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@) Breeding Blanket R&D Programme: Background

* Breeding blanket technology is crucial for the development of fusion power,
but its maturity is currently very poor.
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* Heat removal for electrical production: (~¥300-500 MWe) predictably and
safely, with minimal environmental impact

* use Reduced Activation Ferritic-Martensitic ‘RAFM’ steel 2 EUROFER
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20 = ScenarioA
===+ Scenario A, CFETR: 2041

T inventory [kg]

e e . . ey . . . 15 = Scenario B i e L.
* minimization of tritium permeation, dust and corrosion products ==+ Scenario B, CFETR: 2041 ;
. 10 == Scenario C \
generation ===+ Scenario C, CFETR: 2041 \
. . . 5 CFETR b,
* Breed tritium: “a 2 GW fusion power DEMO will consume around 111 kg R Yo 2 2055
T/FPY, and this clearly underscore the indispensable requirement to achieve T- A o s wo s el
] ” —
SE/f-SUf f iciency M. Kovari et al, (2018) Tritium resources available for fusion reactors,
° Radiation ShlEldlng Of the Vacuum VESSE' and CO“S Nuclear Fusion, 58, 026010, DOI: 10.1088/1741-4326/aa9d25

* Absorb plasma radiation on the first wall
* Dose in epoxy / 10 fpys - Limit: 50 MGy Do)
* N-heating - Limit: ~444 W/m?3 (TF cond.)

) Bioshield

e IB Segments

Sector OB Segments

Vacuum

* The main BB Loads and boundary conditions are: vessel ekt col
* Inertial (dead weight and earthquake) _—
« Thermal (nuclear heating and heat fluxes) Cryostat aa el

Breeding
Blanket

* Pressure and Electromagnetic loads

Toodal o poo Divertor
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C@‘) Tritium and Fusion reactions
T Jmillion I8

Why Tritium? 1M 15 150 1500 5000

The D-T reaction is the easiest and most promising solution to —
earth-based fusion N

E T - E, = 14.1 MeV e
1D‘|' aiT — zHe+ N (Qyr =17.59MeV) E = 3.5 MeV 2I;l)) QJ3H :; !.: e

* Exothermic

N Y
* Good cross section \
* Good energy release J}
J

[

“He + 3.5 MeV - L
* Deuterium is largely available N+ 14.1 MeV = e
--E-
» ~154 ppmofDinH Proton ()
- L. Neutrona _
e Tritium can be bred from Lithium T
e Lithium is abundant on the Earth surface and in seawater 230
billion tons 0.1-0.2 ppm
yHe+on  (Qpp =3.27MeV) 107"

‘D+2D -
12T Tilp  (Qup =403MeV)

1 2 3 _ .
1p+ 1D—> 2He+7 (QpT =5.59MeV) Lo G0 oo
D+, He— He+ p  (Qpy =18.35MeV)
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ﬁ) Tritium breeding function

Tritium production in reactor: Li reactions

10
®Li +n® - jHe + 3H + 4.78 MeV
JLi+n° > 3He + $H +n® — 2.47 MeV P T
g Li (n,a*H Pb(n,2n)]]
c 1 =
* The °Li reaction has a very high cross section %
especially in the low-energy region 4 i»“
) -1
* The ’Li reaction works with the high energy neutrons. 8 ,
—
It produce an additional n that is available for a B s 7Li(n,n"e)3H-I"
successive reaction § L) =
_ _ _ 3 9Be(n, 2nH—I-
* Natural mixture: 7Li 92.5 % at., only 7.5 % °Li = — 5
About 10! kg Lithium in landmass 1 \\
2
About 104 kg Lithium in oceans 10 2 —
10° 107 1 10
Neutron energy, MeV
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3 .\ : :
@ Tritium breeding function

Neutron multiplication

Required (n,2n) reactions with high o in energy range up to 14MeV

* Li (nat.):

» sufficient, but only with very low n-absorber materials

» strong reaction with water and air
> getter for T (difficult recovery)

* Beryllium (Be)
» (n,2n) threshold energy =2 MeV
» good moderator (shielding)
» exothermal reaction with water > 600°C
» Be dust is toxic

* Lead (Pb):

=3

* Beryllides (TiBe,,, CrBe,,, etc. )

» Tritium breeding ratio 1.20
Well developed industrial technology
Excellent combination of properties
Annual production of Be 300 t/ yr
Cost of Be 650 $/kg

YV V V V

> high availability, low cost * Plumbides (LaPb;, YPb,, Zr;Pb;)

> can be used as coolant > (n,2n) threshold energy =7.5 MeV

> melting point ~235°C » No industrial technology

> corrosion with material (e.g. steels) > Properties are not well studied

>  weight '% > Annual production of Pb 11 min t/ yr
> activation through Po formation > Costof Pb 68S$/kg

» (moderate) reaction with water
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@) Tritium breeding function

Tritium Breeding Ratio (TBR)

TBR =1 is achieved when every fusion neutron produces a triton from lithium

* How large the TBR should actually be during
TBR = Tritium Bred > 1 the lifetime of the FPP is depending on the
Tritium Burnt dynamics of the entire fuel cycle for the D-T

plant. It accounts for:

It has to be > 1 for reactor auto sufficiency; _ . .
possible losses of tritium in the

Depends on the choice of materials and geometry different parts of the process and

tritium trapping in the materials

Relies in neutron multiplication and reflection

reduction of breeding in the time with
the Li burn-up

Can be calculated using Montecarlo codes (MCNP)

Can be validated by experiments Y ) _
duplication time (time necessary to

» Typical design targets of the global TBR are in the range of 1.05 - 1.15 produce the tritium amount necessary

** Whether achievable in a fusion reactor is a question of design to start a new FPP)

integration... storage capabilities
* Multipliers need to offset absorption in all other components and natural decay of tritium (half-life of
materials, e.g. FW, divertor, pellet injectors, heat & current drive 12.3y)

components, diagnostics, etc.

safety inventory limits
U. Fisher et al, (2015) Neutronics requirements for a DEMO fusion power plant, FED 98-99, 2134-2137
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(/@) Current BB design variants: the HCPB concept

=

G. Zhou et al, (2023) The European DEMO Helium Cooled Pebble Bed
Helium Cooled Pebble Bed Concept (HCPB) Breeding Blanket: Design Status at the Conclusion of the Pre-Concept

. Design Phase, Energies, 16, 5377, DOI: 10.3390/en16145377
e Structural Material: EUROFER (RAFM steel), ~3000 t Po— oBatet
- Breeder: KALOS (Li,SiO, + 35 mol% Li,TiO, ) in form of a pebble bed, 6Li at 60%, ~165 t ‘\%’Y‘,
* Neutron multiplier: Beryllide (TiBe,,) hexagonal rods, 612 t °““e‘
x

Segment
¥ chimneys

¢ Coolant: helium 300-520°C @ 8 MPa, ~ 4.2 t
* Plasma protection: 2 mm W layer (wo Limiters)
T extraction with purge Helium: 0.1% H, (%H,0) @ ~8 MPa, ~ 137 m3

Inlet:

I HesH, ~ Shield
——[  Fwchameli | a - Top view
i 1

Bey,Ti block Outlet:
He+H,
+;:g Back plate 2 15

Bey,Ti block . O _ _

12 HTO B, purge gas plates TiBe12 inner block
TiBe12 outer block ACB pebbles

4 - Back plate 1
Outlet plenum TiBe12inner  TiBe12outer gy
Be,Ti block Detail A: Fuel-breederpin ~~ ACB pebbles  pjack block Armor
BZ inlet, MF-2
(" zoue I I -
First Wall |

_|—MM1T TiBe12 outer block  TiBe12 inner block ACB pebbles

Pressure tube

Closing disk
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@) Current BB design variants: the WCLL concept

P. Arena et al, (2023) Design and Integration of the EU-DEMO Water-
Poloido-radial Cooled Lead Lithium Breeding Blanket, Energies, 16, 2069, DOI:
e 10.3390/en16042069

Water Cooled Lead Lithium Concept (WCLL)
e Structural Material: EUROFER (RAFM steel), ~3500 t

* Breeder/neutron multiplier: PbLi (°Li at 90%) liquid (~330 °C @ 0.25-1.55
MPa), ~10,000 t,

* Coolant: Water (295-328°C @ 15.5 MPa), ~520 t
e Plasma protection: 2 mm W layer (wo Limiters)

* T extraction from recirculating PbLi

: Toroido-radial
Baffle-plates : .
stiffening plates

® ldentified risks as of end pre-CD phase: |_Elementary cell or “Slice” |
FW cooling channels Horizontal
Risk ID Risk (7 = 7 mny’) stiffening plate

.001 Low reliability of BB system / N

002 Low efficiency of PbLi draining d -

003 FW based on thin EUROFER + W-armor T - DL
:,' .005 Low tritium breeding performance . 1_ /pbmﬂow '_ | Manifold
g .006 Large amount of transmutation helium in PbLi : . / —_— T

.010 Large T permeation to coolant = > Vertical stiffening

.012  WCLL operating with EUROFER temp. irradiated <400 °C (DBTT shift) T;;if;;‘l’“ plate
.013 Pressure transient uncertainties due to PbLi-water interaction
.022 Diffusion of Li into anti-permeation barriers and production of T + He there
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@) Motivation for water-cooled BB Alternative variants

® Motivation: " Poloidal water tube distribution:
_ Addressed * Poloidal tubes:
ID Risk : . .
in (1) Less tubes, less welds, A\ reliability
.001 Low reliability of BB system (1) (2) Less tubes, less surface, W T-permeation
002 Low efficiency of PbLi draining (4) (3) Less tubes, less water, more PbLi, A\ TBR
og3 FVV based on thin EUROFER + W- (4) Easier draining
' armor * BB similar to HX/SG => A\ TRL/RoX
.005 Low tritium breeding performance (3) * Segments split in several poloidal regions
006 Large amount of transmutation He in — Limit heat flux per tube
g PbLi — Allows systems integration (H/CD, limiters...) = »
= .010 Large T permeation to coolant (2)(6) w/o splitting segments — *3'd chamber”
WCLL operating with EUROFER 55—
012 temp. irradiated <400 °C (DBTT €= PbLiinflow
shift) " ,Double bundle” of simple tubes
- SN i * 3-chamber idea of S&T HX (K.-H. Funke) w3 ghamber
ressure transient uncertainties , , :- d chamber
013 416 to PbLi-water interaction: (5) (5) Intermedlate cha.mber between PbLiand water | W}
to avoid contact in case of internal LOCA |
029 Diffusion of Li into anti-permeation (2)(6) rgay (6) 3rd chamber filled with He gas: used to remove || Jj‘i> PoLi outflow
% barriers and production of He there Yol permeated T before it reaches water S A gy ,
barriers 1 P 3 chamber
. A. I-{ernandez e? al, (2023) A/ter.nativ Water—cgo/e BB conceptsfr the EU DEMO: ﬂ . 1 Water at PWR conditions
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@) Exploring variants: WCLL Double bundle

COB
segment
Q’

® Design description:

Segment Detail of the purge gas * PWR cooling (285-325°C, @15.5 MPa)
inlet, 285°C 3 flow in 3rd chambers of * BZand FW in series (T;, =315 °C)

FW and BZR _ _
* 5 BZRs, poloidal PbLi flow

* 3rd chamber” between the double bundle, filled
with a He purge gas

fins WCLL-DB, FW
WCLL-DB
8— Thermal

contact
conductance

3 (TCC)
£ 0
BZR #2 - ., 1 fins
Gas gaps
8 (e.g. He
purge gas)

E.g. Wieland Safety Tubes:
https://lwww.wieland-
thermalsolutions.com

F. A. Hernandez et al, (2023) Alternative water-cooled BB concepts for the EU DEMO:
Overview on studies and perspectives, Presentation @ISFNT-15, Las Palmas
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https://www.wieland-thermalsolutions.com/
https://www.wieland-thermalsolutions.com/

@) Exploring variants: Water-cooled Lead Ceramic-Breeder (WLCB)

e

/,

® Background: a short story...
* |dea started in FP8: HCPB issue with beryllium -> deep exploration of alternative n-multipliers -> Pb/Pb-alloy
* He-cooled molten Pb and ceramic breeder blanket: oral presentation at SOFT 2018 (FED-2019, FED-2019)
® Curiosity for a water-cooled version -> WLCB, as radial CB pins (FED-2021, FED-2021)

" FP9: further work on a WLCB with poloidal configuration of advanced
ceramic breeder (ACB) tubes and simpler cooling structures

® Seen as a best trade-off between HCPB and WCLL:

* To avoid current issues in HCPB with shielding, multiplier technology
and costs H C P B

—_ WCLL

* To mitigate issues with T-permeation and avoid T-extraction risks
from PbLi in WCLL variants

* To avoid use of anti-permeation barriers in BB (TBC) WLCB
* To use proven water PWR tech

* T extraction from ACB

« Low T permeation (no need for T barriers) * Proven water PWR tech
« Available TER technology * Excellent neutron shielding
« Good TBR in compact space * More mature PHTS/BoP

F. A. Hernandez et al, (2023) Alternative water-cooled BB concepts for the EU DEMO: Overview on studies and perspectives, Presentation @ISFNT-15, Las Palmas

Breeding Blanket concepts for the EU-DEMO | FUNFI-IT | 11 December 2024


https://www.sciencedirect.com/science/article/abs/pii/S0920379619302121
https://www.sciencedirect.com/science/article/abs/pii/S0920379619301681
https://www.sciencedirect.com/science/article/abs/pii/S0920379621001733?via=ihub
https://www.sciencedirect.com/science/article/pii/S2352179121001204

@) Exploring variants: Water-cooled Lead Ceramic-Breeder (WLCB)

Segment outlet, 325°C Segmentinlet, 285°C

® Structural Material: EUROFER (RAFM steel) o .

* Coolant: Water at PWR conditions (285-325 °C @155 bar) ACB pebbl 2 - N
* cooling scheme: BZ and FW in series
* radial cooling plates (acting as stiffeners)

* Breeder: ACB (Li,SiO, + 35 mol% Li,TiO; ) in form of a pebble bed, °Li
at 60% and LigXOg, X=Pb, Zr...) in cassettes

* Purge gas: He + %H2 @2bar
* Neutron multiplier: molten Pb in cassettes

* Neutron spectra shifter: metal hydride such as ZrH, (?) or YH, (?) in
cassettes

* Cassettes (cladding): SiC (?) ~2 mm thick

Cooling Plates
Pb canisters inside CB cassettes

Second pass:
First pass: T extraction in ACB

CP and FW sweeping

Pb (inside CB cassette, SiC)
cassette/cladding SiC
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@) Breeding Blanket Qualification Strategy: the general approach /./’,"?.:;\_w\
S’ ( gcr ™™ “dwgw\\"‘“i
t«(\q'-/’

/ Theory/Modelling /4 Design Codes

*\:n'e“‘wk\'ﬁc
Basic > Separate Effects ——>{ Multiple Interactions —>{ Partially Integrated —>{ Integrated ——> Component —>

|
: Fusion Env. Exploration

| | ;
| | 1
! ! - . ! Design Verification
+| Property Measurement F— b ——————— Phenomena Exploration |----- + - Concept Screening - ---—--—- 1= - . : . F- -
I I I e .. I Reliability Data

I I Performance Verification I
|€ Non-Fusion Facilities )I : :

I( Fusion-relevant Facilities >

y y \

[

Basic experiments

* Basic or intrinsic * Explore a single effect, * Explores multiple * Partial integration test * Concept verification * Design verification
property data phenomenon, or environmental but without some and identification of and reliability data
* Single material interaction of a limited conditions and important unknowns * Full-size component
specimen number of phenomena multiple interactions to environmental * All key environmental under prototypical
to develop develop understanding conditions for large conditions and physical operating conditions
understanding and and prediction cost savings elements, although
models capabilities * All key physical often not full scale
* a single environmental * Includes identifying elements of the
condition and a clean unknown interactions component and not
geometry and directly measuring necessarily full scale

specific parameters

M.A. Abdou et al. (2015) Blanket/first wall challenges and required R&D on the pathway to DEMO, FED 100, 2-43, DOI: 10.1016/].fusengdes.2015.07.021
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@) Current EU-TBM Programme

=
Water Cooled Lead Lithium Concept (WCLL) - TBM Helium Cooled Ceramic Pebble (HCCP) - TBM
«  The FW actively cooled with 7 x 7 mm? square channels * The FW actively cooled with 15x15 mm? square channels.

*  Double Wall Tubes (DWT) with @i 8 mm kept for DEMO relevancy * Breeder: Li,SiO, in pebbles beds

« Coolant water at @15.5 MPa, 295-328 °C * Neutron multiplier: Be in pebble beds
*  Recirculating PbLi @0.2-1 kg/s ¢ Coolant: He at 8 MPa, 300-500 °C inlet/outlet temperature

*  GLC technology for tritium extraction from PbLi * Power extraction through curved cooling plates
* Purge gas for T extraction: He + H, @0.2-0.4 MPa

DWT Water
inlets/outlets

5y
/

8U PBLI inlet/outlet
openings

W

Breeder Unit with 3 Breeder Unit cross
Double Wall Tubes section at Stiffening Rod
(OWTs) level

WCLL TBM Parameters

HCCP TBM Parameters

HF  =0.3 MW/m?2 | e el |
HF,. = 0.41 MW/m? b e L - HF in = 0.3 MW/m?

max Norm. to : m :r:_m HFmax =0.41 MW/mZ Norm. to

_~ Ps.s ~500 = ? [F=rE] P.  ~500
Gt 18'6 mg/d ML{;V : E ! AEU Sructurs s Gt = ~23.6 mg/d l\/fIL{R/
<2 dpa Rl rcorna s T

el <2dpa
_ , [

NWL,. = 0.63 MW/m ‘ o ‘ NWL = 0.79 MW/m?

Tehamak Carmpibis
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V2 e . :
@) A VNS for the nuclear qualification of Breeding Blanket concepts

NWL [MW/m2] Blanket
R= 2.53m, BO =54T 08 0® ) coolipg pipes

A=4.6 High aspect ratio to create space on the inboard side o 04

while minimising the surface o 035

0.2 0.3

cs Nb,Sn, sized to ramp up the plasma, |, = 1.76 MA E -

TF coil Nb,Sn or HTS, B, =12.8 T — trading-off B with TFC
size o 5
-0.6 '

gl P 29 MW /42 + 10 MA s -/
-UI.S 0 0.5 ’

CS TFC

Intra-VV coils

Testing options and testing approach in the VNS

&l

e

i e
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"¢, ~ ... for your kind attention!
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