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ABSTRACT

Research and development of helical systems have been persistently continued. New large devices
using superconducting magnets, LHD in Japan and W-7X in Germany, are under construction.
These aggressive programs accelerate several design studies of helical-type reactors, because of
the main advantage of current-less steady operation, as promising alternatives for Demo reactors.

A reference design of Force Free Helical Reactor(FFHR) is presented to discuss Demo relevant
engineering issues in the concept definition phase. The main feature of FFHR is force-free-like
configuration of helical coils, which makes it possible to simplify the coil supporting structure
and to use high magnetic field instead of high plasma beta. The -other feature is the selection of
molten-salt Flibe as a self-cooling tritium breeder from the main reason of safety. Collaboration
works based on the LHD project have made great progress in the reactor studies by focusing on
engineering aspects of the high magnetic field and Flibe system design.
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Fig. 1: Basic plasma configuration with superconducting helical coils of LHD
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2. ANYANEBEREIFORKH

ANY NI EBGRBEFOBNIR, 75 XAYERELBELLANI ERRET S, A5,
(1) EEEENESTHD HEEER)
(2) BRTAAT T a i, REENE N (BEERT 5 XT)
(3) TSAREFREHOLHOOBBLANF—NFE (KREVQHE)
(4) FAN—INBRIHED-OTWSE (EOVRTFFIN—%)
ETHD. TNSOBAEEN LBARETN,1970 SR 5 1980 FREVDITNITTH
hcEBEEI N, R2IZHAOAYF O 8FE (78, M1 TO MUY ko 2 &8F (9],
UAARAYYURDED 2 T— + AT T L—FBSF (10| ZRT. INSOREHE, TX
V- CADE tE ZBIL T, Hris B8 (neoclassical diffusion ) D7 J b—1K¥H
VIR OEREFIRIZKRE L TED SN

—F, A IBERBE LT, AUMIBOBEELT,
(1) NYUANAANOBEBENTEMNTHEME
(2) EExHEDLD TS5 XA CAD OERTHNEE
(3) ANUIILALIIETS X OERBIEN
SHERINTER 4. LAL, 2hoiod T 3RECRREZEI NS T, BiEH 21T
AYHNBFEOBANRE T NAD TS, F—2 U v PEULHFER CK) TRy
kO BIFED CT (Compact Torsatron) U —X (11}, Ry VAT 5 VWK (B) T
AU 7 ABUFED HSR(Helias reactor) [12] EOMESREMEHNITITDN TS, BE
i, a7 Meick D, REIOX FMHEN M AT BURICB S AEEEEZRL TS, #
Z3, ACADKMBRNZRBELELEZED 2T —a1ick D, BERAANDRIFIZ RIS
LERLTWVS, WTFNBBHEOTFLNINZHHRE LTS, I I TAYRAR, fiE
7 ATF, BEN WT-AS OBRFOE BN, RUERRBICIHL TNWEIETHD, N
) HILVROERE I, BRI TEONDAY HIVERIERFE O TREENSR D TRE Nk
DHTVNBZ R, PATI/BREMTEITA2HLWHENE L TERAIREBETH S,

P EMNSHS M Z &, BIROANY AR OEBR UADIERED, KBIFERFEDO N h< o
# (ITER) ICHARTH1 SEDZIHDHOD, MARTENSGHEKH Hh LK%
HEWTWSBRTAAST T a EEFHETALTE, X905 ZDON—FRILEBRAT
BD, ANUNNRRFRFEORKTHMC NI IBMEFGALBDILOTHS. K> T,

AU A INERAEOEBAOEE, BUADDERRUE LI, BIAF L L TOF
AEEEOBE R B OBIETH S, 75 XImB L REERG - IKEER - TENY
NWEED TS R AT ABIUFEHEMRNCET 2B, bM</ BICIZIFEE S
HEFTES, LT, ZOEKITL > T, REMBEAKD TV S Force-Free Helical Reactor
FFHR O#&% et &2 B4 & U TR T 5.
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Fig.2 Typical designs of conceptual

helical reactors (R=241m,a=17mB;=55T, <f8>

= 5%, Pf = 5.5 GW) Modular Stellarator re-
actor UETOR-M (Wisconsin University)[10]
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3. B&EfHIE LTOFFHR
FFHR i3, FBFE L TOANYF OB D-TBMEFE TH 0 LHD AR (13] iIZ YL B
LTEHFRRDZODOEEEMBELHASHITEZ &, BEUSEKHETERT
REE I TE 2 HFNE N2 BMATH I E2H/EHEHE LTS, HERE1 7z —-X
THY, BEHLSEZHREIC T D OSRET 2D TS [14,15,16,17). ISR OR
BLBXIZA MFHBERIHE 2 72— X THED B LI D,
3.1. EEFEAY QB ETOISINEER N OESR
HEEEANVANACNOBE NVAIL - EvF - RS A-F

v = (m/€)(a./R)

BL, AU, v a4 N EYFR m, A1 INVERPOD/NEE o, ) Z/N
EBETBIERCES T, A NEO 7 - TEBEAZEH TEOHENBRIMEO ST
W, Lnd IO a I2KT 375 XY BABBKEO/NEE a, DI (a, /ac) BAE
BBHDT, HEKT T 7y MEREBRRETIEDICHAEFTH D, L UEBRZERS
ERIT, BERet s 75 X/NERORBE RN S RTERN TR, BELER
HMFEOBE T, THEHAY Y bR2DH 3, 1D, 1 IVZEHEEDOMHIRLICE - T,
FNETEENEBICRD T L (18], 1D 1 DIIEHEBILTH 2. BMEHAEE P, 1
TIXX BEEHREE BITELT,

P, = (g)2 <ov> E;~6.9x fB{MWm™

THEDZDT (T, = 10 ~ 20 keV) , MRBLIXEW g HEZHFETSH I LITAZD, He K
EEDHOEAXKTOT I X b EOBRENHET. MBBLICE> T, TXNF—HUA
HHREBENOERGHBKRITIESIEN,
3.2 FFHR®D 1 XE®RH/INSA-¥

A 3 0 4E TEH A 300 /5 kW @O FFHR T, %8491 X% R=20m, a,=2 m £ K&
EHIETHEFRAHZ 1L5MW/m?2 KTFFTnwa, RENTA—F & BHERED
i@iz3¥ 147 (A, B, C) HEELUT£1IZRY. LHD LXWZIEW B =5T OCT
i< 8> =45 %, TR)IE—HCADRKMEO LHD AR T2 RER 3.5 ZLEE
L, BiRD S OBslEEII N2 DLW, ZHICH U TLHD @ 3E0OKH By =12 T &
ET5ATIR<B>=07%, BHUADKEERIHEL15 THHIRKFHIEETE 2,

MHDZEHERITICE D, EZEREE#Z R=2m 15 b—F ASAIC 10em > 7 h T35
L2k o T, SRR D FFHR WERT 250 (0)~2 %, F39 < 8 >~0.7 hD%&HE
THRLT, ANz TOMHD REMNESND &, LMD, AU v TV X
T L BRITFHRED ML T MCEDHE S BBENESNTNS (19 1= ar
EEOBSMICEL T, B0 75 X E LIFROBMEEER S 5 U A ITDWTL-H,
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LHD FFHR-1
case A case B case C
Plasma parameters
number of pole : 2 2 3
toroidal pitch number : m 10 18
major radius : R (m) 39 20
av. plasma radius : <ap> (m) <0.65 2
fusion power : Py (GW) - 3
external heating power : P, (MW) <20 100
toroidal field on axis : Bg (T) 4 12 7 5
average beta: < § > (%) >5 0.7 22 45
enhancement factor of Ty yp 1.5 2.25 35
plasma density : ne(0) (m-3) 1x10%° 2x10%  1.9x10°  1.5x10%°
plasma temperature : T(0) (keV) > 10 22 24 29
effective ion charge : Z.¢r L5
alpha heating efficiency : 1o - 0.7
alpha density fraction : fy - 0.05
Engineering parameters

av. helical coil radius : <a.> (m) 0.975 3.33
pitch parameter : y.=m<a>/(2R) 1.25 I
coil modulation : o +0.1 0
coil to plasma clearance : A (m) 0.03 1.1 1.25 1.3
coil current : Iy (MA/coil) 7.8 66.6 389 27.8
coil current density : J (A/mm?) (53) 27
max. field on coils : Byax (T) 9.2) 16 11.5 10
stored energy with poloidal coils (GJ)  1.64 1290
neutron wall loading : P, (MW/m2) - 1.5
av. heat load on divertor: Py (MW/m2) < 10 1.6
blanket material - Flibe(40vol.%)+Be(40vol.%)

operation temperature - inlet 723K / outlet 823K

T breeding ratio (TBR) - 1.1
SC material NbTi NbsAl or

(NbTi)3Sn

Table 1. Design parameters of FFHR[14]
R (201, ¥ %y MCBL TR, ERAZEHEOFRERE 3 KT K 3 RIFZ
Bl L (21}, RO a4 NV OBRBEICK > TERBR I RN F—1TJ % 750G] £T
ERTESRMEL [22], ENEATND,
3.3 75 7y b+ BRREI AT ARE
FFHRTIR, BEREHICENTWAAME ) —XERAL, BCHHIRX THET
Sy b EEBELTNS, 71— (LiF-BeFy) 13,




L HD 2 6B &t~

(1) TEREPENOT
(&8 Li &0 8HLL LKW
) TEIMNMES TEN1 >
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Ty -\ D 1] — d 3
» ¥R —BEL M TE
5,
,//— density n(0) (x 1020 m3 T (BeFy & LiF D4R EH
4 — TRIVE—IEE -106.9 & -
/, ,/"-—_ ~G
L alpha ash fraction fa (x 10%) 125.2 keal/g-atom F) FHi
‘\‘_.l auxiliary heating power Pexy (x 100MW) To)féﬂi?’ﬁﬁ < s
b\ Y donsiyumitindioatorMp L, (3) REEMELWDT (
‘\\\;;};:'a:;___‘:_:__é{__,_jé______.____H__ 500 CTH~4 mPa) &R
o < ‘ THHEL AT LOHET
! n 19 m-3/
- baing o Sor x 10/0m %) x5
0 50 100 150 (4) BREHEENENWD
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Fig. 3: The temporal evolution of plasma parameters during MHDHEHEOME*E®T
the ignition access phase in FFHR([20] * WRVEME® FFHR 12
BET S,

EOEFEET 5. BEE (~1 cal/ccK) BKEFAETH D10, HOHH AT LD
HFETH5 (23],

M4iz7 7>y NRUBEHBREBRBRERT, 77 XARBIABREANV AN IAMNE
BEELOBIC 1 mOZEM2HEMRL, AN T SNIZKDABELEEIC L D THE, KR
FEF R ERE S8 2 B8(L U/ [24). Flibe FNIISE 1 B2 BHIEG, FEFHEEHO
Be R/ ZEi@ L T T HEFBRICA S, ik DH4 Tritium Breeding Ratio (TBRj
~ 1.2, Flibe TOMKBAERBRIIBMEHAIDO0%U LEZB/T NS, TERIZHDE
BEF DA Be R 7N OBKNBEWMENEEEZ>TWS, MCNPIZL3 3 KRTEHEE
BRE#D TN S [25].

Flibe Bz TOADRER, A EHtEEZ L T 40%BeF, T 450 C, H OB E KK
${t7 254 M ILF-1 (FegCr,W) DOMBHNTHEE S Y —7 (100dpa) ZEREL T 550
CTREELTWS, VAL (VCr,Ti) ,0DS BILW5r8GR(L) W34 T a ik
SIBATTWS (17, 26). $€o T, Bt 7 3GW I L THETZ Flibe HRIL 7 m3/s, A5
18 A T 50m EFTHULTNR— 5 hFAED THERIIE L ~IMPa TH %, R 7H)
HEIEREH 1O & ~0.8%T&H 5 [27), Flibe DFPHAIZII L —F — & mELH X HEH
EREFLTNS,
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Fig. 4: The blanket and shielding structure in FFHR, where LOFS ~ “+~ MU =R 1 glF
is the plasma surface with the scrape-off layer SOL, and JLF, &72% (28, 29]. —_HE
TBR, SC are Japan low-activation ferritics, tritium breeding &\ iENIL— &Iz
ratio, and superconducting, respectively[24] He H2 23 &1-

£oT, Bl T, BB LUERBEMEE 21T S, PHEFREHO Be 13, TF OBTR
J& (Be + 2TF — BeF; + Ty) Ik > T, EREAONH I b8 <, RV — TERT T
R HHE T D Steam Generator(SG) D T Hifh & % 10Ci/day A FIC T B EkEHRF %
EDTND, 19K, EERBBHRVGERTECRNE, BPROBVHe HXY— 2%
ENOBITHRRETH S [30]. MEHHE S X T A LHKEN S 257 AREHL. FbTS
AREER ST AN AT LEHEBLTHEY, SBOBELBRETH S, L AFA
REOPLRETHD PUFILMMERICONTIR., BERR EHBEHNTEOROD 4 D174
BL. V7N TEHERELHEDE Y Flibe AT ADF S EENTT ETEHT., £8H
BRI DA eHz BB L AE S h T 3 [29).

FF HR \ Maintenance hail -— 20 m

Y A A 77
- 70 m -

Fig. 5: Schematic illustration of the FFHR system layout[27)
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TENIZREY S Flibe MHE L5 LB HERIEICET 2 v MR, Flibe GETEIE
B —7ORERRE, EORBRELERS AT ALABRRDID OEBERMF %, LEPE
CE> THAEELORBALE (31 INSHROENE, BRMAAKRTOT -y R—2%
$FT BT &L, Flibe DEBBHEHBLER TSI LITH 5.

3.4 7524y MEEHMRURST ‘

TI by MEEMICIE, AT F A T7U—EEEE L, PHETFEEARE 1.5 MW/m?
EAESMAT=78, & dr 3 0 FF TORURIASEIIEE 1 BETH) 450dpa &72 0,500 TLL LD
BEEH TERESEO AN SED THMLUWEASZH L25. ERAMEIA 150dpa £T
EATERICZNE L 0 FHICERT 5. BENOBRIFLEHEL, SEOKREREL
TILF-12B1BEEL NFPULRSO0DSHM, 523 T al LT3, HER
HOMERENRBE TH S (17, 30].
BREYOKRERIL,IJLF-1 5% 800ton T D ,400ton D Flibe,200ton @ Be I$/HM AT
5, 7724y RO, 2 WVEEHRR—ETHHEERALT, D2 -
A=y FEEREVADA ) a— - J—AF—REZRELTWS, TOK, 7)) —xiZ
RO OEAD M) FOLENECBLTHZDTEYa—) - 22y MIZETE
W,

4.FLO

L NUANRP—FAEBIILAD E W-TX K& T, AR M AT IEO TS5 X< H
e BB ORNEMERE - B% 77 XA EEOT A2, Mo/ < EHEEK BRI
o=,

2. BT ART T2 a  EEHLCEATAN— RV ZYSPNSRI THEAYHILE
DSEOEREL REFORBETHIIMITI/RMEIBELEBAI2LDTH D,

3.AVANBERMEFOERAOREL, 75 XVHUAD OB EKE L1, B
NFEE L TOESEHEEDRERIIMEDOBRIFTH S,

4. T XIMBEREEERG - KK - TAIRYSA VNV EED TS5 b AFLBIY
PRSP EHCBI T 28R, PAT I RE BB LM TE B,

5 AU bO2 R D-T EEREF FFHR 28EH6 & U T, T ELHETEE LU
EHHIREA DR ERL .

6. BAFREHICENTWARME ) —XII HCHHARTHBE TS > 7y M A5
LAHETHD, SBOMRERVHEI NS,
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