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The prelininary conceptea] design of o tokamak fissile fuel producer Is
described, The blanket techmology 1s based on the fission suppressed Sreeding
concept where neutroa sultiplication occurs in a bed of 2 on diameter
beryllium pebbles wAich are cooled By helium at 50 atsospheres presssere,
Uranfum-233 13 bred In thorfum metal fuel elemests which are n the form of
snap rings attached to each beryllfum pebble. Tritium s bred In Tithium
dearing material contained in tubes fmmersed in the pedble bed and I3
recoversd by a purge flow of helium, The seutron wall load 1s 3 MN/n? and the
plantet material i3 ferritic stee)l. The net fissile breeding ratio is
0.54 £30% per fusfom resction, This results in the production of 4500 kg of
233, per year from 3000 M4 of fusfon power. This quastity of fuel will
provide makeup fuel for abowt 12 LRy of equal thermal power or adout 18 1 GW,
Le3s. The calculated cost of the produced Uranfum-233 15 between §523/§ and
§53/g or equivalent to $10/kg to $90/kg of Uylg depending on goveramest
financing or utility finascing assumptions

Additfonsal teplcs discussed 1n the report Include the tokamek operating
sode (both steady state and long polse considered), the design and breeding
feplications of using & poloidal divertor for impurity control, reactor
safety, the choice of a tritium breeder, and Tuel managesent,
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CHAPTER |

INTRODUCTION AND EXECUTIVE SUMMARY

[.A BACKGROUND AND MOTIVATION

Only 2 few emergy sources can be considered inexhaustible in a practical
sense, These Include solar energy, suclear fusfon energy, and nuclesr fission
energy with a technology to comvert sbundant resources of naturally occurrisg
fertile 1sotepes (f.e., 232m or 238y) 1o Fissile fsotopes (1.e., 3% or
23%,). The fast-fission breeder (e.g., LMFBR) represents coe sech Breeding
technology. The fusfon breeder, & Migher performence, but higher risk, long
rasge opticn, would e the excess neutrons wAlch might Be produced fa mclear
fusion reactors to produce fissile fue! for use in conventional fission
Convartor reactors such as the 1ight water reactor (LNR) or for use 1a hgher
performance fissfon converter reactors such as the high temperature gas cooled

reactor (HTGR),

Results show that fusfon breeders® have poteatial to breed unprecedented
quantities of fissile fuel (1,2)*" and severs]l studies affim the general
conclusion that the fusfom breeder can be potentfally superior to other
breeding cptions when viewed from the joint perspectives of cost of electric-
fty, (3.4) ang abil1ty to displace expected fossi] fuel shortfalls and provide
real energy growth during the first half of the next century (%,6). Because
each fusion breeder can produce endough fissile fuel to suppert about 10-15
relatively imexpensive LWRs of equivalent thermal power, this application canm
provide muclear fission with an economically superfor breeder candfdate - even
if the cost of the fusion breeder |s several (e.g., three) times thet of a
fission plant of comparable power (1),

* Fesion breeders are 3 sudset of a larger suclesr reactor faaily, fusion-
fisston Mydrid reactors, or rids, A hybrid may de defined as any fusion
reactor containing heavy metal in its nucleer dlanket. Fusiom breeders are

hybrids thet are cptimized for fissile fuel producticnm,

** Executive Susmary references provided only for backgrownd informatfon
which 1s not cited in the main report.
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Research in the area of fusfon-fission Mybrid reactor concepts degas
about 30 years 230, [7) but was not actively pursued from the m14-50's to the
esrly M's. Since then, research activities dave progressed through several
conceptual desfpn studies (1,2,3,5,6,8,9). The most recent design studfes
address the fissfon-suppressed mode of operation. [n this mode, newtron
sultiplication for fissfle breeding would be accomplished vwia non-fissicning
nevtron sultipliers (e.g., Deryllfum, 11thium-7, lead) rather than as 2 result
of fast and/or thermal fissfoniag 1a the blanket. In comparison with the
older fast-fission blanket designs, fission-suppressed blasket designs empha~
size fmproved safety (f.e,, Tower fission product after-heat and hazard) and »
2uch Mgher net fissile output per enit of fastalled thermal capacity.
Although they are slfghtly more demanding in the area of fusics driver per-
formesce, 1t appears that the fusion sclentific feasidilfity desonstrations of
the 1980's will provide confidence that the minfeum level of fusion perform-
ance and techaology required for an ecosomical fissfon-seppressed fusiom
breeder (1.e., plasma gains 2 § and avatladilfty 2 S0%) can de achieved 1 the
2020 timeframe. HMowever, such an achievesent will require that the fusion
program continues to procesd towards s aggressive engineering developsent
phise (10,11).

Clearly, the need for a fusion breeder 1s predicated uponm the assumption
thet the nuclear power industry will regatn fts former vitality to the extent
that the fission fuel cycle 1s closed and future pleat capacity (and/or the
expectation of such capacity) exerts an upward pressure on the cost of mined
uranfua, Although the owtlook for such a scenario appears bleak from today's
perspective, one or more of the following circumstances could motivate &
resurgence of fission power asd/or esable the fusion bdreeder to become econom-
fcally attractive in the 2020 timeframe:

o M faproved framework for the licensing, financing, and cperation of

fission plants in the U.S.

*  Higher ecnomic and electricity demand growth than experiesced during
recent years.

e Economic advantages In Europe (e.g., france) and Japan which can be
attributed to Inexpensive nuclear power plants Buflt during the 80's
and 50's combined with a successful operating experiesce with the
existing LuRs,

e A new shortage of fossil fuels,

1-2



o The introductfon of an fatrinsically safer fission plant (e.g., the
sodular HTGR and/or novel new LWR designs).

e Continued concern relative to CD,, acid rain, and other adverse
envirommental coaditions resviting from fossi) electricity gener-
atfon,

e Lower than projected uranium rescurces,

Inelasticities 1n the price of wranium as the price of ofl, coal and

other fuels rise (e.g., the 1973 Arad 011 Emdargo experiesce).
Stated more concisely, & fusion breeder advantage relative to sined uraniem
requires 2 Malthy enough nuclear fndustry to roughly dowdle the price of
uranium during the early decades of the next centwry.

By producing fuel for fission convertor reactors, the fusfon breeder can
8lso provide important institutiomal advantages. These resuit from its
prisary role as a fissile fual (rather than power) producer. Fusion Breeders
and thefr associfated fuel reprocessing facilitfes could de located together in
remote, safeguarded Tue) cycle centers and could be functiomally equivalest %o
the existing combinaticn of uranium mines (mills, etc.) and enrichment
plants, Therefore, the current Institutional framework, consisting of govern-
sent ownership and/or cperation of sarichment and reprocessing plants, could
be maintained with the utilities continuing to operate LNRs or fmproved
fission convertors far iato the next cemtury. This arrangesent could lead to
a long term, stable fuel source vhich wuld provide long renge stability to
the fission power reactor Industry. Because each fusion breeder would support
many WRs (18 1 GN, in tAls study) and Because a mew power resctor would mot
be introduced to the utilities and reactor vendors, a capability to seet 2
repid growth 1n electrical demand might be provided more easily then with fast
fission (e.9., LMFBR) breeders (6,12).

The fusion breeder could 2150 accelerate the comarcial developement of
fusion power plants because lower fusion performance and higher fusfon compon-
ent cofts than would Be acceptabdle for fusion-electric power plants do not
cause the fusion breeder option to decome wnattractive {1,4). The early
commercial fzation of fusion breeders could glive the Industrial sector exper-
ferce relevant to the development, operation, and fmprovesent of nearly all
fesion componest technologles,
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1.B, PROGRAM QRGANIZATION

Fusfon reactor design 1s Dest addressed by use of & multi-disciplinary team

approach,

during 198 have been assigned cosplementary roles, by discipline.

The aine organizations which were fnvoived in the Fusion Breeder Progras

A list of orgen

fzatfors and their principal activities 1s provided below:

Organization

Lawence Liversore National
Laboratory

T Inc.

GA Technologlies, Inc,

Westinghouse Electric Company

Oak Ridge Mational Laboratery

Princeton Plasma Prysics Laboratory

1daho Matiomal Engineering
Laboratory

University of Californla,
Los Ageles

Energy Technology Eagineering Center

Principal Activities

Program Manager, Tandem Mirror Physics
and Technoloqy, Muclear Data and Design,
Molten Salt Blanket Design

Design Integration, Tokamak and Tandem Mirror
Reactor Systess Modeiing, Blanket Design
Sspport, Fuel Cycle Economics

Fluld Mechanics and Heat Transfer, Melium
Blanket Swd-Modele Comfiguration, Seolid
Breeders, Reactor Sefety Systess

Reactor Mochanical Configuration, (peration
and Maintemance

Molten Sait Chemical Engineering, Liquic
Metal Compatibiifty

Tokamek Plasma Engineeriag and Technology

Fission Reactor Testing, Beryllifum
Irradistion Damage

Blanket Stress Modeling, Structural
Irradiation Damage

Materials
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The adove activities were performed during 198 on 2 varfety of Fusion Breeder
Program projects Including the fissfon-suppressed tokasat Tusion Breeder
feasibility assessment.
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[.C PROGRAM GOALS AND APPROACH

A reference fissfon-suppressed fusfca breeder conceptual design, based
upon the tandem mirror fusion coafinesest concept, was developed during 1981
(1) and 1582 (2). This design, featuring a liquid Yithium cooled, beryllium
sultiplier, thorium breeder blasket was Tnvestigated with respect to kay
issues Quring 1983 and 1984 (3). A higher performance helium cooled, molten
salt blanket was also studied during this period (4).

In assessing the refereace blanket design, It became clear that the
11quid metal blanket comcept could mot Be directly translated to a tokamak
fusfon driver, Specifically, 1ssues associated with fowing the Tiguid metal
coolant over longer pathleagths fn the higher magretic fields and surface heat
Toads of a tokasak caused 4 coscera regarding the expectation of prohibitively
high WD pressure drops and/or structura)l temperatures. Comsequently, 2
principal program goal during 1983 and 1954 was the development of & feasible
blasket cesign concept for tokasak applicatioms.

During tals activity, Meligm, Vigeid 1ithium, and solten salt (FLIBE)
coolants were considered. The molten salt coolant option was elfminated early
in the study decause of its detrisental effects on sucliear performance, 1ts
high melting point, and 9ts poor heat transfer properties as & coolant.* A
ifquid Mthium coolant option with a fissile breeding blanket only on the
cutboard side was considered during the study and may be feasible, However,
the Jatter design was eliminated from final consideration because the fuel
breeding performance of sech 3 configuration 1s expected to be substastially
Tower than that of the selected Meliem cooled Blanket concept and because of
encertainties in cur adility to sodel the MHD pressure drop.

Although helfum appears to be the most attractive coolant for tokamek
applications, several generic 1ssues have been fdentified during the past

several years (5). These include the following:
o the coupling of Targe first wall surface heat fluxes to a relatively

poor heat transfer medium.

¢ A more promising molten salt dlanket concept, being pursued, features 3
Relium coolant and & molten salt breeder (see reference &),

17



e the accommodation of uncertaiaties In the first wmil
erosion/redeposition rates.

e the complexity of helium cooled blankets as related to tritium
control, helium flow coatrol, heat transfer, and relfabilfty,

e the diffusfon and/or Teakage of tritium to the primary 100p and the
control of tritium 1a the peimary loop to prevent envirommental
releases.

These fssues are common to all helfum cooled blasket concepts for fusios
appifcations and are not unique to Mybrid blankets., As the first three are
aggravated by Increased waill loadings, the lower nevtron wall requirements for
hydrid applicetions (243 WJ) relative to fusfon-electric applications

(4-5 mi/af) can be a significant developmenta) advantage (5,6).

Several "hyteid-unique® program goals which specifically relate to this
first assessment of a helium cooled fission-suppressed tokamak breeder include
the following:

e the medification of previcusly proposed tokamak configerations and
maintenance schemes to accommodate the sodfle fuel and passive dusp
requirements of fission-suppressed fusion breeders (Sectica [II.A of
this report),

® & comparetive assesssent of severa) tritium breeder choices (e.g.,
Lig0, FLIBE) 1n comjunction with helfum cooling and beryllium nestron
multiplication (Sectfon III.B),

e an assessaent of the relative breeding efficiescy of tokasaks versus
tendem mirrors (Sectfon 1I1.C).

e the development of & resactor systess engineering (1.e,, systess
costing code) capability for tokasak fusion breeders (Section 111.F).

e Uhe fdentification of tokamak current drive candidates and cperating
modes wAfch provide a Tow physfics risk comsistent with the capftal
cost and power flow requirements for fusion breeder applications

(Sections [1).

In summary, goals for development of the fusion breeder desfgn discessed
fa this report are to address the design feasidility 1ssues associated with 2
helfum cooled, fission-suppressed, tokasak fusfon breeder, Soch a design
concept has not Deen considered in the past, aad several mew issues have been
sddressed during the course of the study, The approsch towards an assessment

1-8



of concept feasibility has been to conduct a preliminary conceptual design
study focusing upen the key nuclear ssbsystems. In our judgement, the overa!l
design concept can be feasible and attractive sebject to the resolstion of
several concerns which are geseric to helfum cooled fusion dlankets.

The resulting design 1s preliminary and does mot reflect the leve! of
study relative to key 1ssues, desfgn trades, and optimization which has been
Incorporated iInto ocur liquid metal cooled blanket design for the tandem mirror
(2,3). M equivalent lTevel of design meterity will require additional study.
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[0 TORAMAX DRIVER OVERVIEW

1.0.1 Tokasmak Technology Options For The Fusion Breeder

The specification of 2 tokamak driver for the fusion breeder reactor can
te similar to the driver specification for a fusion-electric reactor.
However, fusion breeder reactors can tolerate the fapact of more expensive
and/or more power consuming design options wAich provide a Tower techsslogical
risk than those which can be tolerated for the fusicon-electric spplication,

In this comtext, we initially Ynvestigeted a fusion breeder tokamak driver
which utilizes steady state negative fon neutral beas current drive, 2 single
sull polofdal divertor, and a 3 Mi/e? neutron wall Toading iimit, A higher
performance and Jower cont, Inductively driven, long pulse mode with lower
hybrid &F current startwp was 2150 considered,

In comparison with Jower hybeid RF current & ive cption, seutral beass
have an experimental basis for plasme heating and are expected to provide
greater confidence for bulk heating, steady state current drive, and stabflity
control at resctor relevast densities and tesperatures. However, negative 1oo
seutral beams are BOth fsefficlienst and emxpensive, Aboyt 310 MM of Injected
pover are required to drive the plasms curremt for o otherwise ignited
3000 MMy tokamak with a plasme current of ~ 10 MA (f.e,, fusion qain = 9.7),
For 658 efficient seutral beam 1ines (LBl self-extracting sowrce, quadrupole
accelerstion, laser photo-detachment neutralization), the beam recirculating
power requirement s adout 475 Mie - 2 prohidbitive power drain for fusion-
electric polications, The cost s also high., With a enit cost of ~ 4 $/W,
the seutrs] beamiines alone would cost ~ 1350 M (direct). The megatiwe fon
beam current arive sode 1s marginally tolerable for the fuslon breeder and
provides 2 lower risk driver cption for this study.

The Tong pulse Inductive currest drive sode, recently proposed for
reactor spplications, wtilfizes Tower Mybrid RF currest drive to start the
cerrent at low deasity prior to fom clotron RF heating and Inductive current
drive., The latter cptiom 15 more efficient and less costly thas seutral beam
current drive, but does Iatroduce mechanical aad thermal Qcling of reacter
components (~ 7 * 103 cycles/yr for ~ 300 second pulses). The inductive
current drive cption has potential to substastially fsproved economics (f.e.,
lower cost of fissile product) end was selected ot the preferred cperating

sode Tater in the study (see Sectiom 1.J).
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A single mull polofdal divertor, sisilar to e INTOR design, was
selected over & pumped limiter for the fusion breeder despite known
disadvantages with respect to breeding losses, <ost, and complexity., The
divertor presently has 2 superior experimenta)l basis for ash removal and
fapurity costrol, avolds the leading eadge thermal/erosion probles escountered
fn pusped limiter design, and offers the possibility of a low plasma sheath
potential with the prospect for low ercsion of a hgh-Z plasea side
materfal. [In the fusion breeder design, shown schematically in Figure 1.0.1.*
8 top-sounted divertor was selected to better accommodate blantet safety
requirements for a rapfd gravity assfisted fuel dump (see Sectioas [II.E and
iL.1).

The 3 Mi/a? seutron wall loading 1imit fs lower than the 5 Md/ef goal
often spectified for fusiom-electric blaskets. The lower 1imit provides an
saditional safety factor with respect to the first wall heat flux, srosion
rate, and frradfation 1ifetime which s believed to be required for fusion-
electric applications, dut increases the required first wall/blanket/shield
area by over 60X and results in cost Increases.

[.0.2 Tokamak Oriver Overview

Figure 1,0,2 shows the radfal bufldup of the neutral beam drives, steady
state tokasak and Table [.0.1 gives the major parameters for optimal tokamaks
for Both steady state and long pulse operatica, Ia Both cases, the geometric
paraseters are determised from the required fusien power (3000 M), the
gesired neutron wall loading (3 Mé/e?), the maximum beta allowed in dee-shaped
plassas, the maxisum plasma current that can de established for a specified
maximum fleld ot the TF cofl (11 T), and the saxirum 1nboard/shield thickness
(1,5 & from first wall to magnet conductor),

The plassa is doped with xemon (I g¢ ~ 2.7) such that the fraction of
plasss therms) efflyux (600 + 170 = B70 N4) removed by radiation to the first
wall fs 505, Enhanced radiation alse reduces nsp to fts equilidrium valwe for

* Disensfions shown In this figure relate 10 the steady-state, neutral Besm
driven, duigcoptieo. The smaller, Tong pulse tokamak dimensions are
provided in tion 1.E.



13.0

! X All Dimensions In Meters

Figure 1.0.1. Elevation View of the Steady State, Meutra! Beam
Driven Tokamak Driver.
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TABLE 11.0.1. PRINCIPAL PARAMETERS OF TME TOXAMAK DRIVERS,

STEADY STATE  LOMG PULSE
PARAMETER UNIT nooE MOOE
GLOMETRY
Major Radius " 7.69 6.75
Minor Radius - 1,87 1.8
Aspect Rstio 4,9 3,78
Elongation 1.0 1.80
TF Cofl Isboard Radius - 4.54 3.3
Inboard 8/5 Thickness - 1.2 1.2
Max 8 - TF Cotls T 11.00 11,00
HASW

B ot Passs Conter T 6,49 5.9
Inverse Rotatiosal Transform 2.2% 2.5
Plassa Current ) 9.81 12.4
deta> 045 0%
Density> 1034/’ 1.4 1.25
Tesp> ke¥ 15.00 15.00
OM Bore Radius . 3.0 .14
04 Cotl Delta 8 T 18 18
Solenofd Flux v-$ 132 300
Zore® 2.7 2.7
Locp Yolt ] A2 .10
Max Pulse Length ' ssb 3000
Curr. Drive Mechaniss w Inductive
Curr, Drive Power - 310 92¢
NTAS (for Zoqq = 1 s/’ 19 17
Radiation Fraction® .52 .52
NTAU Reduction Factor Due

to Radiationt® 2.1 2.1
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TABLE 11,D,1, PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS (Continged)

STEADY STATE  LONG PULSE

PARAME TER unIT MOOE M0E

MAGNETS

¥ Horiz Bore - i s

TF Vert Sore " 13 13

Max 3-TF Colls T 1n 1

TF Coll Materfal 0330 NbySn

Max B-PF Coils T 8 -

PF Col) Matertal T NBTS T
PONER PRODUCT 10N

Fusion Power e 3000 3000

Fusion Gailn, q, 9.7 Ignited

First Wall Area? o 744 764

Surface Meat Flux® W/t 67 &%

Newtron ¥all Load i /ml 3.0 3.0

2) produced by Xenom injection,

b) possibly limited to several Mours.

c) ICRM plus LMRF during startup omly,

d) assuses divertor throat subtends 7% of the s011d angle from the plasss
canter to the sinor radius.

e) assumes divertor removes 75 of 80 parts of non-radiated plassa thermal

efflux,
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fgnition, A reasonadle first wall erosfon rate of about 2.25 mm/yr, providing
a four calendar year Dlanket 1ifetism for a sacrificial first wall thickness
of 9mm (8.4 ll-yrhz st J0% capacity factor) was selected as a design basis.

As mentioned earlier, 1sperity control 1s accomplished using an INTOR-
type single mull polofdal divertor. As 1a the INTOR study, the &ivertor
collector plates would be coverad with beryllfum tiles which will 1imit high-2
reflux dering the erosion process while providing some nevtron muitiplication
and adequate hest transfer for the large divertor heat flux (~ 365 W/eal fn
the long pulse mode and 1.5 times higher In the steady state mode). A
detalled design was not performed, but 1t was assumed that the divertor
coolant 15 low tespersture water In copper tubes (no thersal recovery).
Attention was given to meutron losses through the divertor and providing 2
maintainable configuration for the top-mounted divertor. The design concept
anticipates perfodic replacement of the diverter collector tiles by horizontal
translation at an 1nterval more frequent thas replacesent of the
blanket /@i vertor sectors.

With the exception of one set of tragped divertor Tield cofls (mot showm
fn Figure 1.0.1), all of the major cofl systess in the fusion breeder tokamak
are superconducting. The TF and OH coll sepercosductors are specified to be
KbySa (~ 11 T) while the PF colls are assumed to be comstructed of MoT{
superconductor (~ 8 T), A1l of the PF cofls, with the exception of the
trapped divertor coils, are located outside of the TF cof) bore and cutside of
the EF cofls, In all, there are 10 TF colls and a corresponding susber of
blanket sectors.

The OH solescid has 2 Tlex swing that 1s large entugh to provide startup
of the full plassa current {in the neutral beam driven steady state cperstion
pode) or o drive a 3000 5 pulse (1n the long pulse mode), Ia the steady
state mode, the startp sequence requires about 25 s and utilizes electrom
cyclotron resosance heating to pre-fonize the filling gas and provide some
electron heating. MNext, the full currest (~ 10 MA) and higher densities and
tesperatures are geeerated wsing the solenoid flux Tinkage and odeic
heating. When the density becomes high enough to trap the 1.5 MeV neutral
beans, they are activated one-2y-one to provide the additional required
heating and to sustaim the current drive. Once heated to & 15 XeV equilibrium
perating tesperature, the 3000 Wi, plasse s such Targer than required to
sustain 1gnition conditions. MNevertheless, simce about 310 MW of negative fon
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neutral beam power are required to drive the 10 MA plassa currest in steady
state, the tokamak cperating regime 1s effectively subignition (% * 9.7) with
the seutral beams also providing an effective means of thersal and stabilfty
control by sppropriate varfation of the beam power. The plasma 1s fueled by
injection of frozes devterius and tritium pellets, The rate of Injection is
asother plasme control mechanise.

The long pulse mode would reserve the OH coll flux swing for currest
érive. In this case, the nevtral beams would be replaced by lower hybrid and
fon Qyclotron RF systess. Sequestfally, the plasma would de fonfzed using
electron cyclotron rescnance heating, the current startup would be provided ot
low density by ~ 25 M of lower hybrid &F, the plasme would be heated using
~ ) W of fon cyclotron heating, and the pulse would e maintaines for
several thousand seconds. The long pulse operating mode will save cost and
recircelating power (1.e., no RF during the long pulse), but will fatroduce 2
possidly excessive level of mechanical and thermal cycles (~ 7 + 107 yri),

1-17



1.E MECHMANICAL DESIGN AND COWF IGURATION

[.E.1 Reactor Configuratfom

A key design requirement, wnique to hybrid applications, s to provide
sechanical design which will enadle the use of a mobile fuel Tore for fue)
replacement /reprocessing, (Rher key considerationas are the design of a first
wall thin enough to provide attractive neutronic perforsance, the speci-
fication of a structural materfal and configuratfon which can Be tolerant of
freadiation Indeced swelling, and considerations relating Lo remote
maintenance and the removal of blanket sectors. The remote maistenance
guldel ines require that the blasket sectors and the divertor Internals be
removable within the fixed space between the torofdal megnets. Safety
consfderations require that the reactor fuel fnventory cas be dumped by
gravity.

The resulting helium cooled Fusiom Breeder Reactor configuration 1s shown
schematfically n Figure [.E.1. Its key design specifications address a set of
tokamak disensions (shown in Tadle [.E.1) which are consistent with the
smaller, long pulse mode driver.* The plasma 1s surrownded by poloidally
orfented lobe shaped modules with cylindrica) moses which face the plasme,
Figere 1.E.2, & plan cross section through the horizontal centerline of the
redctor, shows the Tobes and their orfentation with respect to the plasss for
one of the ten bDlanket sectors. The poloidal lobe arrangement allows the
mobile fuel, in the form of pebbles (spheres), to be loaded at the top of the
reactor, flow through the sodules, and be discharged at the bottom of the
reactor when 1t 1s desired to dump the Tuel for reshuffliing/reprocessing or
safety reasons., As shown n Figure [.E.3, the pebbles are & composite of
beryll1ium/thorium, constructed of 2 cm dia. Be spheres, each with »
circumferential groove to accept a thorium snap-ring. As indicated In
Figure 1.E.1, each sactor of the dlaskat 15 cooled by Mifus which enters the
coslant inlet manifolds at the top of the blasket and exits the coolast owtlet
manifolds at the bottom of the dlasket, The fuel sphere falets (top) end

outlets (bottom) are also Indicated.

*  The origisal design guideline addressed a major radius of 6,75 o,
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TASLE 1.E.). Design Parameters For the Melfum Cooled Fissioa-Suwpressed
Tokamak Fusion Sreeder Concept,
Fustion Power 3000 W
First ¥al) Newtros Loading 3,0 Wi/ut
First Wall Surface Heat Load 0.43 Md/n?
Plassa S1ze and Radius:
Major Radfus 6.75 »
Ninor Radius 1.8 m
Elongation 1.8
Nuster of TF Cofls 10
TF Cofl Clear Bore (Modified “0*):
Horizontas) 0.4 m
Yertical 44
Radies From Reactor Centerline to Maximum Fleld 33 s
Fleld on Axis 5.4 tesla
Distance From Plassa Centerline to Divertor Cofis® 9.6 »
Coolant Helium
Pressure S$.1 Wy (740 pst)
feel Form Composite Be/Th Pebbles
(spherical)
Pedble Diasater 2o
Fuel Processing Batch
Blanket Strecture Ferritic Steel
(2-1/4 Cr-) o)
Maximum Structural Tesperature <475
Blanket Lifetime 3-4 years

% For other PF cot) locations see Sectionm II.
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Figure 1.£.3. Beryllium Pedble/Thorium Snap-Ring Composite Fuel Form,
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The chofce of a ferritic rather than #n sustenftic steel structural
material for the reactor was bdased upon the curreat perceptiona that volumetric
swelling will be much Tower for the ferritics., In addition, the ferritics
offer higher thermal conductivity and their use s expected to result fn 2
Tower thersal stress in the first wll, Asong the ferritics, HT-9 wd
2«1/8 Cr=l Mo are often selected as “typical® alloys. HT-9 features higher
strength at elevated temperatures, but 13 expected to swell more (due to 1ts
higher chromium content). The 2-1/4 Cr-1 Mo alloy has deen widely used fn
Industrial applications, has adequate stresgth %0 ~ 475°C, and was selected
for this study with NT-9 as a backwp.

1.E.2 Blanket Sub-Module Configuration

An enlarged view of & typical sub-sodule 1s provided in Figure 1.E.4,
The sodyle consists of 2 double walled 2-1/4 Cr-1 Mo ferritic steel comstruc-
tion with straight side walls and a semfcircular nose. The outer wall serves
as the primary pressure carrying strecture, The faner portica between the
double wall forms the coolant chamnel. The helfum coolant enters at the rear
of the module and passes along both sides of the module to the nose, AL the
center of the nose an opening 1s provided to permit the coolant to enter the
sear semicircular inlet plenum, The helium then passes through a perforated
plate into the fueled regfon of the modules which contains the Be/Th pebbles
and rows of steel tubes containing the tritium breeding materfal, The tubes
are 2 on in dismeter and arrenged in an array with a triangular pitch of
B on, A additional set of plena are provided cn each side of the sodule to
pernit & small mount of helfum purge flow to be supplied to the horizontally
orfented tritfum breeder tobes to remove the generated tritium,.*

The semicircular nose of the torofdal lobe type sub-module, Figure 1.E.5,
Is corrugated circemferentially around the mnose, The corrugations were
sdopted for the 1983 Blanket Comparison Study snd this »udy. This optionas)
feature requires Turther evaluatiosa, but 1s expected to permit the
corrugeatfons to deflect polofdally around the blanket sactor to better

* Although 1ithium oxide was considered as the tritius breeding materfal fin
this stody, other materfals (e.g., 11thium aluminate, FLIBE, 1iquid
1ithium) might, ultimately, be preferred.
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sccommodate irradiation Induced swelling and thermal expansion, The
corrugated nose would also deflect by flexing along the circular arc fTormed by
its semicircular shape., The node Dlends 1nto the side walls of the mdules
where contact with the adjacest modules prevents any deflection. ELach 0.4 o=
thick side wall acts as a tension tie to carry the ccolant pressure load from
the corrugated nose of the sodule to the back module support structere, The
corrugation s & 9 m erosfon allowance to accommodate sputtering of the
saterial from the first wall during a four calendar year operating 1ifetime.

1.€.3 Fuel Region Design and Inlet/Outlet Piping Considerations

Both the sphere 1nlet and outlet piping are sized to praveat the pheri-
cal pebbles from binding or jamming and to provide free flow of the pebbles
when necassary for loading and inloading the fueled region. In additfon, the
fuel zone of the blanket is free of wanecessary restrictions which could
ispede the sotion of the pebbles., Seml) scale experisents performed at LLNL
Mwe demonstrated that the spacing of the breeder tubes 1n the Tueled reglon
of the sodule (Figure [.£.4) will allow the pebdles to move and to achieve an
adequate packing fraction of S0-60%, In order to siaimize the thicksess of
the tritiem Sreeder contalining tubes, the Melfum purge flow ia the tubes s
maintained at approximately the same pressure as the sodule coolant
pressure, To substain the full (100 MWPa) buckling pressure, some support due
t0 breeder packing in the tubes 1s assumed.

Each of the lobe sub-modules shown 1a Figere 1.£.2 sust be servicad by an
individaal pebble Teed tube o8 Indicated In Figure 1.E.1. The feed tubes
would be cperated prneumatically, transporting single peddles from & datch task
to the blasket, To avold cutting and welding 34 pipes per sector changesut,
an arrengement such that the fuel feed system would be ntegral to the
blanket /shield/divertor assesbly s postulated (Sut sot yet designed). Fuel
petiles discharged through the blanket Sy gravity eater a flattened funne!
shaped duct which provides a sisgle common exit from all of the sudb-modules 1
each blanket sector.

The proposed concept requires only a single fnlet coolant pipe and exit
coolant pipe per sector for each (fnner and cuter) blamket. The inlet plemum
1s wide at the top and sarrows towards the bottom while the cutlet maifold

has the cpposite orfentation,




1.E.4 Design lssues
A hbelfum cooled reactor/bDlanket concapt with a mobile fuel form appears

to be 2 viable concept bDased on the scoping design and amalysis effort to

date,

A single coolant path for the first wall and the interior of the

blanket leads to a relatively stmple concept and the use of 2-1/4 Cr-l Mo
represents a state-of-the-art materfal selection. The first wall concept 1s
directed towards accommodating the effect of frradietion induced swelling, but
additfona) study s required to confirm the four year (8.4 H-yrlnz) blanket
1fetiee wBich Bas been postulated.

Because of the limited effort in the study to date, design Yssves remain
which will, require further study. Some of these 1tess/Tssues are the
following:

The 1ifetism of the blanket module, as affected by irradistion damage
{f.e., swelling, creep, esbrittiement) should be Tavestigated in the
context of 1dentifying the key fallure modes.

Concepts are needed for preventing the lobe side wall deformations at
the 1aterface Detween blanket sectors,

The need for corrugations and the tolerance to which the narrow flow
channels (1 mm) on the Inner side of the corrugation can be
sanuTactyred neads to be assessed,

The relative merits and disadvantages of the horfzontally (torof
éally) aligeed tritfum breeder containing tubes in comparison with an
alternative vertfcal (polofdal) arrangement with perfodic tude sheets
should be fnvestigated more cospletely.

The propesed loading of beryllism/thorfum pedtdles 1ato the top of the
blanket lobes throwgh seall, Individual tubes should be fnvestigated
via the design of & fueling mchine.

Configuration and mechanica) support arrengesent for the silicen
cardide reflector seeds further stody.
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e The shield design should be pursuved further to understand the
shield/blanket interfacing and provide a concept for an integrated
shield and Dlanket design.

e The consequences of having the vacuus pusps and additional shielding
above the reactor with the top mounted divertor needs further iaves-

tigation,

e Procedures and equipment to replace the sector modules (Including the
divertor) require further study.

Further efforts should also Include the interfacing of the additiconal system
components (1.e., heat exchangers, vacuum pusps, helium pusps, etc.) and
interconnecting piping. The vacuus sealing boundary should be better defined

and seal concepts persued.



I.F CHOICE OF A TRITIUM BREEDER

A principal goal of fusion breeder blanket design fs to meximize fissile
fuel prodection via the wse of an efficient neutron sultiplier (see
Section 1.G). A consequence of the wse of a separate neutrom sultiplier (in
this case Deryllfum) 1s that the tritiem Dreeding materfal 15 not required to
provide a capability for Insitu neutrom multiplication. Rather, the preferred
tritium Breeder s required to result n 2 practica)l engineering design which
minisfizes both the tritium breeder wlume fraction and any parasitic absorp~-
tion of newtrons., As 2 result of this design orfentation, a musder of tritius
breeding mterfals wAich cannot provide adeguate tritfum breeding fa the
absence of an effective sautron sultiplier for fusfon-electric Blanket (e.g.,
11thfus alusinate, FLIBE) cam be considered for use in the fusfon breeder,

Key properties of several cesdidete tritium breeders are summarized In
Tadle 1.F.1. These candidates were selected Bdecause they represent distinct
classes of breeders: 1fquid versus solid, fnsitu neutron multiplication versus
none, and tritfum release as T, versus T0, As shown in the tadle, the char-
acteristic dimensions and structure (clad) fractions assoclated with all of
the breeders are reasomabdle.

L150 has the highest lithium stomic density among all tritium breeders.
The bred tritfum 15 expected to be released as Ty0, a chesical form which is
mirkedly less pt to Teak through the steel tube into the Melius coolant than
the atomic form, Ty, Thus, 2 purge flow tritium extraction design 1s usually
sdopted, FHowever, recent LIALD, fnsitu tritivm extraction experiments Indi-
cate that a large fraction of the tritium may be released in noncondessable
form, Similar debavior can be expected for Li,0. Since the results of this
experiment are not fully understood, further fnvestigations are needed, L10
has the disadventage of deing very Mygroescopfc, wAfch faplies the need for
special attention during menufacturing and fabrication. Tesperatere costrol
and irradiation damage effects (e.g., reductions in thermal conductivity)
wiich Infleence the steady-state tritium faventory In L150 and irradiation
growth (1.e., swelling) are key isswes for this breeder. A fimal fssue
fnvolves the activatfon of fspurities the solfd breeder and the radiological
consequences associsted with recycle of the breeder material and personsel
posure during the refadrication process.
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Table 1.F.1.

Trittum Breeder Properties and Thermal Mechanical Aspects.

FLIBE FLINE
U0 LIAL0, LIL183 u (66-34) (47-53)

k (W/m-X) 3 1.73 16 % 1 0.8

» (kg/n?) 2010 2520 9400 450 2000 2000

& (Ikg-K) 2600 1464 1600 200 2380 2350

W (*C) 1430 1610 235 180 40 %3

Preferred Fue) Form  Plate Plate Tete Tede Tube Tube

b (W/m2-x) %00 3000 2000 2000 2000 2000

Interface T, ., (*C)  550/560 5§50/ 550 4307475 495/550 5507550 550/550
PCA/HT -9

Sreeder Tesperature 420/800 420/1200 235/1370° 180/1370 460/1370 3%63/1370
Window (*C), win/max

Breeder AT (*“C) q“izllk q"‘nz/a q"‘rzl& q“‘rzl& Q'“ftlu q“‘rz/u

Characteristic 1.4/1,0° 1,6/1.13¢ 3.6/1.3 5.8/2.5° 2.40.79 1.9/1,.4%
xorr (Q" (9 Wiee)/
(18 W/ee)

Clad ¢ fraction 1.8/2.5 1.6/2.2 1.4/2.8 0.8/1.7 2.1/2.9 2.6/3.6
=

Max. tesp.less than 550°C (structural stress 11mit) defised by max, corrosion rate of 20 wa/yr.
Bgotil1ng potat of Li = 1370°C st one atas,
Cx-plate 1/2 width, r-tube radius. Welium coolast characteristics: P » 50 ats, Ty, = 275°%C:
Tost ® S00°C, Toooyame * 420°C; @™ = 9 W/cc at ' = 1.5 mife?,

“Breeder element dlmension Vimited by T .40, 304 Interface T .
®Ureeder element dimension limited by interface T, ..

fClad thickness = 0.25 mm.




L1AI0, s the s01fd Brewder that Mas the most avafladle and most
favoradle material property data. It fs very stable and has a large
tesperature window for tritiua recovery (see adove paragraph). The activation
of LIAID; 1s an fssue,

Asong the LI-PS sutectics, ITLI83PL s favored because & low chesical
reactivity results due to 1ts high content of lead (which 15 also a good
neutros sultfplier), It has & low miting point of 235°C and 4 very low
solubility for Critium. Thus, the tritium inventory will be low, but the
problem of handiing T, In the blanket without excessive leakage appears to te
very difficuit, As shown in Table 1.F.1, the weight and corrosiveness of
17L18390 are additional concerns,

Lithium 1s the bdest tnown Tiguid tritium beeeder, It cas breed adequate
tritium withowt 2 neutron multiplier, but its high chemfcal reactivity leads
to poteatial safety comcerns. Siace the bred tritfum 15 held fn 1ithium In
the form of LIT, ncrmal releases of tritiem will Be mininized, but 1ithium
will need to be circelated ocutside of the blanket for tritium extraction,

Becavse of 1ts Tow 11thium density, FLIBE, or 1ithiwe-2ery1ltum fluoride
molten salt, requires fsotopic enrichment in LI for adequate breeding. It s
known to have the advantages of excellent irradfation stadility, low pressure
cperation, and chemical cospatibilfty, These features 1mply safety advantages
when compared to 1ithiem and cperational advantages when compared to the solid
breeders and L1-PS, The potential prodles of TF (hydrofluoric acld) Tormaticon
can be resolved bty the addition of a reducing agent (e.g., excess beryllium)
in the salt, but the issue of tritiem release in the form of T, Secomes the
same as for 17LIEMD,

Based wpon our survey of the potentfal breeders discussed above, the
following chservations can be made:

e Among the solid breeders, L1,0 and L1ALD, are both credible and are
similar in engineering applfcation. L10 was selected over LIALD, dee
to existing esphasis in the fusfon-electric program. LIAIO; could
ultimately be praferred for this spplication due to 1ts Chemical
stability, resistance %0 frradistion damage, and larger tesperature
window, The Migher 11thium density of L1 0 s an advantage, but not 2
high priority fssue Decause of the separate seutron muitiplier,
Tritiem control may be an important fssue in efther case,
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e Among the Tiquids, Tithiem s rejected due %o safety concerns (an
usnecessary burden).

e FLIBE and 17L183PD are both credidle lfquid breeders and are similar
in engineering application, FLIBE 13 non-corrotive 4t the design
operating tesperature and is favored in thls respect. 1701830 has a
lower meiting tesperature and 1s preferred 17 corresion 1s aot
lmiting.
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1.6 WUCLEAR AWALYSIS

1.6.1 General Considerations

The most faportest cbjective of any fusion Breeder blanket cesigs s The
achievemest of the highest possidle Tissile breeding within the constraints
posed by 2 specified engineering design configuration. The requirement that
the reactor breed entudh tritium for self-sufficiency mest slso be satis-
fled, For Tissfon-suppressed blankets, a third cdjective 1s to limit the
fissfon rate n the blanket such that the blanket operating power density, the
blanket after-heat power density, and the generatios of radicactive fission
products are limited to provide swperior bDlanket safety characteristics as
well as the mexfmum asount of Tissfle fuel per unit of thersal power genera-
tion.

As ¥y fuel (bred from 2321n) {5 more efficiently wsed in fission reac-
tors than 29%y fuel (bred from 238yU), our Blanket studfes have esphasized

Xy, breeding for wse in LiRs and sore advanced convertor reactors, The
combination of 23%y breeding and fission suppression leads to a lewel of
breeding performance such that a 3000 M, tokamek fusfon breeder cowld provide
makew Tissfle material to support 19, 1 GN, LWRs on the denatered thorius
fuel <ycle. The fusicn Dreeder also produces an awverage met electrical owtput
of 1200 M.

The foces of our nuclear design work has been directed towards estimating
the performance of a tokamak fusion breader using & variation of the reference
tandes wirror blasket design developed during 1582, Some of the differences
in the blanket materfals and gecmetries are given 1n Table [.G,1. Although
both designs wtilfze packed beds of deryllium pebbles with thorfum snap-rings,
the tandem mirror blanket uses 2 1iquid Tithium coolant and tritium breeder,
while the tokamak blanket wuses a helium coolant with the tritium breeder
located In discrete tubes wATCh run through the bed, Since the use of 2
beryllium moderator introduces significant seutron moderaticon, heterogeseous
effects can be fsportant and differences in performance due to the design of
blanket internals can be significant,
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TAME [.6.1. Fusfon Breeder Blantet Compositions,

Tokamak Tokamak Tanden
Ioner Outer Mirree
Slanket Blanket Blamket
FIRST WALL 208
Thickness (cm) 1.5 7.5 6.3
Structure material fe Fe Fe
Structure Yol. Fraction 0.14 0.14 0.18
Coolamt He e 8
Coolant Wol, Fraction 0.86 0.86 0.82
PACKED BED 20ME
Thickness (cm) 41 7 a2
Structure Fe Fe Fe
Structure Yol, Fractieon 0,05 0,058 0,074
Coolant Yol. Fractiom 0.3 0.3 0.3
Muitipifer Material Be te e
Multiplier Vol, Fraction 0.45 0.45 0.54
Tritium Breeder L0 Lig0 L (Also
coolant)
Tritiem Breeder Yol. Frection 0.9 0.09 0.38
Fertile Fuel ™ ™ ™
Fertile Fuel Vol, Fraction 0.024 0.024 0,089
SACK 70N
Thickness (cm) - S a2
Structure Yol. Fraction 0.08 0.08 0.085
Coolant Vol, Fractios 0.12 0.12 0.6%6
Moderator Material SiC siC <
Moderator Yol. Fraction 0.80 0.80 0.238
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From 2 meclear performance point of view the principal differences which
relate to the use of 2 tokasak rather than & tandem afrror are that the
Lokamak :

1) does not have end cells (that comsume but do not produce tritium)

2) has severe space limitations for the inboard blanket and shield

3) requires thicker and more complex first walls due to higher erosfon

and surface heat fluxes

4) has 8 polofde) divertor that can cause significant neutron loss

S) N 8 more cosplicated geometry that, when cowpled with the desire to

use gravity for pebdle fueling, cam fspact performance.

1.6.2 Muclear Analysis
The procedere used Lo perform the nuclear analysis consisted of develop-

ing geometric models to address various nuclear effects within the blanket.
These effects were then analyzed with two Moste Carlo transport codes: TART,
8 cowled neutron-photon, 3-D Monte Carlo transport code using & 175 grow
nuclear data set generated from ENOL, the Liversore-evaluated nuciear data
Hibrary; and ALICE, & varfant of TART that treats resonance effects by wsing
the prodabilfty table method. Most cases were run with 5000 source neutroms
resultieg 1n less thas 23 standard deviation, The sodels developed for the
Monte Carlo analysis are simplications of the actual geometry ead are Intended
to ressonably spproximate 1ts fsportast aspects.

Three models were developed and espioyed for this asalysis, The first 1s
& toroidal 2-D model (f.e., & Tigure of revolution) with no pesetrations,
approxisating the overall aspects of the torofdal geometry. The second, shown
fn Figure [.G.1, 15 3 unit cell consisting of 2 tube-costaining LY surrownded
by homogenized Be ¢ Th. This model was developed 10 examing Petercgenecus and
resosance self-shielding effects, The third, showm in Figure 1.6.2, 15 a
toroidal 2-D model with a polofdal divertor. It was wsed to estimate the

effects of a major penetration,
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Resuits from these three models were then combined giving the following
estimate of overall performence:

Total net Breeding 1,55 (210%)
Tritfus Sreeding 1.01

et 3% breeding 0.54 (£303)

Energy (# U/ = 1.0%) 26 MeV (-203, +40%)

These results are normalized to one D-T fusfon seutron, The uncertainties
11sted are estimates that iaclede deta and modeling-caused uncertainties iIn
addition to the 2% statfstical encertainty. The total energy deposited per
fusfon fs expected to have a larger uncertainty 1n the upwards direction than
the downwards direction due to remaining wncertainties in the details of the
resonance self-shialding trestemst,

The tritius Sreeding can De Incrested &3 required, Swt any additions)
bred tritfum sust be subtracted from the net fissile fuel production. It 1is
fsportant to note thet even & 1% loss of tritium from a 3000 MW, plant would
represent a release of 4.5°10% curtes per day! Similarly, the allowed
recovery cost at 10,000 §/g would 2o ~ 12 SM/yr per percent tritium,

Futore suclear modeling work should be focused wpon quastifying and
reducing the uncertainties, gtinizing the design %0 maxinize specific
breeding (1.e., Breeding per unit of thermal energy deposited In the blanket)
and exploring other promising design concepts. For exasple, significantly
Moher specific fissile breeding appears to be achfevadle by increasing the Th
contest above the 2 v/o used here.

Based on this work, the set fissile dreeding ratfo of the tokasak fuesion
breeder was found to bde 1XX less than the reference tandem mirror fusfon
breeder. While there 13 significant uncertainty, these initfal results
indicate that 3 toksmak with this general configuration can be used as the
driver of a fission-suppressed fusion breeder, Bdut that fts Tissile dreading
ratio wil)l de somewhat less than 1ts tandem mirror cownterpart.



1. FLUID DYNAMICS AND MEAT TRANSFER

[.M.1 General Considerations and Design Limits

The requiresest for the Melium cooled first wall to accommodate high
surface Meat fluxes and Moh erosion rates Teads to & Ifficult heat transfer
problem for the tokamak reactor first wall., The bellows first wall design was
conceived to accommodate these prodless and to als0 accommodate the effects of
frradiation-induced swelling, Two-dimensfonal thermsl-sechanical asalyses of
the bellows Tirst wall were performed to fdentify the tespersture and stress

distributions and to guide the design.

The »elium-cooled, fission-suppressed, hybrid reactor blanket features a
unique configuration comsisting of & packed Bed of beryllium/thorium pedbles
surrounding purged tubes which containm the tritium breeder and are distributed
throughout the bed, Heat transfer calculations were performed to show that
the selected pebble and tube sfzes can satisfy the respective materfal
tesperature limits, After the Dlanket coafigeration was defined, the blasket
loop pressure drops and the pusping power were calculated to assure that they
are acceptable.

The tesperature 1imits of key saterials were Tirst estadlished, In the
blanket region, the key materfals are the structure]l material, the newtrom
suitipifer and the tritius breeding materfal, As discussed in Section L.E,
2-1/4 Cr-] Mo was recommended to be the structura) materfial. This easily
manufactered ferritic steel alloy has a meximum allowable tesperature of 475°%C
for Mgh stress applications. For the mominal chofce of Lig0 as the tritius
breeder, the tespersture limits are T, = 410°C and T, = 800°C.

A Mliem pressure of & to 80 ate will be meeded for an efficient primary
Toop design. Steas-generator design conditions dictate 2 minfsum coolant
inlet tesperature of about 275°C and & minfmm coolest temperature rise of
above 100°C, As cutlet tesperature of S00°C was selected td give 2 gross
thermal cycle efficiengy of 395, Structure tesperatures above 475°C occur
enly towards the rear of the blanket where the stress aad neutron flux are

lTowest,
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[.H.2 Bellows First Mall Design and Analysis

The primary purpose of the first wall is to provide a boundary between
the pressurized coolant and the vacwum of the plassa chamber. At the same
tise, 1t has to dandle the transmission of thermal power through the waill to
the Moh pressere helivm codlant, There are two contributions to the heating
of the wall: wvolumetric power genecation due to the neutron wall loeding
(3 Wi/n?) and the plasme-side surface hest flux (0.25-0,5 Mi/e?). Ia
addition to these effects, the selected structural configuration has to
sccommodate hgh Tlumce nevtron-indeced swelling while belng eroded away ot
an sssumed rate of 2.25 mm/yesr.

Two dimensfonal, steady-state, tesperature distridutions were calculated
for the bellows Tirst wall using TACOZD, a Tinfte elesent Deat trassfer
code. The tesperature profile calculated bty TACOZD was then couwpled along
with the dydrostatic Pelium pressure boundary condition into NIKEZD, an
fmplicit, finite daformation, finite element stress code. The neutron
swelling effects were not Included In the stress analysis., Figure 1.M.]
presents the two-dimensional bellows first wall configuretion which was
modeled using the adove codes, This basic configuration was asalyzed for two
conditfons: the begisaing-of-11fe (BOL) 1n wAIch the 9 mm sacrificial layer
on the plasss side of the wall has not ercded, sad the end-of-l1ife (EQL) fn
which the sacrificial layer has cospletely eroded,

Flgeres 1.M.2 and 1.0.) graphically display the bellows first wal) tem-
perature profiles calculated by TACOZD at the beginning and end of life.
Flgares 1. M. 4 and 1.H.5 presest the beginning and end of 1ife principal
stresses calowlated by NIKEZD, The resylts of these figures are susmarized 1a
Tedle [.H.1. This tabdle shows that, with the present bellows first wall
design, the design guideline maxfoum tesperature (475°C) s slightly exceeded
at the beginning of 1ife. However, It 1s fsportant to mote that the hot spot
areas, wAIch occur 1a the sacrificial layer closest to the plassa, are
required to provide only minimel structera) support. The design guideline
mxioum stresses (~ 210 W) are met for both the BOL and the EOL conditioms.

The adove calculatfons were performed at 2 neutron aad serface loadiag of

3 nd 0,25 ~Iﬂz. respectively, Figere 1.H.6 shows the estimate T at the
beginning of 1ife as & function of surface Toading., Assuming 4 maxisus
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Table 1.H.1. Bellows First Wall Thermal And
Structural Analysis Summary

2-1/4 Cr-1 M
Maxisus temperature, (°C)

Seginaing of life 542

End of 1ife 32
Maximum stress, (MPa)

Beginning of 1ife 201

End of life 176
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allowable tesperature of 700°C on the eroded layer where the stress capadility
requirement 1s ainfeus, the 2-1/4 Cr-1 Mo can withstand surface loadings
higher thaa 0.6 m-’. This observation provided a dasis for our decision to
increase the plasm radiation fraction to 523 (0.44 Wi/nl) to sinimize first
wall erosfon and the &ivertor heat flux,

[.H.3 Blanket Fuel Element Destgn
Calculations were performed for the packed Bed of beryllfum pedbles and
breeder tubes. An applicadble heat transfer coefficient for a tube Bank
esbedded 1n 2 packed bed of spherical peddles was not avalladle, ut was
estimated, Based on this estimate, the breeder tesperature distridution as 2
function of radfal pesition 15 given fn Figure [.K.7, As shown, the design
tesperature limits for & Vithium oxide breeder are satisfied, The
2-1/4 Cr-] Mo tube tesperature 1s higher than the design limit of 475°C at the
back of the blanket, but the tube wall thickness <an de Increased 1a that
location to reduce the stress without excessive penaity,

Calculations were perforsed to estimate the total pressure drop of the
whole blanket cooling circuit facluding the steam generators for a 5000 Me,,
reactor with a saxisum blasket energy sultiplication of 2. The pressure
losses &ue to friction, acceleration of flow from density change a3 & function
of tesperature, Jjoints, turns, expassions, aad contractions were all taken
fnto consideration. The resulting 2P/P = 3.22% and posping power fraction of
4% are withia the respective design limits of 4,31 and 55. For the selected
coolant inlet/ owtlet tesperatures of 275°C/500°C, the gross power coaversion
efficiency 15 expected to e 39% while the net power conversion efficiengy s

opected to be 36.5% (Incleding pusp power Josses).
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1.1 REACTOR SAFETY ISSUES

The primary safety concern related to the desfign of fissile fuel-pro-
ducing bDlankets s the potential hazard associated with the release of the
actinide, fission product, snd activation product redicactivity, This redic-
activity, produced bty fissioning and parasitic captures of seutrons in the
fertile and fissile materfals and metallic structures, could de modilized
Guring postulated accidents, The fsswes of tritium safety, though requiring
appropriste design attention, pose & relatively lower level of risk during
mjor events,

The major source of stored emergy for radicactivity mobilfzation 1s the
heat gemerated by the decay of radio nuciides fn the dlanket (primarily Z33Th,
2p,, and fission prodects). The 1aftiating evests of sajor consequence are
those that lead to 2 loss of cooling capebility. The major differences be-
tween the reference liquid 1ithium cooled tandem wirror fusion dreeder and the
tokamek fusion breeder design are the absence of stored chemfcal esergy from
1ithium reactivity, the such higher wall loading (~ 3 vs 1.3 Mi/a? in the
refereace blanket), and effects due to using a helfus rather than 11thium
coolant (e.9., 2 Tower conductfve heat removal capability fn & loss of coolant
flow event, ecasier fuel dusp, different accident inftiators). [sportantly,
the decay heat resoval load per uaft wel) ares will iacrease due L0 the higher
will Toading, tut 1t Is expected that coolant flow can be maintained ot re-
duced prassere in 2l) cases with redundant helfum circulaters,

The maxisum radio-nuciide hazard fnventory (at time of fuel @ischarge) is
not expected to differ substastially between the tokasak and reference tandem
wirror reactors - & result of the opposing effects of higher wall loading
versus the compactness of the totasak design., Specifically, the mjor contri-
butfonms to the radioactive fnventory per unit wvolume are the actinides. These
reach equilidrium 1n roughly 60 days and their respective concestrations are
proportional to the wall Toading., The woluse of actinides s roughly
fnversely proportional to the wall loading.

The factor of four to five lower nusber of modules (or sectors) fn @
totamak results in a higher radicactive inventory per module. Thus, individ-
vl module Toallures could have correspondingly higher consequences, and heat
removal sytess would face higher Meat lcads. Other factors are the higher
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cosplexity of the tokamek and the decrease in the fuel ball adiabatic melt
tise and, thus, the shortened time Tor corrective action due to the higher

afterheat level,
Due to the cospactness of the tokamek and the absence of liquid metal MO

effects, gravity dusp of the mobile fuel to & dusp tank beseath the reactor Is
possidle at & reasosable distesce (~ 7 m) without forced flow, Freeze walves
in comjunction with a purely gravitational dusp would provide a totally pas~
sive dusp system, I7 a2 suitadie noarsactive thersal costact medium within the
dusp tank could be fdentified, passive cooling may be possible 1n conjunction
with heat pipes and convective air Meat exchangers, but thermal shock to the
demped fuel could be a concern.
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[.J SUMMARY OF FUEL CYCLE AND ECONOMICS ANALYSIS

In this section, the cwversl]l performance and cost of a helfum cooled,
beryllium blanket tokamak fusion breeder reactor are estimated and are coe-
bined with similar data for 9% burning LMR fission reactors to obtain an
estimate of the costs of electricity and brad fuel for a symblotic electricity
generation system consisting of the fusion Breeder, 1ts LWR clieats, and the
associated fuel grcle facilities. The results ale compared with those for a
reference case, the liguid lithium cooled fusion Dreeder tandem mirror design

of 1982,

Table 1.J.1 compares the key tokamak breeder fuel Qycie parameters with
those for the reference tandes mirror breeder. Figure 1.J.1 shows the
corresponding fuel cycle availadflfity budget., The calculation of the actinide
concantrations aad the development of the availadiliity dudget assume a3 903
operational avaflability durisg schedeled cperation. In the case of the
tokamek breeder, this allows as many as 12 unscheduled and 34 scheduled cutage
days during the 155-day fuel cycle perfod. The total yearly fissile breeding
is 13 lower for the tokasak breeder,

The performance and cost of the helfum cooled, beryllfum blanket tokamak
was analyzed using TRN's Tokamak Reactor Systess Code (TSC). These results
are shown in Tables [.J.2, [.J0.3, and 1.J.4. The tokamek cases are for
current drive By Induction and neutral beams. The tandem mirror breeder was
modeled using the TRW's Tendem Mirror Reactor Systems Code. Cosparisons
Batwesn the tandem mirror and tokamsk ressits should be made with some
reservations because, 1) the two designs represent different levels of effort,
and 2) the models In TSC and TMRSC are somewhat ¢ifferent,

As shown 1n Table 1.J.2, the reference tandem mirror produces the most
electricity, 243 higher than the inductive current drive totamaks asd 82%
higher than the newtral beam drives tokasak., The inductively driven tokamak
has a 47% higher (442 Wi, ) net electricity production compared to the newtral
beam current drive case. These results are also reflected In the set plant
efficieny figures (343, 30%, and 203). It 1s clear that neutral beam driven
systems will result 1n substastial power flow penalties,
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Table [.0.1, Sussary of Breeder Fuel Cycle Characteristics,

TOKAMAX TANDEM MIREOR
Net Fissile Production (Kg/yr)* 4905 5635
Fissile Inventory (Kg)
In-Core® 1535 1180
Post Discharge 2419 281%
Plant Capacity Factor (%) 0 N
ME! (s)®
0.43 0.4
23y 1.00 0.7
Tota) 1.43 1.1
3 181p18catt
¢ 1.30 1.2%
E0C 2.10 2.5
AvES 1.70 1.89
155 21¢

Full Cycle Pariod (days)

a) average over cycle.
b) atoes per E321h atom (3).

c) 1.5 batches of fuel during this perfod assuming & two-zone
dlanket with fuel replaced twice as often ia the first rose,
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pt——————— Oparston ot 100% Capecity Fector ————e— Unachaduted [ -

I

— 10% bt | 2 b IR
b 124 -—
- 155d -

Overall Availadility = 109/155 = 0.70

Figure 1.J.1. Tokamak Sreeder Availabil ity Budget.
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Table 1.9.2. Fusion Breeder Performance Cosparison.

Fesion Breeder Type

Tokamak

Reference Tokamak Neutral

Lithius (1 fve Beam

(Tandes Mirreor) m (co)*

Major radius (m) 193 {(length) 6.7% 1.65
Minor radius (=) 1.% (cc ragtus) 1.0 1.57
Fusion power (M) 3000 3000 3000
Pulse length (s) s 210 s

Blanket energy multiplication:

Minfmun 1.2% 1.30 1.3
Maxfoum 2.5 z2.10 2.10
Averesge 1.8 1.7 1.70
Gross nuclesr power (MN)* 5100 4650 4650
Gross electric power (MM)? 2226 16677 18509
Driver recirculating power (M) 25 6.7 621
Additional recirculating power (W) 180 275 286
Net electric power (MW)? 1720 1388 943
Net fissile productiom (Kg/yr)® 5638 4505 4905
Fissile 1aventery (Xg)¢ 199 5954 1944
In-core® 1180 153 1535
Post discharge® 2815 2419 2419
Plant capacity factor (3)? 7.0 70.0 70.0
Plamt efficiency A 0f .20

a) awverage over fuel cycle period,

B) Inductive current drive,

c) newtral Desm currest drive,

d) 1acludes average plant capacity factor.

e) assused to be Malf-year's average production,

f) averaged over reactor cperational period,

g) 1nclodes N8 thermal etergy depodited on PN and conwverted in the T/6,



Tadle 1.J.3, Fusion Breeder Cost Comparisen ($ Millien, 1383),

Fusion Breeder Type

Tokamak

Refarence Tokasek Neutral

Lithium {inductive Bean

(Tandem Mirror) co) (CD)

Land and land rights 6.3 6.3 6.3
Structures and site facilities 563 sil 531
Fusion deiver components® 863 458 1638
First wall/blanket shield® 453 9% @
Heat transport cosposents® 502 245 258
Misc, reactor equipment 299 288 2
Turdine plant equipment 37 &01 432
Electrical plant equipment 158 164 167
Nisc. plant equipment 19 LX) 53
Fuel qrele factlities? 382 330 )
Direct Cost 3660 w|n 4112
Contingency (20%) gr SN sz
Tota] Direct Cost a3 3448 L)
Indirect Cost (343%) 1485 1163 1665
Tetal Overnight Cost a7 ) £599

Cost of Interest and Escalation

During Construction (17.5%) Jozs 6 1155
Total Plant Cost 6905 414 1754
Fusfon Breeder Cost/LMR Cost® 2.76 2.% 3.8

a) Includes mgnets, heating systems, direct coavertor.

b) Includes beryllium and lithium,

c) includes circuiators for helium loops.

d) 1includes reprocessing, beryllium fabrication, thorium fab,

e) basis: $/Ki,
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Tadble 1.J.4, Fusion Oriver Composent Costs ($ Milifom, 1983),

Fesion Breeder Type

Reference Totasak Tokamak

Lithium (Inductive (Neutra)

{Tandem Mirror) co) Sean CD)
Tokamek Magnets .. 35% 328
TF cofis .- 230 289
W colls -- 0 kM)
Solenoida) cofl .- %5 2
Tandem Mirror Magnets 601 - oe
Cantral cl) &80 A ¥
Barrier cof) ) L) -- --
Barrier cof) 2 n - -
Transitfon coil 21 — -
Yin<yang pair 43 . o
B Systemss 7% 103 6.3
1CRF 19 n -
ECRF 3 6.3 6.3
w o a -
Neutral Beam Systess 1% .- 1304
Direct Converter 36 -- -
Total Fusion Oriver Components s} 458 1638
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As shown 1n Tadles [.J.3 and [.J0.4, the cost ¢ifference detween the two
tokamaks 1s primarily caused by the high cost of the meutral Beas system, The
neutral Beam driven tokamak 1s also slightly more expensive in other areas
because 1t optimizes ot a slightly larger physical sfze (7.7 m). The size
cptinmfzation 1s driven By plasma scaling laws which predict both a decreasing
plasm cerrent requirement and a decreasing neutral beam absorption efficlfency
45 the reactor mjor radius Iacreases,

The optime] major radius of the 300D MM, inductively driven tokemak
(6.75 m) s also larger then the smallest possible major radius (6.29 m). It
is detersined by tradisg longer pulse lengths and a Mgher duty factor [at
larger major radii) sgainst Jower capital costs (at ssaller major radii). In
the case of the miscellanecus reactor equipment account, the Inductively
driven tokamak 1s slightly more expensive due to varfcus costs associated with
puising. These include the increased costs of the sagnet sepport structure,

the vacuum system, and the mgnet power supplies.*

Cost differences Detween the tokamaks asd the tandem mirror reflect the
different nature of the two plasms confinement schemes as well as modeling
differences, The sajor differenca 15 the cost of fusion driver cosponents,
The large cost of the tandem mirror centra) cell megrets, first wall, blanket,
and shield can be atteibuted to fts Tow wall Toading (1.3 Mi/e? versus 3 Wi/a?
for the tokamak), The inductively deiven tokamsk 15 abowt 22% less axpensive
than the tandem mirror but about 308 less expensive than the newtral beam
driven tokamak,

A susmary of economics resuits for syspiotic electricity generatiom
systess coasfsting of fusion bBreeders and their supported LR cCliest reactors
1s shown in Tadle [.J.5. This table includes cases for the wtility and
governmeat ownership of the reference tandem airror breeder (cases 1 and 2),
cases for the Inductively driven tokamaks (cases J and 4), and two cases for
the nevtral Deam driven tokasak Dreeder (cases 5 and 6), The first columm of
the table indicates the 30 year average present walue of the cost of
electricity produced by the sysbiotic system In 1984 dollars. This value 1s
cbtained by discounting the cost of electricity 1a & given year back to the

* Energy storage system cost sot yet Iacluded,
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first year of gperation and averaging the results of the 30 values., The
second column represents the average present valoes of bred fissile fuel
calculated 1a the same sanner,

The third and fourth columns relate to & cosparison of the symbiotic
system of fusion breeders and their client LWRs with aa LR which uses
conventional, mined uranfum and a full fissile recycle (1.e., reprocessing)
feel cycle, The cost of mfned ureafum 15 assumed to be 55 $/kg (1984 dollars)
in the first year of cperation and 15 assumed to escalate &t & rete of A/yr
above general Inflation over the X0 year cperating lifetime of the LMR, The
"breskeven year® fs the year in which the cost of electricity for the Uy0,
fueled LR excoeds that of o sysbiotic system which begiss operation In the

same year,
Table 1.0.5. Susmary of Economic Analysis,
Average Average
Pﬁm Pn?nt
alue .t M‘ﬂl
Elect, Cost Cost Breateven Benefit? rice
Description (o1 /Xoei) ($/9) Year? ($8) “(%/xg)
1) Mirror/Gov't 3.7 3.5 8 3.7 a2
2)  Wirror/Utility .7 64.7 24 -8.9 116
3) Tokasak/Gov't/Ind €O 30.6 22.9 i 5.6 13
4)  Tok/Utility/lsd CD 33.4 53.4 21 4.6 91
5) Tek/Gov't/m8 (4 .8 69.1 29 -9.5 132
6) Toksutflity/e cof 3.9 115 - -24.2 %0

a) mowisal results assemed $55/ks 2% starting price of Uy0g with 23/yr
escalation above fInflation.

b) Uy0y starting price required to produce & Zero net benefit over the
20 yeoar breader 11fe cycle,

c) Gov't owned tokamak bBreeder with iaductive current drive.

d) Utility owned tokamak breeder with neutral bdeam current drive.
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The "benefit™ 1s the present value of the annval cost &ifference of
operating the nusber of LWRs fn the sysbfctic systes using mined Uyl versus
fusl bred 1a the fusion Breeder summed over 30 year, More consisely, It
describes the overall cost savings per fusion breeder If the fusfon breeder
were introduced at a 55 $/kg Uydy price. Negative values for the besefit
represent uneconomical cases. The cost of Uylg which 15 sufficient to provide
& 28r0 30 year Desefit 1s the "breskeven UyOy price® shown 1a the last columm
of Table 1.J.5.

Results for the Inductively &riven tokamak cases are very similar to
those for the tandem mirror cases. In both utility owned cases, dreateven
occurs after more than twenty years of cperation and reseits 1a a2 net loss
{over 30 years) of several billfon dollars. In both cases, the price of
wranium must spproxisately double to achieve a 30 year breakeven, For
goversment ownership of efther the tokamek or the tandem mirror breeder,
substantial net benefits (5.6 and 3.7 $011110on respectively) accrue over the
30 year lifetime, The governsent owsed tokasek Breeder breaks even at a Uylg
price as low as $13/kg., Conversely, the neutral bDeam driven tokamak 15 not
likely to achfeve economfc breskeven regardless of cwnership watil Uyly prices
increase substantfally,

The following conclusions result from the above modeling of the potential
economic performance of the tokamak breeder:

e The tokamak dreeder economics results are similar to previows resglts
for the reference tendem mirror fusion breeder.

e Government ownership of the fusfon breeders presents substantial
economic advantages and fits well into the Institutional framework of
4 governsenst sponsored fuel grcle canter (similar to the current
fissile enrichment plasts),

e The government owned, inductively driven, tokasak breeder could be

economical at Tess thaa currest Uglg prices given a long term Usly
price escalation rate which 1s 2% above general Inflation and & full

fissile recycle muclear economy.

1-5%



e N8 current dive carrfes & substantial ecosomic penalty Bt could

breateven in a government ownership case at & sarket price for Uyl
of 132 $/kg.

¢ Economic fssues yet to be addressed include the potential fmpacts of
lower LMR SWU costs, higher LMR fuel reprocessing costs, etc.
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CHAPTER 11

TOKAMAX. ORIVER OEFINITION

I1.A  INTRODUCTION AND DESIGN SUMMARY

I1.A.1 Design Guidelines

The major design guidelfnes for the tokasek driver, susmarized below,
were derived at the beginning of the project Trom cbjectives discussed In
Chapter 1 and elsewhere in this report. Further dackground iaformetion can be
found fn e FY 1982 report (1).

1) Fusion power to bde about 3000 MW,

2)  Meutron wall loading to be less thas 3.0 Mé/e?,

3) Operation to te steady-state with meutra) Seas current drive or wery

long pulse with RF current startwp (both considered).

4) The ratio of circulating power to gross electric power should be
sininized by operating the plasma at ignition fn the long puise
mode, or at Q ~ 10 1f the steady-state current drive cption fs
selected. In the latter case, 1t 1s desiradle that the sethod wsed
for bulk plasma heating also be capable of driving the plassa
current,

$) The TF (torofdal-field) cofls must be swpercomducting. All PF
(polofdal«field) cofls (with the possidie exception of one or more
divertor cofls) should be be swerconducting and located outside the
TF cotls.

6) The erosion rate of the first wall should be minimized., A magnetic
divertor s used to control Ympurity levels 1n the plassa. The
plasma s doped with 2 small, controlled level of 2 hMgh-I mterfal
to enhance the radiation fraction of the energy deposited within the
plassa.

7) ANl particle pumping 1s to be accomplished by the divertor, with
pellet Injection used to maintain steady-state plasms density,
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8) The ¢imensions and materials of in-vessel components should be
selected to miafmize neutron losses,

9] The central solenold should Rave sufficient dlameter and fleld range
to provide complete plasma current startup for the steady-state
option, or to meintain the current for severa)l thousand seconds 1f
the long puise option 1s selected.

10) There sust be sefficient space for & full-sized bDreeding bDlantet om
the Inboard side of the tokamak,

11) Plasse wessel and divertor sectors are to be removable by horizoota)
{1.0,, radial) extraction between TF cofls,

The sext section gives an overview of the driver design that was concelved to
satisfy the abowve requiremests,

11.A.2. Design Overview

Figere [I.A.]1 shows the radial bufldep of the meutral beam driver, steady
state tokamek® and Tadle 11.A.1 gives the major perameters for optimal
tokamaks for doOth steady state asd long pulse peration, In both cases, the
requirements for a fixed fusion power and 2 maxisum wall loading can be
satisfied by a renge of major radi{ subject to constraints on “"beta® for dee-
shaped plasmes and constraists on the maxisum field at the TF cofl (limited to
11 7)., The quantity "Seta” (s defined as the retio of spatially averaged
plasss pressure to the magaetic fleld pressure and 15 & function of the aspect
ratio. The 1nboard blanktet/shield thickness 1s specified %o be 1.5 m to allow
swufficliest room for an efficient breeding Slanket ot & ressonable major
radfus. Note that the neutral Deam driven tokasek cptimizes at a consideradly
larger size Tor the same fusion power, This results because, at fixad fusion
power, the plasms cerrest and, therefore, mevtral Seam power, decresses with
fncreasing major redius.

In the steady state cperating mode, the plasme current 1s started W by
the ceatral (N solenoid, which Bas & flux swing of 732 Weders., The currest 15

*  The gecmetry of the long pulse cptios fs shown throughout Chapter 111 and
is act shown 1a Chepter II.
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Figure 11.A.1. Radial Suildup of Steady State, Nevtral Beam
Driven Tokasek Fusion Breeder.
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sustained by the injection of 310 M of 1.5 MeV negative-icn Dased neutral
beams. This reswits in a fusion energy amplification, %. of spproximately
,Q'.

In the Jonp pulse cperating mode, 25 MW of #F radiatfon {lower Nydrid) 1s
used to start W the bulk of the plasms current. The curremt can be
maintained for 3000 seconds by means of the flux swing in the OH solemoid,
With a dowstime Detween pulses of 100 s*, the duty factor would de 973, The
plasms would be heated to fgnitfon by 67 M of [CRF, theredy eliminating
neutral beass cospletely. This mode has the majfor advantage of eliminating
the costinpous ~ 475 Mi-electric required by the sevtral beam supplifes 1a the
steady state mode, but has the disadvantage of inmtroducing mechanical asd
thersal Qrcling of the reactor cospoments. With a pulse length of 000 s,
cyelic fatigue probless become an isportent {ssue, But the economics
iprovements relative to the newtral beam case appear to be sufficienmt to
merit selection of the Tong pulse sode as & daseline, If the 7., were held
to adout 1.4, the durn time In the Tong pulse mode would facresse o about
$800 s and cyclic fatigue probless would be reduced, dut first wall erosion
and the Meat 1024 on the divertor would de greatly increased. A disadvantage
of the dlivertor fs the associated meutron Toss - & 155 fspact on total
breeding (see section [II. C).

. Cuntid:dngmmdwoump.amm1n (~ 30 s8) my to
ptimal,
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TABLE [1.A.1. PRINCIPAL PARAMETERS OF THE TOKAMAX ORIVERS,

STEADY STATE LONG PULSE
MO0E e

PARAMETER UNIT
GLOMETRY
Major Radius a 7.69 6,75
Minor Radius n 1.87 1.80
Aspect Ratio 4.90 .75
Elongation 1.80 1.80
TF Cofl Inboard Radius " 4.54 3.3
Inboard B/S Thickmess Al 1.2 1.2
Max 8 - TF Colls T 11.00 11.00
FLASWA

B at Plasma Center | 6.49 $.50
Iaverse Rotational Traasform 2.2% 2.2%
Plassa Current mA 9.81 12.4
deta> 045 059
Density> 1014/ca? 1.34 1.25
Temp> keV 15,00 15,00
OH Bore Radius L im z2.14
0N Cofl Delta & T 18 18
Solenoid Flux V-5 B 300
Zoet* 2.7 2.7
Loop Yoit ¥ A2 .10
Max Pulse Length s ssb 3000
Curr, Drive Mechanism NS Inductive
Curr. Drive Power " 310 92¢
NTAU (for Zyge = 1) w4/ 19 17
Radietion Fraction?® 52 .52
NTAU Reductfon Factor Duwe

to Radiation® 2.1 2.1




TABLE I[.A.1. PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS (Continued)

STEADY STATE  LONG PULSE

PARAMETER uNIT WOOE MOOE

MAGNETS

IF Woriz Bore . “ 8

TF Vert Bore " 13 13

Max B-TF Cofls T 1n 1

TF Cofl Materfal %350 b 3Sa

Max B-PF Cofls T 8 u

PF Cofl Materfal W N TS
PONER PRODUCT 10N

Fesfon Power L 3000 3000

Fusfon Gain, % §.7 ignited

First Wall Aread e’ 744 744

Surface Meat Flux® Vit 67 “u

Neutrom Mall Load i /ol 3.0 3.0

.

a) produced by Xenom injectice.

B) possibly limited to several hours.

c) ICRM plus URF during startup oaly,

d) assumes divertor throat subtends 73 of the sclid asgle from the plasma
center to the winor radius.

e) assumes divertor resoves 75 of 80 parts of non-radiated plasme thermal

efflux,



[1.,8, FUSION DRIVER SYSTEMS

11.8.1 [Istrodection

Fig. 11.8.1 shows a schematic elevation view of the steady state, newtra)
bean driven tokamek breeder. There are 10 TF colls of modified dee-shape and
10 separete vacuum wvessel and blanket sectors. The "hard™ vacuus vessel 1s
formed by the outer structure of the dlanket sectors. Each of the 10 sectors
can be removed by horfzental (f.e., radial) extraction between TF cofls.

M INTOR-type single-ne)] polofdal divertor (J3) 1s used for particie and
hest removal from the torws. A divertor was chosen over a pusped limfter
decause analyses carried out 1a the INTOR and other projects have shown that
limiter fapurity control physics Tssues Bave not yet been resolved and that
Heiter erosfon 1ssues appeer to be more difficult, Oivertor plasma-side
erosfon should be less of an 1ssue because the divertor does not have 2
Teading edge and because the divertor offers the possibility of a low plasme
sheath potential with the prospect for low erosion of a high-Z plassa-side
materfal such as tungsten, Nevertheless, 1f acceptable limiter perforsance
can be desoastrated, there will be & cost/performence incentive for
replacesent of the divertor with a Jimiter,

The divertor 1s located om top to better accommodate the flow of the
Be/Th fuel pedbles while providing for maxisum Dlanket coverage., The top
Tocation also gives the ability to perfodically replace the divertor plates
via horizontal translation, Mowsver, the vacuums pumping ducts that lead to
the dasement require substantfally more shielding than ia the case of a diver-
tor lTocated at the bottom of the torus (the altermative configuration

considered).

All Bt one set of the PF cofls are superconducting and located extermal
to the TF cofls. The inside divertor cofls are normal coils and are located
fn the TF-cofl bore in order to gain better control over the diverted flux
Iines (see Fig. 11I.A.1). A few low power single-turn copper control coils
are Tocated near the plasss cumber for fine tuning of the plasms position,

27
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Figure 11.8.1. Elevation View of the Steady State, Neutral Beam
Driven Tokamak Ffusion Breeder,
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[1.8.2 Plasme Heating aad Current Drive Systees
11.8.2.4 Determination of Size and (perating Parameters

The geometric parameters of the tokamak fusfon breeder were determined by
solving seven coupled equations that relate the required fusion power and
neutron wall loading to the mejor redius, the maxisum dets allowed in dee-
sheaped tokamak plasmas, the maximue plasme current that can be estadlifished
when the field at the TF cofl 1s limited to 11 T, and the inboard
blanket /shfeld thickness, This thickness (f.e., first wall to TF cofl
conductor) 1s set at about 1.2 m o allow sufficient room for & full-scale
breeding blanket, with adequate space for the cooling ducts. For Py .yo0
~ 3000 M, the size of the plasma 15 always such larger thas required to
attain fgnition conditions (according to all scaling relations presently used
for the enargy confinement time, w:). An equilibrium sg 1s realized fn part
by doping the plasee with xenon to eshance radiation loss,

11.8.2,0 Heating asd Current Drive Cpticns

Candidate plasma heating methods include both radiofrequency (RF) and
neutral-beam techniques., Tokasak current drive by RF energy 1n the lower
hybrid (M) frequency has recefved much interest and s an experimentally
proven techaique ot Tow plasse density (4). However, the dispersion relation
for LN waves shows that penetration into the plasma Decomes progressively sore
difficult with fncreasing beta. LN waves would not be able to penetrate the
tokasek breeder plasma, where the central deta 1s greater thaa 10%,
Futhermore, plasm heating by LM waves has been rather unsuccessful to date,
S0 that heating to fgniticn and thermal stability control of the burning
plasma by LM would de unlikely even 1f wave penetration were possidle, Thus,
an additional high power heating system would be required to permit steady-
state operation, Plasme heating by fon cyclotrom waves, the other sain RF
heating technique, has been quite successful 1n experimental tokamaks.

Steady State Operational Mode - To date neutral beass have proved to be

the most effective plassa Mating mthod, Neutral-2eas current drive has had




only token experimestal success, but the theoretfcal basis s stroag for the
high beas esergies (~ 1.5 MeV) proposed here (5). Meutral-bDeas Tnjection was
chosen a3 the primary plasma heating system for the steady state operatiomal
scenarfo because the largest plasme tesperatures and beta values to date hawve
been cbtained with sevtral beams, and theoretical analyses indicate that the
same Deam systess <on Be wsed for bulk plasm heating and current drive. In
the steady state cperating mode, the cperating regime s actually sudigaftion
(% * 9.7) because of the contfnuous 1njection of beas power to drive the
plasma current. This cperational mode has the advantage that sppropriate
varfation of the beam power provides thermal stability coetrol, eliminating
the med to fdentify and demonstrate another control mechanise that would e
required for truly fgnited operation,

The beams would be Torsed from D7 fons accelerated o 1.5 MeV by the
techaigues currently wnder develcpment at LEL and elsewhere (6). In this
sethod, the fon beams are cbtained from self-extracting serface comwersion D
sources, Electrostatic quadrupole accelerators accelersts the Beass o
1.5 Me¥. The beams are thes neutralized by photodetachment using an oxygens
fodine chemical laser., The owerall injector efficiency s predicted to be at

Teast 851,

Between 60 and 80 W of Injected power 1s required to heat the plassa to
fgnition comditions, but adout 310 M of Injected power 15 needed to drive the
total plassa current. This circulating power loss 1s sore tolerable for a
hydrid reactor than for & “pure” fusion-electric plant becsuse revesue froe
the fissile fue! product of the hybrid lessens the isportance of the cost per
e, Three beas ducts are used to Inject the total current of 206 A-equiva-
Jent, with the team orientation 35 degrees to the normal to the cuter surface
of the plasma In the midplane, A total of only 125 of the torus wall ares i
required for seutral-beam Injection, pellet Injection and plasma <lagnos-
tics. Similar access area would be required 1f #F heating were chosen as the
principle heating methed,

The oaly other non-ohaic Meating system that s required 1s about 3 MWW of
ECRH power at 120 GMz for pre-fonfzation and electron heating at the beginning
of the pulse. This power would be swpplied by grrotroas currently under
development,
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To Inftiate the burn, the plasma currest (l,). density (n) and tespera-
ture (T, = Tg) are increased by various processes over a perfod of spproxi-

mately 25 s.

About 3 MW of ECRH 15 used to prefonfze the filling gas and heat the
electrons to T, > 10 eV. The (M solencid fs then activated. The flux 1iskage
from the sclendid and the EF cofl system generates the full plasmsa current
over a perfod of 15 5 wiile T, 1s raised to about 1 ke¥ and n 1s iIncreased to
about 10'4 a3,

This density 1s sufficiently large to trap the 1.5 MeV meutral beams,
which are activated one-by-one over the next 5 to 10 s. Together with fusion
alphas, whose power density increases as T, approaches and exceeds 10 keV, the
beass heat the plasme electrons aad Bulk fons to their cperating tesperature
(Tg> = <Ap> = 15 ka¥).

The rate of flux change 1a the OM solenoid 1s gradually reduced to zero
a8 the beam fors carry an Increasing portion of the plasme current, The
310 W of beam power 1s chosen s0 that the entire plasma current can be
readily sustairmed ot the expected current drive efficiengy of 0,032 AN at the
operating density, Effective curreat drive by the beass requires that 1., be
greated than 1.4, Even without xemon doping of the plasma, this level of
fspurity content will exist becawse of fusfon alpha Buildup and wmll
spvttering.

The plassa 1s fueled 2y continuows injection of frozen dewterium and
tritium pellets. During the burn, the beam power and pellet 1njection rates
are wiried to keep l,. n, and T. = Ty at Jevels required for 2 constent fusion
power output., The megetic divertor plays a vital role fn controlling the
plasma density and essuring stable profiles of m and T by removing particles
and heat Trom the edge of the plassa, The divertor is also responsidle for
fusion ash removal.

Long Pulse Operatiomal Scemario - In the lomg pulse cperating mode, RF

rediation (lower hybrid) 1s used to start the plasma current at lTow plasee
density (with the assistance of the flux swing in the EF cofls) and the flux
swing 1n the (N solenoid Is reserved for driving the current during the
turn. The ceatral solenoid can maintain this current for 3000 seconds ot a

2«11



Torg ©f 2.7, With 4 downtime between pulses of 100 s, the duty factor fs

97%. This loag pwise mode has the major advantage of eliminating the 475 Mie
power drain accounted for by the neutral beams in the steady state mode, and 2
second advantage of reducing the thersal outpet from the plassa from 910 W to
600 M, However, the pulsed sode has the disadvastage of Introducing
mechanica) and thermal cycling of the reactor components. This latter problem
s aggravated at large I .4 which shortens the pulse time (see Section 1[.C)
to increase the plasma radiation loss.

A 338 Increase 1a pulse Tength could be realized by raising the maxisum
field 1o the solescld above the presently specified valwe of 9 7T to 12 T,
Further extension of the pulse leagth would require an increase in the
dlameter of the cantral throat and, therefore, 1a reactor size and cost,

The long pulse scenario requires about 25 MM of lower Mybrid radiatios
for current startup, and an additfona] 60 to 80 MW of ICHF (or MBI) for Bulk
plassa heating decause Tower hydrid RF 1s relatively ineffective for bulk
heating, Thus, the tota) installed heating and current drive power 15 about
352 of that required in the steady state sode.,

I1.8,3 Yacuum Vessel and Divertor Cosponests

The "first wall*® consists of the front Taces of the lobe-type blantet
submodules (see Sectfons [II.A and II0.0), TRis approach minimizes meutron
attenwation in froat of the dlasket relative to the use of & separate first
wall., The vacwum welds are made at the cutside of each sector, thus providing
reactor modularity with & sinfeus usber of wids near tw plassa, The wecuus
vesse! resistance In the toroida] direction 1s specified to de adequate to
permit full startup of the plasse current 1n 15 s or less. This resistence
would be sufficiently high to prevent significant damege to the vessel in the
event of a2 major plasme disruption (1a which case the curreat drops to zero in

8 fraction of 2 second).

The divertor 1s comprised of 10 segmented modules, each with its om
vecuum pusping system, A1l pusping of the torus fs carried ot via these
ducts. Replacesent of the divertor interna) cosponests 15 required
periodically because of severe erosfon. Each divertor module can be removed
by horizonts) trasslation between adjacent TF cofls,
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To saximize newtron economy, 1t 1s essential to minimize parasitic
saterial between the mouth of the divertor and the blanket, as well as the
divertor size. Futhersore, wherever possidle, all In-torus componests, such
s the baffle definfng the throst of the divertor chasber and the collector
plates within the divertor chamber, should dbe fabricated of neutronically
favorable materfals., Extensive evaluations of candidate materials were
carried cut in the INTOR progras in 1981-82, It was concluded 1a thet program
that Be and Bed are the preferred materials to serve as coverings for the
first wall, baffles and divertor collector plates, with a Be thfckness of W
to 2 om allowed, depending on the heat flux. In the tokamak breeder design,
neutron muitiplication in Be might partially compensate for meutron losses in
the divertor hardware. Protective Be coating of the first wall 1s not
required except In the region of the divertor where the particle flux is
high., For this study, the entrance baffle and the meutralizer plates inside
the divertor chasber were 2ssumed to be constructed of 2-om thick Be tiles
attached to 2-cm thlcx (awe.) copper tubes and plates. A detatled divertor
design has not been performed.

I1.5.4 Magnetic Systems

11.8.4.8 TF {Toroidal-Field) Cotls

Table 10.B.1 gives the principle parameters of the TF colls and other
magnet systems of the steady state, neutral beam driven, tokamak suppressed-
fission Breeder. Superconducting TF colls were selected for the reasons
discussed in a FY 1982 report (1). The swpercosductor is NdySn, which at
4.2 K wi1] readily swpport the required maxisum feld of 11 T,

11.8.4.5 Centryl Solenold

As discussed 1n previous sectioms, the flux swing that can be delivered
by the 0N solenold 1s sore thas adequate to provide startup of the fell plasm
currest (steady state mode) or to drive a moderately long pulse (long pulse
mode). The total fleld swing of +9 T 2o -9 7 15 achievable with NbySn
swpercondector. The maxisum rate of change of field in the solemold dering
startwp 1s about 1 T/s, which 1s withia the present state-of-the-art for a
swerconducting solenotd, In the steady state perating mode, the solencid
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TABLE [11.8,1, NEUTRAL BEAM DRIVEN TOKAMAX DRIVER MAGMET SYSTOeS

TOROIOAL -FLELD COILS

Conductor b,‘ﬁ

Coolant Liquid Melfum, 4 K
Muster of TF Colls 10

Maxfsum B at Cosducter NT (R~ 4.3 w)
TF Rigple 2t Plassa Edge 0.5% peak-to-average
TF Coil Shape Medified Dee
Overall Meight “Wén

Morizontal Bore g80m

Vertical Bore 3.0 »

Radial 8411g, Inboard H5 e

Radfal Bufld, Outboard 5

Azim, thichmess, Outdoard 2.0 m
Open Distance Between

Outboard Legs 66m
-Fl S
Conductor LT
Coolant Ligquid He, Pool«bofled
Nuster: 3 EF Colls

3 External Diverter Cofls
Interna) Divertor Colls
Other EF Coils 1n Central Solenoid

CURRENT-DRIVING SOLENOID

Type NbySa o WOTH

Coolant Liquid He, Pool-bofled
Solenoid Outer Rad. 3 n

Maxfous 8 in Solenaid ¥ TtoS7

Maximem Flux Swing 356 W
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current 1s prograsmed deack to -9 T dering the first 500 s of the dura, with
the neutral-beam-driven current cospeasating for the very small reverse esf
during tAfs process. In the long pulse mode, the solenofd current s
programmed back during the 100 s dwell time,

11.8.4.c OF (Equilibrium-Field) and Divertor Cofls

All of the PF colls, with the exception of the faside diverter cofls
(Fig. II1.A.1) are superconducting aad are located external to the TF colls
for case of maintenance and replacement ia the event of faflure., External
placement of the PF cofls alse facilftates modularization of the reactor, The
PF colls maintain 2 dee-shaped plasma with the trisagularity needed to
saxinize beta. As fndicated fn Fig, [1.8.1, three EF cofls are used to
provide most of the vertical field for positioning of the plasma column. The
three external divertor PF cofls also create the magnetic separatrix, outside
of which magnetic Tield 1ines are “diverted® into the divertor chamber.
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I1.C PLASWMA HEAT FLUX AND WALL EROSIOW

In this section, the plassa heat Tlux aad first wall erosicn for the long
pulse cperating mode are considersd., The heat fluxes and erosion will e
about 508 higher for the steady state neutral beam &riven sode.

11.C.]1 Power Flow and Surface Fluxes
To estimate the first wa)l erosfon, we must first calculate the power
flow and particle flux to the wall aad the divertor, Starting with the fusien

power, Py, the non-neutron power, P, s glven bty

Pg = P (0.2 + 1/09)
where  is the plasme gain (1.e., retio of fusion to Injected power). In the
long pulse case, the 1/0 term oquals zero Decause the plasma 15 net heated

during the puise and the 0.2 term represents the power associated with 3.5 Me¥
alpha fusfon products, If we further define the following quantities

f, = radfated power fractios
Ty = divertor particle power extraction efficliengy

then we can define the relevant power flow as

’“ . (l"') ‘ '.
Py ® (1+1,) (1eny) P,

whece P, is the radiated power, P, 1s the divertor (charged plus sewtral)
particle power, P . 1s the (charged plus meutral) particie power deposited oo
the first wall, and P, 1s defined above, Experfmental resuits on tokasaks
with polofdal divertors (such as POX and ASDEX ) Indicated that, under cptimal
conditions, ny values of 75/80 = .94 sppear reasonable.
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We can next define the relevast average serface fluxes as
Prv = & e PN
Pha = 9 11 Pyl
Poe * (1 = £, (1 = ng) Py/A,
Pha = (1= 1,) v 7y/Aq

where A, is the divertor surface area, A 1s the first wall surfece ares, Q4
Is the divertor view factor, and Q s the Tirst wall view factor,
If wo use the following nominal valees which are representative of the

selected design,

- 3000
- 60
0.9375
. T84 W
-8
« 0,07
- 0,93

PLETLTE "D

then we may express the surface fluxes in terms of the rediated fraction
Pry = 75 1, wiea?
Ppg = 53 T, wiea?
Poy = 5.0 (1 = 1) w/ea?

Plg = 703 (1 - 1,) wiea?
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For erosfon, the charged particle fluxes, P and P, are feportant. For heat
transfer, the total heat flumes are fmportant. The later guantities are given

by

Py = P, + P, =751, +5.0(1-1) vt

Py = Ppg e Pog= 53 M. ¢ 203 (1-1,) went

I1.C.2 Endancement of Radiatios Loss

Ia the tokamak reactor, under typical cperating conditfons, f, < 0.20.
This results 1n o large fraction (>B0%) of the power deposited in the plasm
(f.e., 2lpha power plus any suxiliary heating) befng transported %o the
divertor, Siace the divertor plates surface arma 1s linited, the local heat
fluxes would be very high (>2000 w/ce?), To reduce the divertor heat flux, @

mears for rediating the abdsorbed plasma power to the first wall can be
utilized. One such means s the injection of & small, controllable amount of
& Mgh-l material, such as Xenon, fnto the plasma, Xenon has a sufficlfentiy
Moh 2 (= 54) that 1t wil]l not be completely fonfzed axcept 2t the wery canter
of- the plasma. In this case,

't‘.'b.’l

where (usder cur conditions) the bressstrahlung radiation fractioa of the
total power outflow, fy, fs given By

fo = 0.04% 200
and T,, the zescn 1ine radiation fraction, is given By
'! - 0.2 (l‘f' - l)
Table 11.C,.1 shows how the rediated power fraction waries with xenon

conceastration, Fig. 11.C.1 shows the first-wall and divertor hest fluxes as &
function of f,, for the specific parameters of the tokamak driver.
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Defining f, = xenon density/electron density, the allowed magnitude of 1,
1s determined by the following considerations:

1) The fusion power density s reduced by spproximately the factor
(1-201,)2,

Z) nx is divided by the factor 1/(1 - f,).

3) The lop voltage arcund the torus s propertiomal to Zore-

4) The meutral-beam current drive power 1s proportiosal to the factor
2."1(2."4). and thus decreases with increasing l.".

5) In ssaller totamaks, enhasced scattering of fusion alphas may
increase thelir loss.

in the taseline cperating mode of the swppressed-fission breeder, effects
3 and #5 are irrelevant, Effect M4 1s Beneficial, Effect #2 fs actually
required to reduce ns to the equilibrium 1gnition value, 4 technigee long
involked fn the design of wery large tokamak reactors,

TABLE I1.C.1, RADIATION LOSS CONTROL BY IMPURITY EMMANCEMENT,

BREMSSTRAHLUNG INPURLTY
/. lope RAD PR (W) RAD MR (W) TOTAL W L
e 1.0 o ¢ el 05
0.0002 1.5 4“4 & 113 A5
0, 0004 2,0 L2 138 197 .3
0,006 2.5 L 207 281 A7
0, 0008 3.0 a8 276 4 .51
0.0010 .5 103 345 448 J5
0.0012 4.0 118 a4 $32 .89

The only real limitation for the present case !s effect #l, which results
in reduced meutron wall lToading for a given machine dimension beta and
magnetic fleld. The value selected for the tokamak breeder was f, = 0.00067,
corresponding to I ep = 2,68, Then, . = 0,52 (312 W), the fusion power
density and wall loading are reduced by 7%, and nt s reduced by a factor of
2.08. The nonaradiated power, assoclated primarily with charge exchange
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neutrals, fepinging on the first wall fs 18 W, which corresponds to about
3.0 W/eal, Tafs value fs expected to reselt In acceptadly low erosion (see
Section 11.C.3).

11.C.3 Erosiom of The First Wall

Physical sputtering appears to De the domimant erosion mechanisa for the
first wall of the reference reactor, The sputtering yleld Is esergy depen-
dent, It 15 Tow ot Tow incident mergfes, bean pests at intermmdiate
energies, and decreases at higher energfes. Estimating the erosion of the
first wall requires knowledge of the particle cosposition, mpnitede and
energy spectrum of the particle fluxes ot the first wall, For & tAICR scrape-
of f layer and efficieat divertor cperation, the flux of charged particles at
the first wall 1s very small (7). Thus, the erosion will be domimated by
phusical sputtering caused By the arge-exchange seutrals,

There is presently large uncertainties in sodeling the transport of
charge exhange meutrals, Heifetz, ot al., (10) developed a Moste Carlo model
for charecterizing neutrals In the scrape-off reglon. They show peaks arcund
son-eniform reglions (e.9., corners) of the first wall and near the divertor
throat, Attespts to use the resuits from Helfetz and other published work
Tead to & large wariation 1a the monitude of the first wall erosion,
Therefore, we have adoped a “represestative” value of 2.25 sm/yr for first
wall erosion rate. For neutrals with ypica) energles of 200 eV, the corres-
ponding charge-exchanpe average Tlux 1s ~ 1.4 x 1035 ca~2.5-} (sputtering
yield 1s 0,011 and 0,022 stoms/particle for D and T, respectively). The same
erosfon rate corresponds to ~ 4 x 10%5 en*2e5*1 for neutrals with energles of
~ 100 oV, Local regfons with Mgh charge-exchesge neutrals flux (e.g., near
the divertor throat) require special protective armors.
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I1.0 OESIGN [SSUES AND RECOMMENDATIONS FOR FURTHER WORK

The following 13 » susmary of issues that should be examined 1n any
further study of the totasek driver.

11.0.1 Unresolved Issuves

1)

2)

3)

The adilfity to control the xenom concantration should be verified By
one of the avallable plasm transport simulation codes.

The abiifty to control the plassa odge tesperature to achieve a
smaller erosion rate sheuld be examined using one of the presently
avallable divertor simulation models. MHowever, we have used a rether
conservative estimate of the first-wall sputtering rate.

The cptimal locations and currests of the PF cofls sust still de
determined, The need for one or more of the divertor cofls to be
normal cofil(s) located in the bore of the TF cofls should be
evaluated by detailed magnetics analysis of the polofdal flux and by
sore detailed mistairability studies.

11.0.2 Unagdressed Issues

1)

2)

For the pulsed scenario, the effect of enhanced thermal ycling on
cosponert replacesest should be further consfdered. The diameter of
the central solenoid can de varfed in order to change the length of

the Burs,

A study to wminimize the cost of the TF colls should be undertaken by
examining varicus shapes that deviate from the “standard" dee-shape
wile st11] giving the required fleld ot the plasma and sufficiest
bore for the plasse vessel, divertor, and blanket/shield.
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3) The possibility of substituting a pusped limiter for the poloidal
divertor (with the resulting cost, maistenance, and breeding
advantages) should de re-evaluated at appropriate intervals.

4) Much higher values of beta are attaimable theoretically with plassas
of “bean-shaped™ cross sections (8). The same fusion power could be
generated at such lower torofdal field, at the expense of a more
claborate W-cofl system, including a high-current cofl located at
the fnboard sidplane. [f the same magnetic field strength were wsed,
s significantly more cospact totamsk would be possible (9).
Experimental tests of the effectiveness of bean-shaped plasmas will
be performed in 1984 on the PBX device at PPPL (8). [f these tests
are succassful, 1t will o worthwhile to carry out relative cost
analysis of high-deta aad low-beta cptioms,
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CHAPTER (11
HELTUM COOLED BLAMKET
[TILA MEOUNICAL DESIGN AND MAINTEMANCE

11L.A.1 Introduction

The mechanical design of 2 helium cooled fission suppressed blanket for
the tokamek s described in this section, It 15 based on the driver
technologies defimed n Sectfon [I, tut addresses 2 set of tokasak dimensions
which are consistent with the smaller, long pulse mode driver.* A key
guideline, unique to hybrid spplications, was to Incorporate a modile fuel
form 20 provide for fuel replacesent /reprocessing. The remaining guidelimes,
as Wil as the design features aad meintenance considerations, are discussed
in subsequent sections. An alternate design concept 15 als0 presented,
Finally, an assessseat of the design to date 1s presented and several design

fssues are 1dentified.

[11.A.2 Desfgn Guidelines

The reactor/lanket concept which evolved provides an arrasgesent
consistent with the design and performance guidelfnes 1isted in
Tadble 111.A.1. Kay cossiderations were the desfgn of a first wall thin encugh
to provide attractive neutronic performence, the specification of a ferritic
steel structura) configuration which can de tolerant of irradiation fnduced
swalling, and considerations relating to remote maintenance and the removal of
blanket sectors. The resote maintasance quidelines, coupled with a design
poal] specifying that the toroidal field magnets are not to be moved, and are
to last the 1ife of the plast, require that the blanket sectors be removable
within the fixed space between the toroidal magnets, Safety considerations,
discussed 1n Section II1.E, require that the reactor fuel inventory can be
dusped by gravity. Definition of the polofdal field colls s presented in

Chapter I1.

*  The orfginal design guideline addressed a mjor radius of 6.75 =,
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TABLE III.A.1 Design guidelines and parameters for the
cooled fission suppressed Tokamak Fusiom

Breeder concept,

fesige and Performince Guidelines

Fusien Power 3000 W™
First Mall Nestron Loading 2.0 mise’
First Wall Serface Weat Load 0.43 Mi/a’
Plasma Stze and Radius

Rajor Radius 6.7% m

Minor Radius 1.6n

flongatieon 1.8
Nusber of TF Colls 10
TF CoVl Clear Bore (Medified "0°)

Morizonta) W4

Yertical Hin
Radius from Reactor Centerline to Maxieum Fleld i3nm
Fleld on Ax\s $.4 Teslha
Distance from Plasma Centerline to Divertor Cotls® 9.6 m
Coolant Hellum
Pressure 5.1 WPa (740 psY)
foe) Form Composite Be/Th

Pabbles (Spheres) wvith
Rapid Dump Capabiiity

Sphere Diameter 2cn
fuel Processing Batch

Ferritic sun"

(2 /4 Cr-1 M)
< 475°¢C
4 years

Slanket Structure

Maximum Structeral Tesperature
Slanket Lifelinme

a) for other cofl locaticns see Sectiea 11,
b) '“-9 Ndwo
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I11.A.3 fsactor Configuratisa

The heliem cooled Fusion Breeder Reacler 15 shown 1a Figere I11.A.1. The
plasma s surrounded by polotdally oriented lobe shaped modules with circular
noses which face the plasma,. Figure III.A.2, which 15 a plaa cross section
throwgh the horizental centerline of the redctor shows the Tobes and their
orfeatation with respect to the plasma for one of the ten dlankel sectors
which fits within each palr of the ten superconducting toroidal fleld (TF)
colls. The poloidal lode arrangement 2170ows the mobile fertile fuel n the
form of spheres to be loaded at the top of the reactor, flow thrcugh the
medules and be discharged at the Dottom of the reactor when 1t Vs desired to
dump the fuel for reshuffling/reprocessing or safety redsons. As discussed in
Reference 1 and Section II1.E, an Independently cooled dump tank and automated
fuel handling equipment are provided below the tokamak. The spheres
themselves are composite Berylliua/Thortem constructed of 2 ca dYa Be spheres
each with a circemferential groove to accept 2 thoriem snap rlo..(”

A different Dlanket internal geomelry 15 wsed for the inner and outer
blamkets, which are located Beatween the plasmd and Ynner TF coll leg and
between the plasma and outer leg of the TF coll, respectively, This
difference reseils from a plassa engineering Incentive to lTocate the plasma
centerline (VY.eo., major radius) 'n 1he saxisum possible magnetic fleld, or as
close to the ‘nner Teg of the TF coll as possidle. Specifically, 1 we fix
the fusion power (3000 M 1n this study) a thicker inboard blanket and/or
shield w111 teply that a Targer major radius will e required to provide the
regeired power level. Consequently, a trade Between maximum fissile breeding
(thickest blanket and largest tokamak) and min'‘sus cost (thinnest blanket and
smdllest tokamak) 15 Ymplied. Lacking 4 more detailed cptimtzation, 2 saximm
1sner distance of 1.6 m between the plasma edge and the inner TF cotl
conducter was specifled. Sensitivities to the Imdoard shield thickness are
further discussed 1a Section II1.6. The distance between the plasma edpe and
TF coV] conductor on the cutboard sVde currently specified to be ~2 m, can
increase with 11ttle tmpact oa the overall design.

Each sector of the Blanket (as shown in Figures TII.A.1 and 2) 15 cooled
by Belium which enters coolant manifolds at the top of the blasket and exits
At the bottom through main coolant pipes from the manifolds. The cooling
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arrangement s descrided 1n more detall later. The fuel sphere inlets (top)
and outlets (bottom) are 2lso ndicated in Figure 11L.A.D.

A vater cooled pelotdal divertor s Tecated at the top of the reactor.
The divertor s segmented so that there 15 an Yadividual divertor segment for
oach sector of the reacter. The divertor s herizeatally oriented so that 1t
can be #as\ly withdrawn and/or replaced batween the TF cotls without removing
the sector from the reactor. This destign is similar to that proposed for the
INTOR rm!or.(" The divertor cpening 1s 1.6 » wide to permit adequate
reom for pumping the plassa while elininating any particle ‘spingement on the
first wall, €ach divertor sector contains 2 cylindrical vacuum pumping duct
(Tocated at the right top of the Figure II1.A.1.) which discharges nto 2 pump
Tocated above the reactor, The six poletdal fleld (PF) colls, which Yaclude
the three divertor colls, are showe 1n addition to the solensid coll. ANl PF
colls are located outside of the TF colls for eshanced blanket and PF col)
access and maintenance. A reactor cross sectiom elevation wAich provides
perspective for the reactor and compoment sizes 1s shows in Figure IIL.A.D.

As opticnal preferred locatien for some divertor colls Lo be lTocated
thove the Yaner shield, within the TF colls, s alse Indicated 'n Figure
IEL.A.Y.  Such a configeration weuld provide 2 better control and definition
of the sagoetic f1e1d 11nes in the vicinity of the divertor, bet wowid
complicate maintenince should & TF cot) require replacessnt, The lecation of
PF cotlis Inside the TF coll bore would, most Tikely, require the uie of
conventional cepper colls with a resuliting ohmic power loss,

FILA.¢ Rlanket Sub-Medyle Configyratise

An enlarged view of & typical sub.module Vs provided in Figure T11.A.4 to
show detaltls of the Tobe concept. The modele consists of a double wall 2 1/4
CraiMo ferritic steel construction with stratght side walls and 2 semicircular
nose. The owter wall serves as the primary pressure carrying structure. The
other Yaner portion or plenus between the double wall forms the cooliat
channels to provide the Melium coslant which eaters at the rear of the
sodule. The coolant passes Along Doth 31det of the module to the nose. At
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the center of the nose &n opening 1s provided to permit the coolant o enter
the sear seaicircular Inlet plenum. The helium then passes through a
perforated plate (shown n Figure [I1.A.4) into the fueled regicn of the
sodales which contains the Be/Th pebbles aad rows of steel tubes ceatataing
the tritium breeder.® The tubes are 2 om In diameter and arranged in

4 array wIth & tedangelar pitch of 8§ co. This geometry provides spacing of
three sphere diameters between tubes to permit the spheres to flow down
throwgh the module dering refusling/reprocessing. An additional set of plena
are provided oo each s1de of the module to permit 2 small amount of Mellem
purge flow to be sspplied 1o the hortzentally orfented uzﬁ-cunialn tubes
1o remove the generated tritium. Only & few small (<2 cm) tudes (showm in
Figure T11.A.4) are required to supply the purge flow to each Tobe.

If the tritium breeder tudes were vertically (poletdally) ertented,
fewer would be required, but some form of tgbe supports which would provide
Tateral support to the tubes would be required since the tubes (because of the
20d't1ona) Tength) would be very flexidle 17 unsupported. However the
sepports would alse have to provide space for the pebbles to move during
loading and unloading. This arrangement should be considered for follow-on
study Becasse fewer tubes could Tead to Better reldabiiity.

After passing through the fueled regiom and a second perforated plate at
the back of the region, the main helium coslant flows through a silicon
carbide reflector regicn and exits he sodule through the plenum located in
the center of the back of the seb-sodule. Both the inner and outer blanket
seb-sodules are s'eilar in design except thal the Ysner module has a shorler
foeled region and no reflector. To conserve space, the inlet and outlet plena
for the coolant are also narrower 12 the inner blasket assembdly regiom of the
redctor. Comparison of the 1sner and ouler Blanket sedyles Is 1ncluded 1o

Table II1.A.2.

HLAS Elrst Mall Desien

he semicircular nose of the toroida) lode type sud-module, Figure
IIL.A.S, 15 corrugated circumferentially around the nose. The lobe type
module without corregations was coasidered 1n an earlier study for a tandem
drr«.‘” The corrugations were proposed by GA and adopted for the 1983
Blasket Comparison Stm(" and thls study. The issees relative to this

* Nominal tritium breeder cholce 1s uzo. See Section 111.8.
3.9



TABLE TEI.A.2 Feston Breeder Reacter helium cooled blanket

Tobe concept features asd comparison,

fancest features

Medile Fuel Form (Composite) §e/Th Spheres

Sphere 01a, icm
Lobe Width 25 cm

Inner and Cuter Blasket Comparises
Inner Ruter

Corrugited First Mall Thickness ~1.0 cm ~1.8 cm
Corrugated First Mall Thickness (Smeared)* -1.1 cm 1.1 cm
Strectural S1de Wall Thickness 0.4 ca 0.4 cn
fuel Inlet Plenum Max Thickmess b cm L ]
Foe) Zone Front and Rear Mal) Thickoess 2.0 cm 2.0 cm

Smeared Thickness 0.2 ¢ 0.2 ¢cm
fnlo:nfmtal«n + L170 Compound) 49 cn 60 ¢»
Sﬂug1£::o Ref lector Zome - 20 o
Helium Inlet/Outlet Back Plena Thicksess 10 18
Shield Thickaess 0 c» ia

Coplant Plping/Manifelds

Intet & Outlet Manifeld Radius (Semicircular) 0.5 m 0.5m
Inlet & Dutlet Pipes 0.6 » DVa. 0.6 » Da.

*Erostom Allowance Included
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concept are discussed In more detall 1a Section II1.90.3 of this report and 1n
Reference 4. This feature permits the corrugations to deflect poloidally
arognd the blanket seclor Lo bettler accommodate radiation induced swelling and
thersal expansion. The corregated nose also deflects by flexing aloag the
circular arc formed by ts semicircular shape. The nose blends Into the side
walls of the modules where contact with the adjacent modules preveats any
deflection. The corrygaticns seationed above also blend 1ate the encorregated
flat side wall plates. In addition to preventing deflection of the side walls
of the ad)acent sub-module, edch 0.4 ¢ thick side wal) 2also acts as & tenston
tie to carry the ceolant pressore 1oad from the corrugalted nose of the module
1o the back module support strecture. The corrugation has a depth (thickness
porsd] to the plassa) of 6.8 mm, 15 nominally 1.6 s thick, and has a pitch of
6.6 s, The space between adjacent sides of the corrugation 1s 2.4 mm on the
outside of the lobe (facing the plasma) and 1 mm on the Inside. T™he T mm
groove with a baffle plate across the top serves as the flow chanse) for the
heliem which cools the First wall prior to entering the inner sodele to

subsequently cool the fueled region of the module,
The corrugation also has 2 9 s erosion allowance to accosmodate

sputtering of the materia) from the first wall., This additional thickness, as
seen In Figure TIL1.A.5 gives 2 combined First wall thicksess of 17.8 mm with 2
smeared thickness of ~11 sm when the slots in the corregation are

considered; after the eroston layer disappears the equivalent corrugation
thickeess 15 ~5 mm, SO an average of -8 mm has been used for the nuclear
modeling task (Sectien III.C).

ITI.A.6 Ffge) Regicn Design and Pebble [nlet/Outlet Piping Considerations

I11.A.6.2 Fyel Region. The requirement for a sobile fuel form and the
selection of composite spheres in the fuel zone of the blanket ‘mposes ceriain
restrictions of the design of the feeled region of the dlanket. Both the
sphere nlet and outlet piping sust be s1zed to prevent the spherical pebbles
from dinding or Jamming and provide free flow of the pebbles wvhen secessary
for loading and wnloading the fueled region. In addition, the Dlanket fuel
zone must be free of umnecessary restrictions which could {spede pebble
motfon. The spacing of the pipes or tubes comtaining the tritfus breeder
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located 12 the fueled region of the sodule, Figure [1.A.4, must bde adequate to
allow the pebdles to mowe and to achieve an adequate packing fraction of
S0-60%, The slot area for the pebbles to flow between pipes s ~ 6 om x & o
(pipe spacing x Inside module width) and 1s considered adequate to prevent
peddle tridging or Jamming usnder gravity flow, A trade-off betwesn pipe
spacing and pipe size can be consideresd 1f more spacing s required,

In order to minimize the thickness of the tritium breeder tubes, by
sininizing the tube hoop stress and duckiing loads, 1t would be desirable to
have the helfum purge flow in the tubes 2t pproxisately the same pressure® as
the module coslast pressure, Conversely, 1t appears that only a small
increase in the breeder tube thickness will suffice to provide buckliing
resistance at the 5.1 NPa amdient pressure. Specifically, the tudes, as
currently defined, are 2 am in diameter, 0.5 sm thick and are adequate to
sestain the 5.1 MPa helfus coolast pressure as 2 100 MPa (14,500 pst) hoop
stress. Asseming an out-of-roundness which s 108 of the tube wall thickness
in asplitude, & 0.6 sm tube thickness will be required to assure buckling

stadflity (8).

[T1.A.6.56 Fuel Pebble Inlet/Outlet PMping. As shown 1a Figure IIL.ALL, the
fuel peddle inlet piping is horizoatally orfented. This crientation results
ia fsproved Blanket coverage on the outboard side relative to 4 sloped fuel
inlet below the divertor duct, but precludes the wse of gravity to fi11 the
fuel zones, Instead, cach of the lode sub-modules shown 1n Figure III.A.2
must Be serviced by an Individeal pebble Teed tude as shown 1n

Figere II1.A.6, Each sector requires 34 such tubes (12 inside lodes, 22
cutside lobes).

The feed tubes would be operated pnewmatically, transporting single
pebbles Trom & Satch tank Lo the dlanket, Although the design of fuel
hndling mchisery has not yet been addressed, we envision 2 sechanical
conveyor feed machime similar to that proposed i Reference 1. To aveld
cutting and weiding 34 plpes per sector changeout, It appears reasomable to

* In rocueo. & purge systesm pressere of about 1 ata, less thaa the winfsum
coolant pressure would be maintained to limit tritium Teadage Into the

min helius coolant,
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F16. II11.A.5. Enlarged view of the front of a module showing corrugated
first wall, side wall stiffeners and tritium breeder
containing tubes (not to scale).
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consider an arrangement such that the fuel feed system would be integral to
the blanket/shield/divertor assembly (mot shewn), [n such an arrangement,
only the dect which transports Bulk pebbles from storage to the fuel feed
sachine need be remotely cut and welded when the sector is replaced. The
design of such systems should be addressed in later studies.

The fuel pebbles are discharged through the blasket by gravity sisce the
blanket contour permits the cutlets to be inclined downward as shown in Figure
IIE.ALY.  The pedbles enter a flattened funnel shaped duct which provides a
single common exit from all of the 12 sed-modules 1a each Yaner dlanket
sector. The dect tapers 1o a circular pipe at the bottom of the Blanket below
the 1nser blasket. A valve [not shown) is provided below the circular cross
section exit pipe Lo conlre) Toading and unloading. The cuter Blanket has a
sistlar common outlet duct for the 22 sub-modules In the outer portioa of each
blanket sector. This duct discharges throwgh a circular pipe at the bottom of
the Blanket near the inner blamket ocutlet as shown in Figure IIL.A.Y.

In actual practice, Af the blasket were divided 1ato two equal thicksess
fuel rones Lo permit separate flow of pebdles from sach rone, fuel enricheent/
recycling/reprocessing would Be sore eofficiently uMmd.‘” In additicon
to modifications to the fuel zone, compatible outletl pliping would Be
reguired. This possibility has not Deen addressed 1n the design coacepl and
sheuld be considered for later sledy.

IELA.7 Coolast Inlet/Outlet Piping Comsiderations

From the standpoint of steplicitly (and enhancement of maintenance), the
nusber of coolant pipes should 2lso be minimized. As shown In Figure [I1.A.D,
the proposed concept requires omly 2 single nlet coolant pipe and exit
coolant pipe per sector for edch (Inner and cuter) Blanket. Both the Ynner
and outer blanket piping and manifolding are simtlar. The helium Inlet
cooling pipe enters a semicircelar manifold which extends the full width of
the sector (typlcally shown 1n Figure II1.A.6) Y order to supply coelant teo
odch of the sub-modules n the sector. Figure IIL1.A.7 s an enlarged
composite cross section through & group of modules to which coolant is
supplied and discharged. AL the wpper portion of the figure, the coolant
enters from the semicircular ‘nlet manifold and flows into the Inlet plesa at
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FIG. I11L.A.7. [Enlarged view of helium cooled outer Blanket module concept
showing coolant manifolds and module cooling arrangement.
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the back of the sed-modules, Note that the semicircular fnlet/outlet
manifolds do not require additional space between the blanket/shield and the
TF cofls. The coolant flows from the back plenus through the side walls of
the modules, cools the Tirst wall asd flows through the interfor of the module
to ol the fuel region and the reflector region. [t then enters the blanket
outiet plenua, Both the 1nlet and cutlet plens are tapered to conserve space
and maintain searly constant welocity. The falet plenum is wide at the top
and narrows towards the bottom wivile the cutlet manifold has the opposite
orientation.

The lower part of Figure 111.A.7 shows the discharge from the enlarged
outlet plenum into 2 semicircular outlet sanifold at the dottom of the
blanket. Typical inlet and discharge piping between mnifold and min coolant
pipe are shown In Figure 111.A,6, which shows the Tnner Blanket fnlet manifold
and coolant inmlet piping. Figure III.A.8 shows a cross section perpendicular
to the manifold centerliine. The upper portion represents Section X-X of
Figure I11.A.7, which shows the inlet flow to the module Tirst wall and fuel
zone inlet plenum. The lower part of the figure represents Clow through the
insfde of the sodule and subsequent discharge to the helfum coolant owtlet
manifold. The coolent piping and manifold sizes are provided 1n
Table 1IL.A.2,

LA Modele Edge Support Options

Several methods of supporting the side walls of the sodule shown In
Figure [11.A.7 were consfidered. Each has advantages and disadvantages.

One method studied was & buttress (or bookend) design which Braced the
thin outer wall of the last pressurized sodule against the strong outside wal)
to which a1l sodules are sttached. Figure I11.A.9(a) 11lustrates the Ydes.
Tais proposed sclution provides adequate support and isclates the blasket
sector from the other sectors, but the space occupied by the bracing penalizes
the breeding wvolume of the Dlanket, Also, the Buttresses hawve consfderadle
mass and ferther detract from breeding by parasitic capture of neutrons.
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A second method comsidered (Figure 111.A.9(2)) 1s internal tie rods
spasning the outersost modules. At the expense of such added structere, the
end mdules can self-sustaln isternal helium pressure. An overturning somenst
stil] will be exerted on the end modules, and their anchoring attacheents to
the back wall must be heavier thas a "normal”™ module, ut wasted space 1s
avoided, This method 13, pertaps, the sost cospatible with the current desfgn
Secayse the end modeles wight replace some of thelir horfzonta) tritium dreeder
tubes with tie rods

The third potential solution would e to allow the end modules of one
sector to support the end modules of the adjacent sector (Figure [11.A.9(c)).
In this case, consideraticn must be glven to tolerance accumulation which can
cause overstress of the sodule sidewalls., Also, wnintentional “cold welding®
of malls in contact could eccur, This would prevent disassemdly without
damaging the module side-wall 1a contact with a selghboring sector. Both of
these urpleasant effects can de overcome bty 2 sieple epedient. Alusinue
oxide plates [possidly mounted on pressorized cushions) can e placed on the
side wmalls of modules 1n adjacent sectors, The caramic pads will not weld
inside the cacuus, but the pad spacing and ares must be controlled to minfmize
anly local wall bendimg stresses 1a an unsupported ares. The space occepled by
these thin cerasic pads can e small, But there 15 & concern related to
fallure propagation between sectors. Namely, If sector A fails, sector 8 can
expand 1nto sector A and fall due to excessive deformation,

IT1LA.9 Resote Maintesance Considerations

The design guideline for 10 TF cofls (modified D shape) and 10 sectors
was intended to reduce the nusber of sectors wAich had to e removed while
stil] mintafning & reasonable cofl Dore, The sectors should be capable of
being removed horfzomtally withowt interfering with the cofls. In particular,
this would occur at Points D and £ of the outer blamket 1n Figure 111.9.10.
The coll bore was enlarged to provide clearance for dlantet resoval, and
varfous potential linterferences were wcked,

Aplen view of the cross sections taken in Figure 111.A.10 15 showm in
Figure 111.A.11. In the latter figure, the dotted lines fdentified as 0
through J represent Section D-D through J-J of Figere TIL.A. 10, respectively,
The figures show that the potential interfereaces at the locations indicated
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F16. III.A.10. Cross sectiom elevation view of helium cooled blanket
concept with top mounted divertor with typical sections

used to determine clearance for blasket,
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were eliminated, Similariy, the upper portions of the blanket and divertor
clearances, Ydentified Dy C and H on Figure I11.A.6, ‘ndicate that the
divertor and blanket wil) not interfere with the TF cotls during secter
removal. The blanket width at the top sector must B¢ limited to the width
which w111 pass Between the section of the cot) 1dentified by dotted 1ine € of
Figure TIL.A.6 (which \s the width of the divertor), but the less of blankel
coverage above the divertor due to tAYs comstraiat 1s mintsal, Thers 13 more
than adequate space for the divertor since it 15 Jocated at & Yower elevation
vhere the space between colls s represented by H. Based wpon the above
consideraticons, the coll size ‘nvestigated with 2 horizontal and vertica) bore
of 10.4 m and 14.4 m, respectively, s fairly well optimized for resoval of 2
secter between colls.

The piping impact on maintenance his been discussed previcusly in Section
TTE.A.7. Figures TI1.A.1 and 6, ndicate that neither piping for coolant or
fee) Toading/enloading will interfere since thelr envelopes Are narrower than
the other sections of the Dlanket.

[IT.A.10 £ffect of Weutra) Beds Penptraticns*

Two neutra) beam ducts penetrate the blanket. The 0.4 mwide by 0.8 m
high ducts enter at an angle 35° from the normal to the plassa and require
removal of portions of 6 or 7 lode modeles 1a this area. [f the lTobe 13
blocked at the dyct, the sermal flow of peddles from the top to the dottlom of
the reactor cannot occur. If the fuel s channeled from the shortened lobes
above the duct to the Tobes below, additional design complexity would be
required for the blanket. Only about 5% or less of the blasket 15 affected by
the penetrations. The Blanket design could be steplified 3y having medules in
the regions of the penetraticas restricted to tritium breeding. The effect of
% reduction of Berylllus/iherium Blanket coverage should Be astessed and the
design simpitification resulting should de considered when the concept s
further developed.

Another impact of the penetration is the loss of modwle side wall support.
As previously discussed in Section I111.A.8, the pressure against the side
wall of each module s compensated for or balanced by the pressure inside the
adjacent modele. This occurs along 41) modules except at the edge of the

* Sedsection I11.A.9 will only apply 1f the neutral beam driven steady state
mode 1s selected, 3.23



sector. A balanced side Toad must de provided at tals location whea the
adjacent sector 13 assembled. Simtilarly, additiona) side Toad pressure
restraint or dalasced Toad must be provided at the beam duct penetratios.

[IT.A.LL. Alternate Hellus Cooled Reactor/Blanket Concept

An alternate reactor/Blanket concept which n many respects s similar to
the reference concept described in the previous sections wis studied.

Although the dasic Tebe shaped module was retained, the lTecatieon of the
divertor was At the bottom of the reactor. This had an Ympact on bath the
contour of the blanket around the plasma and divertor and of the fuel sphere
inlet and outlet configuration, This difference can be noled by comparing the
proposed concept (Figere IIL.A.1) with the alternate concept shown in Figure
[11.A, 12,

Because the outer blanke! contour had to Be IncTined to permil the
peddies to be removed from the bDlasket by gravity, the divertor alse had to be
1ac)ined downward. Consequently, the *Sent® shape of the divertor was not as
amenabdle Lo remole resoval from the blasket assemdly. If 1t were removed, the
nclination of the divertor, would reguire that the Tower PF coll De lTowered
to prevent interference with the divertor and 1ts vacuwm port, The Inclined
divertor concept, Vikewise, added additional envelope Reight to the sectors,
would have required 2 larger TF coll dore to permit removal, and would
increase neutron leakage. The coll Bore was not resized te eliminate points
of interference between the sectors and TF colls, since the top mounted
divertlor concepl agpedred more atlractive. Oa the positive side, the
alternate configuration feateres & Jess complex forling scheme (oliminates he
34 pebble Inlet pipes per sector) and reduces shielding (sky shine) concerns.

T™he cooling manifold concept for the 2alternate design 15 essentially the
same s that described previcusly for the preposed comceptl (Figure II1.A.1),
except that the location of the cuter blanket cooling manifolds was
different. This can readily be seen in Figure IIL.A.Y) elevation and Figure
II1.A, 13 top view which shows the lecatiom of inlet pliping and manifeld for
both the inner and ocuter dlanket sectors. The figure alse shows fuel sphere
inlet pipes vAich maks 2 transition from the circular section at the inlet to
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F16. II11.A.12. Reactor cross section elevation view of the helium cooled
Fusion Breeder luctor/;lunt (alternate concept with
r.

bottom-mounted diverto
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the flattened funnel contour at the top of the blanket to @istiribute fuel to
411 of the blanket modules. The arrangement provides & gravity feed to the
spheres for Toading the Dlasket fueled reglon nedr the top center of the

reacler,
The reactor elevation, with typical dimensions for the concept, 13

lestrated Yo Figure T11.A.14 and can be compired with Figure 1I1.A.3 for the
selected design concepl. The Lhree dotled divertor colls 12 the reglion of (he
Tower part of the TF colls represent the Tecation originally specified. The
actual coll location shown (10.1 m) s about 0.5 m further from the plassa
than the selecled configuration specified in Table IIL.A.Y.

IT1.A.12 Susmary and Desige Issues

The dalium cooled reactor/®lanket concept with 2 mobiie fuel form appears to
Be 4 viadle concept Dased on the scoping design and analysis effort Lo date,
The first wall and sodule matertal thicknesses are structurally efficient and
are reasonadle from 2 neutronics standpoiat. The single coolant path for the
first wall and the Yaterior of the blankel Teads o a relatively sisple
concept. [Incorperation of the mebile fuel form adds additional complexity to
the design, but the advantage of In site referling/reshuffiing should by far
cutweigh the altersative of removing blaake! modeles which cosld lead te
excessively long redctor down-time and Tow avatlability. The use of
2 174 Cr<1 Mo represents & state of the art material selection, precluding the
development of more exolic matertals. The first wall comcept 15 unigue 1»
that design concepts In the past have mot Been directed Lo accommodating the
effect of Irradiation induced swelling. The desige 15 furlher enhasced By the
lower swelling characteristics of ferritic stee) (a3 opposed 1o austenitic)
and the higher thermal condectivity which leads to lower thermal stresses,
This corregated first wall concept should be studied 'n greater depth decawse
it 15, 18 a sease, generic in that 't could De adapled to other blanket
designs,

However, because of the 1imited effort in the study to date, design
Sssves remiin which wil) require ferther study. Some of these 1tems/Ysiues

are the fellewing:
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Concepts are needed for accommodating the lobe side wall loading at
the interface between Blanket sectors.

The relative merits and disadvantages of the selected horizontally
(toroidally) aligned tritfum breeder containing tubes fn comparison
with 2o alternative wertical (polofdal) arrangesent should e
fnvestigated more cospletely and the most effective arrangement
selected,

The shield design should be pursued further to usderstand the
shield/blanket interfacing and provide & concept for an integrated
shield and blanket design,

The proposed loading of the beryllfus/therium pebbles into the top of
the blanket through ssall individeal tubes should be fnvestigated via
the design of a fueling machine. The time to refuel and the
achievable fuel distribution should be estimated.

The marrow flow channels (1 mm) on the Inner side of the corrugetieon
my be sensitive to disensional warfances and may 1spact cooling
effectiveness. The tolerance to which this cunnel width can be

manufactured needs Lo Do assessed,

The relative serits of having the vecwum pusps and additfional
shielding above the resctor for the selected design with the top
mounted divertor, wersus the more coaventional placement of the
divertor delow the reactor needs further Tavestigation,

A detatled consideration of the PF coll types, requirements, and
locations has not been performed. Specifically, the location of one
or more normal divertor coils insfide the TF coll bore should be
studied with respect to cost, mainstainadiiity, plasse costrol, and
power consumption. Also, the required magnetic characteristics of the
OM cotl and 183 space requirements need further study.



e Procedures and equipsest to replace the sector sodules (Including the
divertor) require further study.

e Coafigeration and mechanical support arrangesent for the silicen
carbide reflector needs further study.

In further developing the design, efforts should Include the shield,
asdditiomal system interfacing cospoments (1.e., heat exchangers, vacuum pumps,
helium pusps, etc.) and interconmecting piping. The vacuum sealing doundary
should be better defined and seal concepts pursued, [n addition, 't say be
possible to further cptimize the TF coll size by trade off between the size of
the horfzontal wersus vertical bore to minimize magnet sfze and cost.

Fisally, siace the first wall 15 & kay to Blanket design, & represesta-
tive section of the first wall with provisionss for cooling should be tested in
a high heat flux test factliity,
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II1,8 CHOICE OF A TRITIUM BRELDER

I11.8,1 Istroduction

A principal goal of fusion breeder blanket design s to saximize fissile
fuel production via the yse of an efficient neutron multiplier (see
Sectfom II1.C). A comsequence of the use of a separate neutrom multipifer {in
this case berylifem) s that the tritium breeding material 15 not required to
provide & capadility for neutron sultiplication as well, Rather, the
preferred tritium breeder 1s required to reselt In 3 practical eagineering
design which winfmizes both the tritius beeeder volume fraction and any
parasitic absorption of meutrons. As a resuit of this design orfentation, a
suster of tritium breeding materfals which camnot provide adeguate tritfus
reeding 1n the absence of an effective neutron muitipifer for Cusfon-electric
blanket (e.g.. Vithium aluminate, FLIBE) can te considered for use In the
fuston breeder.

Engineering considerations leading to the cholice of & tritium breeder are
presented In this section. This cholce was made by reviewing the properties
of suitable breeders and their respective design implications in the areas of
dreeding performance, tritium handlfing, and safety. A more detalled
comparison bdetwees s011d and 11quid bDreeders s presented pricr Lo the
discussion of conclusions and recommendations.

111.8.2 OBreeder Material Properties

Figure 111.68.]1 shows the mechanical configuration of the heliwa-cooled
fission-suppressed Slanket design. The tritium breeder can be contained in
tubes (shown) or plates which are surrcunded by the cosposite pebdles of
deryllium and thorfus, The helfum coolant 1s passed through the packed bed of
pedbles and fuel ealements at high speed Lo provide sdequate heat trassfer,

The tay properties of severs]l candidate tritium breeders are summarized
fa Tadle 111.8.1. These candidates were selected becawse they represent
distinct classes of dreeders: 11quid verses solid, Tnsite seutren
suitfplication versus none, and tritive release as T, versus Tp0.
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CROSS SECTION OF OUTER
BLANKET MODULE SHOWING
TRITIUM BREEDER CONTAINING TUBE ARRANGEMENT
IN FUELED REGION OF BLANKET

TRITIUM BREEDER

CONTAINING TUBES He PURGE
TUBE
| GRAPHITE
REFLECTOR
| REGION

Figure [11.B.1, Cross Sectfon of Quter Blasket Module Showing
Tritium Breeder Containing Tebe Arrangement {n
Fueled Region of Blanket.
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Table I11.8.1.

Tritium Breeder Properties and Thermal Mechanical Aspects.

FLIBE FLIBE
Lig0 LIALO, s®e Lt (66-34) (47-53)

k(W /n-K) 3 1.73 16 “% 1 0.8

s (xg/a’) 2010 520 9400 450 2000 2000

€y (/kgK) 2600 1464 1600 4200 2320 2350

W (*C) 1430 1610 235 180 460 33

Preferred Fue! Form Plate Plate Tube Tube Tube Tube

h (4 /wEx) 000 3000 2000 2000 2000 2000

Interface T ., (*C)  550/580 $50/550 A3/4T5 455/550 $50/ 550 550/550
PCA/NT-S

Greeder Tesperature 420/800 420/1200 235/13700 180/1370 40/1370 36371370
Window (*C), win/max

Breeder AT (*C) I - T L L L

Craracteristic 1.4/1.0° 1.6/1.1% 3.6/1.8° 5.8/2.9* 2.4n. 1 1.9/1.49
xorr (c!). (% Wree)/
(18 ¥/ee)

Clad/breeder fraction 1.8/2.5 1.6/2.2 1.4/2.8 0.8/1.7 2.1/2.9 2.6/3.6
5

"Max. temp.less than 550°C (structural stress limit) defined by max, corrosion rate of 20 wa/yr,
Paailing point of L « 1370°C at ose atms.
Cx-plate 1/2 wideh, r-tube radfus. Helfus coolant characterfstics: P = 50 atm, Ty, = 276°C:
Tout = S00°C, Tooorant ™ 420°C; @™ = § Wjcc ot T = 1.5 Wi/a?,

U8reeder element ¢lmension limited by T ... and interface T, .
*Breeder elemnt dlmension 1imited by interface T, ..
TClad tafckness = 0.25 m.




Li20 has the Aighest lithium atomic densfty among ell tritfum breeders
and 1s the only solid oreeder that has the potential of dreeding adequate
tritfus without the meed of 3 neutron multiplier, The bred triticm is
expected to be released as T,0, a chemical form which fs markedly less apt to
Teak through the steel tsde into the Melium coolant than the stomic form,

To« Thes, a purge flow tritium extraction design 1s wsually adopted.
Howaver, recent L1ALD, insite tritium extraction experiments (1) Indicated
that a large fraction of the tritium may be released 1 noncondensable form.
Similar dedavior could be expected for Li0. Since the results of this
experimnt are not fully understood, further fnvestigaticns are needed. L1y0
has the disadvantage of befng wery hygroscopic, which feplies the meed for
specfal attentfon during sanufecturing and fabrication. Tesperature costrol
and irradiation dasage effects (e.g., reductions In therma) condectivity)
which influence the steady-state tritium fnwventory fn L10 and {rradieticn
growth (1.0, swelling) are key fssues Tor this Seeeder (2). A Tinal 1ssue
involves the activation of impurities the solid breeder and the radiological
consequence associated with recycle of the breeder material and perscnnel
exposure during the refabrication process.

L1AI0,; 1s the solid breeder that has the most avaflable and most
favorable materia) property data, It fs very stable and has & large
tesperature window, Sut requires the wte of a neutrom multiplier 1n order to
obtaln adequate tritium breeding., The activation of L1ALD, s an fssve.

Among the L1-PD eutectics, L17L1E3PD 1s fawvored becawse a low chemical
reactivity results due to 1ts high content of lead (which 1s 2130 a good
neutron multiplifer). s has 2 low miting point of 235°C and 2 very low
solubility for tritium. Thus, the tritium fnventory will be low, but the
prodles of hasdliing T, 1n the blanket without excessive leakage ppears to be
very difficult. As showm in Tadle 111.8.1, the weight and corrosiveness of
17L183P0 are additicnal conceras (2).

Liquid 1ithium fs known to e an excellest tritium breeder. Wowewver, its
hMoh chemical reactivity leads to potential safety concerns - especially 1f
water cooled components are located near the blanket. Bred tritium 13 Beld In
11thium 1ia the form of LIT and normal releases will be minimized, but lithium
will need to be circulated for tritius extraction outside of the Dlanket,
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Tedle 111.8.2. Susmary of Tritiem Control and Recowvery
Issues for Candidate Tritfus Breeders.

L0 LIALD, 17L1837 u FLIBE
Teitium Forn TR TH T S "
T Extraction:
Helium Coolamt | X
Breeder Circalation X
Purge Flow X |
Stainless Steel Liner® X

85 design option for tritium as TF s 2lso possible, dut mot selected due
to corrosfon fssves,

Of oe safety, 2 stainless steel liner would be needed for the T; extraction
system piping cutside of the blanket,

Secause of 1ts low lithium density, FLISE, a lithium-beryllium fluoride
molten salt, alse reguires a neutron suitiplifer as well as 1sotopic enrichment
tn 51 for sdeguate breeding. It 1s keown to have the advantages of excellent
frradiation stability, low pressure operetion, and chemical cospatibility,
These features imply safety advantages when compared to lithium and opera-
tiona) advantages when compared to the so0lid breeders and LI-Pb. The poten-
tial problem of TF (hydrofluceic acid) formatfon can be resolved by repidly
flowing the FLIBE to maintain the TF concentration at & low value and/or By
the additfon of a redecing agest (e.g., excess beryllifum) in the salt such
that Befy and Ty are formed Instead of TF, In the latiler case, the fssue of
tritium release in the form of T) would e simflar to that for L7L1SIPD.

Table 111.5.2 susmarizes some tritium control Yssues and recovery for the
different breeders,
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II1.5.3 Some Design Implications

One key desfgn fssue 15 the estimeted structure volume fraction required
by each cption and the fapact on tritium and fissile material dreeding per-
formance. The characteristic fuel element disensions and the fractions for
each of the tritium breeding materials discussed earlfer are presested in
Table IIL.8.1. The characteristic dimensfons were defined efther bty the
breeder materfal-cladding Interface tesperature, or by the maximm fuel
element centerline tesperature. The maximum centerliine tesperature for the
11quid breeders was set at the boiling point of 1ithium.

In calculating the characteristic dimensions for FLIBE tubes, the effect
of matural cosvection was Included. This effect wos estimated by assuming o
magnetic<laminar flow Musselt sumber of 8,23 (3). Usder this assumption,
convection eshances the fluld hest transfer by & factor of two over purely
convective heat transfer, This iInterpretation was cospared by calculating the
modified Peclet sumber (4), Pe, which gives the retfo of convective to conduc-
tive heat transfer 1n 2 unifors magnetic fleld, At a magnetic fleld of 4T and
& characteristic dimensfons of 2 ca, Pe = 2,15 was calculated for FLIBE. This
1s slightly higher walue agrees well with the above model.

With reference to Table 1101.B.1,., a1l the fuel elesest characteristic
dimensions look resasomadle. Lithium, because of its Mgher thermal conduc-
tivity, can provide the largest fuel clement tube diameter and thus the
smallest structure wolume fraction, It showld be moted, however, that a
characteristic breeder dimension fn excess of ~ 2 o» would conflict with
nuclear design requiresents (see Sectien [11.C) which specify 2oth 2 low
tritium breeder volume fraction and dispersal of the tritium breeder as wni-
formly through the blantet as possible. This meutroafcs comstraist would
increase the structure volume fraction of a 11thfum breeder to & similar
percentage as the other btreeders, Table II1.8.2 alse Indicates soew safety
considerations. Since 11thiem has a relatively high cheafcal reactivity, »
stainless steel liner for the tritius extraction system piping and other
1ithium safety systems would be required,

Another key fssue for the breeder comparison 1s the hasdling of
tritfus, For the solid breeders, & purge flow design s required for the
positive control of tritium and the containment of the s0l1id Breeder. This
requiresent 1s based on the assusption that most of the gemerated tritium s
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in the condensadle form, As iIndicated earlfer, the species of tritium re-
Teased Trom & solid Sreoder purge flow design s uncertain, If the dominating
species of tritium 18 released in noncondensable form, 2 relfable perseation
barrier at the Tuel cladding and at the steas generator tubes will have to be
{dentified 1n order to satisfy the limit of tritfum release to the environ~

ment,

Linited frradiation data on s014d breeders exist (2) and potentially
large Increases ia breeder voluse under irradiation were fdentified., The
swelling effect on L0 was found to be more severe than LIAL0,. I the
breeder dimension change cannot be handled bty creep and design configuration,
swelling tolerance will need to be configured Tato the design. This wwlid
have ispact on design cosplexity and an Increase of vold fraction of a few
percenst in order to accommodate the swelling effect could introduce heat
transfer/tesperature control difffcuities. Mot encugh data are availadle to
quantify the other potentfal damages of the solid breeder material due %o
thermal and irradiation effects, These damages can also affect heat trassfer
and tritium faventeory.

If flowing 1iquid breeders like 17L18370 and FLISE out of the dlasket for
tritiem resoval does oot satisfactorly limit releases to the prisery coolant,
2 sispler cption would be to contaim these breeders in sealed, tut helium
prassere relfeved (1.0., vented) tubes, The bred tritiue would then e
allowed to permeate through the tube wall and to be extracted from the min
coolant, Although the flowing purge system would de eliminated, 1t should be
noted that allowing all of the tritium to permeate into the main helium cool-
ant could Increase design complexity in the power conversion loop fn order to
safntain an acceptadly low level of tritium leskage from the piping and steam
generator. Also, this.mode of tritium recovery requires the addition of
oxygesa to the coolant and the relfance on oaxide derrfers. Key issues stil)
vemain on the oxidation kinetics of T 0 under Irradiation and the adequacy of
the effective permeation barrfer of steam generator tubimgs. Other design
fixes 11ka 2 double wall heat exchasger and tritium bDarrfer coatings would
need to be considered.

The following cbservations can be sede from the adove cosparisons of the
various Breeders:
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* Amcng the solfd breeders, Lis0 and L1IALD; are both credible end are
siotlar in engineering application. L10 was selected cver L1ALD; due
to existing esphasis fn the fuston-electric progras, LIALD, cowld
vitizately be preferred for this spplication due to 1ts chemical
stability, resistance to frradiation damage, and larger tesperature
window. The higher 11thium density of Li0 s an advantage, bt not o
high priority issue because of the separate neutron multiplier.
Tritius control miy o an Teportant 1ssue In efther case,

o Among the liguids, lithiwm 1s rejected due to safety concerns (an
unsacessary burden n this case).

e FLIBE and L7LYEIPD are both credible liguid breeders and are similar
in engineering spplifcation, FLIBE fs non-corrosive at the design
cperating tesperature and 1s favored 1a this respect, 170L183PD Mas 2
Tower miting tesperature aad 15 preferred 17 corrosion 15 not
Himiting.

in Section II1.8.5, representative sol1d and 1iquid dreeders are Turther

compared.

[11.8.4. Cosparison Between L1,0 and FLIBE

Recognizing the potestial prodlem of irradiation effects on the solid
breeders, a direct comparison was sade betwees the Lig0 helfum purge flow
option (2) and & "pressure relfeved” FLIM gption. In the latter case, m
FLIBE would flow, But the accumulated helfum (due to tritium production in
the FLIBE) would be allowed to migrate and bubdble wp to & free surface n »
reservoir located above the dlanket, thus, the pressure wiICh would otherwise
accomulate In the Indfvidual tubes (2) could Do relfeved. The voluse above
the free surface would be controlled to maintain the desired pressure (perhaps
S0 ATM) and to recover any free tritium which does not leak into the primary
coolant, Given the lack of soledflifty of tritfum fn FLIBE (or 17L183°D), an
actively flowing purge systes would sppear to be enjustified as a mchanise o
substantially awvoid processing tritiem 1a the primery <oolast,

* The fowing FLIBE cption did not appear to be & viable candidate when this
report was prepared, dut more recent studies indicate that an optime)
combination of permeation barriers and FLIBE circuletion/processing with
the tritium in the form of T, o TF (preference unknown) could effectively
Tieit tritium perssation to &o primary loop,
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Tadle 111.8.3. L10 asd FLIBE Cosparison (Breeder Volume Fraction ~ 1
Needed for the Fission-Suppressed Design).

FLIBE

Issves Li0 (Purged) (Pressure Relleved)

Design

Mechanical design Complex/active Less cosplax/passive

Melium generation No problems N probles

Clad/breeder fracticn -~ .68

Characteristic dimension 1told e 1.4 on redius
Material

Radiation demage Effect unkaown None

flectrolytic decosposition  Nore Minor

Compatidility Good Good®

Interface T window (HT-9)  360-550° 363-550°

Breeder T window 410-800 3631370
Neutrentcs

88 No Probles % Probles with SUf esetchment
Thersa | /Hydraulics

Hellum, T,4/T¢s 500/27% 500/275

Puomping power Acceptable Acceptable

Hot spot tesperatyre Acceptadle Acceptable

Katural convection None Some




Table 111.8.3. U150 and FLIBE Comparison (Breeder Volume Fractiom ~ 5%
Needed for the Fission-Swppressed Design). Contimued

Issues L10 (Purged) (Pmsugll.lsllmd)

Tritiem Handliing

Extraction from purge systes :::::gim L Secondary processing only

Fors TR and T T

Tritium fnventory /G, , <23 Few hendred on

tﬁ.;::'- ‘;:::;:um from m:& _— :1:!7 extraction
Safety and Rellability

Module burst Sol1d In tube Molten salt fn tube

Tude leakage Burden on Moltes salt 1n helium

extraction stream cold trap
Ty In main heliom stream Ninor effect Design load

S4ith beryliiem added for TF costrol.
Dpresent materfals 1imit estimates.
“Upper 1fmit due to saximum structure tesperature.

Table 111.8.3 susmarizes the results of the comparison,. The low meiting
point FLISE was selected for the comparison in order to obtain the maxisus

operating tesperatere window,
From mechanical design considerations, no feasibility prodles was

fdentified, The fuel elesent dimensfons for Doth designs, as determined by
heat transfer considerations, are of reasonable sizes a8 2130 shows In

Tadble 1IL1.8.1,
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Consfdering materfal properties, the radiation damage effects on L1;0 are
largely unknown, although recent fusfon reactor frradistion results indicate
that some swelling may occur at high burnups, The prodies of TF formation s
resolved in the FLIBE option by adding excess berylliem into the FLIBE as 2
reducing agent,

From the consideration of tritiem handling based on unirradiated meterial
property data, the Lig0 design blanket fnventory might be less than 2 kg/GWy),
e rostly to the solubllity of T,0 in Lig0. The FLIBE design would have 2
tritium inventory of less than 1 kg/GNy,, due to the necessary tritium build-
up ia the tube to force permeation across the claddiag. Whea considering the
design effects on dlanket safety and relfability, both cptioms have multiple
boundaries and can potentfally tolerate minor tube in-Teatage without reacter
shutdown,

With the above cosparison, It can BDe concleded that no Teasidiiity design
1ssues hawve been 1dentified for the ocptions considered.

I1.8.5 Conclusions

From the discussion and comparisom presented above, It 1s somewhat
arditrarily recossended that Liz0 be considered a5 the breeder becasse the
fssues associated with tritism relesse to the envircnsent (via the prisary
coolant) may be Jess severe and Dechuse 1t s currestly recelving the grestest
attenticn 1n the mational progras, If the hygroscopic, irradiation demage or
activation properties for Li0 out-shadow ts favorable properties, the cption
of using a liquid breeder or uluo, should be kept open.
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FI1.C. MUCLEAR DESIGN ANALYSIS AMD PERFORMANCE

I11.C.1 Gojectives

At this early stage of our Investigation of the tokasek-based,
fission-suppressed fusion breeder, our objective was to arrive at & plawsidle
nuclesr design concept; one with the potential o produce fissile fuel (U-233)
at a competitive cost while suppressing fission to emhance both safety and
swpport ratio.

The starting poiat for this design was our FYBZ tandem mirror fusion
breeder reference blanket design.(),2,3) The FYB2 design basically consists
of a pebble bed of composite Se/Th pebbles cooled by 1iguid 1ithimm,. The
pedble bed facilitates quick refueling without blanket disassesbly while the
Tithium 1s a mobile tritium breeding medium 48 well as the heat transfer
medium. To account for the harsher environment of the tokamek (1.e., Migher
surface heat flux and magnetic fields), a new design evolved ia which lithium
was replaced by helium for cooling and By purged tudes contaiaing a tritivm
breeder within, as well as behind the mobile pebble bed, for tritiem
breeding. As discussed in sectiom [I1.8, uzo was selected as the tritius
breeder, but several other breeding Compounds (e.g., Li-Pb, FLIBE, unoz)
can 4150 be attractive for thts applicetion. The mobile peddle bed was
retained to facilitate fuel lcading and unloading.

The objective of this nuclear analysis was to appraise the perforsance
potentisl by estimating net breeding of fissile material 1o 3 system that has
s tritium dreeding ratfo of 1.0, and to estimete heating profiles for imput to
the heat trensfer and fluid sechanics design and analysis of sectiom [11.0.

[1.C.2 Mathots of Analysis

The procedure wsed to perform the muclear analysis consisted of
developing geometric models approxisating varfous aspects of the blanket which
were then analyzed with one or two Monte Cerlo tramsport codes: TART, &
coupled neutron-photon, 3-D Monte Carle transport code using a 175-group
nuclear data set generated from ENDL, the Livermore-evalusted neclear data
1ibrary(4,5); and ALICE, 2 variant of TART that treats resonasce effects by
vsing the probability table method.(6) Most cases were rwn with 5000 source
neutrons, resuiting in less than 2% standard deviation.
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A Cross section of the actual configuration was shown n Fig. [11.A.).
The models developed for the Monte Carlo analysis are simplifications of the
actual geometry that are Iatended o reasonably approximate its isportaat
aspects.

Four models were developed and employed for this analysis. The first is
4 toroida) 2-D model spproxisating the overall aspects of the toroidal
geometry. The second, 4 wnit cell of the pebble bed, was developed to examine
heterogeneous and resonance self-shielding effects. The third, 2iso 2
toroidal 2-0 model, was used to estimate the effects of the poloidal
divertor. Results from these first three models were then combined to
estimate overal)l performance. A fourth model, a2 1-0 radially zoned cylinder,
wis used to estimate Aeating profiles. Tals was done early in the study to
provide input to the heat transfer and fluid mechanics design and analysis.

II1.C.3 Joreida) 2-D Mote) and Resslts

The torofdal 2-0 model s rectangular im cross section, with both radial
and axial zonierg. This model approximates the overall aspects of the blanket
geometry and 15 the basic model used to estisate neclesr performance. This
model fs showe in Fig. 111.C.1. The dimensions shown for the first walls,
imner and outer blankets, top and bottom Slankets and shields are the fing)
disensions used and reflect the limitations feposed By plasss and cof)
geometries. The critical immer shield thickness of 54 om, as used In
Starfire, was used to set the inboard Slanket dimensfons. The thin (10 ca)
shield zones used in this mode are there only to provide for appropriste
reflection for the blenket.

The plasma 1s approximated by an fsotropic 14 MeV neutrom source of
constant demsity distriduted in the rectanguliar tores as shown, The fractica
of scurce neutrons from this sturce crossing the inser, cuter, and top +
bottom first walls are given in Table [1]1.C.1.

The first wall in the model consists of an eroston layer (0.9 c»
initially, 0.45 ca ave.), 0.6-ca Fe strocture and 3 6-cm He plenus, The
blanket containg the Se/Th pebbles plus uzo-conuinta’ tebes., The resr
S om of the blanket consists of a dense pack of uzo-conuiuing tubes.
Materfal compositions ia these zones are given in Table I[1.C.2. Material
atom densities are givea In Table III1.C.3.
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Jable 111.C.1 Source Mewtron Distribution

5 ¥ To

17.3 Isner first wall

2. Top + bottom first wall
0.7 Outer first wall

Tedble 110.C.2 First-Nall and Blanket Compositions

e First wall 3 erosios layer + structure + plema
0.45 (ave, ) o Fe ¢ 0.6 ca Fe ¢+ 6 On e

o Bed with uzo fn tubes

Material Yoleme Fraction
Fe structure 05
Fe tubes (1* 00, 20 mi] wall, L0077
7 o= pitch)
uzo L0505
‘e 4510
™ 0238
(W) (1 a/o)
. u,o one
Materisl Volume Fractice
u,o .80
Fe .08
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Table I11.C.3 Materfal Atom Densities
(atomsece x 10°2%)

First wmall Fe 1.19
(zones 3, 4, 5)
Bed fe 0.45
(zones 6, 7, 8) Li6 0.032 (4.4%)
L7 0.700
0 0.387
Be 5.60
™ 0.0716
v233 0.00072
Outer (L10/Fe) zones Fe 0.678
{zones 15, 16, 17) L16 0.389 (6 a/o)
Li7 6.096
0 .24
Isner shiele W 5.06
{zone 9) H 1.4
0 0.67
810 0.07
Outer shield Fe 6.78
{zeme 10, N) H .3
0 0.87
810 0.07

The torofdal 2.0 blasket mode] was analyzed with the TARY code. Breeding
ratios, tritium and met U-233 (T + F““j are 1isted in Tadle JI[.C.4 for
four L16/LY ratfos ranging from 0.55 to 4.4, Within this range T varied
between 0.70 and 1.10 while T + F_ . ranged between 1.61 and 1.83. Most of
the change in T + F ., can Be attrideted to (n,y) capture in the bed's
fron structare, The U-233 fission ratio (fission per 14 MeY newtross) also
varies significantly from 0.11 down to 0.042., The Th fission ratio is only
0.009, suggesting It might be worthwhile to InCrease the Th volume fraction as
sugpested by Meter(7) and By Greenspan (8).
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Table 111.C.4 Breeding and Other Reactions per DT Meutrom vs. Li1S/L1 Ratie
with Toroida)l 2-0 Mode)

SLisLi(x) T F Un,fiss) T+ net e + Fe(n,y)
0.55 0.703 1.03 0.110 1.614 22
).08 0.838 0.957 0.083 1.726 87
2.17 0.968 0.877 0.080 1.776 .093
4.4 1.006 0.786 0.042 1.834 081
T = Liln,T)
F ETh (ny)

Faee * F = U(n,fiss) - Uln,y)

A varfation of this dlanket, one with 4l of the lithige-containing
breeder trubes behind, rather then in the Be/Th pebble bed, was considered
first but was found to have lower T et [1.6) (with T = 1.02) vs. 183
(with ¥ = 1.10)] and also & higher a,fissfon reaction rete (0.096 vs. 0.051).
Consequentiy, 1t was dropped in favor of having L1 as will as Th in the Be
rone. The factor of 2 lower fission rate with the L1 and Th/U combised in the
same zose shows the advastape of this coofiguration for seppressing fission.
While the segregated configuration gives lower Breeding and Aigher fission, it
is 2 somewhat simpler configuration and the Be pebble bed Is such thinner,

A~ 20 vs. ~ 60 om.

With the fusile aad fissile (T and F) breeding in ¢ifferent zomes, the
maintenance of T = 1.0 1s simplified. Wnen L1 and Th are in the sese 20me,

T 13 set by the "1 concentratiom as shown in Tadle 110.C.4. The ®Lf
concentration decredses about 2.4%, on average, per M/nz exposure, This

in turn will decrease T, but the decrease is not estimated to de significaat.
For example an cptimistic maximum blanket exposure of 20 nn/-? may SCrease
the 5L1 concentration by abost SO wAich, according to Table IIL.C.4, would
decrease T by about 12X, By replacing 1/4 of the blanket modules at 2 time,
the swing in T for the whole blanket would only be about +1.5%. This estimate
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is Crude because the poloidal varfation in wall Toading and the radizl
vartation 1n 511 *burn out* are not accousted for. These two effects should
tend Lo counteract each other.

A breakdown of the resctions and energy deposition in the individual
ones of the 2-D toroida) model (Fig. [11.C.0) 1s gives in Table III.C.5.

111.C.4 Unit Cel) Mode) and Reswits

The toroidal mode]l Just described homogenizes the Be/Th pebdles, the Fe
tudes and the L1,0 they contain. To determine if spatial and/or resonance
self-shielding are inportant in the acteual tude plus pebdie coafiguration, the
heterogeneous unit cell mode] shown 1n Fig. B11.C.2 was developed, The unit
cel) models a 7 x J-ca array of Fe tubes containing uzo with homogenized
Be/Th pebbles between the tubes. An x-y plane scurce of 1sotropic 14 Mey
seutrons 15 at z = 0, The sides of the unit cell are reflecting, making the
mode] behave as an infinite array of unit cells.

This heterogencous unit cell model was analyzed with both the TART and
ALICE codes to examine both heterogencows and resonance effects. A
homogenized version of this unit cell was also analyzed with the TART and
ALICE codes, Results of these four ruas are given in Tadle 111.C.6. When the
heterogeneous ALICE case s compered to the homogeneous TART case, it 1s found
that the total breeding (T +F) 1s nearly the same (ratio = 0.99) but the ALICE
Case has higher T (18%) and lower F.

The rescnance effect is, thus, important insofar in determining the
proper mix of L6 and Th but spparently less ipportant {a determining total
breeding. To better cptimize the breeding ratics, an inCrease in Th is
favored over decreasing Li6. Thus, capteres in the structyre Can be prevented
from becoming fmportant, a2t least ustil U (n,fiss) reactions become
significant,

Based on comparing these unit cell cases, It appears that resonance, not
bed heterogencous, effects have the major impact on performance. The ratio of
the heterogeneous ALICE results to the homogenedus TART resqits are used to
approx imately correct the toroidal 2-D model results for bed heterogencous and

resonance effects.
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Table [I1.C.5 Reactions and Energy by Zone*

Tota) Energy
Zone # 67 ’r T F U(n,fiss) T Ceapture  (Mav)
J Ist L0128 A2
¢ walls 0205 .688
5 0273 1.041
3 074 0N . 188 138 L0074 323 «350 4.415%
’ u‘ -” om om -”‘ 00'52 0“, 0’25 ’0012
A Rirs 509 «J67 020 876 952 12,12
15 Lt ,o 010 001 O LOn 085
" w -m’ - om’ .@7 .m
1”7 L0034 L0002 L0036 L0035 0225
, .w o‘“
10 Shields 0003 L0042
n 005 .az3
1.10 0.786 0.043 1.8% 2.132 28.0
T+ Fm = 1.83

Enerqy (first-wal) blasket) = 27.8 Moy
(shield) = 0.2 MeY

(emergy does not include decay energy)

* See Fig. 111.C.0



14,0 (o = 1.9, 3 a/0 S11)

)
/w‘F. TUBE WALL
35cm
] s ® 1.27¢n
"1- J:3 « 1. 2c»
,/'
,/ Be/Th Bed ascm
/
’
—yk SOURCE, X Y PLANE
AT Z=0+
ALL PLANES ARE REFLECTING
Be/Th BED COMPOSITION
Be* * 47.5 vjo
Th** = 2.5 v/o
Me = 50,0 v/o

*(Fe -~ 0.) a/o in Be)
*o(U -« 0.5 a/o in Th)
**(Ps - 0.5 a/o In Th)

Fig. 111.C.2. Unit Cell Model.
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Teable 111.C.6 Uatt Cell Model Resuits*®

___Meterogeneous Cases  __Homogeneous Cases

(TART) (ALICE) (TART) (ALICE)

T 1.351 1.604 1.362 1.67
T™in,y) 1.047 47 .999 g0
™ (n,fiss) 0N L0n an 0N
U (n,f) 043 J052 032 L0319
U (a,y) 0063 L0053 .0051 L0043
Pa (m,y) 034 S0z 030 026
Fe (n,y) L0203 0213 0154 0126
Faet 964 662 913 662
T¢Foet 2.3 2.27 2.29 2.13
£ (Mev) 27.82 29.89 28.4 30.2
Energy partitioning (%)

Be/Th 70 68

Li0 29 n

Fe tude ] 0.7

» L4/t = 2,975, UNM = 0.5 afo, PasHM = 0.5 a/o

i11.C.5 Divertor Modeling and Results

The poloidal givertor requires a major penctratiom through the blasket as
well as special materials due to 1ts high particle and serfate heat fluxes,
The geometric mode! developed to assess the effects of the divertor oo blanket
perforsance fs shows in Fig, [11.C.3. Its gessetry s toroidal with zone
numbers circled. Zome 1 15 the vacuum zone in which an isotropic,
constant-density source volume 15 located. leomes 2-5 are standard first-wall
1ones as described in subsection 111.C.3 and rones 6-10 and 19 are standard
blanket bed zones. Zose 11 fs the divertor first wall, 12.6-cm thick,
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consfsting of & homogenecus mixture of Be (1 ca), Cs (2 cu), K0 (1 cm), Fe
(2.6 cn) and We (6 ca). Zose 12 represents the divertor vacusm duct. lones
1318 are external leakage zones.

TART rescits by zone are 11sted 1a Tadle JI1.C.7. The total breeding
ratio (T » F) is 1.59 and the tota) esergy adsorded 15 26.0 MeV. This prodbles
was repedted with the divertor cpeaing closed with a reflecting bousdary. The
total breeding for this second cese 1s 1.87 and energy is 28.5 Mev, &y
comparing these two cases 1t 15 estimated that the divertor will ceuse a 153
decrease in total breeding (VT ¢ F) and & 9% decrease in Dlanket energy when
compared to the blanket mode] without the diverter.

I11.C.6 Estimate of Overall Performance

Results from the toroidal, unit cell and divertor models are combined to
give the following estimate of overall blanket perforsance.

Total set dreeding 1.55 (+ 10%)

Tritium breeding required 1.0t

U-233 pet breeding 0.54 (+ 303)

fnergy (# U/ = 1.0 a/0) 26.5 Me¥ (208, +40%)

The total net breeding value (T + 'mt’ is cbtained by sterting with
torolda) model T « F . (1.83) and sultiplying It by the ratic of the usit
cell hetercgeneoss ALICE case to the homogenecus TART case (0.99). This
product 15 1a turn myltiplied by the ratio of the with-to-without divertor
mode] cases (0.854). The U-233 breeding ratic 1s thea obtaimed by subtracting
the required tritium breeding ratio, which 1s assumed to be 1.0), Blanket
erargy 15 calculated in a sinilar marmer: € (0 W/ = 1X) = 27.7 x 1.05 x
0.9) = 26,5 Me¥. Decay energy 15 not Included. The unit cell mode) had 1/2
the U “enrichment® used 1a the other model to counter the infiaite nature of
and Jack of strecture in the unit cell model. A better method of estimating
U=233 fission 1s needed,

The above values are per DT source neutron. The uncertainties 1isted are

crude estimates that include data and modeling-Cassed uncertainties in
addition to the A2% Monte Carlo statistical umcertainty. The total energyy
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deposited per fusion is expected to have a larger encertaisty in the wpwards
direction than the dowswards direction due to remaining uncertainties in the
detalls of the resonance self-sAfelding treatment. Not 1acluded fn these
estimates are effects of module end plena and n, gassm reactions in Pe-233,

Meterogeneity of the composite Be/Th pedtles (not investigated) may alse
affect results,

Tedle IIL.C.7. Divertor Model TART Results by Zone
(per OT Newtrom),

Total Emergy

Materia) Zomes L £ Capture ____(MeV)

2 Oon 37

3 010 -3

4 020 .78

5 008 I

6 A7 J27 «330 4.3

7 67 128 322 S22

8 382 282 726 $.93

b 128 .095 244 3.35

10 060 041 109 .%

n 062 1.02

19 004 2004 00 0.10

Totals S0 677 1.85 26.0
Energy
Leakage Zones  (MeV) Leskage
13 0.07 .04
4 0.02 019
1} 0.08 047
16 0.17 115
17 < .0l <, 00

I8 £.0 2006
Totals 0.34 22
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The tritive breeding can de Increased as required, St any sdditions)
bred tritium must be subtracted from the net fissile fuel productioa, It fs
important to note that eves a 1% loss of tritius from a 3000 M, plant would
represent a release of 4.5°10° curles per day! Similarly, the allowed
recovery cost at 10,000 $/g would be ~ 128M/yr per percent tritium.

[11.C.7. Recosmendations

Neutronically, the Me-cooled composite Be/Th pebdle bed Dlanket with
tubes containing L1 withia the ded looks to de the best candidate considered
thus far for the tokasak breeder application, Is fact, 1t 1s also an
attractive candidate for the tandes mirror.

It must be esphasized that this mnucleonics analysis s preliminary.,
Future work sust better quantify and reduce the uncertainties asnd cptimize the
design to maximize specific breeding., For exasple, significant Migher
specific bdreeding looks achievadle bty Increasing the Th content abowve the
~ 2 vi/o used here (7). The effects of Lf tube size and pitch, composite
pebdble heterogeneity, module edge effects, and scurce gedemtry also need to De
further investigated. Asd, of course, semsitivity to data wcertainties
(especially Seryilium) need to be quantified. [n the longer run, cost
optimization will require knowing the tradeoffs betwees Breeding and bed

thickness, reflector thickness and/or the effects of replacing Be 1n the ded
with 2 chesper moderater,
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111.0  FLUID DYNAMICS AND MEAT TRANSFER

1HL.0.1  Introduction

For & tokemak reactor, the sost critical heat transfer problem 1s the
first wall design. [n order to accommodate the prodless of surface heat
removal, surface ercsion and tolecance of rediation-induced swelling, the
bellows first wall design was comceived and selected for the fusfon breeder
blanket. Two-dimensional thermal-mechanical analyses of the dellows first
wall were performed to fdestify the tesperature and stress distributions,
uide the design, and verify that 1t met 2)] the design constraints.

The helfum-cooled, fission-suppressed, hybrid reactoer blanket has o
uafque fuel elesmat coaffguration cossisting of & packed bed of beryllifus/
thorim pedbles with 2 tritium breeder 1n tubes which are distrituted
throughout the bed.* Meat tressfer calculations were perforsed to show that
the selected 2all the tube sizes can satisfy the respective sateria)
tesperature limits, After the bdlasket, first wall 2ad Tuel elesent 2ose
configurations were defined, the blanket 1o pressere drops and pumping power
werd hen calculsted to assure that they are acceptable.

15,02 1 ’ imits

Ouring the course of the heliys-cooled, fusicn breeder Blasket fluld
dynamics and heat transfer desiogn, close Interaction was saintained with the
mechanical design, neutromics analysis, and meterial selection efforts. The
fluld dymamics and heat transfer design of & gas-coolad reactor system should
satisfy two primary requirements: high thermal efficiency aod low pusping
power losses. The Mgh efficienyy requirement dictates a2 high coolant ocutlet
tesperature, restricted only by the mxisum cperating tesperature limits of
the resctor materials, The pusping power loss requiresent leads %0 & ho®
system cperating pressure to obtain high coolant density, & large coolant
inlet-to-cutiet tesperature differential, and restricts the velocities of the
coolant in various sections of the coolant loop. On the cther hand, the
restrictions on materfal cperating tesperature limits lead to M gh coolant
velocities in the vicinity of the first il to mintain Mgh heat transfer

coefficlients,

¢ L1120 wmas nominally selected as the tritium breeder and 1ts use !s assumed
[ thlwcﬁoa. The general conclusions are mot expected to chasge for
other ces,



The temperature limits of key materfals crucial to the design of the
blanket were first establishad, At the same time, the pressure drop limits
for different regions of the blanket were defined to establish a basis for the
flufd dmamics and heat transfer desfign and analysis. In the blasket region,
the key materials are the structural meterial, the nevtron sultipliier and the
fuel materfal. As discussed n Sectfon [I1.A, 2-1/4 O - 1 o was recommanded
to be the structural saterfal. This eastly manufectured ferritic steel alloy
MNs 2 maxisus allowedle tesperature of 475°C for Mgh stress applications,
Typically, the resctor first.wall will experience the Mghest stress and the
highest flux of Mgh energy neutrons, Thus, this tesperature lisit 1s sost
policable o the heat transfer analysis of the first mll. The temperature
Ifaits for the Tithius oxfde (L120) Sreeding material are Tgqpn = 410°C and
Teax = 800°C (1000°C)*(1).

As mentioned above, low coolant pressure drop 1a a power producing
sachine 15 fsportant 1n redicing the pusping power necessiry to circulate the
helfium coolant, The acceptable pressure drop depends upon an over-all optimti.
mtion of the resctor onomics, M this stage of the conceptaal design, tw
pressure drop 1imits have Deen used. A value of agproximately 5% of the ther-
mal power was used for the pusping power for the complete coolant circuit,
Incloging the heat exchangers, the dlanket, pusps, and piping. The second
limit 1s isposed by the pressure differential capability of the helfum circu-
Tator. Using 2 single-stage circulator, a value of AP/P < 4.3% was used for

the entire coolant loop.

Experience with helium-cooled nuclear power systems indicates that a
heltum pressure of 40 to 80 ats will De needed for an effictient prisary loop
design. Steam-generator desigm conditfons dictate a minfsum coolant inlet
temperature of about 275°C and & minimum coolant tesperature rise of above
100°C. Based on this inforsmation, 2 helium operating pressure of 5.1 M

"The saximum 11thius oxide temperature can be Increased to 1000°C for desiga
spproaches with helium purge gas flow directed only to the cold regiom of the
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(50 ata) and an Inlet tesperature of 274°C were selected. For the fesioa
breeder blanket, an cutlet temperature of 500°C was selected to give & thermal
cycle efficiency of 39%. Structure temperatures above 475°C eccur only toward
the rear of the blanket where the stress and nevtron flux are Jowest.

AL the present stage of the study, 1t 1s belfeved that heat tramsfer in
the vicinity of the first wall will be 2 key design fssue. In order to design
for & neutron wall Toading of 3 Mi/eZ and & serface heat 1oading in the range
of 0.25 to 0.75 Wi/mZ, the bellows first wall configuration, as f1lustrated in
Figure 1I1.A.5, wes used for the analysis. In contrast to a saooth fTirst
wall, the bellows or Tinned destgn 15 necessary Lo Iacrease the heat transfer
surface ares and the heat transfer coefficient, The bellows configuratiom fis
also conveniently cowpled with the sechanical design requirements for the
hndling of statfic pressere and structural swelling.

[11.0.3 Bellows First W)l Desige

[11.0.3.4  Mechanical Destgn

The primary purpose of the first wall 4s to provide a boundary between
the pressurized coolant and the vacyum of the plasss chamber, At the same
time, 1t has o handle the transafission of thermeal power through the wll to
the high pressure helium coolant., There are two contributfons to the heating
of the wall, First, the volusetric power gemaeration due to the newtroa and
saterial Interaction, and the surface heat flux coming from the plasse side.
In addition to these effects, the selected structura) configuration has to
sccommocate neutron-induced swelling wnder Ngh neutron fluesce while being
ercded away 4t & rate of 2,25 mm/year., (See Chapter Il discussion.) A serv.
1ce 11fe of four years was selected for the reference design. The above
requiresents are severe by conventiosal standards,

As shown In Sectice 1I1.A, the first wal) itself 15 2 semi<y)inder
forming a lobe submodule which s tied Seck to the structural regfon behing
the blastet. The flat sides of the lodes are pressore dalanced by adjacent
lobes. Thus, the pressure !s contained by pure tension in the wmil. As
discussed delow, thersal effects can de tolerated decause of the comparative




flexidility of this mil, To render the wall "soft® in the module-axis
direction, 5o that 1t can tolerate distrubances in that direction, the wil s
of corrugated (bellows) form. The dimensions of the bellows cross.section
delineated delow were decided after some iteratioms, but have yet to de

optinized.

Manufacturing sethods for such @ wll are worth mentioning. The wall
wuld not, 1n fact, be corrugated. Rather, 1t wuld de grooved on both sides
by geng milling; this operating deing carried cut while the wall 1s a flat
plate. The sides of the lobe wuld then be thinned and the wll finally
pressed into the semi.cylindrical lode form with the corrugatioas in place.
Erosfon capability s bullt in By the corrugation bdeing 9 mm thicker than
strecturally needed on the plasss side. This materfal 15 expected to diainish
in thickness progressively during the wall 1ife.

[11.0.3.b First Mall Thersal-Mechanical Imllsis

T™he objective of the first wall therma] sechanical analysis ws to
fteratively manipulate the bellows first wall configuration in such a way as
to control the associated temperatures and stresses, kteeping both below speci.
fied design lmits, To accompiish this objective, the two dimensiona) steady-
state temperature distribution at the beginning and end of 11fe was calculated
for the dellows first wall using TACOZ0(2), a finite elesent heat transfer
code. The temperature profile calculated by TACOZD was thes coupled along
with the delium pressure boendary condition into NIKE20(2), an teplitcit,
finite deformation, finite element stress code. The seutron swelling effects
were not included 1n the stress analysis. The resuits of TACOZD and NIKEZD
were graphically displayed using the post-processors POSTACO(Z) and THOR(Z),
respectively, Both of these codes and their acompanying post-processors are
svallable on the megnetic fusfon emergy computer metwork.

Figere 111.0.]1 presents the tw.dimeasional Bellows first wall configera-
tion which was modeled using the adove codes. This basic coafiguration was
malyzed Tor Lo conditions: the Begimming of 1ife 1a wAiCh the S mm sicri.
fictal layer on the plassa side of the wall has not eroded, and at the end of
1ife in which the sacrificial layer has completely eroded., Tadble I111.0.1
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CONSTRAINED FROM
MOVING IN THE
BELLOWS DIRECTION

Figure 111.0.1 Tw-dimensional bellows first wall configuratioas
(representaticn of 4 Wit element, not to xale)

Table 111.0.1 Design Guidelines for the Bellows First wWall

Materia) 2-1/4 Cr - 1 /W19
[HT-9 alternate)
Meutren wall loading 1 W/md
Sorface wa)) loading 0.25 W/ml*
Toax Mimit, 2.0/4 O - 1 WO/NHT-S a5
(550°C for WT-9)
Expected witimate teasile strength 435 W
"t Teas (500 WPa for NT.9)
80U eroston layer thicksess m

*A surface wall loading of 0.4 W/s° was adopted late in
the study. The ramifications of this increase are
discussad later 18 this section,
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11sts the design guidelines used for the analysis. Table 111.0.2 summarizes
the thermal and structural computer inputs for the ferritic steel structural
materfals 2-1/4 O <« 1 M and NT.9,

As shown, the principal stresses calculated by NIKEZD for the dellows Tirst
wall were computed assuming & hydrostatic pressure on the helium side of the
w1l coupled with the tesperatere profile computed by TACOZD, The will ws
constrained from moving in the bellows directica along both bellows side
1aterfaces and from moving up and down by a single point lTocated at the wll's
center of mass (see Fig. II1.0.1).

Figures [11.0.2 through 111.0.5 graphically display the Dellows first
wall temperature profiles calculated by TACOZD at the begisaing and end of
1fe waing Both 2.1/4 O « 1 M and MT.9 strectura) materfal. Figures [11.0.6
throegh 111.0.9 present the beginning and ead of 11fe principle stresses cal-
culated by NIKE2D. The results of these figures are summarized in Table
T11.0.3. This table shows that with the present Bellows first wll design,
the design guideline maximum temperature 1s slightly exceeded for both the
2-1/4 0 « 1 Yo and HT-5 bellows first mal]l at the beginning of 11fe. low.
ever, 1t 1s isportast to note that the hot spots are in the sacrificial layer
closest to the plasma. As can be seen in Figs. 11[.0.6 and [11.0.8, this
layer 1s required to provide only minimal structural suppert. At the end of
I{fe, the design guideline maximum temperature s esasily met by both the
-1/4 0 - 1 Mo and HT-9, The design guideline saxfsus stresses are met
for both the 2-1/4 O <« 1 Mo and HT-9 at the begisming of 1ife.

These results Indicate that at a surface loading of 0.25 Mi/al, the
present bellows first wall design meets the thermal and structural design
guidelines using both 2.1/4 Cr «~ 1 o and HT.9 structural saterials, the oaly
exception being the beginning of 1ife temperatures 1a the sacrificial layer of
the mall. This layer is required to supply only minimal strectural support.
These temperatures are still well bDelow the 725°C limit at which the struc-
tured materfal begins to be In the two phase regime. It s expected that by
m0difying the present configuration, the design can be optimized to Tower both
the temperatures and stresses even more.
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Table 111.0.2 Therma! and Structeral Computer Isgputs for

the Bellows First Wall

Thermal TACO2D lnputs

Maximum surface heat flux, (Me/m2)?

Yolusetric meutron heating, (MW/=3)

Beginning of 1ife helium chanse!
convective heat transfer
coefficient, (W/mi.x)

End of 11fe Meliwm channel
convective heat transfer
coefficient, (W/ml.-K)

fottom plate convective heat
transfer coefficient, (Wial-k)

Beginning of 1ife helium coolant
temperature, (*C)

End of Tife Mlium coolant
temperature, (*C)

Structural NIXE2D Inputs

Nelium 31de Rydrostatic pressure, (MPs)

Q.25
28.8

23/ 0r -1

HT-9

10950

2-1/4Cr 11920

LLES )
190

10920

119400

OThe surface heat flux at each nodal point {Including the bdellows
side wils) on the plassa side 15 equal %5 the 011d angle seen at
that point tises the maximum surface heat flux,

SThe vartation of heat transfer coefficiest 1s due %o the contribu-
tion of material volumetric power generation at the BOL and 0L,
and the conductive enhancesent cue to the fia-like chameis of the

first w1,

CThe dottom plate convective heat transfer coefficient 15 ssaller

thae the Meliwm channel comvective heat transfer coefficient

because heat removal at the 20t%om plate 13 from convection in the

flow distridution plenum.
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Table 111.0.3 Bellows First Mall Thersal and
Structural Amalysts Sussary

2.1/40r 1%

Maxisus temperature, (*C)
Beginning of 1ife 42
Ead of 1ife W2

Maximum stress, (W)

Beginning of 1ife 201
End of life 176

HT-9

Maximum temperatere, (*C)
Seginning of 11fe 595
End of ife 353

Mcfous stress, (W)

Beginning of life 167
End of 1fe 145

-1



™e above calculations were performed at 2 neutron aad surface loading of
3 and 0.25 Wi/a?, respectively. Figure 111.0.10 shows the estimate T, 4t
the degimaing.of.11fe as a function of surface loading, for 2-1/4 0 - 1 M
and HT-9 materfals based on one-dimensional calculations and adjusted to co.
ordinate with the two-disensional reselits. It can be moted that by assuming 2
saxisum allomble temperature of J00°C on the eroded Tayer whare the stress
capabilfity requiremsent 1s minfmum, the 2-1/4 O - 1 M and NT-5 materfals can
withstand surface loadings of higher thas 0.6 and 0,45 Mi/mZ, respectively.*
Figures 111.0.4 and 110.0.%5 11lustrate that at the endof.life, the first wmll
miximum temparatores for 2-1/4 O - 1 Yo and HT-9 materials are acceptable at
s surface loading of 0.25 Mi/m2. In this comparison, the 2.1/4 O - 1 W '3
capable of withstanding a higher surface heat flux because of 1ts high thermel
conductivity.

111.0.3.¢ General First Wall Design (bservations

In considering any tokasak first wall design, 1t should be appreciated
that therma) expaasion will result 1n large thersal stresses If the first wil
15 comstrained, A key motivation for the proposed bellows/lobed first wall
design s an abi)ity %o accommodate thermal expansion In severa) directions;
thus greatly limiting the thermal stress. The analysis above presents &
fairly sature 1teraticn in which tw.dimensicnal sodels indicate that the hot-
test materfal clearly can have very low stress levels., T™his feature s Con.
sidered to be of major faportance fn this design and can prodably be of use In
many other blastet design concepts. The major thermal effect 15 %0 tend to
cause shortening of the lobe radius, particularly at the point nearest the
plassa. In the simple sem! <cylindrical design this Can give rise to consider-
le stresses. Jowever, Dy changing the lobe shape from a simple radius to
some other shape (for Just & fTew oi1liseters at variaace froe a radius), it 1s
possidle to arrange moments which exactly counter those gemerated By the tem.
perature effects. In this sesner, 1t appears possidle to develop 2 woriking
situation where, for practical purposes, very low thermal stresses exist,
™is design solutfon can 4130 be interpreted as preloadiag of the first wil,
Indeed, 1f the sfmple cylindrical wall were left in this temperature/pressure

© A 0.43 Wi/n° surface heat flux was selected in the final fterstion.
(see Sectiem 11.C) 278
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condition long encugh, 1t would creep to this equilidrius conditica, Mow.
ever, In s0 doing, 1t would “use up® some of 1ts allowed creep 1imit.

Irradiation swelling stress in the direction perpesdicular to the
corrugation can Bde Talrly sastly controlled assuming pessimistically that mno
creep occurs. It s considered that frradiation swelling stress should 1n any
case o mininized 50 a3 not to deplete the creep budget (as 1n the thersa)
cese). Swelling stresses in the direction paralle] to the corrugation are
more d1fficult to handle, although they can 1n some measure be dealt with as
is the thermal stress 1a this direction.

Some furthar observations on the proposed design can be made. First,
regarding the irradiation.iaduced disensional changes wunder stress (1.e.,
frradfation creep), 1t 1s essential to know whether this is damaging. Fresent
theories indicate that 1t may not De damaging, But that on cessation of the
frradiation, the material wil)l be hardened. It 1s then appropriate to ask if,
in this state, do hardeess and drittieness arrive together? If 0, If the
frradiation 1s stopped, restarting may require very low subsequent strains
due to 2 low secondary creep capadility, Thase questicas need resolutions,

A fina] cbservatfon on the corrugated wall concerns its “fragile® form,
Clearly, 1t 13 not & sisple "boller plate® specimen, Considering 1ts design
requiresents, 1t 1s ‘nevitable that 1t de of complex form. A similarly
complax heat trasasfer component, the astosotive radiator disperses surface
heat loads of approximately 1 Mi/mZ, and 1s constructed comsonly of 0.1 mm
material,

I11.0.4 Blanket Fosl Clement Design

Heat transfer and fluld dymamics calculations were perforsed for the
packed bed of berylifum pebbles and L170 tubes. This analysis wes wied %o
deteraine the Teasidility of the proposed coafiguration in satisfying sater!.
als temperature, coolant pressure drop, and mechanical design limits.

$1ace 3 heat transfer Correlation for 2 pechked bed mixture of spherical
pebbles and tubes was not found, comparisons were made between the heat
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transfer coefficients for a packed ded of spheres and & one-row, closely-
spaced tude configuration, The ose.row tube dank was used for comparison
because 1t gives & sore conservative result than 2 multi-row, closely-packed
tudbe bank, Further, 1ts heat transfer coefficient range Is closer to that for
& packed bed of spheres. As shown im Fig. I11.D.11, the heat transfer coeffi-
cients for single row tudes and packed beds Mave an opposite behavior as 2
function of characteristic dimensfons. This 1s because of the selected mod-
els, For the single row tude case, the distasce Detween tubes was selected at
1mm. To sisulate the packing condition of the tube and the spheres, the 1 mm
gep was selected as the ressonsdle minfeus gap that Can Be saintained by wire-
wap, closed-pack tubes, As the tube size Increases with a constant flow
cross-section, the flow cpening ares reduces, thus emhancing the heat trans.
fer. For the pecked-dbed configuration, the void fraction of the ded 1s inde-
pendent of the sphere size and the heat transfer 13 only a function of the
charecteristic dimension, leading to a decrease in heat transfer coefficient
as the ball dlameter incresses, Tha odservation from Fig. 111.0.11 1s that
for sphere and tube sizes 1n the range of 2 to 3 cm, the heat transfer coeffi.
cleat 1s 1n the range of 1900 to 2600 W/eZ.K, More detailed investigation of
the applicable heat transfer coefficient for the Li20 tubes imbedded in 2
packed ded of balls will seed to be determined by further analyses and/or
experiments.,

Based on the cnerow tude model, the L120 temperature distribution as a
function of radia) position s given 1a Fig. 111.0.12. The 12gut paraseters
are given in Tedble 111.0.4. It can be moted in Fig. I111.D.12 that, for the
selected tube 5120 of 2 cm, the LIz0 breeder satisfles the design temperature
Heits, The 2-1/4 G < 1 o tude temperature is higher than the design limit
of 475°C, yet this occurs only at the dack of the blasalet where the tude wi)
thickness can be Incressed without excessive penalty to reduce the stress,
Also, the L120 tube does not have o have structural function, escept carrying
the weight of L120, Comsequestly, 2 seximus steel temperature of 510°C is
cceptable,

Figure 111.0.13 shows the centerline temperature of the beryllium pebble
and the AT through the pebdle as & Tunction of blanket radial position. To
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Table I111.0.4 Fissicn.Suppressed Mmltum.Cooled Blanket
Thermal-Hydraulics Input Paraseters

Meutron wmil Toading
Surface loading
Coolant - helfum at 50 ata
Tin
Tout
Teoolant 4t Tirst wl)
Blanket energy multiplicetion
Tube dfameter
Se/Th ball diameter
L120 temperatore Timits, Toay/Tain
Meat transfer models:
One row closed-paciked tubes
Pocked Ded Ball configuration
Meutronics inputs supplied by LLNL

3 mi/el
0.25 Mi/m?

7% C
S00°C
297°C
2.175

2¢n

Zcem
800*/410°C




bracket the temperature range, two temperatures were calculated using a one-
dimensiona] model by considering (1) the power density generated from the
Barylifus pebble only, and (2) from aa averaged power density generated from
the derylifum pebble and thorium setal snap-ring. The Tigere shows that the
saxisus temperature and ATs sre acceptable as compered to those for the Jcm
beryllium petbles for the original reference mirror design(3), The crigina)
referesce design featured thorfum pins on the inside. Despite the higher
power density (3 ws 1.3 Mi/el), the newer saap-ring desfgn 1s expected to
provide & Tower AT, Confirmation of the temperature and stress distridetion
via 2 two-dimensiona] thermal-sechanical asalysis will Be needed in the

f“".o

The packed bed pumping power fraction was calculated to be 0.15% of the
reactor thermal power, which 1s ceptadle.

[11.0.5  Coolant Pressure Drops and Pusping Power

Calculations were perforsed to estimate the total pressure drop of the
whole blasket cooling circeit faciuding the steam generators for & S000 M)
resctor with a Slanket energy sultiplication of two. The pressure losses due
to friction, acceleration of flow from density change as & Tunction of temper-
ature, joints, turns, mxpansions, and contractions are all taken into consid.
eratica. Tadle I111.0.5 susmarizes the frictica pressure drop from different
blanket sections. It can be moted that the packed bed pressure @rop 13 adout
125 of the total Dlanket section pressure drop. Since the pacted bed pressure
arop 13 pproximately proportiona) Taversely to the square of the pebble size,
care should be exercised 1a selecting pebbles of smaller sizes.

T™he tota] pressure drops 1n the Blanket and In the primary coolast are
given 1a Table 111.0.6. Both AP/P « 3.22% and pumping power fraction of 4%
are within the respective design limits of 4.3% and 5% stated 1a Section
[11.0.2. The net dlanket power comversion efficliency 1s 36.5%.




Table [11.0.5 Friction Pressure Drop for The
Different Blanket Sections

Flow Yelocity Pressure Drop

Section Y (n/s) AP (kPa)

1. inlet manifold 57.4 2.9
2. Distridution channe) 9.6 0.54
3. Side flow path 7.2 1.0
4. Grooved first wl) 68.0 19.00
S. Breeder pached bed 2.0 4.40
6. Collection chanse! “.4 4.32
7. Qutlet manifold 65.0 3.00
Total 35.56




Teble 111.D.5 Total Pressure Drop in the Blanket

? AP/P

Pressure Qrop (kPe) (%)
Friction 5.6 o.M
Turning, Joining, and dividing .2 0.94
Expansion fcontraction 13.7 .27
Tota) 9.5 1.92

Total Pressure Orog In the Primery Coolant Loop

Blanket 9.5 1.92
Sector limes, 4.4
Ring ducts, 4.7
Stean generator piping, 7.8
Steas generator, 0.0

Sustotal 65.9 1.30

Total 163.4 .22

Total pusmpiag power fraction
« loop pumping power /resctor thersal power « 100%
- 43
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111.0.6  Conclusions

Abellows first wmll design was selected and evaloated for the FIP
heliumcooled dlanket design. [t was designed to meet the requirements of
withstanding design pressere, removing the hMgh surface Meat flux, allowing
first wmll erosion and handling of the potentially serfous problem of meutron.
induced materfal swelling., The structural tesperatere liaft of 2-1/2 Or
= 1M I3 475°C, that of WT.9 s SS0°C. With the allowedle T, in the nen-
structural erodadle layer selected at 700°C aad at 2 neutron wil lcading of
3 Mi/aZ, 2.1/4 & « 1 W can withstand & surface Toading of 0.6 Wi/nZ as com-
pared to 0,45 Mi/a? for MT-9 structure.® This 1s due to the higher therma)
condictivity of 2-1/4 O « 1 Mo, If the structural swelling effect were showm
o be relieved by irradiation creep, then the first wmll weid not need to be
in & bellows configuration. MNowever, the finned geometry for high heat flux
resoval and the added layer for erosfon allownce would still de needed in the
generic design of 4 Whamek resctor first wmll,

The Slanket fuel configuration comsists of Qylindrical tritium breeder-
filled tubes within & packed Bed of beryllfwm balls. Each ball has a thorfus
snep ring eround 1t. This configuration meets 21l of the thermal-Rydrawlic
design limits, Assuming the selection of Li0 as the breeder, the design can
satisfy the difficuit tempereture 1inits throughout the blanket, The
beryllium-ball centerlisg tesperatures are sccepteble and the ATs through the
ball Tock reasomadle. Two-dimensional thermal-mechanical calculaticn of the
tesperatures and thermally«induced readfation swelling stress s needed to
confirm the desfgn, The overall pusping power fraction of 43 for the whole
coolant Tocp s reascnable. For the selected coolast inlet/outlet
tesperatures of 275°C/S500°C, the power conversion gross efficiency is 39.1%
and the met Dlanket power coaversion efficliengy 1s 36,51,

* A surface hest flux of 0.43 Mi/s® and 2-1/4 Cr-1Mo are the baseline values.
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I11.E  REACTOR SAFETY ISSUES

T™he prisary safety concern of fissile-fuel producing Blankets 15 the
potential Mazard associated with the release of the actinide, fission product,
and activation product radicactivity. This radicactivity, produced by fis.
sfoning and parasitic captures of neutrons in the fertile and Tissile materi.
als mnd metallic structures, could be mobilized during postelated eveats which
frvolve the Targe quantities of stored energy preseat n the system, The ot
tulated events and sources of stored energy in the preseat design are bDriefly
discussed balow and are compired with those of the 1982 tandem mirror refer-
ence desfgnil). The leter destgn was sebject to more detalled safety systems
studies during 1983(2), The fssues of tritiom safety, though requiring appro-
priate design attention in order to minimize routine occupetional hazard, pose
a relatively lower level of risk during major events and are not discussed
Mare., Criticality 15 also not expected %o present & safety Nzard In the
present design due to the low fissile concentration,

The major source of stored energy Tor radioactivity sobilfzatica in the
present system is the heat generated by the decay of radionuc)ides in the
dlanket. The Inftiating events of major consequence are those that Tead to 2
Toss of cooling capadility. The major @ifferences between the reference
1quid 11thium cooled tandem mirror fusion breeder (1) and the tokamak fusion
breeder design are the adsence of stored chmical energy from T1thius
resctivity, the much Mgher wall loading (3 versus 1.3 M¢/m? in the referesce
blanket), and effects due to using 2 helium rather than 11thium coolant (e.g.,
Tess conductive heat removal 1n & loss of coolant flow event, sasfer fuel
dmp, and different accident Inftiators). Isportaatly, the decay heat remova)
load per unit wall srea will Increase due %o the higher wall loading, but It
is expected that coolant flow cana be maintained at reduced pressure in 2ll

cases with redundant helium circulators.,

The maximum radionuciide hazard inveatory (at time of fuel discharge) 1s
not expected to differ substeatially Betwesn the tokamak and reference tandes



mirror reactors - & result of the opposing effects of higher wil loading
versus the compactness of the tokamak design. Specifically, the major
contributions 0 the radfosctive faventory per it volume are the ctinides.
These reach aquiiibrive In roughly 60 days and their respective concentrationas
are proportions] to the wall loading, [which 1s 2.4 times higher in the
tokasak (3 Mi/n2)). Despite the higher concentrations, characteristic tokasak
sateria) volumes are one-third to one-half those of the tandem mirror. Thus,
the net difference In total foventory 15 not expacted to be significant, As
the eorichment 1s roughly proportional to the total fluence per unit volume,
the irradiation time to 2 given enrichment 1s shorter at the higher wall
loading tokamek., Both resctors would Mave comparable fissile discharge

rates,

The factor of four to five lower number of modules (or secteors) 1n o
tokasak results In a hMgher radicactive inveatory per module. Thus,
individual sodule fallures could have correspondingly Mgher cComsequences, and
heat removal systems would face higher heat loads, Other factors are the
hMgher complexity of the tokamak and the decrease n the fuel Ball adfabatic
selt tise and thus the shortened time for corrective action dee to the hgher

efterhest level.

Que to the compactness of the tokasak and the adsence of liquid metal WD
effects, gravity dump of the modile fuel to & dump tank bemeath the resctor 18
possidle at 2 reasomable distance (~7 ®) without forced flow., Meat-actuated
valves 1n conjunction with 4 purely gravitational dump would provide » totally
passive dusp system. If 2 suitable noaresctive thersal contact medium within
the dump tenk could be 1dentified, passive cooling may be possible In
conjunction with heat pipes and covective air heat exchangers, but thersa)
shock to the dumped fuel could be a concern,



References, Section II1.E

1. J. D, Lee ot 2)., “"Feasibility Rudy of a Fission-Suppressed Tandem-Mirror
Hyorid Reactor.,” Lawresce Livermore Mtfonal Ladoratory fmport,
UCID-19327, April 1582,

2. 0. M, Berwald et al., "Fissfon Suppressed Hybrid Reactor - The Fusion
Brecder " Lawrence Liversore Mational Ladoratory Report UCID-19438,

December 198,

3.88



IILLF FUEL CYQLE AND PLANT ECOWMOMICS

I1.F.1 Overview

In this section, the overall perforsence and costs of 2 helfum Cooled,
beryllium blanket tokamak fusion Breeder reactor are developed and comdined
with sieilar data for 233y turning LWR fission reactors to obtain an estimate
of the costs of electricity and Bred fuel for a sysdbictic electricity
generation systes consising of the fusion Breeder, 1ts LR clients, and the
associated fuel cycle facilities. The results are cospared with economics
results for LWRs of the same desfgn which are fueled using convestfonally
sised and enriched uraafum, A1) LWRs are assumed t0 benefit from the full
recycle of all fissile wrantfum and plutonium fsotopes (1.e., Tuel reprocessing
15 assumed t0 be avatlable and economically sdvantagecus). The results for
the tokamak fusfon breeder are 2lso cospared with those for a reference case,
the Tiquid 1thlum cooled tandem mirror fusion breeder desion of 1982 (1).

Four tokamak cases are developed which investigate the impact of two
particularly relevant fssues: 1) tokamak plasmm currest drive and 2) breeder
owmership, The current drive cptions are steady-state current drive by
neutral beams or long pulse Inductive current drive wsing the cestral solesoid
coll. Both government and wt11ity owership are considered.

H1.F.2 Discussion of Sysbiotic Ecomomics

Since the fusion breeder produces two principal products (fissile fuel
and electricity), a method of economic assessment which equitably balances the
cost of producing each sust b established, The conceptual dasis for one sech
method 1s shown in Figere 110.F.1. Specifically, 1f an imaginary iine is
drawn enclosing the fusfon breeder, 1ts LR clients (enough of thes to consume
21l of the bred fuel), and the associated fuel cycle facilities, it 1
poisidle to construct an electricity generation system which has no net
fissile fuel production or consumption and which produces only- tme net
prodect--alectricity, Knowing the asnual capital, cperating, ead fuel oycle
costs for both the breeder and its LWR clients, & comsistent wait cost of Bred
fissile foel in any givea year of cperation can be estimated by subdbtracting
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the electricity production revenue of the breeder (a3 derived above) from Its
overall asnual operating cost (Including al) componeats) and dividing by the
net fissile fuel productfon, It can de shown that LWRs consusing fuel at this
cost will produce electricity at the sase cost as the fusion breeder.

A detatled description of the methods of ecomomic analysis used in
developing the abowe cost estimates 15 Ddeyond the scope of this section, But
is provided In Reference 1, A 11st of the general fimancial frput data wsed
in this analysis s presented in Table [11.F.1. Note that the ecomomics
analysis 1s perforsed over 2 30-year fusion dereeder plant 1ifetime with the
sppropriste consideration of Inflation and escalating direct costs (both
assumed to be S53/yr over the plant lifetime).

For fusion breeder, goverssent cwnership say be the more likely cption
for severs] reasoms, First, fusion Breeders are, effectively, & fissile
enricheent technology which (with fuel reprocessing) would eventually replace
existing and advanced fissile enrfchmest technologfes as conventiosal ureafus
rescurces become scarce and expensive, Enricheent facilities have
hstorically eea povernment owned and have been cperated under governmeat
contract.,

Second, to achiewe economics of scale, fusion breeders will be large and
expensive. Since one fusion breeder will serve 12-20 LWRs of equivalent
thermal power, 1t 1s Mkely that most utilities would prefer to look to the
federal goverament a3 & dependadle provider of fissile fuel,

Third, by comtrolling the production and processing of fissile fuel, the
governmeat can Dest fsplement a system of technfcal and imstitutfonal
safegards to prevent the 11745cit diversion of fissile mterfals, [f the bred
fuel 15 223 (the preferred cption) & diversion resistant prodect can be
provided to LWR cperators by denaturing the 239U with 238y and/or spiking,
etc. The smal) guantities of plutonium which would be produced from LR
neutron capture 1n the 238y coyld te designated for cossuption at an
“approved™ LWR site, burned fn LMRs co-located within the safegarded fuel
cycle center (as shown in Figure I[1.F.1), or disposed.

Referring to the table, note that plant construction perfods of 10 years
are assused in all cases. Ffor gowvernment fimancing, 1008 debt fimancing at 33
above the faflation rate (f.e,, 1,06 x 1,03 = 1,082) 1s assumed, In this
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case, no federal, state, loca)l taxes, insurance, or miscellaneous costs are
wplied. The resulting met total fixed charge rate of 9.05%/yr Is 6%/yr lower
than the 15.05%/yr cost of soney for & utility. Consequently, the economics
for government ownership will result 1n a marked advastage relative to those
for 119ty owmership of the fusion Breeder. In all cases the clfent LWRs are
assumed to be wtility owned and operated.

Tadle [11.F.1. General Financial Imput Data.

vtiloty Gov't weiifty

Owned Ow=ed Owned

Breeder Breeder L
Plant Comstruction Pertcd (yrs) 10 Sare Sarm
Planst Lifetime (yrs) X Same Same
Inflation Rate (3/yr) S Same Same
General Escalatfonm Rate (%/yr) 5 Same Same
Debt Fimance Fraction (%) 55 100 5
Retum on Dedt (X/yr) 8.2 Seme Seme
Equity Finance Fraction (%) 45 -— 45
Returmn on Equity (%/yr) 10.2% “un 10.2%
Net Discownt Rate (%/yr) 9.12 8.2 9.12
Income Tax Rate on Equity (%) 0 .- %
Property Tax Rate (%) 1.45 0 1.45
Annsal Depreciation (%/yr) 32 .- 3]
Misc. Fixed Charge and Inswrance Rate (%) 0.25% 0 0.2%
Decosmisstoning Cost (% of origimal) 5 Same Same
Net Total Fixed Charge Rate (%/yr) 15.05 9.05 15.0%
Fixad Charge Rate on Fissile Investory (S/yr) 1.9 3,0 1.9
Net (peration and Maintesance Cost (%/yr) 1.8 Same Same

II.F.3 Economics for Conventicnally Fueled LR

Prior to presenting the results for symbiotic electricity generation
systems, 1t 1s of interest to develop a consistent electricity cost estimate
for an alternative LWR fueled by convestional uranium with full fissile
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recycle 8ad reprocessing. An understanding of the cost of electricity for the
above option will provide 2 means to Detter understand the potential econcmic
viabflity of a fusfon breeder.

As shown in Table I11.F.2, 1t fs assomed that the LMR capital cost in
1983 dollars 1s 450 $/xN, (or 1.45 $8/GN,). This value, used throughout the
analysis, anticipates a stable suclear economy and s consistent with long
term plamaing assusptions rather than recent experience.® The fuel cycle
costs shown 1a the table were taten from Reference 1, but were orfginally
adapted from the results of the NASAP study (2). The U30g escalation rate of
T.18/yr (28/yr above general Inflation) fs wsed to reflect the expectatioa of
an increasing mined wranium price over the 30-year 1ife of an alternatively
fueled LMR which cperates during the time frame of conventiosal uranium
depletion (e.g., beginning in the year 2020) and wiich 15 not fueled by the
fusfon breeder.** Specifically, the U303 price 1s assumed to be 55 $/kp
(25 $/1B) 1n the first year of operation, 55 $/xg in the second, and &2 $/xg
in the thirtieth year. However, accounting for the 53/yr iInflatfon rate, the
year one worth (1.e,, 1983 dollar value) of 402 dollars n year 30 s only
WI(I.OS)” = 398, indicating & 753 uranium price fncrease 1in comstant 1983
dollars over 30 years. The average price of Uy0g during this perfod 1s 768/kg
ia 1983 dollars,

The results shown in Table 1[1.F.2 indicate that the Uy0y fueled LiR
would produce electricity for 47.3 ai1/kMH during ts first year of
cperation, The average present walue cost of electricity over the M-year
operating life, 31.0 »f1/kN ¥, 1s Jower than the year one value because the
ansual cost of electricity from the MR increases less quickly than genera)
inflatfon, The latter Rehavior 15 2 well inown featere of all capital
intensive power production cpticns--they are espensive to build, but are
expected to payoff in later years dwe to low operating costs,

*  The fepact of Mgher LMR costs would be to Incresse the cost of electri-
city, but would 2also tend to make the fusion Breeder more attractive as @
swplier of fuel.

% Note that the price of wined uranium 15 assused to be greater than or
equal to the production cost with the difference attributable to profits

for the wine cperator,
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Table 1I1.F.2, Market Penetration Analysis -

Uy0g Fueled LMR With Reprocessing (1983 §).

Economics Results For

LR Capital Cost ($/kiy) 430
Total Fixed Charge Rate (3/yr) 15.05
Fuel Cycle Full Recycle
235y Consumption (g/k¥y-yr) 0,194
Average Burnup (MND/NTHM) 30,400
Reprocessing Cost ($/xghM) 586
Fabrication Cost ($/kgiM) 632
Earichment Cost ($/tghM product) 137
Transport and Disposal Cost ($/kgiN) 102
Year One Price of Purchased UgQg ($/xg) 55
Year One Cost of flectricity (-ﬂ/tﬂ.n) 5.7
Uy0y Escalation Rate (%/yr) .1
Average P¥ Cost of Electricity (=f)/kNM) 2.6

76

Average PV Price of Purchased U0 ($/kg)

II.F. & Tokamsk Breeder Fuel Cycle

The helfum cooled beryllium totamak blanket was analyzed (see

Section I11.C) using the LLML Monte Carleo transport code, TART (5), to predict
fissile breeding and other nuclear reaction rates. The net fissile breeding
rate per Tusion neutron was 0.54 232 (n,y) aad the fission rate was 0.06¢
my (n,f) per Tusion neutrom 4t & 23y concentration of 1.0 percent,

Based on material densities and volumes, reaction rates per atom can be
calculated. These reaction rates, along with fsotope decay coagtants, can be
used to calculate the actinide bulldup/decay fn the thorius based totamak
breeder fuel gcle, shown in Figere [11.F.2. To first order, the fusion
breeder fuel Cycle can be tracked using single first order production/
destruction relationships which describe:

*Adjusted wwards for resonance self-shielding effects.
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o fissions and (n,y) beeeding 1n 2321y

®  beta decays in 237,

. fissfons and (n,y) losses 1n a3,
The concentrations of 233,. and 23% together determine the total fissile
{aventory, The concentration of 23U determines the amownt of additiosal
fissions which 2dd to the 23%n (n,f) fissions. These additional fissicas
cause & Visear swing 1a Dlasket power generaticn as the concentration of 233y
increases. The additional activation pathways im Figure I[I.F.2 are primarily
of isterest in determining the buildwp of 23’0 ang 2287,‘. priscipal activation
prodects in the thorium fuel cycle. These have been estimated in previous
studies (see reference 1) and wers not estimated for the tokamak breeder,

Tadble 111.F.3 presents the key tokamak breeder Tuel cycle parameters.
Figure 111.F.3 shows the corresponding feel cycle avatlabiifty budget for an
overall plast capacity factor of 708, The calculation of the actinide
concentrations and the development of the avaftlability budget both assume a
9% cperational avalladility during scheduled operation, This allows as many
as 12 wnscheduled and M scheduled cutage days during the 155-day fuel Qcle
period, Longer unscheduled shytdown fods Quring scheduled cperation will
result fn significant 3%y gecay (T 72+ 27 days) to 233y followed by Mgher
fission rate penalties when cperation Is resumed, That 13, the thermal
systems are designed for & meximum blanket energy multfplication of 2.1 and
extended shutdowns Suring scheduled cperation can reselt 1a thls power level
being achieved at lower than desiradle fissile discharge enrichments (1.e.,
< 1,43%), The consequence of discharging the fissile fuel at lower enrichsent
would be a small, tut adverse affect wpon overall economics due to &
stgnificantly larger Tissile recovery (reprocessing) cost,

In comparison with sore detalled fuel management schemes developed for
the reference tandem mirror fusion breeder (1), aad susmarized in
Teble [11.F.3, the above snalysis s somewhat ptimistic because It assumes
that the seutron flux and fissile concentrations correspond to average velues
over the entire blasket, In reality, fissile foel will 2o Dred much faster at
the front of the blasket than averaged over the dlanket. Also, the
probablility of fissfoning & 299 atom will te much higher near the first
wall, As 2 result, at an end-of-cycle coadition reflecting & given average
discharge enrichment, the Blanket emerqgy generation will be hMgher thaa
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Table [11.F.3. Summary of Breeder Fuel Cycle Characteristics.

TORAMAK TANDEM MIRROR

Net Fissile Preduction (Kg/yr)® 4308 5635
Fissile lnnnn [9)

In-Core® 1535 1180

Post Discharge 2419 2815
Plant city Factor (3 70 70
Mcé'-_vg (x)®

2 0.4) 0.4

3y 1.00 0.7

Tota! 1.43 1.1
Energr Multiplication

80C 1.3 “1.2%

0c 2.10 2.5

AVE® 1.70 1.8%
Fyll le Per! 155 321¢

average over cycle.
atoms per mm atom (%),

1.5 batches of fuel during this perfod assuming &4 two-zone blantet

with fuel replaced twice as often fn the Tirst zone.
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Figure I11.F.3, Tokemak Breeder Availadility Budpet.
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assumed 1n our analysis because the fissile comcentratfon will be peakes
towards the front of the Blanket,

The negative impacts of this situation can de reduced, but not removed by
separating the blanket fnto two o more radial zones (see Reference 1) and By
cycling the front zome(s) more frequeatly than the dack zone(s). This design
fix will 1acrease the average Tissile dischurge enrichment for & given peak
blanket emergy, St will result in asditional mechanical complexity, More
study 1s required In this ares t0 detersise the Best cospromise between fuel
cycle economics and cperational/mechanical cosplexity.

ITIF.5 Fysion Breeder Performanca and Cost Comparison

The performance and cost of the helfum cooled, deryllium dlanket totamak
breeder were sodeled using TRN'S Tokamak Reactor Systess Code (TRSC) (3). The
results are cospared with performance and cost data for the reference 1ithiue
cooled tandem mirror Tusion bDreeder In Tadle TI1.F.4, The tokamek cases are
for current drive by magnetic Induction and neutral beass. The tandem mirror
breeder was modeled using the Tandem Mirror Reactor Systess Code (4).
Comparisons between the tandem mirror and totamak results should de made with
sose reservations because 1) the two designs represent different levels of
effort, and Z) the mdels in TRSC and TMRSC are scemwhat &fffecent,

As shown n Tadle 111.F.4, the reference tandem mirror produces the most
net electricity (243 hgher than the inductive currest drive tobamak and 821
higher thas the neutra) Seanm driven tokamsk). The iaductively driven tokamak
has a 47T higher (442 Wi,) net electricity producticn cospared to the meutral
beam current drive option, These results are also reflected in the net plamt
efficiency figures (343, X5, and 20%). It 1s clear that newtral beam driven
systess will result in substantial power flow penaities,

For the inductively driven tokamsk, plasma heating sytems (ECRF, [ORF,
LHRF) require about 190 Mé, during plasma startwp (see Chapter I1). Once
forition occurs, these systems are not required since the plasma heats itself
and the solesofdal cofl drives the plassa currest, For this particular
tokamak, the plasss burntime 15 about 3000 seconds. The plasma and solenoical
cof]l reset timm 15 assumad to e 100 seconds, As the availabdility can wary
with solenoidal coll sfize, the cholce of the reactor configuration was mede by
trading between larger reactors with higher avatladilities at higher costs
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Table 1L1.F. 4, Fusion Breeder Perforsance Comparisos,

Fesion Breeder Type

Tokamak

Reference Tokamak Neutral

Lithium {Induct fve bear
(Tandes Mirree) co) {CD)

Major radius (=) 193 (length) .75 7.69
Nisor radius (m) 1.5 (cc redius) 1.80 1.57
Fusfon power (MW) 3000 3000 3000
Pulse length (s) ss 2700 ss
Blanket energy sultiplication:

Hintous 1.25 1.3 1.30
Maximm 2.50 2.10 2,10
Average 1.8 1.70 1.7
Gross nuclear power (Md)® 5100 ££30 4680
Gross electric power (MM} 2226 16677 18508
Driver recircslating power (M) 325 6.77 521
Additional recirculating power (MN) 180 2rs 286
Net electric power (M)? 1720 13857 M3
Net fissile prodection (kg/yr)? 5635 4508 4305
Fissile 1nventory (kg)® 3995 3954 3954
In-core! 1180 1538 153%
Post discharge® 2815 2419 2419
Plant capacity factee (%)% 7.0 70.0 70.0
Plant efficiency N .30f .20

2) average ower fTuel cycie period,

b) Inductive current drive,

c) nestral beam current drive.

d) Includes average plant capacity factor,

e) assumed to be half-year's average production.

f) averaged cver reactor cperational period,

§) ncludes coaversion of the newtral deam thersel energy deposited om
the first mall,
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Table I[I.F.5, Fusfon Breeder Cost Comparison ($ Millfeon, 1383),

Fesfon Breeder Type

Tokamak
Reference Tokarak Neutral
Lithius {inductive Beas
(Tandem Mirror) co) (D)
Land and land rights 6.3 6.3 6.3
$tructures and site facilities 563 L3 ) $31
Fusfon driver components® 863 438 1638
First wall/blanket shield® 455 195 423
Heat trassport composents® 502 245 258
Misc., reactor equipment 299 284 24
Turbine plast equipmnt 30 403 432
Electrical plant equipment 158 164 167
Misc. plamt equipment 19 3 53
Fuel cycle factlities® e 3o 30
Direct Cost 3660 287 4112
Contingency (203) IR L 101 =
Total Direct Cost a2 3445 4934
Indfrect cost (345) 1485 163 1665
Total Overatght Cost 5877 4608 6595
Cost of Interest and Escaleticon 1028 L RELER
During Construction (17.53)
Total Plant Ceost 6905 5414 7754
Fusion Breeder Cost/LWR Cost® 2.76 2.% 3.38

e)
b)
c)
d)
)

includes sagrets, heating systems, direct convertor.

Includes beryllium and 1ithiem,
includes circulators for helium loops.
includes reprocessing, deryllifue fabrication, thorfum fab.

basis: $/KM,
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(reflecting increased materfal wolumes) and ssaller reactors with lower
availadilities and reduced costs. The Baseline inductively driven tokamak 1s
optimized at a size slightly larger than the ssallest possidle machine

(9, - 6,75 % versus l, “« 65.29m)., The resulting burn <ycle duty factor of
0.97 isplifes that the allocation for unscheduled owtage sust be reduced from
12 to 9 cays per 121 days of cperation to achieve a 70% plant capacity factee,

As shown in Table I[1.F.5, the cost difference Setween the two tokamaks
is primarily cawsed by the Mgh cost of the neutral beam system. The neutral
beam oriven tokamak 15 2lso slightly more epensive 1a other areas decayse 1t
optimizes at & slightly larger physical size. This results becawse the plasma
scaling relations predict a decreasing plasme currest requiresest as the
reactor major redius increases., The optime] major radius of the 3000 MM,
seutral beam driven reactor configuration (7.69 s) represents & comprosise
between beam power and size. In the case of the miscellaneous reactor
equipment accownt, the Inductively driven tokamak s slightly more epessive
due to varfous costs assocfated with pulsing. These Include the costs of the
monet support structure, the vacuum system, and the mageet power swpplies.*
Overall, the direct cost of the Inductively driven tokamak 1s estimated to be
shout 20 less (790 MS) tham the tandem mirror and 30% less (1241 M) thas the
neutral beam driven tokamak. In the latter case, the cost of the beams s the
principal cost penalty.

Cost differences etween the two tokamaks and the tandem mirror reflect
the different nature of the two designs as well as modeling differences. A
mjor difference arises in the fusion driver composent cost category shown in
sore detal)l 4n Table 111.F.6. Ilsportantly, the comparatively large cost of
the tandes mirror central cell megnets, first wall, blasket, and shield can be
attributed to 1ts low wall loadieg (1.3 Mi/ad versus 3 Mi/e® for the
tokamak ).

Heat trassport system cosponent costs are about & Tacter of 2 greater for
the tandem mirror, This resuits because of the longer pipe runs and
sanifolding costs of the 193 = long tandes wirror, The intersediate sodiem
1o 1n the 1iquid metal tandes sirror Mt transport system also provides a

* Energy storage system cost not yet iIncluded,
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cost penaity. The higher electrical conversion efficiency of the 1iquid meta)
cooled tandem mirror and siightly differest scaling relationships are
reflected fn slightly Tower turbine plant equipment costs (between 8% and 143
less for the tandem mirror than the Inductively driven tokamak and the neutral
beam drivea tokamaks, respectively). The electrical plant equipment costs are
also about 55 lower for the tandem mirrer dee to the use of differest cost
factors, both proportional to the gross electric power,in the two codes.
Miscellanecus plant costs also reflect different models for the tokamek and

Table 111.F.6. Fusionm Driver Component Costs ($ Mi)lioa, 1983).

Fusion Breeder Type

Tokamak

Reference Tokemak Newtral
Lithium (Induective fea=
(Tandem Mirrer) o) (Co)
Tokamak Magnets -- 355 328
TF colls .- 230 289
¥ colls - 50 n
Solenoidal cof) - 7% 2
Tandem Mirror Magnets 601 - oo
Central cell 450 -e -
Barrier cofl 1 40 - =
Barrier cofl 2 7 -e as
Transition coil 21 -~ -
Yin-yang pair 43 - as
RF Systess s 103 6.3
ICRF 19 n --
ECRF 6 6.3 6.3
LHRF - 2% -a
Neutral Beam Systems 1% - 1304
Direct Converter 3 - as
Tota) Fusion Oriver Components 863 458 1638
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tandes wirror, whose miscellanecus costs are estimated to de small, but about
655 Tess than those of the totamaks., The fuel cycle facilities for the tendes
mirror are about 16% sore expensive, primarily becawse of higher fuel

throughput,

115.F.6 Ecomomics Results For Symbiotic Electricity Generatios Systems

The performance and cost results presented ia the previous section were
merged with similar data for LWRs and thelir fuel cycles to predict the
sysbiotic cost of electricity and the cost of bred fuel on 2 year-dy-year and
8 J-year average present value basis., The LWR fuel cycle data and ecomomics
sethodology used in the amalysis are descrided in Refereace 1. The cost data

has been escalated from 1982 to 1963,

Table 101.F.7 shows the results of this analysis for the inductively
driven tokamsk breeder which supplies 19 230 burning LWRs (1 GH, each)
operating on a denatured thorium cycle (1). As shown fn Tadle [IL.F.5, the
breeder cost per unit thermal power 15 about 2.3 times the LR cost. Howewer,
the "effective capital cost® decreases to 1.4 times the LWR cost when
adjustments for government ownership of the breeder are made. As shown, this
difference has only a minor fmpact om the cost of electricity. Because sost
of the electricity (~ 95%) 1s generated in utility owned LWRs which, dominate
the symbiotic systes, the symbiotic cost of electricity s always quite
insensitive Lo perturbations In the breeder cost and/or performance,

Nevertheless, siight changes In the electricity cost represent large
changes In the cost of bred fuel. This can de ecasily understood 1f ose notes
that at a U0y price of ~ 558/kg, the cost of mined urantum 1s typically less
thas 108 of the 11fe cycle cost of LR electricity, Thus, an electricity cest
increase of rowghly 108 would result §f the price of U0, doubled. The
reselits shown 1n Table [II.F.7 indicate a sisflar result--a 9% electricity
cost ¢ifferential represests a 133 233y cost @ifferential,

In Table III.F.8, results for utility and governsent ownership of the
reutra) Deam driven tokamsk are presented. As expected, the cost and power
flow disadvantages of the neutral beas system result in larger system elec-
tricity costs. Cospared to the inductively driven tokamek, the government
owned neutral beas driven tokamek produces electricity which s 141 more
epensive and fissile fuel which 1s 2008 more epensive, In the case of
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Table [1I.F.7, Ueilfty Versus Governmest Qwnership Of The
Inductively Oriven Tokasak Breeder.

utility Governsent
Owned Ownes
Total Plant Capital Cost (M) L2 5414
Breeder Cost/LMR Cost Ratio® 2,28 2.8
Total Fixed Charge Rate on Breeder
Plant Capital ($/yr) 15.0% 9.05
Effective Breeder Capital Cost/LMR Capital
Cost Ratio 2.36 1.42
Year One Cost of Electicity (mmt.n) 4.9 4.5
Average PV Cost of Electrity (mi)/kd N) n.e 2.6
Year One Price of 23% ($/9) 96.2 3.7
Average PY Price of 233y (s/g) 53.4 22.9

) LW cost = 490 /i, (1383)

Table II1.F.8, Ut1lity Versus Goversment Ownership Of The
Noutra)l Beam Tokamak Sreeder,

Utility Governmest
Qwned Owned
Total Plant Copital Cost (M) 7754 7754
Breeder Cost/LWR Cost Ratio® 3.26 3.26
Tota! Fixed Crarge Rate on Breeder
Plant Capital ($/yr) 15,08 9.05
Effective Breeder Capital Cost/LWR Capital
Cost Ratio 3,38 2,03
Year One Cost of Clecticity (mil/ki M) 64.6 56.5
Average PY Cost of Electrity (lillll.ﬂ) 38.9 n.s
Year One Cost of 23%y (3/5) a0 114
Average M Cost of 233y ($/g) 114 6.1

1) LR cost = 450 $/xW, (1543).
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wtility ownership, the N8 driven tokasak produces electricity which fs 17%
more expensive and fissile fuel which 1s 1153 more expensive. Cosparing

government and utility owmership for the reutral Deam orives tokamsk, the
utility owned breeder produces electricity which 1s 12X sore expensive and

fissile fuel which 1s 653 rore expensive,

The results for the inductively driven tokamak are compared in
Table 1I1.F.9 to these for an LWR turaing Us0g at the current price. [f the
tokamak breeder 1s utility owned, fts cost of electricity does not becose
equal to that of the conventionsally fueled LWR until the twenty-first year of
operation. The thirty year average present value of the cost of electricity
s 0.77 i1 /AW K Mgher thas that of the U0 feeled LWR. Over a thirty year
period, & cumulative loss of 4.6 $billfon results. Although this case does
mot indicate morket penetration under the very conservative conditions which
were assumed (f.e., 55 $/kg U30g at the start of operation), further studies
indicate a thirty-year breakeven (i.c., zero benefit) §f the starting price of
Ug0g 1s 91 $/kg, or about twice the current price of uraniem. Higher U30g
costs would Tead to a met Demefit for the fusion breeder.

Teble I11.F.9. Comparison Of 3 Symbiotic System Including An Inductively
Oriven Tokamak Fusion Breeder With & Uy0,.

Utiifty Government

Owned Dwned
Delta Year Ome Cost of Electricity (IHIWJ!)' 5.19 -0.19
Bresteven Year? 21 1
Delta Average PV Cost of Electricity (mf)/ki M)® 0.717 -1.98
Integrated Benefit (M) -4550 5568

a) symblotic - conventional LWR = delta,
b) year in which delta = 0,
c) PV besefit over X years per fusion breeder.

3-106



In the case of government ownership, breakeven s achieved In the first
year and an average 1.98 uf)/xN M benefit accrues over the entire fusion
btreeder cperating life. This results 1n an Integrated denefit of 5.6 1111cn
over & thirty year perfod. [f the U0 cost ot the start of cperstion were
91 $/kg, the breakeven price for utilifty owmership, the integrated denefit
would be dramatically increased,

A summary of results, which also provides cosparisons with the
conventionally fueled LMR of Section II11.F.3, fs showm in Table III.F.10.
T™his tadle includes the Inductively driven tokamats discussed above (cases 3
and 4), two cases for the wtility and government ownership of the tandes
mirror 1ithium blanket breeder (cases 1 and 2), and two cases for the neutral
bedm driven tokassk breeder (cases 5 and 6). The latter machine (seutral beas
driven) and its symbiotic products are expensive, whether owned by a utility
or the government, Breakewven (2ero set besefit over 30 years) would occur in
the government ownership case ot a Ugly cost of 132 3/kg, which 1s a factor of
2.4 hMgher than current price of 55 $/kg.

Tadle 1IL1.F.10, Sussary of Economic Analysis,

Average Awverage
Present  Present

Value Value Breake
Elect. Cost?3 Cost Breakeven Besefit®  Uj0.°Pr1
Description (a1 /5%el)  ($/9) Year? ($ 8) ($/%g)
1) Wirrer/Gov't n.7 3.5 “ 3.7 a2
2) Mirroe /Uttty M7 64,7 2¢ -8.9 116
3) Tokamek/Gov't/Ind (O 30.6 22.9 1 5.6 13
&) Tokjutility/Ind CO n.. 53.4 21 -4.6 9
§) Tok/Gov't/Ns c0d .8 9.1 Fa ) -9.5 132
6) TokjUtility/ e Co® .9 115 - -24.2 2%

a) nomina! results assumed $55/%g 233, starting price of U3l with 23/yr
escalation adove inflatien,

b) U0y starting price required to produce a zero net tenefft owver the
X year breeder 1ife cycle.

c) Gov't owned tokamek breeder with inductive currest drive.

d) Vt1lity owsed tokamek Breeder with nevtral Seem currest drive,
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The iaductively driven tokamak cases are slightly fsproved relative to
those for the tandem afrror cases, but the differences are within the modeling
wncertainties. In the utility owned cases, breateven relative to an alterse-
tively fueled LMR (with a U30g starting price of 55 $/kg) occurs after twenty
years of cperetion and results in 2 set loss (over 30 years) of 4.6 and 8.9
$o111on, respectively, In Soth cases, the price of wraniwm must approxi~
mately double {to 91 $/kg or 116 $/kg) to achfeve a 30 year BDreakeven, For
government ownership of either the tokamak o the tandem mfrror Breeder,
substantial met benefits (5.6 and 3.7 $oi1lion, respectively) accree over the
X year lifetise, The governsent owsed tokasek breeder 1s predicted to bresk
even ot & Uy0g price as low as 13 $/kg and the government owned tandes wirror

could breakeven st Uyl prices as low as 42 §/kg,

I.F.4 Coclustons
The following conclusions ressit from the above modeling of the potentfal
economic performance of the tokamek breeder:

¢ The tokamak Breeder economics ressits are roughly similar to previous
results for the reference tendem mirror based fusion breeder.

¢ Governsent ownership of the fusion breeders always presensts substan-
tial economic advantages and fits well into the institutional frame-
work of a goversment sponsored fuel cycle center (simdlar to current ’
fissile enrichment plants).

o The governmest owned, Inductively driven, tokamak breeder could be

economical at less than cerrent Uy0y prices given a long ters UyDy
price escalation rate which 1s 2% abowve Inflation and a full fissile

recycle nuclear economy.

o N8 curreat drive carries a3 substantial economic penaity bwt cowld
breskeven in a government cwnership case ot a market price for Uzl
of 132 §/kg.

o Ecomomic 1ssues yet to Do addressed Inclede the potential fepacts of
lower LMR SWU costs, higher LMR fuel reprocessing costs, etc.
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CHAPTER 1V

LITHIUM COOLED TOKAMAX HYSRID BULANKET COMCEPT

This chapter describes 2 1ithius cooled tokamak reactor using the mobile
fuel concapt developed In 1982 for the reference tandem mirrer fusion breeder
{1) In the tokamak configuration, the magnetic flelds and spatial
restrictions on the fadoard side Tead to very high pressures when pusping 2
11quid metal through 4 packed bed, aad the lack of inboard space mates gravity
dusping of the fuel (required for safety) extremely difficult, These
considerations have motivated the development of a design concapt wAich
eliminates the use of a4 neutron switiplier and fissile breeding on the indoard
side. As shown ia the following chapters, elimimating inboard fissile
breeding has led to a relatively sfsple mechanical design with eagineering
margin in MO pressere drops and heat transfer, tut has resulted in 2 design
with low breeding perforsance.

An altermative concept, discussed briefly fn section IV.8, fs to Include
8 beryllium sultiplifer (2ut a0 thorfum fuel) in the inboard blanket. This
would enhance muclear performance without requiring that the mechanical design
accommodate gravity dumping, and without resultiag 1n MO pressure drops s
high &8s those 1a a fueled inboard blanket (which would generate more heat). A
more detalled feasibility assessment of this comcept should be perforsed,

The 1ithium cooled tokamak coscept descrided 1a this chapter 1s not
nearly &8 promising as the helium cooled tokamsk descridbed in Chapter 111, If
& method of including thorfum fuel fn the fadoard dlasket, or another sethod
of enhancing breeding perforsance s not Tound, thls concept should prodably

be abarmdoned.

VA Mechanical Desfgn Overview

Three major considerations drive the mechnical desfgn of the 1ithiem
cooled tokamak hybrid. These are: 1) tokamak and divertor geometry,
2) gravity fuel dump, and 3) MHD induced pressures. As mestfoned above, the
inboard and owtboard blankets hawe Been considered separately because of the
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differences in useadle space and magnetic field stresgth. The owtboard
blasket, shown in Figure IV.A.], consists of vertical Be/Th containing pods
with primarily redfal coolant flow. The back of the blanket consists of large
polofdal flow 1ithium 1alet and exit plesuss. The pod shape provides
efficient containment of the coolant pressure, and the vertical orfentaticon
alloss gravity dusping of the fTuel. The large inlet and exit plerums wmiminfze
coolant welocity, asnd thereby pressure &rop, In this reglon, The owerall
configuration of the outboard blanket is roughly similar to thet of the gas
cooled tokamak Ddlanket descrided fn Section [11.A,

On the 1adoard side, the magnetic fleld 1s roughly a factor of two higher
than on the cutboard side. Consequently, 1f the faboard blantet were
fdentical to the cutboard blasket, an excessive blasket coolant pressure over
1000 psi would result. Although several design concepts which iIncluded
thorius fuel in the faboard Dlanket were comsidered during the course of this
study, no satifactory configuration was found., We therefore selected a
Tithium self-cooled configuration based on the UWMAK-I [Reference 2)
blanket. The selected configuration assures cooling of the first wil at
pressure drops comparable to those of the cutboard dlanket. A more rigorous
design effort, new MHD flow data, Of reactor physics changes may yet lead to a
concept which will allow fissile breeding im a 1ithium cooled inboard Blantet.

IV.ALL Dytboard Blasket
A horfzontal cross sectionm of the outboard breeding blanket 1s shown fn

Figure IV.A,1. The packed bed and first wall coolant loops are separated to
sllow better flow control, Flow In the rectasgular inlet and outlet plenuss
is polofidal from top to bottom of the reactor, or 1ato the page In the

figure. These plenuss are 2ssumed to be lined with electrical insulation,
which 13 protected from the 1ithium coolant by an additiomal 0.25 sm ferritic
steel liner. Thus, both a poor current return path and 4 strong structure are
provided. This sandwich insulation i3 located only 1a walls perpendicular to
the magnetic field, but a substantial development effort will be required to

assume the Integrity of the insulator,
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INSULATED WALLS

Figure IV.A.1. Outbosrd Blanket Module Schematic.
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Flow dalancing requires that the Inlet and outlet plesums taper in oppo-
site directions., Lithium will enter the 1alet plesus at the top of the
reactor, flow polofdally in the inlet plenum, tern S0° and enter the pod, flow
around the first wall, or through the packed bed to the cutlet plenus, and
turn S0° again and flow toward the exit, Flow withisa the pods s Indicated 1a
Figure IV.A.l. Pressure drops must be equal along every flow path., There-
fore, the pressure drop must be the same for 11thfum flowing through the pod
ot the top of the reactor, and thus making most of its 6.5 meter polofdel
Journey in the outlet plenus, as for 1ithiue flowing through the pod at the
bottom of the reactor, making most of its polofdal Sourney 1n the inlet
plenva, Tapering the plenuss in gposite directions is intended to keep the
plenum velocities equal everywhere, and thus also tesp the pod velocities
equally distributed such that cooling fs assured.

Since the pressure drop 1a the packed bed s significantly Migher than
that in the plenums, flow delancing 1n the packed ded loop fa this comfigur-
atfon s straightforward, However, the first wall cooling lom pressure drop
calcslations (Section IV.C below) 1adfcate very low pressure drops arcund the
pod. Although low pressure drops are norsally desfrable, for this particular
desfgn, ssall fsbalances In the inlet and cutlet plenuas can result in large
velocity differences in differest reglons of the first wall, The flow fmpe-
dance im the first wal) loop may, therefore, need to be Increased to emsure
dalanced Tirst wall coolfng.

Aa alternative would be to flow all the lithium around the pod nose to
cool the first wall, and then Back 1nto the front of the pod to cool the
packed bed. This would implement cooling of the first wall and pods, and
decrease the complexity of the inlet and exit plenuss, Further Investigation
will be required to fully understand this alternative.

The flow 1s opposite in adjacent pods to match pressures and tesperatures
across the pod walls., Although this could be accomplished in analogy to the
o8 cooled pods discussed In Chapter [1] (where coolant esters each pod along
both walls, flows toward the center at the pod nose, and then back through the
pedble bed), MHD wvelocity profiles are aot well understood, and stagnation
could sastly occur 1n the 11thfum at the pod nise where the two pposing
streass meet and tum 0%, A small stagnant core of 1ithium dehing the first
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wall would gfve very high first wall tesperatures. Ne thus chose to flow the
Tithius arcund the nose to ensure <ooling,

IV.A,2 Inboard Blanket

The inboard blanket configuration 1s showa in Figure IV.A.2. Lithium
flows polofidally In the Targe plesuss at the Nk of the Dlanket, To move
from an entrence plesum to an exit plesum the flow sust go thrcugh (and cool)
one of the torofdally orfented mfni-lodes that comprise the first wall, Flow
entering & mial-lobe can sove parsllel to the monetic fleld tefore moving
radially toward the lobe nose, perpendicular to the field. Since the pressure
drop 15 much Tower in Tlow parallel to the fleld, the lithium will tend to
spread out in this manner to minimize the welocity (and therefore the
pressure) perpendicular to the field, thus quaranteeing even cooling of the

.1 "‘ "mo

Reference 3 shows that coolant/structure tesperatures are move favorable
for Tlow thet transits sore than one lobe fn serfes. This s because the
velocity fn the lobes 1s increased, decreasing fila drop tesperatures and thus
reducing the differance Setween the maximus Delk Tlofd tempecaturs and the
mixisum structure tesperature. However, flowing 1ithium in the same direction
tn adjacent lobes will reselt in large pressure aad tesperature differences
across the walls separating the mini-lobes. This can only be tolerated by
adding structural sepport and possibly thermal insulation, which will reduce
the tritium breeding effectivesess of the blantet, We Mave, therefore, choses
opposing flow 1n adjacest lobes to equalize the tesperatures and pressures
across the lobe boundries. As showm In Figure IV,A 2, 11thius entering every
other lobe must travel a short distance back toward the blanket inlet, in the
poloidal direction, This loager flow path will result 12 3 Tower wiumetric
flow rate in half of the lodes., However, the distance travelled, and
therefore the volusetric flow 1n adjacent lodes, will be within 1-2% due to
this effect.

As has been shown 1n Reference &, the flow divider in the center of the

lobe 1n the inboard blasket 15 subject to significast bending dee to differ-
ential pressures on either side. This sust be accommodated by adding struc-

tural support, A composite Baffle filled with stagrant Tithium, as shown in
Figere IV.A.3, wil] probably be the most efffclent method, This should alse
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Figure IV.A.2. Inboard Blanket Module Schesatic.



accommodate the tesperature differesce across the daffle. A thermo-mechanical
analystis of this member should be perforsed to determine the amount of strec-

ture required.

ML XY

S X =l

Figure IV.A. 3. Composite Flow Saffle.

VA3 _Pos Nose Sending
The curve ot the pod noses shows In Figures IV.A L and IV.A.2 will not Be
exactly semicircelar because of the change in pressure around the nose.
Specifically, near the cutlet end of the plenvss (the bottom of the Dlasket
where the total pressere 15 lowest) the pressure drop 1n the lithium a8 1t
travels arcund the nose of the pod may be sigaificast cospared with the total
pressure. [f the pod nose cannot support bending, 1t will assume a constant
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tension shape which deviates slightly from semicircular, The curve showm 1in
Figere IV.A.]1 {s exaggerated in this respect (f.e., the pod shape should be
closer to a semicircle). This prisciple sppliies to bdoth the iadcard and

ovtboard blanket pods.

It 1s fsportant to note that the first wall pdds (or Jobes) can be
constructed to be in constant tensfon (mo bending) under full power. However,
changing the fow wlocity will change the required shape, putting the walls
in bending. The following analysis gives a brief derfvation of the shape of

the curve, and pplies the result to the pressures indicated fn the MHD
analysis below, The anmalysis indicates that the deflection 1s small, asd thus

changes 1n cperating power may not present & prodles,

Force balance (see Figure IV.A.4) requires that the tensile forces in the
mesber balance the pressure forces:

M-Y‘ sin-%— . !aﬂn -—‘,—
Constant tension gives:
'l - '2 - '
and from the ssall angle:
Pds

M-'“"“.—'-

From analytic geometry:

or = coseasl + singas]

and
& - dxl + 03



thus:
x » | coseds y = [ singds

-looc[—:-[Ms']ds -]m[—:-[nw)a

Since the actual pressure as a function of position arcund the pod nose
is not well characterized, we Pave simply taken 2 Vinear varfation of pressure
with arc length:

P-Pook

Py = pressure at the start of the curve of the pod nose
A = a constast

s = arc length along curve C

Taking the boundary conditon as:
.-o%nu-o.y-o.ms-o
The constant teasion pod mose shape 1s then glven Ry:
x - !: sin[s'(P, + Ms')/2/T]) s’
y == [§cos[s'(p, + As'/2)/T) &'

which can be solved numerically.

In the cutboard blanket, the pressure &rop per it Teagth warfes greatly
as the flow turns from perpendicular to the magoetic fleld to parallel with it
and back to perpendicular as 1t goes arcund the pod mose. A pressure drop s
assumed to be associated with the turning, as discussed 1n section IV.C
below, Ia the 1nboard blasket, flow arcund the pod mose remains perpendicular
to the magnetic field, however, the field varies slightly and effects of this
virfation are mot well understood,



s)

b)

W - »

arc length aleng curve c.
angle between the x axis and the tangest to curwe ¢,

tensile force 'n mesber,

iaternal pressure.

Figure 1V.A4,

Geometry of Pod Nose Sending Prodles,
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Results for a pressure at the inlet to the outboard blasket pod mose ten
times that of the ocutlet and for an outlet preassure of 2ero are compared with
& ylindrical pressure wvessel in Figure IV.A.5. Table IV.A.1 gives the
maxinus deflection In millimeters from a cylinder of the pod nose for the
inboard and owtboard dlaskets at worst case pressures taken from section
IV.C. Although stresses Dawe act yet Deen calculated, this analysis 1adicates
that differential pressures around the pod nose will not produce significant
bending stresses for the Tnboard and outdoard blanket coafiguration considered
here, Note that bending stresses prodeced 1a this manser can be conslidered as
secondary stresses because they are self relfeving. Zending of the structure
will cause the shape to pproach the constant tension shape, thus reducing the
bdending stress.

TABLE IV.A.1 Deflection of Constant Temsfon
Pod Noses from a Cylisder

rox,
Blanket Pod Nose Inlet  Pod Nose Outlet Inlet/Outlet Pod Nose Maximun
Pressure Pressure Pressure Radius Deflection
(MPs) (*s ) Ratie (cm) (om)
Isboard 1.670 1,542 1,083 5 .006
Qutboard 0.19%43 0.1%07 1.019 12.5 .05
1.5 0.1% 10 12.5 6.4
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Figere IV.A.5. Constant Tensiom Curves for Pressures That Yary Limearly wWith Arc Length
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IV.6 MUCLEAR DESIGN

Iv.8.1 Oojectives

The initial step in developing a fissfon-suppressed blanket for a tokamek
was to try and use the reference blanket developed for the tandes
mirror.(1,2,3) This Blanket consists of Be/Th composite pebbles cooled by
Tiguid 1ithiue, Major differences between the tandem mirror and tokamak which
affect blanket design are the higher first wall heat loads, higher magnetic
fieids and longer coolant flow paths im the tokamak blanket. These
differences ampiify the MD prodless associated with pumping the 1igquid setal
coolant through the blasket, especially on the fsboard side. This probles is
greatly reduced 1f the S¢/Th pebbles are removed from the blasket's inboard
leg.

The cbjective of this muclear analysis was to evaluate the effect oo
breeding of resmoving the Be/Th pebbles from the inner blasket, leaving only LY
in the imner dlanket.

IV.8.2 Method of Analysis

The procedure used to evaluate the effect of removing the Be/Th pebbdles
from the inner blanket consisted of developing & 2-0 toroidal mode) and using
the TART Monte Carlo code to calculate breeding with and without the Be/Th
pebbles fn the fnner blasket. The TART runs were made with 5000 source
neutrons, reseiting in a less than 2% standard deviation, The resonance
effects discussed in section II1.C are not Included in tAis analysis.

IV.B.3 2-D Toroidal Model and Results

The configuration of the 2-0 toroidal model used to assess this guestion
is as shown im Fig. [11.C.) except that the blanket s composed of single (mot
double) zones. The thickmesses and composition of the first wall and blanket
zones are listed Below in Tadle IV.B.1., The Be/Th/L1 bdlanket is analogows to
that developed for the tandem mirror breeder design. Its SLi atom fractios is
artifically high to correct for pedble bed heterogeneous effects.(3)

Monte Carlo results (by zone and totals) of both the LT and Be/Th/LY

inner blanket cases are listed in Table IV.8.2.
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Tadle IV.B.1 Thickmesses and Materfals Compositions of First Walls and
Blankets

'] Inner first wall < | o= Fe

o Outer and top and Bottom first walls
10 ¢, 90 v/o LY (.2 a/0 L16) + 10 v/o Fe

] LY Blanket (inboard side only)
€ om, 95 v/o L1 (.2 a/o L16) + 5§ v/o Fe

e  Be/Th/L1 blankets (outboard, top and bottom)
S0 cm, 5v/oFe +53v/oBe +2.9v/oTh (0% U-233) + 3B v/o L)

{1 a/o L16)

Table IV.5.2 Results of TART Monte Carlo Runms

Inner Blanket Type

L. LL7ALTIS

Inner blanket {zome 6)

16 102 185

v 099 .022

F - 163

£ (Mev)* 2.26 3.23
Top + bottom dlankets (20ne 7)

239 266

v 028 028

F .246 248

£ 4.53 4.69
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Table 1V.B.2 Results of TART Monte Carle Runs (cont'd)

Inner Blanket Type

L Be/Th/LY

Quter blanket (zome 8)

6 .33 M

v 044 044

F 326 326

E* 6.42 6.45
Top + bottom first walls (zooe 4)

® 032 041

v 073 075

£ 1.69 1.78
Outer first wall (zone §)

® 042 .044

v 124 2

E* 2.68 2.7
Totals

T 1.113 1.143

e 572 =137

Te+F 1.68 1.8

E* (w) 19.03 (1.35) 19.4 (1.38)

* Mo y tressport and no decay energy

1v.8.4 Comparison of Results and Recommendaticns

To estimate the actual fissile breeding ratios (F) of the Lwo cases, one
with the Se/Th/L1 inner blanket, the other with the Li-only inner blasket, the
following corrections are made to the results givea in Table IV.5.2.
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T+Feo [(T+ F)m « Met, Corr, I’m](ﬂm Corr.)(Divertor Corr.)
FuT+F - 'Roq

where:

(T + F)w £ 3 of T ¢ F in the Be/Th/L1 beds from Table [V.8.2

Tother = SU® of T in the non-bed Li-conteining zones

Met. Corr. & Be/TR/LT pebble bed heterogeneous correction. Values taken
from Ref, 3

Plena Corr. & correction L0 account for module plena and end effects.
Value assumed to Do the same as for the rerference tasdem mirror

blanket (3).
Divertor Corr. = correction due to having 2 divertor. Value taken from

Subsection [11.C.5.
'RN § assumed overall value of tritfum breeding required.

For case with all bed blanket:
T+F » [(1.60) « 0.943 + 0.284)(.971)(.854)
* 1,79+ 0.971 + 0.854 = 1.49 (+ 10%)

F o= 1.49 « 1,00 = 0.48 (* 30%)

For case with L1 inner blanket:
T+F = [{1.21) « 0.943 + 0.472)(.971)(.854)
“ 1,62 » 0,971 « 0,854 = 1,34(+ 10%)
F = 1,34 « 1,00 = 0.33 (+ 40%)

The fissile breeding roatio of 0.33 estimated above for the L1 inner
blasket case 15 JIX Bdelow the Be/Th/L1 Tnser blasket case and 15 considered
too low for this blanket configuration to be considered further., WNe are thus
fespired Lo Jook for another varisat of this Blanket that would have a Aigher
breeding ratio.

One such variant might e a dlanket configuration with the Be/Th/L1 beds
on the outer, top, and bottom sides with a Be/Lf Blanket (no fissile breeding)
om the inboard side. In this cese, overall breeding (f.e., T + F) would be
preserved, but If the ratio of thorfus-to- L1 were not increased, such a
blanket would overbreed in tritfum. Rather tham decreasing the L fracticn,
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recent studies (4) Indicate that a substantial increase in the thorius
fraction (perhaps Balanced by & ssaller increase in the ‘Li fraction) would e
wost beneficial,

Based on the low fissile breeding ratio estimated for the case of no
Be/Th pebbles on the isner Blanket, 1t Is recommended that 1t be dropped and
the blanket modificetion discussed above be investigated as one altersative to
the He-cooled varfation of the S3¢/Th blanket with full coverage descridbed in

Chapter III.
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iv.C LITHIUN FLUID DYNAMICS AMD HEAT TRANSFER

Iv.C.1 Iatroduction

A tay probles 1n the design of lithium<ooled blankets for & tokamek
resctor is the calculation of MHD pressure drops. Although the set of MHD
equations for the calculation of pressure drops throwgh B.field gradients,
turns, contractions, estrance, and exit flows are stil] uscertain, avall.
able sets of equatioms were used and compared to determime feasidility of
the design. The geseral design approach 15 1o minimize the flow velocity by
maximizing the flow cross-secticaal ared wharever possible, ™S leads to
the selection of & nonfissile fuel breeding BDlanket for the inboard side of
the reactor where the magnetic fleld strength 1s high,

A blanket configuration similar to the UWAX-1(1) design shown in
Fig. 1v.C.]1 was wsed 1n the 1nboard side. For the cutboard blaaket, the new
design shown 1n Fig. IV.C.2 was adopted. In order to hundle the surface
heat flux of the tokamak reactor (0.25 Mi/wZ 1a this asalysis), the design
approach was to minimize the amount of coolent flowing at the first wll (to
keep the pressure drop and total pumping power low) et to maximize the
coolant velocity to keep the coolant temperature rise within specific mate-
rial tesperature Tieits, Reselts show that with the selected indoard/
owtboard blanket configuraticas, the maximum blanket pressure drops are rea-
sonable at <2.3 Wu (330 pst) and can be reduced By further design optiml«
ntion. The material temperature 1imits can also be met.

The following sequence susmarizes the approach 1a the blanket MHD
calculation:

- Calculate and cm the pressure drops utisg the equation from
Wnt end Holroyd,(2:3) and from Picologloul®) when applicable.

o  Assume the pressure &rop for turns 1s negligidle whes 20th legs
are normal to the B-fleld,

. Assume the pressere drop through an axpansicon flow 1s negligible,
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. Calculate the pressure drop through c”"‘ﬁ‘”' by using the
equations recommended by Munt and Molroyd. &

Iv.c.2 MWD fquations Review

Key sets of applicadle WD equations are given ia Tadble IV.C.1. The
set recommanded by Foffasn and Carlson(S) was used for the 1582 Fusics
freeder Study.(S) The coastant K has to be determined graphicelly and is
sweported by very 1ieited experisental results, The sat of squations sup.
plied by Wt and Holroyd(Z.3) gives distinct recommendatfons for the calcu-
laticas of nlet, gredient.B, turaing, expanston aad coatraction pressure
grop calculations. The latest set of equations supplied by Picolegloul®)
4130 has detatled specifications, The only agreesent detween these sets of
MD equetions 1s for straight pipe flow normal %o the magnetic fleld. Since
the sets of equations given by Hunt ead *iroyd, and Picolegiou are sore
complete, they will Be the only sats compared 1a this study,

iv.C.2 Blanket Configurations

Figures IV.C.]1 and IV.C.2 give the inboard/outboard blanket comfigura-
tions for the Tusion breeder study. Ia order to keep the module pressure
and coolant pressure drop to scceptadle Yevels In the high Tield 1sboard
region of the tkasak reaction, we recosmend that the packed-bed fertile
materfal be omitted 1n this versfon. THs Both iIncresases the avalladle flow
ared and decreases the amount of power in the blanket., Soth effects wiil
reduce the coolant velocity, sad hence the pressure drop, The UMMAK. |
type(l) of blanket module was selected because the plenum reglom 13 rela.
tively simple In geometry, thus allowing the possidility of using thinm clad
iasulated walls. Te module 1s designed to take different surfece wll
loadings by adjusting the froat lobe dimension, thes adjustiag the Tength of
the 11quid metal flow path and ligquid metal channel depth for material
temperature contrel,
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Tedle 1V.C.1 MDD Equations

m::‘m Hunt
WD P Formula Carison(5) mromtd) Pcotoglou (Am)(4)

Stratght 91? Leub? 1‘._‘ toud2 1‘._‘ 2oub? T%T

Transferse 8

Inlet jcontraction KoultZa 0.2 ut? £ a 0.2 oub? &£ a

Varying B Kowdla 0.2 wb? £ a aoz(-:—i-:—.)l%
(For B = B(r) in Tesla)

St

A One leg parallel  Keub% wh? £ a g ouban-1/3
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K = pressure drop coefficient,

c = (aty)/(ee),

8 = magnetic field strength,

v = fluld velocity,

o= Teld electrical conductivity,

N~ fou -~ mgnetic iateraction paraseter.

p = Tluld density,

o = wall electrical conductivity,

a = 1/2 channel width in the directiom of B,
" L] -“ “km”.o

Lt = flow path length,.



For the owtboard region, the configuratica showm in Fig. IV.C.2 wms
selected. Separation of the first wall and fertile mne coolant routing
allows for adjustaent of the first wil flow speed Dy changing the coolant
gap disension. Thus, varfous surface loadings cen be addressed. A poten-
t1al design simpliification can De odtained By combining the Two outlet
streams into ome.

Figere IV.C.3 15 a schematic of the inboard/outdoard coolant routings.
It 11lustrates the key dimensions and magnetic field stresgtas [numbers in
Brackets) at Sifferent reactor radfal positicas,

1v.C.4 Inputs and Results

Table IV.C.2 summarizes the input parameters for the blanket MMD
calculations,

Tedle Iv.C.2 T™hersal-Hydraulic Calculation
Input Parameters

Reactor tharmal power S000 M
Meutron wl!l loading 3 el
Srfece wll Toading 0.25 Mi/ml
Coolant - lithium
Tia/Tout 0*/430°C
Outboard blanket energy 2
sultiplication
Indcard power fraction 0.325
Megnetic fleld strength Hr) = 2 Tesha
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The channel characteristic disensfons and the pressure drops for
respective chasnels and turns are given 1n Tadles 1V.C.) to Iv.C.5.

The pressure drops for the indoard dlanket, outboard first wall, and
outboard blasket secticns are 4130 gives In Tables IV.C.3 to IV.C.5, respec-
tively. The results calculated by wsing the Munt and Molroyd,(2.3) and
Picologlould) sets of equations ere presented as 1s a worst case estisate
consisting of the Mghest values In each category. Comparing the two sets
of results, for the inboard blanket case, different results were obtained
for the gradient B.f1eld and terning calcwlations, yet the tota) pressure
drops for the wole loop are similar, since they are dominated by the pres-
sure drop due to stralght chasnel flow across fleld lines, which is the enly
calculation that 1s agreed upon by the different awthors.

The magnitudes of the inboardfoutdoard blanket pressure arops are
approximately eqeal. For the outboard blanket, the pressure drop i3 doml.
nated by the pacied bed pressure drop. A sieilar design of wsing packed bed
design would not be acceptable Secause the Ngh mageetic fleld strength ot
the indboard region would result in 2 pressure drop in excess of 5 W
(800 psi).

Considering the first il heat flux and the volumetric power genera-
tion 1a the first wall and the 1ithius, the maxisua Tirst w1 tesperatore
wis calculated conservatively from the conduction of heat through the first
wall to 11thium at the saxious coolant temperature at the outlet of the
first wmll. For these calculations, the first wll cooleant Bulk temperature
was takea to be the same as the Dlanket coolant cutlet temperature at 430°C.
The indcard and outboard blankets first wll maximum tesperatores wore Cal-
culated to be 551°C and 470°C, respectively. From design feasibility coa-
siderations, these temperatures are acceptable, since they are located at
the outlet end of the first wall where the structural loading requiresesat is
mxh reduced. To provide Teproved heat traasfer, 17 necessary, the Tirst
wall charoe!l dimensicns can be varied to adjust the ccolant temperature
increase in the chamel, thus maintaining the structural materia)
tesperatere below the specified lait,
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,"c. s

Conclysions and Recommendaticas

Considering the MD pressure drops and the estimated maximm
tesperatures for the indoard aad outdoard dlankets, the following
conclusions and recommendations can e sede:

1.

Z.

3.

™he present dlanket design approach of breeding fissile material
only 1n the cutboard blanket 15 aceptadle Both from pressure &rop
and temperature considerations.

As Indicated In Tables IV.C.J and IV.C.4, the key ¢ifferences in
the two sets of MO equations are on gradient B-field and terning
calculations. Althowgh the total pressere drops predicted By the
two sets of eguations are similar, the individual teras differ
significantly and experiments will be needed to wnderstand the
differences.

Mvertraless, sooe confidence In the result 1s provided Decause
the worst case pressure drop 1s only slightly higher than that
predicted in efther set of models,

it should be noted that 1f the bdlanket flow plena are not assumed
to be Insulated by the use of aa 0.25 me thick stainless stee)
1iner, the increase in pressure érop wuld de progortiosal to the
chansel wal) thickness. At & wall thickness of 3 mm, just the
chasse!l pressure drop for the inboerd/outboard bdlankets would be
2574 kP (373 pst) /1308 ePe (150 pal), respectively. These high
pressure drops would de unacceptadlie when other pressure drops are
considered. This indicates the importance of developing the Insu.
Tated metallic iner or other Wil electrical Insulation, as a way
of reducing the Mertmann flow pressure drops.(7)

™e pacitad bad MHD pressere drop calculation was developed in 1982
under the Fusfon Breeder Program.(6) As fadiceted n Table
1¥.C.5, the packed.Ded pressure drop contributes sigaificantiy to



the total outboard dlanket pressure drop. Experisestal verifi.
cotion of the MO packed-bed pressure drop will be needed.

6. T further cptimfize the &sign, experisental determination of the
MHD effect on 1iquid metal heat transfer will bDe meeded in order
to deternine flow chamnel sizes and routings such that the fmpact

of MO pressure @rop can de minimized,
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