@?) EUROfusion

Design advancements of the HCPB BB and TER system
for DEMO

Moreno®, lole Palermo?, Jin Hun Park’, Volker Pasler!, Anoop Retheesh', Alva 72

Guangming Zhou', David Alonso?, lon Cristescu', Christophe Garnier3, Fra : Herna’nde“‘[ istina Koehly', Luis Maqueda?, Carlos

LKarlsruhe Institute of Technology, Germany >Budapest University of Technology and Economics, Hungg
2 ESTEYCO, Spain 6 Heffen Technologies, Spain

3CEA, France 7 CIEMAT, Spain
4 EUROfusion PMU, Germany

. . . /, \ This work has been carried out within the framework of the
B reed l ng B | a n ket P rOJ eCt In l‘( \ E U ROfUSlon EUROfusion Consortium, funded by the European Union via the
Euratom Research and Training Programme (Grant Agreement No

101052200 — EUROfusion). Views and opinions expressed are

s CCFE however those of the author(s) only and do not necessarily reflect
those of the European Union or the European Commission.

|I ratorio




=
' ~.
\=?

\

N

%
%—.l/

Outline

=
¢

1. Current design of HCPB Breeding Blanket

2. Neutronics analysis

3. Thermal hydraulics analysis

4. Structural analysis

5. Design of HCPB Tritium Extraction and Recovery System

6. Conclusions
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Design of high pressure purge gas HCPB (HCPB-BL2017-HP-v1) ({(@)
InIetImanifoIdl
Outletimanifold ~ _Eet;aiIA
LI
First Wall

TiBe12 inner  TiBe12 outer Fyy
Detail A: Fuel-breeder pin ~ ACB pebbles  pjock block Armor

Coolant: He @80 bar, 300-520°C
Structural steel: Eurofer97

Fuel-breeder pins contain advanced ceramic breeder (ACB) pebble
T-extraction: He + 100 Pa H, @80 bar
Inner beryllide block inside ACB pebble

Closing disk Pressure tube
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Design of high pressure purge gas HCPB (HCPB-BL2017-HP-v1) \{\g___‘;}‘;;
InIetImanifoIdl
Outletimanifold ~ _Eet;aiIA
LI
First Wall

Detail A: Fuel-breeder pin

Purge gas inlet MF
Purge gas outlet MF pyrge gas duct l

Coolant: He @80 bar, 300-520°C
Structural steel: Eurofer97

Fuel-breeder pins contain advanced ceramic breeder (ACB) pebble
T-extraction: He + 100 Pa H, @80 bar
Inner beryllide block inside ACB pebble




Design of high pressure purge gas HCPB (HCPB-BL2017-HP-v1) (((:‘);‘);

TiBe12 outer
block

* Fuel-breeder pins arranged in triangular arrangement

 Beryllide neutron multiplier of triangular prism with - 27~ TiBe12 inner block
lateral edges filleted
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Tritium breeding assessment

= Without considering cut-outs

» 3D heterogenous model calculated using MCNP6.2 and JEFF-3.3
» 11.25°: half of a sector of reactor

Radial-toroidal cut view - inboard Radial-toroidal cut view - outboard

o ¢

360° Model 11.25° Model m
'

A-A: Poloidal-toroidal view 6/20
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Tritium breeding assessment

= Without considering cut-outs

* The smaller the pitch, the higher TBR (TBR=1.16~1.20 £0.01%)
 Larger gap facilitates neutron streaming, saturates at 5 mm

U
U Gap between TiBe12 and pressure tube [mm] Gap between TiBe12 and tube
o 1 2 3 4 5 6 7 8 9 10
O C 121 T T T T T T T T T - .

—_

L
N

RNWROIO)~ oW

TBR

RN N (U (U R S S

TBR

S N N N W W
NWPREONOY N0 W
—_

—_

Pitch

18 120 122 124 126 128 130 132
Pitch between fuel-breeder pins [mm]

N\

Pitch between two pins

Without considering cut-out, TBR=1.16~1.20
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Global tritium breeding assessment considering heating systems & Iimiters/\\\\

Systems that cut breeding blanket

7z ?}\\
=0
ATBR Amount of |ATBR 360°
Single IVC | systems in Reactor
whole reactor
EC 0.22% 9 1.97%
NBI 0.22% 3 0.66%
UL 0.52% 8 4.14%
IML 0.19% 4 0.77%
OML 0.37% 4 1.49%
OLL 0.37% 4 1.49%
Total T_BR 10.51%
reduction

TBR=1.16~1.20 (Without cut-out)

TBR=1.04~1.07 (With cut-out)
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Shielding assessment

/
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= Parametric neutronics analysis

Shield materials: B4C, WC, WB and | gogina T —

hydrides Eng Des 168, 112426

— Baseline: 150 mm Eurofer

— v1: 10 mm B,C, 140 mm Eurofer
— v2: 20 mm B,C, 130 mm Eurofer
— v3: 30 mm B,C, 120 mm Eurofer

— v10: 100 mm B,C, 50 mm Eurofer Sggerlig’;cl;ﬁi

B4C shield

Eurofer

" : . HCPB i lanket
= Tritium and helium production in B,C CPB inboard blanke

2B + in > 3T + 23He
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Shieldi t (™
ielding assessmen (@
=
m Re su |tS Nuclear heating at  Neutron flux at 1st dpalfpy at 1st cm dpal/fpy at 1st He product. at
1st cm of TFC cm of TFC of TFC cm of VV 1st cm of VV

(limit: 5e-5) (limit: 1e9) (limit: 1.6e-5) (limit: 4.5e-1) (limit: 0.16)
Wicm? nicm?/s appm/fpy appm/fpy appm/fpy

Baseline

A

\'7

v3

v4

v

v6

v7

v8

v9

Al
v_inverted
v10_inverted

 Maximum T and He production is in v10: 1.84 mol (5.52 g) T per FPY, 500 mol (2 kg) Helium per FPY in EU-DEMO
Negligible, 117 kg T/fpy in EU-DEMO L» 1e-28 [Pa-m?®/(s'-m?)] << Outgassing limit 1e-11

90 mm B,C is needed for meeting all the requirements

« |TER-like solution seems feasible 10/20



T okt 1| b || cbbow [l Central OB at midplane Lateral OB at midplane
l' ROB11 coB11 LOB11 ||! —————
. osr cOoB12 LOB12 :;
ROE13 GOB13 LOB13 _|:‘,
ROE14 COB14 LOB14 I'!
ROB15 COBE15 LOB1S |
RDE16 COB18 LOB16 _I.I_E;?
ROBA7.1 B
commza | L0871
____________________________ g
ROBAT.2 ,'jf
LOBI72
COB172 I
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Lateral Central Lateral Central OB Lateral OB
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Geometry difference between central outboard and inboard
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___________ IB at midplane
RIEZ.A LiB3.1
Lok [J{ fch
| b [ deed |
teid [l ddd
""" bok I deed |

Central OB at midplane
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Thermal hydraulics: Temperature (@
\v¢
900.4 828.6
982.13
. 833.72 769.9 . 906.36
= 767.04 711.2 830'58
700.36 652.4 L 754:81
633.69 593.7
. 567.01 535 . ggggi
¢ 50033 476.2 — 527.49
433.65 4175 451'71
366.98 358.7 I 375'94
3003 300 PressTube: 510 °C 300:17
T[°C] T[°C) -
Temp. field of half unit-slice of COB Temp. field of half unit-slice of LIB Temp. field of half unit-slice of LOB
O . .
°.800 ——0—o—o—0 +E97 Temperatures of three unit slice
o 700 within design limits
3 .
= --TiBe12
© 600 Transi H | analvsi
) & N N N ACB ransient thermal analysis
g' 500 ' shows that there is a thermal
@ 400 d inertial in the blanket, especially
300 | in functional materials.

0O 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time [s]
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Thermal hydraulics: Flow distribution

/,
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Porous media approach to reduce
meshing and computing time

4 N\
/ N
i

Novel method: Zhou G et al.,
2020 Nucl Fusion 60, 096008.
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Thermal hydraulics: Flow distribution  FWloop A
7 004 = FWloopB ||
@ p
2
E 0.035
= 0.03 e —
é 860 FW channels
Velocig! 0.025
85.31
‘ 76.78 0.02
6825 0 100 200 300 400 500
5972 Number of FW channels [-]
51.19 Mass flow rate distribution in FW
42.66 .
34.13 « Max deviation from target value: 4.4%
25.60
17.07
8.54 0.03
0.01
[m s”-1] 70.025
g 0.02
= 0015 1469 pins
|

0 200 400 600 800 1000 1200 1400 1600
Number of pins [-]

Flow streamline of blanket segment S
Mass flow rate distribution in pins

« Max deviation from target value: 17.3%
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Thermal hydraulics: Pressure drop

Veloci
85.9,1

! 76.78
68.25

-59.72
51.19
42.66
34.13
25.60
17.07
8.54

0.01
[m s”-1]

Flow streamline of blanket segment

Pressure drop [Pa]

—= o o
S B
g8 B

2
S

5000

| 21%
|19214

2%
1977
|

Chimney  FWinlet MF BZ outlet MF BZ inlet MF
Locations [-]

\

S\
/)

/

7\
\\\ )
=
-
| 35%|
| 32657)
23%
20994
FW Pins

Pressure drop distribution

» Total pressure drop: 0.89 bar
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Thermal mechanical assessment

» Stress assessment using generalized plane strain

1604
200
175
150
125

Primary stress of COB

= Stress assessment using submodelling technique

Primary stress of COB

» Developed a sub-modelling technique to transfer the global displacement to submodel
» Generalized or plane strain boundary conditions not conservative

1470.
350
325
300
275

200
100
0
[MPa]

550
492
— 433
375
317
— 258

I 200

100
[MPa]

0

Primary+Secodary stress of COB

250 ¢
225 |

Primary+Secodary stress of COB

2.99%e4

\

Submodel

Displacement
of global model

* Most critical regions met the immediate plastic instability, plastic collapse and thermal creep damage modes 17120



Tritium Extraction and Recovery (TER) system

* Previous design

Two stages in series, first the adsorption of Q20 on the Reactive
Molecular Sieve Bed (RMSB), thereafter the adsorption of Q2 on the
Cryogenic Molecular Sieve Bed (CMSB) at 77 K Q=HD,T

Tritium recovered via isotope exchange on RMSB and by heating-up of
the CMSB

Extrapolated to DEMO scale is realizable, high Tech. Readiness Level

* Proposed design

80 bar purge gas, introduced to improve reliability of BB

CMSB requires large amount of liquid N2, getter bed is explored as
alternative

Getter bed, in particular ZAO + ZrCo, shows to be a viable option to replace
CMSB in TER configuration for Q2 recovery from the purge gas

2 bar(a)
He: 10,000 Nmgh
.

-
He: 99.9%
H2: 0.1% (10 Nm3jh

H2

He

HTQ/DTO: 0.265 ppm

He: 99.899973 %
HT/DT: 7.3 ppm

520°C

+Q2+p20

H20/D20: 34 8 ppm
H2/D2: 960 ppm

Blanket

Breeding

=

Tritium Plant

HIDIT
Q20

H/D

v

RMSB

He: 99.9 %

HIDIT

» CMSB

HT: 7.3 ppm
HZ: 960 ppm

He: ~100 %

2 bar purge gas

He: 99.9963 %
HT/DT: 0.27 ppm
HTGIDTO: 0.01 ppm

520°C

80 bar(a
- 10,000 rp3/h

+02R020

H2GiD20: 1.28 ppm
H2/D2: 35.34 ppm

Blanket

Breeding

He: ~99.9963 %
H2: 0.0037 % (10 Nrjah)
H2

Tritium Plant

H/DIT

Q20

j
I

» RMSB

He: 99.9963 %

HIDIT

HT:027 pom

H2: 35.34 ppm

He: ~100 %

GB

80 bar purge gas
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Tritium permeation analysis

= 3D component level solver

» Developed based on the OpenFOAM and benchmarked with
TMAP 7

Fuel-breeder pin | OpenVFOAM

The Open Source CFD Toolbox

» Tritium permeation analysis

« Tritium permeation analysis under 2 bar pressure purge gas
vs 80 bar pressure purge gas, with same H2 partial pressure

* Wet purge gas vs dry purge gas
Permeation to coolant Wall T inventory
200Pa H2, no H20 0.077% of T generation 65 ng

200Pa H2 + 200Pa H20 0.022% of T generation 19.2 ng
3.5 times less

interface mass flow (% of generation rate)

interface mass flow (% of generation rate)

35

30
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breeder to wall, 80 bar
wall to coolant, 80 bar
breeder to wall, 2 bar
wall to coolant, 2 bar

0 1 2 3 4

time (h)
Permeation under equal volumetric flow

breeder to wall, 80 bar
wall to coolant, 80 bar
breeder to wall, 2 bar
wall to coolant, 2 bar

1 2 3 4
time (h)
Permeation under equal mass flow

o
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Conclusions
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* Nuclear, thermal hydraulics and thermal mechanics assessments
confirms the soundness of high pressure purge gas HCPB concept

* Global neutronics analysis recommends a large TBR for counting
uncertainity

 Tritium Extraction and Recovery system can cope with high pressure
purge gas

| 4
é 4/ Contact: Guangming Zhou
N\ — Email: guangming.zhou@Kkit.edu
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Solid breeding blanket in Europe: HCPB Design evolution
« HCPB and WCLL are two reference blanket concepts for EU DEMO

Pre-Concept Design Phase (FP8) * Coolant: He @80 bar, 300-520°C Concept Design Phase (FP9)

L/
(//ﬂ
\

=

/,
{
3\

ITER HCPB TBM » Structural steel: Eurofer97
_,act-alike" » T-breeder: Li-ceramics
- n-multiplier: Beryllide 2021 G Zhouetal.
= - T-extraction: purge gas 2022
cjl::ﬁt:s D b%cl?p;:tecap HCPB TBM : : — 2023
PPCS Model B (HCPB) | a2 "=+ PP Robustness (in-box LOCA) 2024
— LV TBR (1.06) G.Zhou et al.

"Beer-box"

— D Fabrication & assembly complexity VR BRI

— ™ Ap (Ppump=250MW, low TRL BoP)

2014 DEMO baseline 2014

™ Robustness (in-box LOCA)
N TBR (1.20)

+ /M Robustness (in-box LOCA)

+
: +
20t DEMO baseline 2015 ¢ + 1 TBR(1.15) + { Fabrication & assembly complexity
2016 "Sandwich" — ‘M Fabrication & assembly complexity + & Bp (Poymp™= 9OMW, high TRL BoP)
— AP (Poymp=150MW, low TRL BoP) + /> High reliability
Lt
2017 DEMO baseline 2017 + P Robustness (in-box LOCA)
2018 + /N TBR (1.20)
2019 "Fuel-breeder pin" | + { Fabrication & assembly complexity
+

3 Ap (Pyyme= 9OMW, high TRL BoP)
— RAMI

2020
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Assessment of lifetime due to pebble-Eurofer interaction i)
= Acc. to [1], the fatigue lifetime reduced due to interaction between pebbles and Eurofer97
8 daw r EU‘ROFI‘-:RW,‘SSO"é | - S‘min;mgel |

Li,SiO +
30 mOIO/O L|2-I_|OS
1 mm pebbles

Interaction conditions: Ll S i)
s T 16 days
- wmmm%wpw 0

T=550°C

Atmosphere: purge gas ,
fow (Her%Hy) ol gl

Duration: 8, 16, 32, 64, 10 . 1 64 days

128 days

Number of cycles to failure

EUROFER97-2
low-cycle fatigue (LCF)
specimens @2 mm

2 L L L | L | L L
105 10 20 30 40 50 60 70
Aging duration, d

» Creep-Fatigue-Assessment tool [2] used to assess different design options (2 bar vs 80 bar purge gas)

| 2barpurgegas  * Along the indicated paths, most
regions failed to withstand the
required 7787 cycles

D 80 bar purge gas Along the indicated paths, most

0 regions succeeded to withstand
the required 7787 cycles

[1] Aktaa J et al., 2020 Fusion Eng Des 157, 111732, * New design able to improve lifetime
[2] Mahler M, Aktaa J, 2018 Nucl Mat Energ 15, 85-91. 23
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Flow scheme

‘ FW-channel a }—

' FW-channel n ‘

\ } MF-2

MF-3

MF-1

LY_JLY_/

24



Shield design: Structural design and analysis

To confine the fragmentation, B,C shield is designed to be contained

« Concept 1: Radiation, shield fixed to cover plate

« Concept 2: Contact, shield fixed to BSS backplate

« Concept 3: Contact, shield fixed to BSS backplate with external clamping

Cover plate Shield BSS Cover plate Shield BSS
Concept 1 | Tmax °C I 795 > 450°C ! 950°C 364 < 375°C Concepts | Tmax °C 426 < 450°C 467 382 > 375°C
= significant = negligible creep 243 = negligible - significant creep
I creep l creep
Tmoy °C 791 935 343 Tmoy *C 425 443 353
AT 5 54 48 AT 1 85 62
Max(F) MPa 9 124 89 Max(&F) MPa 2 156 113
Om+0p,=2Q | MPa [ 8- low value 109 Ou+t0, =80 |MPa 2 < low value 132
Applied design Simplified analysis Max(F)<155 MPa Ratcheting, negligible Applied design Ratcheting: Max(7)<155 MPa Simplified analysis with
criteria with negligible (B4C Yield strength creep criteria Ve T (B4C Yield strength negligible creep:
creep: Ratcheting at 980*C — m T Fp + 40 at 980°C Ratcheting
AQ < 1.5 Sm=275 MPa < 38m o
P, t P, +40 (350°C) AQ < 1.5 5m=275 MPa
< 35m (350°C)
Validation No analysis Validated Validated Criteria No analysis, Validated Validated
(low stress), should be
should be validated
validated

25

Shield of ITER

diagnostic port-plug

Shoshin A et al., 2021 Fusion

Eng Des 168, 112426

\

Screw with bolts
and elastic washer

Screw (threaded
rod) fixed to
backplate

Concept 2

Pocket

Concept 3




Optioneering of blanket attachment (1/2)

= Attachment: accomodate gravity, thermal, pressure and

EM loads, conform remote handling

Equivalent shell and beam elements used to get quick feedback

Solid geometry

Surface bodies

Abaqus

Shell and beam elements

S, Mises
Envelope (max abs)
(Avg: 75%)

+1.500e+08
+1.250e+08
+1.000e+08
+7.500e+07
+5.000e+07
+2.500e+07
+0.000e+00

ug=0
ur=0
u,=0

Constrained vertically

Free vert. expan.

.:DEM load MD

u=0
uR~=0

u=0

Constrained tor. rotation

Gravity loads do not cause a
large global stress, thus not
critical. However, it s
important that the segments

are fully supported before
any thermal expansion
ocCcurs.

s=ol hermal

0 When fully constrained,

causing a large global stress
o on the First Wall.

When free to expand vertically,
the stress level at the FW is
almost negligible.

S, Mises
Envelope (max abs} \
(Avg: T5%) =

A slightly larger stress level is
reached at the FW when a

Free vertical radial support is included.

expansion

Free vertical
expansion

Constrained
vertically

When fully constrained, the stress on FW is negligible, but stresses
become large if the segment is free to expand vertically.

An important requirement derived: sufficient supporting conditions to
withstand EM and seismic loads during operation

26



Optioneering of blanket attachment (2/2)

* Proposed concepts of BB-to-VV attachment

Bottom, middle and top supporting structures

wW Wedge

Gap 80 mm

Blanket Initial

Conditions
Radial

support

Blanket position
in Normal
Operation

Top plate —

Upper sliding material ——»

Lens (ASME SA182 304L) —*

i Lower sliding material
Spherical (CuAILOFe5Ni5-C)
bearing

Lower backing plate |

ITER Cryostat Support Bearings
to take 1100 tonnes

Proposal 1

Shaft VV side

Connecting
Rod

Conical shaft
to Blanket

Blanket

Proposal 2

At bottom, spherical bearing similar to ITER Cryostat Support Bearings

At midplane, toroidal key is proposed. The toroidal key has a toroidal gap to
facilitate assembly by RH tools. The pocket at the VV allows sufficient vertical
displacement (124 mm) of the segment for the assembly process.

At top, two proposals are being considered. Wedge (Proposal 1) and Conical
shaft (Proposal 2).

0. Initial 1. Wedge 2.Segment 3.Segment 4, Segment 5. Segment
conditions removal lift rotation | translation extraction
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