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The Large Helical Device (LHD)

Valve-Box E

NIFS (Toki, Japan)

TREL (o)
T . e ——

- S Sl {--;G_“' A Pellet :a—-'—»/.! —
| Injector &. —

NIFS-PEXTE

Operatlon started in 1998
Major radius 39 m
Outer.diameter '13.5m
Magnetic field ~3T
Magnetic energy ~0.9 GJ
External heating >30:MW

Electron denS|ty (max) ~1021lm3
=Jon temperature =10 keV

= Electron temperature: ~20 keV

= Beta (max): ~5%

Steady-state ~ 47minY(1 2MW 2keV)
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Simultaneous achievement of 10 keV ion and electron
temperatures is now being explored

Triton burnup ratio (%)
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Highlights of plasma experiments in LHD (1)
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® Rax/Bt=3.55m/289T
® Rax/Bt=3.60m/2.75T
® Rax/Bt=3.75m/2.64T
® Rax/Bt=3.90m /2538 T
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Triton burnup ratio ~ 0.45%
Confinement of energetic ions is comparable
to tokamaks of similar minor radius

K. Ogawa et al., Nucl. Fusion 59 (2019) 076017
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High-density discharge is

available in LHD
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Duration of steady-state plasma can be extended in LHD
and the next-generation helical device
Then, a scaleup to a reactor
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@ > 25 Years of Design Studies on the LHD-type 5/15

S . .
Heliotron Fusion Reactor “FFHR”
Plasma
» Steady-state o
> No disruption » Molten-salt and/or liquid metal A. Sagara et al., Nucl. Fusion 57 (2017) 086046

» RAFM and/or Vanadium alloy

-
N

» Easy maintenance through large ports E—' " ]

L 12 :

= 3 ;

Magnet Q . : FFHE%M ]

» Continuously O : \ ]

wound helical:coils L 8} :

> HTS o Fr—— FFHIi—bS . FFHR-2m1 ]

» High-current density % © ] A L FFHR-c1 :

> Joint-winding L 4t FFHR-b2 a L

(8] 0 FFHR-d1 FFHR-2m2

*GC'J' 2F  LHD 3

Divertor 8) 0 ' " PR DT T TR TR (TR T ST R T T S T R '
> Large wetted area = 0 5 10 15 20

> Placed behind blankets Major Radius of HC (m)

EM Support Structure
» Topology optimization




@

Early realization of the heliotron reactor with

New Strategy for Early Realization of the Heliotron Reactor

FFHR-d1
(2 GW Helical Reactor)

(200 MW Helical
Reactor)

® Double size of LHD (R = 7.8 m)

® Configuration optimization

® Innovation for reactor engineering
= 100 MW net electricity production

Major radius [m] 7.8
Toroidal magnetic field [T] 6.6
Coil current density [A/mm?] 80
Central electron density [10%° /m3] 3.3
Central electron temperature [keV] 11.7
Central beta value [%] 5.0
Fusion output [MW] 469
Fusion gain (Q) 14
Neutron wall load [MW/m?] 0.69
Net electricity output [MW] 106

Stored magnetic energy [GJ] 47.2
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@ High-Temperature Superconducting Magnet 715

Helical Fusion Reactor, FFHR-b3
R,=78m,B,=6.6T

Superconducting
Helical Coils

Other key factors for selecting HTS magnet
® Joint winding of segmented conductors
® High plant efficiency
® Low helium consumption

(proposed: 2002, primary option: 2014)

Low-Current Density (LTS)

20 A/mm?

High-current density is
a key factor for HTS

High-Current Density (HTS)

80 A/mm?



@ Configuration optimization (1) : Slight change of helical coil pitch modulation  8/15

‘ T. Goto et al., Nucl. Fusion 59 (2019) 076030

A pair of helical coils
= double helix (obeying the law of nature, like DNA)

Slight change of winding path makes simultaneous
improvements of confinement and MHD
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@ Configuration optimization (2) : B-spline winding path with Genetic Algorithm 9/15
e

Advanced stellarator configuration can be **

reproduced by continuous helical coils
with helical divertor legs

Original
[ 43.14 cm_

st

05 -

-05 b

47.61 cm S
&

After optimization

£

OPTHECS I(\En:rligt(i:goela?gorithm/Gradient method (LM)
: [ vacuumf-xs J Biot-Savart’s law )
- | mixBFs | Summation of Bby different coils o
| tracer3 | Field-line tracing (core) -
| dvfoot | Field-line tracing (edge) .g’-_
: | boundFT | Conversion from points to surface @
R el Y S e =1 c2cpls | Coil and plasma geometry analysis
! [VMEC .............. J3-D|\/|HDequ|||br|um ...................................... g
ol [ gbooz | Guiding-center orbit i3
" nditmc | Mono-energetic neoclassical Dy; | ~9<:‘
Am o [ proxy | Turbulence-related quantities :)=;'
| boozmn2gnet | Data conversion B
(_errrerssssmmsssssseeeeeeeee e sssR AR AR ot 00

ac 4
o Eo “

€®Enhancement of blanket space

o Reduéiion of neo-classical transport
® Increase of MHD stability

H. Yamaguchi et al., Nucl. Fusion 61 (2021)



@ Engineering design options : Magnet
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Option 1 : HTS STARS Conductor

» Simple stacking of REBCO tapes
» Mechanically robust
» Joint-winding of conductor segments

\

NITA Coil

~ >
e ‘
.
9
3 ’
b ~ Main

\ Helical
Y Coil

e Longitudinal
gl Cooling Channel

—

Bridge-type
Mechanical
Lap Joint

. Stainless Steel
Jacket

Copper YBCO Electrical
Jacket Tapes Insulation

N. Yanagi, Nucl. Fusion 55 (2015) 053021
Y. Terazaki, IEEE Trans. Appl. Supercond. 25 (2015) 4602905
S. Ito, et al., Fusion Eng. Des. 146 (2019) 590

Option 2: HTS FAIR Conductor

» Twist-stacking of REBCO tapes
» Flexible during winding (aluminum alloy)
» Quench protection by secondary winding

Friction Stir Welding (FSW) Twist a conductor

0 — 3 rotations/ m

Aluminum alloy jacket

High purity aluminum \
(Shock-absorbing material)

Stacked REBCO tapes

T. Mito et al., J. Phys. Commun. 4 (2020) 035009
Y. Onodera et al., J. Phys. Conf. Ser. 1559 (2020) 012118

Option 3: HTS WISE Conductor

» Simple stacking of REBCO tapes
» Super-flexible during winding
> Impregnation by low-temp. metal (no ivnsulation)

S. Matsunaga et al., IEEE Trans. Appl. Supercond. 30 (2020) 4601405




Sample Current (kA)

HTS STARS Conductor Development at NIFS

2003-2006
2006-2007
2007-2008
2012-2013
2013-2014
2019-2021

: LTS/ HTS hybrid conductor
: 10-kA-class STARS prototype conductor

: 15-kA-class STARS prototype conductor

: 30-kA-class STARS prototype conductor

: 100-kA-class STARS prototype conductor

: 20-kA-class STARS actual conductor with LBW
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N. Yanagi, Nucl. Fusion 55 (2015) 053021

Y. Terazaki, IEEE Trans. Appl. Supercond. 25 (2015) 4602905

S. Ito, et al., Fusion Eng. Des. 146 (2019) 590
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@ Engineering design options : Divertor 12/15

Option 1: W/Cu + water cooling = helical divertor Option 2: Pebble + liquid metal = ergodic limiter divertor
= 8 ._
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Advanced Multi-§tep §razing (AMSB) Heat load [MW/m?]
W/Cu-0DS divertor > 30 MW/m? o s, (
Liquid n'lletal/‘ - 'r'r'lzlt';ﬂ
Flattening of strike points < 20 MW/m?2 (even w/o detachment) poe ﬁ pump
Divertors are shielded from 14 MeV neutrons by blankets exchanger
M. Tokitani et al., Nucl. Fusion 61 (2021) 046016 Concentration of strike points at inboard sections
Y. Hamaji et al., Nucl. Mater. Energy 18 (2019) 321 Pebble (fusible Sn or ceramic)
N. Yanagi, J. Fusion Energy 38 (2019) 147




@ Engineering design options : Blanket 1315

Opftion 1: Helically segmented

Molten salt (FLiNaBe)
Maintenance by remote handling
Screw-coaster and aquarium method

Shielding
Blanket

Breeder Blanket

i
" lﬁ Maintenance
e j\ Port
Nuclear Shield / \ Vacuum
/ E

__ Vessel

FFHR2m1

Breeder
Blanket

Coil Support © Helical Coil

A. Sagara, Fusion Eng. Des. 81 (2006) 1299
N. Yanagi, J. Fusion Energy 38 (2019) 147

Option 2: Toroidally segmented = cartridge-type

Functional liquid metal
Maintenance by external handling

Upper pool Blanket

Molten salt
pump

Generator

Neutron Shielding

Blanket (SB)

Cooling pipe Flow regulating
valve

J. Miyazawa, Nucl. Fusion 61 (2021) 116030
J. Miyazawa, Fusion Eng. Des. 136 (2018) 1278
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@ Other engineering components:
Electromagnetic supporting structure / SCQO, turbine generator

HC support arm 600MWth
3 ~ 2 2787kg/sCO,
25.7M1
318.5K %s.SMW 59.6MW
\\
0.5GW FFHR Divertor @C Bypass Turbin HH 290MWe
TOMW/923K —
. ‘ 5.
| 58.8kg/s
=
—— 9.42MP4/341K
_ bottom of Blanket i l = 1028 3kg/s
Von Mises HC case peak stress at S22MW = 25.6MPa/431K 2.62MIPa
S THX? 283MW 368MW 1022MW 743.6K
stress (MPa) outer port corner 701.5K LA A AN AAAA L
— | e THXI (VYY) VYV IVVVA T
0 200 400 600 800 900 7y RHX2 RHX1
Precooler
Novel design using topology -
X Heat loss 1MW 25.5MPa/701.5K
I(-I:?nr:paf:'t _ S. Ishiyama, Fusion Eng. Des. 164 (2021) 112914
igh efficiency

Stress distribution in electromagnetic supporting structure is analyzed by FEM
Topology optimization confirms >25% weight reduction

H. Tamura et al., J. Phys.: Conf. Ser. 1559 (2020) 012108




@ Summary 171

» The LHD-type heliotron fusion reactor FFHR-b3 is proposed aiming at 100 MWe
production with double the size of LHD

» Configuration optimization is examined to improve plasma confinement, MHD, and
blanket space

» Engineering design is progressing with options for the magnet, divertor, and blanket

> HTS conductors are being developed with high current density 80 A/mm?

® Superconducting operation of LHD will come to an end in spring 2023... |
by termination of the budget “Projects to Promote Large Scientific Frontiers” ¥\

® NIFS will be promoting more academic research on fusion science, extending
interdisciplinary research, contributing more on Japanese DEMO

® Engineering design of the heliotron fusion reactor will be continued by
Helical Fusion Co., Ltd. (coming soon...)




	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15

