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Overview on Fusion Technology development for DEMO in KIT —
In vessel component design and integration

L.V. Boccaccini, F. Cismondi and P. Norajitra, Karlsruhe Institute of Technology

Japan-US Workshop on Fusion Power Plants and Related Advanced Technologies,
February 22-24, 2011 at National Institute for Fusion Science in Toki, JAPAN
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I Presentation Outline _&_‘(IT

Short introduction to the German fusion programme in EU
framework

KIT activities in Fusion Technology

In-vessel component design & integration
 Blanket Development

 Divertor Development

e Reactor integration

Summary and future activities
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The European Fusion Programme

European Commission
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Fusion for Energy (F4E) is the European
Union’s Joint Undertaking for ITER and the
Development of Fusion Energy. The
organisation was created in order to meet
three objectives:

* to provide Europe’s contribution to ITER;

* to support fusion research and development
initiatives through the Broader Approach
Agreement, signed with Japan

*to contribute towards the construction of
demonstration fusion reactors.

[http://fusionforenergy.europa.eu/]

2 L.V.Boccaccini

The European Fusion Development Agreement
(EFDA) is an agreement between European
fusion research institutions and the European
Commission to strengthen their coordination
and collaboration, and to participate in collective
activities. Its activities include coordination of
physics and technology in EU laboratories, the
exploitation of the world's largest fusion
experiment, the Joint European Torus (JET) in
the UK, training and career development in
fusion and EU contributions to international
collaborations.

[http://www.efda.org/]
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Fusion Programme in Research Centres in the ﬂ(“‘
Helmholtz Association in Germany

ﬁ HELMHOLTZ

‘ ASSOCIATION

e Max-Planck-Institut o
-\\](IT @/ fir Plasmaphysik 0 JU L|CH + 13 others not EFDA
Karlsruhe Institute of Technology EURATOM Assoziafion FORSCHUMNGSZENTRUN Research Centres

Helmholtz Programme for Fusion in 2010-2014

Topic 1 - Stellarator research: completion of the assembly of Wendelstein 7-X including the expected progress in major
components (IPP 92%, KIT 4%, FZJ 4% for ~41.2% of budget)

Topic 2 - Tokamak physics for ITER and beyond: experimental tokamak physics investigations (in ASDEX Upgrade, JET,
TEXTOR) aimed at preparing ITER and DEMO (IPP 95%, FZJ 5% for ~18.3% of budget)

Topic 3 - Fusion technology for ITER: contribution to ITER construction (e.g. High Power Gyrotrons, Vacuum Pumps) and to
JT-60 in BA (High Temperature Superconducting Current Leads) (IPP 15%, KIT 60%, FZJ 25% for ~17.3% of budget)

Topic 4 - Fusion technology beyond ITER: solutions in particular with respect to materials, fuel cycle, in-vessel components,
heating & current drive, and power extraction (IPP 10%, KIT 90% for ~10.1% of budget)

Topic 5 - Plasma-wall interactions (PWI): lifetime of wall components, Tritium inventory and removal methods, dust
generation, PWI with radiation-damaged materials, surface physics and diagnostics (IPP 38%, KIT 5%, FZJ 57% for ~7.1%
of budget)

Topic 6: Plasma theory: to provide a model for the plasma core of a fusion reactor that can be incorporated into design codes
for a power plant. (IPP 81%, FZJ 19% for ~6.0% of budget)
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uuuuuuuuuu nstitiite of Techrology

I Fusion Programme at SXIT (1/3) AT

Topic 3: Fusion technology for ITER

4 L.V.Boccaccini Forschungszentrum Karlsruhe GmbH I-

ECRH Upper Launcher (with IPP and other): KIT leads a Consortium for developing and, together
with industrial manufacturers, providing the system to ITER.

High Power Gyrotrons (with IPP): development of a 2 MW, 70 GHz coaxial cavity gyrotron for
ITER

Deuterium-Tritium Fuel Cycle: procurement of the vacuum pumping to ITER, on the Water
Detritiation (WDS) and the Isotope Separation System (ISS).

Magnet system: perform the quality assurance for magnet conductors and structures; support of
ITER.

Test Blanket Module Systems: KIT leads a consortium for the development of the EU TBMs, their
auxiliary systems and integration in ITER

Safety Research: application in the licencing process of the already performrd experimental
investigations of dust explosion characteristics and possible mitigation techniques, and established
models for the numerical simulation of dust mobilisation and hydrogen / dust combustion.

High Temperature Superconducting (HTS) Current Leads for JT60-SA
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nnnnnnnnnn nstitute of Technology

Fusion Programme at KIT (2/3) AT

Topic 4: Fusion technology beyond ITER

Structural Materials for Blanket and Divertor: EUROFER, EUROFER-ODS, W and W-alloy
including joint technologies.

Blanket Development for DEMO: further development of solid and liquid concepts for high
performances, in-vessel integration, development of functional materials (solid breeder and Beryllium).
Divertor Development for DEMO: design, manufacturing and testing of a high temperature, helium
cooled divertor.

IFMIF: KIT is leading the engineering design of the entire IFMIF “Test Facilities”, including the test cell,
the major test modules (High Flux Test Module: HFTM) and including various instrumented auxiliary
rooms.

High Temperature Helium Technology: building and operating of a series of facilities (from 0.2 to 2
kg/s at 8-10 MPa) for the testing of Helium cooled components (Blanket and divertors) and high
temperature materials.

Advanced ECRH: Multi-MW and Multi Frequency Gyrotrons (with IPP)

High Temperature Superconductors for Fusion Magnets: e.g. 10-12 mm wide cables for the
application regime of 2-5 kA (77 K).

Fuel Cycle Technologies: integration of an outer part to the ITER type fuel cycle where tritium in the
form of HT and HTO must be recovered from large He flows; planning of a test facility.
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Karlsrune Institute of Tech nology

I Fusion Programme at KIT (3/3) QAT

Topic 1. Stellarator research:

 High temperature superconducting current leads: development and manufacturing.

 Microwave heating (with IPP and others): to supply the entire ECRH system for W7-X including ten
1 MW, 140 GHz gyrotrons, related transmission lines, launching antennae, power electronics and
control systems.

Topic 5: Plasma-wall interactions

* Dust Generation (with FZJ and IPP): further development of modelling in order to represent the
whole range of complex processes of armour material erosion as evaporation, brittle destruction and
melt motion.
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I Fusion Reactor Thermonuclear Core
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Blanket (HCPB):

- EUROFER as structural
material

- Solid Breeder Blanket
Concept

- Helium cooling @ 8MPa,
300-500°C

- T extraction with low
pressure He purge flow

Divertor:

-W, WL10, ODS
EUROFER

- He cooling @ 10MPa,
600-700°C
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| HCPB Blanket: PPCS-Model B (2003) AT

Karlsruhe Instiiute of Technology

stiffening grid

bent First Wall/
side wall

outlet stiffening
grid, inlet breeder
urge outlet its |
P units I.' breeder units

manifold
".I purge inlet | coolant outlet

manifold | manifold

blanket box (top cap and outlet FW,
breeder units not displayed) _~inlet stiffening
- gridicaps

2000 mm

FW coolant
inlet header

"bo caps not displayed (top and bottom)
,
Operational parameters HCPB/HCLL
headors andcatector: | FVV heat flux (peak) 0.5 MW/m?
Neutron wall load (peak) 2.4 MW/m?
pol & coolant outlet
\ - collector . .
| e Power Generation System Rankine
n hra’:j plate B goparator
plate C yyocure Pressure Coolant He: 8 MPa
plate D
Temperature Coolant He: 300 - 500°C

S. Hermsmeyer and al: Lay-out of the He-cooled solid breeder model B in the European power plant conceptual study , Fusion
Engineering and Design 69 (2003) 281-287
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I HCPB Blanket: Development under TBM Study QAT

Karlsruhe Instifute of Tochnology

Li,SIiO,
Ceramics
breeder

8 Beryllium/Be-alloy
SR Neutron multiplier

Breeder Unit

Helium Cooling
300-500°C, 8 MPa

F. Cismondi and al., Design update, thermal and fluid dynamic analyses of the EU-HCPB TBM in vertical arrangement, Fusion
Engineering and Design 84 (2009) 607-612.

F. Cismondi, S. Kecskes, G. Aiello, HCPB TBM thermo mechanical design: assessment with respect codes and standards and
DEMO relevancy, to be published.
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Transient thermo mechanical analyses of the TBM g(“'

Karlsruhe Instiiute of Technology

HCPB TBM
HCPB simulation of the thermal transient:

Most demanding condition for the structural integrity of the box:

- By the end of the pulse the BU works in steady state condition inversion of the thermal gradients during plasma ramp-up and
- Helium outlet temperature at the end of the plasma pulse ~500°C. ramp-down in the manifold region associated to the weakness of
- Inversion of the thermal gradient between the FW and the BZ the horizontal SGs.

Time instants significant for the mechanical analyses:
t1=40s, FW reaches nearly stationary conditions
t2=500s: cooling phase, inversion of the temperature difference between FW
and Manifold

Evolution of maximum temperature in TBM subcomponents during a typical ITER plasma pulse.
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0 100 200 300 400 500 600 700 800 Deformation pattern of the TBM box at 40s (left) and 500s (right)

Time [s] during the plasma pulse
I'nermal fields calculated at these Instants have been used as Input for the thermo-
mechanical analysis.
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Vorführender
Präsentationsnotizen
LC1, transient analyses: are plasma pulses sufficiently long to attain stationary temperature conditions?
 transient thermo mechanical conditions are the most demanding for the mechanical withstanding of the box structure. 
The typical plasma pulse for the D-T phase corresponds to 30 sec ramp-up, 400s plateau, 60s ramp-down, total duration 1800s .

HCLL simulation of the thermal transient show that:
Apart from the FW, stationary conditions are never reached. Helium outlet temperature at the end of the plasma pulse is ~435°C.
There is an inversion of the thermal gradient between the FW and the BZ at the beginning and at the end of the plasma pulse (both in average and maximum temperatures).
Three time instants are significant for the thermo-mechanical analysis:
t1=60s: the instant when the FW reaches nearly stationary conditions.
t2=430s: the end of the plasma pulse, when temperatures in TBM structures are the highest.
t3=600s: the cooling phase, when the inversion of the temperature differential between the FW and the BZ is maximal 

HCPB simulation of the thermal transient show that:
The transient analyses show that by the end of the pulse and for about 100s the BU will work in steady state condition and will ensure a TBM He outlet temperature corresponding to the design nominal value of 500°C.
There is an inversion of the thermal gradient between the FW and the BZ at the beginning and at the end of the plasma pulse (both in average and maximum temperatures).
Within the transient thermal the instants at 40s and at 500s appear to be the ones when the thermal gradient between FW and subcomponents/rest of the TBM box structure is maximal. In particular at 40s the FW has almost reached its maximal temperature while the TBM subcomponents are gently warming up, and at 500s the FW is at its lowest temperature while the rest of the subcomponents show an important thermal inertia and are slowly cooling down. These two time instants (40s and 500s from the beginning of the plasma pulse) are the most significant for the mechanical withstanding of the TBM. Thus corresponding calculated thermal fields have been used as input for the thermo-mechanical analysis. 






Assessment with respect C&S ﬂ(“‘

arlsruhe Instiiubte of Technalogy

MODAL SOLUTICH

PLOT TG,

HCPB TBM Primary + secondary stress

field on the TBM at t2=500s
The most demanding condition for the structural integrity of the manifold region is the
inversion of the thermal gradients during the plasma ramp-up and ramp-down phases.

Even in steady state conditions the horizontal SGs in the manifold region undergo high
stresses (primary stresses) with peak values up to 850MPa.

e e —— -
0 120 240 360 450
Temperature AN
distribution e e (DAL SQLITTCN P4
at t1=40s.

300.281
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HCPE TBM transient thermo-mechanical model
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Vorführender
Präsentationsnotizen
For LC1, the most demanding condition for the structural integrity of the FW is the inversion of the thermal gradients during the plasma ramp-up and ramp‑down phases (and hence of the deformation pattern of the FW) which causes an alternation between tensile and compressive stress states in the structure. Instead of a high stress region in the bending radius of the FW, the higher bendign radius compensants the tension/compression states, while the manifold region undergoes high stresses.
The holes in the horizontal SGs in the manifold region undergo high stresses (primary stresses) with peak values up to 800MPa.




Assessment with respect C&S ﬂ(“.

Karlsruhe Instiiute of Technology

it 1 Immediate plastic flow localization
B+, (MP2) Lirnit
T("C) t | (WP ) targin
Line 2 360 169 442 200 -121%
Line 3 384 70 248 174 -43%
Line 4 307 541 673 258 -161%
Ratcheting
I P+ B +hE
5 TAQ (MPar | Lirnit
T ("C) ti-to Iy -t MPa) Margin
Line 1 434 252 186 247 495 49%
Line 2 360 198 495 323 543 9%
Line 3 384 265 254 422 528 20%
Line 4 307 a493 736 246 a7 -30%
Good behavior of the FW against ratcheting and primary
stresses
Problematic behavior of the manifolds region: In P4 limits for
immediate plastic collapse and instability and creep are
largely exceeded.
0 60 120 180 240 300 360 450
___Immediate plastic collapse and instahility _ Creep
Primary stresses + creep e MMP2) L + 5 MPa) i IR bR ip s LD
T (") Walue Limit Marain Walue Limit marain Yalue Limit Margin Yalue Limit Margin
Line 1 493 21 147 8% 25 2205 83% 21 249 93% 36 249 BE%
Line 2 458 21 159 87% 27 2385 83% 21 215 93% EL] 215 B8%
Line 448 22 162 8% 44 243 82% 22 222 93% 36 222 8%
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I HCPB Blanket: FW Manufactuting
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Drawings for a 1/4 mock-up of the First Wall

EUROFER97: 9CrWVTa-Ferritic-martensitic steel
TBM FW Dimensions: 3m x 0.6 m x 0.3m

J. Rey, H. Neuberger, A. von der Weth, L. Bankos, P. Freiner (KIT)
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I Milling of half FW plates and cleaning ﬂ(IT

Karlsruhe Instifute of Tochnology

Milled EUROFER Plate for a
Small scale mock-up

CAD Drawing of a 1/3
FW mock-up

Plasma cleaning of the bounding
surface of an EUROFER half-plate
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1st EUROFER Plate

1st TZM Plate
LN

T NK T
2nd EUROFER Plate 2nd TZM Plate

Canning

HIP-ped FW (L=80 cm) under leakage test at 8 MPa
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I TBM Sub-component fabrication: Cooling plate of the BU AUT

Karlsruhe Instifute of Tochnology
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Full Scale BZ Cooling Plate Segment: spark erosion

EB Welding optimization for CP
assembly

Breeder Units

TBM relevant scale CP
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30 mm FWI/Cap-Welding experiments

SP assembly welding MUs
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I The Reference Design: He-cooled modular divertor ﬂ(“‘
with jet cooling (HEMJ)

P. Norajitra, KIT

Divertor target plates
with modular thermal

shield (W/W alloy)
Dome and structure

(ODS RAFM)

Divertor cassette 9-Finger module 1-Finger module
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I HEMJ - Principles AT

HEM J
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free jet flow Cap
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I RD: Design temperature windows
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? CFD results for RD: 10 MW/m?, 10 MPa He, mfr 6.8 g/s N(IT

He stream lines & velocities Temperature distribution
240\/eI. [m/s] m——— T[°C] Toax 1710°C
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(4 NS\ % - N 1.60e+03 \ I ( )
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4 98e+04
P = Mean htc ~ 30 KW/m?K 1.120+03
1.06e+03
4.20e+04 - Aps 1 019:03
3.81e+104 '
-+ ame o 9.54e+02
3.03e+04 2.329+8§
264e+04 e | -
2.25:()4 7.93+02 | J Thimble j
FUIEEN 739402 vy Y
1 476404y 6.856+02
] 6.31e+02 [R. Kruessmann]

KIT - Die Kooperation von | — : Friee
21 L.V. Boccaccini Forschungszentrum Karlsruhe GmbH I- Fn;scl‘:r:gizﬁnh;m K?ﬂsr:h: Universitat Karlsruhe (TH)
o A ) in der Helmholtz-Gemeinscha Forschungsuniversitét - gegrindet 1825
und Universitat Karlsruhe (TH)


Vorführender
Präsentationsnotizen
This is the outline of my talk.


HHF performance tests in a combined He loop & Tsefey EB QAUT
facility (200 kW, 40 kV) at EFREMOV
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I Last KIT self-produced mock-ups sent to Efremov for testing ﬂ(l

Karlsruhe Instiiute of Technology
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Reactors Big parts develpoment
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Small parts development
(Design, Materials, Joining) HHF Exp. at
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I In vessel component maintenance and itegration ﬂ(“‘
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I Summary and future work ﬂ(IT

= The Germany fusion programme, organised under the Helmoltz Association
umbrella, present a well coordinated and comprensive reserch programme
covering almost all the topic of Plasma Physic and Fusion Technology.This
programme is strongly integrated in the European Fusion Programme (EFDA and
FAE).

= The Karlsruhe Institute of Technology the one of the largest center for Fusion
Technology in EUROPE. Its activities are aimed to contribute to the ITER
construction and, beyond this, to the design and construction of a DEMO reactor.

= In the next year(s) a new activity of Reactor Study is planned under EFDA
umbrella (Power Plant Physics and Technology, PPPT) with the objective to
develop a Fusion Power Plant conceptual design, integrating the technology and
physics aspects for optimal performance, i.e. availability and efficiency by
addressing the key issues in physics, technology and system engineering
integration.
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