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Development of a Real-time Simulation Tool towards
Self-consistent Scenario of Plasma Start-up and Sustainment
on Helical Fusion Reactor FFHR-d1

Self-consistent
operation point

* Sufficiently low neo-
classical energy loss
considering
anomalous transport

* MHD equilibrium/
stability confirmed in
LHD exp.

* Sufficiently low boot-
strap current

3

J

by Takuya GOTO et al., (NIFS, Japan)
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> @ Advantage of the Helical Reactor

Easy and stable plasma sustainment without plasma current
@ Difficulty of the Helical Reactor

Need to construct a large and complicated device

=> 2 options of Basic (based on the ITER
. technology) and Challenging (easier
construction & maintenance) are defined

\ Main upper port Sub upper port

HBSISHRIO0S12 F

divertor
Basic: W monoblock + Cu alloy cooling pipe
+ pressurized water
Challenging: liquid metal (Sn) shower
+ novel divertor

joint winding

superconducting magnet

Basic: Nb,Sn + liquid He cooling +
continuous winding

Challenging: HTS + He gas cooling

Main lower port

|/ Sub lower port

novel divertor

Ret- nted Effectively VOLumetric VERtical Diverto
*-l
+ joint winding REVOLVER . """"

structural materials

Basic: ferritic steel
Challenging: ferritic steel + ODS

+V alloy j

metal
pump

Helical Reactor
FFHR-d2

blanket
Basic: solid breeder + pressurized water + helical segmentation
Challenging: molten salt + Ti powder + horizontal / toroidal segmentation

vertical streams (VS)
of molten tin

jquid metal divertor
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Lessons Learned from Eighteen Year Operation for the LHD

Poloidal Coils Made from CIC Conductors

K. Takahata, S. Moriuchi, K. Ooba, S. Takami, A. lwamoto, T. Mito, and S. Imagawa
National Institute for Fusion Science

™ Poloidal coil

Steady Cooling 50,000 h
Excitation 10,000 h

et

Stable operation
No superconducting-to-
normal transition

CIC conductor

eighteen years of operation

Preventive design and maintenance Long-term changes in characteristics

Malfunction of Quench Helium Leak from Insulation
Detection System Break

- ’——ov-u ——1S-U ——IV-U

» 9 malfunction events ot ] e o B L
> Noise from NBI ' >
» Out-of-balance voltage g " [owss vt ' s "
due to coupl.lng currents § wl, f;ﬁr'—ﬂ | L o
» No malfunction since T e <
2010 thanks to various P comn o o0
measures R . -
> Sudden helium leak S T
during the 16" cool-down Almost unchanged Decreasing tendency

» Replaced all breaks
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1. Quench Detection System
— 9 malfunction events 2002~2009

» Surge from plasma heating devices
e Voltage due to coupling current

Noises should be estimated in advance of operation [as

2. Cryogenic Insulating Breaks
— One of the breaks suddenly leake
during the 16™ cool-down in 2012

Breaks should be designed conservatively

IAEA2016_Sagara 6/22
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Campaign number

« The friction factor
showed a tendency to
decrease

 The sudden increase
in the 15" campaign
was probably caused
by tiny particle of
solidified gasses from
new compressor oill

* Compressor oilis a
potential source of
impurity gasses

 Mesh filter is effective
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FIP/P7-11: N. Yanagi ef al., NIFS
“Helical Coil Design and Development with 100-kA HTS STARS Conductor for FFHR-d1”

.\..

Lengitudinal
Transverse Cooling
Cooling Channels
Channels

® Magnet design with High-Temperature Superconducting (HTS) option is progressing for
the helical fusion reactor
® Prototype conductor sample achieved 100 kA at 5.3 T, 20 K with high stability
® Analysis on quench protection, feasibility study of helium gas cooling
IAEA2016_Sagara 8/22
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Techniques for High-temperature Superconducting Magnets
H. Hashizume’, S. Ito!, N. Yanagi?, H. Tamura?, A. Sagara? ("Tohoku Univ., 2NIFS)

Development of Remountable Joints and Heat Removable
F\PI3-

Innovative design for superconducting magnet, “Segment-fabrication”
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Mechanical edge joint -
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¢ Heat treatment — reduce joint resistance and its dispersion ¢ New heat transfer correlation was established

« Bending strength (Joint) > Irreversible strain (REBCO tapes) — can predict heat transfer performance
— can fabricate curved joint by “joining-then-bending” (needed for thermal siabjlity analysis) 9/,,
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Development of Remountable Joints and Heat Removable
F\PI3-

Techniques for High-temperature Superconducting Magnets
H. Hashizume’, S. Ito!, N. Yanagi?, H. Tamura?, A. Sagara? ("Tohoku Univ., 2NIFS)

Mechanical joints Bridge-type mechanical lap joint (100-kA-class HTS conductor)
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— can fabricate curved joint by “joiningdthepbeading?2
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Development of Remountable Joints and Heat Removable
Techniques for High-temperature Superconducting Magnets

H. Hashizume’, S. Ito?, N. Yanagi?, H. Tamura?, A. Sagara? ("Tohoku Univ., 2NIFS)

Local heat removal with porous media
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==+~ Syperconducting Magnet

® Cable in Conduit

Conductor (CICC) of
Nb,Sn as ITER (or NB,Al)

® Continuous winding of

= < /

e 4  helical coil using a
’ winding machine as LHD
® Cooled by liquid He

Cha"enging aoolkivdkss [ ‘ﬂgmww

: HinSE I Superconductor (HTS) of
helicalicoiliforRRHRZdT @umd¥  Re5CO (YBCO, GABCO..)

Insulation

MR ® Joint winding of helical

coil based on the lap joint

technique
® |ndirectly cooled by He
|

)

(
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Optimal welding conditions were obtained for joints
between 9Cr-ODS and JLF-1 steels |Nagasakaet al., MPT/P5-21
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Displacement from the bead (WM) center / mm + PWHT HIP + PWHT
L R ™ T ' Fig. Tensile properties of dissimilar-metals joint with
(b) HIP joint o : : .
500 Localized softening various welding conditions

gEn  Optimal conditions:

(1) Electron-beam welding (EBW) process
Post-weld heat treatment (PWHT): 780°Cx 1 h
- To form tempered martensite by recovery

e
=
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1000°C o o
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_ :‘1];30: E : ' (2) Hot iso-static pressing (HIP) process
100 | Int ) f: . . o a
| 9Cr-ODS BM nterface o o R HIP temperature: 1950 C c.}r 11-00 C
o e — To enhance matrix Fe diffusion
_I.S '1 -'}q “ 0 q I I_S

Displaement from the interface / mm PWHT: 1050°C x 1 h + 36°C /min cooling + 780°C x 1 h
- To eliminate the locarized soften and to form

Fig. Hardness around the bonding interface in the ) j )
refined carbide and tempered martensite by recovery

dissimilar-metals joints
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Oroshhi-2 in NIFS (2016--)

€ MHD effects on LiPb

€ Corrosion and mass transfer
under non-equilibrium and AT
@ Heat transfer on FLiNaK under high B
€ Hydrogen charging and recovery

€ Metal powder mixed system

@ Operation of S-CO, system for Flinak

FLiNaK

TOFE-2016 by Sagara

Hastelloy -
P =
T recovery (—.. | (H field)

vanadium
alloy

|
magnetic
field

n

neutron .

>Li-)He+T§ ----- >

pump

micro wave

heat
‘ exchanger

TR absorption

-
-
-

permeation

‘R ;7.

Ti powder

A. Sagara et al., FED 89 (2014) 2114-2120
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Blankets

First wall (F82H)  Cooling tube (F82H)

-design.of-a
72 "solid breeder blanket
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Hastelloy -

= & Breeding and Shielding

Poloidal ring Bio-shield

P

® The 15t option of the

Japanese tokamak DEMO
and Japanese ITERTBM

® Cooling by highly

pressurized hot water of >
200 atm and > 600 K

structure '/

S\

blanket

-3 | .
st;ucture In a
tokamaks
f0Sion reacton
SITHES
& &5
(2eae) 9542

® Use FLiNaBe (Tm ~ 600 K

i<m AW ® Mixed with metal
= powders (~um) (e.g., Ti)
Sl A g to enhance hydrogen
| ® S5-CO2 secondary system
. m— ® Toroidal [/ horizontal
(fo_roidalseggn?a%b—ﬁ\_ segmentation FLiNaBe mixed S:._CJH'JEYJ'EEJ‘E]OH of the
-« withiilpowder planket module
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The small-scale divertor mock-up by improved brazing technique
showed an excellent potential for using in the reactor divertor

W/BNi-6/GlidCop * Force

—

([ ]
[ ‘, @ BNi-6 deformable
bonding layer
Schematic view of the three-point bending test of
the W/BNi-6/GlidCop® specimen after deformation.

_—

W/BNi-6/GlidCop® small-scale divertor mock-up.

M. Tokitani et al., FIP/P4-37

Temperature [°C]

Tough bonding layer !!

200" No. 1 No.3 No. No.6
© i "7 No.5
o 150- No.2
= _
@ 100
2 L
by 50j

<>
0.25% Strain [%]
Stress-strain curves of W/BNi-6/GlidCop® specimens.

700 . . . : : : :
- —=—cHi1| Excellent heat removal

600 o cho capability !!

500

Heat load [MW/m?]
Temperature profile of the W/BNi-6/GlidCop®
mock-up during a steady state heat loading.
IAEA2016_Sagara 16/22
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PA I e
t!ca_l Divertor

;gl/gl?\l-l‘izR-D: The Ergodic R E Vg !T

Limiter/Divertor Consisting of Molten
Tin Shower Jets Stabilized by Chains
J. Miyazawa, et al.

National Institute for Fusion Science, Japan

/

The Ergodic Limiter/Divertor

3r .,‘.r Shower of moltentin rrr
2k 3
C Insert the shower to the ;

. 1F ‘. inboard ergodic layer '
E o} %
N C | Plasma heading forthe |/ )

-1 “ divertor disappears 4

-2 o Plasma going to the

3 t %t . |outboard-side also disappears

g 11 13 15 17 19

I — I
s Sl
h o | &

turbo
molecular =
pump unit

New ergodic limiter/divertor concept with

showers of molten tin sheath jets is proposed
for the LHD-type helical reactor FFHR-da

IAEA2016_Sagara 17/22
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T A desktop-type VR system

® immersive monitor

® sensors
The viewer can watch, lift, and rotate the
reactor components by the stylus-type 3D
mouse with collision detection

These pictures are composite photographs and only the
viewer can watch the CAD data in the VR world IAEA2016_Sagara 18/22
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full hellcal "
ddivertor optlon
inFEHR™

Challengmg

First proposal of Cu use
and lifetime ~ 6 years

Fast neutron flux (0.1 mev, n/em2s5) ’“V”t : (
1015

1250
1000
750
500
250

1014

1013

Position Z (cm)

-250
-500
-750
-1000
-1250

1012 [ oo
Outg port 8
101

1010

uuuuuuuu

H. Tamura T. Tanaka
novel divertor. FED98-99(2015)1629.

Aot s o e Scences

® Developed for ITER and
ESymeEEy @  the 1° option of Japanese
heetiivziBalbigesve tokamak DEMO
0 Use of pressurized water

Permissible heat load
below 120 MW/m?2

® |ssues on maintainability
and radwastes

15k

N. Yanagi et:al.,
IAEA/FEC24{2012)

[ FTP_P7-37 & Auxiliary Coils : On/

Fraction of Strike Points (%)

10 20 30 40 50 60 70
Toroidal Angle, ¢ (degree)

Shower of molten tin Sn  Tag PI’OOSGd recentl for
stabilized by chains FEHR-d1

at only inboard side
Good maintainability

Shower of molten Sn (Tm
500 K) in a few m an
p “ergodic limiter/divertor”
liquid metallergodict 550 ejslie=lnnl shWilnle[e)VATe)?

limiter/divertor Cu and MHD for shower
J. Miyazawa, submitted to FED

®
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% R&D Strategy Toward TRL 6

TIRL a 2 3 Z 5
Basic System/S bs stem
Technology | i€eolegy Technology Development nge.ogmuentv i

eadiness Researc

Levels Research to Prove Feasibility Technology/Demonstration
W monoblock + Cu alloy

Basic | cooling pipe|+ pressurized =
PA-

Sivertor water | TRL 6 should
Challe| liquid metal(Sn) s be achieved
nging | + novel divertor before
5asic | P3SN + liquid He cooling starting _

Super- + continuous winding construction

conducting A= : of DEMO
magnet |cp | HTS + He gas cooling + ~ ~ [R&Din NIFS, | |
nging| joint winding @'\ - | Univs., QST . :
- = | Basic option 1
= .
Basic | ferritic steel gw A E%FDS,ITJ%?/:{ Wlll.be :

Structure = . achieved in

terial g =

materiass challe| ferritic steel + ODS + 3 — [R&Diin NIFS, ITER
nging [V alloy 2 S | Univs., QST

solid breeder + @Challenging
Basic | pressurized water + option will
helical segmentation .
Blanket : '
molten salt + Ti powder +
Challet b 5 rizontal / toroidal
nging )
segmentation
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Summary

® Conceptual design of the helical fusion reactor FFHR-
d1A is ongoing with 2 options based on broad & joint
R&D activities

® The “basic option” is based on the ITER technology

® The “challenging option” boldly includes the new ideas
that would p055|bly be beneficial for making the reactor
design more attractive

< SC magnet: gas He cooled HTS with joint winding

<> Blanket: self-cooling of molten salt FLINaBe mixed with
metal powder, with toroidally / horizontally segmented units

<> Divertor: REVOLVER-D (shower of molten tin inserted to
the inboard ergodic layer)

IAEA2016_Sagara 21/22
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Thank you for your attentior

Wed. FIP/P4-37 Tokitani
“Fabrication of Divertor Mock-up with ODS-Cu and W by Improved Brazing Technique”

Thu. MPT/P5-21 Nagasaka
“Development of dissimilar-metals joint of oxide-dispersion-strengthened (ODS) and non-ODS
reduced-activation ferritic steels”

Fri. EX/P8-39 Goto
“Development of a Real-time Simulation Tool towards Self-consistent Scenario of Plasma Start-up
and Sustainment on Helical Fusion Reactor FFHR-d1”

Fri. FIP/P7-2 Miyazawa
“REVOLVER-D: The Ergodic Limiter/Divertor Consisting of Molten Tin Shower Jets Stabilized by
Chains”

Fri. FIP/P7-11 Yanagi

“Helical Coil Design and Development with 100-kA HTS STARS Conductor for FFHRd1”

Sat. FIP/3-4Ra Sagara
“Two Conceptual Designs of Helical Fusion Reactor FFHR-d1A Based on ITERTechnologies and
Challenging Ideas”

Sat. FIP/3-4Rb Hashizume
“Development of Remountable Joints and Heat Removable Techniques for Hightemperature
Superconducting Magnets”

Sat. FIP/3-4Rc Takahata
“Lessons Learned from the Eighteen-Year Operation of the LHD Poloidal Coils Made from CIC
Conductors”
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