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System Integration and Design Activities

From 1993, collaboration activities on LHD-type reactor-systern designs
nave developed with connecting wide research areas on fusion science
and enginsering (Fusion Research Network) in the universitiss in Japan.
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Based on LHD, FFHR has 2 Main Features
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Main design parameters and

recent modification & optimization activities
A. Sagara et al. Nucl. Fusion 45(2005) 258-263.

Sagara, 17th TOFE(ZOOG) Design parameters LI—;D FF!;RZ FFH:2m1 FFHF;2m2
I

Polarity

Field periods m 10 10 10 10
Kobayashi, 177th TOFE(2006) lCoil pitch parameter Y 1.25 [ 1.15 1.15 1.25
Coil major Radius Rc m 3.9 10 14.0 17.3
Vierisaki, 15tn 1TE(2005 Coil minor radius ac m 098| 23 3.22 4.33
= T g s et : Plasma major radius Rp m 3.75 10 14.0 16.0
zsucziniatizl, 2410 SOFT(2008) NYPlasma radius ip m 061 | 1.2 1.73 2.80
ltoh, 17th TOFE(2006) Blanket space A m 0.12 0.7 | ‘

Magnetic field BO T 4 10 6.18 4.43
Max. field on coils Bmax T 9.2 13 13.3 13
Coil current density j MA/m2| 53 25 26.6 32.8
Weight of support ton 400 | 2880 3020 3210
Magnetic energy GJ 1.64 147 120 142
Fusion power P GW 1.77 1.9 3.0
o~ INeutron wall load MW/m2 2.8

(zpriziclzy, 2400 SOFT(Z2008)
Mitarai, 21th IAEA(2006)
Sato, 17th TOFE(2006) ‘

Tanaka. 21th |AEA(2006) A External heating power  Pext MW 10-0 80 100
’ « heating efficiency nao 0.7 0.9 0.9
Muroga, 17th TOFE(ZOOG) Density lim.improvement 1 1.5 1.5

H factor of 1ISS95 2.53 1.92 1.68

Nagasaka, 17th TOFE(2006) Effective ion charge Zeff 1.32 1.34 1.35
_ Electron density ne(0) 10419 m-3 28.0 26.7 19.0
Kozaki, 17th TOFE(2006) Temperature Ti(0) keV 27 15.8 16.1

) W S—— — <P>=2*n*T/(BA2/u) (parabolic distribution) 1.8 3.0 4.1
Virzuguehr, 15tniilic(2005) COE Yen/kWh 21.00 14.00 9.00




Recent Activities in Optimization Phase

Heating power

Reactor size

Nuclear shielding
Replacement-free blanket
Magnet system

Blanket materials

Plant system

1.
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3.
4.
D.
6.
7.
8.

Summary




Heating Power can be Minimized to < 30MW
by longer fusion power rise-up time due to dW/dt effect.

- - Any fusion power rise-up time
0. Mltaral’ A. Sagara et al” can be achievable in a helical
21th IAEA (2006)

reactor. [Example: t. =300 sec]
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Reactor size
Which is strongly coupled with blanket and divertor design

LHD-type reactor New targets based on LHD:
FFHR2mM1 p~1Ggwel

» Large scale SC magnet
W~ 25,000 ton R SC magnet of high J

Q > 50 by helical —p candidate

Super-conducting Cryostat FFHR
poloidal coils '
S \ \Vacuum vessel|

—_
o
1]

f Support
w»

structure

Normalized value

| N constraints:
J = 25~35A/mm?

= : B A1.5 MW/m2
Super-conducting \Core plasma]% :

helical coils 8 10 12 14 16 18 20
R=] —hn . .
Coil major radius R (m)




Standard design in FFHR Alternative design in FFHR

Conventional helical divertor Helical X-point Divertor (HXD)
inherently equipped built-in divertor new concept for the compatibility with blankets
T .\Morisaki, ASagara et al., ITC-15, 2005 / FED 81 (2006)

Heat load to target plates
--> assuming average width ~ 0.25m
(total area: 0.25m x 230m ~ 58m3)
--> power loss through divertor ~ 300MW

ml ~ 32 M\W/m?2

Particle recycling
---> 99% ionized ( Kobayashi, 17th TOFE)
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Improvement of 3D neutronics calculation system

for helical structure
T. Tanaka, A. Sagara, M.Z.Youssef, et al. 21th IAEA (2006)

Mamtenance Port Breeder layer

Polodal Coil \ Radiation shield

AN & Generation of
Cylindrical A, A helical structure
Soppor | =z 5 \ AV according to

Structure Core

Plasma A numerical equations

Quadrangular mesh
Helical p ‘ ' prepared in Fig. (a)
Coil

First wall of blanket layers

Vacuum Boundary :
x shielding helical coil

T
Rm) 1 11 12 FFHR2m1

Division of cross-section of helical blanket
components into quadrangular meshes.

M Quick generation of 3-D helical geometry
with small size input data.
(Coordinates of quadrangular meshes
on cross-section drawing)

(Unit: MW/m?)

Example of 3-D geometry data with MCNP
(~3,000 cells) and helical neutron wall loading




Shielding issues have been made clear

» (1) Direct neutrons from core plasma
to side surfaces of helical coils (Could  goometry for investigation of
be suppressed by enhancement of neutron streaming and reflection
shielding)

» (2) Neutron streaming to poroidal coils

> (3) Neutron reflection on helical coils

_ Poroidal coils

Floor panel

! Support structure Unit: n/cm?/s

Horizontal cross-section of geometry ~ Distribution of fast neutron flux on
helical coil, troidal coils and support structures

A.Sagara-12/26



Discrete Pumping
with Semi-closed Shield (DPSS) is proposed

Localization of pumping ports
Enhancement of pumping efficiency
Suppression of nuclear streaming to SC coils

Improvement of the total TBR

FFHR2m1
NIFS-PE1160




Recent Activities in Optimization Phase

Heating power

Reactor size

Nuclear shielding
Replacement-free blanket
Magnet system

Blanket materials

Plant system

1.
2.
3.
4.
D.
6.
7.
8.

Summary




Long-life blanket STB for 30 years has been proposed
(Spectral-shifter and Maintenance Porty Breeder Blanket

Tritium Breeder blanket), = Shield
A. Sagara et al. Nucl. Fusion 45(2005) 258"":\ ' =
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Spectral shifter  First wall  Self-cooled Radiation & Vacuum vesscl

» Replacement-free of blanket units les Fiibe | o Toomalaied o pn
< 100dpa in the full-life of 30y .. el '
» Improved nuclear shielding L .
for SC magnets b R ¢ e

it 5X1 022 faSt n/m2 in 30y : i 'l‘hcu;'mul
' v 5 nsu.ulmn
Issue : Enhancement of cooling o N |

capability for one-side heating i IV Bepmiecsovoin "
> 1MW/m? is requested. ' STB

JLF-1




_Ihermofluid R&D activities 17th TOFE Toerove i

Tohoku Univ.: H.Hashizume, K.Yuki et al.
for enhancing heat-transfer in such
high Prandtl-number fluid as Flibe

» The performance of SPP flow using alumina
spheres (0.5D) is about 4 times higher than
that of CP flow.

> Flow velocity to achieve h=20000W/m?K
using SPP is just 4 m/sec, which is much
lower compared with CP flow(~17m/s).

-> Reduction of MHD effect, erosion, etc.

-

Heat transfer coefficient [W/m~ K]

P

Heat transfer coefficients [W/m~ K]

» Pumping power to achieve h=20000 using
SPP is a little higher than that of CP flow.

» However, in the case of using metal and
smaller spheres, the heat transfer
performance of SPP can overcome CP flow,
which enables lower pumping power
conditions.

- Much lower pumping power in all piping
system.

/ h=20000 is necessary.

10000 | ; / 4

e o S
._....--4"‘t'imesI .
4 L

1000 ¢ cP o
SPPD/2 A
Modified Petuzkhov's Eq.
Fand’s Eq. oo
Swerl tube for d=04[mm], v=3.0

| 05 1 5 10 20
Flow velocity [m/sec]

100000
10000 }
. CP o
1000 f SPP & ]
Modified Petukhov’s Eq.
Fand’s Eq. for D/2 o
Swirl tube for 5=04[mm], y=3.0

100 .
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Superconducting Magnet System for FFHR
(Low-Temperature Superconductor Option)

K. Takahata, T. Mito, A. Sagara, et al:

presented at 24" SOFT,11-15 Sept. 2006, Warsaw, Poland, P1-E-285 Poloidal coil

Continuous windings with a large diameter, : S :

. : : . B 4 upporting

twisted configuration and large magnetic energy IRSiSAL sy etichire
B=62T K B <

Indirect cooling using cooling panels B =133 T - :
3 = yh Ew=120 GJ | | Helical coll

Aluminum-alloy jacketed Nb,Sn superconductor [l

S percénducror " Cooli /
100 kA Superconductor : Nb.Sn+Cu SSC(%IL?S{J S/ | ooling pane

"' ngh effeCtlve thermal . ] ‘ Bundle of superconducting Z
ConductIV|ty i and copper wires
» High mechanical » || - Aluminum-alloy jacket

rigidity and strength |, — Insulator W B B /ndirect Coolin

Quench protection ‘ i

» Conventional protection circuit using an external
resistor =20 s

> Six subdivisions V__ =10 kV R&D plan

» Hot spot temperature < 150 K S Suibecale 10 kAcclags

superconductor
» Model coil test Cross-sectional structure of the helical coil

Outside

Inside




Characteristic evaluation of mechanical jointed HTS

17th TOEE cable for remountable HTS magnet
Tohoku Univ.: H.Hashizume, S.lto et al_ 25CC0 2223 Cable

SUS304 Rod SUS304 Plate
N | Low Temperature Solder
BSCCO 2223 Cable™™
B 50 Y ————— U ——
@] o 100A o s =~ o o 100A
< : O 200A @ : ‘;" : Ov O 200A
S 40| & l S 40} © 40} & 300 v
2, v 500A =, l E _ B v 5004 9
g 3.0 ; g Q?{ g 3.0 - ..l o3 g 3.0 - 2, v °n
3 i R 22010 3 o ML § ) Yo
2 20F "Wy o 2 20 Ti- P390 . g g’ 20 6 vy vV 0a0?
3 ’;‘?va?'- ~'hmq’ g "ifii.’ Aat ™ ‘ ) : 820 VIV 0 %000
o [ Vv,' $82acana® 3 o Yo8C00ec"® S BN & s uuu 285090
g 1of il Ll T g 10 2 o0a = 1of ©H8g09000°
o ] S v_sooa S | :
(1)1 || PAPOPEIYE SNIAPUPIY SPOPIPIrt IPUPUPTGT CPUPSTUIGE R UPYPUn (1)1} PUCSTIR TPEPEE AP OPIrGl IPAPUPIPel TPi-wwrs arwrarer (1 J(1 )| PP SPETIPS TUPEIS IPUrTPUI TP Ir IPaP oy
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Compressive Stress [MPa] Compressive Stress [MPa] Compressive Stress [MPa]
Top loading Dual loading Dual Loading with supporting structure

Improving joint performance by optimizing loading system
» Dual loading with supporting structure can increase the optimum joint stress
where joint resistance is the minimum.
» Dual loading with supporting structure can reduce joint resistance just slightly.
-> Joint surface condition must be improved to reduce joint resistance more.
(Target of joint resistance: Order of 100n<2)

26
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Tritium Control for V-alloy/Flibe Blanket

which can increase operation temperature and AT

17th TOFE NiEs : T.Muroga, T, Tanaka, Z. Li, A. Sagara

Application of REDOX control
by MoF, or Wk, doping
However, conventional REDOX control

with Be (TF to T,) results in extremely
high T inventory in V-alloy structure

Thermodynamics analysis were carried

out for another REDOX control (T, to TF)

by MoF, or Wk, doping

This reaction can form corrosion
—protective Mo or W coating on V-alloy
surfaces with self-healing capability

Doping of 1ppm Mok or Wk, can reduce

T inventory in blanket below 100 g.
Among the issues of the concept are

recovery of tritium in the form of TF and

Mo or W out of the blanket.

Reaction in Flibe

UCSD : Sze

T, + WFg=> TF +W

VF4 or5
Reaction at the wall W-coating
V+WF=> VF, . +W (self-healing)
v
Concept of REDOX control by WF,doping
n 10000
e -
v T-inventory
n | I
| 1000 b S A As in blanket
In V- alloy Structure. | as a
m (Flibe Wlth 1ppm‘\NF ) : function of
u | e i .
i 100 b i S 1 TF level in
t : ‘ | Flibe, for
i .
r . 3 | doping of
T 10 % e e .
f W/ 7 InV: aIon Structure 1ppm Mo F6
/7 (FI|be with 1ppm MoF ) | Or 1ppm
. | ‘ : WF,
0.01 0.1 1 100

Tririum Molar Fraction as TF in Flibe (ppm) A Sagara-Z 1/26
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Tritium cycle of FFHR-2 Flibe self coolant system

(WAGNIEOIZ=R: S. Fukada (Kyushu University), A. Sagara (NIFS)

1000

I'F partial pressure in He Jaim)

= T 1 S . ~
:: Vg iw=215ppm, l,,"z—lﬁnnn (Redox11) Molar fraction of TF dissolved in Flibe |[TFLi, H] =0.00128 (500°C) s ununlr.guon P!"_‘“I‘»
& SIBRbSorarr s _ : . 0k A ¢r. (Tsin Flibe)| ..
s ! 5 N v ) . A - v"' ST ®
4 — expeniment “m 10 10 10 10 10 - ‘ L+ A=0.00Im"/s | pr (TainHe)  |Proo
w 800 (— - = - analysis = 10" T T L LA = 107 FG=100 mol/m™s =
- X y o L = =2m. h=$ % 2
¥, z o |- X = 1x10 = S ) _L!'.Jn. h=5m, A=3.14m
. £ 3 2 107 " Raschig ring
ry s 10" < =
= 600 |- BT o = = a2
T Z : - e 10
s ! s : X =4x10 Fusion 410 = P
= Vi o =436ppm, 1, =10min (Redox 14) = 10 2 S 10
2 - - 3 T A0t E 8
g 400 = ' sp=1x10" S < 10
s - —10' E = 2 i
2 c 10 = € 0
= e, p— - : E £ r
S 200 Y= 192PPM, 1y =Smin (Redox16) £ 100 2 = <[
L " PRl ——— | 2 10" 13 \ ' e = 100k
oy —— o Ky =IxX10 7 " molim's, Vi, = 1000m - = .
- - ' - = :
= 107 sud sl 4 veed asond o asund 10 b= 10" .
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0
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Flibe redox control analysis TF concentration in a Flibe Flibe-He extr ac.tion tower
blanket of FFHR calculation

TF (HF) can be reduced to T, (H,) in contact with Be in blanket. (JUPITER-II study)

* The redox control by Be is achieved under the TF concentration expected in the FFHR-2
Flibe blanket..

Flibe-He counter-current extraction system is desi

ned and calculated.




Breeder

Dedicated Hydrogen Production [

7y, 450°C

53
£33 Flibe loop>

I I Neutron
by 1 GWe (Optional Design) Neuo
S. Yamada, A. Sagara et al: presented at 24" SOFT, g i [l
11-15 Sept. 2006, Warsaw, Poland, P3-J-333. >
Electricity
Divener SR LTI r Y] HYd roge>n
Steam production for electrolysis by e ,] steam
o 150-300°C  Electrolyzer
the waste heat from; 20°C
: Heliumloop P t
» divertor plateS, Waste Heature w:u(:; Water
> neutron shielding parts and so on e e A
: (3 GW)
. _ \/
Various types of hydrogen production; Ele?;rié ulPut ———# Steam Electrlyzer
» 24hour full-time hydrogen production, | Electrolysis v oo
. (0.892GW)  Hydrogen Gas m———p»-
- High pressure gaseous hydrogen | Compression (50 MPa)
(0.108 GW)
|
(625 t/d @50 M Pa) | Electrolys‘is (0.82 GW) Liquid -,_>574 id
- Liquid hydrogen (574 t/d) | Llauetaction (0.18GW) SRR
< " . Electrolysis (150 MW)
» Hydrogen production at off-peak time. ! Liquefaction (26 -
(L-H2 for 100 t/d & 824 MWe) y Electreity  Electreity *{
(1 GW) (824MW) 100 vd




(NAUMNOIZ =R Y. Kozaki, A. Sagara, S. Imagawa

Design Windows Analysis
based on a Cost Model of Helical Reactor

to Previous Works

Design Windows

System Design Standard Design Weight-Cost
Code Case I AnalysisI
FFHR2m1
Design Study
3GW Standard
Plant
| Naghai Lo
l based on ITER
Cost Comparison

Mass-Cost
Estimating

Model (HeliCos)

Analysis > <

Plasma®& Magnet&

Blanket v

Identifying

Critical Sensitivity Study for taking

Parameters advantage of Helical Reactor
Features

Comparative Economics
Studies for Fusion
Plants

A 4

Mass-
Cost
Database

» Using the ITER magnet cost data we
evaluated the cost of helical reactor
magnet,

which show the similar coil weight
and cost between Helical and
Tokamak.

Magnets Weight and Cost of : gm“:se % gg:g;'; 1 Radial Plate
Tokamak and Helical Reactor
0 000 1000 15000 0 % 1 1 M
Helical Coil Helical Coil
Poloidal Coil Poloidal Coil
Supps. & Others Supps. & Others
ITERTF [TERTF
ITERCS [TERCS
[TER PF [TERPF
Supps. & Others Supps. & Others ‘
FORTF FORTF |
FORCS FORCS

FDR PF
Supps. & Others

FORPF D
Supps. & Others




Summary

. The FFHR design is now on optimization phase.

. Heating power minimization and a flexible 3D neutronics
method have been developed for helical system.

. Blanket design and divertor design are strongly coupled in
helical system.

. New engineering targets on magnets, blanket concepts and
plant system have been proposed.

. Plasma operation devices on fueling, heating, and He ash
removal etc. can be designed based on LHD results.




