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CONCEPTUALDESIGN STUDIES OF TM, WDULAR STELLARATOR REACTOR (NSR)*
.: ,,

Ronald L. Riller ●nd Robert A. Krakowskl
Los Alitmoo National Laboratory

Los ti880B, Nfl 87545

E!x!?2Q

A preliminary conceptual study hao been made of
the Nodular Stellaracor Raactor (NSR) ● c ●

nteady-mtate, ignited, UT-fueled, mesnetic fusion
reactor. me 34SR concept cmblnec the physics of
Clasaic ● tellara:or confinement with an Innovative,
modular-coil design. Para~tric tradeoff calculatlona
● rc deacrlbed, leading to the selection of ● n interim
deai8n point for a 4.8+t plant baeed on Alcator

tranaport ●callng ●nd ●n ●verage bta value of 0.04 in
●n 1 - 2 ●yatem with ● plaame wpect ratio of 11.

Introductio~

The ● tatuc snd hlatory of the ●tellarator ●pproach
to magnet.c confinement haa been reviewed ●lsewhere. 1-3
The term “mtellarator” la used generically to describe
thoa~ confinement devlcee ttut produce closed magnetic
surfaces by meana of extemaI conductors. Ideally, mo
●xial current need be supported by the plasma column,
●n i. required in ● toka~k, ●lthough, until recantly,
otellarator ●xperi9errta utilized such currentc for
Ohm!r heating. New underatandlng of ●tellarator/
tnraatron physics ●nd recent ●xperlwntal ●ucceaeem
have resulted in renewed lntereat in thla truly ●teady-
atate device tia a reactor.3 R4cognltion that the
hellcal collc can be ●ll~lttatad in favor of toroidal-

fleld (TF) colla that have been ●ubjected to ●

periodic, Aeteral dlatortlon hau given the ●teliarator
the promise of greater ●nd more realletlc system
modularity.e Such modular-toll conflsurstiona ●llw
● ore optimally orlwttod coil forces ●nd lover cull
str~aaoa for the ?todular Stellarator Reactor (tfSR).5
Flgurc 1 Iklwtratea the coil layout for ● typical
1-1, ● - 8 RSR configuration c~oa=d of N-24
●odular colla; N/m - 3 colla per field period reaulta
with ● lateral coil deforgatlon :haraccerl;ed by d/rc ●

0.3.

@alltatlve ●dvantage that in general hav~ been
invoked for the stellarator/torsatron reactor concept
fnclude:

●

●

●

●

●

$teady-state sennctlc field- ●nd the~nuclear
hurl].
operation ●t t~nltlon or with ● hf8h Q-value for
low recirculating powr.
Plneei~ startup on ●xlatlng megnctic ●urfar~o with
predictable parttcl~ ●nd •n~r~y confin~~n( ●t ●ll
Clwa.
Cvldence of op~rsticn WI thout 9ejor plame
dleruptions that could lead to SIIlnt~nse, local
●ner~v depoa!tlon on the flrat well or In the
blarket, ●hteld, or coil reSionm.
No ●uxiliary poaltlonlnl Jr fteld-ehaplng coils

●nd moderatc”pl~ama •spec~ ratio (~ 10),” b~th of
thlch ●aae malntonance ●ccese.

These ●dvanta~ec r.ewln to be quanttfled in the context
0. ● comprehenalv? study that ●elf-conolatan:ly
lncorporatea crucial phyoics leauea (e.B., ●callnc of
beta with ●spect ratio ●nd the required rotational
tranoform, 9agnetic ●hear, ●nd me~netlc-wsll depth),
●nstneerlng conetralnta (e.-., COI1 deetgn, ●treesao,

%rk- ‘p.r~R-{--inie~auaDicra of the U.S. IMrrartwnt
of t!ner~y.

Ic a

N/m”3COlLSFER FELtI pmOD

k’
/

1 0
---0 - -- — -- - v J8

I

a1-+--.—---—(I2J—9. b<
m

/

F“-- —% “---- -; ‘“
+- WaJm 4MIS

Fig. 1. Coil leyout for ● typical 1 - 2 HSR
configuration. In thla case, m - 8, d/rc -
0.3, N - 24, ●nd N/n - 3 coilm per field
period. The finite croaa-sectton Colla
include internal support ●tructure ●nd thermtl
lnaulatton.

●cceaalblllty, ●nd
power denalty, ●lae,

T?m PE%Rconcept

Maintenance), ●nd ●conomics (e.R. ,
●nd capital ●nd ●nergy coats).

~hymlca Basis. . . . ._-. _

la characterised bv ● point plaam
mod@I rhat datermltrea the celf-connlst-nt parameters of
● n fplted, steady-state, M therwnuclear burn. m?
radt,ll trantiport 1008 la ●xpreaaed convent+ntly in
tom of the Lawson parawter, <n@>lE(a/m4), where
<ne>(m-’) la the ●vera~o ●lectron denatty. me <ne>!K
parawtor for lKnfted •yet~~ se ● function of che
●v*ra8e plaama temerat!,re, <T>, ●xhtblts ● broad
mlnlawm ● t $- 2(10) o ●/m’ near <T> - 20 keJ. MM
operation ia characterised para~trlcaIly by ●nlving
the Ignltlon condttion ●nd preamure halanr* ●quatton
subject to reactor deaigtr Boale ●nd cona~rvattvt
●ngfneerihs conetrainta.

~a-n~ort Sca~—---

Eadicl tranapo.t (lE * r2/fJ) of enargv In .
inonamle~trlc ●tellarator/trrr ●tron plaama is ●odeled

presently uoin~ almplifiod, ●mpirical, or thenretlcal
models in order that ●onaitlve variables ●nd tradaoffa
can be ●are directly identified,

(eupirical) trmtaport. ●calln~ ueed5 la~cfa,~!~e\~~
●ore peaeimietlc than the ●cailn~ ueed typically for



I tokamks. Regardleoo of the detalla of the particular
scaling relationship used, this survey ●uggeata that
the transport in a ●tellarator/toraatron reactor will
have to be ●t leaat as good ●a that predicted by thla
A2cator ●caling If the reactor la to be competitive. A
more detailed elaboration of tranaport scaling
relatlonehlps is presented in Ref. 5. The laaue of
transport la central to ● ●election of s credible HSR
decign point.

Plaama Beta Scaling

It la widely recognized that the primary
difficulty of the ●tellarator/toraatron ●s ● reactor
MY be the relatively low ●trainable valueo of beta.
Equilibrium ●nd stability conaiderationa impose upper
limite on beta ●nd thereby constrain the reactor to

limited regimes of plaama ●opect ratio, A - ~/r . In
Raddition, the beta limit- are coupled to the meg ●tica

performance, both through the rotational tranafow, ●,
●nd the shear, dt/dr, produced by the vacuum-magnetlc-
field topology; both follow directly from the coil

configuration. For the purpoaea of this ●tudy, a
●mplified ●quilibrium/stability relationship between
<6>, m, A, 1, and + ia enforce,l in order to aaintaln ●

direct coupling between plasma porformence (i.e., <B>)
●nd reactor feasibility (i.e., coil-se: configuration
needed to generate the T required to ●chieve ● given
<6>). It la recognized,s however, that should
dlfficultlea be ●ncountered in ●chieving “acceptable”
rotational transforms for ● given coil configuration

(i.e., dlrc, t, m, N, ●tc.), theoe lmpoaed <8> versus
m, L, mnd A conotralnta must be re-examined.

——

Ae described in Ref. 5, however, these limits ●re
bated cormervatlvely on the assumption that
d~ffuoion-drivan currants ●atabliah both equilibrium
(i.e., Pfirsch-Schliiter ●hlft) ●nd ●tabllity (i.e.,
Kruak#l-Shafranov wodea ) conatralnts. ongoing
thoor~tfcal effort3 la ●lm?d ●t providing more raliable
beta-acallng rclatlonshlpa. It ia ●mphasized that
maximum beta val,Je for ●tellarator/toreatronn is
intimately aacoclated with coil configuration ●nd
●agnet dezign (i.e., A, d/rc, coil interference,
current density, force., ●tc.). For this reaaon, an

●pproximate but ●nalytically self-corraietent ●odel wan
uoed to relate <6> to such parameters aa 1, ●, dlrcp
and A, rather than to dictate ● vnlua of beta, in order
to proc~rve thla close coupling between plsema
performance, coil design, ●nd reactor deaiRn.

Selectlon of Scellarator~aico Pa7awtara

lmplementatton of ●qufltbriw/ntablllty con-
.trafnts allowz ● narrowing of ●rtentlon tot-2
eyatems v!th ❑ - 6 or 8. ‘Iheae parametara tend to
mexlmft~ <6> on the baals of t h- ●implifiod
ccaFlllty/aqutlbrium theory doecrlbed ●oova.5 ltte
●ttalrtab:e value of <6> ● 0.04 ●t A - 11 1. ●nticlpat-d
to be Mrginally ●cceptable from the resctor viowpolnt.

The naxt conaldaratlon In oeloctlnt ●n Wit deolgn
point Ie the ~osltfoninR of the mexlmum ●eparatrix

radius, ra, ralatlva to the CO1l radlua, rc. If re ia
near the fir-t-wall radium, rw, the ovaral 1
configuration 1. compattbl~ with the ma8netlc-diverter
impurity control Umwally ●aaoclated with t ho
●tollnratOr/toreat ron. Nwever, if ra ● r ,, t~teplaama
radlue, rp, must ●till be co,latralnod by rv such that
not all of the fiv~llabl~ cloned m~naric ●urfacee ●rc
occupied by plaama. Thfo implica a limlter near tho
flret wall tc provide plaame-boundary control.
Collateral benefite includ~ ● lowor rotational
tranoforu re+ufrod for ● given beta ●nd hither volume
utillaatton withjn thr firet-mli rodluo. In ●ddltton,
1! !. . rc, low-r valuea nf cr,ll diatortlon, d/rc, ● rc

required to achfeve ● desired value of rotational
tranaform. Lowar valuea of coil dlstortton are more

likely to ●void neighboring coil interference for a
given reactor ●apect ratio and number of modular coils,
N. Numerical megnetics calculation of flux surfaces
●nd rotational tranaform profiles indicate that N/m - 3
colla per field period may be ●dequate, 5 leading to N =
18 modular colla in ●n m - 6 ●yatem.

The quantity, <B>l/2Bo, required for ignition la a
weak function of <T> for Alcator :ransport ●cnling.
Therefore, ● higher allowed value for the ou-axis
magnetic fiald, Bo, can compensate L lower value of <B>
to give equivalent overall reactor performance. An USR

with higher aapect ratio than allowed in ●n otherviae
comparable tokamak reactor, therefore, can tolerate and
remain competitive with higher valuea of B. ●nd
correspondingly lwer valuea of <6>, for a commonly
lmpoaed limit on maximum magnetic field strength,
BC(T), on the Inboard ●ide of the TF COIIS. “ , WR
design point la not selected to mlnlmlze the re. lired
Lewaon parameter, rather, the related parameter
grouping, <6>B2r . The ir.terln MSR denign point at
<T> - 8 ktV fap near the minimum of this latter
parameter.

Reactor Dealgn point

F.gure 2 depicte curves of the on-axl a magnet f c
field, Bo, required for ignited 14SR operation aa a
function of <T> for the indicated conditions and a
range of neutron firet-wall loadings, \, and total
thermal power output , PTH. Aa ~ incceaaea, the
required value of B. ●lao increaaea, the plaoma radius,
r , decreaaea, ●nd B. muot

8
increaae to restore the

c nfinement time required for ignition. If B. ia
conatralned below ● maximum value determined by magnet
technology, ~ may be limited to ● relativ~ly low
value. Mao, higher valuea of B require larger coil
c rosa ●ectlona when the CO1? current density, j
(MA/m2), la fixed, ●nd more highly dlatorted coils ● re
more likely to interfera with neighboring coils in a
flxmd-aapect-ratio device. Larger pour r ●yatems
raqulrc larger volumes of reacting plaama (j.a., larger
valuma of rp) ●nd, bccauae the Iawson parameter for
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ignition IS proportional to ~4r2

temperature and beta, lower valueu o~ B: •ref~~qui~~?d

Imposition of a fixed upper limit on Bo, as
dictated by magnet technology, and an upper limit on
<6>, from ●quilibrium ●nd atnbility coneiderationa,
therefore, constrains the MSR to operate ●bove nominal
minimum threeholda in total thermal output and
corresponding physical size. At the same time it la
difficult to increase ~ without resulting in
excessively large valuea of B. in thin low-beta device.

The reeulta of parametric modeling have been uaeds
to examine the FfSR parameter space qdantitativaly and
to ●r!amfne tradeoffs among the several key parameters.
In this section attention ia narrowed to the
identification of an interim MSR design point that
serves as the baaia for review, ●valuation, and ● more
detatled engineering design. The FiSR demign point
ouggeated on Table I has ● physical size that 4.
sufficient to ●atiafy the coil-interference conotrai.
whi le not producing an ●xcesalvely large power output.

TAf!LE I
WSR DESIGN PARAMETERS

Stellarator Parameters—..—...—
Poloidal field ueriods. 1
Toroidal field ~eriods: m

Rotational trarrafonn, t
Average plasma radius, rp(m)

Major radiua, ~(m)

“asm a“pect ‘atio’ A - ‘T’rl’ )Average ●epsratrix radius, ra m

Plaama Parameters—. ——
Radial prceaure profile index, v
Average temperature, <T>(keV)
Average density, <n,>(1020/n3)
Average beta, <6>
Energv confinement time, T (o)
~~;:~ap~:~;;:, f~;f:lE~l~~~a/m3)

Plasma power denoity, ~F(kt/m3)
Alpha-particle loaa fraction, l-f
Alphs-partlcl? partial preooure, la/P
Scrape-off parameter, x = rp/rw
Effactiva charge, Z@ff(na/ni - 0.056)

~~net Parameter
Number of coilao N(m - 6, i - 2)
Coils per field period, N/m

Average coil radiuo, rc(m)
COll ●apact ratio, RT/rc
Coil current, IC(MA)
Coil current denafty, jc(NA/m2)
Coil lateral dlntortion, d/r.
Coil thi,.knoao ●nd width, ~etm)
Pe,sk field ●t conductor, B (T)
On-axia magnetic fl~ld, Bot T)
Coil volum~/maam (mJ/tonne)
Stor@d ~gnotfc ●norgy, C#GJ)

Reactor Param~tarn—.—.------ .. . . . . .—m
First-wall radfua, r (m)
Plama vulume, , (m3y

!Neutron flrat-wa 1 loadfnt, ~(
Syatom powet denoity, p@(ffUt/m
Blank@t/ah!eld thfckrreas, Ab(m
Blank@t •n~rsy wult!pliration,
Total thcrmel power, P (f3ft)

r’Thermal convoraion ●ff clonry,
Recirculating power fract!on,
Net ●lectric p,wer, PF(We)

NU/m2)

)

%

%}1

2
6

0.66
2.11

23.24

11.0

4.48 (

3

8.o

1.50
O.ufb
2.5
3.7
6.0
2.34
0.12
G.25
3.71
1.1

18
3
5.40
4.3P

44.2
!2.9
0.4
1.85

-1 I
6.0

13u,/3?5.
-200

2.98
:.)50.

1.3
0.26
1.$

1.1

/..8
0.3!I
o.nn

I.1’l

rc )

The NSR daaign point proposed here on the baaia of
ganerally conaervacive aaaumptiona repraaenta a
potentially ●ttractive ryatem of moderate size and

favorable performance.

h atstad pleviouoly, ● major goal of thin scoping
study wan to ralate the reaulta of *imple plaama ●nd
magnetica calculation to the engineering raquirementa
of the modular coils. The dominant ● ean force
component (- 90 NN) la iirected radially outward and
can be supported externally. The lateral force
component (- 60MN) acta to increaae the lateral

deformation of the modular COI1. The corleapondlng

mean ●trees la astimated ●nalytically to be - 240 KPa
(- 36kpai). Consequently, the ●odcla=-coil ●y-tern
p.opoaad for thin interim daalgn poit, ●ppeare to

●atirnfy baaic mechanical and ●treaa d ~n critarla
while mxating ●pproximate conatralnt. . modularity,
acceaelbility, maintainability, and m ,facturability
Cor a coil ●et that can be amsembled and operatad at a

naervative overall coil current density (- i3 NA/m2).

The 3fSR deaigu point aaaumaa r,taady-state, ignited
operation. Except for startup power requircmenta,
therefora, an ignited burn implies operation with 10W

recirculating power bayond that required for ●uxiliary
potwr uaea. S dy-state oparation without plaama
diaruptiona can be expectad to minimize thermal cyclic
fatigue of raactor coaponenta. 14udularity of the coil
aat ●llrwo exe-reactor teatlng of components to improve
reliability ●nd to ● aaure more rapid change-out in the
● vent of coil failure.

Pigure 3 illuatratea ● schematic layout of the FtSR
modula. The coils are supported ●gainat the net
centering forcaa by leaning ●gainot ● solid central
cora. Glmballod uupports ●t the top ●nd bottom of the
coil ● re indicated. Modularity for the MSR may imply
the ●bility to remove and to ranlaca ●fficierrr.ly a
●in~la coil (mea ■ 325 tonnes ) with minimal
diaturbanca to the neighboring coils. An ●dditional
desirable faature in pr~moling high plant ●vailablllcy
would be the ●bility to raplace blanket ●nd ●hleld
modulaa Wi thout moving the coils. In the worst caae
the unit modula would conaiot of a single modular COI1
with the blanket and shield modulao situated within;
the total maac of the integrated ●odule would be
- 1900 tonnrna. R4moval of ●odulaa would ent~ll
decoupling of thu support ●tructur- at the gimbal
mounts folluwed by ● radislly outward translation.
Although not yet Invwatigaced in detail, acceaa for

vacuum, fualing, ●lectrical lead,, and coolant pipes in
this wdarata-a~pect-:atlo device ●ppeara
●traightfotward ●nd floxlble. On@ option would be to
concentrate all ● cceea requtlementa into wedge-shaped
●ubmodulaa (FIc. 3) that u..u’4 serve ● o interface.
bctwean right-circular-cylindr lc coil, bianket, and
●hiaid moduleo. The wedga-ahapad ragton could ltaelf
ba conaiaared ● ●oveable module or could be fixed to ● n
●djacant coil/blanket ●nd shield ■odule. The we4gr-
●hepad r-gion would cnntain the pumpad-llm!te!
Impurity-control mechaniam ● nd ●ll healing
fueling/vacuum/coolant panctt itionc ●nd ● xt~rnfi
~on.,actiena.

Arr ●lactric Sen@ratiny, plant with ● total th?rmn
power output, Pm - 4.8 at, will produc- a Kroal
●lectric POW*r OUtDUt , P~~ - 1.68 We, for a nomina.
tharmal conversion ●fficien;~, %“ - 0.35. A fraction.

,“

II‘A(J , of the ~ro~s ●l~ctric pover must be recirculated
wit lr. th~ plant to drive ●uxfliary ●yotams such ● m
Co!l refrigeration, vacuum ●yatcma, and cnolant pumpo.
Art ●llowance Of fAU)( - ~;~~e:Or these pUrpOaeS in ● n
ign!totf N.Sit ●yata9a a net power output of
Pc ● 1.53 Gala. No untqu~ raqwiremerrtn for the balance
of pIar.t (BOP) ● re ●nticipated, ●lthough, agalno
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FIR. 3. Prellmfnary reactor layout baeed on the
fnterlm FtSR design point for uae in examining
~oll ●upport ecruccure and interco!l forran.
Elevation ●nd equatorial-plsne viewm of ●

sector of the reactor ● re ●hOwn.

detailed conceptual denlgn of key HSR ●yotema romalns
to be p~rforcied.

preljmfnary economjc ●nalyols of the HSR deai~n
po!nt indfcalea a direct investment coot of 1790 $/kWe
In 1980 dollars. A~auming ● nomfnal conatructlon time
of 10 yaars, the total investment coot tWCOMSfi 2!90
$tkble in con-tant dollars ●nd 3550 $/kUe in then-

current dollara. The corraspondtng ●terSy coot. ● re 55
mllla/kWeh rnd 89 m!lle/kWeh, rasp~ctlvely, ●ooumfng s
plant ●vai lability of 76%.

Summary and Conclu~iona-—- . . . . . —...__ . ,_

Thjs survey ●tudy of th~ HSR iB ths firot phasa of
● n aagemament that quanttfiao paraketricmlly the
reactor Potellttal for toto innov~tlvc coil ccncept
wha re ●pproprfat~ p~rformsnc~ OOS1O ●nd conotralnte
have been impoeed. On the baelm of generally
conearvat~ VQ aaeumptlonmo the i.iterlm daelgn point
appears to be competlr lve with other #ppromchea to
mannotlc fuclon. The following Mjor conclumlono sra
drawn from thic ●tudy.

● f4arBlnalIy ●ttractive values of ●vera~e beta, ● m
●llowed by ●ppr,>xtmate ●nd self-conolotently
applied ●quflibrluw and ●tmbflfty
k..

llmlts, ● re ●

14m4*4n,. $...,... an MCR W.-. fn..-n.. m.

stability and ●quilibrium beta limite used In this
study ● re baeed on m eimpllfled theory of
diffusion-driven (torofdal) currents and may
repreoent conservatively low bounds on beta.

● Application of other conservative assumptions and
constraints relate~ to alpha-particle effects and
coil current density still ●llowe the
identification of potentially ●ttractive USR
design points with moderate power output (pTH f 5
W), while eelf-conaiotently meeting key
●tellarator phyaica conetrainte in modular
engineering configurations with maintenertce and
reliability advantage.

. Preliminary magnetics ●nd coil-atraas+ computation
indicate HSR ●yatama can be constructed with
rnnageable structural requiramenta and
●ccessibility. This coil design, used as an
engineering model for thie study, however, falls
●bort by ● factor of - 2 in producing the

tranaform predicted to be neceaeary on the basis
of ●iaplifiad theories of equi:ibriumfstabiltty
beta limits. Approaches to resolve this Iscue are
discuaaed in Ref. 5.

. A pumped-limiter impurity-control scheme may

Improva MSR pmrforrzance over r.hat with ● magnetic
divertor that 10 traditior.ally ●ssociated with the
●tallarator/torsatron configuration. A detailed
tradeoff study of the feasibility ●nd problems of
leading open field lines to ● divertor plate
veraua the ●dvantage of higher pla~m filling
fraction ●nd uncertainties ●ssociated with the
pumped-~,imiter approach remalna to be performed.

● The BfSR ●urvey study is based on the ●pplicability
of Alcator (ampirical) transport scaling, which
was ●hewn to give ●n ●nergy confinement time that
is ● factor of - 60 graeter than Bohm-like
tranaport, ● factor of - 2 greater than neo-
claaclcal-plateau ocaling, dnd ● factor of - 10
less than classical transport. The level of

enargy lose predicted by Alrator scaling is v’,etied
●a ● n upper bound for PfSR ●yitem vlablllty.
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