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ELMO BUMPY 1DRUS FUSION-REACTOR DESIGN STUDY.

Rotert A. Kralowski and Dale DeFreece.'

— DITLLAIMER

Los Alamos Naticunal Laboratory
Los Alamos. NM 87545

Summagx

A complete nower plant design of a 1200-MWe ELMO
Bumpy Torus PReactor (EBTR) is described. Those
features that are unique to the EBT confinement concept
are emphasized, with subaystems and balance-of-plant
items that are generic to magnetic fusion being adopted
from past, muore extensive tokamak recctor designs.
This overview pap~r stresses the design phfiosophy and
assumptions that led to an economic, 35-m major-radius
design that at 1.4 MW/m? wall 1loading generates 4000
MWt with & 152 recirculating power fraction.

Introduction and Background

The ELMO Bumpy Torus (EBT) concept! 1s a toroidal
array of simple magnetic mirrors. An rf-generated,
low~density, energetic elec:-on ring at each position
between mirror coils (1ee., midplane locatton)
stabilizes the bulk, toroidal plasma against well-known
instabilities associated with eimple wmirror confine-
ment., The EBT reactor wae first examined over four
years ngo.2 Revicions of this first design have been
made during the intervening years.”b The utilization
of advanced fusion fuels in a bumpy-torus reactor has
also been considered.’ Interim results from the study
reported here have been reported olaevhere.a and the
detailed account of this study is giver in Ref. 9.

The presence of a high~beta electron ring at each
midplane posftion {8 crucial to the MHD setability of
the bumpy torus. A local region of msiniaum average
field 18 creaied by the rings, giving an MHD-favorable
decrease {n the quantity 6 dt’B with increasing radfus,
Although this region of minfmum-average field does not
exteud to the centerline of the toroida. nlassma, 1t can
be argued that a region of stable bulk plasma extends
to the wmagnetfc axis.<' %1l The atubility of the
high-beta toroidal plasma has been inferred!’ to be
limited by & value of the bulk-plasms beta that
approxfmately equals the electron-ring beta. Although
these stability-related heta limits are based upon the
assumption of rigid riugs and are gensitive to the
arsumed pressure profiles, these results serve as the
primary stability constraint lgpllod to this EBTR
study. A more recent computationl!? however, has ratsed
some quentions with respect to this simple etability
criterfon, although the quantitative implications of
this recent theory on the reactor performance could not
be made within the time achedule of the present study.

The diffunive loss
the nonaxisymaoetric

of particles and energy from
bumpy~torus configuration in
deterained by neoclassical processes in which the
fundamental diffuative step slze is fr.fluenced
significantly by the magnitude and dire-tion of
guiding-center particle orbits in a torolidal geowetry
fn  the presence of both local wmagnetic field gradients
and radial (ambipolar) electric fields. The
neoclass.cal expraasion for the confinement tiwe
reflecta a favorshle scaling for the Lawson parameter,
nt , that {ncreases with temperature, T, to the 3/2
pober and with the square of the magnetic aspect ratfo,
Rp/R. The neoclasnical transpart scaling 1s examined
in more detall in Ref, 9,13-18, and 11es at the heart
of thia FEBTR studv.
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As for all conceptﬁll fusion reactor desigrs, the
deternination of an operating point requires the unique

combination of applied plasma physics (particle/energy
transport, stabilicy, equilibrium) and plasma
engineering (burn simulation and control, fusion yleld
and first-wall encrgy fluxes, fueiling, igpurity
control). In order to wmeet these requirements

simultaneously, the determination of an EBTR design
point has coupled burn, transport, magnetics, electron-
ring, and blanket/shield wodels that represent a
simplification of a non-axisymmetric three-diumensional
geometry. The 1terstion and optimization hetween
physica and engineering ocourred with the concurrent

numerical evaluation of models describing the
mechanical/stress response of the mwmagnets, the
perforaance of the impurity control schemwe, and the
thermal-msechanical Tesdponse of the blanket,

Simultaneously, key physics and engineering constrajnts
were w~nitored in conjuction with those aspects of

plant layout that might interfere with the goals of
system access and wmaintaincbility. Lastly, a fully
parametric systeme code was developed and used 1in

parallel to this fverative scheme in order to estimate
and optimize total system cost and cost-of-electricity
(COE)., This process continued until a2 relatively self-
consistent design point emerged, with a4 jor
uncertainties being quantified and documented vherever
possible.’ The major physice assumptions adopted by
this study are summarized below.

® Neoclaseical transport modeled in zero-dimensions
(Kovrizhnykh electrons, platcsu fowk, and assuaed
density end temperature gradient scale lengths).

® Vacuum magnetic field model in toroidal geometry
to describe the toroidal rield and ARE coflls;
averaging used to reduce to zero-dimensional

transport paramseters.

® Claseical theory
electron-ring loeses.

® Firet-harmonic electron-ring heating.

® Stabflity limit given by average plasmr Leta of
< 0.27 (midplane beta ¢ 0.45), as predicted by
stability theories based on non-deformable rings.

® Steady-state plasma operation (alpha patrticles are
therwalized classically and transpoyvted
neoclassically) after & siamulation of plasma
atartup.

® Use of circular and
configurations.

describer relativistic

of f~aet ARE-cotl

The fallowing eungineering-design
adopted,

ground rules were

10th commercisl plant, 1200 MWe.

Steady~-state operation (77X plant factur).
Pressurized-water-cooled, molid-breeder blanket.
Pumped limiter for impurity control.
Life-of -plant euperconducting coills.

ARF coils used to minimize physical sigze of
plant.

RF bulk haating for startup and electron rings.
Fully remote maintenance,
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Reactor Design

The recent completion of a similar but more
extensive conceptual design of a commercial tokamak
power plantzo by a majority of the EBTR design
participants was of great benefit to this study. This
overlap allowed the utilization of applicable
experience and analysis for similar systems while
maximizing the design effort on systems that are unique
to EBTR. This combination of design resources also
allowed quantitatively meaningful comparisons to be
made between the EBTR design and the more extensive
STARFIRE design.20 Most of the buildings envisaged for
both concepts are identical in function and form,
except for the reactor and electrical equipment
buildings. The site requirements and boundaries for
all commercial wmagnetic fusion power applications are
congidered to be identical. The turbine plant,
electrical plant, and miscellaneous plant equipment for
EBTR are identical to that selected for the STARFIRE
fusion power plant. The tritium fuel handling and
storage system developed for the STARFIRE design 1is
also applied to the EBTR concept.

Design Overview
One of the major advantages of the EBT reactor {s

the high aspect ratio, which allows easier reactor
maintenance gchees. The effective utilization of the

access area around the torus is a major Jdesign goal.
The torus elementa are wedge-shaped, requiring the
blanket and/or shield to be removed radially outward.

In order to provide outboard accessibility for
maintenance and assembly, the structure needed to
restrain induced magnetic loads 1s incorporated largely
on the inboard side of the reactor.

Another key design premise is the minimization of
the vacuum volume. A realistic design that allows a
vacuum boundary at the first wall could not be
fdentified, because of radiation damage to a welded
joint or vacuum se:l located wt¢ or near the firet wall
and the inaccessibility of the vacvum seal for
naintenance. The ume of the reactor cortainment room
as « vacuum vessel has the disadvantage of large vacuum
environment and pumping requirements, extensive surface
areas for tritium entrapment, and che difffculiies of
operating support equipment under vacuum conditions
Elimination of these options plares the vacuum boundary
within the blanket and shield region.

To maximize the eystem credibility and to wutilize

effactively the relatfvely small desfgn effort
sllocated to this wetuiy, & conventional PWR heat
transfer and transpo't system is utilized. Specific
design details were rodifted relative to the eafmilcr

STARFIRE tokeamak Jeaign?® I, order to accommodate the

unfque aspects of the EATR  approach (e.8.,
fucorporation of the pumped-limiter/feed-water heating
scheme) .

Reactor Deaign Point

coretrajinta
were used to

'e wmodonle
deveioped fn the

and phyetca/technology
course of this study,’

evamine s range of reactor operating points that
promias economic power near 1200 MWe’ 10i)., Table 1
sumnarizen the specific design that has emerged from
this study. A cost comparison with the STARFIRF
denign?V 14 given in Ref., 9, Although conaiderably
sore effort was devoted to the latter atudy, the fact
that the coating date bane and coating/design
procedures are efaflar makes such a coaparison
meaningful. Although this EBTK denign operatea with

lowar
than

plasma,

firat-wall, and blanket power densitiens
STARFIRE

(4.1 MWL /m ', 1.4 iVt /m”, and

3.33 MWe/md, reapectively fcr EBTR versus 4.50 MWt/m3,
3.6 HHt/-z, and 6.46 MWt /m3 ‘or STARFIRE), the system

power densities are ccmparable (0.50/0.24 MWe/uw3
without/with ARE-coil v)ylume for EBTR versus
0.30 MWt/m3 for STARFIRE), be:ause the total thermal

power and the volume eaclosed by the coils are
romnarable for EBTR and STARFIRE (4028 MWt and
7978/16441 m3 withour/wits ARE coils for EBTR and 4033
MWt and 13443 @3 for STARFIRE, respectively).
Consequently, the total direct costs, the unit capital
costs, and the cost-cf-electricity are similar (2108
M$, 2366 $/kWe, and 38.9 mills/kWeh for EBTR versus
1726 M$, 2000 $/kWeh #nd 35.1 mills/kWeh for STARFIRE,
respectively).,

Reactor and Balance- f-Plant Layout

The EBTR powver plant contains all the necassary
elements of a central generating facility: reactor,
turbine plant, electric plant, control and
administration areas, maintenance services,
heat-rejection systems, and supporting wutilities. A
nominal 1000-acre tract was selected for the plant that
provides adequate epace for additional generating
units. The Reactor Building 1s centrally located
within the plant site. The turbine, Hot Cell,
cryogenice, and fuel handling equipment are located
close to the Reactor Building i1in order to minimize
piping lengtha. Wet, natural-draft cooling towers are
used. The site is located neer a river tc provide both
adequate wmakeup water and the means to suip the large,
heavy components to the site during constructjon.

Early EBTR concept82 were considered to be large-
aspect-ratio devices, with a major radius of 60 m or

wore. For a device of that radiue, the Reactor
Building dominates the efte plan and the plant
economice., In this etudy, a concerted effort 4is made

to reduce the size of the reactor in order to enhance
the economice while preserving the attractive
maintenance features of a high-aspect-ratio machine.
This design explicitly incorporates ARE coils to reduce
the major radiuw by a factor of ~ 2 while maintaining
the same magnetic asrect ratio and acceptable plasma
transport.

Each of 36 reactur sectors is comprised of two
different modules: & midplane blanket/ghield module,
located betwaen the toroidal-field (TF) coila, and a
coil-plane blanket/shield module. All 72 modules are
physically and thermohydraulically jeolated from each
other except for a welded, intersector vacuum seal

located outside the shield. By dizconnecting coolant
lines, vacuum lines, and rf-heating wavaguides, the
midplane wmodule can be wiihdrawn radially outward.

After the midplane module is removea, the cofl-plane
sodule can be withdrawr toroidslly from the TF/ARE-coil
assenbdly followeu by a radia]l translation outward.
Thir design approscl. allows each 726-tonne TF/ARE-coil
assambly, which requires precise alignwent, to remain
fixed while blanket/shield replacement is accomplished.

A factor of two aspect-ratio enhancewent dictaten

a high ARK~coil current and, hence, large coill cross
section and stored energy (131 GJ). To minimize the
support structure connecting the ARE and TF coils and
to eliwinate the transition between cold and wara
structure, the set of one TF and two ARE colles s
enclosed in a single cryogenic vesmel with
interconnecting cryogeiic support structure. Although

this approach creutes
reduces the {interconnecting
alignment and

a large and heavy coil set, it
and wmounting etructure,
installation problean, cryogenic
requivementn, and wmanufacturing and quality=-control
needs. The cofl casing alav supports and aligns the
cotl-plane blanket/shield wodule. The two APE and one



TABLE 1
EBTR MAJOR DESIGN PARAMETERS

Net electrical power (MW)

Gross electrical power (MW)

Total thermal power (MW)

Gross power-conversion efficiency (X)
Overall plant availability {X)

Major radius {m)

Plasma radius (average) (m)

Plasma volume (m?)

Number of sectore

Maximum field at magnet (T)

Field on axis (coil -plane/midplane, T)
Average toroidal beta

Midplane beta

Mirror ratio

Average DT fon density (10¢0/m?)
Average DT jon temperature (keV)
Plasma burn mode

Plasma heating method (startup)

Ring heating method

Ring heating power absorbed (MW)
Plasma impurity control method
First-wall/blanket structural materials
Neutron wall loading (MW/m?)

Tritium breeding med um

Prigary coolant

Thermal conversion method

TF cofls within each coll set are conne-ted
electrically in series to reduce the out-of-plane loads
that would occur if one of the cofls should fail.

The blanket/whiel( design approach results from
constraints imposed by maintainability as well as those
imposed by physice constraints. In order to achieve
acceptable transport irn » relativ/ly emall torus witn
ARE-coil currents that are nut ex:« ssfve relative to
the TF-coil current (f.e., iI\gp/ipp! € 0+25), 1t s
desirable to locate the TF coils as c{oce to the plasma
as ie possible. Hence, the thinner fnboard coil-plane
blanket/shield design emphasizes the shielding
function, with that portion of the blanket having a
tritium braeding ratfo below unity. A net
tritium-breeding rat‘o greater than wualty ({.e.,
T « 1.06) 18 achfevad by enhancing tritjum production
ifn *Yie outboard cofl=-plane and midplane blanket/mhield
regions. This 1-sults in & blanket/shield design that
conafete of offse. . ,iinders and wedge-shaped seztions
in the cofl plane and concentric cyliaders in the
midplane.

A pumped-limiter fapurity-control system instead
of n magnetic divertor sae selected to avoid possibly
detrisental perturbations of the wmagnetic topology.
Several configuratfons and locatiors of pumpsd limiters
vere assessed. The sr ected configuration utilizes two
poloidal limiters for each sector fn confunction with
vacuus slots located at the Junction between the
coll-plane &ud wmidplene =wodules. lapurities and
neutralized DT atome are pumped through these poloidal
limiter nlots frto an anrular plenum forwed Letwveen the
hlanket and ehield awoemblies. The vacuam cryopumpe
are attached directly to the shiald, thereby providing
an  acceptable pumping path  with hi gh vacuum
conductance.

The firat-wall/hlanket configuration and wmaterial
cholcea are based on & PWR conlant and heat -tranaport
systen. The atructura) material is Primary Candidate
Alloy Statntsas Steel (PCASS). The neuttvon-wultiriter
is wetallic beiv'ltum, and the solid breeder ie natural
LiAlOi. On thr basle of thede conffgurational and
saterial cheices, the blanket han a theoreticatl

1214

1430

4028
35.5

3F

-\

9.7
5.03/2.25
0.17
0.46
2,24
0.95
27.9
Ccntinuous/ignited
Lower hyurid (rf, 0,5~1.4 GHz)
ECRH, (rf, 50 GHz)
42
Vacuum~pumped limiter
Advanced austeniiic stainless steel
1.4
natural u—LiLlOz
Pressurized water
Steam

breeding ratio of 1.06 and an energy multiplication ot
1.5. The shielding configuration under the TF coils .n
the fnboard region is most critical because of the need
to minfmjze transport losses by locating the coils as
close as posrible to the plascwa surface; & compact but
effective shield 1s used 1n thivc region. This design
goal 18 accomplished by wusiny a emall amount of
tungsten/lead mixture as a local vhielding material in
the inboard coil region. The shield elsewhere i3
#tainless wsteel, TiHZ, TiB,, and watuer, Local
shielding regions are provided tn assure minimal
neutron penetration through joints and ducts.

The EBTR plasma 1s proposed to be driven to
ignition by lower~hybrid heating (LHH) with a variable
(tunable) frequency of 0.55~1.40 GHz; the LHH 18
applied eymmetrically in four sectore arcund the torus.
After 1gnition the plasma is assumed not to require
bulk heating. The electron rings rrquire cuontinuous
energy input sustenance against radfaticn wnd
collisional-d: loeses. This power {s supplied by

ECRH at a froquincy of 50 GHz (first harmonic) in each
of the 36 sectors. Gyrotrons and crossed-fjeld
amplifiers a. e located directly inboard of the reactor

to assure winjmal losses in the rewmpective

waveguiden,

power

A three-dimensional cvtaway drawing of the reactor
buf lding ard the key reactor and support subsyste.s 1is
shown in ¥ig. i, Sections of the reactor are shown
both during construction and {in a coapleted state.
This cutaway view jllustrates the clomse fitting of the
reactor to the reactor building inner wall in order to
reduce buiflding costs and reactor structural supports,
The resctor asupport structure, including the pedestal
thet supporte the midplane module, cof)] support arms,
and ruil giambal supports, are shown both prior to and
following fnatallation of the coil weete and wodules.
The more wsassive arms support the coll sets, while
tens‘on struts support the midplane modules, One cotl

set and cotl-plane blanket/shield module sre shown in
section In order to .llustrate the hlanket/shield
clnanly surrvunded by the TF cotll. The cryogenic

tntercodl structure consister of l-beaws and trusses and
can he wseen (n the sectioned view of the coil weet,
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Fig. 1.
although the ARF coil 18 largely hidden from view,.
Posjtioned between the elevated (l.7-m) concrete
suppurt bases for the coil sets are the TF/ARE~coil

dump Tresistors. Ample maintenance access 1s provided
outboard of the reactor for wainctenance machines and
module trunsporters that are wmounted on monorails.
Overhead in the reactor hall are twc bridge cranes (a

portion of one 18 shown); these cranes assist in
construction and maintenance of the reactor. The
{llustrated arrangement of the resctor and assnciated

systens 1s designed to provide a eynergistic and
cont-effective wutilization of epace within the reactor
hall as» well am within the control rooa of the reactur
bui lding.

Conclusions

The composite result of this study forms the base
for an attractive fusjon pover systeu. Further
conceptual desigii and eystems efforts ehould prove
fruftful in Jmproving the prospects of EBT as & powver
aystem, A synopsis of the study conclusions {8
presented below.

® The economic evaluatfon indicates that the capital
coet and COFE for an EuT commercial power plant are
comparable to the better developed and understood
tokamak concept.20 Additionally, the COE s
considered to be competitive with energyv produced
by new fi1aaion or fossil power plants. As future
refinements are J$ncorporated, the competitive
poaftion for FBT 1a expected to be further
enhanced.

® The high-aapect-rattio featnre o the EBT sssures A
highly sccesnible and maintainable reactor with
tntally remote maintenance operations, while
promising a plant avaflability equal to or greater
than present fi{ssfon plants.
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EBT Reactor Building showing the interrelation of key reactor components.

® A compact, 1integrated rcactor building was
developed bassed upon the unique reactor features
of the EBT concept. The wuse of :conventional
power-conversion and balance-of=-plant systems is
possible, 1llurtrating a compatibility with
conventional power systems.

® Blanket wmaterial eselection and configurational
tafloring accomplished adequate tritium breeding,
wh!lr wmaintaining a wagnetics geometry needed to
obtain the required piasma confjinement. This
blanket shield configuration was achieved using a
netuzal L1A10, solid breeder becasuse of cost and
safety considerations.

® An integrated TF/ARE-coil design is proposed hat
meets all major magnetirs/transport requirements.
This TF/ARE=coil set adequately reacts the induled
nagnetic-force loading and retajns a fully remote
msintenance capability, although the collr are
denigned to function as life-of-plant components.

® Magnetic aeepect vratios, RT/Rc' of 15 to 20,
required for aedequate plasma confinement, can be
achieved for a reactor with a 35-m major radius,
while meeting necrssary engineering constralints.
This confignration $s  accomplished using a
significent amount o¢f ARE current (IAKE/XTF ~
~0.22) for the design point. Alternatively, this
configuration wmay be achieved by designing for
larger wmfirror ratios. A1 importan. phvsicna’
engineering/cort tradeoff axiasts, which requires
further study.

® The pumpwd limiter appears to be an attractive
fmpurity~-control concept for EBIs. Although many
of the ceupled plasma/scrape-off{/l.miter/nlot
processes remain to b» demonstrated experi-
mentally, the vesults of the phenomenological
description provide rromising indicattons of
feanibility.



® Trends derived from the systems code analysis

are

evident that promise an improved competitiveness
of future designs. These trends include the
following:

- Cost optimizes on the maximum aserage beta, 8,
consistent with the mirror ratios used (i.e.,
nagsnum allowed midplane beta, B = 4By p/(1 +
M)<J.

— A strong dependence of cost on the maximum
sllowable mirror ratio 1s indicated.

- Cost-optimized designs for ccnstant beta are
found when the number of sectors and ARE-coil
current &re reduced and simultaneously, the
toroidal umagnetic field and plasma radius are
inrreased.

- EBT exhibits a stronger economy of scale than
s tokamak at the 1200-MWe(net) design poj-t.

- The optimum value for ARE-coil curreant appears
to be in the range |l ,pe/Ippl = 0.08 - 0.16,

vhere a t:vad minimum occurs. Lower values
tend to increase cost becsuse of increased
torus radius asnd higher values tend to

increase cost because of nigher magnet costs.

Several physics issueds/questions/uncertainties can
signifjcantly affect the EBT reactor viability:
magnetics/transport in higi-heta plasma, alpha-
particle dynamics, electron-ring energy losses and
genera; stability, profile effects, edge-plasma
physics, plasma heating/fueling during startup and
approach to iygnition, and steady-state plasma burn

control. The coupling between core-plasma beta at
.he ring locstion, ring volume (thickness),
average core beta and radial profiles remaina a

particularly crucial physics issue for EBT.
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