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Status of HCPB at the conclusion of FP8 (2014-2020)

Purge gas

RIB intlet 5%
RIB outlet '|
COB intlet

COB outlet
Segment —— i

Hernandez FA et al., 2020

Fusion Eng Des 157, 111614. HCPB-FP8 Reference Design

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

NA, TH & TM, TBR =1.20

Fuel-breeder pins contain advanced ceramic breeder (ACB) pebble
Pins inserted into hexagonal beryllide blocks of neutron multiplier
T-extraction: Purge gas of He + 0.1vol% H, @2 bar

B-B Detail 1 fyel breeder pin

BZ | e o —— e | —— ol
manifold _| ' | ‘

FW d/'
manifol i\

Detail 1: Fuel-breeder pin
Pressure Outer Outlet  Purgegas Inlet
W-armor  FW tube cladding  coolant flowinpin  coolant

TiBey, ACB Inner BZ Coolant  Purge gas

block cladding  backplate outlet plenum manifolds
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Challenges related to HCPB BB & solutions \{\\\_‘,}‘))
Highlighted Challenges = Solutions
Low reliability of BB system under DEMO [1] Equalize purge gas and coolant to establish a fault-tolerant

conditions (Adressed by [1]) | g e e Tesr. blanket design, 80 bar pressure under normal condition
Cracking of beryllide blocks (Adressed by
[2] + R&D)

Degradation of Eurofer at contact with

pebbles in purge gas environment
(Adressed by [1] + R&D)

Large number of welds:
400e3

Max. failure rate of welds:
2.58e-08 (1/h)

400e3 x 2.58e-08 = 0.01 (1/h)

e - Claddi
Low BB shielding capability (Addressed by e
Efficient shield) [2] Change shape of TiBe12 blocks
Limited heat flux removal capability of the
He-cooled F\ ) é
Limiters ) ll ‘
e HCPB-FP8 HCPB-BL2017-HP-v1
Hexagonal prism with a central hole Triangular prism with lateral edges filleted
|
i Solid block shape improves structural

integrity and reduce fabrication time 4111



Design of high pressure purge gas HCPB (HCPB-BL2017-HP-v1) i\;_)/}‘;)
P”p'%?ﬂgas OB‘fiEtOB inlet Top view Shield
kIBinIet
H,’ EES Back plate 2

Segment

chimneys - —* Purge gas plates

Back plate 1

First Wall

TiBe12 inner block TiBe12 outer block  TiBe12 inner block ACB pebbles

TiBe12 outer block ACB pebbles

2

TiBe12inner  TiBe12 outer Fyy
Detail A: Fuel-breederpin ~~ ACB pebbles  pjock block Armor

» Coolant: He @80 bar, 300-520°C

 Structural steel: Eurofer97 I
» Fuel-breeder pins contain advanced ceramic breeder (ACB) pebble

» Beryllide neutron multiplier of triangular prism with lateral edges filleted

* T-extraction: He + 200 Pa H, @80 bar; He + 200 Pa H,O @80 bar (backup)
* FW and critical structure thicker + cooler by fresh coolant I
* Inner beryllide block inside ACB pebble
+ Nuclear, thermal hydr. & thermal-mech. analysis to confirm soundness Closing disk

Pressure tube
HCPB-BL2017-HP-v1 511



Tritium breeding assessment

» Without considering cut-outs
» 3D heterogenous model calculated using MCNP6.2 and JEFF-3
* 11.25°: half of a sector of reactor
* The smaller the pitch, the higher TBR (TBR=1.16~1.20 +0.01%)
» Larger gap facilitates neutron streaming, saturates at 5 mm

» Considering cut-outs by Heating system & Limiters
* TBR reduction of 10.5% (TBR=1.04~1.07)

Scheme of the IVCs arrangement
Cut-outs of BB

~ 7
3 D{f\@(

A-A

(_R1 R2

R3

Pitch

A-A: Poloidal-toroidal view

Gap between TiBel2 and tube

Gap between TiBe12 and pressure tube [mm]
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Radial-toroidal cut view - inboard
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Thermal hydraulics: Temperature, flow distribution, pressure drop &
Velocn
835.6 769.9 ! Zg ;2
7687 112 — @2
-~ 7018 6524 | 51 19
634.9 593.7 H 42.66
2679 535 | 34.13
501 1762 2560
4341 175 ' 17.07
3672 Cirns 358.7 S
3003 PressTube: 513 °C 0.01
TrC] 300 PressTube: 510 °C [m s"-1]

T[°C]

Temp. field of half unit-slice of COB

Temp. field of half unit-slice of LIB
+ Temp. of ACB, TiBe12 and Eurofer within corresponding design limits

Novel method: Zhou G et al.,
2020 Nucl Fusion 60, 096008.

CFD analysis of blanket segment

0.045 y 0.03 i .
4 + FW loop A - K
) 0.0 = FWloopB || 70025 —— o I_ _I I
3 = | & 2%
30 w— ‘ 5 !!/ % o500 21%
é 0.03 | | g om '—* s < o0 | 1e1e I o | 20594 |
g | ‘ | g 8 s 14256
=0.025 860 FWchannels =001 1469 pins 8 -
: » %
0.02 ‘ ‘ ‘ 0.01 ‘ ‘ ‘ 5000 1977 o
0 100 200 300 400 500 0 200 400 600 800 1000 1200 1400 - 0 = =

Number of FW channels [-] Number of pins [-] ; / O BN SEG SRR
Locations [-]
Mass flow rate distribution in FW Mass flow rate distribution in pins Pressure drop distribution

* Max deviation from target value: 44% . Max deviation from target value: 17.3% « Total pressure drop: 0.89 bar

7111



Thermal mechanical assessment

= Stress assessment using plane strain

1604 1470,
i A B
175 s
150 S0
125

275
100 ! iy
225 &
200
I 100
0
[MPa] [MPa] ;
Primary stress of COB Primary+Secodary stress of COB

= Stress assessment using submodelling technique

2.99e4
550
492
433
375
317
258
200
100

_ [MP;] » Submodel

Primary stress of COB Primary+Secodary stress of COB Displacement

of global model

\

» Developed a sub-modelling technique to transfer the global displacement to submodel
» Generalized or plane strain boundary conditions not conservative
» Most critical regions met the immediate plastic instability, plastic collapse and thermal creep damage modes 8111



Tritium Extraction and Recovery (TER) system

» Reference 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=H.D,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, shows to be a viable option to replace CMSB
in TER configuration for Q2 recovery from the purge gas

He: 99.599973 %
HTIDT: 7.3 ppm
HTOIDTO: 0.265 ppm

H20/D20: 34.8 ppm
520°C H2/D2: 960 ppm
2 baria)
He: 10,000 Nrgih
+Q2+p20

Tritium Plant

Breeding
Blanket

r
He: 99.9%
H2: 0.1% (10 Nm3fh

H2

=

He: 99.9963 %
HTIDT: 0.27 ppm
HTO/IDTO: 0.01 ppm

520°C H20/D20: 1.28 ppm
80 bar{a H2/D2: 35.34 ppm
He: 10,000 rgdfh
+02R020

Breeding
Blanket

3
He: ~99.9963 %
H2: 0.0037 % (10 Nr/h)

H2

I
5 ET Q 5
I C‘-‘! T I
» RMSB —=22% f cMSB
HT: 7.3 ppm
H2: 960 ppm
He: ~100 %
2 bar purge gas
Tntium Plant
I 'y
El o =
gl s ﬂ :
z RMSB He: 99.9963 % GB
= HT: 0.27 ppm
H2: 35.34 ppm
He: ~100 %

80 bar purge gas
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: : (77X
S h Ield deS | g n Palermo | et al., 2022 Energies 15, 5734. \{\‘%;,//’))

Nuclear heating  Neutron fluxat  dpalfpy at 1st  dpalfpy at 1st He product. at
at1stcm of TFC  1st cm of TFC cm of TFC cm of VV 1st cm of VV

= Parametric neutronics analysis |sm

Shield materials: B4C, WC, WB
and hydrides Shoshin A et al., 2021 Fusion

Eng Des 168, 112426

(limit: 5e-5) (limit: 1e9) (limit: 1.6e-5)  (limit: 4.5e-1)  (limit: 0.16)

Wicm? nlcm?/s appm/fpy appm/fpy appm/fpy
| Baseline 2.21e9 1.81e-5 1.53e-1 0.56
| v 7.36e-5 2.07e9 1.69e-5 1.28e-1 0.42
7 6.83e-5 2.29e9 1.24e-5 9.27e-2 0.35

— Baseline: 150 mm Eurofer

- v1: 10 mm B,C, 140 mm Eurofer | v3 5.37e-5 1.82e9 1.42e-5 9.43e-2 0.29
~ v2: 20 mm B,C, 130 mm Eurofer \T | va 5.16e-5 1.7469 1.50e-5 8.58-2 0.27
—  v3:30 mm B,C, 120 mm Eurofer Eurofer BAC shield | v5 4.72e-5 1.66e9 1.40e-5 7.70e-2 0.24

v6 4.16e-5 15769 141e-5 6.94e-2 0.22
T HCPB inboard blanket 3.69-5 14769 141e-5 6.29¢-2 0.18
- v10: 100 mm B,C, 50 mm Eurofer [ v 3325 14369 1.24e-5 5.766-2 0.17

: v9 3.30e-5 1.41e9 1.27e-5 5.52e-2 0.16
v10 3.24e-5 1.40e9 1.24e-5 5.27e-2 0.15

= Tritium and helium production in B,C | v5_inverted [NV 16569 1.286-5 74662 0.19

1(5)B + (1)Tl N ET + 2421-He VARINTI G 2.81e-5 1.33e9 1.16e-5 5.07e-2 0.14
Negligible, 117 kg T/fpy in EU-DEMO r» 1e-28 [Pa-m?/(s'm?)] << Outgassing limit 1e-11
* 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

* 90 mm B,C is needed for meeting all the requirements
« Container of B,C is designed to contain fragmentation
» |ITER-like solution seems feasible

Shoshin A et al., 2021 Fusio Shield of | |
Eng Des 168, 112426 diagnostic port

S
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= Summary

« Solutions proposed to resolve the challenges of HCPB concept
« Key solution: high pressure purge gas, to establish a high-reliability HCPB concept

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

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

= Outlook
« Start RAMI analysis to check the reliability

« Complete the on-going safety analysis to confirm there is no show-stopper
* Introduce this design as baseline of HCPB breeding blanket for EU DEMO

v \\\ \\)) },
\ hank, V"
\\—/

7 Contact: Guangming Zhou
R Email: guangming.zhou@kit.edu
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Gravity loads do not cause a
large global stress, thus not
critical. However, it is
important that the segments
are fully supported before
any thermal expansion
occurs.

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

|

n

When fully constrained,
causing a large global stress
on the First Wall.

- : - ; 4 When free to expand vertically,
: | ] the stress level at the FW is

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

Left Outboard

Abaqus e almost negligible.
Solid geometry Surface bodies Shell and beam elements A slightly larger stress level is
=0 — EM load MD reaphed at the. FW when a
o Fi e " Constrained Free vertical Free vertical radial support is included.
: vertically expansion expansion

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

+9.9980+08 u=0
0000+

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

Constrained vertically Free vert. expan.  Constrained tor. rotation 13




Optioneering of blanket attachment (2/2)

* Proposed concepts of BB-to-VV attachment
Bottom, middle and top supporting structures

wW Wedge

Blanket Initial

Conditions
Radial

support

Blanket position
in Normal
Operation

Top plate —

Upper sliding material ———

Lens (ASME SA182 3041) —*

Lower sliding material

Spherical (CUAILOFeSNiS-C)
bearing

Lower backing plate

ITER Cryostat Support Bearings
to take 1100 tonnes

Proposal 1

Connecting
Rod

Conical shaft
to Blanket

Proposal 2

Shaft VV side

Blanket

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

T
removal

3. Segment

14




Tritium permeation analysis

= 3D component level solver [3]

» Developed based on the OpenFOAM and benchmarked with
TMAP 7

Fuel-breeder pin Open\VFOAM

The Open Source CFD Toolbox

» T permeation analysis

* T 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 19.2ng
3.5 times less

[3] Pasler V et al., 2021 Applied Sciences 11, 3481.

interface mass flow (% of generation rate)

interface mass flow (% of generation rate)

35

30

25

20

15

10

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 volumetric flow

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

o

1 2 3 4
time (h)
Permeation under equal mass flow
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Assessment of lifetime due to pebble-Eurofer interaction {‘%LE’}
» Acc. to [1], the fatigue lifetime reduced due to interaction between pebbles and Eurofer97
Li,SIiO,+ Interaction conditions: 8 days o S‘m"’f"ff‘: |

«w.».m\‘-»;».um
T 18
‘ wmmm%l‘\w»w days
Atmosphere: purge gas : -
+0.19 ‘s‘\‘l‘\‘\«*s”.l-pppmu
EUROFER97-2 flow (He+0.1%H,) days
low-cycle fatigue (LCF)

- ;“ Duration: 8, 16, 32’ 64, .\.'\t\su‘np-ml|t|'||ilxl‘ ¢ Mdays
specimens @2 mm R 128 days TN TR 128 days

30 FI'I0|°/0 leﬁOs

1 mm pebbles T=550°C

Number of cycles to failure

L. .
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)

2 bar purge gas  * Along the indicated paths, most
regions failed to withstand the
required 7787 cycles

| —— I 50 b2 purge gas * Along the indicated paths, most

e 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. 16



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
f Y
Concept 1 | Tmax °C | 795> 450°C 950°C 364 < 375°C Concepts | Tmax °C 426 < 450°C 467 382 > 375°C
= significant = negligible creep Tas - negligible = significant creep
I creep creep
Tmoy k. T 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+0; =20 | MPa 8 < low value 108 Un+ 0, =087 |MPa 2 < low value 132
Applied design Simplified analysis | Max(7)<155 MPa Ratcheting, negligible Applied design Ratcheting: Max{7)<155 MPa Simplified analysis with
criteria with negligible (B4C Yield strength creep criteria PP+ (B4C Yield strength negligible creep:
creep: Ratcheting at 980°C e m e at 980°C Ratcheting
AQ < 1.5 Sm=275 MPa <35m _
P, +P, +1Q (350°C) AQ < 1.5 Sm=275 MPa
<35m (350°C)
Validation No analysis Validated Validated Criteria No analysis, Validated Validated
(low stress), should be
should be validated
validated

17

Shield of ITER

diagnostic port-plug

Shoshin A et al., 2021 Fusion

Eng Des 168, 112426

Concept 2

Concept 3

Screw (threaded
rod) fixed to
backplate
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Flow scheme

| FW-channel a }—
ﬂ FW-cha;meI n |

MF-2

MF-3

[]
- BZ inlet, MF-2

MF-1

FW manifold inlet, MF-1 @ _

18



Solid breeding blanket in Europe: HCPB Design evolution

« HCPB and WCLL are two driver blanket concepts for EU DEMO

Pre-Concept Design Phase (FP8)

ITER HCPB TBM
,act-alike”

stiffening grid

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

» T-breeder: Li-ceramics

* n-multiplier: Beryllide

» T-extraction: purge gas

LB A cap
D back plate

PPCS Model B (HCPB)

e in/oul
collectors

aar

HCPB TEM

Outboard
blanketbox

"Beer-box"
2014 DEMO baseline 2014
2015 DEMO baseline 2015
2016 "Sandwich"
2017 DEMO baseline 2017 gy
2018
2019 Fuel-breeder pin

2020

+ M Robustness (in-box LOCA)

— 4 TBR (1.06)

— M Fabrication & assembly complexity
— M Bp (Pyump=250MW, low TRL BoP)

+ /] Robustness (in-box LOCA)

+ N TBR (1.15)

— /M Fabrication & assembly complexity
— 1 Ap (Pyymp=150MW, low TRL BoP)

M Robustness (in-box LOCA)

‘N TBR (1.20)

J Fabrication & assembly complexity
L Bp (Pyymp= 9OMW, high TRL BoP)

- RAMI

2021
2022
2023

\
Z

L
(//’
W
=

/
(/

G. Zhou et al.
2022. TOFE 2022

G. Zhou et al.
2023. ISFNT-15

‘N Robustness (in-box LOCA)

‘N TBR (1.20)

J Fabrication & assembly complexity
L Ap (Pyymp= 9OMW, high TRL BoP)
M High reliability




