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Summary

A complete nower plant design of a 1200-MWe ELMO
Bumpy Torus PReactor (EBTR) is& described. Thoae
featurea that are unique to the EBT confinement concept
are emphaaized, with seubsystems and balance-of-plant
ftems that sre generic to magnetic fusion being adopted
from past, muore extensive tokamak reactor designe.
This overview pap~r atreases the deaign phfiosophy and
assumptions thst led to an economic, 35-m major-radius
design that at 1.4 MW/m2 wall losding generates 4000
MWt with s 151 rectrculating power fraction.

Introduction snd Background

The ELMO Bumpy Torus (EBT) concept) 1 s toroidal
array of simple magnetic mirrors. An rf-generated,
low~density, energetic elec:~on ring at each poaition
between wmirror coils (i.e., midplane locatlon)
stabilizes the bulk, toroidal plaama againat well-known
instabilities associated with asimple wmirror confine-
ment. The EBT reactor was first examined over four
years 130.2 Revisions of this firet design have been
made during the intervening yearn."b The utilization
of advanced fusion fuela in a bumpy-torus resctor has
also been considered.’ Interim results from the atudy
reported here have been reported cllevhere.a and the
detailed account of this study 1s giver, in Ref. 9,

The presence of 8 high-beta electron ring at each
midplane position 18 crucfal to the MHD atability of
the bumpy torus. A locsl region of miniaum average
field 1s creaied by the rings, giving an MHD-favorsble
decrease In the quantity ¢ dt’B with incressing rsdius.
Although this region of minimum-average field does not
extend to the centerline of the toroida. nlasma, it can
be argued that a region of stable bulk plasma extends
to the amagnetic axis.*''o*li The atability of the
high-beta toroidal plasma has been inferred!? to be
l{mited by a value of the bulk-plasms beta that
approximately equsls the electron-ring betas. Although
thene atability-related heta limits are based upon the
assumption of rigid rings and asre asensitive to the
agsumed pressure profiles, these reaults aerve as the

primary atability constraint lgpll.d to thia EBTR
staudy, A more recent computatian ‘ however, hass rajsed
some questions with reapect to thisw simple atability

criterion, al hough the quantitative implications of
this recent theory on the resctor performance could not
be made within the time achedule of the present study.

The diffusive loss
the nonsxisymaetric

of particlea and energy from
bumpy-torus configuration fe
deterained by neoclassicsl processes in which the
fundanentsl diffuaive atep aize 1s irfluenced
algnificantly by the magnitude and dire-~tion of
guiding-center particle nrbits in s toroidal geowetry
in the preaence of both local magnetic fileld gradients
and radfsl (ambipolar) electric fields, The
neoc lasa,.cal expraasiorn for the confinement tiwe
reflecta s favorabhle acsling for the Lawason parameter,
n' , that jncreases with temperature, T, to the }/2
poLer and with the square of the magnetic sepect ratio,
Rp/R . The neoclasaical transpart sceling 1s examined
fn mere detail Iin Ref., 9,13-18, and liea at the heart
of this FBTR atudv.
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As  for all conceptﬁnl fusion reactor desigrs, the
determination of an operating point requires the unique

combination of applied plasma physics (particle/energy
transport, atability, equilibrium} and plasma
engineering (burn simulation and control, fusion yleld
and firat-wall eunrgy fluxes, fueiing, fopurity
control). In order to meet these requirements

simultaneously, the determination of an EBTR design
point has coupled burn, transport, magnetics, electron-
ring, aad blanket/shield wmodels that represent ]
simplification of s non-axiaymmetric three-diuensional
geometry. The {tersztion and optimization between
physica and engineering occurred with the concurrent
numerical evaluation of models describing the
mechanical/stress responae of the magnets, the
perforaance of the impurity control acheme, and the
thermal-msechanical redponse of the blanket.
Sfmultaneously, key physics and engineering constraints
were w~nitored In conjuction with thoee sspects of
plant layout thst might interfere with the goals of
systam access and wmaintaincbility. Lastly, s fully
psrsmetric systeme code waa developed and used 1in
parallel to this fcerative scheme in order to estimate
snd optimize tntal systeam -ost and cost-of-electricity
(COE). This process continued until a relatively aelf-
conaistent design point emerged, with aa jor
uncertainties being quantified and documented vherever
poocxblc.9 The ma jor phyaice aasumptions adopted by
this study sre summsrized below.

® Neoclesaical tranaport modeled in rero-dimenaions
(Kovrizhnykh electrons, platesu fowk, and aasumed
density end temperature gradient acale lengths).

® Vacuum magnetic field model in toroidal geometry
to describe the toroid4al rield and ARE coflw;
aversging used to reduce to zero-dimenaional
tranaport parameters.

® Clasasical theory
electron-ring loaaes.

® Firat-harmonic electron-ring hesting.

® Stability limit given by average plasmr beta of
< 0.27 (midplane betsa ¢ 0.45), as predicted by
atability theories basaed on non-deformable ringsu.

® Steady-state plasma operation (alpha pstticles are
therwalized claasically and tranapovted
neoc lessically) after a ajmulation of plasma
atartup.

e Use of circular and
configurstiona.

descr{bes relativistic

of f-aet ARLE-coll

The following engineering-design
adopted,

ground rules werc

10th commercisl plant, 1200 MWe.

Steady-atate operstion (772 plant factar).
Preasurized-water-cooled, solid-breeder hlanket,
Pumped limiter for impurity control,
Life-of ~plant superconducting coils,

ARF. coila uaed to minimize physical size of
plant.

RF bulk heating for atartup and electron rings.
Fully remote maintanance.

o9 6000
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Reactor Design

The recent completion of a
extensive conceptual design of a
power plant20 by a majority of the EBTR deaign
participants was of great benefit to this study. This
overlap allowed the utilization of applicable
experience and analysis for similar aystems while
maximizing the design effort on systems that are unique

aimilar but more
commercial tokamak

to EBTR, This combination of design reaources also
sllowed quantitatively meaningful comparisons to be
made between the EBTR desigin and the more extenaive

STARFIRE deslgn.zo Most of the buildings envisaged for
both concepts are identical iIn function and form,
except for the reactor and electricsl equipment
bufldings. The site requirements and boundaries for
all commercisl wmagnetic fusion power applications are
considered to be identical. The turbine plant,
electrical plant, and miscellaneous plant equipment for
EBTR are identical to that selected for the STARFIRE
fusion power plsnt. The tritifum fuel handling and
storage system developed for the STARFIRE design is
also applied to the EBTR concept.

Design Overview
One of the ms jor advantages of the EBT reactor {is

the high sspect ratio, which allows easier reactor
msintenance schewes. The effective utilizstion of the

access area around the torus 1is a major Jesign gosl.
The torus elements are wedge-shsped, requiring the
blanket and/or shield to be removed radially outward.

In  order to provide outbosrd accessibility for
ssintenance end sasembly, the atructure needed to
restrain induced magnetic loads is incorporated largely
on the inboard aide of the reactor.

Another key design premise is the minimization of
the vacuum volume. A realiatic design that allows a
vacuum boundsry at the firat wall could not be
identified, because of radiation damage to a welded
joint or vacuum aepl loceted w¢ or near the firat wall
and the inac-esaibility of the vscuum sesl for
msintenance. The ume of the reactor containment room
a8 . vacuum vessel has the dissdvantage of large vacuum
environment and pumping raquirements, extensive aurface
areas for tritium entrapment, and che difficuliies of
operating support equipment under vscuum conditions
Eliminatlon of thease options plares the vacuum boundary
within the blanket and ahield ragion.

To maximize the eystem credibility and to utilize

effectively the relatively asmall design effort
sllocated to this atuiy, s conventionsl PWR heat
tranafer and tranepo't system is utilized. Specific
deaign details were rodified relative to the siwmilcr

STARFIRE tokamak Jeaign?® :,. order to accommodate the

unique aspects of the EBTR  approach (e.g.,
fucorporstion of the pumped-limiter/feed-water heating
scheme) .

Reactor Draign Puint

he wmodnls conratraintas

were used to

and phyaica/technology
deveioped 1in the course of this study,
s¥smine ¢ range of reactor operating points that
promiss economic power near 1200 MW~/ 1ei). Table I
summarizen the apecific design that has emerged from
this etudy. A coat compsrison with the STARFIRE
design?V 14 given 1n Ref, 9, Although conaidersbly
more effort was devoted to the latter study, the fact
that the costing dats bhase and coating/design
procedures are ainilar makes asuch & comparison
meaningful. Although this EBTR deaign operates with
lower plaama, firat-wall, and bhlanket power denaities
than STARFIRE (417 MWt/ ', 1.4 dWi/a®, and

9

3.33 MWt /md, reapectively fcr EBTR versus 4.50 MWt/m3,
3.6 MWt/m?, and 6.46 MWt/m? or STARFIRE), the

system
power densities are ccwmparable (0.50/0.24 MWt/w?
without/with ARE-coil wvolume for EBTR versus
0.30 MWt/m3 for STARFIRE), bezause the total thermal

power and the volume eaclosed by the coils sre
romnarable for EBTR and STARFIRE (4028 MWt and
7978/16441 nd withour/withs ARE coils for EBTR and 4033
MWt and 13443 =3 for STARFIRE, respectively).
Conaequently, the total iirect costs, the unit cspital
costs, and the cost-cf-electricity are simijar (2108
M$, 2366 $/kWe, and 38.9 mills/kWeh for EBTR versus
1726 M$, 2000 $/kWeh s#nd 35.1 mille/kWeh for STARFIRE,
reapectively).

Reactor and Balance- f-Plant Layout

The EBTR power plant contains sll the necassary
elements of & central generating facility: reactor,
turbine plant, electric plant, control and
adminfatration areas, saintenance services,
heat-rejection aystems, and supporting utilities. A
nominal 1000-acre tract was aelected for the plant that
provides sadequate gpsce for additional genersting
units. The Reactor Building 1{s centrally located
within the plant site. The turbine, Hot Cell,
cryogenica, and fuel handling equipment are located
close to the Reactor Building In order to minimize
piping lengtha. Wet, natural-draft cooling towers sre
used. The site is located nezr a river tc provide both
sdequate makeup water and the means to eliip the large,
haavy components to the afte during constructiuvn,

Early EBTR concept52 were considered to be large-
aapect-retio devices, with s major radius of 60 m or
more. For a device of that radius, the Reactor
Building dominates the eize plan and the plant
economica. In this study, & concerted effort s made
to reduce the site of the reactor in order to enhance
the economica while preserving the attractive
msintenance features of & high-aspect-rstio machine.
This design explicitly incorporates ARE coils to reduce
the wajor radiu' by s factor of ~ 2 while maintsining
the same magnetic asrect ratio and acceptable plasma
tranaport.

Each of 36 reactur sectors is comprised of two
different modulea: s midplane blanket/shield module,
located bdetwaen the toroidsl-field (TF) coils, and &
coil-plane blanket/shield module. All 72 wmodulea are
physically and thermohydrasulically fsolated from each
other except for a welded, {intersector vacuum seal
located outside the shield. By dizconnecting coolant
linaa, vacuum lines, and rf-heating wavaguides, the
midplane wmodule can be wii hdrawn radially outward.
After the midplane module {s removea, the coill-plane
module can be withdirawr toroidslly from the TF/ARF-coil
ssaembly followeu by & radisl tranalation outwsrd.
Thir design spproscl sllows asch 726-tonne TF/ARE-coil
sasembly, which requires prscise slignwent, to remain
{1xed while blanket/shield replacement is accomplished.

A factor of two aspect-ratio enhancewent dictaten

a high ARE~coil current and, hence, large coill cross
section and stored energy (131 Gi). To minimize the
support atructure connecting the ARF and TF coils and
to eliwinste the transition between cold and wara
structure, the set of one TF and two ARE coils s
encloaed in 8 single cryogenic veasel with
interconnecting cryogeic support atructure. Although

thia approach crestes a large and heavy coil aet, it
reducea the Interconnecting and wmounting atructire,
alignment and inatallation probleas, cryagenic
requirementn, and manufscturing end quslity-control
needn, The coil cssing alesa supporta snd sligns the
coil-plane blanket/shield module. The two APF and one



TABLE 1
EBTR MAJOR DESIGN PARAMETERS

Net electrica)l power (MW)

Gross electrical power (MW)

Total thermal power (MW)

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

Major radius {m)

Plasma radius (average) (m)

Plasma volume (m3d)

Number of sectore

Maximum field at magnet (T)

Field on axis (coil 'plane/midplane, T)
Average toroidal beta

Midplane beta

Mirror ratio

Aversge DT fon density (10¢0/m3)
Average DT ion temperature (keV)
Plasma burn mode

Plasma heating method (stsrtup)

Ring heating method

Ring heating power sbaorbed (MW)
Plasma fmpurity control method
First-wall/blanket atructural materials
Neutron wall losding (MW/m?)

Tritium breeding red um

Primary coolant

Thermal conversion method

TF coils within each coll aet are connezted
electrically in series to reduce the out-of-plane loads
that would occur 1f one of the coils should fafl.

The blanket/shiell design approach results from
constraints impoased by msintainability as well sa those
fmposed by phyaica constrainta. In order to achieve
acceptable tranasport ({r » relativ/ly small torus witn
ARE-cofil currents that are not ex: s3ive relative to
the TF-coll current (f.e., II,gg/iypl ¢ 0.25), 1t fa
desirsble to locate the TF coils ss c{one to the plasma
as is posaible. Hence, the thinner inboard cofl-plane
blanket/shield design emphasizes the ahielding
function, with that portion of the blanket hav.ng a
tritium breeding ratio below unity, A net
tritium-breeding rat'o greater than unity (i.e.,
T «~ 1.06) ia achievad by enhancing tritjum production
ifn *lie outboard coll-plane and midpisne blanket/mhield

regionsa. This 1-sults Iin & blanket/shield design that
consista of offse. .,linders and wedge-shaped sections
in the coil plane and concentric cylianders 1n the
aidplane,

A pumped-limiter f{apurity-control syatem inatead
of a magnetic divertor rae selected to avoid possibdly
detrimsental perturbations of the wmagneti> topology.
Several configurations and locatiora of pumpsd limiters
were asssessed. The sr ected configuration utilizes two
poloidal limiters for esch sector Iin conjunction with
vecuus slots located st the Junction bdetween the
coll-plane xad wmidplene =wodules. lapurities and
nentralized DT atoms are pumped through theae poloidsl
limiter alots irto sn anrular plenum forwed Letween the
blanket and shield agoemblies, The vacuam cryopumps

are attached directly to the ahfeld, thereby providing
an acceptable puaping path with high vacuum
conductance.

The first-wall/hlanket configurstion snd materisl
choices are baacd on a PWR conlant and heat :transport
systen. The atructural materisl {s Primary Candidate
Alloy Staint~es Steel (PCASS). The neutton-wultirifer
fs wetallic berv'lium, and the solid breeder 1a natural
LlAlOi. On thr basia of these confignrational and
miteriasl cheices, the blanket han [ theoretical

1214

1430

4028
35.5

3F

s}
9.7
5.03/2.25
0.17
0.46
2.24
0.95
27.9
Cecntinuous/ignited
Lower hyurid (rf, 0.5-1.4 GHz)
ECRH, (rf, 50 GHz)
42
Vacuum~pumped limiter
Advanced austeniiic atainless steel
1.4
natursl u—LlLlOz
Preasurized water
Stesm

breeding ratjo of 1.06 and an energy amultiplication ot
1.5. The shielding configurstion under the TF coils .n
the fnboard region {ia most critical because of the need
to minimize transport losses by locating the coils as
close =&a posrible to the plaana surface; a compsct but
effective ahield 18 used in thia region. This design
goal 1s accomplished by using & amall smount of
tungsten/lesd mixture o8 a local vhielding materisl iIn
the 1inboard coil region. The shteld elsewhere i3
#tsinless steel, TiH,, TiB,, and watur, Local
ahielding regions are provided to sssure wminimal
neutron penetration through joints and ducts.

The EBTR plasma 1is proposed to be driven to
fgnition by lower-hybrid heating (LHH) with a variable
(tunsble) frequency of 0.55-1.40 GHz;, the LHH 18
spplied aymmetrically in four aectore arcund the torus.
After ignition the plasma is assumed not tu require
bulk heating. The electron rings rrquire cuntinuous
energy {input austenance againset radiaticn wnd
collieionsl~d: loeaes. This power {a supplied by

ECRH at a froquincy of 50 GHz (first harmonic) in each
of the 36 sectors. Gyrotrona and croseed-field
smplifiera a. e located directly inboard of the reactor

to asssure winimal lossee in the

waveguiden.

power respective

A three-dimensional cuiasway drawing of the reactor
bui lding ard tie key reactuor and support aubsyste.s is
shown in ¥ig. 1, Sections of the reactor are shown
both during conastruction and In & coupleted atate.
This cutawsy view fllnetrates the close fitting of the
resctor to the reactor building inner wall in order to
reduce building cos's and reactor structural supports.
The resctar aupport structure, including the pedeatsl
thet supports the midplane sodule, coil support arms,
and coil glaubal supports, are shown both prior to and
following inatallation of the coil asets and wmodules,
The more wsassive arms support the cofl sets, while
tens‘on struta support the midplane modales, One coil

se! and coill-plane blanket/ahield module are shown in
aection In order to _llustrate the Hhlanket/ahield
clnanly asurrvonded by the TF coil, The cryogenic

tntercoil structure voneiate of l-besms and trunses and
can De aeen in the asectioned view of the cofl set,
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Fig. 1.

although the AR® coil s
Pogitioned between the

largely hidden from view.
elevated (l.”-m) concrete
suppurt bases for the cofl aets are the TF/ARE-coil
dump resiators. Ample maintenance acceas 1a provided
outboard of the reactor for waintenance wmachines and
module truneporters that are wmounted on monorails.
Overhead in the reactor hall are twc bridge cranes (a

portion of one 18 shown); these cranes assiat in
construction and maintenance of the reactor. “he
1llustreted arrangement of the resctor and asancisted

avetems Is designed to provide a aynergisatic and
coat~effective utilization of space within the reactor
hall a» well as within the control rooa of the reactur
building.

Concluaions

The composite result of this atudy forms the bace
for an attractive fusfon power ayateu, Further
conceptusl deaign and aystems efforts ahould prove
fruftful in Jmproving the prospects of EBT as & powver
svstem, A aynopsis of the atudy conclusiona 1ia
presented below,

® The economic evaluation indicates that the capital
coet and COF for an EuT commercisl power plant are
comparshle to the better developed and underatood
tokamak concept.20 Additionslly, the COE {a
considered to be competitive with energv produced
by new fiasinn or fosail power plants. As future
ref inements are {ncorporated, the competitive
position for FBT {a expected to be further
enhanced.

® The high-sepect-ratio featnre of the EBT sssurea a
highly accessible and maintainable reactor with
tntally remnte maintenance operations, while
promising s plant availshility equal to or greater
than present fission plants,
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EBT Reactor Building showing the interrelation of key reactor components.

® A cowmpact, integrated recactor building “as
developed based upon the unique reactor features
of the EBT concept. The use of :-onventional
power-converaion and balance-of-plant aystems {s
possible, 1llustrating s compatibilicy with
conventional power saystems.

® Blanket materisl selection and configurational
tsiloring sccomplished sdequate tritium breeding,
wh!lr maintsining a wzagnetics geometry needed to
obtain the requi‘red piasma confinement. This
blanket sahield configuration was achieved using a
natussl L1AlO, aolid breeder becaume of cost and
safety conaiderstions.

® An iIntegrated TF/ARE-coil dJesign ias proposed “hat
meets sil major magnetica/transport requiremrnts.
Thia TF/ARE-coil set adequately reacts thr inducea
nagnetic-force loading snd retains a fully remote
msintenance capability, although the col)r are
designed to function aa life-of-plant components.

® Magnetic aspec: ratios, RT/Rc' of 15 to 20,
required for adequate plasms confinement, cen be
achieved for s reactor with a 35-m major radius,
while meeting necrasary engineering constraints,
Thia confignration s accomplished using a
aignificant smount of ARF current (1AKE/1TF ~
-0.22) for the deaign point. Alternatively, thds
configuration may be arhieved by deaigning for
larger wmirror ratios. Aic  {aportan, physica’
engineering/cort tradeoff exiasts, which requires
further atudy.

® The pumped limiter appears to be an attractive
fmpurity-control concept, for EBTm. Although many
of the ccupled plasma/scrape-off/l,miter/nlm
proceases remsin te bs demonatrated experi-
wmentally, the results of the phenomenological
deacription provide rromising Indications o
feaaibility.



® Trends derived from the aystems code snalysia

are

evident that promise an improved competitiveness
of future designe. These trends 1include the
following:

- Cost optimizes on the maximum aserage beta, 8,
consistent with the mirror ratios used i.e.,
na§3num allowed midplane beta, B = 4B p/(l +
M)“<).

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

- Cost-optimized designs for ccnatant beta are
found when the number nf sectors and ARE-coil
current &re reduced and gsimultaneously, the
toroidal uagnetic field and plasma radius are
inrreased.

- EBT exhibits a stronger economy of acasle than
a tokamak at the 1200-MWe(net) design poi-t.

- The optimum value for ARE-coil curreat appears
to be 1n the range |I,pe/Igpl = 0.08 - 0.16,

where a t:-vad minfmum occurs. Lower values
tend to {ncrease coat becsuse of increased
torus radius snd higher values tend to

increase cost becsuse of nigher magnet costs.

Several phyaics {ssues/questions/uncertsinties csn
significantly affect the EBT reactor viability:
magnetics/transport in hig‘i~heta plasma, alpha-
particle dynamics, electron-ring energy loasea and
genera. stability, profile effects, edge-plasma
physics, plasma heating/fueling during atartup and
approach to ignition, and steady-atste plaama burn

control. The coupling between core-plasma beta at
.he ring location, ring volure (thickness),
aversage core beta and radial profiles cemains a

particunlarly crucisl physics fasue for EBT.
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