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@ Role of Design Study to Helical Demo-Reactor
- based on LHD Project
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(1) Quasi-force free y optimizatiGn

©n continuous helical wik dm
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(@ Issues on blanket and divertor space
(a) | | (b)

larget plate baffle

@ However

N . For a-heating efficiency over
A | 90%, the importance of the
ergodic layers has been found

by collisionless orbits
simulation of 3.52MeV alpha
particles.

blanket

By T. Watanabe

=]

first walls and the ergodic layers (26T, To=20Ki v T i

lB:qx=6T, To=20 KEV .
surrounding the last closed flux /
. [LOss BOUNDARY |

(%)

surface, helical x-point divertor (HXD) & o =
has been proposed_ i E /%LASTCLOSED FLUX SURFACE E
. . l-E 4 :— . VACUUM VESSEL WALL —:

o - -

Helical X-point Divertor (HXD) T. Morisaki et al., 7R = / / —
FED 81 (2006) 2749. e Eo / ..... L o oz




By T. Watanabe

D-T o orbits extending to the chaotic field line region.

HELIGALLY TRAPPED D-T 12 AT FERIFHERY
Rp= 1440, Ry=Sfn T =115

DIVERTER LEG

Poincare plot of helically trapped « parti-

cles (magenta dots) and the chaotic field 31y yiew of the particle orbits and the last
lines (sky blue dots). closed flux surface(painted by sky blue).



Fast neutron flux (>0.1MeV)

1. Reduction of the inboard

(n/cm?/s)

shielding thickness

Three candidates are proposed
to increase blanket space >1.1m

2. Improvement of the symmetry
of magnetic surfaces

Using We by increasing the current densit
" at the inboard side of the helical coils
107 e 1 — ‘ ‘ T —a— JLF-1 o . ,
. A JLF-1 (Tovel%) Ly splittinerthenelicalicolls:
107 +B,C (30vol.%) . - :
0"l v BG N. Yanagi et al., in this conference.
0% | e WC (a) 9= 0° (b) ¢ = 18° (c) Plan View
102 o kS s 4
1 éEi 8\‘$5A i = ] -
10 5%_31 ® vV . g 2 2 a
10% [ d\;véggé fffff € e, €
of Breeding Radiation} "4 ] 4l 4
107 1 layer shield | - |
108 ¢ [FI|be+Be] (60 cm) : QE ] “4f 4
107 (Szcm) " ! s i ! s ] L 1.0 1.2 1.4 1.6 1I£s 2Io ® 1:: 1.2 1.4 1.6 1.3 2Io - -2;0 -1'0 [.J 1.0 zln
180 200 220 240 260 280 300 R (m) R (m) x(m)
Radial p03|t|on(cm) =150m,a,=3.0m,y=10
D aS—GTa—15mW 1432 GJ
1 25Cm X _
thinner Smaller size and higher field withy =1
FFHR-2S Type-I (reduction of total mass)
ICRF _ o
antenna. K. Saito et al., in this conference.
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@ Three candidates are proposed

to increase blanket space >1.1m

3. Enlargement of reactor size

Neutron wall loading should be kept at <2 MW/m?

15 T T T T T T T T T T T T T T 200
J=25~33 A/mm 2 blanket space > 1 m |
r,=13~15MW/m 2 : >

S | =
° 4150 “__
m i
10 - &
Iy -
o - 100 8
3 )l M
— —_
] 3.
£ s | 5
9 TCC (total capital cost) 190 S
&“_ -
P (fusion output) FFHR2m2
FFHR2mM1
FFHR2 1
0 S 0
5 10 15 20

Coil major radius R (m)

A. Sagaraetal., in ISFNT-8, FED 83 (2008) 1690.

R =16m (R.=17.3m) is selected.

(S|mple expansion of LHD
gives too large R...)

Distance between Vacuum Vessel

and Ergodic Layers (m)

Thermal insulation for SC magnet
Apcoyy - 110 mm (fixed)

3.5 -.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-1

3k FFHR-2S (y = 1.0) FFHR-2m2 (y = 1.20)
: B,=6.18T Bo=4.5T
25EF jHc = 26.6 A/mm? jHe = 25.0 AImm?2
B - Inward shlft
2F
FFHR-2m1 (y = 1.15) LHD- snrmlar (y=1.25)
B,=6.18T jHe o€ 1R
1.5 jHe = 26.6 Afmmz er 1. 5
1B _ - ———— ::
] e
0.5F - Blanket
[ o (Includes
oL SOL and

0 5 10 15 20 25 30 VIV)

Major Radius (m)
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@ Design windows and cost

Y. Kozaki et al., in this conference.

W GJ (B 4%, Pf 3GW)

W GJ (B 5%, Pf 4GW)

180

Ad 1.2m

v1.15

160
Ad 1.15m y1.15
Ad 1.1m v1.20
140 &
x‘: \\

'}'] .25 . 'gzL /
Ad 1.05m*<<__ o 4125
120 v HF<=1.16
100
14 15 16 17 14 15 16 17

The design windows limited with Ad>1.1m,
H.<1.16, W<160GJ, depending on y and B.
H.=1.16 means the 1.2 times value achieved in
LHD experiment. j=26A/mm? is premised.
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70

60

:> B=5%, y = 1.20, j=26A/mm?2 are selected

COE (mill/kWh)

B4% COE
S

B5%
4G y1.25
Y15 W yl1.2

——
OO0

B6% 4.75GW

14.0 14.5 15.0 155 16.0 16.5

Rpm

The COEs of helical reactors,
which depend on Rp, yand f,
show the bottom as the result
of the trade-off between the
Cmag and Cbs, i.e., BO

versus plasma volume. 11/ 25



AN
(@ Issues on nuclear shield on SC coils

» Discrete Pumping with Semi-closed Shield (DPSS) has been proposed
A. Sagaraetal., in ISFNT-8, FED 83 (2008) 1690.

Acceptanlelevellachieved
v, CoVer rate >90%

v. Fast neutron; < 1E22 n/m2zin 30 years

1.2~1.4 10"

v- Max. nuclear hieating < 0.2 m\W/cm?e
v Jjotal nuiclear heating ~ 40 kW
Cryegenics power ~ 12 MW(LY% ot Pr)

JEEI) without DPSS Unit: nfem?/s iﬁ 3D deS|gn with

DPSS

1.9 <10°

29100 _:
(b) with DPSS s

Unit: nfemzfs 1=

< 12 /25



9, Reactor size optimization of FFHR2m?2
(@) P

_ » Inner shifted (equivalent to Rax=3.6m in LHD),
Vacuum Magnetic

y=1.20,a=+0.1

Surface > R,=16m, R.=17.3m, B;=4.84T, j=26A/mm? , Wy,,,=167.7GJ
(b) o= 18° PC position
. Type A
6
4
. . 2
e =
g N 0
N N
2
-4
-6
-8 !
10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
R (m) R (m)

apc =8.2m, HC : 38.72 MA, OV : -23.47 MA, IV : -17.04 MA 13/25



9, Reactor size optimization of FFHR2m?2
(@) i

_ » Inner shifted (equivalent to Rax=3.6m in LHD),
Vacuum Magnetic

y=1.20,a=+0.1

Surface > R,=16m, R;=17.3m, B,=4.84T, j=26A/mm? , Wy,,,=149.1G)
(b) ¢ = 18° PC position
. - Type B

10 12 14 16 18 20 22 24 T 10 12 14 16 18 20 22 24
R (m) R (m)
HC : 38.72 MA, OV : -18.39 MA, IV : -13.94 MA 14/ 25



9, Reactor size optimization of FFHR2m?2
(@) i

_ » Inner shifted (equivalent to Rax=3.6m in LHD),
Vacuum Magnetic . _ 150 o =+0.1

Surface > R,=15.5m, R,=16.7m, B,=4.90T, j=25A/mm? , Wi,,=135.6G)
(a) ¢ = 0° ﬁ (b)  =18° PC position

8 WC shield at inboard 8 Type B’

10 12 14 16 18 20 22 24 T 10 12 14 16 18 20 22 24
R (m) R (m)
HC : 37.87 MA, OV : -18.01 MA, IV : -14.79 MA 15 / 25






@New control method in a thermally unstable
W= [gnition regime

O. Mitarail et al., in this conference.

Preperienal=integratien-Dervative (IPlD) conirel
e enror off the fusion pewer With an epPesIie Sidn o

e(P)=- (P:,-P.) can stabilize the thermal instanility

threueh fueling.

1 1
SD?'(") - S.'J?'U\L‘)'DT(PI')WL T_.[UEDT(PI')d‘r + 1

f

1.2 10

—NEO (a)
E —--NEOLMT

= —PEXT]|
d —_
= 100 _|—I (d) 11020 @
E,_ @
ad 501 510" Eé
- —, »
0 rikh"’_ i 'l 1 0
0 10 20 30 40 50
Time (s)

den’r ( P f )
G (D)

Sp(t)=0
I Sp(t)<0

-(Pfo-Pf) <0

Ignition boundary

—
SDT decreases

SpT inceases
-(Pfo-Pf)=0

Constant P{g line

Pfo < Pf

O. Mitarai al. Plasma and Fusion Research, Rapid
Communications, 2, 021 (2007) .

T, 1tg=3 ~ 5
T IT—2 =16

BUt,
efiiectively
reduced due
10 hurRing

1.210%

1 102" foperaung

—~ 8102° _ 100
—610%° }
=3

410%° L

210%° }

| Densi Opera'ting point _1
for the at the unstable boundgry
point P =2.0GW line |

<f>=2.5 % ]

10 15
T (0)(keV)
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6@) Design parameters

Design parameters LHD | FFHR2 [FFHR2mJFFHR2m2| SDC 11
Polarity | 2 2 2 2 "l apct0o 0.95R. .
Field periods m 10 10 10 10 - ‘ ‘ ‘ N
Coil pitch parameter vy 1.25 | 1.15 | 1.15 1.20 [ | —— Zov=4\v - FLHD
Coil major Radius R, m| 3.9 | 10 | 14.0 17.3 > 1F1 * Zoy/Rc=3.8/14 | A
Coil minor radius ac m| 0.98 | 23 | 3.22 4.16 5 | = Zoy/Re=4.5/14 SV

. . @)
Plasma major radius R, m| 3.75 10 14.0 16.0 T _ N Zov/Rc— 5/14 &
Plasma radius <a,> m|[ 0.61 | 1.24 | 1.73 2.35 E oL ————————— 4 ,@'j'——Ty:
Plasma volume Vp m?’| 30 | 303 | 827 1744 ; Bt §
Blanket space A m|{ 0.12 | 0.7 1.1 1.05 = apc to R¢ < W
Magnetic field Bo T| 4 10 | 6.18 4.84 g [ | \ | | ]

w 0.8+ ] ——————————— e -

Max. field on coils By T| 9.2 14.8 | 13.3 11.9 e . §
Coil current density | VIA/m?[ 53 25 26.6 26 %
Magnetic energy GJ| 1.64 | 147 | 133 el (7) i . | | | ]
Fusion power Pe GW 1 1.9 3 0.7 __”;,;'-‘: """""""" leORp/RC—36/39
Neutron wall load T, AW/m® 1.5 | 15 1.5 s av=aoy, Riv<Rc-ac
External heating pow P, MW 70 80 43 100 I | EB 55 R.) < O 5mT .
o heating efficiency mn, 0.7 0.9 0.9 0.9 o6————"t 'Ie'alf(' S 'C)' L
Density lim.improvement 1 1.5 15 7.5 0.1 0.15 0.2 0.25 0.3 0.35
H fact_or o_f 1SS95 240 [ 192 | 1.92 |1.60 (apc-ac)/Re
Effective ion charge Z 1.40 | 1.34 1.48 | 1.55
Electron density ne(0) 1019 m* 274 | 26.7 | 179 | 83.0 In SDC,
Temperature Ti(0) keV 21 15.8 18 6.33 . .
Plasma beta B> % 16 | 30 | 440 [335 divertor heat load is
Plasma conductionlo P, MW 290 | 453 | 115 drastical |y reduced (~1/4)_
Diverter heat load Cgiv AW/m? 1.6 2.3 0.6 <
Total capital cost G$(2003) 4.6 5.6 7.0
COE mill/kWh 155 106 93 18/ 25
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S. Imagawa et al., in this conference.cc

Base design of
CICC magnet system

Nuclear heating in FFHR2m1

Table 1. Design criteria tor CIC conductors based on I —
ITER-TFE coils. “ g —o— Neutron+tGamma |
Items Design criteria  1TER-TF = 10° T ~-°- - Gamma
Max. cooling length (m) < 30 3940 = . S times 1
Current (kA < i) ik _%010 B\E\E
Maximum field (T < 13 | 1.% 31072 L
SC current density (A /mm?) = 30 273 . : \@ ]
Coil current density (A/mm’) < 30 20.3 E1o‘3l \@
SC material tor HO MNb3AL(*]) MNb3sn § :
(*1) "react and wind” method can be adopted by managing 10__420' 0 ' 2'0 ' 4'0 ' 6|0 ' 8|0 00
strain during winding within about 0.5%. . -

Radial position (cm)

Y, /Central tube
- Insulation
SC strands
Conduit
(SUS316L)

Internal plate
(SUS316L)

( _iso

By T. Tanaka

v Max. cooeling pathris 500 m for the
nuiclear heat off L m\W/cme.

v. Thisivalueis 5 times: larger on the
EEHR Magnets.
V. Gamma-ray: hieating 1s deminant.
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(@) Indirect-cooled helical coil system

(alternative for CICC)
with quench protection by internal dumping

SS316 Superconductor Cooling panel Stiiess analysis inside efithe conl

Coil case ) .
H. Tamura et al., in this conference.cc

Outside

min. 0.127%
0.139%

(min. in superconductors)

W B B Indirect Coolin

max. 0.185% [

0.9m
Circumferential strain
£l distribution
Y -
L o o o _______ Inside 4
e T > min. 62 MPa
Cross-sectional structure of the helical coil I 1“55?55 TBINRS i
. . . |
Quiench pretection by intermal dunmping — = - Hoop stress
K. Takahata et al., ITC-17. distribution
" B B ~260MPa
» Quench back with a secondary circuit HE S
» to increase a decay time constant >t=20 s ~
> to reduce atransient voltage V=10 kV
» to avoid a serious hot spot < 150 K » Confirmed to be within the permissible

range.
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@

By H. Tamura

> Gravity per suppeit
= 16,000/ten / 30regs)~ 530 ton..

> lThermal contraction: < max. 55 mim
> llotalfheat lload te 4K — 0134 KWW
((1/20 ofi staimless steel post)

To

max. 55mm
(300K to 4K)

Stainless steel

rus center

Thermal contraction

L

-]

iy,

sc

Load/leg 5.3MN

_support st_i;hc{fh re
N, s, \ b

o G
N AN

L | |
T e

CFRP

(Carbon Fiber
Reinforcement Plastic)

80K|

height: 1800mm

A1 [width: 1810mm
{11 | depth: 1200mm

~, 10m(inner leg), 18m(outer leg)

/Oiter erjostat base /| 300K "/ /

<

o/ 4
/ST

Number of legs
inner: 10
outer: 20

LHD-type support post for FFHR
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Blanket system integration
by broad R&D collaboration activities

Fusion Research Network

1000 hours &

External heating
O.Kaneko, Igami
(NIFS)

-

LHD
Ignition access (

Divertor pumping
S.Masuzaki,
Kobayashi (NIFS)

Fusion Eng.R.C.~

Advanced first wall
T.Norimatsu

¥ Ongy
& o[l
205 o
8 0gy |

(Osaka Univ.)

MHD on Flibe

(Tokyo Univ. Sci.)

(Tohoku Univ.)

Advanced thermofluid
T.Kunugi
(Kyoto Univ.)

Heat exchanger &
gas turbine system
A.Shimizu
(Kyusyu Univ.)

Closed He gas turbine
cycle with three-stage
compression/expansion

Tritium molar fraction in Flibe [-]

Torh

.. 550°C

JHF: 180 wppm
‘High purity Flibe

w
m —
Confinement scaling B . % b [
: anket material system
H.i;;ig?/\(/j;,(NlFS) & heat flux FFHR design  1yuroga ’ Neutroni i %
&Mulgaruall'okai / Sytem Integration = T.Nagasaka, M.Kondo Tgr:nrgﬂgci Sagara 52
Helical core plasma Un)?v)y | Replacement (NIFS) (NIFS) T o
K.Yamazaki(NIFS) ' A.Sagara (NIFS) . Hastelloy Inconel_ Inconel
Mag ngatic structure Structural Materials X?\Ig's Ejr?lterr;al system\ 304 stainles steel  C-276 600 625
T.Morisaki, Yanagi Blanket Y'Hilshilnul:'na’ (NIFS)
(N IF S) \ ﬁjclmnwa\lz Self-cooled Radiatonshield  vacuum vessel .
IS TBRcalx12 o tRersTbandry J
giun;%%net SC magnet 14eV neutron " s L/quu;g” - | nife
& support materia ls _
Sl e e Core  surface heat flux hionte e Blanket system
T.Mito Plasma ! T.Terai
Takahata, (Univ. of Tokyo) <2 5
Y, da, In-vesse z i
T:ml?raa omponent s E H A% )
] afety a :
(NIFS) T.Uda(NIFS) 5 \. \ i
g 5 14 MeV neutron—Ry ?
Virtual Reality tool . Cost evaluation 178 % 10 nm’ \\%em
N.Mizuguchi pumping Y. Kozaki(NIFS) — 12 1is 2iu .I 2;1
(N I FS) . Magnetic field (T)
Power supply T-disengager system
Y Taraa Fueling _ S.Fukada, M.Nishikawa
(NIFS) Sakamoto Thermofluid MHD Thermofluid system (Kyusyu Univ.)
(NIFS) S.Satake K.Yuki, H.Hashizume

- - - Tritium leak
ferrite-steel permeation window

T=843K, Q=190g /day, Wy, =2.3ms

_’

Fluid film diffusion controlling

Fluid-film diffusion + permeation

Tritium partial pressure [Pa]

Permeation controlling

Lol Large apparatus

10* 10° 10° 10* 10°
Permeation window area [m 2] (oe=1, t=1mm)

= 1 4| m mA

TNT Loop : Max.20L/min @ 600° C I




A7
& Concluding remarks

1. Helical reactor is superior in steady state operation and
» Reduced neutron wall loading < 2MW/m2with long-life blanket concept,
» High density operation with reduced heat load on divertor.

2. Onthe 3D design, a simply defined blanket shape can be compatible with the
ergodized magnetic layer which is essential on both of divertor and a-heating.

3. This simple methodology on LHD-type reactors can be used for design optimization
towards DEMO, which is economically comparable to Tokamak.

4. The design parameters of FFHR2m2 have been totally improved, where a new
ignition regime at SDC is an innovative alternative.

5. Thelarge scale SC magnet system and their support posts are conceptually
feasible.

6. Large R&D progress has been made on blanket and magnet materials.

7. The next key work is to realize the DPSS divertor concept compatible with
replacement scenario and neutronics issues on TBR and nuclear shielding for SC
magnets.

25125



	スライド番号 1
	FFHR design collaborations 
	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
	スライド番号 16
	スライド番号 17
	スライド番号 18
	スライド番号 19
	スライド番号 20
	スライド番号 21
	スライド番号 22
	スライド番号 23
	Blanket system integration �by broad R&D collaboration activities
	スライド番号 25
	Supplements



