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Heliotron-H T-1 UETOR-M MSR CTo6 HSR FFHR-1 MHR-S SPPS
Main field coils 2 3 (modular)| 3 (modular)| 2(modular) 2 50 (modular) 3 2(modular) | 32(modul
roidal field periods 15 20 6 6 6 5 18 10 4
Major radius 21m 29.2m 24.1m 20.2m 6.57m 20m 20m 16.5m 13.95m
erage plasma radiug 1.8m 2.3m 1.7m 1.8m 1.74m 1.6m 2m 2.35m 1.6m
roidal field on axis 4T 5T 5.5T 6.4T 6T 5T 12T ST 495T
Average beta 6% 3.54% 5% 4% 4.70% 4-5% 0.70% 5% 5%
Fusion output 3.4GW 4.3GW 5.5GW 4GW 1.8GW 2-3GW 3IGW 3.8GW 2.29GW
T-breeder Li20 Li Li17Pb8&3 6Li117Pb83 Flibe Li
tructure material SUS HT-9 HT-9 JLF-1 A\
References 7,8 9 10 11 12 13 15,16 17 18
1974-1982 1978 1981 1981 1989 - 1992 - 1995 - 1996 - 1997
Kyoto-U MIT Wisconsin-U | Los Alamos ORNL IPP-Garching NIFS NIFS UCSD
Princeton
Issues on compactness ‘ FFHR-2 (1998 — ): LHD-type, 10m, 10T, 1.8%, 1GW

A. Sagara, J. Plasma Fusion Research, 74(1998) pp. 947-95.
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Enhancement of energy confinement

Main issues for Helical Demo
;?~
‘ ) Data base at reduced y, outer shift, etc.
3. Reduction of heat load on the wall (o loss)

4. Divertor pumping systems (for o ash)
5. Fueling methods (to the center)

;
g

compact 4—@)

ey issue

lanket space Heating devices (selection of method)

High performance blanket systems

Methods of maintenance & replacement
Advanced SC magnet systems

Structure materials and divertor materials

Reduction of construction cost
Reduction of COE




Outward shift of the magnetic axis
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by K. Watanabe [ref. Nuclear Fusion, 41(2001) 63.]




1ssue

Enhancing inherent safety & Thermal efficiency

eat transfer & N Molten-salt blanket with low MHD effect
tructure materials

1ssue

evenap | SC materials &
First wall Self-cooled Radiation shield ~Vacuum vessel .
\45()°C T bleed(i;—,)cc Therltlglzal shield T bOU‘Iglcdary C u rre nt d e n s Ity

coolant in coolant out 20°C 4

o JLF-1 sc
Plabmai Carbon +B4C magnet
; 10~208 (30 vol.%) -

i
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117
LC.FS \ \Be(éo vol.%)

JLF-1(30vol. %) High B design

100 cm

Expansion of blanket area
2

R,=3.6m, B =100%, ® =0°

NIFS-930901 / K.W & O.Mi

Design Concept
& Optimization

Magnetic field on axis I% (T)

10
coil cross-section Major radius R

Ignition conditions for the 3GW fusion output
case A: Ti(0)=22keV, n(0)=2.0x10 *’m=3, <p>=0.7 %, h,=15
case B: Ti(0)=24keV, n(0)=1.9x10 *’m~, <p>=22%, h =2.25
case C: Ti(0)=29keV, n(0)=1.5x10 *’m?, <B>=4.5%, h =35

decrease

a/H W/H <f>(MN/m

LHD 34 174 107

| FFHR-1 23 2.0 96.7
™ FFHR-2 3.0 20 1245

1ssue ; 05 06 07 08 09 1 11 12 13 1SSUc

Coil pitch paramete¥c =(m/¢ )( a/R) Continuos windint
MHD stability Reduction of magnetic force helical coil

Simplification of supporting structure

Saga
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Parameters LHD FFHR-1| FFHR-2
major radius : R 3.9 20 10m
av. plasma radius : sa <0.65 2 1.2 m
fusion power : P(GW) - 3 1 GW
external heating power e <20 100 100 MW
neutron wall loading : P - 1.5 1.5 MW/m2
toroidal field on axis : B 4 12 10T
average beta : g > >5 0.7 1.8 %
enhancement factor afHD 1.5 | 25
plasma density :&0) 1.E2 2.E20 2.8E20 m-3
plasma temperature (D) >10 22 27 keV
effective ion charge : & 1.5 1.5
alpha heating efficiency :ch - 0.7 0.7
alpha density fraction of - 0.05 0.05
synchrotron reflectivity : Bf - 0.9 0.9
hole fraction : fh - 0.1 0.1
av. heat load on divertor <10 1.6 1.5 MW/m2
number of pole : 2 3 2
toroidal pitch number : m 10 18 10
pitch parametery. 1.12<1.25<1.37 1| 115
coil modulation + 0.1 0 + 0.1
av. helical coil radius : <@  0.975 3.33 | 2.30m
' 1.1 =
coil current : H 7.8 66.6 50 MA/coill
coil current density : J (53) 27 25 A/mm2
max. field on coils : Bax (9.2) 16 13T
stored magnetic energy 1.64 1290 147 GJ

construction cost 50 Byen



Dose effect in SC coil under fast neutron irradiation

* =10year x 3E+13 n/m?s

1.0 8-~ g Should be reduced 5 orders

o8 . :22: b‘“ ‘ from~ SE+18 n/m?s
S Nl in case of 1.5SMW/m?
S 08F L yiGa tape (for En> 0.1 MeV at the first wall)
a o Nb W |

0.4 x Sweedler Nb,Sn | R .

ool + Ostenson NbySn in-sity | 'R \\““‘--,.___B:":_B_?dlor-l.

0 it 11ul AT T
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Meutron Fluence j'ri.!cm? (E>0.1MeV)

H. Kodama et al., ICFRM-1, JNM 133&134 (1985) 819.



Dose effect in insulator due to gamma-ray

Epoxy: e, (3-19 CR . Flexure Strength
Polyimide: =0 Spaulrad | (Oak Ridge Work)

~3E+9 rad

. 1~2 order sever than SC

38% loss of strength

! ~— 0% loss of strength

0 4/ — S S ———
01 2 345 10 20 304050 100 - -
Gamma-Dose (MGy = 10° rad) BT x 10 em? (E50.1 MeV)

P.Komarek et al., ICFRM-3, JNM 155-157 (1988) 207. sagar



Self-cooled Tritium Breeding Blanket in FFHR

. L oca I T B R% 1 ) 4 ) First wall %ellfr;ce%%lred Radiatigcn shield Vacuu(;cn vessel

450°C 550°C  Thermal shield T boundary
15 . \coolant n coolant out 20°C
i | .
j TBR (total | Plasmai JLE-| sC
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| i o o SR
513} .~ TBR (Li-6) ] : f 17 881 7, 53 M5
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— o
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- RRE E o
improved more than _ m <
one order. T T
0 10 20 30 40 50
A.Sagara et al., Fusion Thickness of graphite reflector (cm)

Technol.,39 (2001) 753. Sagar:



Another approach using HTcSC for magnet coil:

=ven the shielding efficiency is poor, et

temperature margin is wide,
controllability becomes high

THERMAL SHIELD
~

at high T operation, Tl ron, e
(because specific heat ~ T3) A aNE

SC joint is promising

and innovative.

(Ohmlc heat on Cryo. T.Horiuchi et al., Fusion Technol. 8 (1985) 1654.
< afew % of P;)

Re-mountable coils
using HTcS.C. joints

H.Hashizume et al.,
J.Plasma Fusion Res.
SERIES 5 (2001) 532.
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Modified FFHR-2

pressented in 12th Intenational Toki Conference (2002)
IPP Garhing : H. Wobig, J. Kisslinger

One way
for optimization.
But 3 times of the weig

1crease of the FFHR2 configuration by 50%

2duction of the magnetic field to 6 T on axis
) provide more space for blanket and shield

> use NDbTi in the helical windings. T T
(modified)
_pF/ Major radius PR I -
N N Average coil radius 2.30 3.45
Average plasma radius 1.2 1.8
Number of field periods 10 10
e caeed Field on axis 10 =——T> o6 T
Max. field on coils 13 7.8 T
000 2000 Electron Density(0) 3.0x10% 3.0x10% [m
Electron Temp(0) 15.0 15.0 [ke
J_reduced Av. Beta 0.96 2.66 [%
Fusion Power 0.62 E 2.09 ; [G\
N N Heating Power 94 333 M\
Energy Conf. Time 1.72 1.64 [s




Blanket in HSR —1. bm

TABLE I: Main parameters of HSR4/18 and HSR5/22

* He Cooled Li,SiO, (KfK design)
* He Cooled Pb-17Li (FZK design)
» Water cooled Pb-17Li (ITER design)

(Helias Reactor (B=5%,Bz=400G) )
6.00

HSR4/18

HSR5/22

Major radius [m]

18

22

Average minor radius [m]

2.0

1.8

Plasma volume [m’]

1420

1407

Iota(0)

0.83

0.84

Iota(a)

0.96

1.00

Average magnetic field on axis  [T]

5.0

5.0

Maximum magnetic field on coils [T]

10

10.3

Number of coils

40

530 21.00 2a.00 25.00

Magnetic energy [Gl]

80

100 Major radius [m]

Sagar.



Availability to use the center space in a large R helical rector

Tritium confinement boundary in FFHR

Maintenance hall
Stack
. ‘ CE——
Turbine > A

‘ Divertor

Maintenance hall

ling

Maintenance hall Fuel

Storagel

BTRS : Blanket Trium Recovery system : Vacumm Pumping System
EVT : Expansion Volume Tank : Tritiume Recorvery & Storage System
HePS : Helium Purification System : Exhaust Gas treatment System

: Air Cleanup System
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Helical core plasma Thermo-mechanical analysis ° ON going

K.Yamazaki
(NIFS)

H.Matsui Blanket system
(Tohoku Univ.) S,Tanaka

(Univ. of Tokyo)

cf. NIFS annual rer

gnition access

 heat fi Structural Materials Safety
x Neat 1lux / afe
). Mitarai ( \Blanket\ & Cost__Helical reactor design
Kyusyu Tokai Core e W T el | Sytem Integration
Jn|V.) Plasma 14MeV neutron Liquid o maane A'Sagara
> || e G || v || (NIFS)
S 20°C \
surface heat ﬂux. high temp =
1 ¥ T-disengager Device system code
Conpoments : M H.Hashizume
\dvanced Chemistry i Q) (Tohoku Univ.)
irst wall @ Tvii
" .Norimatsu Thermon Tix —
Osaka Univ.) fluid puifier | L .
T-disengager system
Advanced S.Fukada, M.Nishikawa
: Kyusyu Univ.
thermofluid (Kyusy )
T.Kunugi Thermofluid :
Kvoto Uni MHD Thermofluid Heat_exchanger & gas turbine system
(Kyoto Univ.) A.Shimizu
S.Satake system

(Tokyo Univ. Sci.) K.Yuki (Kyusyu Univ.)

(Tohoku Univ.) June 6. 2003, A.Sagara




Tohoku-NIFS Thermofluid Ioop
for molten salt

Main Pump

Test Section

. = -,“ . .‘ 3] 3 ». - - i
_— I'm w0\ v A

— :

(Fabricated by IHI Co., Ltd.)

Dump Tank

Max.20L/min @ 600° C
e ——— ~0.1m® @ 0.7MPa.

O O D e O O e e e e e e e e e e e BN e e e e

Now HTS (simulant for Flibe) is used.
B <

400 500
Temperature [°C Sagar.



Heat transfer enhancer at low flow rate

. Packed-bed tube in TNT loop

\WARSIN=

S5mm

Smooth pipe
d=0.25D SUS Tin=200°C
d=0.25D SUS Tin=350"C

d=0.25D Cu Tin=200°C
d=0.25D Cu Tin=250°C
=0.25D Cu Tin=300°C
d=0.25D Cu Tin=350°C

d=0.25D SUS Tin=3
d=0.25D Cu Tin=2
d=0.25D Cu Tin=2

Fig. Flow structure near wall
(Result of 2D numerical simulation)

About 3 times higher than
S bhe =20 S turbulent heat transfer

Smooth pipe Tin=350 °C

35 40 45 50 55 60
Frequency [Hz]
ig.Pump frequency vs heat transfer coefficient (at 300 mm) Sagar




MHD effects

® Evaluation met
11 rJle

I e)o)

Incr

» Cla

H.Hashizume (Tohoku Univ. )\ '
K.Muroga (NIFS) .
A Sagara (NIFS) i ?Zi}i Ezg
S.Tanaka (Tokyo Univ. )>< Task [-2-A ;
H.Horiike (Osaka Univ.) L., Task 3.1
T.Kunugi (Kyoto Univ.)
Other 8 reserchers
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Velocity profiles (B=10[T])
[1] Flibe
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[2] Lithium

(a) Without Insulator (b) Coated with Insulator

Velocity fm/s]

|""|---.1
05 _ N
04 | ~
0 &
REP 3
03 %
01| ~
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Velocity Im/s]

Flat-shape

H.Hashizume et al., submitted to ISEM 2003: The 11th International
Symposium on Applied Electromagnetics and Mechanics, Versailles, France
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Parameter kequirements for'D=*He Helic

O:Mitarai ¥,

A. Sagara, S. Imagawa, Y.liomita, K.Y Watanabe andil.Watanabe <

Sulbmitted to ITC-13, Dec. 2003 @Toki, Japan

D-3He ignition is possible in the helical reactor with

® R=14.47m, <a,>=2.585 m, B,=6 T, and <B>~18 %
® for the confinement enhancement factor of y,, = 2.4
@® with the external heating power of Pgy= 300 MW

® for D:3He fuel ratio of 2:1.

Sagar.



Summary

Within present-day technology, medium-size
designs are one way for helical demo-reactors.

However, innovative concepts such as
re-mountable coils using HTcS.C. joints are very
attractive for compactness of LHD-type reactors.

Design activities in NIFS collaborations are expanding
into Thermofluid exp., MHD effects, D-3He, (& IFE).
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FFHR-1
R=20m, Ap=10
Bo=12T, <p>=0.7%

FNT-3(1994, UCSD), ITC-6(1994, Toki), 16th IAEA(1996, Montreal), ISFNT-4(1997, Tokyo),

C-8(1997, Toki), ICFRM-8(1997, Sendai), 17th IAEA(1998, Yokohama), ISFNT-5(1999, Roma), etc. Sagar



Stellarator Power Plant Study (SPPS) glelek! 1997)
R. L. Miller (UCSD) for the SPPS Team

Major Parameters of the SPPS Power Plant

Top View of SPPS

Blanket/Shield and MHH Coils Number of field periods 4
Number of modular, non-planar coils 32
Plasma major toroidal radius, Rt (m) 13.95
Plasma half-width, ap (m) 1.16
Plasma aspect ratio (cf., tokamak), A = R1/ap 12.08
Plasma aspect ratio, A* = R1/1p 8.54
Circularized (average) plasma radius, rp (m)  1.63
Plasma volume, Vp (m3) 734.7
Plasma beta 0.05
Lackner-Gottardi confinement multiplier, H 2.3
On-axis magnetic-field strength, Bo (T) 4.94
SPPS Fusion Power Core System Peak magnetic-field strength at coil, Bc (T)  14.5
Stored magnetic energy, Ws (GJ) 80 (est.)
Yecuum §ocoom Fusion power, Pr (GWth) 1.73
B Thermal conversion efficiency, htn 0.46
T - i ) Thermal power, Pta (GWth) 2.29
Coolant - -_ . consa Gross electrical power, PEr (GWe) 1.05
SRRy Net electrical power, PE (GWe) 1.0
_ Recirculating power fraction, e 0.052
- Shieia Plant capacity factor, pr 0.76
Total direct cost (B$)(a) 2,249.
Divertor Total capital cost (B$)(b) 4,340.

Access Port

Cryostat

Cost of electricity, COE (mill/kWeh)(c) 74.6

Plasma

Sagar.
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- . a -
e
: 2 ProsSpeE D De reacitc
Helical Reactor Designs
Name of Reactor Design LHR/MHR-C LHR/MHR-S FFHR-1 FFHR-2 HSR SPPS/MHHR
Major Radius R (m) 16.5 10.5 20 10 19.5 13.95
Average Plasm Radius a (m) 24 15 2 1.7 1.6 1.63
Toroidal Field B (T) 5 6.5 12 10 5 4.94
Maximum Coil Field Bmax (T) 14.9 14.7 16 13 10.7 14.5
Average Plasma Density <n> (10 2 /m 3) 2 3.4 1 1.4 1.33 1.46
Average Plasma Temperature <T> (keV) 7.8 7.8 11 13.5 7.49 10
Volume Average Beta B (%) 5 5 0.7 0.59 4.57 5
Enhancement Factor Designed 2 (LHD) 2 (LHD) 1.5 (LHD) 2.5 (LHD) 1(LG) 2.3 (LG)
Thermal Power P rr (GW) 3.8 2.8 3 1 3 2.29
Effective Pheating Power (MW) | 600 400 200 400 300 200
Energy Confinement Time T (S) | 2.67 1.5 3.7 1.8 1.2 1.75
V
t_LHD (s) 1.24 0.79 2.46 0.76 0.71 0.76
7_GRB (s) 1.30 0.69 242 0.75 0.64 0.74
t_LG(s) 1.66 0.89 3.58 0.90 1.03 1.02
7 _ISS95 (s) 1.20 0.66 2.52 0.76 0.67 0.74
New Scaling (Phys. Rev. Lett.) 7(s) 2.98 1.27 4.99 1.72 1.03 1.36
New LHD #1 (heliotron-type) T(8) 2.70 1.30 6.13 1.71 1.28 1.42
New LHD #2 (all helical) T (S) 1.62 0.87 4.64 1.04 1.03 1.02
D amazakxl et & O AEA 0 0 (2000
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Fig. 18: Stresses in the coil support s
van Mises stress 650 Mpa.
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the Maintenance Approach

Cryostat (based on 09/04/00 strawman)
v " ARIE S-AT Last Update: January 4, 2001
Local Shield-, PS;::;E Duct ¥

Major Radius 52 m

Minor Radius 13 m

Number of Sectors 16

Total useful thermal power (MW) 1968 MW

Net electrical output power (MWe) 1000 MW

Plasma current (MA)

Bootstrap-current fraction

Average neutron load (MW/m2)

Plant lifetime (full power years)

LSA=1 total COE (mill/kWeh) 52.5

In-vessel primary structure material SiCfSiC

Breeder Pb-17Li, 60% enriched 6Li
Divertor plasma-facing materials highly pure tungsten

. |Removable
SE cto

Fl/Blanket FW/Blacketd Backatdl

Vocuum Vessel

Col Case -,

Inner TF
Col Legs

oola nt Annular

Tube 7~

Water

Therral
Insidation

Sagar.



JF P B s D PR 51 2 815 DA 5

FEAR— Ry 6 o RE
2= N DRLAIA TR

LHD TD3

Sagar.



