal conductivity:
A=%-) = 174.9724 — 0.1067 T + 5.0067 - 10~°T2 — 7.8349 - 10-° T3

m-°C
Specific heat: cp( ngoc) = 128.308 + 3.2797 - 102 T — 3.4097 - 10672
Thermal expansion: o (£5z) =4.43+5.50-107*T — 1.47 - 10772 +6.07 - 10~ T3

Young modulus: E(GPa) = 397.903 — 2.3066 - 10~ 3T — 2.7162 - 10> T2
Poison ratio: v = 0.279 +1.0893 - 10~ 5T
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Thermomechanichal modeling Material Properties

Material Properties

Stainless Steel 316L

Density: Polynomial fit was done from the values of the ESS Materials Handbook
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SEE T A
Material Properties

@ Density: Ideal gas law

@ Thermal conductivity: Polynomial fit was done from

A(GX-) = 0.144 - (T[K]/Tp)* ™% To = 273.16[K]
@ Specific heat: cp(kg¥oc) = 5193 (T,P not dependant)
@ Dynamic viscosity: Polynomial fit was done from

(Pa - s) = 1.865 - 10—5(T[K]/To)*7; To = 273.16[K]
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RSO EN TS EIRVILSINEE  Spallation material convection cooling analysis

Spallation material convection cooling analysis )
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RSO EN TS EIRVILSINEE  Spallation material convection cooling analysis
Description of the spallation convection analiysis

@ 2D-CFD transient simulation

@ ESS-TDR 2013 proton beam heat source and 33 sectors target configuration

@ Local coordinate systems in five different channels (A,B,C,D,E)

@ Variables: Wall temperature (Tw ), helium bulk temperature (Tcenter), wall heat flux (q”)
@ Time instants: end of cooling (Cold), pulse end (Hot), 0.02s after pulse end (Cooling

0.02s)

NOTE: Actual conditions are different = T profile not comparable but valid conclusions.
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RSO EN TS EIRVILSINEE  Spallation material convection cooling analysis

Helium bulk temperature
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RSO EN TS EIRVILSINEE  Spallation material convection cooling analysis

Temperature vs Y cordinate
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Spallation material convection cooling analysis
Temperature vs X cordinate (Y = L/2)
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RSO EN TS EIRVILSINEE  Spallation material convection cooling analysis

Conclusions

@ Helium temperature near the tungsten wall (Tyan) have a considerably variation over
time. However the temperature in the helium close to the center of the channel (Tpyi) is
almost no time dependent.

@ Over the width of the channel helium temperature has a sloping shape near the wall
(thermal boundary layer), but in the center of the channel the profile is flat (outside the
thermal boundary layer).

@ Heat transfer coefficient between helium and walls the tungsten is practically invariant
over the time h(y) = q" - (Twan — Touk) L
@ The fluid-solid uncoupling is allowed. Convection boundary condition (h, Tpyuk) on the

surfaces in contact with helium could be calculated from a steady state simulation at
average power and this BC will not vary over the time.
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RSO EN TS EIRVILSINEE  Spallation material convection cooling analysis

Fluid solid uncoupling validation

Transient CFD vs transient FEM

In order to validate and check the methodology BC were obtained for the 2D. After steady state
CFD simulation at average power BC were imported to a 2D FEM thermal transient model. The
solution was compared with the transient CFD model results. The temperature profiles are
practically identical, but the computational time and resources required are much higher to
solve the transient CFD model.
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Thermomechanichal modeling Models description

Models description )
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Thermomechanichal modeling Models description

Thermomechanical simulation methodology

Turbulence role and CFD accuracy
@ Turbulence play an important role = CFD solved with accuracy (y© ~ 1 — 5)
@ Complex fluid-tungsten boundary

@ 3D-CFD transient simulation = prohibitive computing time and resources

For these reasons solid-fluid uncoupling methodology was chosen to solve the SF1, SF2 and
SF3 main load cases.

405-365°C

352-323°C
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Thermomechanichal modeling Models description

Thermomechanical simulation methodology

@ Generate the Thermal Source using MCNP.

@ Solve the CFD steady state model at average power.

© Generate the convection BC (Tpyik; h) from the CFD solution (BC ESS-Bilbao Tool).
@ Solve the FEM-Thermal Transient model.

© Solve the FEM Mechanical steady state model for the end of cooling and end of pulse.

Particle transport-MCNPX CFD-Fluent  FEM-Thermal FEM-Mech i ()
(3D-steady)  (3D-transient) (3D-steady)

> hy, Touna

i ha Thuna | gc »

> hy Touna

BC ESS-Bilbao Tool

= hs, Touns

= hy, Touna ]
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Thermomechanichal modeling Models description

CFD-Tungsten convection BC generation

BC generation

The aim this CFD model is to generate the helium-tungsten convection boundary conditions
(Thbulk; h), from a steady state solution, to be employed in the FEM-thermal transient model.

Boundary conditions and assumptions

@ Tungsten heat source generated by average current beam
Helium: Tjper = 115° C(conservative); Pop = 10bar; m = 3kg/s

o
@ Conduction between Tungsten and cassette is not considered
(]

Symmetry is considered, 1/4 or 1/2 depending on the load case scenario

N,

WCFDOFEM |
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Thermomechanichal modeling Models description

CFD-Tungsten convection BC generation

Turbulence model and mesh

@ Turbulence model: K —w SST

@ Conformal hexahedral mesh (3 zones)

@ Fine boundary layer:

@ 15 elements
@ 1.24 growth rate
e ytTr1

@ High mesh resolution in flow directions

@ Height mesh resolution: 1 element/cm*

@ Mesh parameters:

[ Parameter [ Aver. Value | Worst value |
N° Elements 2,205,420 =
Orthogonal Quality 0.992 0.29
Skewness 0.05 0.67
Aspect ratio 203.9* 244.93*
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Th

FEM-Thermal model

mechanichal modeling Models description

Boundary conditions and assumptions

The aim this FEM model is to calculate the evolution of the temperature profile in the spallation
material and the cassette.
@ Tungsten heat source generated by instantaneous current beam

@ Heat source is activated during the pulse (tpyse = 2.86 103 ms) and disabled during the
cooling (teooling = 2.56857 s)

F: Transient Thermal
Imported Heat Generation
Urit: W/

9/23/16 212PM

1.01151e+11 Max
8.99593e+10
7.87673e+10
6.75754e+10
5.63835e+10
451916e+10
3.39997e+10
2.28078e+10
1.16153e+10

4.23937e8 Min 0.200(m)

0050 0,150
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Models description
FEM-Thermal model

Boundary conditions and assumptions

@ Imported convection BC on tungsten walls and cassette side from CFD steady state model

@ Convection boundary condition to consider the cooling effect of the helium on the inlet
channels of the cassette plates. The Dittus-Boelter equation was used:

Nup = 0.023 - Re8 . pro-4

E: Steady-State Thermal
Imported Convection

Unit '

92316208 PM
374177 Max
45362
316547
287732
28918
230103
201.288
172473
143658
114.843 Min N i 0.200(m)

F: Transient Thermal
Imported Convection 2
Unit Wt C

Y2316 240PM

2394.39 Max
2301
208163
190526
176888
18125
145613
128975
14337
986.998 Min
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Models description
FEM-Thermal model

Boundary conditions and assumptions
@ Perfect thermal between the tungsten bricks and the cassette, maintaining 1mm gap
above without heat transfer
@ All other surfaces are considered adiabatic

@ Symmetry is considered depending on the load case scenario

Perfect thermal
contact
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Models description
FEM-Thermal model

Unlike the CFD problem the required mesh to accurately solve the thermo-mechanical problem
is coarser. A non conformal mesh composed by 466,000 elements was employed, most are
hexahedrons but some complex bodies were meshed with tetrahedrons.

[ Parameter [ Aver. Value [ Worst value ]
N° Elements 465,974 -
Element Quality 0.89 0.23
Skewness 0.19 0.9
Aspect ratio 1.47 6.7

z

0100m)
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Models description
FEM-Mechanical model

Boundary conditions and assumptions

@ Temperature distribution produced by the proton beam interaction with the tungsten is
the only considered load. Two temperature profiles have been imported from the FEM
thermal model: the end cooling and the end pulse.

@ Following mechanical BC reproduce the supports of tungsten bricks on the cassette,

avoiding the simulation of the cassette:

@ A: No displacement is allowed for these points.

@ B: No displacement is allowed along Y and Z direction, but X displacement is free for these points.
@ C: No displacement is allowed along Z, but X and Y displacement is free for these points.
o

D: YZ is a symmetry plane which slices some tungsten bricks. The symmetry condition is considered applying a

frictionless support to the sliced faces.
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Models description
FEM-Mechanichal model

The mesh is composed by 321,100 hexahedral elements.

[ Parameter [ Aver. Value [ Worst value |
N° Elements 321,112 -
Element Quality 0.94 0.71
Skewness 0.15 0.6
Aspect ratio 1.05 1.84

i
N
!
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SF1: Normal operation conditions J
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SF1: Normal operation conditions

Introduction

@ Design beam at nominal f(Hz) @ Beam hitting in the cassette center
@ Non irradiated Target @ Cooling system at nominal conditions rpm
@ Wheel at nominal rpm and Beam @ Pye = 10bar and m = 3kg/s

synchronized

SF1 Design Beam

Design beam includes the uncertainty on beam instrumentation, which means 20% more
concentrated beam than nominal one.

Parameter Value
Beam Energy 2.0 GeV
Pulse Repetition Rate 14 Hz
Beam energy per pulse 357 kJ

Maximum Energy per pulse 371 kJ
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SF1: Normal operation conditions

Introduction

Loads on nominal conditions are produced by the design beam under nominal frequency for the
repetition rate, with the wheel at his nominal rotation speed. Also the beam is considered
synchronized with the wheel and hitting in the center of the cassette. The cooling system is
working at nominal conditions, so helium mass flow trough the wheel is 3.0 kg/s which means
0.0833 kg/s in each cassette.

SF1 Design Beam

Design beam includes the uncertainty on beam instrumentation, which means 20% more
concentrated beam than nominal one.

—  Normal, May 2015
0.025 0.025 Design May 2015
P -
3 0020 3 0020
7 7
T £
g 5
2 0015 Z 0015
x x
E] 3
& i
©
< 0010 § oo
3 5
3 @
[
0.005] — Normal, May 2015 0.005
Design May 2015
0.0 000
=10 -5 g 5 0 -6 ) -2 0 2 4

X coordinate (cm) ¥ coordinate (cm)
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SF1: Normal operation conditions

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy
deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the brick 1. The front rows bricks have higher heat deposition by protons but they are
better cooled, for this reason at the end of the cooling the temperature of these bricks is lower
than others. The brick 2 has the maximum temperature at the end of the cooling cycle.

Temperature evolution

=== T_max_system

[ [T1]]]
—— T_max_brick_1 -
1] ]]]

T_max_brick 2

om0 wse 100 s 200 250 30 3% 4m !
time (s)
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SF1: Normal operation conditions

Temperature profiles

The maximum temperature at the end of the cooling is 370°C and after the pulse is 445°C,

but the hottest brick changes during the pulse and subsequent cooling process.
v

End of cooling

5545 M

36975 Max
mma
a1

F: Transient Thermal
enpersite

Tope Tempeshee
e

Tine: 36557
S5 STEM

761 Min
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SF1: Normal operation conditions

Temperature profiles

The maximum temperature at the end of the cooling is 370°C and after the pulse is 445°C,

but the hottest brick changes during the pulse and subsequent cooling process.
v

End of pulse
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SF1: Normal operation conditions

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 44 MPa and after the pulse is 110
MPa.

v
End of cooling

6 Tungsten_mech
EoupontSuess

Tie: Equvalnt vonaes] Sess
s

Tes
SRR

6 Tungsten_mech
EartSeess

Tspm Equdent vomtew) St
s

T3

6 4%PM

ax9mar
%5

v
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SF1: Normal operation conditions

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 44 MPa and after the pulse is 110
MPa.

v

End of pulse

Type Eqn
e,

T2
e

110 Man
@
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SF1: Normal operation conditions

Conclusions

@ The maximum temperature and maximum stress values are below the limits.
Limit Value
Maximum W temperature <500°C 445°C
Averaged maximum stress 100 MPa 77 MPa
Post pulse peak stress 50 MPa 44 MPa

@ Requirements already include its own safety margin so it can be concluded that the design
fulfill the design criteria for the SF1: normal operation conditions load case.
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SF2: Vertical displacement beam J
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SF2: Vertical disilacement beam
Introduction

@ Design beam at nominal f(Hz)

@ Beam vertical displacement 1cm
@ Non irradiated Target

@ Cooling system at nominal conditions rpm

@ Wheel at nominal rpm and Beam @ Pye = 10bar and m = 3kg/s

synchronized

v

SF2 Design Beam

Design beam includes the uncertainty on beam instrumentation, which means 20% more
concentrated beam than nominal one.

Y
B [— ] [ I | I |
Parameter Value
Beam Energy 2.0 GeV
Pulse Repetition Rate 14 Hz
Beam energy per pulse 357 kJ
Maximum Energy per pulse 371 kJ
Vertical displacement +1cm

R — ]
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SF2: Vertical displacement beam

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy
deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the brick 1. The brick 2 has the maximum temperature at the end of the cooling. The
vertical displacement of the proton beam produces 12°C of maximum temperature increase
comparing with SF1 load condition.

Temperature evolution

460

=== T_max_system
—— T_max_brick 1

420 —— T_max_brick_2

Temperature [2C)
=
&
g

\ \\

340
0,00E+00  5,00E-01  1,00E+00 1,50E+00 2,00E+00  2,50E+00  3,00E+00  3,50E+00  4,00E+00

time (s}
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SF2: Vertical displacement beam

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy
deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the brick 1. The brick 2 has the maximum temperature at the end of the cooling. The
vertical displacement of the proton beam produces 12°C of maximum temperature increase

comparing with SF1 load condition.

Temperature evolution

Temperature (2C)
s

400
390 \

——SF1-Standard_operation

——SF2-Vertical_missaligned_1cm

0,00 0,50 1,00
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23 Ve (eI
SF2: Vertical displacement beam

Temperature profiles

The maximum temperature at the end of the cooling is 384°C and after the pulse is 457°C,
but the hottest brick changes during the pulse and subsequent cooling process.

End of cooling

F: Transient Thermal
Temperature_system
Type: Temperature
Unit: '

Time: 1.2844
6/9/16 7:03PM

383.78 Max
3897
3146
27935
24454
20973
17492
140m

1053
70.488 Min

0.200(m)
]

sy 0150
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23 Ve (eI
SF2: Vertical displacement beam

Temperature profiles

The maximum temperature at the end of the cooling is 384°C and after the pulse is 457°C,
but the hottest brick changes during the pulse and subsequent cooling process.

End of pulse

F: Transient Thermal
Temperature_system

Type: Temperature - — T -
Unit T - ——— “"—4- _-
Tine: 12871 p—— s
6/9/16 7.07 PM 5 Y |
457.1 Max
41415 M
32823
wn
1923

156.4
1344
70.487 Min

0.200(m)
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SF2: Vertical displacement beam

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 43 MPa and after the pulse is 111
MPa.

v
End of cooling
/"’

6: Tungsten_mech
EquivdentStess
Type: Equialan von Mices Sreze
Unit WPy

Tae 1
BADAE 100 AM

42614 Max

6: Tungsten_mech
Equvalert Sress
Type: Equvalen (onMises) Stess
Uri MPo

Tine: 1
6710716 1058AM

42614 Max

00055659 Min
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SF2: Vertical displacement beam

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 43 MPa and after the pulse is 111
MPa.
v

End of pulse
e —

: Tungsten_mech
EquivaentStiess
Type: Equivalnt(vorhise) Sress
UricMPa

T 2
EANET05 A

.39 Ma
2

wan

s

Eat)

1852
0.032527 Min

o o

6: Tungsten_mech
Equivalent Stiess

Type: Equivaert [vorrMises] Siess
Urit HPa

Tine: 2
671016 1055 4M
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SF2: Vertical displacement beam

Conclusions

@ The maximum temperature and maximum stress values are below the limits.

Limit Value
Maximum W temperature <600°C 457°C
Averaged maximum stress 100 MPa 77 MPa
Post pulse peak stress 50 MPa 43 MPa

@ Requirements already include its own safety margin so it can be concluded that the design
fulfill the design criteria for the SF2: Vertical displacement beam.

@ It is not clear if stress criteria limits apply to the SF2 scenarios
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SF2: Unsynchronized wheel J
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SF2: Unsinch ronized wheel
Introduction

@ Design beam at nominal f(Hz) @ Beam horizontal displacement 1cm

@ Non irradiated Target @ Cooling system at nominal conditions rpm

@ Wheel at nominal rpm but Beam @ Pye = 10bar and m = 3kg/s
unsynchronized

| A\

SF2 Design Beam

Design beam includes the uncertainty on beam instrumentation, which means 20% more
concentrated beam than nominal one.

Y
| [— | I I | NN |
Parameter Value
! Beam Energy 2.0 GeV
H H H Pulse Repetition Rate 14 Hz
Beam energy per pulse 357 kJ
Maximum Energy per pulse 371 kJ
Horizontal displacement +1cm
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SR ]
SF2: Unsynchronized wheel

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy deposi-
tion of the protons interacting the spallation material produces a ATmax = 100°C, which occurs
in the brick 1. The brick 2 has the maximum temperature at the end of the cooling process.
The horizontal displacement of the proton beam produces 3°C of maximum temperature increase
comparing with SF1 load condition, also the position of the hottest bricks changes.

v
Temperature evolution

460

=== T_mac_system

T_max_brick_1

110 T_max_brick 2

120

Temperature (2C}

360

340
0,00E+00 500601  100E<00  150E<00  2,00E+00  2,50E+00  3,00E+00  3,50E<00  4,00E+00

time (s}

v
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SR ]
SF2: Unsynchronized wheel

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy deposi-
tion of the protons interacting the spallation material produces a ATmax = 100°C, which occurs
in the brick 1. The brick 2 has the maximum temperature at the end of the cooling process.
The horizontal displacement of the proton beam produces 3°C of maximum temperature increase
comparing with SF1 load condition, also the position of the hottest bricks changes.

Temperature evolution

——SF1-Standard_operation

——SF2-Wheel_unsychronised_1cm

Temperature (o)
P
5

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
time 5]
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SR ]
SF2: Unsynchronized wheel

Temperature profiles

The maximum temperature at the end of the cooling is 371°C and after the pulse is 448°C,
but the hottest brick changes during the pulse and subsequent cooling process.

v

End of cooling

E: Transien! Themal

6N0ME228FM

371.08 Max
e
0369
mn
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SR ]
SF2: Unsynchronized wheel

Temperature profiles

The maximum temperature at the end of the cooling is 384°C and after the pulse is 457°C,
but the hottest brick changes during the pulse and subsequent cooling process.

v

End of pulse

E: Transient Thermal
Terpesse

Type: Temperature
U T

Trne 12871
BN0NE241PU

447.79 Max
40567
38355
=143
283N
23719
19507
15295
1083
68706 Min
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SR ]
SF2: Unsynchronized wheel

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 43 MPa and after the pulse is 95
MPa.

End of cooling

F: Static Structural
Ecquivalent Stiess
Type: Equivalent [vor-Mises) Stiess  §
Unit MP3

Time: 3
BB 106 FM

42.778 Max
35651

28524

2397

27

71424
0.015206 Min

10000 (]

— m—
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SR ]
SF2: Unsynchronized wheel

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 43 MPa and after the pulse is 95
MPa.

End of pulse

F- Static Structural
Ecuivalent Stiess
Type: Ecuivalert [vorHises) Stress 8
Unit MPa <
Time: 2
613716108 FM

95.356 Max
79,465

B3574

47683

nre

15.901
0.0098567 Min

100.00 ()
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SR ]
SF2: Unsynchronized wheel

Conclusions

@ The maximum temperature and maximum stress values are below the limits.

Limit Value
Maximum W temperature <600°C 448°C
Averaged maximum stress 100 MPa 69 MPa
Post pulse peak stress 50 MPa 43 MPa

@ It is not clear if stress criteria limits apply to the SF2 scenarios

@ Requirements already include its own safety margin so it can be concluded that the design
fulfill the design criteria for the SF2: Unsynchronized wheel.
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SF2: Channel bIockaie
Introduction

@ Design beam at nominal f(Hz) @ Cooling system at nominal conditions rpm
@ Non irradiated Target @ Pye = 10bar and m = 3kg/s
@ Wheel at nominal rpm and Beam @ Helium channel completely blocked

synchronized

N

SF2 Blocked channel BC

@ Adjacent walls of the channel are @ Adjacent brick to the blocked channel
considered adiabatic have the maximum P”/[W/m3]

LI

Imparted Convection
Unie: W/n-'C
5/30/16 7.05PM

3207 8 Max
29582
27087
24591
22095

1960

17104
14609
1213
961.74 Min

=
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Load cases

SF2: Channel blockage

Thermal analysis

SF2: Channel blockage

The maximum temperature increase happens when the beam hits the tungsten, the energy

deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the brick 1. The temperature in the bricks 1 and 2 is 70°C, higher than the same

bricks in the SF1 load scenario.

Temperature evolution

520

500

=
&
2

=== T_max_system
—— T_max_brick_1

—— T_max_brick 2

N

Temperature (2C)
=
&
3

=
£
3

400

\

0,00E+00  5,00E-01  1,00E+00

1,50E+00

2,00E+00

time (s)

2,506+00

3,00E+00  3,50E+00  4,00E+00
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Shelcisluiceines
SF2: Channel blockage

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy
deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the brick 1. The temperature in the bricks 1 and 2 is 70°C, higher than the same
bricks in the SF1 load scenario.

Temperature evolution

560
—— SF1-Standard_operation

—— SF2-Blocked_channel

Temperature (2C)
=
&
g

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
time (s)
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Shelcisluiceines
SF2: Channel blockage

Temperature profiles

The maximum temperature at the end of the cooling is 422°C and after the pulse is 518°C.
The maximum temperature of the system is located in the bricks 1 and 2 of because of the
channel blockage and a worse cooling.

A

End of cooling

F: Transient Themal
T syten

o 10000 2000 )
iy ™o

=

F: Transient Thermal
Terpotose

Type: Teapushas
e

Tive: 12840
VI8 15T

200010

ey i

Fernando Sordo; Adrian Aguilar September 23, 2016 55 /83



Shelcisluiceines
SF2: Channel blockage

Temperature profiles

The maximum temperature at the end of the cooling is 422°C and after the pulse is 518°C.
The maximum temperature of the system is located in the bricks 1 and 2 of because of the

channel blockage and a worse cooling.

v
End of pulse

116151 M

510.32 Max

70,324 Min

om 10000 2000
i W

F: Transient Themal
Tenpershae

Tao 1287
EEGELY

518.32 Max

w2

Ly o

V.
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Shelcisluiceines
SF2: Channel blockage

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 58 MPa and after the pulse is 125
MPa.

v
End of cooling

: Tungsten_mech
Equvalers Stiess
Type: Equivalent von Mises] Svess

Tine: 1
/13716 6:29PM

5767 Max
8061

0.014056 Min

E: Tungsten_mech
Equivalent Stiess

Typa: Equivalent (vonMises) Sisss
Ur P2

€116 620PM

57.67 Max
8051
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Shelcisluiceines
SF2: Channel blockage

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 58 MPa and after the pulse is 125
MPa.
v

End of pulse

G: Tungsten_mech

Equivalen Stress

Type: E quivalert[von Mises) Shess
P

Trne:2
61BE2PU

125.43 Max

0.029033 Min

6: Tungsten_mech
Equivalent Shess
Type: Equivalent vorises) Stess
Uni: MPs

T 2
BNEEITPM

125.43 Max
10453

0.029033 Min

10000 )

o
— e —
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Shelcisluiceines
SF2: Channel blockage

Conclusions

@ The maximum temperature and average maximum stress values are below the limits. The
post pulse peak stress

Limit Value
Maximum W temperature <600°C 518°C
Averaged maximum stress 100 MPa 91 MPa
Post pulse peak stress 50 MPa 58 MPa

@ The post pulse peak stress criteria is not fulfilled, however it is not clear if the stress
criteria limits apply to th e SF2 scenarios.
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SF2: Tunisten brick break
Introduction

@ Design beam at nominal f(Hz) @ Cooling system at nominal conditions rpm
@ Non irradiated Target @ Pye = 10bar and m = 3kg/s
@ Wheel at nominal rpm and Beam @ Broken and displaced brick

synchronized

SF2 Broken brick position

|

@ Broken brick displaced an in perfect @ Broken and adjacent have the maximum
contact with adjacent P/ [W/m3]

| o o

% & __® ¥ N N ¥ N ¥ N ]
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SIS
SF2: Tungsten brick break

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy
deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the contact of the bricks 1 and 2. The temperature in these bricks 1 and 2 is 100°C
higher than the same bricks in the SF1 load scenario.

A

Temperature evolution

550

== = T_max_system

—— T_max_brick_1_and_2
=== T_max_brick_3
T_max_brick_4
500

&

Hite S

Temperature (20)
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350

300
0,00E+00  5,00E-01  1,00E+00  1,50E+00  2,00E+00  2,50E+00  3,00E400  3,50E+00  4,00E+00

time (s)
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SIS
SF2: Tungsten brick break

Thermal analysis

The maximum temperature increase happens when the beam hits the tungsten, the energy
deposition of the protons interacting the spallation material produces a ATmax = 100°C, which
occurs in the contact of the bricks 1 and 2. The temperature in these bricks 1 and 2 is 100°C
higher than the same bricks in the SF1 load scenario.

Temperature evolution

560

—— SF1-Standard_operation

540
—— SF2-Brick_break

520

500

480

460

Temperature (2C]

440

420

400

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00
time (s)
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SIS
SF2: Tungsten brick break

Temperature profiles

The maximum temperature at the end of the cooling is 444°C and after the pulse is 545°C.
The maximum temperature of the system is located in the bricks 1 and 2 because of a worse
cooling due to the faces in contact, and the coolant velocity reduction in the 2 mm channel

v
End of cooling

Tempecatue
ype: Tenpesaue
Unt T

614716 441 P

443.64 Max
4021

360.55

319

277.46
23591
194.36
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mzz
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000000000000000

000 15000 300,00 ()

To00 w0

4
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SIS
SF2: Tungsten brick break

Temperature profiles

The maximum temperature at the end of the cooling is 444°C and after the pulse is 545°C.
The maximum temperature of the system is located in the bricks 1 and 2 because of a worse

cooling due to the faces in contact.
v

End of pulse

E: Transient Thermal
Temperstue

14716 445PM

544.72 Max
491.34
43316
386.39
33361
28083
22805
17528
125

69.724 Min

000 15000 300.00 (o)
=

4
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SIS
SF2: Tungsten brick break

Broken brick cooling

The low velocity of the helium in the 2mm channel leads to a worse cooling and as consequence
a higher temperature. In this scenario 27°C more than the blocked channel scenario.

Velocity profile in the 2mm channel

Fernando Sordo; Adrian Aguilar September 23, 2016 65 / 83




SIS
SF2: Tungsten brick break

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 61 MPa and after the pulse is 112
MPa.

End of cooling

F: Static Structural
Equivalent Stiess

Type: Equivalent [vorMises] Stress
Uri: MPa

A,

Time: 1 = ——
VBB 1158AM =
60.898 Max
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-
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SIS
SF2: Tungsten brick break

Equivalent von-Mises stress profiles

The maximum equivalent stress at the end of the cooling is 61 MPa and after the pulse is 112
MPa.

v

End of pulse

F: Static Structural
Equivalent Stiess

Type: Eqqivalent (von Mises) Stress
Unit MP:

Tie: 2
VBB 1155 AM
112.84 Max
94,041
w28
56,435
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18829
0.026579 Min

o
L = ""m 00 {om)
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SIS
SF2: Tungsten brick break

Conclusions

@ The maximum temperature and average maximum stress values are below the limits. The
post pulse peak stress

Limit Value
Maximum W temperature <600°C 545°C
Averaged maximum stress 100 MPa 86 MPa
Post pulse peak stress 50 MPa 62 MPa

@ The post pulse peak stress criteria is not fulfilled, however it is not clear if the stress
criteria limits apply to the SF2 scenarios.

Fernando Sordo; Adrian Aguilar September 23, 2016 68 / 83



SF3:Loss of coolant flow and pressure )

Fernando Sordo; Adrian Aguilar September 23, 2016 69 / 83



SF3: Loss of coolant flow and pressure

Description

The conditions described as “Loss of coolant flow and pressure” corresponds to a series of
operational accidents in the helium loop that modify the cooling conditions of the spallation
material.

This accidental conditions (SF3) do not have any design limit related with the stress. Hence,
only thermal problem will be consider for this accidental case.

Loss of coolant flow and pressure scenarios

| 5\

Operating  Massflow Shaft helium
pressure inlet temperature
Design 10 bar 3 kg/s 40 °C
Low helium pressure 6.2 bar 3 kg/s 40 °C
Low helium massflow 10 bar 2 kg/s 40 °C
High helium inlet temperature 10 bar 3 kg/s 240 °C
Low helium pressure and massflow* 6.2 bar 2.4 kg/s 40 °C

* Low helium pressure scenario is an additional scenario with 2.4 kg/s of helium massflow
pressurized at 0.62MPa was performed. The massflow reduction is the result of maintaining the
A Ppax that the blowers can handle.
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SF3: Loss of coolant flow and pressure

Modeling

Only the CFD model was used to simulate the loss of coolant accidents and obtain the

temperature of the spallation material for each scenario at at average power. This model
considers only heat transfer between the tungsten bricks and the coolant which leads to
conservative results.

Results

The maximum temperature at the end of a beam pulse was estimated considering adiabatic heat
deposition which is a conservative approximation.

Time average max Temp. | Pulse end max Temp.
[°q [°q
Design 393 454
Low helium pressure 3936.2 bar 454
Low helium massflow 524 585
High helium inlet temperature 586 647
Low helium pressure and massflow* 467 528

* Low helium pressure scenario is an additional scenario with 2.4 kg/s of helium massflow
pressurized at 0.62MPa was performed. The massflow reduction is the result of maintaining the
AP.x that the blowers can handle.

the maximum temperatures are below .
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SF3: Loss of coolant flow and pressure

@ Even in this conservative scenario, maximum temperature values are below the 700°
degrees limit in all the scenarios.

Limit Value
Maximum W temperature  <700°C  647°C
Averaged maximum stress - -
Post pulse peak stress - -
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SF3: Shut-down
SF3: Shut-down

Introduction to the accidentlal conditions

On normal conditions, when the beam is off the helium loop will continue cooling the target
along several hours to remove the decay heat. The shut-down scenario is produced when the
helium flow is interrupted after the shutdown of the beam. In this conditions, the residual heat
is removed only by thermal radiation in the target vessel surface.

Load scenarios

[ Requirement | Loads [ Level ] Prot. |
Shut-down No beam SF3 D
Operating pressure ( 10 bar) Tmax < 700°C

No coolant flow
Wheel stopped
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SF3: Shut-down

Residual heat evaluation

The methodology applied for residual heat evaluation is based on neutron transport with
MCNPX and activation with ACAB. Additional considerations are needed to consider the beam
footprint and the rotation of the wheel: the neutron flux has been analyzed homogeneously with

no angular divisions, but the spallation residuals have been analyzed for different angles.

Residual methodology

G .
P MCNPX

\_*

Neutron
flux

Spallation
Residuals

Continuous
mas source

ACAB

Irradiation flux

Inventory
Residual heat
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SF3: Shut-down

Residual heat evaluation

The methodology applied for residual heat evaluation is based on neutron transport with
MCNPX and activation with ACAB. Additional considerations are needed to consider the beam
footprint and the rotation of the wheel: the neutron flux has been analyzed homogeneously with

no angular divisions, but the spallation residuals have been analyzed for different angles.

Residual methodology

Neutron Flux (Homogeneous)

Hy
H

Ha
AR R10

Spallation Residuals

RiR2 R10

Normalization
* 1736 sectors

ONE SECTOR RESIDUAL HEAT

RESIDUAL HEAT

Duplicate results for quarter symmetry
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SF3: Shut-down
SF3: Shut-down

Residual heat evaluation

The methodology applied for residual heat evaluation is based on neutron transport with
MCNPX and activation with ACAB. Additional considerations are needed to consider the beam
footprint and the rotation of the wheel: the neutron flux has been analyzed homogeneously with
no angular divisions, but the spallation residuals have been analyzed for different angles.

v

Residual methodology

v

Fernando Sordo; Adrian Aguilar September 23, 2016 75/ 83




SF3: Shut-down
SF3: Shut-down

FEM-thermal model

Radiation boundary condition
(229C, €=0.6)

The analysis model is based on the Thermal resitance ~ 1 mm gap

FEM-Thermal model in which we
have include two stainless steel plates
connected to the cassette ribs.
@ The bottom plate is bounded to
the cassette.
@ Scenario 1: Top plate bounded
to the cassette.
@ Scenario 2:Between top plate an
the cassette we have include a

4

|
thermal resistance equivalent to m/
1 mm helium gab is included

Radiation boundary condition
(229C, €=0.6)

Target Stainless steel Vessel
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SF3: Shut-down

Residual heat

During the first 24 hours, the spallation residuals represent the 60% of the total heat. Then, its
importance grows until the 99% when 10 days has passed. There is a clear effect produced by
the capture reactions on thermal range close the moderator-reflector.

Residual results

| \

100
T
S 10t
=3
®
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o £
s
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0.1 i i i i i i i
100 10" 102 10° 10* 10° 108 107 108

Decay time (sec)

I Only Neutrons Residual Heat Total Residual Heat
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SF3: Shut-down
SF3: Shut-down

Residual heat

During the first 24 hours, the spallation residuals represent the 60% of the total heat. Then, its
importance grows until the 99% when 10 days has passed. There is a clear effect produced by
the capture reactions on thermal range close the moderator-reflector.

Residual results

105_Time_100.00_sec
0.495 TOTAL HEAT (W/cm?) NEUTRONS HEAT (W/cm?)

0.2

Q.1

0.05
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SF3: Shut-down
SF3: Shut-down

Residual heat

During the first 24 hours, the spallation residuals represent the 60% of the total heat. Then, its
importance grows until the 99% when 10 days has passed. There is a clear effect produced by
the capture reactions on thermal range close the moderator-reflector.

Residual results

105_Time_100.00_sec Heat (W/cm3)

.i".
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SF3: Shut-down
SF3: Shut-down

Residual heat

During the first 24 hours, the spallation residuals represent the 60% of the total heat. Then, its
importance grows until the 99% when 10 days has passed. There is a clear effect produced by

the capture reactions on thermal range close the moderator-reflector.
~

Residual results
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SF3: Shut-down
SF3: Shut-down

Residual heat

During the first 24 hours, the spallation residuals represent the 60% of the total heat. Then, its
importance grows until the 99% when 10 days has passed. There is a clear effect produced by
the capture reactions on thermal range close the moderator-reflector.

v
Residual results

115_Time_24.00_hours Heat (W/cm3)
05

R
~
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SF3: Shut-down
SF3: Shut-down

Thermal analysis

The temperature after the shutdown is proportional to the beam foot print. After the shutdown,
the temperature is homogenized along 100 s. Finally, after this initial homogenization the heat
the decay heat increases slowly the temperature up to the maximum after 10 s.

Maximum temperature evolutio

40 400
= Scenario 1

380 380 — Scenario 2
T 360 T 360
o o
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2 2
8 [
@ 320 @ 320
o o
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£ 300 2 300
5 £
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S 260 = 260

240 240

2 2
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SF3: Shut-down
SF3: Shut-down

Thermal analysis

The temperature after the shutdown is proportional to the beam foot print. After the shutdown,
the temperature is homogenized along 100 s. Finally, after this initial homogenization the heat
the decay heat increases slowly the temperature up to the maximum after 10* s.

.

FEM thermal analysis (Scenario 2)

Temperature . . .
0] Temperature distribution 1 s after the shutdown
376

343

277
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SF3: Shut-down
SF3: Shut-down

Thermal analysis

The temperature after the shutdown is proportional to the beam foot print. After the shutdown,
the temperature is homogenized along 100 s. Finally, after this initial homogenization the heat
the decay heat increases slowly the temperature up to the maximum after 10* s.

.

FEM thermal analysis (Scenario 2)

Temperature Temperature
346 Temperature distribution S Temperature distribution
10 s after the shutdown bt 100 s after the shutdown
22 g
214
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SF3: Shut-down
SF3: Shut-down

Thermal analysis

The radiation boundary conditions have been evaluated considering radiation to a black body at
22°C and a surface emissivity of 0.6. If the black body temperature increases up to 200°C the
target external surface temperature will increase less that 50°. If we consider a low emissivity
factor (0.3) in the black body, the maximum temperature increases up to ~ 450°C far below
the 700° limit.

Heat flow in the Target covers

18000,

16000

14000

£ 12000
=
x
2 10000
= w
3
T 8000
6000 — Scenario 1, top cover
== Scenario 1, bottom cover
4000 = Scenario 2, top cover
== Scenario 2, top cover

0 5000 10000 15000 20000 25000 30000 35000 40000 45000
Time (s)
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SF3: Shut-down
SF3: Shut-down

The main conclusion for the shut-down case is that the maximum temperature in the spallaton
material for a conservative scenario is far below the 700°C limit.

Fernando Sordo; Adrian Aguilar September 23, 2016 81 /83



Load cases Conclusions for load cases

Conclusions for load cases ]
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Load cases Conclusions for load cases

Conclusions for load cases

Ressults summary

. Normal . Vertical Unsynchronized Channel Tungsten )

SF1: operation SF2: displaced beam wheel blockage brick break SF3: | LOCA Shut-down

Limit Value Limit Value Limit Value
Maximum W 500°C | 445°C | 600°C 457°C 448°C 518°C  545°C  |700°C| 647°C  330°C
temperature
Averaged 100 MPa| 77 MPa |100 MPa| 77 MPa 69 MPa 91MPa 86 MPa o - -
maximum stress
::’:‘s:“'se Peak 150 Mpa| 44 MPa [50MPa| 43 MPa 43 MPa 58MPa 62 MPa . - -

Conclusions

@ SF1 load case fulfill the temperature and stress criteria.

@ All SF2 load cases fulfill the temperature criteria.

@ Channel blockage and Tungsten brick break exceed the Post pulse peak stress criteria,
however it is necessary to clarify if stress criteria limits apply to the SF2 scenarios. The
rest of the SF2 load case fullfil the stress criteria.

@ SF3 scenarios fulfill all the temperature criteria. SF3 scenarios do not have any design
limit related with the stress.
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