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ABSTRACT 

The preliminary conceptual design of a tokamak fissile fuel producer is 
described. The blanket technology is based on the fission suppressed breeding 
concept where neutron multiplication occurs in a bed of 2 cm diameter 
beryllium pebbles which are cooled by helium at 50 atmospheres presssure. 
Uranium-233 is bred in thorium metal fuel elements which are in the form of 
snap rings attached to each beryllium pebble. Tritium is bred in lithium 
bearing material contained in tubes immersed in the pebble bed and is 
recovered by a purge flow of helium. The neutron wall load is 3 MW/m 2 and the 
blanket material is ferritic steel. The net fissile breeding ratio is 
0.54 ±30X per fusion reaction. This results in the production of 4900 kg of 
'•"U p e r year from 3000 KW of fusion power. This quantity of fuel will 
provide makeup fuel for about 12 LWRs of equal thermal power or about 18 1 GW e 

LWRs. The calculated cost of the produced Uranium-233 is between $23/g and 
$53/g or equivalent to $10/kg to $90/kg of U 30g depending on government 
financing or utility financing assumptions 

Additional topics discussed in the report include the tokamak operating 
mode (both steady state ar ^ny pulse considered), the design and b'-eeding 
implications of using a poloidal divertor for impurity control, reactor 
safety, the choice of a tritium breeder, and fuel managenent. 
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CHAPTER I 

INTRODUCTION AMD EXECUTIVE SUHMARY 

I.A BACKGROUND AND MOTIVATION 

Only a few energy sources can be considered inexhaustible in a practical 
sense. These include solar energy, nuclear fusion energy, and nuclear fission 
energy with a technology to cor.vert abundant resources of naturally occurring 
fertile isotopes (i.e., 2 3 2 T h or z 3 8l'} to fissile isotopes (i.e., 2 3 3 U or 
2 3 9 P u ) . The fast-fission breeder (e.g., LHFBR) represents one such breeding 
technology. The fusion breeder, a higher performance, but higher risk, long 
range option, would use the excess neutrons which might be produced in nuclear 
fusion reactors to produce fissile fuel for use 1n conventional fission 
convertor reactors such as the light water reactor (LHR) or for use in higher 
performance fission converter reactors such as the high temperature gas cooled 
reactor (HTGR). 

Results show that fusion breeders* have potential to breed unprecedented 
quantities of fissile fuel (1,2)** and several studies affirm the general 
conclusion that the fusion breeder can be potentially superior to other 
breeding options when viewed from the joint perspectives of cost of electric­
ity, (3,4) and ability to displace expected fossil fuel shortfalls and provide 
real energy growth during the first half of the next century (5,6). Because 
each fusion breeder can produce enough fissile fuel to support abouc 10-15 
relatively inexpensive LHRs of equivalent thermal power, this application can 
providr nuclear fission with an economically superior breeder candidate - even 
if the cost of the fusion breeder (s several (e.g., three) times that of a 
fission plant of comparable power (1). 

* Fusion breeders are a subset of a larger nuclear reactor family, fusion-
fission hybrid reactors, or hybrids. A hybrid may be defined as any fusion 
reactor containing heavy metal in its nuclear blanket. Fusion breeders are 
hybrids that are optimized for fissile fuel production. 

** Executive Summary references provided only for background information 
which is not cited in the main report. 
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Research in the area of fusion-fission hybrid reactor concepts began 
about 30 years ago, (7) but was not actively pursued from the mid-50's to the 
early 70's. Since then, research act iv i t ies have progressed through several 
conceptual design studies (1,2,3,5,6,8,9). The most recent design studies 
address the fission-suppressed mode of operation. In this mode, neutron 
mult ipl ication for f i s s i l e breeding would be accomplished via non-fissioning 
neutron mult ipl iers (e.g. , beryllium, Hthlum-7, lead) rather than as a result 
of fast and/or thermal fissioning 1n the blanket. In comparison with the 
older fast-f ission blanket designs, fission-suppressed blanket designs empha­
size improved safety ( I . e . , lower fission product after-heat and hazard) and a 
much higher net f i s s i l e output per unit of instal led thermal capacity. 
Although they are s l ight ly more demanding in the area of fusion driver per­
formance, i t appears that the fusion sc ient i f ic feas ib i l i ty demonstrations of 
the 1980's w i l l provide confidence that the minimum level of fusion perform­
ance and technology required for an economical fission-suppressed fusion 
breeder ( i . e . , plasma gains >, 5 and avai lab i l i ty >, 50%) can be achieved in the 
2020 timeframe. However, such an achievement wi l l require that the fusion 
program continues to proceed towards an aggressive engineering development 
phase (10,11). 

Clearly, the need for a fusion breeder is predicated upon the assumption 
that the nuclear power industry w i l l regain i t s former v i t a l i t y to the extent 
that the fission fuel cycle is closed and future plant capacity (and/or the 
expectation of such capacity) exerts an upward pressure on the cost of mined 
uranium. Although the outlook for such a scenario appears bleak from today's 
perspective, one or more of the following circumstances could motivate a 
resurgence of f ission power and/or enable the fusion breeder to become econom­
ical ly attractive in the 2020 timeframe: 

• An improved framework for the l icensing, financing, and operation of 
f ission plants in the U.S. 

• Higher economic and e lect r ic i ty demand growth than experienced during 
recent years. 

• Economic advantages in Europe (e.g. , France) and Japan which can be 
attributed to inexpensive nuclear power plants bu i l t during the 80's 
and 90's combined with a successful operating experience with the 
existing LWRs. 

• A new shortage of fossil fuels. 
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• The introduction of an intrinsically safer fission plant (e.g.. the 
modular HTGR and/or novel new LWR designs). 

• Continued concern relative to C0 2. acid rain, and other adverse 
environmental conditions resulting from fossil electricity gener­
ation. 

• Lower than projected uranium resources. 
• Inelasticities in the price of uranium as the price of oil, coal and 

other fuels rise (e.g., the 1973 Arab Oil Embargo experience). 
Stated more concisely, a fusion breeder advantage relative to mined uranium 
requires a healthy enough nuclear industry to roughly double the price of 
uranium during the early decades of the next century, 

By producing fuel for fission convertor reactors, the fusion breeder can 
also provide important institutional advantages. These result from its 
primary role as a fissile fuel (rather than power) producer. Fusion breeders 
and their associated fuel reprocessing facilities could be located together in 
remote, safeguarded fuel cycle centers and could be functionally equivalent to 
the existing combination of uranium mines (mills, etc.) and enrichment 
plants. Therefore, the current institutional framework, consisting of govern­
ment ownership and/or operation of enrichment and reprocessing plants, could 
be maintained with the utilities continuing to operate LWRs or improved 
fission convertors far into the next century. This arrangement could lead to 
a long term, stable fuel source which would provide long range stability to 
the fission power reactor industry. Because each fusion breeder would support 
many LWRs (18 1 GW e in this study) and because a new power reactor would not 
be introduced to the utilities and reactor vendors, a capability to meet a 
rapid growth in electrical demand might be provided more easily than with fast 
fission (e.g., LMFBR) breeders (6,12). 

The fusion breeder could also accelerate the commercial development of 
fusion power plants because lower fusion performance and higher fusion compon­
ent costs than would be acceptable for fusion-electric power plants do not 
cause the fusion breeder option to become unattractive (1,4). The early 
commercialization of fusion breeders could give the industrial sector exper­
ience relevant to the development, operation, and improvement of nearly all 
fusion component technologies. 
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I.B. PROGRAM ORGANIZATION 

Fusion reactor design is best addressed by use of a multi-disciplinary team 
approach. The nine organizations which were involved in the Fusion Breeder Program 
during 1983 have been assigned complementary roles, by discipline. A list of organ 
izations and their principal activities is provided below: 

Organization Principal Activities 

Lawence Uvermore National 
Laboratory 

Prcgram Manager, Tandem Mirror Physics 
and Technology, Nuclear Data and Oesign, 
Molten Salt Blanket Design 

TRW Inc. Oesign Integration, Tokamak and Tandem Mirror 
Reactor Systems Modeling, Blanket Oesign 
Support, Fuel Cycle tconomics 

GA Technologies, Inc. Fluid Mechanics and Heat Transfer, Helium 
Blanket Sub-Module Configuration, Solid 
Breeders, Reactor Safety Systems 

Westinghouse Electric Company Reactor Mechanical Configuration, Operation 
and Maintenance 

Oak Ridge National Laboratory Molten Salt Chemical Engineering, Liquid 
Metal Compatibility 

Princeton Plasma Physics Laboratory Tokamak Plasma Engineering and Technology 

Idaho National Engineering 
Laboratory 

Fission Reactor Testing, Beryllium 
Irradiation Damage 

University of California, 
Los Angeles 

Blanket Stress Modeling, Structural 
Irradiation Damage 

Energy Technology Engineering Center Materials 
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The above act iv i t ies were performed during 1983 on a variety of Fusion Breeder 
Program projects including the fission-suppressed tokamak fusion breeder 
feas ib i l i t y assessment-
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I.C PROGRAM GOALS AND APPROACH 

A reference fission-suppressed fusion breeder conceptual design, based 
upon the tandem mirror fusion confinement concept, was developed during 1981 
(1) and 1982 (2). This design, featuring a liquid lithium cooled, beryllium 
multiplier, thorium breeder blanket was investigated with respect to key 
issues during 1983 and 1984 (3). A higher performance helium cooled, molten 
salt blanket was also studied during this period (4). 

In assessing the reference blanket design, it became clear that the 
liquid metal blanket concept could not be directly translated to a tokamak 
fusion driver. Specifically, Issues associated with flowing the liquid metal 
coolant over longer pathlengths In the higher magnetic fields and surface heat 
loads of a tokamak caused a concern regarding the expectation of prohibitively 
high MHO pressure drops and/or structural temperatures. Consequently, a 
principal program goal during 1983 and J984 was the development of a feasible 
blanket design concept for tokamak applications. 

During this activity, helium, liquid lithium, end molten salt (FLIBE) 
coolants were considered. The molten salt coolant option was eliminated early 
in the study because of its detrimental effects on nuclear performance, its 
high melting point, and its poor heat transfer properties as a coolant.* A 
liquid lithium coolant option with a fissile breeding blanket only on the 
outboard side was considered during the study and may be feasible. However, 
the latter design was eliminated from final consideration because the fuel 
breed-'ng performance of such a configuration is expected to be substantially 
lower than that of the selected helium cooled blanket concept and because of 
uncertainties in our ability to model the HHD pressure drop. 

Although helium appears to be the most attractive coolant for tokamak 
applications, several generic issues have been identified during the past 
several years (5). These include the following: 

• the coupling of large first wall surface heat fluxes to a relatively 
poor heat transfer medium. 

A more promising molten salt blanket concept, being pursued, features a 
helium coolant and a molten salt breeder (see reference 4 ) . 
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• the accommodation of uncertainties in the f i r s t wall 
erosion/redeposition rates. 

• the complexity of helium cooled blankets as related to t r i t ium 
control, helium flow control, heat transfer, and r e l i a b i l i t y . 

• the diffusion and/or leakage of t r i t ium to the primary loop and the 
control of t r i t ium in the primary loop to prevent environmental 
releases. 

These issues are common to a l l helium cooled blanket concepts for fusion 
applications and are not unique to hybrid blankets. As the f i r s t three are 
aggravated by Increased wall loadings, the lower neutron wall requirements for 
hybrid applications (2-3 MW/nr) relative to fusion-electric applications 
(4-5 MW/m?) can be a signif icant developmental advantage (5,6). 

Several "hybrid-unique" program goals which specif ical ly relate .3 this 
f i r s t assessment of a helium cooled fission-suppressed tokamak breeder include 
the following: 

• the modification of previously proposed tckamak configurations and 
maintenance schemes to accommodate the mobile fuel and passive dump 
requirements of fission-suppressed fusion breeders (Section I I I .A of 
th is report) . 

• a comparative assessment of several t r i t ium breeder choices (e.g. , 
L\nO> FLISE) in conjunction with helium cooling and beryllium neutron 
mult ipl ication (Section I I I . B ) . 

• an assessment of the relat ive breeding efficiency of tokamaks versus 
tandem srfrrors (Section I I I .C ) . 

• the development of a reactor systems engineering ( i . e . , systems 
costing code) capability for tokamak fusion breeders (Section I I I . F ) . 

• the ident i f icat ion of tokamak current drive candidates and operating 
modes which provide a low physics risk consistent with the capital 
cost and power flow requiremenii for fusion breeder applications 
(Sections I I ) . 

In summary, goals for development of the fusion breeder design discussed 
in th is report are to address the design feas ib i l i t y issues associated with a 
helium cooled, fission-suppressed, tokamak fusion breeder. Such a design 
concept has not been considered in the past, and several new issues have been 
addressed during the course of the study. The approach towards an assessment 
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of concept feasibility has been to conduct a preliminary conceptual design 
study focusing upon the key nuclear subsystems. In our judgement, the overall 
design concept can be feasible and attractive subject to the resolution of 
several concerns which are generic to helium cooled fusion blankets. 

The resulting design is preliminary and does not reflect the level of 
study relative to key issues, design trades, and optimization which has been 
Incorporated Into our liquid metal cooled blanket design for the tandem mirror 
(2,3). An equivalent level of design maturity will require additional study. 
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I.D TOKAMAK DRIVER OVERVIEW 

I . D . I Tokaraak Technology Options for The Fusion Breeder 
The specification of a tokamak driver for the fusion breeder reactor can 

be similar to the driver specification for a fusion-electric reactor. 
However, fusion breeder reactors can tolerzite the impact of more expensive 
and/or more power consuming design options which provide a lower technological 
risk than those which can be tolerated for the fusion-electric application. 
In this context, we i n i t i a l l y investigated a fusion breeder tokamak driver 
which ut i l izes steady state negative ion neutral beam current dr ive, a single 
null poloidal divertor, and a 3 MW/m̂  neutron wall loading l im i t . A higher 
performance and lower cost, inductively driven, long pulse mode with lower 
hybrid RF current startup was also considered. 

In comparison with lower hybrid RF current drive option, neutral beams 
have an experimental basis for plasma heating and are expected tc provide 
greater confidence for bulk heating, steady state current dr ive, and s tab i l i ty 
control at reactor relevant densities and temperatures. However, negative ion 
neutral beams are both inef f ic ient and expensive. About 310 HW of injected 
power are required to drive the plasma current for an otherwise ignited 
3000 fWf tokamak with a plasma current of ~ 10 VP> ( i . e . , fusion gain = 9.7). 
For 65* ef f ic ient neutral beam lines (LBL self-extracting source, quadrupole 
acceleration, laser photo-detachment neutral ization), the beam recirculating 
power requirement is about 475 MWe - a prohibit ive power drain for fusion-
electr ic applications. The cost is also high. With a unit cost of ~ 4 $/W, 
the neutral beamlines alone would cost ~ 1250 $M (d i rec t ) , .he negative ion 
beam current drive mode is marginally tolerable for the fusion breeder and 
provides a lower risk driver option for this study. 

The long pulse inductive current drive mode, recently proposed for 
reactor applications, ut i l izes lower hybrid RF current drive to start the 
current at low density prior to ion cyclot *on RF heating and inductive current 
dr ive. The la t ter option is more eff ic ient and less costly than neutral beam 
current dr ive, but does introduce mechanical and thermal cycling of reactor 
components (~ 7 • 103 cycles/yr for ' 3000 second pulses). The inductive 
current drive option has potential to substantially improved economics ( i . e . , 
lower cost of f i s s i l e product) and was selected as the preferred operating 
mode later In the study (see Section I .J) . 
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A single null poloidal divertor, similar to the INTOR design, was 
selected over a pumped l imi ter for the fusion breeder despite known 
disadvantages, with respect to breeding losses, cost, and complexity. The 
divertor presently has a superior experimental basis for ash removal and 
impurity control, avoids the leading edoa thermal/erosion problem encountered 
in pumped l imi ter design, and offers the possibi l i ty of a low plasma sheath 
potential with the prospect for low erosion of a high-2 plasma side 
material. In the fusion breeder design, shown schematically in Figure I .D . I , * 
a top-mounted divertor was selected to 'setter accomodate blanket safety 
requirements for a rapid gravity assisted fuel dump (see Sections 111.E and 
I I I . J ) . 

The 3 MW/itf neutron wall loading l imit is loiver than the 5 Mw/nr goal 
often specified for fusion-electric blankets. The lower l im i t provides an 
additional safety factor with respect to the f i r s t wall neat f lux , erosion 
rate, and irradiat ion l i fet ime which is believed to be required for fusion-
electr ic applications, but increases the required f i r s t wall/blanket/shield 
area by over 60% and results in cost increases. 

I.D.2 Tokamak Driver Overview 
Figure I.D.2 shows the radial buildup of the neutral beam driven, steady 

state tokamak and Table 1.0.1 gives the major parameters for optimal tokamaks 
for both steady state and long pulse operation. In both cases, the geometric 
parameters are determined from the required fusion power (3000 MW )̂, the 
desired neutron wall loading (3 Mw/nr), the maximum beta allowed in dee-shaped 
plasmas, the maximum plasma current that can be established for a specified 
maximum f ie ld at the TF coi l (11 T), and the maximum inboard/shield thickness 
(1.5 m from f i r s t wall to magnet conductor). 

The plasma is doped with xenon {leff ~ 2.7) such that the fraction of 
plasma thermal eff lux (600 + 170 = 870 MM) removed by radiation to the f i r s t 
wall is 50%. Enhanced radiation also reduces n t E to i t s equilibrium value for 

Dimensions shown in this figure relate to the steady-state, neutral beam 
driven., design option. The smaller, long pulse tokamak dimensions are 
provided in Section I.E. 
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13.0 

All Dimensions In Meters 

Figure I .D . I . Elevation View of the Steady State, Neutral Beam 
Driven ToJcamak Driver. 
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gure I.D.2. Radial Build-up of the Steady State, Neutral Beam 
Driven Tokamak Fusion Driver. (Dimensions in Meters) 
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TABLE II.D.l. PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS. 

STEADY STATE LONG PULSE 
PARAMETER UNIT MODE MODE 

GEOMETRY 
Major Radius m 7.69 6.75 

Minor Radius in 1.57 1.80 

Aspect Ratio 4.90 3.75 

Elongation 1.80 1.80 

TF Coil Inboard Radius m 4.54 3.37 

Inboard B/S Thickness m 1.2 1.2 
Max B - TF Coi ls T 11.00 11.00 

PLASMA 

B at Plasma Center T 6.49 5.50 

Inverse Rota t iona l Transform i 2.25 2.25 
Plasma Current MA 9.81 12.4 
<Beta> .045 .069 
<Density> 1 0 1 4 / c m 3 1.34 1.25 
<Temp> keV 15.00 15.00 
OH Bore Radius m 3.34 2.14 
OH Coi l De l ta B T 18 18 
Solenoid Flux V-S 732 300 
z e f f a 2.7 2.7 
Loop Volt V .12 .10 
Max Pulse Length s SSb 3000 
Curr. Drive Mechanism N5 Inductive 
Curr. Drive Power MX 310 92 c 

NTAU (for Z e f f = 1 10 1 4 s/cm 3 19 17 
Radiation Fraction 3 .52 .52 
NTAW Reduction Factor Due 

to Radiation 3 Z.l 2.1 
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TABLE II.D.l. PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS (Continued) 

PARAMETER UNIT 
STEADY STATE 

MODE 
LONG PULSE 

MODE 

MAGNETS 
TF Horiz Bore m 8 8 
TF Vert Bore ro 13 13 
Max B-TF Coi ls T 11 11 
TF Coil Mater ia l Nb 3Sn Nb3Sn 
Max B-PF Coils T 8 8 
PF Coil Mater ia l T NbTi NbTi 

POWER PRODUCTION 
Fusion Power MW 3000 3000 
Fusion Gain , (L 
F i r s t Wall A r e a d 

9.7 Ignited Fusion Gain , (L 
F i r s t Wall A r e a d mZ 744 744 
Surface Heat F l u x e y / c m 2 67 44 
Neutron Wall Load MW/m2 3.0 3.0 

a) produced by Xenon injection. 
b) possibly limited to several hours. 
c) ICRH plus LHRF during startup only. 
d) assumes dlyertor throat subtends 7% of the solid angle from the plasna 

center to the minor radius. 
e) assumes divertor removes 75 of 80 parts of non-radiated plasma thermal 

efflux. 
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ign i t ion. A reasonable f i r s t wall erosion rate of about 2.25 mm/yr, providing 
a four calendar year blanket l i fet ime fop a sacr i f ic ia l f i r s t wall thickness 
of 9 mm (8.4 MW-yr/m2 at 70% capacity factor) was selected as a design basis. 

As mentioned ear l ier , impurity control is accomplished using an INT0R-
type single null poloidal divertor. As 1n the INTOR study, the divertor 
collector plates would be covered with beryllium t i les which w i l l l imit high-Z 
reflux during the erosion process while providing some neutron multiplication 
and adequate heat transfer for the large divertor heat flux (~ 365 W/cm2 in 
the long pulse mode and 1.5 times higher in the steady state mode). A 
detailed design was not performed, but i t was assumed that the divertor 
coolant is low temperature water in copper tubes (no thermal recovery). 
Attention was given to neutron losses through the divertor and providing a 
maintainable configuration for the top-mounted divertor. The design concept 
anticipates periodic replacement of the divertor collector t i l es by horizontal 
translation at an interval more frequent than replacement of the 
blanket /divertor sectors. 

With the exception of one set of trapped divertor f ie ld coils (not shown 
in Figure I .D. I ) , a l l of the major coil systems in the fusion breeder tokamak 
are superconducting. The TF and OH coil superconductors are specified to be 
I^Sn (~ 11 T) while the PF coils are assumed to be constructed of NbTi 
superconductor (~ 8 T). Al l of the PF coi ls , with the exception of the 
trapped divertor coi ls , are located outside of the TF coil bore and outside of 
the EF coi ls. In a l l , there are :10 TF coils and a corresponding number of 
blanket sectors. 

The OH solenoid has a f lux swing that is large enough to provide startup 
of the fu l l plasma current (in the neutral beam driven steady state operation 
mode) or to drive a 3000 s pulse (in the long pulse mode). In the steady 
state mode, the startup sequence requires about 25 s and ut i l izes electron 
cyclotron resonance heating to pre-ionize the f i l l i n g gas and provide some 
electron heating. Next, the fu l l current (~ 10 MA) and higher densities and 
temperatures are generated using the solenoid flux linkage and ohmic 
heating. When the density becomes high enough to trap the 1.5 MeV neutral 
beaiiis, they are activated one-by-one to provide the additional required 
heating and to sustain the current drive. Once heated to a 15 KeV equilibrium 
operating temperature, the 3000 HWf plasma is much larger than required to 
sustain ignit ion conditions. Nevertheless, since about 310 HW of negative ion 
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neutral beam power are required to drive the 10 Hft plasma current in steady 
state, the tokamak operating regime is effectively subignition (Q p = 9.7) with 
the neutral beams also providing an effective means of thermal and stability 
control by appropriate variation of the beam power. The plasma is fueled by 
injection of frozen deuterium and tritium pellets. The rate of injection is 
another plasma control mechanism. 

The long pulse mode would resivve the OK coil flux swing for current 
drive. In this case, the neutral beams would be replaced by lower hybrid and 
ion cyclotron RF systems. Sequentially, the plasma would be ionized using 
electron cyclotron resonance heating, the current startup would be provided at 
low density by ~ 25 MW of lower hybHr! SF, the plasma would be heated using 
~ 80 t-W of Ion cyclotron heating, and the pulse would be maintained for 
several thousand seconds. The long pulse operating mode will sava cost and 
recirculating power (i.e., no RF during the long pulse), but will Introduce a 
possibly excessive level of mechanical and thermal cycles (~ 7 • 10 3 y r " 1 ) . 
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I.E MECHANICAL DESIGN AND CONFIGURATION 

I.E.I Reactor Configuration 
A key design requirement, unique to hybrid applications, is to provide a 

mechanical design which will enable the use of a mobile fuel form for fuel 
replacement/reprocessing. Other key considerations are the design of a first 
wall thin enough to provide attractive neutronic performance, the speci­
fication of a structural material and configuration which can be tolerant of 
Irradiation Induced swelling, and considerations relating to remote 
maintenance and the removal of blanket sectors. The remote maintenance 
guidelines require that the blanket sectors and the divertor internals be 
removable within the fixed space between the toroidal magnet*. Safety 
considerations require that the reactor fuel inventory can be dumped by 
gravity. 

The resulting helium cooled Fusion Breeder Reactor configuration is shown 
schematically in Figure I.E.I. Its key design specifications address a set of 
tokamak dimensions (shown in Table I.E.I) which are consistent with the 
smaller, long pulse mode driver.* The plasma is surrounded by poloidally 
oriented lobe shaped modules with cylindrical noses which face the plasma. 
Figure I.E.2, a plan cross section through the horizontal centerline of the 
reactor, shows the lobes and their orientation with respect to the plasma for 
one of the ten blanket sectors. The poloidal lobe arrangement allows the 
mobile fuel, in the form of petbles (spheres), to be loaded at the top of the 
reactor, flow through the modules, and be discharged at the bottom of the 
reactor when it is desired to dump the fuel for reshuffling/reprocessing or 
safety reasons. As shown in Figure I.E.3, the pebbles are a composite of 
beryllium/thorium, constructed of 2 cm dia. Be spheres, each with a 
circumferentia1 groove to accept a thorium snap-ring. As indicated in 
Figure I.E.I, each sector of the blanket is cooled by helium which enters the 
coolant inlet manifolds at the top of the blanket and exits the coolant outlet 
manifolds at the bottom of the blanket. The fuel sphere inlets (top) and 
outlets (bottom) are also indicated. 

* The original design guideline addressed a major radius of 6.75 m. 
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Ffgure I.E.I. Cross Section Elevation View Of The HeV-im Cooled Fusion 
Breeder Reactor Concept With a Top Mounted Divertor. 
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TABLE I .E . I . Design Parameters For the Helium Cooled Fission-Suppressed 
Tokarak Fusion Breeder Concept. ,-

Fusion Power 

First Wall Neutron Loading 

First Mall Surface Heat Load 

Plasma Size and Radius: 
Major Radius 
Hi nor Radius 
Elongation 

Number of TF Coils 

TF Coil Clear Bore (Modified "D"): 
Horizontal 
Vertical 

Radius From Reactor Centerline to Maximum Field 

Field on Axis 

Distance From Plasma Centerline to Divertor Coils 3 

Coolant 
Pressure 
Fuel Form 

Pebble Diameter 
Fuel Processing 
Blanket Structure 

Maximum Structural Temperature 
Blanket Lifetime 

3000 MW 
3.0 MW/m2 

0.43 MW/m2 

6.75 m 
1.8 m 
1.8 
10 

10.4 m 
14.4 m 

3.3 m 

5.4 tesl a 

9.6 m 

Helium 

5.1 MPa (740 ps i ) 

Composite Be/Th Pebbles 
(spherical) 
2 cm 
Batch 
Ferr i t ic Steel 
(2-1/4 Cr-1 Mo) 

<475°C 

3-4 years 

a For other PF coi l locations see Section I I . 
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Figure I .E .3 . Beryllium Pebble/Thorium Snap-Ring Composite Fuel Form. 
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The choice of a f e r r i t i c rather than an austenitic steel structural 
material for the reactor was based upon the current perception that volumetric 
swelling wi l l be much lower for the f e r r i t i c s . In addition, the fe r r i t i c s 
offer higher thermal conductivity and their use is expected to result in a 
lower thermal stress in the f i r s t wal l . Among the f e r r i t i c s , HT-9 and 
2-1/4 Cr-1 Ho are often selected as " typical" al loys. HT-9 features higher 
strength at elevated temperatures, but is expected to swell more (due to i t s 
higher chromium content). The 2-1/4 Cr-1 Ho alloy has been widely used in 
industrial applications, has adequate strength to ~ 475°C, and was selected 
for this study with HT-9 as a backup. 

I.E.2 Blanket Sub-Module Configuration 
An enlarged view of a typical sub-module is provided in Figure I.£.4. 

The module consists of a double walled 2-1/4 Cr-1 Ho f e r r i t i c steel construc­
t ion with straight side' walls and a semicircular nose. The outer wall serves 
as the primary pressure carrying structure. The inner portion between the 
double wall forms the coolant channel. The helium coolant enters at the rear 
of the module and passes along both sides of the module to the nose. At the 
center of the nose an opening is provided to permit the coolant to enter the 
near semicircular inlet plenum. The helium then passes through a perforated 
plate into the fueled region of the modules which contains the Be/Th pebbles 
and rows of steel tubes containing the t r i t ium breeding material. The tubes 
are 2 cm in diameter and arranged in an array with a triangular pitch of 
8 cm. An additional set of plena are provided on each side of the module to 
permit a small amount af helium purge flow to be supplied to the ho-izontally 
oriented t r i t ium breeder tubes to remove the generated t r i t i um. * 

The semicircular nose of the toroidal lobe type sub-module. Figure I.E.5, 
is corrugated circumfjirentially around the nose. The corrugations were 
adopted for the 1983 Blanket Comparison Study and this, ?*udy. This optional 
feature requires further evaluation, but is expected to permit the 
corrugations to deflect poloidally around the blanket sector to better 

* Although lithium oxide was considered as the t r i t ium breeding material in 
this study, other materials (e .g. , l i thium aluminate, FLIBE, l iquid 
lithium) might, ult imately, be preferred. 
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accommodate irradiation induced swelling and thermal expansion. The 
corrugated nose would also deflect by flexing along the circular arc formed by 
its semicircular shape. The nose blends into the side walls of the modules 
where contact with the adjacent modules prevents any deflection. Each 0.4 cm 
thick side wall acts as a tension tie to carry the coolant pressure load from 
the corrugated nose of the module to the back module support structure. The 
corrugation has a 9 mm erosion allowance to accommodate sputtering of the 
material from the first wall during a four calendar year operating lifetime. 

I.E.3 Fuel Region Design and Inlet/Outlet Piping Considerations 
Both the sphere inlet and outlet piping are sized to prevent the spheri­

cal pebbles from binding or jamming and to provide free flow of the pebbles 
when necessary for loading and unloading the fueled region. In addition, the 
fuel zone of the blanket is free of unnecessary restrictions which could 
impede the motion of the pebbles. Small scale experiments performed at LLNL 
have demonstrated that the spacing of the breeder tubes in the fueled region 
of the module {Figure I.E.4) will allow the pebbles to move and to achieve an 
adequate packing fraction of 50-60*. In order to minimize the thickness of 
the tritium breeder containing tubes, the helium purge flow in the tubes is 
maintained at approximately the same pressure as the module coolant 
pressure. To substain the full (100 HPa) buckling pressure, some support due 
to breeder packing in the tubes is assumed. 

Each of the lobe sub-modules shown in Figure I.E.2 must be serviced by an 
individual pebble feed tube as indicated in Figure I.E.I. The feed tubes 
would be operated pneumatically, transporting single pebbles from a batch tank 
to the blanket. To avoid cutting and welding 34 pipes per sector changeout, 
an arrangement such that the fuel feed system would be integral to the 
blanket/shield/divertor assembly is postulated (but not yet designed). Fuel 
pebbles discharged through the blanket by gravity enter a flattened funnel 
shaped duct which provides a single common exit from all of the sub-modules in 
each blanket sector. 

The proposed concept requires only a single inlet coolant pipe and exit 
coolant pipe per sector for each (inner and outer) blanket. The inlet plenum 
is wide at the top and narrows towards the bottom while the outlet manifold 
has the opposite orientation. 
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I.E.4 Design Issues 
A helium cooled reactor/blanket concept with a mobile fuel form appears 

to be a viable concept based on the scoping design and analysis effort to 
date. A single coolant path for the first wall and the interior of the 
blanket leads to a relatively simple concept and the use of 2-1/4 Cr-1 Ho 
represents a state-of-the-art material selection. The first wall concept is 
directed towards accommodating the effect of irradiation Induced swelling, but 
additional study is required to confirm the four year (8.4 MW-yr/m2) blanket 
lifetime which has been postulated. 

Because of the limited effort In the study to date, design issues remain 
which will, require further study. Some of these items/Issues are the 
following: 

• The lifetime of the blanket module, as affected by irradiation damage 
(i.e., swelling, creep, embrittlement) should be investigated in the 
context of identifying the key failure modes. 

• Concepts are needed for preventing the lobe side wall deformations at 
the interface between 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 
manufactured needs to be assessed. 

• The relative merits and disadvantages of the horizontally (toroi 
dally) aligned tritium breeder containing tubes in comparison with an 
alternative vertical (poloidal) arrangement with periodic tube sheets 
should be investigated more completely. 

• The proposed loading of beryllium/thorium pebbles into the top of the 
blanket lobes through small, individual tubes should be investigated 
via the design of a fueling machine. 

• Configuration and mechanical support arrangement for the silicon 
carbide reflector needs further study. 
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• The shield design should be pursued further to understand the 
shield/blanket interfacing and provide a concept for an integrated 
shield and blanket design. 

• The consequences of having the vacuum pumps and additional shielding 
above the reactor with the top mounted divertor needs further inves­
tigation. 

• Procedures and equipment to replace the sector modules (including the 
divertor) require further study. 

Further efforts should also include the interfacing of the additional system 
components (i.e., heat exchangers, vacuum pumps, helium pumps, etc.) and 
interconnecting piping. The vacuum sealing boundary should be better defined 
and seal concepts pursued. 
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I.F CHOICE OF A TRITIUM BREEDER 

A principal goal of fusion breeder blanket design is to maximize fissile 
fuel production via the use of an efficient neutron multiplier (see 
Section I.G). A consequence of the use of a separate neutron multiplier (in 
this case beryllium) is that the tritium breeding material is not required to 
provide a capability for insitu neutron multiplication. Rather, the preferred 
tritium breeder 1s required to result in a practical engineering design which 
minimizes both the tritium breeder volume fraction and any parasitic absorp­
tion of neutrons. As a result of this design orientation, a number of tritium 
breeding materials which cannot provide adequate tritium breeding in the 
absence of an effective neutron multiplier for fusion-electric blanket (e.g., 
lithium aluminate, FLIBE) can be considered for use in the fusion breeder. 

Key properties of several candidate tritium breeders are summarized in 
Table I.F.I. These candidates were selected because they represent distinct 
classes of breeders: liquid versus solid, insitu neutron multiplication versus 
none, and tritium release as T 2 versus T 20. As shown in the table, the char­
acteristic dimensions and structure (clad) fractions associated with all of 
the breeders are reasonable. 

LigO has the highest lithium atomic density among all tritium breeders. 
The bred tritium is expected to be released as TgO, a chemical form which is 
markedly less apt to leak through the steel tube into the helium coolant than 
the atomic form, Tg. Thus, a purge flow tritium extraction design is usually 
adopted. However, recent LiAlOg insitu tritium extraction experiments indi­
cate that a large fraction of the tritium nay be released in noncondensable 
form. Similar behavior can be expected for LigO. Since the results of this 
experiment are not fully understood, further investigations are needed. Li 20 
has the disadvantage of being very hygroscopic, which implies the need for 
special attention during manufacturing and fabrication. Temperature control 
and irradiation damage effects (e.g., reductions in thermal conductivity) 
which influence the steady-state tritium inventory in Li z0 and irradiation 
growth (i.e., swelling) are key issues for this breeder. A final issue 
involves the activation of impurities the solid breeder and the radiological 
consequences associated with recycle of the breeder material and personnel 
exposure during the refabrication process. 
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Table I .F . l . Tritium Breeder Properties and Thermal/Mechanical Aspects. 

Li 20 LiAlOg 17Li 83Pb Li 
FLIBE 
(66-34) 

FLIBE 
(47-53) 

k(W/m-K) 3 1.73 16 56 1 0.8 
P (kg/m3) 2010 2520 9400 450 2000 2000 
C p (O/kg-K) 2600 1464 1600 4200 2380 2350 
MP ("0 1430 1610 235 180 460 363 
Preferred Fuel Form Plate Plate Tube Tube Tube Tube 
h (W/m2-K) 3000 3000 20U0 2000 2000 2000 
Interface T , (°C) 
PCA/HT-9 ™ 

550/550 550/550 430/475 495/550 550/550 550/550 

Breeder Temperature 
Window (°C), min/max 

420/800 420/1200 235/1370b 180/1370 460/1370 363/1370 

Breeder AT (°C) q'"x2/2k q'"x2/2k q'"r^/4k q'"r2/4k q'"rZ/4k q'"rz/4k 
Characteristic 1.4/1.0° 1.6/1.13d 3,6/1.3e 5.8/2.9c 2.4/1.7d 1.9/1.4d 

x or r (cm), (9 W/cc)/ 
(18 W/cc)c 

Clad/breeder fraction 1.8/2.5 
—£*il 

1.6/2.2 1.4/2.8 0.8/1.7 2.1/2.9 2.6/3.6 

aMax. temp,less than 550°C (structural stress l imi t ) defined by max, corrosion rate of 
^Boiling point of Li = 1370°C at one atms. 
cx-plate 1/2 width, r-tube radius. Helium coolant characteristics: P = 50 atm, T i n = 
T o u t = 500°C, T c o o l a n t = 420°C; q ' " = 9 W/cc at r = 1.5 MW/m2. 

"Breeder element dimension limited by T w i n d o w and interface T^ j , . 
eBreedar element dimension limited by interface T m a x . 
fClad thickness = 0.25 mm. 

20 um/yr. 

275°C: 



LiA10 2 is the solid breeder that has the most available and most 
favorable material property data. It is very stable and has a large 
temperature window for tritium recovery (see above paragraph). The activation 
of LiAlQ 2 is an issue. 

Among the Li-Pb eutectics, 17Li83Pb is favored because a low chemical 
reactivity results due to its high content of lead (which is also a good 
neutron multiplier). It has a low melting point of 235"C and a very low 
solubility for tritium. Thus, the tritium inventory will be low, but the 
problem of handling T 2 in the blanket without excessive leakage appears to be 
very difficult. As shown in Table I.F.I, the weight and corrosiveness of 
17Li83Pb are additional concerns. 

Lithium is the best known liquid tritium breeder. It can breed adequate 
tritium without a neutron multiplier, but its high chemical reactivity leads 
to potential safety concerns. Since the bred tritium is held in lithium in 
the form of LiT, normal releases of tritium will be minimized, but lithium 
will need to be circulated outside of the blanket for tritium extraction. 

Because of its low lithium density, FLIBE, or lithium-beryllium fluoride 
molten salt, requires isotopic enrichment in °Li for adequate breeding. It is 
known to have the advantages of excellent irradiation stability, low pressure 
operation, and chemical compatibility. These features imply safety advantages 
when compared to lithium and operational advantages when compared to the solid 
breeders and Li-Pb. The potential problem of TF (hydrofluoric acid) formation 
can be resolved by the addition of a reducing agent (e.g., excess beryllium) 
in the salt, but the issue of tritium release in the form of T 2 becomes the 
same as for 17Li83Pb. 

Based upon our survey of the potential breeders discussed above, the 
following observations can be made: 

• Among the solid breeders, LigO and LiAlOg are both credible and are 
similar in engineering application. Li 20 was selected over L1A10 2 due 
to existing emphasis in the fusion-electric program. LiAlOg could 
ultimately be preferred for this application due to its chemical 
stability, resistance to irradiation damage, and larger temperature 
window. The higher lithium density of L i ^ is an advantage, but not a 
high priority issue because of the separate neutron multiplier. 
Tritium control may be an important issue in either case. 
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• Among the l iquids, l ithium is rejected due to safety concerns (an 
unnecessary burden). 

• FLIBE and 17Li83Pb are both credible l iquid breeders and are similar 
in engineering application. FLIBE is non-corrosive at the design 
operating temperature and is favored in this respect. 17Li83Pb has a 
lower melting temperature and is preferred i f corrosion is not 
l imi t ing. 
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1.6 NUCLEAK ANALYSIS 

I.G.I General Considerations 

The most Important objective of any fusion breeder banket design is the 
achievement of the highest possible f i ss i le breeding within the constraints 
posed by a specified engineering design configuration. The requirement that 
the reactor breed enough t r i t ium for self-sufficiency must also be sat is­
f ied. For fission-suppressed blankets, a third objective is to l imit the 
fission rate in the blanket such that the blanket operating power density, the 
blanket after-heat power density, and the generation of radioactive fission 
products are limited to provide superior blanket safety characteristics as 
well as the maximum amount of f i ss i l e fuel per unit of thermal power genera­
t ion. 

As 2 U fuel (bred from 2 3 2 Th) - j s more ef f ic ient ly used in fission reac­

tors than 2 3 9 Pu fuel (bred from 2 3 B U ) , our blanket studies have emphasized 
2 3 V) breeding for use in LWRs and more advanced convertor reactors. The 
combination of 2 3 3 U breeding and fission suppression leads to a level of 
breeding performance such that a 3000 HWf tokamak fusion breeder could provide 
makeup f i ss i le material to support 19, 1 GVJe LMRs on the denatured thorium 
fuel cycle. The fusion breeder also produces an average net electrical output 
of 1200 MWe. 

The focus of our nuclear design work has been directed towards estimating 
the performance of a tokamak fusion breeder using a variation of the reference 
tandem mirror blanket design dev'!jped during 1982. Some of the differences 
in the blanket materials and geometries are given in Table I .G. I . Although 
botf" designs u t i l i ze packed beds of beryllium pebbles t- :th thorii.m snap-rings, 
the tandem mirror blanket uses a l iquid lithium coolant and t r i t ium breeder, 
while the tokamak blanket uses a helium coolant with the. t r i t ium breeder 
located in discrete tubes which run through the bed. Since the use of a 
beryllium moderator introduces significant neutron moderation, heterogeneous 
effects can be important and differences in performance due to the design of 
blanket internals can be signif icant. 
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TABLE I.G.I. Fusion Breeder Blanket Compositions. 

Tokamak 
Inner 
Blanket 

Tokamak 
Outer 
Blanket 

Tandem 
Mi r ror 
Blanket 

FIRST WALL ZONE 

Thickness (cm) 7.5 7.5 6.3 

Structure mater ial Fe Fe Fe 
Structure Vol . Fract ion 0.14 0.14 0.18 

Coolant He He Li 

Coolant Vol . Fract ion 0.86 0.86 0.82 

PACKED BED ZONE 

Thickness (cm) 44 77 42 

Structure Fe Fe Fe 

Structure Vo l . Fract ion 0.058 0.058 0.074 

Coolant Vo l . Fract ion 0.38 0.3B 0.38 

M u l t i p l i e r Material Be Be Be 

M u l t i p l i e r Vo l . Fract ion 0.45 0.45 0.54 

T r i t i um Breeder L i 2 0 L i 2 0 Li (Also 
coolant) 

T r i t i um Breeder Vol . Fract ion 0.09 0.09 0.38 

F e r t i l e Fuel Th Th Th 

F e r t i l e Fuel Vo l . Fract ion 0.024 0.024 0.029 

BACK ZONE 
Thickness (cm) 5 5 42 

Structure Vo l . Fract ion 0.08 0.08 0.065 

Coolant Vo l . Fraction 0.12 0.12 0.696 

Moderator Mater ia l SiC SiC C 

Moderator Vo l . Fract ion 0.80 0.80 0.238 
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From a nuclear performance point of view the principal differences which 
relate to the use of a tokamak rather than a tandem mirror are that the 
tokamak: 

1) does not have end cells (that consume 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 erosion 

and surface heat fluxes 
4) has a poloidal divertor that can cause significant neutron loss 
5) has a more complicated geometry that, when coupled with the desire to 

use gravity for pebble fueling, can impact performance. 

1.G.2 Nuclear Analysis 
The procedure used to 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 Itonte Carlo transport codes: TART, 
a coupled neutron-photon, 3-D Monte Carlo transport code using a 175 group 
nuclear data set generated from ENDL, the Livermore-evaluated nuclear data 
l ibrary; and ALICE, a variant of TART that treats resonance effects by using 
the probability table method. Most cases were run with 5000 source neutrons 
resulting in less than 2% standard deviation. The models developed for the 
Monte Carlo analysis are simplications of the actual geometry and are intended 
to reasonably approximate i ts important aspects. 

Three models were developed and employed for this analysis. The f i r s t is 
a toroidal 2-D model ( i . e . , a figure of revolution) with no penetrations, 
approximating the overall aspects of the toroidal geometry. The second, shown 
in Figure I .G.I , is a unit cell consisting of a tube-containing Li surrounded 
by homogenized Be + Th. This model was developed to examine heterogeneous and 
resonance self-shielding effects. The th i rd , shown in Figure I.G.2, is a 
toroidal 2-D model with a poloidal divertor. I t was used to estimate the 
effects of a major penetration. 
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•LigO (p = 1.9, 3 a/o bLi) 

Fe TUBE WALL 

SOURCE, X Y PLANE 
AT 2 = 0 + 

ALL PLANES ARE REFLECTING 

Be/ Th BED COMPOSITION 

Be* = 47.5 v/o 
Th** = 2.5 v/o 
He = 50.0 v/o 
*{Fe - 0.1 a/o in Be) 
**(U - 0.5 a/o in Th) 
**(Pa - 0.5 a/o in Th) 

Figure I.G.I. Unit Cell Model. 
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Results from these three models were then combined giving the following 
estimate of overall performance: 

Total net breeding 1.55 (±10%) 
Tritium breeding 1.01 
Net 2 3 3 U breeding 0.54 (±30%) 
Energy (@ U/Th = 1.0%) 25 MeV (-20%, +40%) 

These results are normalized to one D-T fusion neutron. The uncertainties 
listed are estimates that include data and modeling-caused uncertainties in 
addition to the 2% statistical uncertainty. The total energy deposited per 
fusion is expected to have a larger uncertainty in the upwards direction than 
the downwards direction due to remaining uncertainties in the details of the 
resonance self-shielding treatment. 

The tritium breeding can be increased as required, but any additional 
bred tritium must be subtracted from the net fissile fuel production. It i'-
important to note that even a 1% loss of tritium from a 3000 MW f plant would 
represent a release of 4.5-10' curies per dayl Similarly, the allowed 
recovery cost at 10,000 $/g would be ~ 12 $H/yr per percent tritium. 

Future nuclear modeling work should be focused upon quantifying and 
reducing the uncertainties, optimizing the design to maximize specific 
breeding (i.e., breeding per unit of therinal energy deposited in the blanket) 
and exploring other promising design concepts. For example, significantly 
higher specific fissile breeding appears to be achievable by increasing the Th 
content above the 2 v/o used here. 

Based on this work, the net fissile breeding ratio of the tokamak fusion 
breeder was found to be 13% less than the reference tandem mirror fusion 
breeder. While there 1s significant uncertainty, these initial results 
indicate that a tokamafc with this general configuration can be used as the 
driver of a fission-suppressed fusion breeder, but that its fissile breeding 
ratio will be somewhat less than its tandem mirror counterpart. 
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i.H FLUID DYNAMICS AND HEAT TRANSFER 

I.H.I General Considerations and Design Limits 
The requirement for the helium cooled first wall to accommodate high 

surface heat fluxes and high erosion rates leads to a difficult heat transfer 
problem for the tokamak reactor first wall. The bellows first wall design was 
conceived to accommodate these problems and to also accomodate the effects of 
irradiation-induced swelling. Two-dimensional thermal-mechanical analyses of 
the bellows first wall were performed to identify the temperature and stress 
distributions and to guide the design. 

The helium-cooled, fission-suppressed, hybrid reactor blanket features a 
unique configuration consisting of a packed bed of beryllium/thorium pebbles 
surrounding purged tubes which contain the tritium breeder and are distributed 
throughout the bed. Heat transfer calculations were performed to show that 
the selected pebble and tube sizes can satisfy the respective material 
temperature limits. After the blanket configuration was defined, the blanket 
loop pressure drops and the pumping power were calculated to assure that they 
are acceptable. 

The temperature limits of key materials were first established. In the 
blanket region, the key materials are the structural material, the neutron 
multiplier and the tritium breeding material. As discussed in Section I.E. 
2-1/4 Cr-1 Mo was recommended to be the structural material. This easily 
manufactured ferritlc steel alloy has a maximum allowable temperature of 475°C 
for high stress applications. For the nominal choice of Li 20 as the tritium 
breeder, the temperature limits are T m- n = 410°C and T m a x = 800°C. 

A helium pressure of 40 to 80 atm will be needed for an efficient primary 
loop design. Steam-generator design conditions dictate a minimum coolant 
inlet temperature of about 275°C and a minimum coolant temperature rise of 
above 100°C. An outlet temperature of 500°C was selected td give a gross 
thermal cycle efficiency of 39S. Structure temperatures above 475°C occur 
only towards the rear of the blanket where the stress and neutron flux are 
lowest. 
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I.H.2 Bellows First Wall Design and Analysis 

The primary purpose of the f i r s t wall is to provide a boundary between 
the pressurized coolant and the vacuum of the plasma chamber. At the same 
time, i t has to handle the transmission of thermal power through the wall to 
the high pressure helium coolant. There are two contributions to the heating 
of the wal l : volumetric power generation due to the neutron wall loading 
(3 MW/m2) and the plasma-side surface heat flux (0.25-0.50 MW/m2). In 
addition to these effects, the selected structural configuration has to 
accommodate high fluence neutron-induced swelling while being eroded away at 
an assumed rate of 2.25 nw/year. 

Two dimensional, steady-state, temperature distributions were calculated 
for the bellows f i r s t wall using TAC020, a f i n i t e element heat transfer 
code. The temperature prof i le calculated by TAC02D was then coupled along 
with the hydrostatic helium pressure boundary condition into N1KE2D, an 
impl ic i t , f i n i t e deformation, f i n i t e element stress code. The neutron 
swelling effects were not included in the stress analysis. Figure I.H.I 
presents the two-dimensional bellows f i r s t wall configuration which was 
modeled using the above codes. This basic configuration was analyzed for two 
conditions: the beginning-of-life (BOL) in which the 9 mm sacr i f ic ia l layer 
on the plasma side of the wall has not eroded, and the end-of- l i fe (EOL) in 
which the sacr i f ic ia l layer has completely eroded. 

Figures I.H.2 and I.H.3 graphically display the bellows f i r s t wall tem­
perature profi les calculated by TAC020 at the beginning and end of l i f e . 
Figures I.ri.4 and I.H.5 present the beginning and end of l i f e principal 
stresses calculated by NIKE20. The results of these figures are summarized in 
Table I .H. I . This table shows that, with the present bellows f i r s t wall 
design, the design guideline maximum temperature (475°C) is s l ight ly exceeded 
at the beginning of l i f e . However, i t is important to note that the hot spot 
areas, which occur in the sacr i f ic ia l layer closest to the plasma, are 
required to provide only minimal structural support. The design guideline 
maximum stresses (~ 210 MPa) are met for both the BOL and the EOL conditions. 

The above calculations were performed at a neutron and surface leading of 
3 and 0.25 MW/m2, respectively. Figure I.H.6 shows the estimate T m a x at the 
beginning of l i f e as a function of surface loading. Assuming a maximum 
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Figure I .H. I . Two-dimensional Bellows First Wall Configurations 

{Representation of a Unit Element) 

Table I .H. I . Bellows First Wall Thermal And 
Structural Analysis Summary 

2-1/4 Cr-1 Ho 
Maximum temperature, (°C) 

Beginning of l i f e 542 
End of l i f e 342 

Maximum stress, (HPa) 
Beginning of l i f e 201 
End of l i f e 176 
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Figure I.H.2. Bellows First Wall Temperature Contours (°C) at Beginning-Of-Life. 
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Figure I.H.4. Uneroded Bellows First Wall Thermal and Pressure Stress 
Contours at Beginning-Of-Life (not to scale). 
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Figure I.H.6. Maximum First Mall Temperature as a Function 
of Surface Loading 
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allowable temperature of 700°C on the eroded layer where the stress capability 
requirement is minimum, the 2-1/4 Cr-1 Mo can withstand surface loadings 
higher than 0.6 MW/nr. This observation provided a basis for our decision to 
increase the plasma radiation fraction to 52% (0.44 MW/m2} to minimize f i r s t 
wall erosion and the divertor heat f lux. 

I.H.3 Blanket Fuel Element Design 

Calculations were performed for the packed bed of beryllium pebbles and 
breeder tubes. An applicable heat transfer coefficient for a tube bank 
embedded in a packed bed of spherical pebbles was not available, but was 
estimated. Based on this estimate, tne breeder te/nperature distr ibut ion as a 
function of radial position is given in Figure I.H.7. As shown, tl~.e design 
temperature l imits for a l ithium oxide breeder are sat is f ied. The 
2-1/4 Cr-1 Mo tube temperature is higher than the design l imi t of 475°c at the 
back of the blanket, but the tube wall thickness can be increased in that 
location to reduce the stress without excessive penalty. 

Calculations were performed to estimate the total pressure drop of the 
whole blanket cooling circuit including the steam generators for a 5000 MWtn 

reactor with a maximum blanket energy multipl ication of 2. The pressure 
losses due to f r i c t i o n , acceleration of flow from density change as a function 
of temperature, jo in ts , turns, expansions, and contractions were a l l taken 
into consideration. The resulting &P/P = 3.22% and pumping power fraction of 
4% are within the respective design l imits of 4.3fc and 5%. For the selected 
coolant in le t / outlet temperatures of 27S°C/5O0°C, the gross power conversion 
efficiency is expected to be 39% while the net power conversion efficiency is 
expected to be 36.5% (including pump power losses). 
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I.I REACTOR SAFETY ISSUES 

The primary safety concern related to the design of fissile fuel-pro­
ducing blankets is the potential hazard associated with the release of the 
actinide, fission product, and activation product radioactivity. This radio­
activity, produced by fissioning and parasitic captures of neutrons in the 
fertile and fissile materials and metallic structures, could be mobilized 
during postulated accidents. The Issues of tritium safety, though requiring 
appropriate design attention, pose a relatively lower level of risk during 
major events. 

The major source of stored energy for radioactivity mobilization 1s the 
heat generated by the decay of radio nuclides in the blanket (primarily " 3 T h , 
" J P a , and fission products). The initiating events of major consequence are 
those that lead to a loss of cooling capability. The major differences be­
tween the reference liquid lithium cooled tandem nrirror fusion breeder and the 
tokamak fusion breeder design are the absence of stored chemical energy from 
lithium reactivity, the much higher wall loading (~ 3 vs 1.3 nt/nfi in the 
reference blanket), and effects due to using a helium rather than lithium 
coolant (e.g., a lower conductive heat removal capability in a loss of coolant 
flow event, easier fuel dump, different accident initiators). Importantly, 
the decay heat removal load per unit wall area will increase due to the higher 
wall loading, but it is expected that coolant flow can be maintained at re­
duced pressure in all cases with redundant helium circulators. 

The maximum radio-nuclide hazard inventory (at time of fuel discharge) is 
not expectet to differ substantially between the tokamak and reference tandem 
mirror reactors - a result of the opposing effects of higher wall loading 
versus the compactness of the tokamak design. Specifically, the major contri­
butions to the radioactive inventory per unit volume are the actinides. These 
reach equilibr urn in roughly 60 days and their respective concentrations are 
proportional to the wall loading. The volume of actinides is roughly 
inversely proportional to the wall loading. 

The factor of four to five lower number of modules (or sectors) in a 
tokamak results in a higher radioactive inventory per module. Thus, individ­
ual module failures could have correspondingly higher consequences, and heat 
removal sytems would face higher heat loads. Other factors are the higher 
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complexity of the tokamak and the decrease in the fuel ball adiabatic melt 
time and, thus, the shortened time for corrective action due to the higher 
after heat level. 

Due to the compactness of the tokamak and the absence of liquid metal MHD 
effects, gravity dunp of the mobile fuel to a dump tank beneath the reactor is 
possible at a reasonable distance (~ 7 m) without forced flow. Freeze valves 
in conjunction with a purely gravitational dump would provide a totally pas­
sive dunp system. If a suitable nonreactive thermal contact medium within the 
dunp tank could be Identified, passive cooling may be possible in conjunction 
with heat pipes and convectlve air heat exchangers, but thermal shock to the 
dumped fuel could be a concern. 
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I.J SUMMARY OF FUEL CYCLE AND ECONOMICS ANALYSIS 

In this section, the overall performance and cost of a helium cooled, 
beryllium blanket tokamak fusion breeder reactor are estimated and are com­
bined with similar data for 2j^(J burning LWR fission reactors to obtain an 
estimate of the costs of electricity and bred fuel for a symbiotic electricity 
generation system consisting of the fusion breeder, its LWR clients, and the 
associated fuel cycle facilities. The results are compared with those for a 
reference case, the liquid lithium cooled fusion breeder tandem mirror design 
of 1982. 

Table I.J.I compares the key tokamak breeder fuel cycle parameters with 
those for the reference tandem mirror breeder. Figure I.J.I shows the 
corresponding fuel cycle availability budget. The calculation of the actinide 
concentrations and the development of t*je availability budget assume a 90% 
operational availability during scheduled operation. In the case of the 
tokamak breeder, this allows as many as 12 unscheduled and 34 scheduled outage 
days during the 165-day fuel cycle period. The total yearly fissile breeding 
is 1316 lower for the tokamak breeder. 

The performance and cost of the helium cooled, beryllium blanket tokamak 
was analyzed using TRW's Tokamak Reactor Systems Code (TSC). These results 
are shown in Tables I.J.2, I.J.3, and I.J.4. The tokamak cases are for 
current drive by induction and neutral beams. The tandem mirror breeder was 
modeled using the TRW's Tandem Mirror Reactor Systems Code. Comparisons 
between the tandem mirror and tokamak results should &e made with some 
reservations because, 1) the two designs represent different levels of effort, 
and 2) the models in TSC and TMRSC are somewhat different. 

As shown in Table I.J.2, the reference tandem mirror produces the most 
electricity, 24% higher than the inductive current drive tokamaks and 82% 
higher than the neutral beam driven tokamak. The inductively driven tokamak 
has a 47% higher (442 MW e) net electricity production compared to the neutral 
beam current drive case. These results are also reflected in the net plant 
efficiency figures (34%, 30%, and 20%). It is clear that neutral beam driven 
systems will result in substantial power flow penalties. 
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Table I . J . I . Summary of Breeder Fuel Cycle Characteristics. 

TOKAMAK TANDEM HIRROR 

• 'et Fissile Production (Kg/yr)a 4905 5635 

Fissile Inventory (Kg) 
In-Corea 1535 1180 
Post Discharge 2419 2815 

Plant Capacity Factor (%) 70 70 

Enrichment (%)b 

S33 P a 0.43 0.4 
233 L 1.00 0.7 
Total 1.43 1.1 

Energy Multiplication 
BOC 1.30 1.25 
EOC 2.10 2.50 
AVE a 1.70 1.89 

Full Cycle Period (days) 155 321 c 

a) average over cycle. 
b) atoms per 2 3 2 T h atom {%). 
c) 1.5 batches of fuel during this period assuming a two-zone 

blanket with fuel replaced twice as often in the f i r s t zone. 
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Overall Availability = 109/155 = 0.70 

Figure l . J . l . Tokamak Breeder Availability Budget. 
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Table I.0.2. Fusion Breeder Performance Comparison. 

Fusi on Breeder Type 

Reference 
Lithium 

(Tandem Mirror) 
Tokamak 

(Inductive 
CD)b 

Tokamak 
Neutral 
Beam 
(CD)C 

Major radios (m) 193 (length) 6.75 7.69 
Minor radius (m) 1.5 (cc radius) 1.80 1.57 
Fusion power (MW) 3000 3000 3000 
Pulse length (s) ss 2700 ss 
Blanket energy multiplication: 

Minimum 1.25 1.30 1.30 
Maximum 2.50 2.10 2.10 
Average 1.88 1.70 1.70 

Gross nuclear power (MW) a 5100 4680 4680 
Gross electric power (MW) a 2226 1667f 18509 
Driver recirculating power (MW) 325 6.7* 621 
Additional recirculating power (MW) 180 275 286 
Net electric power (MW) a 1720 lS8£f 943 
Net fissile production (Kg/yr)d 5635 4905 4905 
Fissile inventory (Kg) d 3995 3954 3954 

In-corea 1180 1535 1535 
Post discharge6 2815 2419 2419 

Plant capacity factor {%)a 70.0 70.0 70.0 
Plant efficiency .34 .30 f .20 

a) average over fuel cycle period. 
b) inductive current drive. 
c) neutral beam current drive. 
d) includes average plant capacity factor. 
e) assumed to be half-year's average production. 
f ) averaged over reactor operational period. 
g) includes NB thermal energy deposited on FW and converted in the T/G. 

1-54 



Table I.J-3. Fusion Breeder Cost Comparison ($ Mi l l ion , 1983). 

Fus ion Breeder Type 

Reference 
Lithium 

(Tandem Mirror) 
Tokamak 

(Inductive 
CO) 

Tokamak 
Neutral 
Beam 
(CO) 

Land and land rights 6.3 6.3 6.3 
Structures and site facilities 563 531 531 
Fusion driver components3 863 458 1638 
First wall/blanket shield0 499 395 423 
Heat transport components0 502 245 258 
Misc. reactor equipment 299 288 274 
Turbine plant equipment 370 401 432 
Electrical plant equipment 158 164 167 
Misc. plant equipment 19 53 53 
Fuel cycle facilities'* 
Direct Cost 

382 
3660 

330 
2871 

330 
4112 

Contingency (20%) 732 574 822 
Total Direct Cost 4392 3445 4934 

Indirect Cost (34%) 1485 1163 1665 
Total Overnight Cat 5877 4608 6599 

Cost of Interest and Escalation 
During Construction (17.5%) 1028 806 1155 

Total Plant Cost 6905 5414 7754 
Fusion Breeder Cost/LWR Cost e 2.76 2.36 3.38 

a) 
b) 
c) 
d) 
e) 

includes magnets, heating systems, direct convertor. 
includes beryllium and lithium. 
includes circulators for helium loops. 
includes reprocessing, beryllium fabrication, thorium fab. 
basis: $/KWt 
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Table I.J.4. Fusion Driver Component Costs ($ Million, 1983). 

Fus ion Breeder Type 
Reference 
Lithium 

(Tandem Mirror) 
Tokamak 

(Inductive 
CD) 

Tokamak 
(Neutral 
Beam CD) 

Tokamak Magnets 355 328 
TF coils — 230 289 
PF colls — 50 37 
Sotenoidal coil — 75 2 

Tandem Mirror Magnets 601 
Central cell 460 — — 
Barrier coil 1 40 — — 
Barrier coil 2 37 ~ — 
Transition coil 21 — — 
Yin-yang pair 43 -- ~ 

RF Systems 75 103 6.3 
ICRF 19 71 — 
ECRF 56 6.3 6.3 
LHRF — 26 — 

Neutral Beam Systems 150 — 1304 

Direct Converter 36 — — 

Total Fusion Driver Components 863 458 1638 
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As shown in Tables I.J.3 and I.J.4, the cost difference between the two 
tokamaks is primarily caused by the high cost of the neutral beam system. The 
neutral beam driven tokamak is also slightly more expensive in other areas 
because it optimizes at a slightly larger physical size (7.7 m ) . The size 
optimization is driven by plasma scaling laws which predict both a decreasing 
plasma current requirement and a decreasing neutral beam absorption efficiency 
as the reactor major radius increases. 

The optimal major radius of the 3000 MWf inductively driven tokamak 
(6.75 m) is also larger than the smallest possible major radius (6.29 m). If 
is determined by trading longer pulse lengths and a higher duty factor (at 
larger major radii) against lower capital costs (at smaller major radii). In 
the case of the miscellaneous reactor equipment account, the inductively 
driven tokamak is slightly more expensive due to various costs associated with 
pulsing. These include the increased costs of the magnet support structure, 
the vacuum system, and the magnet power supplies.* 

Cost differences between the tokamaks and the tandem mirror reflect the 
different nature of the two plasma confinement schemes as well as modeling 
differences. The major difference is the cost of fusion driver components. 
The large cost of the tandem mirror central cell magnets, first wall, blanket, 
and shield can be attributed to its low wall loading (1.3 MW/m2 versus 3 MW/m 2 

for the tokamak). The inductively driven tokamak is about 22% less expensive 
than the tandem mirror but about 302 less expensive than the neutral beam 
driven tokamak. 

A summary of economics results for symbiotic electricity generation 
systems consisting of fusion breeders and their supported LWR client reactors 
is shown in Table I.J.5. This table includes cases for the utility and 
government ownership of the reference tandem mirror breeder (cases 1 and Z), 
cases for the inductively driven tokamaks (cases 3 and 4), and two cases for 
the neutral beam driven tokamak breeder (cases 5 and 6). The first column of 
the table indicates the 30 year average present value of the cost of 
electricity produced by the symbiotic system in 1984 dollars. This value is 
obtained by discounting the cost of electricity in a given year back to the 

Energy storage system cost not yet included. 
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first year of operation and averaging the results of the 30 values. The 
second column represents the average present values of bred fissile fuel 
calculated in the same manner. 

The third and fourth columns relate to a comparison of the symbiotic 
system of fusion breeders and their client LWRs with an LWR which uses 
conventional, mined uranium and a full fissile recycle (i.e., reprocessing) 
fuel cycle. The cost of mined uranium is assumed to be 55 $/kg (1984 dollars) 
in the first year of operation and is assumed to escalate at a rate of 2S/yr 
above general inflation over the 30 year operating lifetime of the LWR. The 
"breakeven year" is the year in which the cost of electricity for the U-jOg 
fueled LWR exceeds that of a symbiotic system which begins operation in the 
same year. 

Table I.J.5. Summary of Economic Analysis. 

Average Average 
Present Present 
Value Value Breakeven 

Elect. Cost 2 3 3 U Cost Breakeven Benefit3 UoOoPrice1 

Description (mil/KWeH) ($/g) Year 3 ($ B) (J/Kg) 

1) Hirror/Gov't 31.7 31.5 8 3.7 42 
2) Mirror/Utility 34.7 64.7 24 -8.9 116 
3) Tokamak/Gov't/Ind CD C 30.6 22.9 1 5.6 13 
4) Tok/Utility/Ind CD 33.4 53.4 21 -4.6 91 
5) Tok/Gov't/NB CD d 34.8 69.1 29 -9.5 132 
6) Tok/Utility/NB CD d 38.9 115 — -24.2 250 

a) nominal results assumed $55/kg " J U starting price of u^Og with 2%/yr 
escalation above inflation. 

b) U3O3 starting price required to produce a zero net benefit over the 
30 year breeder life cycle, 

c) Gov't owned tokamak breeder with inductive current drive. 
d) Utility owned tokamak breeder with neutral beam current drive. 
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The "benefit" is the present value of the annual cost difference of 
operating the number of LWRs in the symbiotic system using mined l^Og versus 
fuel bred in the fusion breeder summed over 30 year. More consisely, It 
describes the overall cost savings per fusion breeder if the fusion breeder 
were introduced at a 55 $/kg U3O3 price. Negative values for the benefit 
represent uneconomical cases. The cost of U^Og which is sufficient to provide 
a zero 30 year benefit is the "breakeven U3O3 price" shown in the last column 
of Table I.J.5. 

Results for the inductively driven tokamak cases are very similar to 
those for the tandem mirror cases. In both utility owned cases, breakeven 
occurs after more than twenty years of operation and results in a net loss 
(over 30 years) of several billion dollars. In both cases, the price of 
uranium must approximately double to achieve a 30 year breakeven. For 
government ownership of either the tokamak or the tandem mirror breeder, 
substantial net benefits (5.6 and 3.7 $bi11 ion respectively) accrue over the 
30 year lifetime. The government owned tokamak breeder breaks ?ven at a (J3O3 
price as low as $13/kg. Conversely, the neutral beam driven tokamak is not 
likely to achieve economic breakeven regardless of ownership until 11303 prices 
increase substantially. 

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

• The tokamak breeder economics results are similar to previous results 
for the reference tandem mirror fusion breeder. 

• Government ownership of the fusion breeders presents substantial 
economic advantages and fits well into the institutional framework of 
a government sponsored fuel cycle center (similar to the current 
fissile enrichment plants). 

• The government owned, inductively driven, tokamak breeder could be 
economical at less than current U3O3 prices given a long term l^Og 
price escalation rate which is 2% above general inflation and a full 
fissile recycle nuclear economy. 
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• NB current drive carries a substantial economic penalty but could 
breakeven in a government ownership case at a market price for 1)303 
of 132 $/kg. 

• Economic issues yet to be addressed include the potential impacts of 
lower LHR SHU costs, higher LWft fuel reprocessing costs, etc. 
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CHAPTER I I 

TOKAMAK DRIVER DEFINITION 

II.A INTRODUCTION AND DESIGN SUMMARY 

I I .A.1 Design Guidelines 

The major design guidelines for the tokanak driver, summarized below, 
were derived at the beginning of the project from objectives discussed in 
Chapter I and elsewhere in this report. Further background information can be 
found in an FY 1982 report (1). 

1) Fusion power to be about 3000 MW. 
2) Neutron wall loading to be less than 3.0 MW/m .̂ 
3) Operation to be steady-state with neutral beam current drive or very 

long pulse with RF current startup (both considered). 
4) The ratio of circulating power to gross electr ic power should be 

minimized by operating the plasma at ignit ion in the long pulse 
mode, or at Q ~ 10 i f the steady-state current drive option is 
selected. In the latter case, i t is desirable that the method used 
for bulk plasma heating also be capable of driving the plasma 
current. 

5) The TF ( toroidal- f ie ld) coils must be superconducting. All PF 
(poloidal-f ield) coils (with the possible exception of one or more 
divertor coils) should be be superconducting and located outside the 
TF coi ls. 

6) The erosion rate of the f i r s t wall should be minimized. A magnetic 
divertor is used to control impurity levals in the plasma. The 
plasma is doped with a small, controlled level of a high-Z material 
to enhance the radiation fraction of the energy deposited within the 
plasma. 

7) All part icle pumping is to be accomplished by the divertor, with 
pellet injection used to maintain steady-state plasma density. 
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8) The dimensions and materials of in-vessel components should be 
selected to minimize neutron losses. 

9) The central solenoid should have sufficient diameter and field range 
to provide complete plasma current startup for the steady-state 
option, or to maintain the airrent for several thousand seconds if 
the long pulse option is selected. 

10) There must be sufficient space for a full-sized breeding blanket on 
the inboard side of the tokamak. 

11) Plasma vessel and dlvertor sectors are to be removable by horizontal 
(i.e., radial) extraction between TF coils. 

The next section gives an overview of the driver design that was conceived to 
satisfy the above requirements. 

II.A.2. Design Overview 
Figure II.A.l shows the radial buildup of the neutral beam driver, steady 

state tokamak* and Table II.A.l gives the major parameters for optimal 
tokamaks for both steady state and long pulse operation. In both cases, the 
requirements for a fixed fusion power and a maximum wall loading can be 
satisfied by a range of major radii subject to constraints on "beta" for dee-
shaped plasmas and constraints on the maximum field at the TF coil (limited to 
11 T). The quantity "beta" is defined as the ratio of spatially averaged 
plasma pressure to the magnetic field pressure and is a function of the aspect 
ratio. The inboard blanket/shield thickness is specified to be 1.5 m to allow 
sufficient room for an efficient breeding blanket at a reasonable major 
radius. Note that the neutral beam driven toxamak optimizes at a considerably 
larger size for the same fusion power. This results because, at fixed fusion 
power, the plasma current and, therefore, neutral beam power, decreases with 
increasing major radius. 

In the steady state operating mode, the plasma current is started up by 
the central CH solenoid, which has a flux swing of 732 Webers. The current is 

The geometry of the long pulse option is shown throughout Chapter III and 
is not shown in Chapter II. 
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sustained by the injection of 310 MM of 1.5 MeV negative-ion based neutral 
beams 
9.7. 
beams. This results in a fusion energy amplification, Q , of approximately 

In the long pulse operating mode, 25 MW of RF radiation (lower hybrid) is 
used to start up the bulk of the plasma current. The current can be 
maintained for 3000 seconds by means of the flux swing in the OH solenoid. 
With a downtime between pulses of 100 s*. the duty factor would be 97%. The 
plasma would be heated to ignition by 67 MW of ICRF, thereby eliminating 
neutral beams completely. This mode has the major advantage of eliminating 
the continuous ~ 475 MW-electric required by the neutral beam supplies in the 
steady state mode, but has the disadvantage of introducing mechanical and 
thermal cycling of the reactor components. With a pulse length of 3000 s, 
cyclic fatigue problems become an important issue, but the economics 
improvements relative to the neutral beam case appear to be sufficient to 
merit selection of the long pulse mode as a baseline. If the Z e f f were held 
to about 1.4, the burn time in the long pulse mode would increase to about 
5800 s and cyclic fatigue problems would be reduced, but first wall erosion 
and the heat load on the divertor would be greatly increased. A disadvantage 
of the divertor is the associated neutron loss - a 15% impact on total 
breeding (see section III. C). 

Considering the cost of energy storage, a shorter downtime (~ 30 s) may be 
optimal. 
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TABLE II.A.l. PRINCIPAL PARAMETERS OF THE TOKAHAK DRIVERS. 

PARAMETER UNIT 
STEADY STATE 

MODE 
LONG PULSE 

MODE 

GEOMETRY 

Major Radius m 7.69 6.75 

Minor Radius m 1.57 1.80 

Aspect Ratio 4.90 3.75 

Elongation 1.80 1.80 

TF Coil Inboard Radius m 4.54 3.37 

Inboard 8/S Thickness m 1.2 1.2 

Max B - TF Coils T 11.00 11.00 
PLASMA 

B a t Plasma Center T 6.49 5.50 

Inverse Rotat ional Transform 2.25 2.25 

Plasma Current MA 9.81 12.4 

<Beta> .045 .059 

<Density> 1 0 1 4 / c m 3 1.34 1.25 
<Temp> keV 15.00 15.00 

OH Bore Radi s m 3.34 2.14 

OH Coi l Delta B T 18 18 

Solenoid Flux V-S 732 300 
7 3 

Loop Volt V 
2.7 

.12 

2.7 

.10 

Max Pulse Length s SSb 3000 

Curr. Drive Mechanism NB Induct ive 
Curr. Drive Power MW 310 92 c 

NTAU (for Z e f f = 1) 1 0 l 4 s / c m 3 19 17 

Radiation F rac t i on 3 .52 .52 

NTAU Reduction Factor Due 
t o Radiat ion 3 2.1 2.1 
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TABLE I I . A . 1 . PRINCIPAL PARAMETERS OF THE TOKAHAK DRIVERS (Continued) 

PARAMETER UNIT 
STEADY STATE 

MODE 
LONG PULSE 

MODE 

MAGNETS 
TF Horfz Bore in 8 8 
TF Vert Bore m 13 13 
Max B-TF Coils T 11 11 
TF Coil Material Nb 3Sn Nb 3Sn 
Max B-PF Coils T 8 8 
PF Coil Material NbTi NbTi 

POWER PRODUCTION 
Fusion Power MW 3000 3000 
Fusion Gain, Q p 9.7 Ignited 
First Wall Area d n,2 744 744 
Surface Heat Flux e W/cm 2 67 44 
Neutron Wall Load MW/m2 3.0 3.0 

a) produced by Xenon inject ion, 
b) possibly l imited to several hours. 
c) ICRH plus LHRF during startup only. 
d) assumes divertor throat subtends 7% of the solid angle from the plasma 

center to the minor radius. 
e) assumes divertor removes 75 of 80 parts of non-radiated plasma thermal 

ef f lux. 

2-6 



I I . B . FUSION DRIVER SYSTEMS 

II.B.l Introduction 

Fig. I I . B . l shows a schematic elevation view of the steady state, neutral 
beam driven tokamak breeder. There are 10 TF coils of modified dee-shape and 
10 separate vacuum vessel and blanket sectors. The "hard" vacuum vessel is 
formed by the outer structure of the blanket sectors. Each of the 10 sectors 
can be removed by horizontal ( I . e . , radial) extraction between TF coi ls . 

An INTOR-type single-null pololdal divertor (3) 1s used for part ic le and 
heat removal from the torus. A divertor was chosen over a pumped l imiter 
because analyses carried out in the INTOR and other projects have shown that 
l imiter impurity control physics issues have not yet been resolved and that 
l imiter erosion issues appear to be more d i f f i c u l t . Divertor plasms-side 
erosion should be less of an issue because the divertor does not have a 
leading edge and because the divertor offers the possibi l i ty of a low plasma 
sheath potential with the prospect for low erosion of a high-2 plasma-side 
material such as tungsten. Nevertheless, i f acceptable l imiter performance 
can be demonstrated, there wi l l be a cost/performance incentive for 
replacement of the divertor with a l imi ter . 

The divertor is located on top to better accommodate the flow of the 
Be/Th fuel pebbles while providing for maximum blanket coverage. The top 
location also gives the ab i l i t y to periodically replace the divertor plates 
via horizontal translat ion. However, the vacuum pumping ducts that lead to 
the basement require substantially more shielding than in the case of a diver­
tor located at the bottom of the torus (the alternative configuration 
considered). 

All but one set of the PF coils are superconducting and located external 
to the TF coi ls . The inside divertor coils are normal coils and are located 
in the TF-coil bore in order to gain better control over the diverted flux 
lines (see Fig. I I I . A . I ) . A few low power single-turn copper control coils 
are located near the plasma chamber for fine tuning of the plasma posit ion. 
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Figure II.B.l. Elevation View of the Steady State, Neutral Beam 
Driven Tokamak Fusion Breeder. 
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II.B.2 Plasma Heating and Current Drive Systems 

II.B.Z.a Determination of Size and Operating Parameters 
The geometric parameters of the tokamak fusion breeder were determined by 

solving seven coupled equations that relate the required fusion power and 
neutron wall loading to the major radius, the maximum beta allowed in dee-
shaped tokamak plasmas, the maximum plasma current that can be established 
when the field at the TF coil is limited to 11 T, and the inboard 
blanket/shield thickness. This thickness (i.e., first wall to TF coil 
conductor) is set at about 1.2 ID to allow sufficient room for a full-scale 
breeding blanket, with adequate space for the cooling ducts. For ffU5^on 

~ 3000 MW, the size of the plasma is always much larger than required to 
attain ignition conditions (according to all s~aling relations presently used 
for the energy confinement time, Tr). An equilibrium i£ is realized in part 
by doping the plasma with xenon to enhance radiation loss. 

Il.B.2.b Heating and Current Drive Options 
Candidate plasma heating methods include both radiofrequency (RF) and 

neutral-beam techniques. Tokamak current drive by RF enprgy in the lower 
hybrid (LH) frequency has received much interest and is an experimentally 
proven technique at low plasma density (4). However, the dispersion relation 
for LH waves shows that penetration into the plasma becomes progressively more 
difficult with increasing beta. LH waves would not be able to penetrate the 
tokamak breeder plasma, where the central beta is greater than 10S. 
Futhermore, plasma heating by LH waves has been rather unsuccessful to date, 
so that heating to ignition and thermal stability control of the burning 
plasma by LH would be unlikely even if wave penetration were possible. Thus, 
an additional high power heating system would be required to permit steady-
state operation. Plasma heating by ion cyclotron waves, the other main RF 
heating technique, has been quite successful in experimental tokamaks. 

Steady State Operational Mode - To date neutral beams have proved to be 
the most effective plasma heating method. Neutral-beam current drive has had 
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only token experimental success, but the theoretical basis is strong for the 
high beam energies (~ 1.5 MeV) proposed here (5). Neutral-beam injection was 
chosen as the primary plasma heating system for the steady state operational 
scenario because the largest plasma temperatures and beta values to date have 
been obtained with neutral beams, and theoretical analyses indicate that the 
same beam systems can be used for bulk plasma heating and current drive. In 
the steady state operating mode, the operating regime is actually subignition 
(QD = 9.7) because of the continuous injection of beam power to drive the 
plasma current. This operational mode has the advantage that appropriate 
variation of the beam power provides thermal stability control, eliminating 
the need to identify and demonstrate another control mechanism that would be 
required for truly ignited operation. 

The beams would be formed from 0~ ions accelerated to 1.5 MeV by the 
techniques currently under development at LBL and elsewhere (6). In this 
method, the ion beams are obtained from self-extracting surface conversion D" 
sources. Electrostatic quadrupole accelerators accelerate the beams to 
1.5 MeV. The beams are then neutralized by photodetachment using an oxygen-
iodine chemical laser. The overall injector efficiency is predicted to be at 
least 65%. 

Between 60 and 80 MW of injected power is required to heat the plasma to 
ignition conditions, but about 310 HW of injected power is needed to drive the 
total plasma current. This circulating power loss is more tolerable for a 
hybrid reactor than for a "pure" fusion-electric plant because revenue from 
the fissile fuel product of the hybrid lessens the importance of the cost per 
kWe. Three beam ducts are used to inject the total current of 206 A-equiva-
lent, with the beam orientation 35 degrees to the normal to the outer surface 
of the plasma in the midplane. A total of only 1-2% of the torus wall area is 
required for neutral-beam injection, pellet injection and plasma diagnos­
tics. Similar access area would be required if RF heating were chosen as the 
principle heating method. 

The only other non-ohmic neating system that is required is about 3 MW of 
ECRH power at 120 GHz for pre-ionization and electron heating at the beginning 
of the pulse. This power would be supplied by gyrotrons currently under 
development. 
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To initiate the burn, the plasma current (I p), density (n) and tempera­
ture (T e = T.j) are increased by various processes over a period of approxi­
mately 25 s. 

About 3 MW of ECRH is used to preionize the filling gas and heat the 
electrons to T e > 10 eV. The OH solenoid is then activated. The fiux linkage 
from the solenoid and the EF coil system generates the full plasma current 
over a period of 15 s while Tfi 1s raised to about 1 keV and n is Increased to 
about 1 0 1 4 cm" 3. 

This density is sufficiently large to trap the 1.5 HeV neutral 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 
beams heat the plasma electrons and bulk ions to their operating temperature 
(<Te> = <T,> = 15 keV). 

The rate of flux change in the OH solenoid is gradually reduced to zero 
as the beam ions carry an increasing portion of the plasma current. The 
310 MW of beam power is chosen so that the entire plasma current can be 
readily sustained at the expected current drive efficiency of 0.032 A/W at the 
operating density. Effective current drive by the beams requires that Z ^ be 
greated than 1.4. Even without xenon doping of the plasma, this level of 
impurity content will exist because of fusion alpha buildup and wall 
sputtering. 

The plasma is fueled by continuous injection of frozen deuterium and 
tritium pellets. During the burn, the beam power and pellet injection rates 
are varied to keep I p, n, and T e = Tj at levels required for a constant fusion 
power output. The magetic divertor plays a vital role in controlling the 
plasma density and ensuring stable profiles of n and T e by removing particles 
and heat from the edge of the plasma. The divertor is also responsible for 
fusion ash removal. 

Long Pulse Operational Scenario - In the long pulse operating mode, RF 
radiation (lower hybrid) is used to start the plasma current at low plasma 
density (with the assistance of the flux swing in the EF coils) and the flux 
swing in the OH solenoid is reserved for driving the current during the 
burn. The central solenoid can maintain this current for 3000 seconds at a 
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Z eff of 2.7. With a downtime between pulses of 100 s, the duty factor is 
97%. Th-js long pulse mode has the major advantage of eliminating the 475 MWe 
power drain accounted for by the neutral beams in the steady state mode, and a 
second advantage of reducing the thermal output from the plasma from 910 MW to 
600 MW. However, the pulsed mode has the disadvantage of introducing 
mechanical and thermal cycling of the reactor components. This latter problem 
is aggravated at large Z e f f which shortens the pulse time (see Section II.C) 
to Increase the plasma radiation loss. 

A 33% increase in pulse length could be realized by raising the maximum 
field in the solenoid above the presently specified value of 9 T to 12 T. 
Further extension of the pulse length would require an increase in the 
diameter of the central throat and, therefore, in reactor size and cost. 

The long pulse scenario requires about 25 MW of lower hybrid radiation 
for current startup, anu an additional 60 to 80 MW of ICRF {or NBI) for bulk 
plasma heating because lower hybrid RF is relatively ineffective for bulk 
heating. Thus, the total installed heating and current drive power is about 
35% of that required in the steady state mode. 

II.B.3 Vacuum Vessel and Pivertor Components 
The "first wall" consists of the front faces of the lobe-type blanket 

subraodules (see Sections III.A and III.D). This approach minimizes neutron 
attenuation in front of the blanket relative to the use of a separate first 
wall. The vacuum welds are made at the outside of each sector, thus providing 
reactor modularity with a minimum number of welds near the plasma. The vacuum 
vessel resistance in the toroidal direction is specified to be adequate to 
permit full startup of the plasma current in 15 s or less. This resistance 
would be sufficiently high to prevent significant damage to the vessel in the 
event of a major plasma disruption (in which case the current drops to zero in 
a fraction of a second). 

The divertor is comprised of 10 segmented modules, each with its own 
vacuum pumping system. All pumping of the torus is carried out via these 
ducts. Replacement of the divertor internal components is required 
periodically because of severe erosion. Each divertor module can be removed 
by horizontal translation between adjacent TF coils. 
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To maximize neutron economy, i t is essential to minimize parasit ic 
material between the mouth of the divertor and the blanket, as well as the 
divertor size. Futhermore, wherever possible, a l l in-torus components, such 
as the baffle defining the throat of the divertor chamber and the collector 
plates within the divertor chamber, should be fabricated of neutronically 
favorable materials. Extensive evaluations of candidate materials were 
carried out 1n the INTOR program in 1981-82. I t was concluded in that program 
that Be and BeO are the preferred materials to serve as coverings for the 
f i r s t wal l , baffles and divertor collector plates, with a Be thickness of up 
to 2 cm allowed, depending on the heat f lux. In the tokamak brer ier design, 
neutron multiplication in Be might part ia l ly compensate for neut on losses in 
the divertor hardware. Protective Be coating of the f i r s t wall is not 
required except in the region of the divertor where the partic 3 flux is 
high. For this study, the entra .ce baffle and the neutralizer plates inside 
the divertor chamber were assumed to be constructed of 2-cm '^ick Be t i les 
attached to 2-cm thick (ave.) copper tubes and plates. A detailed divertor 
design has not been performed. 

I I .B.4 Magnetic Systems 

II.B.4.a TF (Toroidal-Field) Coils 

Table I I .B . l gives the principle parameters of the TF coils and other 
magnet systems of the steady state, neutral beam driven, tokamak suppressed-
fission breeder. Superconducting TF coils were se1f:ted for the reasons 
discussed in a FY 1982 report (1). The supercondu uor is r^Sn, which at 
4.2 K wi l l readily support the required maximum f aid of 11 T. 

II.B.4.b Central Solenoid 

As discussed in previous sections, the f l x swing that can be delivered 
by the OH solenoid is more than adequate to p rovide startup of the fu l l plasma 
current (steady state mode) or to drive a mocerately long pulse (long pulse 
mode). The total f ie ld swing of +9 T to -9 T is achievable with Nb3Sn 
superconductor. The maximum rate of chanc of f ie ld in the solenoid during 
startup is about 1 T/s, which is within the present state-of-the-art for a 
superconducting solenoid. In the steady state operatv g mode, the solenoid 
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TABLE II.B.l. NEUTRAL BEAM DRIVEN TOKAMAK DRIVER MAGNET SYSTEMS 

T0R0IDAL-FI2LD COILS 
Conductor 
Coolant 
Number of TF Coils 
Maximum B at Conductor 
TF Ripple at Plasma Edge 
TF Coil Shape 
Overall Height 
Horizontal Bore 
Vertical Bore 
Radial Bui ld, Inboard 
Radial Build, Outboard 
Azim. thickness, Outboard 
Open Distance Between 

Outboard Legs 
POLOIDAL-FIELO COILS 

Nb3Sn 
Liquid Helium, 4 K 
10 
11 T {R m = 4.29 m) 
0.5% peak-to-average 
Modified Dee 
14.8 m 
8.0 m 
13.0 m 
.65 m 
. 65 m 

2.8 m 

6.6 m 

Conductor NbTi 
Coolant Liquid He, Pool-boiled 
Number: 3 EF Coils 

3 External Divertor Coils 
Internal Divertor Coils 
Other EF Coils in Central Solenoid 

CURREKT-DRJVING SOLEWID 
Type Nb3Sn or NbTi 
Coolant Liquid He, Pool-boiled 
Solenoid Outer Rad. 3.64 m 
Maximum B in Solenoid +9 T to -9 T 
Maximum Flux Swing 366 Wb 
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current is programmed back to -9 T during the f i r s t 500 s of the burn, with 
the neutral-beam-driven current compensating for the very small reverse emf 
during this process. In the long pulse mode, the solenoid current is 
programmed back during the 100 s dwell time. 

II.B.4.C EF (Equilibrium-Field) and Divertor Coils 

Al l of the PF coi ls , with the exception of the inside divertor coils 
(Fig. I I I . A . l ) are superconducting and are located external to the TF coils 
for ease of maintenance and replacement in the event of fa i lu re . External 
placement of the PF coils also fac i l i ta tes modulari2ation of the reactor. The 
PF coils maintain a dee-shaped plasma *rii;h the tr iangular i ty needed to 
maximize beta. As indicated in Fig. I I . B . l , three EF coils are used to 
provide most of the vertical f ie ld for positioning of the p'.asma column. The 
three external divertor PF coils also create the magnetic separatrix, outside 
of which magnetic f ie ld lines are "diverted" into the divertor chamber. 
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II.C PLASMA HEAT FLUX AND WALL EROSION 

In this section, the plasma heat flux and first wall erosion for the long 
pulse operating mode are considered. The heat fluxes and erosion will be 
about 50% higher for the steady state neutral beam driven mode. 

II.C.l Power Flow and Surface Fluxes 
To estimate the first wall erosion, we must first calculate the power 

flow and particle flux to the wall and the divertor. Starting with the fusion 
power, Pf, the non-neutron power, P s, is given by 

P s = P f (0.2 + 1/Q) 

where Q is the plasma gain (i.e., ratio of fusion to injected power). In the 
long pulse case, the 1/Q term equals zero because the plasma is not heated 
during the pulse and the 0.2 term represents the power associated with 3.5 MeV 
alpha fusion products. If we further define the following quantities 

f r = radiated power fraction 

Hj = divertor particle power extraction efficiency 

then we can define the relevant power flow as 

Pr = fr ps 

P c d = (l-fr) ̂  P s 

P c w = d-f r) (l-nd) P s 

where Pp is the radiated power, P c d is the divertor (charged plus neutral) 
part ic le power, P c w is the (charged plus neutral) part ic le power deposited on 
the f i r s t wal l , and Ps is defined above. Experimental results on tokamaks 
with poloidal divertors (such as POX and ASOEX ) indicated that, under optimal 
conditions, i) d values of 75/80 = ,94 appear reasonable. 
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We can next define the relevant averaae surface 'luxes as 

"rw ^ *r ps^*w 

p rd = °d f r V A d 

''cw " <» - V (J - *d> V \ 

Pcd ° <x - f > I d P s / A d 

where A r f 1s the d i ve r to r surface area, A^ i s the f i r s t wal l surface area, Q d 

is the d i ve r to r view f a c t o r , and C^ i s the f i r s t wal l view f a c t o r . 
I f we use the fo l l ow ing nominal values which are representa t ive of the 

selected design, 

P f = 3000 
P s = 600 
t ] d - 0.9375 
A„ = 744 M 2 

A d = 80 m2 

C d = 0.07 
Q* = 0.93 

then we may express the surface f luxes in terms of the radiated f r a c t i o n 

p?w " 7 5 f r w / c m 2 

P[!d = 53 f r w/cm 2 

P£ w = 5.0 (1 - f r) w/cm2 

P^d = 703 (1 - f r) w/cm2 
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For erosion, the charged particle fluxes, P^, and P C ( J are important. For heat 
transfer, the total »>eat fluxes are important. The later quantities are given 
by 

P; = Pp W + P^ w = 75 f r + 5.0 (1 - f r) w/craz 

pd = prd + pcd = 5 3 fr + 7 0 3 C 1 " fr) "f™2 

II,C.2 Enhancement of Radiation Loss 
In the tokamak reactor, under typical operating conditions, f r < 0.20. 

This results in a large fraction (>80%) of the power deposited in the plasm? 
(i.e., alpha power plus any auxiliary heating) being transported to the 
divertor. Since the dlvertor plates surface area is limited, the local heat 
fluxes would be very high (>2000 w/cnr). To reduce the divertor heat flux, a 
means for radiating the absorbed plasma power to the first wall can be 
utilized. One such means is the injection of a small, controllable amount of 
a high-Z material, such as Xenon, into the plasma. Xenon has a sufficiently 
high Z (= 54) that it will not be completely ionized except at the very center 
of- the plasma. In this case, 

f r = fb + fz 

where (under our conditions) the bremsstrahlung radiation fraction of the 
total power outflow, f b , is given by 

f b = 0.049 Z e f f 

and f z, the zenon line radiation fraction, is given by 

f z = 0.23 ( Z e f f - 1) 

Table I I .C . l shows how the radiated power fraction varies with xenon 
concentration. Fig. I I .C . l shows the f i rs t -wal l and divertor heat fluxes as a 
function of f_, for the specific parameters of the tokamak driver. 
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Defim'ng f x = xenon density/electron density, the allowed magnitude of f x 

is determined by the following considerations: 
1) The fusion power density is reduced by approximately the factor 

(1-Z*f x) 2. 
2) n-c is divided by the factor 1/(1 - f r ) . 
3) The loop voltage around the torus is proportional to Z e f f . 
4) The neutral-beam current drive power is proportional to the factor 

Z e f f / ( Z e f f - l ) , and thus decreases with increasing Z e f f . 
5) In smaller tokamaks, enhanced scattering of fusion alphas may 

Increase their loss. 

In the baseline operating mode of the suppressed-fission breeder, effects 
#3 and #5 are irrelevant. Effect #4 is beneficial. Effect #2 is actually 
required to reduce n* to the equilibrium ignition value, a technique long 
involked in the design of very large tokamak reactors. 

TABLE II.C.l. RADIATION LOSS CONTROL BY IMPURITY ENHANCEMENT. 

BREMSSTRAHLUNG IMPURITY 
fx *eff RAD PUR (MW) RAD PUR <MW) TOTAL MH fr 

0 1.0 29 0 29 .05 
0.0002 1.5 44 69 113 .19 
0.0004 2.0 59 138 197 .33 
0.0006 2.5 74 207 281 .47 
0.0008 i.O 88 276 364 .51 
0.0010 3.5 103 345 448 .75 
0.0012 4.0 118 414 532 .89 

The only real limitation for the present case is effect #1, which results 
in reduced neutron wall loading for a given machine dimension beta and 
magnetic field. The value selected for the tokamak breeder was f x = 0.00067, 
corresponding to Z e f f = 2.68. Then, f r = 0.52 (312 MH), the fusion power 
density and wall loading are reduced by 7%, and IIT is reduced by a factor of 
2.08. The nonradiated power, associated primarily with charge exchange 
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neutrals, impinging on the f i r s t wall is 18 MW, which corresponds to about 
3.0 W/cm^. This value is expected to result in acceptably low erosion {see 
Section I I .C .3 ) . 

I I .C.3 Erosion of The Fi rs t Wall 

Physical sputtering appears to be the dominant erosion machanis-i for the 
f i r s t wall of the reference reactor. The sputtering y ie ld is enertu depen­
dent. I t Is low at low incident energies, bean peaks at interraedi e 
energies, and decreases at higher energies. Estimating the * osion of the 
f i r s t wall requires knowledge of the par t ic le composition, magnitude ^nd 
energy spectrum of the pa r t i c le fluxes at the f i r s t w a l l . For a thick scrape-
of f layer and e f f i c i en t d ivertor ope ' i o n , the f k x of charged par t ic les at 
the f i r s t wall is very small (7) . Thus, the erosion w i l l be dominated by 
physical sputtering caused by the charge-exchange neutrals. 

There is presently large uncertaint ies in modeling the transport or 
charge exhange neutrals. Hei fetz, et a l . , (10) developed c Monte Carlo model 
for characterizing neutrals in the scrape-off region. They show peaks around 
non-uniform regions ( e . g . , corners) of the f i r s t wall and near the di r-tor 
throat . Attempts to use the results from Heifetz and other publistuo work 
lead to a large variat ion in the magnitude of the f i r s t wall erosion. 
Therefore, we havt adoped a "representative" value of 2.25 mn/yr for r i r s t 
wall erosion rate. For neutrals with typical energies of 200 eV, the corres­
ponding charge-exchange average f lux is ~ 1.4 x 1 0 1 ' c m " 2 , s _ 1 (sputtering 
y ie ld is 0.0H and 0.022 atoms / pa r t i c l e for 0 and T, respect ively) . The same 
erosion rate corresponds to ~ 4 x 1 0 ^ cirT^-s"! f 0 r neutrals with energies of 
~ 100 eV. Local regions with high charge-exchange neutrals f lux ( e . t . , near 
the divertor throat) require special protect ive armors. 
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II.D DESIGN ISSUES AND RECOMMENDATIONS FOR FURTHER WORK 

The following is a summary of issues that should be examined in any 
further study of the tokamak driver. 

II.D.l Unresolved Issues 

1) The ability to control the xenon concentration should be verified by 
one of the available plasma transport simulation codes. 

2) The ability to control the plasma edge temperature to achieve a 
smaller erosion rate should be examined using one of the presently 
available divertor simulation models. However, we have used a rather 
conservative estimate of the first-wall sputtering rate. 

3) The optimal locations and currents of the PF coils must still be 
determined. The need for one or more of the divertor coils to be 
normal coil(s) located in the bore of the TF coils should be 
evaluated by detailed magnetics analysis of the poloidal flux and by 
more detailed maintainability studies. 

II.D.2 Unaddressed Issues 

1) For the pulsed scenario, the effect of enhanced thermal cyclinq on 
component replacement should be further considered. The diameter of 
the central solenoid can be varied in order to change the length of 
the burn. 

2) A study to minimize the cost of the TF coils should be undertaken by 
examining various shapes that deviate from the "standard" dee-shape 
while stin giving the required field at the plasma and sufficient 
bore for the plasma vessel, divertor, and blanket/shield. 
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3) The possibi l i ty of substituting a pumped l imiter for the poloidal 
Hvertor (with the resulting cost, maintenance, and breeding 
advantages) should be re-evaluated at appropriate intervals. 

4) Much higher values of beta are attainable theoretically with plasmas 
of "bean-shaped" cross sections (8). The same fusion power could be 
generated at much lower toroidal f i e l d , at the expense of a more 
elaborate PF-coil system, including a high-current coil located at 
the inboard nidplane. I f the same magnetic f ie ld strength were used, 
a signif icantly more compact tokamak would be possible (9). 
Experimental tests of the effectiveness of bean-shaped plasmas w i l l 
be performed in 1984 on the PBX device at PPPL (8). I f these tests 
are successful, i t w i l l be worthwhile to carry out relative cost 
analysis of high-beta and low-beta options. 
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CHAPTER I I I 

HELIUM COOLED BLANKET 

111.A' MECHANICAL DESIGN AND MAINTENANCE 

I I I . A . l I n t r o d u c t i o n 

The mechanical design of e helium cooled fission suppressed blanket for 
the tokamak is described in this section. I t is based on the driver 
technologies defined in Section I I , but addresses a set of tokamak dimensions 
which are consistent with the smaller, long pulse (node driver.* A key 
guideline, unique to hybrid applications, "ras to incorporate a mobile fuel 
form to provide for fuel replacement/reprocessing. The remaining guidelines, 
as well as the design features and maintenance considerations, are discussed 
in subsequent sections. An alternate design concept is also presented. 
Final ly, an assessment of the design to date is presented and several design 
issues are ident i f ied. 

I I I .A.2 Design Guidelines 

The reactor/blanket concept which evolved provides an arrangement 
consistent with the design and performance guidelines l isted in 
Table I I I . A . l . Key considerations were the design of a f i r s t wall thin enough 
to provide attractive neutronic performance, the specification of a f e r r i t i c 
steel structural configuration which can be tolerant of irradiation induced 
swelling, and considerations relating to remote maintenance and the removal of 
blanket sectors. The remote maintanance guidelines, coupled with a design 
goal specifying that the toroidal f ie ld magnets are not to be moved, and are 
to last the l i f e of the plant, require that the blanket sectors be removable 
within the fixed space between the toroidal magnets. Safety considerations, 
discussed in Section II1.E, require that the reactor fuel inventory can be 
dumped by gravity. Definition of the poloidal f ie ld coils is presented in 
Chapter I I . 

The original design guideline adiivessed a nijor radius of 6,75 m. 
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TABLE I I I . A . l Design guidelines and parameters for the 
cooled fission suppressed Tokamak Fusion 
Breeder concept. 

Deslan and Performance Gutdeli nes 

fusion Power 3000 m 
First Hall Neutron Loading 3.0 HW/m2 

First Wall Surface Heat Load 0.43 HH/m2 

Plasma Size and Radius 
Major Radius 6.75 a 
Minor Radius 1.8 m 
Elongation 1.8 

Number of TF Colls 10 
TF Coll Clear Sore (Modified "0") 

Horizontal 10.4 D 
Vertical 14.4 m 

Radius from Reactor Centerllne to Maximum Field 3.3 n 
Field on Axis 5.4 Tesla 
Distance from Plasma Centerllne to Diver tor Coils 3 9.6 n 
Coolant Helium 
Pressure 5.1 MPa (740 ps1) 
Fuel Form Composite Be/Th 

Peebles (Spheres) with 
Rapid Dump Capability 

Sphere uiameter 2 cm 
Fuel Processing Batch 

Blanket Structure Ferr1t1c Steel b 

(2 1/4 Cr-1 Ho) 
Maximum Structural Temperature < 475°C 
Blanket Lifetime 4 years 

a) for other coil locations see Section I I . 
b) HT-9 backup. 
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FIG. III.A.I. Cross section elevation view of the helium cooled Fusion 
Breeder Reactor concept with a top mounted divertor. 
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III.A.3 Reactor Configuration 

The helium cooled Fusion 9reeder Reactor Is shown In Figure III.A.I. The 
plasma Is surrounded by pololdally oriented lobe shaped modules with circular 
noses which face the plasma. Figure III.A.2, which 1s a plan cross section 
through the horizontal centerUne of the reactor shows the lobes and their 
orientation with respect to the plasma for one of the ten blanket sectors 
which fits within each pair of the ten superconducting toroidal field (TF) 
colls. The pololdal lobe arrangement allows the mobile fertile fuel in the 
form of spheres to be loaded at the top of the reactor, flow through the 
modules and be discharged at the bottom of the reactor when it 1s desired to 
dump the fuel for reshuffling/reprocessing or safety reasons. As discussed 1n 
Reference 1 and Section III.E, an Independently cooled dump tank and automated 
fuel handling equipment are provided below the tokamak. The spheres 
themselves are composite Beryllium/Thorium constructed of 2 cm d1a Be spheres 
each with a circumferential groove to accept a thorium snap ring. 

A different blanket Internal geometry Is used for the Inner and outer 
blankets, which are located between the plasma and inner TF coll leg and 
between the plasma and outer leg of the TF coil, respectively. This 
difference results from a plasma engineering Incentive to locate the plasma 
centerllne (i.e., major radius) 1n the maximum possible magnetic field, or as 
close to the Inner leg of the TF coll as possible. Specifically, If we fix 
the fusion power (3000 MW In this study} a thicker Aboard blanket and/or 
shield will Imply that a larger major radius will be required *,o provide the 
required power level. Consequently, a trade between maximum fissile breeding 
(thickest blanket and largest tokamak) and minimum cost (thinnest blanket and 
smallest tokamak) Is Implied. Lacking a more detailed optimization, a maximum 
Inner distance of 1.6 m between the plasma edge and the Inner TF coil 
conductor was specified. Sensitivities to the Inboard shield thickness are 
further discussed in Section III.G. The distance between the plasma edge and 
Tf coll conductor on the outboard side currently specified to be ~2 m, can 
Increase with little impact on the overall design. 

Each sector of the blanket (as shown In Figures III.A.7 and 2) 1s cooled 
by helium which enters coolant manifolds at the top of the blanket and exits 
at thg bottom through main coolant pipes from the manifolds. The cooling 
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FIG. III.A.3. Reactor cross section elevation view showing typical 
dimensions for the helium cooled Fusion Breeder Reactor/ 
Blanket concept with a top mounted divertor. 
(Dimensions for long pulse mode of operation) 
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arrangement 1s described 1n more detail later. The fuel sphere Inlets (top) 
and outlets (bottom) are also Indicated 1n Figure III.A.I. 

A water cooled pololdal dlvertor Is located at the top of the reactor. 
The dlvertor 1s segmented so that there 1s an Individual dlvertor segment for 
each sector of the reactor. The dlvertor 1s horizontally oriented so that It 
can be easily withdrawn and/or replaced between the TF colls without removing 
the sector from the reactor. This design 1s similar to that proposed for the 

(2) INTOR reactor. The dlvertor opening 1s 1.6 m wide to permit adequate 
room for pumping the plasma while eliminating any particle Impingement on the 
first wall. Each dlvertor sector contains a cylindrical vacuum pumping duct 
(located at the right top of the Figure HI.A.I.) which discharges Into a pump 
located above the reactor. The six pololdal field (PF) colls, which Include 
the three dlvertor colls, are shown 1n addition to the solenoid coll. All PF 
colls are located outside of the TF colls for enhanced blanket and PF coll 
access and maintenance. A reactor cross section elevation which provides 
perspective for the reactor and component sizes Is shown In Figure III.A.3. 

An optional preferred location for some dlvertor colls to be located 
above the Inner shield, within the TF colls, Is also Indicated 1n Figure 
III.A.l. Such a configuration would provide a better control and definition 
of the magnetic field lines 1n the vicinity of the dlvertor, but would 
complicate maintenance should a TF coll require replacement. The location of 
PF colls Inside the TF coll bore would, roost likely, require the use of 
conventional copper colls with a resulting ohmlc power loss. 

III.A.4 Blanket " 'ule Configuration 

An enlarged view of a typical sub-module Is provided 1n Figure III.A.4 to 
show details of the lobe concept. The module consists of a double wall 2 1/4 
Cr-lMo ferrUlc steel construction with straight side walls and a semicircular 
nose. The outer wall serves as the primary pressure carrying structure. The 
other Inner portion or plenum between the double wall forms the coolant 
channels to provide the helium coolant which enters at the rear of the 
module. The coolant passes along both sides of the module to the nose. At 
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the center of the nose an opening 1s provided to permit the coolant to enter 
the near semicircular Inlet plenum. The helium then passes through a 
perforated plate (shown 1n Figure III.A.4) Into the fueled region of the 
modules which contains the Se/Th pebbles and rows of steel tubes containing 
the tritium breeder.* The tubes are 2 cm in diameter and arranged in 
an array with a triangular pitch of 8 cm. This geometry provides spacing of 
three sphere diameters between tubes to permit the spheres to flow down 
through the module during refueling/reprocessing. An additional set of plena 
are provided on each side of the module to permit a small amount of helium 
purge flow to be supplied to the horizontally oriented L1.0-conta1n1rg tubes 
to remove the generated tritium. Only a few small |~2 cm) tubes (shown In 
Figure III.A.4) are required to supply the purge flow to each lobe. 

If the tritium breeder tubes were vertically (pololdally) oriented, 
fewer would be required, but some form of tube supports which would provide 
lateral support to the tubes would be required since tie tubes (because of the 
additional length) would be very flexible 1f unsupported. However the 
supports would also have to provide space for the pebbles to move during 
loading and unloading. This arrangement should be considered for follow-on 
study because fewer tubes could lead to better reliability. 

After passing through the fueled region and a second perforated plate at 
the back of the region, the main helium coolant flows through a silicon 
carbide reflector region and exits the module through the plenum located In 
the center of the back of the sub-module. Both the Inner and outer blanket 
sub-modules are similar 1n design except that the Inner mouule has a shorter 
fueled region and no reflector. To conserve space, the Inlet and outlet plena 
for the coolant are also narrower In the Inner blanket assembly region of the 
reactor. Comparison of the Inner and outer blanket modules Is Included 1n 
Table III.A.2. 

III.A.5 First Hall Design 

The semicircular nose of the toroidal lobe typs sub-module, Figure 
III.A.5, 1s corrugated circumferentially around the nose. The lobe type 
module without corrugations was considered 1n an earlier study for a tandem 
mirror. The corrugations were proposed by GA and adopted for the 1983 
Blanket Comparison Study and this study. The Issues relative to this 

* Nominal tritium breeder choice is Li^O. See Section III.B. 
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TABLE III.A.2 Fusion Breeder Reactor helium cooled blanket 
lobe concept features and comparison. 

Concept Features 

Mobile Fuel Form (Composite) Be/Th Spheres 
Sphere Dla. 2 cm 

Lobe Width 25 cm 

Inner and Outer Blanket Comparison 

Corrugated First Hall Thickness 
Corrugated First Hall Thickness (Smeared)* 
Structural Side Wall Thickness 
Fuel Inlet Plenum Max Thickness 
Fuel Zone Front 2nd Rear Hall Thickness 

Smeared Thickness 
Fueled Zone (Spheres + LI2O Compound) 

Thickness 
Silicon Carbide Reflector Zone - 20 cm 

Thickness 
Helium Inlet/Outlet Back Plena Thickness 10 cm 18 cm 
Shield Thickness 60 cm 1 m 

Coolant P>p)no/Man1folds 

Iniet & Outlet Manifold Radius (Semicircular) 0.5 m 0.5 m 
Inlet & Outlet Pipes 0.0 m 01a. 0.6 m Dla. 

Inner Outer 
-1.8 cm -1.8 cm 
-1.1 cm 1.1 cm 
0.4 cm 0.4 em 
6 cm 6 cm 
2.0 cm 2.0 cm 
0.2 cm 0.2 cm 
49 cm 60 cm 

•Erosion Allowance Included 
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concept are discussed 1n more detail In Section III.D.3 of this report and In 
Reference 4. This feature permits the corrugations to deflect pololdally 
around the blanket sector to better accommodate radiation Induced swelling and 
thermal expansion. The corrugated nose also deflects by flexing along the 
circular arc formed by Its semicircular shape. The nose blends Into the side 
walls of the modules where contact with the adjacent modules prevents any 
deflection. The Corrugations mentioned above also blend Into the uncorrugated 
flat side wall plates. In addition to preventing deflection of the side walls 
of the adjacent sub-module, each 0.4 cm thick side wall also acts as a tens ID? 
tie to carry the coolant pressure load from the corrugated nose of the module 
to the back module support structure. The corrugation has a depth (thickness 
normal to the plasma) of 8.8 mm, Is nominally 1.6 mm thick, and has a pitch of 
6.6 mm. 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. The 1 mm 
groove with a baffle plate across the top serves a* the flow channel for the 
helium which cools the first wall prior to entering the Inner module to 
subsequently cool the fueled region of the module. 

The corrugation also has a 9 mm erosion allowance to accommodate 
sputtering of the material from the first wall. This additional thickness, as 
seen In Figure III.A.5 gives a combined first wall thickness of 17.8 mm with a 
smeared thickness of -11 mm when the slots In the corrugation are 
considered; after the erosion layer disappears the equivalent corrugation 
thickness Is ~5 mm, so an average of -8 mm has been used for the nuclear 
modeling task (Section III.C). 

III.A.6 Fuel Region Design and Pebble Inlet/Outlet Piping Considerations 

III.A.6.a Fuel Region. The requirement for a mobile fuel form and the 
selection of composite spheres 1n the fuel zone of the blanket Imposes certain 
restrictions of the design of the fueled region of the blanket. Both the 
sphere Inlet and outlet piping must be sized to prevent the spherical pebbles 
from binding or jamming and provide free flow of the pebbles when necessary 
for loading and unloading the fueled region. In addition, the blanket fuel 
zone must be free of unnecessary restrictions which could impede pebble 
motion. The spacing of the pipes or tubes containing the tritium breeder 
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located in the fueled region of the module, Figure I I .A,4, must be adequate to 
allow the pebbles to move and to achieve an adequate packing fraction of 
50-605t. The slot area for the pebbles to flow between pipes is ~ 6 cm x 20 cm 
(pipe spacing x inside module width) and is considered adequate to prevent 
pebble bridging or jamming under gravity flow. A trade-off between pipe 
spacing and pipe size can be considered i f more spacing is required. 

In order to minimize the thickness of the t r i t ium breeder tubes, by 
minimizing the tube hoop stress and buckling loads, i t would be desirable to 
have the helium purge flow in the tubes at approximately the same pressure* as 
the module coolant pressure. Conversely, i t appears that only a small 
increase in the breeder tube thickness w i l l suffice to provide buckling 
resistance at the 5.1 HPa ambient pressure. Specif ically, the tubes, as 
currently defined, are 2 cm in diameter, 0.5 mm thick and are adequate to 
sustain the 5.1 HPa helium coolant pressure as a 100 MPa (14,500 psi) hoop 
stress. Assuming an out-of-roundness which is 10% of the tube wall thickness 
in amplitude, a 0.6 mm tube thickness wi l l be required to assure buckling 
s tab i l i t y (5). 

I I I .A.6.b Fuel Pebble Inlet/Outlet Piping. As shown in Figure I I I . A . l , the 
fuel pebble inlet piping is horizontally oriented. This orientation results 
in improved blanket coverage on the outboard side relative to a sloped fuel 
inlet below the divertor duct, but precludes the use of gravity to f i l l the 
fuel zones. Instead, each of the lobe sub-modules shown in Figure I I I .A .2 
must be serviced by an individual pebble feed tube as shown in 
Figure I I I .A .6 . Each sector requires 34 such tubes (12 inside lobes, 22 
outside lobes). 

The feed tubes wou Ĵ be operated pneumatically, transporting single 
pebbles from a batch tank to the blanket. Although the design of fuel 
handling machinery has not yet been addressed, we envision a mechanical 
conveyor feed machine similar to that proposed in Reference 1. To avoid 
cutting and welding 34 pipes per sector changeout, i t appears reasonable to 

* In practice, a purge system pressure of about 1 atm. less than the -minimum 
coolant pressure would be maintained to l imit t r i t ium leadage into the 
main helium coolant. 
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consider an arrangement such that the fuel feed system would be Integral to 
the blanket/shleld/dlvertor assembly (not shown). In such an arrangement, 
only the duct which transports bulk pebbles from storage to the fuel feed 
machine 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 blanket by gravity since the 
blanket contour permits the outlets to be Inclined downward as shown In Figure 
III.A.l. The pebbles enter a flattened funnel shaped duct which provides a 
single common exit from all of the 12 sub-modules 1n each Inner blanket 
sector. The duct tapers to a circular pipe at the bottom of the blanket below 
the Inner blanket. A valve (not shown) 1s provided below the circular cross 
section exit pipe to control loading and unloading. The outer blanket has a 
similar common outlet duct for the 22 sub-modules 1n the outer portion cf each 
blanket sector. This duct discharges through a circular pipe at the bottom of 
the blanket near the Inner blanket outlet as shown 1n Figure III.A.l. 

In actual practice, 1f the blanket were divided Into two equal thickness 
fual zones to permit separate flow of pebbles from each zone, fuel enrichment/ 
recycling/reprocessing would be more efficiently achieved. In addition 
to modifications to the fuel zone, compatible outlet piping would be 
required. This possibility has not been addressed 1n the design concept and 
should be considered for later study. 

III.A.7 Ccolant Inlet/Outlet Piping Considerations 

From the standpoint of simplicity (and enhancement of maintenance), the 
number of coolant pipes should also be minimized. As shown In Figure III.A.l, 
the proposed concept requires only a single Inlet coolant pipe and exit 
coolant pipe per sector for each (Inner and outer) blanket. Both the Inner 
and outer blanket piping and manifolding are similar. The helium Inlet 
cooling pipe enters a semicircular manifold which extends the full width of 
the sector (typically shown in Figure III.A.6) 1n order to supply coolant to 
each of the sub-modules In the sector. Figure III.A.7 1s an enlarged 
composite cross section through a group of modules to which coolant Is 
supplied and discharged. At the upper portion of the figure, the coolant 
enters from the semicircular Inlet manifold and flows Into the Inlet p^ena at 

3-15 



TRITIUM BREEDER TAPERED INLET 
PLENUM (TYP) 

TOP 
INLET 
MANIFOLD 
(TYP) 

BOTTOM 
OUTLET 
MANIFOLD 
(TYP) 

FUEL INLET 
PLENUM 

-REFLECTOR 
REGION 

FUEL PEBBLE/LITHIUM 
CONTAINING REGION 

SHIELD 
TAPERED OUTLET 
BACK PLENUM 
CTYP) 

FIG. I I I .A .7 . Enlarged view of helium cooled cuter blanket module concept 
showing coolant manifolds and module cooling arrangement. 
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the back of the sub-modules. Note that the semicircular inlet/outlet 
manifolds do not require additional space between the blanket/shield and the 
TF coils. The coil ant flows from the back plenum through the side wall? of 
the modules, cool- the first wall and flows through the interior of t^e module 
to cool the fuel region and the reflector region. It then enters the blanket 
outlet plenum. Both the inlet and outlet plena are tapered to conserve space 
and maintain nearly constant v i o d t y . The inlet plenum is wide at the top 
and narrows towards the bottom while the outlet manifold has the opposite 
orientation. 

The lower part of Figure HI.A.7 shows the discharge from the enlarged 
outlet plenum into a semicircular outlet manifold at the bottom of the 
blanket. Typical inlet and discharge piping between manifold and main coolant 
pipe are shown in Figure III.A.6, which shows the inner blanket inlet manifold 
and coolant inlet piping. Figure III,A.8 shows a cross section perpendicular 
to the manifold centerline. The upper portion represents Section X-X of 
Figure III.A.7, which shows the inlet flow to the module first wall and fuel 
zone inlet plenum. The lower part of the figure represents f.low through the 
inside of the module and subsequent discharge to the helium coolant outlet 
manifold. The coolant piping and manifold sizes are provided in 
Table III.A.2. 

III.A.8 Module Edge Support Options 

Several methods of supporting the side walls of the module shown in 
Figure III.A.7 were considered. Each has advantages and disadvantages. 

One method studied was a buttress (or bookend) design which braced the 
thin outer wall of the last pressurized module against the strong outside wall 
to which all modules are attached. Figure III.A.9{a) illustrates the idea. 
This proposed solution provides adequate support and isolates the blanket 
sector from the other sectors, but the space occupied by the bracing penalizes 
the breeding volume of the blanket. Also, the buttresses have considerable 
mass and further detract from breeding by parasitic capture of neutrons. 
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A second method considered (Figure III.A.9(b)) is internal tie rods 
spanning the outermost modules. At the expense of such added structure, the 
end modules can self-sustain internal helium pressure. An overturning Dement 
still will be exerted on the end modules, and their anchoring attachments to 
the back wall must be heavfer than a "normal" module, but wasted space is 
avoided. This method is, perhaps, the most compatible with the current design 
because the end modules might replace some of their horizontal tritium breeder 
tubes with tie rods 

The third potential solution would be to allow the end modules of one 
sector to support the end modules of the adjacent sector (figure 111.A.9(c)). 
In this case, consideration must be given to tolerance accumulation which can 
cause overstress of the module sidewalls. Also, unintentional "cold welding" 
of walls in contact could occur. This would prevent disassembly without 
damaging the module side-wall in contact with a neighboring sector. Both of 
these unpleasant effects can be overcome by a simple expedient. Aluminum 
oxide plates (possibly mounted on pressurized cushions) can be placed on the 
side walls of modules in adjacent sectors. The ceramic pads will not weld 
inside the cacuum, but the pad spacing and area must be controlled to minimize 
any local wall bending stresses in an unsupported area. The space occupied by 
these thin ceranic pads can be snail, but there is a concern related to 
failure propagation between sectors. Namely, if sector A fails, sector B can 
expand into sector A and fail due to excessive deformation. 

III.A.9 Remote Maintenance Considerations 

The design guideline for 10 TF coils (modified D shape) and 10 sectors 
was intended to reduce the number of sectors which had to be removed while 
still maintaining a reasonable coil bore. The sectors should be capable of 
being removed horizontally without interfering with the coils. In particular, 
this would occur at Points D and E of the outer blanket in Figure III.9.10. 
The coil bore was enlarged to provide clearance for blanket removal, and 
various potential 1 interferences were checked. 

A plan view of the cross sections taken in Figure III.A.10 is shown in 
Figure III.A.11. In the latter figure, the dotted lines identified as D 
through J represent Section D-D through J-J of Figure 111.A. 10, respectively. 
The figures show that the potential interferences at the locations indicated 
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FIG. III.A.10. Cross section elevation view of helium cooled blanket 
concept with top mounted divertor with typical sections 
used to determine clearance for blanket. 
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were eliminated. Similarly, the upper portions of the blanket and dlvertor 
clearances, Identified by C and H on Figure III.A.6, Indicate that the 
dlvertor and blanket will not Interfere with the TF colls during sector 
removal. The blanket width at the top sector must be limited to the width 
which will pass between the section of the coll Identified by dotted line C of 
Figure III.A.6 (which 1s the width of the dlvertor), but the loss of blanket 
coverage above the dlvertor due to this constraint Is minimal. There is more 
than adequate space for the dlvertor since 1t Is located at a lower elevation 
where the space between colls Is represented by H. Based upon the above 
considerations, the coll size Investigated with a horizontal and vertical bore 
of 10.4 m and 14.4 m, respectively, 1s fairly well optimized for removal of a 
sector between colls. 

The piping Impact on maintenance has been discussed previously fn Section 
III.A.7. Figures III.A.l and 6, Indicate that neither piping for coolant or 
fuel loading/unloading will Interfere since their envelopes are narrower than 
the other sections of the blanket. 

III.A.10 Effect of Neutral Beam Penetrations* 

Two neutral beam ducts penetrate the blanket. The 0.4 m wide by 0.3 m 
high ducts enter at an angle 35* from the normal to the plasma and require 
removal of portions of 6 or 7 lobe modules in this area. If the lobe 1s 
blocked at the duct, the normal flow of pebbles from the top to the bottom of 
the reactor cannot occur. If the fuel Is channeled from the shortened lobes 
above the duct to the lobes below, audil'iunai design convexity wourc be 
required for the blanket. Only about 5% or less of the blanket 1s affected by 
the penetrations. The blanket design could be simplified by having modules 1n 
the regions of the penetrations restricted to tritium breeding. The effect of 
5% reduction of beryllium/thorium blanket coverage should be assessed and the 
design simplification resulting should be considered when the concept 1s 
further developed. 

Another Impact of the penetration 1s the loss of module side wall support. 
As previously discussed in Section 111. A. 8, the pressure against the side 
wall of each module 1s compensated for or balanced by the pressure Inside the 
adjacent module. This occurs along all modules except at the edge of the 

* Subsection III.A.9 will only apply if the neutral beam driven steady state 
mode is selected. 
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sector. A balanced side load must be provided at this location when the 
adjacent sector 1s assembled. Similarly, additional side load pressure 
restraint or balanced load must be provided at the beam duct penetration. 

III.A,11. Alternate Helium Cooled Reactor/Blanket Concept 

An alternate reactor/blanket concept which 1n many respects Is similar to 
the reference concept described 1n the previous sections was studied. 
Although the basic lobe shaped module was retained, the location of the 
dWertor was at the bottom of the reactor. This had an Impact on both the 
contour of the blanket around the plasma and dlvertor and of the fuel sphere 
Inlet and outlet configuration. This difference can be noted by comparing the 
proposed concept (Figure 1II.A.1) with the alternate concept shown 1n Figure 
JII.A. 12. 

Because the outer blanket contour had to be Inclined to permit the 
pebbles to be removed from the blanket by gravity, the dlvertor also had to be 
Inclined downward. Consequently, the "bent" shape of the dlvertor was not as 
amenable to remote removal from the blanket assembly. If It were removed, the 
Inclination of the dlvertor, would require that the lower PF coll be lowered 
to prevent Interference with the dlvertor and Its vacuum port. The Inclined 
dlvertor concept, likewise, added additional envelope height to t.ie sectors, 
would have required a larger TF coll bore to permit removal, and would 
Increase neutron leakage. The coll bore was not resized to eliminate points 
of interference between the sectors and TF colls, since the top mounted 
dlvertor concept appeared more attractive. On the positive side, the 
alternate configuration features a less complex fueling scheme (eliminates the 
34 pebble Inlet pipes per sector) and reduces shielding (sky shine) concerns. 

The cooling manifold concept for tne alternate design 1s essentially the 
same as that described previously for the proposed concept (Figure III.A.l), 
except that the location of the outer blanket cooling manifolds was 
different. This can readily be seen In Figure III.A.11 elevation and Figure 
III.A. 13 top view which shows the location of Inlet piping and manifold for 
both the inner and outer blanket sectors. The figure also shows fuel sphere 
Inlet pipes which make a transition from the circular section at the Inlet to 
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the flattened funnel contour at the top of the blanket to distribute fuel tu 
all of the blanket modules. The arrangement provides a gravity feed to the 
spheres for loading the blanket fueled region near the top center of the 
reactor. 

The reactor elevation, with typical dimensions for the concept, 1s 
Illustrated 1n Figure III.A.14 and can be compared with Figure III.A.3 fur the 
selected design concept. The three dotted dlvertor colls In the region of the 
lower part of the TF colls represent the location originally specified. The 
actual coll location shown (10.1 m) 1s about 0.5 m further from the plasma 
than the selected configuration specified 1n Table III.A.I. 

III.A.12 Summary and Design Issues 

The helium cooled reactor/blanket concept with a mobile fuel form appears to 
be a viable concept based on the scoping design and analysis effort to date. 
The first wall and module material thicknesses are structurally efficient and 
are reasonable from a neutronlcs standpoint. The single coolant path for the 
first wall and the Interior of the blanket leads to a relatively simple 
concept. Incorporation of the mobile fuel form adds additional complexity to 
the design, but the advantage of In situ refueling/reshuffling should by far 
outweigh the alternative of removing blanket modules which could lead to 
excessively long reactor down-time and low availability. The use of 
2 1/4 Cr-1 Ho represents a state of the art material selection, precluding the 
development of more exotic materials. The first wall concept Is unique 1n 
that design concepts 1n the past have not been directed to accommodating the 
effect of Irradiation Induced swelling. The design 1s further enhanced by the 
lower swelling characteristics of ferrltlc steel (as opposed to austenlMc) 
and the higher thermal conductivity which leads to lower thermal stresses. 
This corrugated first wall concept should be studied 1n greater depth because 
U 1s, 1n a sense, generic 1n that -It could be adapted to other blanket 
designs. 

However, because of the limited effort 1n the study to date, design 
Issues remain which will require further study. Some of these Items/issues 
are the following: 

3-27 



2.45 « R-

2.Z M R-

3.5 M R-
3.55 M R-
1.3 « R— 

.88 n—i 

HORZ. t 
OF TF -
COIL 

l e t M-

— 6.75 

10.1 H 

ESS 

13.9 M 

FIG. III.A.14 Reactor cross section elevation view showing typical 
dimensions for the helium cooled Fusion Breeder Reactor/ 
blanket (alternate concept with bottom-mounted divertor). 

3-28 



Concepts are needed for accommodating the lobe side wal l loading at 

the in ter face between blanket sectors. 

The re la t i ve merits and disadvantages of the selected hor i zon ta l l y 

( t o r o i d a l l y ) aligned t r i t i u m breeder containing tubes 1n comparison 

wi th an a l te rna t i ve ve r t i ca l (po lo ida l ) arrangement should be 

Invest igated more completely and the most e f fec t i ve arrangement 

se lected. 

The shield design should be pursued fur ther to understand the 
shie ld/b lanket In te r fac ing and provide a concept fo r an in tegrated 
sh ie ld and blanket design. 

The proposed loading of the bery l l ium/thor ium pebbles in to the top of 

the blanket through small ind iv idual tubes should be invest igated via 

the design of a fue l ing machine. The time to refuel and the 

achievable fuel d i s t r i b u t i o n should be est imated. 

The narrow flow channels (1 mm) on the inner side of the corrugat ion 

may be sens i t ive to dimensional variances and may impact cool ing 

ef fect iveness. The tolerance to which th i s channel width can be 

manufactured needs to be assessed. 

The re l a t i ve merits of having the vacuum pumps and addi t ional 
sh ie ld ing above the reactor for the selected design with the top 
mounted d i ve r t o r , versus the more conventional placement of the 
d iver to r below the reactor needs fur ther i n ves t i ga t i on . 

A detai led consideration of the PF co i l types, requirements, and 
locations has not been performed. S p e c i f i c a l l y , the locat ion of one 
or more normal d iver to r co i ls inside the TF co i l bore should be 
studied with respect to cost , ma in ta inab i l i t y , plasma con t ro l , and 
power consumption. A lso, the required magnetic charac ter is t i cs of the 
OH coi l and i t s space requirements need fu r ther study. 
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• Procedures and equipment to replace the sector r.»dules (including the 
divertor) require further study. 

• Configuration and mechanical support arrangement for the si l icon 
carbide reflector needs further study. 

In further developing the design, efforts should include the shield, 
additional system Interfacing components ( i . e . , heat exchangers, vacuum pumps, 
helium pumps, etc.} and interconnecting piping. The vacuum sealing boundary 
should be better defined and seal concepts pursued. In addit ion, i t may be 
possible to further optimize the TF coil size by trade off between the size or 
the horizontal versus vertical bore to minimize magnet size and cost. 

Final ly, since the f i r s t wall is a key to blanket design, a representa­
t ive section of the f i r s t wall with provisions for cooling should be tested in 
a high heat f lux test f a c i l i t y . 
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III.B CHOICE OF A TRITIUM BREEDER 

III.B.l Introduction 
A principal goal of fusion breeder blanket design is to n»ximize f i ss i le 

fuel production via the use of an eff ic ient neutron mult ipl ier (see 
Section I I I .C) . A consequence of the use of a separate neutron mult ipl ier (in 
this case beryllium) is that the t r i t ium breeding material is not required to 
provide a capability for neutron multiplication as well . Rather, the 
preferred t r i t ium breeder is required to result in a practical engineering 
design which minimizes both the t r i t ium breeder volume fraction and any 
parasitic absorption of neutrons. As a result of this design orientation, <j 
number of t r i t ium breeding materials which cannot provide adequate t r i t ium 
breeding in the absence of an effective neutron mult ipl ier for fusion-electric 
blanket {e.g. , l i thium aluminate, FLIBE) can be considered for use in the 
fusion breeder. 

Engineering considerations leading to the choice of a t r i t ium breeder are 
presented in this section. This choice was made by reviewing the properties 
of suitable breeders and their respective design implications in the areas of 
breeding performance, t r i t ium handling, and safety. A more detailed 
comparison between solid and l iquid breeders is presented prior to the 
discussion of conclusions and recommendations. 

I I I ,B.2 Breeder Material Properties 

Figure I I I .B .1 shows the mechanical configuration of the helium-cooled 
fission-suppressed blanket design. The t r i t ium breeder can be contained in 
tubes (shown) or plates which are surrounded by the composite pebbles of 
beryllium and thorium. The helium coolant is passed through the packed bed of 
pebbles and fuel elements at high speed to provide adequate heat transfer. 

The key properties of several candidate t r i t ium breeders are summarized 
in Table I I I . B . 1 . These candidates were selected because they represent 
dist inct classes of breeders: l iquid versus sol id, insitu neutron 
mult ipl ication versus none, and t r i t ium release as To versus ToO. 
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Table I I I . 8 . 1 . Tritium Breeder Properties and Thermal/Mechanical Aspects. 

Li 20 LiA10z T7L183Pb Li 
FLIBE 
(66-34) 

FLIBE 
(47-53) 

k(W/m-K) 3 1.73 16 56 1 0.8 
P (kg/m 3) 2010 2520 9400 450 2000 2OD0 

C p (J/kg-K) 2600 1464 1600 4200 2380 2350 

HP (°C) 1430 1610 235 180 460 363 
Preferred Fuel Form Plate Plate Tube Tube Tube Tube 

h (W/m2-K) 3000 3000 2000 2000 2000 2000 

Interface T (°C) 
PCA/HT-9 m a x 

550/550 550/550 430/475 495/550 550/550 550/550 

Breeder Temperature 
Window (°C), min/max 

420/800 420/1200 235/1370b 180/1370 460/1370 363/1370 

Breeder &T ("C) q'"x2/2k q"'x2/2K q'"r2/4k q'"r2/4K q'"r2/4k q"'r2/4k 

Characteristic 
x or r (cm), (9 W/cc 
(IB W/cc) c 

1.4/1.0° 
)/ 

1.6/1.13d 3.6/1.8e 5.8/2.9e 2.4/1.7d 1.9/1.4d 

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 
(%)f 

aHax. temp.less than 550°C (structural stress l im i t ) defined by max. corrosion rate of 
b Boi l ing point of L1 = 1370gC at one atms. 
c x-plate 1/2 width, r-tube radius. Helium coolant characterist ics: P = 50 atm, T i n = 
T o u t = 500°C, T c o o l a n t = 420°C; q ' " = 9 W/cc at r = 1.5 MW/m2. 
Breeder element dimension l imited by T w ^ n ( J o w and interface T m a x . 

eBreeder element dimension limited by interface T m a x . 
fClad thickness = 0.25 mm. 

20 pm/yr. 

275°C: 



LigO has the highest lithium atomic density among all tritium breeders 
and is the only solid ureeder that has the potential of breeding adequate 
tritium without the need of a neutron multiplier. The bred tritium is 
expected to be released as T z0, a chemical form which is markedly less apt to 
leak through the steel tube into the helium coolant than the atomic form, 
T 2. Thus, a purge flow tritium extraction design is usually adopted. 
However, recent LiAlO^ insitu tritium extraction experiments (1) indicated 
that a large fraction of the tritium may be released in noncondensable form-
Similar behavior could be expected for Li 20. Since the results of this 
experiment are not fully understood, further investigations are needed, l^® 
has the disadvantage of being very hygroscopic, which implies the need for 
special attention during manufacturing and fabrication. Temperature control 
and irradiation damage effects (e.g., reductions in thermal conductivity) 
which influence the steady-state tritium inventory in LigO and irradiation 
growth (i.e. swelling) are key issues for this breeder (2). A final issue 
involves the activation of impurities the solid breeder and the radiological 
consequence associated with recycle of the breeder material and personnel 
exposure during the refabrication process. 

LiA102 is the solid breeder that has the most available and most 
favorable material p operty data. It is very stable and has a large 
temperature window, but requires the use of a neutron multiplier in order to 
obtain adequate tritium breeding. The activation of LiAlO^ is an issue. 

Among the Li-Pb eutectics, 17Li83Pb is favored because a low chemical 
reactivity results due to its high content of lead (which is also a good 
neutron multiplier). Is has a low melting point of 235°C and a very low 
solubility for tritium. Thus, the tritium inventory will be low, but the 
problem of handling Tj> in the blanket without excessive leakage appears to be 
very difficult. As shown in Table IJ1.B.1, the v. ight and corrosiveness of 
17Li83Pb are additional concerns (2). 

Liquid lithium is known to be an excellent tritium breeder. However, its 
high chemical reactivity leads to potential safety concerns - especially if 
water cooled components are located near the blanket. Bred tritium is held in 
lithium in the form of LIT and normal releases will be minimized, but lithium 
will need to be circulated for tritium extraction outside of the blanket. 
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Table III.B.2. Summary of Tritium Control and Recovery 
Issues for Candidate Tritium Breeders. 

Li z0 LiAlO, 17Li83Pb Li FLIBE 

Tr i t ium Form T 20 T 20 

T Ext rac t ion ; 

Helium Coolant 
Breeder C i r cu la t i on 

Purge Flow X X 

T ? LIT T 2
a 

X X 
X 

Stainless Steel Liner b 

aA design option for tritium as TF is also possible, but not selected due 
to corrosion issues. 

bFor safety, a stainless steel liner would be needea for the T 2 extraction 
system piping outside of the blanket. 

Because of its low lithium density, FLIBE, a lithium-beryllium fluoride 
molten salt, also require." a neutron multiplier as well as isotopic enrichment 
in "Li for adequate breeding. It is known to have the advantages of excellent 
irradiation stability, low pressure operation, and chemical compatibility. 
These features imply safety advantages when compared to lithium and opera­
tional advantages when compared to the solid breeders and Li-Pb. The poten­
tial problem of TF (hydrofluoric acid) formation can be resolved by rapidly 
flowing the FLIBE to maintain the TF concentration at a low value and/or by 
the addition of a reducing agent (e.g., excess berylliun) in the salt such 
that BeF z and T 2 are formed instead of TF. in the latter case, the issue of 
tritium release in the form of T 2 would be similar to that for 17Li83Pb. 

Table III.8.2 summarizes some tritium control issues and recovery for the 
different breeders. 
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III.B.3 Some Design Implications 
One key design issue is the estimated structure volume fraction required 

by each option and the impact on tritium and fissile material breeding per­
formance. The characteristic fuel element dimensions and the fractions for 
each of the tritium breeding materials discussed earlier are presented in 
Table III.B.l. The characteristic dimensions were defined either by the 
breeder material-cladding interface temperature, or by the maximum fuel 
element centerline temperature. The maximum centerlina temperature for the 
liquid breeders was set at the boiling point of lithium. 

In calculating the characteristic dimensions for FLIBE tubes, the effect 
of natural convection was included. This effect was estimated by assuming a 
magnetic-laminar flow Nusselt number of 8.23 (3). Under this assumption, 
convection enhances the fluid heat transfer by a factor of two over purely 
convective heat transfer. This interpretation was compared by calculating the 
modified Peclet number (4), Pe, which gives the ratio of convective to conduc­
tive heat transfer in a uniform magnetic field. At a magnetic field of 4T and 
a characteristic dimensions of 2 cm, Pe = 2.15 was calculated for FLIBE, This 
is slightly higher value agrees well with the above model. 

With reference to Table III.B.l., all the fuel element characteristic 
dimensions look reasonable. Lithium, because of its higher thermal conduc­
tivity, can provide the largest fuel element tube diameter and thus the 
smallest structure volume fraction. It should be noted, however, that a 
characteristic breeder dimension in excess of ~ 2 cm would conflict with 
nuclear design requirements (see Section III.C) which specify both a low 
tritium breeder volume fraction and dispersal of the tritium breeder as uni­
formly through the blanket as possible. This neutronics constraint would 
increase the structure volume fraction of a lithium breeder to a similar 
percentage as the other breeders. Table III.B.2 also indicates some safety 
considerations. Since lithium has a relatively high chemical reactivity, a 
stainless steel liner for the tritium extraction system piping and other 
lithium safety systems would be required. 

Another key issue for the breeder comparison is the handling of 
tritium. For the solid breeders, a purge flow design is required for the 
positive control of tritium and the containment of the solid breeder. This 
requirement is based on the assumption that most of the generated tritium is 
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in the condensable form. As indicated earlier, the species of tritium re­
leased from a solid breeder purge flow design is uncertain. If the dominating 
species of tritium is released in noncondensable form, a reliable permeation 
barrier at the fuel cladding and at the steam generator tubes will have to be 
identified in order to satisfy the limit of tritium release to the environ­
ment. 

Limited irradiation data on solid breeders exist (2) and potentially 
large increases in breeder volume under irradiation were identified. The 
swelling effect on LigO was found to be more severe than LiAlO^. If the 
breeder dimension change cannot be handled by creep and design configuration, 
swelling tolerance will need to be configured into the design. This would 
have impact on design complexity and an increase of void fraction of a few 
percent in order to accommodate the swelling effect could introduce heat 
transfer/temperature control difficulties. Not enough data are available to 
quantify the other potential damages of the solid breeder material due to 
thermal and irradiation effects. These damages can also affect heat transfer 
and tritium inventory. 

If flowing liquid breeders like 17Li83Pb and FLIBE out of the blanket for 
tritium removal does not satisfactory limit releases to the primary coolant, 
a simpler option would be to contain these breeders in sealed, but helium 
pressure relieved (i.e., vented) tubes. The bred tritium would then be 
allowed to permeate through the tube wall and to be extracted from the main 
coolant. Although the flowing purge system would be eliminated, it 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 in order to 
maintain an acceptably low level of tritium leakage from the piping and steam 
generator. Also, this.mode of tritium recovery requires the addition of 
oxygen to the coolant and the reliance on oxide barriers. Key issues still 
.-emain on the oxidation kinetics of T 20 under irradiation and the adequacy of 
the effective permeation barrier of steam generator tubings. Other design 
fixes like a double wall heat exchanger and tritium barrier coatings would 
need to be considered. 

The following observations can be made from the above comparisons of the 
various breeders: 
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• Among the solid breeders, Li'20 and LiAlOg are both credible and are 
similar in engineering application. LigO was selected over LiAlOg due 
to existing emphasis in the fusion-electric program. LiAlOg could 
ultimately be preferred for this application due to its chemical 
stability, resistance to irradiation damage, and larger temperature 
window. The higher lithium density of Li 20 is an advantage, but not a 
high priority issue because of the separate neutron multiplier. 
Tritium control may be an important Issue in either case. 

• Among the liquids, lithium is rejected due to safety concerns (an 
unnecessary burden in this case). 

• FLIBE and 17Li83Pb are both credible liquid breeders and are similar 
in engineering application. FLIBE is non-corrosive at the design 
operating temperature and is favored in this respect. 17Li83Pb has a 
lower melting temperature and is preferred if corrosion is not 
limiting. 

In Section III.B.5, representative solid and liquid breeders are further 
compared. 

III.B.4. Comparison Between LigO and FLIBE 
Recognizing the potential problem of irradiation effects on the solid 

breeders, a direct comparison was made between the LigO helium purge flow 
option (2) and a "pressure relieved" FLIBE option. In the latter case, no 
FLIBE would flow, but the accumulated helium (due to tritium production in 
the FLIBE) would be allowed to migrate and bubble up to a free surface in a 
reservoir located above the blanket, thus, the pressure which would otherwise 
accumulate in the individual tubes (2) could be relieved. The volume above 
the free surface would be controlled to maintain the desired pressure (perhaps 
50 ATM) and to recover any free tritium which does not leak into the primary 
coolant. Given the lack of solubility of tritium in FLIBE (or 17Li83Pb), an 
actively flowing purge system would appear to be unjustified as a mechanism to 
substantially avoid processing tritium in the primary coolant. 

* The flowing FLIBE option did not appear to be a viable candidate when this 
report was prepared, but more recent studies indicate that an optimal 
combination of permeation barriers and FLIBE circulation/processing with 
the tritium in the form of To or TF (preference unknown) could effectively 
limit tritium permeation to the primary loop. 
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Table I I I . B . 3 . L i z O and FLiBE Comparison (Breeder Volume Fraction ~ b% 

Needed for the Fission-Suppressed Design). 

FLIBE 
Issues L i 2 0 (Purged) (Pressure Relieved) 

Design 

Mechanical design Complex/active Less complex/passive 
Helium generation No problem No problem 
Clad/breeder fraction ~ 3% 2.6% 

Characteristic dimension 1 to 1.4 cm 1.4 cm radius 

Radiation damage Effect unk nown None 

E l e c t r o l y t i c decomposition None Minor 

Compat ib i l i ty Good Good3 

In ter face T window (HT-9) b 360-550 c 363-550 c 

Breeder T window 410-800 363-1370 

Neutronics 
TBR No Problem No Problem with 6Li enrichment 

Thermal/Hydraulics 
Helium, T o u t / T i n 500/275 500/275 
Pumping power Acceptable Acceptable 
Hot spot temperature Acceptable Acceptable 
Natural convection None Some 
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Table I I I . B . 3 . L i 2 0 and FLIBE Comparison (Breeder Volume Fract ion - 5% 

Needed for the Fission-Suppressed Design). Continued 

Issues Li 20 (Purged) 
FLIBE 

(Pressure Relieved) 

Tritium Handling 
Extraction from purge system Primary 

extraction mode 
Form 
Tr i t ium inventory/GW^ 

Tr i t ium ext rac t ion from 
main coolant 

Safety and R e l i a b i l i t y 

Module burst 

Tube leakage 

1-p and Tg 
< 2 kg 
Secondary 
extraction mode 

Solid in tube 
Burden on 
extraction 

T 2 in main helium stream Minor effect 

Secondary processing only 

Few hundred gm 
Primary extraction 
mode 

Molten salt in tube 
Molten salt in helium 
stream cold trap 
Design load 

aWith beryllium added for TF control. 
''Present materials limit estimates. 
cUpper limit due to maximum structure temperature. 

Table III.B.3 summarizes the results of the comparison. The low .lelting 
point FLIBE was selected for the comparison in order to obtain the maximum 
operating temperature window. 

From mechanical design considerations, no feasibility problem was 
identified. The fuel element dimensions for both designs, as determined by 
heat transfer considerations, are of reasonable sizes as also shown in 
Table iiI.B.1. 
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Considering material properties, the radiation damage effects on Li^O are 
largely unknown, although recent fusion reactor irradiation results indicate 
that some swelling may occur at high bu'nups. The problem of TF formation is 
resolved in the FLIBE option by adding excess beryllium into the FLIBE as a 
reducing agent. 

From the consideration of tritium handling based on unirradiated material 
property data, the LigO design blanket inventory might be less than 2 kg/GW^h, 
due mostly to the solubility of TgO in Li 20. The FLIBE design would have a 
tritium inventory of less than 1 kg/GU.^, due to the necessary tritium build­
up in the tube to force permeation across the cladding. When considering the 
design effects on blanket safety and reliability, both options have multiple 
boundaries and can potentially tolerate minor tube in-leakage without reactor 
shutdown. 

With the above comparison, it can be concluded that no feasibility design 
issues have been identified for the options considered, 

III.B.5 Conclusions 
From the discussion and comparison presented above, it is somewhat 

arbitrarily recommended that LigO be considered as the breeder because the 
issues associated with tritium release to the environment (via the primary 
coolant) may be less severe and because it is currently receiving the greatest 
attention in the national program. If the hygroscopic, irradiation damage or 
activation properties for LigO out-shadow its favorable properties, the option 
of using a liquid breeder or LiA10 2 should be kept open. 
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III.C. NUCLEAR DESIGN ANALYSIS AND PERFORMANCE 

III.C.l Objectives 

At this e^rly stage of our investigation of the tokamak-based, 
fission-suppressed fusion breeder, our objective was to arrive at a plausible 
nuclear design concept; one with the potential to produce fissile fuel (U-233) 
at a competitive cost while suppressing fission to enhance both safety and 
support ratio. 

The starting point for this dosign was our FYS2 tandem mirror fusion 
breeder reference blanket design.(1,2,3) The FY82 design basically consists 
of a pebble bed of composite 8e/Th pebbles cooled by liquid lithium. The 
pebble bed facilitates quick refueling without blanket disassembly while the 
lithium is a mobile tritium breeding medium as well as the heat transfer 
medium. To account for the harsher environment of the tokamak (i.e., higher 
surface heat flux and magnetic fields), a new design evolved in which lithium 
was replaced by helium for cooling and by purged tubes containing a tritium 
breeder within, as well as behind the mobile pebble bed, for tritium 
breeding. As discussed in section III.B, Li ?0 was selected as the tritium 
breeder, but several other breeding compounds (e.g., Li-Pb, FLIB£, LiAl0 2) 
can also be attractive for this application. The mobile pebble bed was 
retained to facilitate fuel loading and unloading. 

The objective of this nuclear analysis was to appraise the performance 
potential by estimating net breeding of fissile material in a system that has 
a tritium breeding ratio of 1.0, and to estimate heating profiles for input to 
the heat transfer and fluid mechanics design and analysis of section III.D. 

III.C.2 Methods of Analysis 

The procedure used to perform the nuclear analysis consisted of 
developing geometric models approximating various aspects of the blanket which 
were then analyzed with one or two Monte Carlo transport codes: TART, a 
coupled neutron-photon, 3-D Monte Carlo transport code using a 175-group 
nuclear data set generated from ENDL, the Livermore-evaluated nuclear data 
library(4,5); and ALICE, a variant of TART that treats resonance effects by 
using the probability table method.(6) Most cases were run with 5000 source 
neutrons, resulting in less than 2% standard deviation. 
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A cross section of the actual configuration was shown in Fig. III.A.l. 
The models developed for the Monte Carlo analysis are simplifications of the 
actual geometry that are intended to reasonably approximate its important 
aspects. 

Four models were developed and employed for this analysis. The first is 
a toroidal 2-D model approximating the overall aspects of the toroidal 
geometry. The second, a unit cell of the pebble bed, was developed to e'.amine 
heterogeneous and resonance self-shielding effects. The third, also a 
toroidal 2-D model, was used to estimate the effects of the poloidal 
divertor. Results from these first three models were then Combined to 
estimate overall performance. A fourth model, a 1-D radially zoned cylinder, 
was used to estimate heating profiles. This was done early in the study to 
provide input to the heat transfer and fluid mechanics design and analysis. 

II1.C.3 Toroidal 2-D Model and Results 

The toroidal 2-D model is rectangular in cross section, with both radial 
and axial zoning. This model approximates the overall aspects of the blanket 
geometry and is the basic model used to estimate nuclear performance. This 
model is shown in Fig. III.C.l. The dimensions shown for the first walls, 
inner and outer blankets, top and bottom blankets and shields are the final 
dimensions used and reflect the limitations imposes by plasma and coil 
geometries. The critical inner shield thickness of 54 cm, as used in 
Sterfire, was used to set the inboard blanket dimensions. The thin (10 cm) 
shield zones used in this mode are there only to provide for appropriate 
reflection for the blanket. 

The plasma is approximated by an isotropic 14 MeV neutron source of 
constant density distributed in the rectangular torus as shown. The fraction 
of source neutrons from this source crossing the inner, outer, and top + 
bottom first walls are given in Table III.C.l. 

The first wall in the model consists of an erosion layer (0.9 cm 
initially, 0.45 cm ave.), 0.6-cm Fe structure and a 6-cm He plenum. The 
blanket contains the Be/Th pebbles plus Li^O-containing tubes. The rear 
5 cm of the blanket consists of a dense pack of LigO-containing tubes. 
Material compositions in these zones are given in Table III-C.2. Material 
atom densities are given in Table III.C.3. 

3-44 



© 

- V *— 

N—I* 

tr « 

Q 
- I 
UJ 
X 
CO 

tr 
HI z z 
© 

Si 

TOPCS BOTTOMJSHIELD 

hr 

3i 

I! 
- I 

I 

W 
T»B) BLANKET (^i 

T(aB)lSt. WALL tf 

m 
CD 

(D lO 

CO 

1.6 i 

CM 

00 
CM 

14 MeV i 
SOURCE 

J l _ l Q 
Q) REFLECTING BOUNDARY 

I © 
UJ 

z 
< 
CQ 
cc 
UJ 
H 

iS 

PLANE ( * ) 2 (m) 

© 

D 
_J 
UJ 

CO 

cr 
UJ 
i -
r> o 

(14) 4.53 

(13) 
(18) 
(12) 
(11) 

@ 

4.43 
4.38 
3.425 
3.35 

CMO 
fs.00 o in 

L— do) o.o 

eo oo 

O 
v> 
CO 

o 
05 

* *- C M * - C T W « « t» «"* CO 

(ZONE *'s ARE CIRCLED) 

F i g . I I I . C . l . T o r o i d a l 2D Model . 

3-45 



Table III.C.l Source Neutron Distribution 

X 
17.3 
32. J 
50.7 

To 
Inner first wal1 
Top + bottom first wal 3 
Outer first wal1 

Table III.C.2 First-Wall and Blanket Compositions 

• First wall = erosion layer + structure + plena 
0.45 (ave.) cm Fe + 0.6 cm Fe + 6 cm He 

• Bed with Li,0 in tubes 

Materia] Volume Fraction 
Fe structure .05 
Fe tubes (1" 00, 20 mil wall, .0077 

7 cm pitch) 
Li 20 .0905 
Be .4510 
Th .0238 
(U/Th) (1 a/o) 

• Li,0 zone 

Material 
Li 20 
Fe 

Volume Fraction 
.80 
.08 
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Table III.C3 Material Atom Densities 
{atom/cc x 10* 2 2) 

First wall 
(zones 3, 4, 5} 

Bed 
(zones 6, 7, 8) 

Fe 1.19 

Outer (LipO/Fe) zones 
(zones 15, 16, 17) 

Inner shield 
(zone 9) 

Outer shield 
(zone 10, 11) 

Fe 0.49 
Li6 0.032 
Li7 0.700 
0 0.367 
Be 5.60 
Th 0.0716 
U233 0.00072 
Fe 0.678 
Li6 0.389 
Li 7 6.096 
0 3.24 
U 5.06 
H 1.34 
0 0.67 
BIO 0.07 
Fe 6.78 
H 1.34 
0 0.67 
BIO 0.07 

(4.4%) 

(6 a/o) 

The toroidal 2-D blanket model was analyzed with the TART code. Breeding 
ratios, tritium and net U-233 (T + F t ) are listed in Table 1II.C.4 for 
four Li6/Li ratios ranging from 0.55 to 4.4. Within this range T varied 
between 0.70 and 1.10 while T + F t ranged between 1.61 and 1.83. Most of 
the change in T + F t can be attributed to (n,y) capture in the bed's 
iron structure. The U-233 fission ratio (fission per 14 MeV neutrons) 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 
suggested by Meier (7) and by Greenspan (8). 
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Table III.C.4 Breeding and Other Reactions per DT Neutron vs. Li6/Li Ratio 
with Toroidal 2-D Model 

6Li/Li(.%) T F U (n , f i s s ) 

0.110 

T* F * jet tie + Fe(nS7J 

0.55 0.703 1-036 

U (n , f i s s ) 

0.110 1-614 .22 

1.08 0.838 0.957 0.083 i.726 .147 
2.V 0.968 0.877 0.060 1.776 • 093 
4.4 1.096 0.786 0.042 1.834 .061 

T = L i ( n.T) 
F = Th (n.Y) 
F n e t 5 F " U (n . f i ss ) - U( n.-f) 

A variation of this blanket, one with all of the lithium-containing 
breeder trubes behind, rather than in the Be/Th pebble bed, was considered 
first but was found to have lower T +F . [1.61 (with T = 1.02) vs. 1.83 

net L 

(with T = 1.10)] and also a higher n,fission reaction rate (0.096 vs. 0.051). 
Consequently, it was dropped in favor of having Li as well as Th in the Be 
zone. The factor of 2 lower fission rate with the Li and Th/U combined in the 
same zone shows the advantage of this configuration for suppressing fission. 
While the segregated configuration gives lower breeding and higher fission, it 
is a somewhat simpler configuration and the Be pebble bed is much thinner, 
•>. 20 vs. ̂  60 cm. 

With the fusile and fissile (T and F) breeding in different zones, the 
maintenance of T = 1.0 is simplified. When Li arrd Th are in the same zone, 
T is set by the Li concentration as shown in Table III.C4. The Li 
concentration decreases about 2.4%, on average, per MWY/m exposure. This 
in turn will decrease T, but the decrease is not estimated to be significant. 
For example an optimistic maximum blanket exposure of 20 MirfY/m may decrease 
the Li concentration by about 502 which, according to Table III.C.4, would 
decrease T by about 12%. By replacing 1/4 of the blanket modules at a time, 
the swing in T for the whole blanket would only be about +T.5%. This estimate 
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is crude because the poloidal variation in wall loading and the radial 
variation in 5Li "burn out" are not accounted for. These two effects should 
tend to counteract each other. 

A breakdown of the reactions and energy deposition in the individual 
zones of the 2-D toroidal model (Fig. III.C.l) is given in Table III.C.5. 

III.C.4 Unit Cell Model and Results 

The toroidal model just described homogenizes the Be/Th pebbles, the Fe 
tubes and the Li ?0 they contain. To determine if spatial and/or resonance 
self-shielding are important in the actual tube plus pebble configuration, the 
heterogeneous unit cell model shown in Fig. III.C.2 was developed. The unit 
cell models a 7 x 7-cm array of Fe tubes containing Li~0 with homogenized 
Be/Th pebbles between the tubes. An x-y plane source of isotropic 14 Me'/ 
neutrons is at z = 0. The sides of the unit cell are reflecting, making the 
model behave as an infinite array of unit cells. 

This heterogeneous unit ceil model was analyzed with both the TART and 
ALICE codes to examine both heterogeneous and resonance effects. A 
homogenized version of this unit cell was also analyzed with the TART and 
ALICE codes. Results of these four runs are given in Table 1I1.C.6. When the 
heterogeneous ALICE case is compared to the homogeneous TART case, it is found 
that the total breeding (T +F) is nearly the same (ratio = 0-99) but the ALICE 
case has higher T (18%) and lowei i 

The resonance effect is, thus, important insofar in determining the 
proper mix of Li6 and Th but apparently less important in determining total 
breeding. To better optimize the breeding ratios, an increase in Th is 
favored over decreasing Li6. Thus, captures in the structure can be prevented 
from becoming important, at least until U (n.fiss) reactions become 
significant. 

Based on comparing these unit cell cases, it appears that resonance, "-.LIC 
bed heterogeneous, effects have the major impact on performance. The ratio of 
the h.r.erogeneous ALICE results to the homogeneous TART results are used to 
approximately correct the toroidal 2-D model results for bed heterogeneous and 
resonance effects. 
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•Li 20 (p = 1.9, 3 a/o b Li) 

-Fe TUBE WALL 

SOURCE. X Y PLANE 
AT Z = 0 + 

ALL PLANES ARE REFLECTING 

B e / T h BED COMPOSITION 

Be* = 47.5 v/o 

Th** = 2.5 v/o 

He = 50.0 v/o 

*(Fe - 0.1 a/o in Be) 

**(U - 0.5 a/o in Th) 

**(Pa - 0.5 a/o in Th) 

Fig. I I I .C.2. Unit Cell Model. 
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Table III.C.6 Unit Cell Model Results* 

Heterogeneous Cases 
(TART) (ALICE) 

Homogeneous Cases Heterogeneous Cases 
(TART) (ALICE) (TARTJ (ALICE) 

T 1.351 1.604 1-362 1 -67 
Th(n.Y) 1-047 .747 .999 .73! 
Th (n.fiss) .011 .011 .01) .011 
U (n.f) .043 .052 .032 .039 
U <n, T) .0063 .0053 .0051 .0043 
Pa (n, Y) .034 .028 .(J.JU .026 
Fe (n,y) .0203 -0213 .0154 .0126 
Fnet .964 .662 .933 .662 
T + Fnet 2.32 2.27 2.29 2.33 
E (MeV) 27.82 29.89 28.4 30.2 
Energy part it ioning (%) 

Be/Th 70 68 
Li 20 29 31 
Fe tube 1 0.7 

* 6li/Li = 2.97X, U/HM - 0.5 a/o, Pa/HK = 0-5 a/o 

III.C.5 Divertor Modeling and Results 

The poloidal divertor requires a major penetration trirough the blanket as 
well as special materials due to its nigh particle and surface heat fluxes. 
The geometric model developed to assess the effects of tne divertor on blanket 
performance is shown in Fig. III.C.3. Its geometry is toroidal with zone 
numbers circled. Zone I is the vacuum zone in which an isotropic, 
constant-density source volume is located. Zones 2-5 are staMard first-wall 
zones as described in subsection III.C.3 and zones 6-10 and 19 are standard 
blanket bed zones. Zone 11 is the divertor first wall, 12.6-cm thicK, 
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consisting of a homogeneous mixture of Be (1 cm), Cu (2 cm), H ?0 (1 cm), Fe 
(2.6 cm) and He (5 cm). Zone 12 represents the divertor vacuum duct. Zones 
13-18 are external leakage zones. 

TART results by zone are listed in Table III.C.7. The total breeding 
ratio (T + F) is 1.59 and the total energy absorbed is 26.0 MeV. This problem 
was repeated with the divertor opening closed with a reflecting boundary. The 
total breeding for this second case is 1.87 and energy is 28.5 MeV. By 
comparing these two cases it is estimated that the divertor will cause a )5% 
decrease in total breeding (7 + F) and a 9% decrease in blanket energy when 
compared to the blanket model without the divertor. 

III.C6 Estimate of Overall Performance 

Results from the toroidal, unit CTII and divertor models are combined to 
give the foPowing estimate of overall blanket performance. 

Total net breeding 1.55 (_+ 10%) 
Tritium breeding required 1.01 
U-233 net breeding 0.54 (+ 30%) 
Energy (@ U/HM = 1.0 a/o) 26.5 MeV (-20%, +40%) 

The total net breeding value (T + F t ) is obtained by starting wi th 
toroidal model T + F t (1.83) and multiplying it by the ratio of the unit 
cell heterogeneous ALICE case to the homogeneous TART case (0.99). This 
product is in turn multiplied by the ratio of the with-to-without divertor 
model cases (0.854). The U-233 breeding ratio is then obtained by subtracting 
the required tritium breeding ratio, which is assumed to be 1.01. Blanket 
energy is calculated in a similar manner: E (@ U/HM = }%) = 27.7 x 1.05 x 
0.91 = 26.5 MeV. Decay energy is not included. The unit cell model had 1/2 
the (J "enrichment" used in the other model to counter the infinite nature of 
and lack of structure in the unit cell model. A better method of estimating 
U-233 fission is needed. 

The above values are per OT source neutron. The uncertainties listed are 
crude estimates that include data and modeling-caused uncertainties in 
addition to the ̂ 2 % Monte Carlo statistical uncertainty. The total energy 
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deposited per fusion is expected to have a larger uncertainty in the upwards 
direction than the downwards direction due to remaining uncertainties in the 
details of the resonance self-shielding treatment. Not included in these 
estimates are effects of module end plena and n, ganma reactions in Pa-233. 
Heterogeneity of the composite Be/Th pebbles (not investigated) may also 
affect results. 

Table I1I.C.7. Divertor Model TART Results by Zone 
(per DT Neutron). 

Total Energy 
Material Zones T F Capture (MeV) 

2 .011 .37 
3 .010 ,33 
4 .020 .78 
5 .008 .31 
6 .176 .127 .330 4.31 
7 .167 .128 .322 4.22 
8 .382 .282 .726 9.93 
9 .128 .095 .244 3.35 
10 .060 .041 .109 1.30 
11 .062 1.02 
19 .004 .004 .009 0.10 

Totals .917 

Energy 

.677 1.85 26.0 

Leakage Zones (MeV) Leakage 
13 0.07 .034 
14 0.02 .019 
15 0.08 .047 
16 0.17 .115 
17 < .01 <.001 
18 < .01 .006 

Totals 0.34 .221 
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The t r i t ium breeding can be increased as required, but any additional 
bred t r i t ium must be subtracted from the net f i ss i le fuel production. I t is 
important to note that even a 1% loss of t r i t ium from a 3000 MWf plant would 
represent a release of 4.5"1(P curies per day! Similarly, the allowed 
recovery cost at 10,000 $/g would be ~ 12SM/yr per percent t r i t ium. 

1II.C.7. Recommendations 

Neutronically, the He-cooled composite Be/Th pebble bed blanket with 
tubes containing Li within the bed looks to be the best candidate considered 
thus far for the tokamak breeder application. In fact, it is also an 
attractive candidate for the tandem mirror. 

It must be emphasized that this nucleonics analysis is preliminary. 
Future work must better quantify and reduce the uncertainties and optimize the 
design to maximize specific breeding. For example, significant higher 
specific breeding looks achievable by increasing the Th content above the 
~ 2 v/o used here (7). The effects of Li tube size and pitch, composite 
pebble heterogeneity, module edge effects, and source geometry also need to be 
further investigated. And, of course, sensitivity to data uncertainties 
(especially beryllium) need to be quantified. In the longer run, cost 
optimization will require knowing the tradeoffs between breeding and bed 
thickness, reflector thickness and/or the effects of replacing Be in the bed 
with a cheaper moderator. 

3-56 



References, Section I I I . C 

1. D. H. Berwald, et a t . , "Fission-Suppressed Hybrid Reactors - The Fusion 
Breeder," Lawrence Livermore National Laboratory, UCID-19638 (1933). 

2. R. W. Moir, et a l . , "Fusion Breeder Reactor Design Stud ies, " Proc. F i f t h 
Topical Mtg. on the Tech. of Fusion Energy, Knoxv i l l e , TN, 1983, in 
Nuclear Technology/Fusion, Vol . 14, No. 2, Part 2, p. 589. 

3. J . D. Lee, "Nucleonics of a Be-Li-Th Blanket For The Fusion Breeder," 
Proc. F i f t h Topical Mtg. on the Tech. of Fusion Energy, Knoxv i l i e , TN, 
1983, in Nuclear Technology/Fusion, Vol. 14, No. 2, Part 2, p. 605. Also 
Lawrence Livermore National Laboratory Rpt. UCRL-88237 (1983). 

4. E. F. Plechaty and J . R. Kiml inger, "TARTNP: A Coupled Neutron-Photon 
Monte Carlo Transport Code," Lawrence Livermore National Laboratory, 
UCRL-50400, Vo l . 14 (1975). 

5. E. F. Plechaty, D. E. Cul len, R. J . Howerton and J . R. Kiml inger, "Tabular 
and Graphical Presentation cf 175 Neutron-Group Constants Derived From The 
LLL-Evaluated Nuclear Data Library (ENDL)," Lawrence Livermore National 
Laboratory, UCRL-50400, Vol . 16, Rev. 2 (1978). 

6. £. F. Plechaty and D. E. Cul len, "Resonance Sel f -Sh ie ld ing Calculat ions 
Using The Probab i l i t y Table Method," Lawrence Livermore National 
Laboratory, UCIO-17230 (1976). 

7. W. R. Meier, "A High Performance, Suppressed-Fission ICF Hybr id , " 10th 
IEEE Sym. on Fusion Engineering, Phi ladelphia, PA, 1983; also Lawrence 
Livermore National Laboratory Rpt. UCftL-89274 (1983). 

8. E. Greenspan and G. H. Mi ley, "Tr i t ium Assisted Fusion Breeders," 
UCIO-19874, Lawrence Livermore National Laboratory (1983). 

3-57 



. I I . D FLUID DYNAMICS AND HEAT TRANSFER 

I I I . D . l In t roduct ion 

For a tokamak reactor , the most c r i t i c a l heat t rans fe r problem is the 

i r s t wall design. In order to accommodate the problems of surface heat 

eraoval, surface erosion and tolerance of radiat ion- induced swe l l i ng , the 

mellows f i r s t wall design was conceived and selected for tne fusion breeder 

j l a n k e t . Two-dimensional thermal-mechanical analyses of the bellows f i r s t 

' a l l were performed to i d e n t i f y the temperature and stress d i s t r i b u t i o n s , 

•uide the design, and ver i f y that i t met a l l the design cons t ra in ts . 

The hel ium-cooled, f iss ion-suppressed, hybrid reactor blanket has a 

jnique fuel element conf igurat ion consist ing of a packed bed of be ry l l i um/ 

•-horium pebbles wi th a t r i t i u m breeder in tubes which are d i s t r i b u t e d 

throughout the bed.* Heat t rans fe r ca lcu lat ions were performed to show that 

ne selected ba l l the tube sizes can sa t i s fy the respect ive mater ia l 

-emperature l i m i t s . Af ter the b lanket , f i r s t wall and fuel element zone 

:onf igurat ions were def ined, the blanket loop pressure drops and pumping power 

;ere' then calculated to assure that they are acceptable. 

i I I . D . 2 General Considerations and Design L imi ts 

During the course of the hel ium-cooled, fusion breeder blanket f l u i d 

dynamics and heat t rans fe r design, close in te rac t ion was maintained w i th the 

.nechanical design, neutronics ana lys is , and mater ial se lect ion e f f o r t s . The 

f l u i d dynamics and heat t rans fe r design of a gas-cooled reactor system should 

sa t i s f y two primary requirements: high thermal e f f i c iency and low pumping 

power losses. The high e f f i c iency requirement d ic ta tes a high coolant ou t l e t 

cemperature, r es t r i c ted only by the maximum operating temperature l i m i t s of 

the reactor mater ia ls . The pumping power loss requirement leads to a high 

3ystem operat ing pressure to obtain high coolant dens i ty , a large coolant 

n l e t - t o - o u t l e t temperature d i f f e r e n t i a l , and r e s t r i c t s the ve loc i t i es of the 

zoolant i n various sections of the coolant loop. On the other hand, the 

r e s t r i c t i o n s on mater ial operating temperature l i m i t s lead to high coolant 

ve l oc i t i e s in the v i c i n i t y of the f i r s t wall to maintain high heat t rans fer 

c o e f f i c i e n t s . 

* L i 2 u m s nominally selected as the t r i t i u m breeder and i t s use is assumed 
in t h i s sec t i on . The general conclusions are not expected to change fo r 
other choices. 
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The temperature limits of key materials crucial to the design of the 
blanket were first established. At the same time, the pressure drop limits 
for different regions of the blanket were defined to establish a basis for the 
fluid dynamics and heat transfer design and analysis. In the blanket region, 
the key materials are the structural material, the neutron multiplier and the 
fuel material. As discussed 1n Section III.A, 2-1/4 Cr - 1 Mo vas recommended 
to be the structural material. This easily manufactured ferritic steel alloy 
has a maximum allowable temperature of 475°C for high stress applications. 
Typically, the reactor first-wall will experience the highest stress and the 
highest flux of high energy neutrons. Thus, this temperature limit is most 
applicable to the heat transfer analysis of the first wall. The temperature 
limits for the lithium oxide [LiJJO) breeding material are T^p = 410°C and 
Tmax = 800°C (1009°C)*{1). 

As mentioned above, low coolant pressure drop in a power producing 
machine is important in reducing the pumping power necessary to circulate the 
helium coolant. The acceptable pressure drop depends upon an over-all optimi­
zation of the reactor economics. At this stage of the conceptual design, two 
pressure drop limits have been used. A value of approximately 5% of the ther­
mal power was used for the pumping power for the complete ccolant circuit, 
including the heat exchangers, the blanket, pumps, and piping. The second 
limit is imposed by the pressure differential capability of the helium circu­
lator. Using a 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 
helium pressure of 40 to 80 atm will be needed for an efficient primary loop 
design. Steam-generator design conditions dictate a minimum coolant inlet 
temperature of about 275°C and a minimum coolant temperature rise of above 
100°C. Based on this information, a helium operating pressure of 5.1 MPa 

*The maximum lithium oxide temperature can be increased to 1000°C for design 
approaches with helium purge gas flow directed only to the cold region of the 
breeder. 
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(50 atm) and an inlet temperature of 275°C were selected. For the fusion 
breeder blanket, an outlet temperature of 500°C was selected to give a thermal 
cycle efficiency of 39$. Structure temperatures above 475°C occur only toward 
the rear of the blanket where the stress and neutron flux are lowest. 

At the present stage of the study, it is believed that heat transfer in 
the vicinity of the first wall will be a key design issue. In order to design 
for a neutron wall loading of 3 MW/m2 and a surface heat loading in the range 
of 0.25 to 0.75 MW/m2, the bellows first wall configuration, as illustrated in 
Figure III. .5, was used for the analysis. In contrast to a smooth first 
wall, the btllows or finned design is necessary to increase the heat transfer 
surface area and the heat transfer coefficient. The bellows configuration is 
also conveniently coupled with the mechanical design requirements for the 
handling of static pressure and structural swelling. 

III.D.3 Bellows First Wall Design 

III.D.3.a techanical Design 
The primary purpose of the first wall is to provide a boundary between 

the pressurized coolant and the vacuum of the plasma chamber. At the same 
time, it has tD handle the transmission of thermal power through the wall to 
the high pressure helium coolant. There are two contributions to the heating 
of the wall. First, the volumetric power generation due to the neutron and 
material interaction, and the surface heat flux coming from the plasma side. 
In addition to :hese effects, the selected structural configuration has to 
accommodate neutron-induced swelling under high neutron fluence while being 
eroded away at a rate of 2.25 mm/year. (See Chapter II discussion.) A serv­
ice life of four years was selected for the reference design. The above 
requirements are severe by conventional standards. 

As shown in S9ction III.A, the first wall itself is a semi-cylinder 
forming a lobe subr.odule which is tied back to the structural region behind 
the blanket. The flat sides of the lobes are pressure balanced by adjacent 
lobes. Thus, the pressure is contained by pure tension in the wall. As 
discussed below, thermal effects can be tolerated because of the comparative 
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f l e x i b i l i t y of this wal l . To render the wall "soft" in the module-axis 
direct ion, so that i t can tolerate distrubances in that d i rect ion, the wall is 
of corrugated (bellows) form. The dimensions of the bellows cross-section 
delineated below were decided after some i terat ions, but have yet to be 
optimized. 

Manufacturing methods for such a wall are worth mentioning. The wall 
would not, in fact , be corrugated. Rather, i t WOUIG be grooved on both sides 
by gang mi l l ing ; this operating being carried out while the wall is a f l a t 
plate. The sides of the lobe would then be thinned and the wall f ina l l y 
pressed into the semi-cylindrical lobe form with the corrugations in place. 
Erosion capabil i ty is bu i l t in by the corrugation being 9 mm thicker than 
structural ly needed on the plasma side. This material is expected to diminish 
in thickness progressively during the wall l i f e . 

I l I .D.3.b First Wall Thermal-Mechanical Analysis 

The objective of the f i r s t wall thermal mechanical analysis was to 
i terat ively manipulate the bellows f i r s t wall configuration in such a way as 
to control the associated temperatures and stresses, keeping both below speci­
fied design l im i ts . To accomplish this objective, the two dimensional steady-
state temperature distr ibution at the beginning and end of l i f e was calculated 
for the bellows f i r s t wall using TAC02D(2), a f i n i t e element heat transfer 
code. The temperature prof i le calculated by TAC02D was then coupled along 
with the helium pressure boundary condition into NIKE2D{2), an imp l ic i t , 
f i n i t e eformation, f i n i t e element stress code. The neutron swelling effects 
were not included in the stress analysis. The results of TAC02D snd NIKE2D 
were graphically displayed using the post-processors POSTAC0(2) and TH0R(2), 
respectively. Both of these codes and their accompanying post-processors are 
available ;n the magnetic fusion energy computer network. •*' 

Figure I I I .D . l presents the two-dimensional bellows f i r s t wall configura­
tion which was modeled using the above codes. This basic configuration was 
analyzed for two conditions: the beginning of l i f e in which the 9 mm sacri­
f i c i a l layer on the plasma side of the wall has not eroded, and at the end of 
l i f e in which the sacr i f ic ia l layer has completely eroded. Table I I I .D . l 
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DIRECTION 
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LAYER 

HELIUM SIDE 

CENTER OF GRAVITY 

CONSTRAINED FROM 
MOVINO UP ANO DOWN 
THROUGH THE 
CENTER OF MASS 

CONSTRAINED FROM 
MOVINO IN THE 
BELLOWS DIRECTION 

BOTTOM PLATE I i 
Figure I I I . D . l Two-dimensional bellows f i r s t wall configurations 

(representation of a unit element, not to scale} 

Table I I I .D . l Design Guidelines for the Bellows First Wall 

Material 

Neutron wall loading 
Surface wall loading 
T m a x l i m i t , 2-1/4 Cr - 1 fto/HT-9 

Expected ultimate tensile strength 
a t Tmax 

BOX erosion layer thickness 

2-1/4 Cr - 1 HD/HT-9 
(HT-9 alternate) 
3 MW/m2 
0.25 MW/m2* 
475° 
(550°C for HT-9) 
435 MPa 
(500 MPa for HT-9) 
9 mm 

*A surface wall loading of 0.43 MW/m was adopted late in 
the study. The ramifications of this increase are 
discussed later in this section. 
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l i s t s the design guidel ines used for the ana lys is . Table I I I . 0 . 2 summarizes 

the thermal and s t ruc tu ra l computer inputs fop the f e r r i t i c steel s t ruc tu ra l 

mater ia ls 2-1/4 Cr - l Mj and HT-9. 

As shown, the p r inc ipa l stresses ca lcu lated by NIKE2D for the bellows f i r s t 

wall were computed assuming a hydrostat ic pressure on the helium side of the 

wall coupled wi th the temperature p r o f i l e computed by TAC02D. The wall was 

constrained from moving in the bellows d i rec t ion along both bellows side 

in te r faces and from moving up and down by a s ingle point located at the w a l l ' s 

center of mass {see F ig . I I I . D . I } . 

Figures I I 1 . 0 . 2 through 113.D.5 graph ica l ly d isp lay the bellows f i r s t 

wall temperature p r o f i l e s ca lcu la ted by TAC02D at the beginning and end of 

l i f e using both 2-1/4 Cr - 1 Mo and HT-9 s t ruc tu ra l ma te r i a l . Figures I I I . D . 6 

through I I I . D . 9 present the beginning and end of l i f e p r i n c i p l e stresses c a l ­

cu la ted by NIKE2D. The resu l t s of these f igures are summarized in Table 

I 1 I .D .3 . This tab le shows that wi th the present bellows f i r s t wall design, 

the design gu ide l ine maximum temperature i s s l i g h t l y exceeded for both the 

s 2-1/4 Cr - l Mo and HT-9 bellows f i r s t wall at the beginning of l i f e . How-

aver, i t i s important to note tha t the hot spots are in the s a c r i f i c i a l layer 

c losest to the plasma. As can be seen in Figs. I I I . 0 . 6 and I I I . D . 8 , t h i s 

layer is required to provide only minimal s t ruc tu ra l support. At the end of 

l i f e , the design gu ide l ine maximum temperature i s eas i ly met by both the 

2-1/4 Cr - 1 Mo and HT-9. The design guidel ine maximum stresses are met 

fo r both the 2-1/4 Cr - 1 Mo and HT-9 at the beginning of l i f e . 

These resu l t s ind ica te that at a surface loading of 0.25 MW/m2, the 

present bellows f i r s t wall design meets the thermal and s t ruc tu ra l design 

guidel ines using both 2-1/4 Cr - 1 Mo and HT-9 s t ruc tu ra l ma te r i a l s , the only 

exception being the beginning of l i f e temperatures in the s a c r i f i c i a l layer of 

the w a l l . This layer i s required to supply only minimal s t ruc tu ra l support. •#; 

These temperatures are s t i l l well below the 725°C l i m i t at which the s t ruc ­

tured mater ial begins to be in the two phase regime. I t i s expected tha t by 

modifying the present con f i gu ra t i on , the design can be optimized to lower both 

the temperatures and stresses even more. 
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Table II1.D.2 Thermal and Structural Computer Inputs for 
the Bellows First Wall 

Thermal TAC02D Inputs 
Maximum surface heat flux, (MW/m2)a 

Volumetric neutron heating, (MW/m3) 
Beginning of life helium channel 
convective heat transfer 
coefficient, (W/m^-K) 

End of life helium channel 
convective heat transfer 
coefficient, (W/m2-K) 

Bottom plate convective heat 
transfer coefficient, (W/m2-K) c 

Beginning of life helium coolant 
temperature, (°C) 

End of life helium coolant 
temperature, (°C) 

Structural NIKE2D Inputs 
Helium side hydrostatic pressure, (MPa) 

0.25 
23.8 

2-1/4 Cr - 1 Mo 11940° 
HT-9 10950 

2-l/4Cr 11920 
HT-9 10920 
190 

309 

296 

5.0 

aThe surface heat flux at each nodal point (including the bellows 
side walls) on the plasma side is equal to the solid angle seen at 
that point times the maximum surface heat flux. 

b"The variation of heat transfer coefficient is due to the contribu­
tion of material volumetric power generation at the BOL and EOL, 
and the conductive enhancement due to the fin-like channels of the 
first wall. 

cThe bottom plate convective heat transfer coefficient is smaller 
than the helium channel convective heat transfer coefficient 
because heat removal at the bottom plate is from convection in the 
flow distribution plenum. 
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Figure III .0 .2 Bellows First Wall Temperature Countours (C) at BOL for 2-1/4 Cr - 1 tt> 
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Figure I I I . D . 3 Bellows F i rst Wall Temperature Countours (C) at BOL for HT-9 



2-1M Cr 

MIN IMUM AT . = 
3.0JBE-'02 

MAXIMUM M t = 
3.416E+02 

AVERAGE e 

3.188E+02 

CONTOUR LEVELS 
A - 3. 040Ef02 
B = 3. 059E(-02 
C = 3. 079E4-O2 
0 = 3. D5BEf02 
E = 3 1 1 BE4-Q2 
f = 3 137E+OP 
6 = 3 I57E+02 
II = 3 176E+02 
1 = 3 19SE+02 
J = 3 215E+02 
K - 3 235E+02 
L - 3 254E+02 
U - 3 274E+02 
N - 3 293E+02 
0 - 3 3IJE+02 
P = 3 332E+02 
0 = 3 J52E+02 
R = 3 37U+02 
S = 3 3SIE+02 
T = 3 410E+02 

Figure UI.D.4 Bellows First Wall Temperature Contours (C) at EOL for 2-1/4 Cr - 1 Mo 
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Figure Ul.0.5 Bellows First Wall Temperature Contours (C) at EOL for HT-9 
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Figure 111.D.6 Uneroded Bellows First Wall Thermal and Pressure Stress Contours of 
Maximum Principal Stress at BOL (not to scale) for 2 -1 /1 Cr - 1 Mo 
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Figure III.D.7 Uneroded Bellows First Wall Thermal and Pressure Stress Contours of 
Maximum Principal Stress at BQL (not to scale) for HT-9 
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Figure I1I.D.8 Uheroded Bellows First Wall Thermal and Pressure Stress Contours of 
Maximum Principal Stress at EOL (not to scale) for 2-1/4 Gr - 1 M> 
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Figure II1.D.9 Uneroded Bellows First Wall Thermal and Pressure Stress Contours of 
Maximum Principal Stress at BOL (not to scale) for HT-9 



Table I I I .D.3 Bellows First Hall Thermal and 
Structural Analysis Sunmary 

Z-l/4Cr-lMo 
Maximum temperature, (°C) 

Beginning of l i f e 542 
End of l i f e 342 

Maximum stress, (HPa) 
Beginning of l i f e 201 
End of l i f e 176 

HT-9 
Maximum temperature, (°C) 

Beginning cf life 595 
End of life 353 

Maximum stress, (MPa) 
Beginning of life 167 
End of life 146 

«: 
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The above calculations were performed at a neutron and surface loading of 
3 and 0.25 MW/m2, respectively. Figure I I I .0.10 shows the estimate T m a x at 
the beginning-of-l ife as a fuict ion of surface loading, for 2-1/4 Cr - 1 Mo 
and HT-9 materials based on or,e-dimens1onal calculations and adjusted to co­
ordinate with the two-dimensional resul ts. I t can be noted that by assuming a 
maximum allowable temperature of 700°C on the eroded layer where the stress 
capabil ity requirement is minimum, the 2-1/4 Cr - 1 Mo and HT-9 materials can 
withstand surface loadings of higher than 0.6 and 0.45 MW/m2, respectively.* 
Figures I I I .D.4 and I I I .0 .5 i l lus t ra te that at the end-of- l i fe, the f i r s t wall 
maximum temperatures for 2-1/4 Cr - l Mo and HT-9 materials are acceptable at 
a surface loading of 0.25 MW/m2. in this comparison, the 2-1/4 Cr - l Mo is 
capable of withstanding a higher surface heat f lux because of i t s high thermal 
conductivity. 

III.D.3.C General First Wall Design Observations 

In considering any tokamak f i r s t wall design, i t should be appreciated 
that thermal expansion wi l l result in large thermal stresses i f the f i r s t wall 
is constrained. A key motivation for the proposed bellows/lobed f i r s t wall 
design is an ab i l i t y to accommodate thermal expansion in several directions; 
thus greatly l imit ing the thermal stress. The analysis above presents a 
fa i r l y mature i terat ion in which two-dimensional models indicate that the hot­
test material clearly can have very low stress levels. This feature is con­
sidered to be of major importance in this design and can probably be of use in 
many other blanket design concepts. The major thermal effect is to tend to 
cause shortening of the lobe radius, part icularly at the point nearest the 
plasma. In the simple semi-cylindrical design this can give r ise to consider­
able stresses. However, by changing the lobe shape from a simple radius to 
some other shape (for just a few millimeters at variance from a radius), i t is 
possible to arrange moments which exactly counter those generated by the tem­
perature ef fects. In this manner, i t appears possible to develop a working 
situation where, for practical purposes, very low thermal stresses s;*.ist. 
This design solution can also be interpreted as preloading of the f i r s t wal l . 
Indeed, i f the simple cyl indrical wall were le f t in this temperature/pressure 

* A 0.43 MW/m surface heat f lux was selected in the f inal i terat ion, 
(see Section II.C) 
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condi t ion long enough, i t would creep to t h i s equ i l ib r ium c o n d i t i o n . How­

ever, in so do ing, i t wwould "use up" some of i t s allowed creep l i m i t . 

I r rad ia t i on swel l ing stress in the d i rec t i on perpendicular to the 

corrugat ion can be f a i r l y eas i l y con t ro l l ed assuming pess im is t i ca l l y that no 

creep occurs. I t i s considered that i r r a d i a t i o n swel l ing stress should in any 

case be minimized so as not to deplete the creep budget (as in the thermal 

case) . Swelling stresses in the d i rec t ion pa ra l l e l to the corrugat ion are 

more d i f f i c u l t to handle, although they can in some measure be dealt with as 

i s the thermal stress in t h i s d i r e c t i o n . 

Some fur ther observations on the proposed design can be made. F i r s t , 

regarding the i r rad ia t ion - induced dimensional changes under stress ( i . e . , 

i r r a d i a t i o n c reep ) , i t is essent ial to know whether th i s is damaging. Present 

theor ies ind ica te that i t may not be damaging, but that on cessation of the 

i r r a d i a t i o n , the mater ia l w i l l be hardened. I t i s then appropriate to ask i f , 

in t h i s s t a t e , do hardness and b r i t t l eness a r r i ve together? I f so, i f the 

i r r a d i a t i o n i s stopped, res ta r t ing may require very low subsequent s t ra ins 

due to a low secondary creep c a p a b i l i t y . These questions need reso lu t i ons . 

A f i n a l observation on the corrugated wall concerns i t s " f r a g i l e " form. 

C lea r l y , i t i s not a simple "boi ler p la te " specimen. Considering i t s design 

requirements, i t is i nev i tab le that i t be of complex form, A s i m i l a r l y 

complex heat t rans fer component, the automotive rad ia tor disperses surface 

heat loads of approximately 1 MW/m2, and is constructed conraonly of 0.1 mm 

m a t e r i a l . 

I I I . 0 . 4 Blanket Fuel Element Design 

Heat t rans fe r and f l u i d dynamics ca lcu la t ions were performed for the 

packed bed of bery l l ium pebbles and l ^ O tubes. This analysis was used to 

determine the f e a s i b i l i t y of the proposed conf igura t ion in sa t i s f y ing mate r i ­

a l s temperature, coolant pressure drop, and mechanical design l i m i t s . 

Since a heat t rans fer co r re la t i on for a packed bed mixture of spherical 
pebbles and tubes was not found, comparisons were made between the heat 
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t rans fer c o e f f i c i e n t s for a packed bed of spheres and a one-row, c l ose l y -

spaced tube con f i gu ra t i on . The one-rovi tt/oe bank was used for comparison 

because i t gives a more conservative resu l t than a mu l t i - row, closely-packed 

tube bank. Further, i t s heat t ransfer c o e f f i c i e n t range i s c loser to tha t fo r 

a packed bed of spheres. As shown in F ig . I I I . D . 1 1 , the heat t ransfer c o e f f i ­

c ien ts for s ingle row tubes and packed beds have an opposite behavior as a 

funct ion of cha rac te r i s t i c dimensions. This is because of the selected mod­

e l s . For the single row tube case, the distance between tubes was selected at 

1 mm. To simulate the packing condi t ion of the tube and the spheres, the 1 mm 

gap was selected as the reasonable minimum gap that can be maintained by w i re -

wrap, closed-pack tubes. As the tube size increases with a constant f low 

c ross -sec t ion , the f low opening area reduces, thus enhancing the heat t r ans ­

f e r . For the packed-bed con f i gu ra t i on , the vo id f rac t i on of the bed is inde­

pendent of the sphere size and the heat t ransfer i s only a funct ion of the 

charac te r i s t i c dimension, leading to a decrease in heat t ransfer c o e f f i c i e n t 

as the ba l l diameter increases. The observation from F ig . I I I . 0 . 1 1 i s that 

for sphere and tube sizes in the range of 2 to 3 cm, the heat t ransfer c o e f f i ­

c ien t i s in the range of 1900 to 2600 w/m 2-K. More deta i led invest igat ion of 

the appl icable heat t ransfer coe f f i c i en t for the L^O tubes imbedded in a 

packed bed of ba l ls w i l l need to be determined by fu r ther analyses and/or 

experiments. 

Based on the one-row tube model, the Li2O temperature d i s t r i b u t i o n as a 
funct ion of rad ia l posi t ion i s given in F ig . I I I . 0 . 1 2 . The input parameters 
are given in Table I I I . D . 4 . I t can be noted in F ig . I I I .D .12 t h a t , for the 
selected tube size of 2 cm, the U2O breeder s a t i s f i e s the design temperature 
l i m i t s . The 2-1/4 Cr - 1 Mo tube temperature is higher than the design l i m i t 
of 475CC, yet t h i s occurs only at the back of the blanket wnere the tube wall 
thickness can be increased without excessive penalty to reduce the s t ress . 
A lso, the Li 2O tube does not have to have s t ruc tu ra l f u n c t i o n , except carry ing 
the weight of Li 2O. Consequently, a maximum steel temperature of 510°C i s . 
acceptable. 

Figure I I I . 0 . 1 3 shows the cen te r l ine temperature of the beryl l ium pebble 
and the AT through the pebble as a funct ion of blanket rad ia l pos i t i on . To 
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Table 1I I .D.4 Fission-Suppressed Helium-Cooled Blanket 
Thermal-Hydraulics Input Parameters 

Neutron wall loading 

Surface loading 

Coolant - helium at 50 atm 

Tin 
T out 
T coolant a t f i r s t w a ] 1 

Blanket energy m u l t i p l i c a t i o n 

Tube diameter 

Be/Th ba l l diameter 

Li2O temperature l i m i t s , T m a x / T m - j n 

Heat t ransfer models: 

One row closed-packed tubes 

Packed-bed ba l l conf igura t ion 

Neutronics inputs supplied by LLNL 

3 HW/m2 

0.25 MH/m2 

275°C 

500° C 

297°C 

2.175 

2 cm 
2 cm 

800°/410°C 
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bracket the temperature range, two temperatures were calculated using a one-
dimensional model by considering (1) the power density generated from the 
beryllium pebble only, and (2) from an averaged power density generated from 
the beryllium pebble and thorium metal snap-ring. The figure shows that the 
maximum temperature and aTs are acceptable as compared to those for the 3 cm 
beryllium pebbles for the original reference mirror des1gn( 3). The original 
reference design featured thorium pins on the inside. Despite the higher 
power density (3 vs 1.3 MW/m 2), the newer snap-ring design is expected to 
provide a lower &T. Confirmation of the temperature and stress distribution 
via a two-dimensional thermal-mechanic a? analysis will be needed in the 
future. 

The packed bed pumping power fraction was calculated to be 0.15% of the 
reactor thermal power, which is acceptable. 

III.D.5 Coolant Pressure Drops and Pumping Power 
Calculations were performed to estimate the total pressure drop of the 

whole blanket cooling circuit including the steam generators for a 5000 Mwt n 

reactor with a blanket energy multiplication of two. The pressure losses due 
to friction, acceleration of flow from density change as a function of temper­
ature, joints, turns, expansions, and contractions are all taken into consid­
eration. Table III.D.5 summarizes the friction pressure drop from different 
blanket sections. It can be noted that the packed bed pressor 0 drop is about 
12% of the total blanket section pressure drop. Since the packed bed pressure 
drop is approximately proportional inversely to the square of the pebble size, 
care should be exercised in selecting pebbles of smaller sizes. 

The total pressure drops in the blanket and in the primary coolant are 
given in Table II1.0.6. Both AP/P = 3.22$ and pumping power fraction of 4% 
are within the respective design limits of 4.3% and 5% stated in Section 
III.D.2. The net blanket power converc'on efficiency is 36.5%. 
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Table I I I .D.5 Friction Pressure Drop for The 
Different Blanket Sections 

Flow Velocity Pressure Drop 
Section V (m/s) &P (kPa) 

1 . In le t manifold 57.4 2.90 
2. D i s t r i bu t i on channel 39.6 0.94 

3. Side f low path 17.2 1.00 

4 . Grooved f i r s t t a l l 68.0 19.00 

5. Breeder packed bed 2.0 4.40 

6. Col lect ion channel 44.4 4.32 

7. Outlet manifold 65.0 3.00 

Total 35.56 
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Table III.D.6 Total Pressure Drop in the Blanket 

Pressure Drop (kPa) 
iP/P 

F r i c t i on 35.6 0.71 

Turning, j o i n i n g , and d iv id ing 47.2 0.94 

Expansion/contraction 13.7 0.27 

Total 96.5 1.92 

Total Pressure Drop in the Primary Coolant Loop 

Blanket 96.5 1.92 
Sector l i n e s , 24.4 

Ring ducts, 4.7 

Steam generator p i p i n g , 7.8 
Steam generator, 30.0 

Subtotal 66.9 1.30 

Total 163.4 3.22 

Total pumping power fraction 
= loop pumping power/reactor thermal power x 100% 
= 4% 
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I I I . D . 6 Conclusions 

A bellows f i r s t wall design was selected and evaluated for the FBp 

helium-cooled blanket design. I t was designed to meet the requirements of 

withstanding design pressure, removing the high surface heat f l u x , al lowing 

f i r s t wall erosion and handling of the p o t e n t i a l l y serious problem of neutron-

induced mater ia l swe l l i ng . The s t ruc tu ra l temperature l i m i t of 2-1/2 Cr 

- 1 Mo is 475°C, that of HT-9 i s 550°C. With the al lowable T r a a x in the non­

s t ruc tu ra l erodable layer selected at 700°C and at a neutron wall loading of 

3 MW/m ,̂ Z - I / 4 Cr - I MJ can withstand a surface loading of 0.6 MW/m? as com­

pared to 0.45 HW/m2 fo r HT-9 s t r uc tu re . * This 1s due to the higher thermal 

conduc t i v i t y of 2-1/4 Cr - 1 Mo. I f the s t ruc tu ra l swel l ing e f fec t were shown 

to be re l ieved by i r r a d i a t i o n creep, then the f i r s t waP vould not need to be 

in a bellows c o n f i g u r a t i o n . However, the f inned geometry for high heat f l u x 

removal and the added layer for erosion allowance would s t i l l be needed in the 

generic design of a tokamak reactor f i r s t w a l l . 

The blanket fuel conf igurat ion consists of c y l i n d r i c a l t r i t i u m breeder-

f i l l e d tubes w i th in a packed bed of bery l l ium b a l l s . Each ca l l has a thorium 

snap r ing around i t . This conf igurat ion meets a l l of the thermal-hydraul ic 

design l i m i t s . Assuming the se lect ion of LigO as the breeder, the design can 

sa t i s f y the d i f f i c u l t temperature l i m i t s throughout the blanket. The 

bery l l ium-ba l l center l ine temperatures are acceptable and the ATs through the 

bal l look reasonable. Two-dimensional thermal-mechanical ca lcu la t ion of the 

temperatures and thermally- induced rad ia t ion swel l ing stress is needed to 

confirm the design. The overal l pumping power f rac t ion of 4% for the whole 

coolant loop is reasonable. For the selected coolant i n l e t / o u t l e t 

temperatures of 275°C/500°C, the power conversion gross e f f i c iency is 3 9 . 1 * 

and the net blanket power conversion e f f i c iency is 36.5%. 

* A surface heat f l u x of 0.43 MW/m and 2-1/4 Cr-lMo are the basel ine values. 
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I I I . E REACTOR SAFETY ISSUES 

The primary safety concern of f i s s i l e - f u e l producing blankets i s the 

potent ia l hazard associated with the release of the a c t i n i d e , f i s s i on product, 

and ac t i va t i on product r a d i o a c t i v i t y . This r a d i o a c t i v i t y , produced by f i s ­

sioning and paras i t i c captures of neutrons in the f e r t i l e and f i s s i l e mater i ­

als and meta l l i c s t ruc tu res , could be mobil ized during postulated events which 

involve the large quant i t ies of stored energy present in the system. The pos­

tu la ted events and sources of stored energy in the present design are b r i e f l y 

discussed below and are compared wi th those of the 1982 tandem mirror r e f e r ­

ence des ign(1) . The la ter design was subject to more deta i led safety systems 

studies during 1983( 2 ) . The issues of t r i t i u m sa fe ty , though requ i r ing appro­

p r ia te design a t ten t ion in order to minimize rout ine occupational harard, pose 

a r e l a t i v e l y lower level of r i s k during major events and are not discussed 

here. C r i t i c a l i t y is also not expected to present a safety hazard in the 

present design due to the low f i s s i l e concent ra t ion. 

The major source of stored energy for r a d i o a c t i v i t y mobi l i za t ion in the 
present system i s the heat generated by the decay of radionucl ides in the 
b lanket . The i n i t i a t i n g events of major consequence are those that lead to a 
loss of cool ing c a p a b i l i t y . The major di f ferences between the reference 
l i q u i d l i t h i um cooled tandem mirror fusion breederU^ and the tokamak fusion 
breeder design are the absence of stored chemical energy from l i t h i um 
r e a c t i v i t y , the much Mgher wall loading (3 versus 1.3 MW/m2 in the reference 
b lanke t ) , and e f fec ts due to using a helium rather than l i t h i um coolant ( e . g . , 
less conductive hea' renioval in a loss of coolant f low event, easier fuel 
dump, and d i f f e ren t u n d e n t i n i t i a t o r s ) . Important ly , the decay heat removal 
load per un i t wall area w i l l increase due to the higher wall load ing, but i t 
i s expected that coolant f low can be maintained at reduced pressure in a l l 
cases with redundant helium c i r c u l a t o r s . 

The maximum radionucl ide hazard inventory (at time of fuel discharge) i s 
not expected to d i f f e r subs tan t ia l l y between the tokamak and reference tandem 
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mirror reactors - a resu l t of the opposing ef fects of higher wall loading 
versus the compactness of the tokamak design. S p e c i f i c a l l y , the major 
cont r ibut ions to the radioact ive inventory per un i t volume are the ac t i n ides . 
These reach equi l ibr ium in roughly 60 days and t he i r respective concentrations 
are proport ional to the wall load ing, [which i s 2.4 times higher in the 
tokamak (3 MW/m2)]. Despite the higher concentrat ions, charac te r i s t i c tokamak 
material volumes are one- th i rd to one-half those of the tandem mi r ro r . Thus, 
the »et d i f ference in to ta l Inventory i s not expected to be s i g n i f i c a n t . As 
the enrichment i s roughly proport ional to the to ta l f luence per un i t volume, 
the i r r a d i a t i o n time to a given enrichment i s shorter at the higher wall 
loading tokamak. Both reactors would have comparable f i s s i l e discharge 
ra tes . 

The factor of four to f i v e lower number of modules (or sectors) in a 
tokamak resu l ts in a higher radioact ive inventory per module. Thus, 
ind iv idua l module fa i l u res could have correspondingly higher consequences, and 
heat removal systems would face higher heat loads. Other factors are the 
higher complexity of the tokamak and the decrease in the fuel ba l l ediabatic 
melt time and thus the shortened time for cor rec t ive act ion due to the higher 
af terheat l e v e l . 

Due to the compactness of the tokamak and the absence of l i q u i d metal MHD 
e f f e c t s , g rav i ty dump of the mobile fuel to a dump tank beneath the reactor i s 
possible at a reasonable distance (~7 m) without forced f low. Heat-actuated 
valves in conjunction with a purely g rav i ta t iona l dump would provide a t o t a l l y 
passive dump system. I f a sui table nonreactive thermal contact medium wi th in 
the dump tank could be i d e n t i f i e d , passive cool ing may be possible in 
conjunction with heat pipes and eonvective a i r heat exchangers, but thermal 
shock to the dumped fuel could be a concern. 
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I I I . F FUEL CrCLE AW) PLANT ECONOMICS 

I I I . F . l Overview 

In t h i s sect ion, the overa l l performance and costs of a helium cooled, 
bery l l ium blanket tofcamafc fusion breeder reactor are developed and combined 
with s im i la r data for " * U burning LWR f i ss ion reactors to obtain an estimate 
of the costs of e l e c t r i c i t y and bred fuel for a symbiotic e l e c t r i c i t y 
generation system consising of the f j s ion breeder, i t s LWH c l i e n t s , and the 
associated fuel cycle f a c i l i t i e s . The resul ts are compared with economics 
resu l ts for LWRs of the same design which are fueled using conventional ly 
mined and enriched uranium. A l l LWRs are assumed to benef i t from the f u l l 
recycle of a l l f i s s i l e uranium and plutonium isotopes ( i . e . , fuel reprocessing 
is assumed to be avai lable and economically advantageous). The resu l ts for 
the tokamak fusion breeder are also compared with those for a reference case, 
the l i q u i d l i t h ium cooled tandem mirror fusion breeder design of 1982 ( 1 ) . 

Four tokamak cases are developed which invest igate the impact of two 

p a r t i c u l a r l y relevant issues: 1) tokamak plasma current dr ive and 2) breedpr 

ownership. The current dr ive options are steady-state current dr ive by 

neutral beams or long pulse induct ive current dr ive using the central solenoid 

c o i l . Both government and u t i l i t y ownership are considered. 

1 I I .F .2 Discussion of Symbiotic Economics 

Since the fusion breeder produces two pr inc ipa l products ( f i s s i l e fuel 
and e l e c t r i c i t y ) , a method of economic assessment which equitably balances th£ 
cost of producing each must be establ ished. The conceptual basis for one such 
method is shown in Figure 1 I I . F . 1 . S p e c i f i c a l l y , i f an imaginary l i ne i s 
drawn enclosing the fusion breeder, i t s LWR c l ien ts (enough of them to consume 
a l l of the bred f u e l ) , and the associated fuel cycle f a c i l i t i e s , i t is 
possible to construct an e l e c t r i c i t y generation system which has no net 
f i s s i l e fuel production or consumption and which produces only one net 
p r o d u c t — e l e c t r i c i t y . Knowing the annual c a p i t a l , operat ing, and fuel cycle 
costs for both the breeder and i t s LWR c l i e n t s , a consistent un i t cost of bred 
f i s s i l e fuel in any given year of operation can be estimated by subtract ing 
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the electricity production revenue of the breeder {as derived abowe) from its 
overall annual operating cost (including all components; and dividing by the 
net fissile fuel production. It can be shown that LWfis consuming fuel at this 
cost will produce electricity at the same cost as the fusion breeder. 

A detailed description of the methods of economic analysis used in 
developing the above cost estimates is beyond the scope of this section, but 
is provided in Reference 1. A list of the general financial input data used 
in this analysis is presented in Table IIJ.F.l. Note that the economics 
analysis is performed over a. 30-year fusion breeder plant lifetime with the 
appropriate consideration of inflation and escalating direct costs (both 
assumed to be 5%/yr over the plant lifetime). 

For fusion breeder, government ownership may be the more likely option 
for several reasons. First, fusion breeders are, effectively, a fissile 
enrichment technology which (with fuel reprocessing) would eventually replace 
existing and advanced fissile enrichment technologies as conventional uranium 
resources become scarce and expensive. Enrichment facilities have 
historically been government owned and have been operated under government 
contract. 

Second, to achieve economics of scale, fusion breeders will be large and 
expensive. Since one fusion breeder will serve 12-20 LWRs of equivalent 
thermal power, it is likely that most utilities would prefer to look to the 
federal government as a dependable provider of fissile fuel. 

Third, by controlling the production and processing of fissile fuel, the 
government can best implement a system of technical and institutional 
safeg.irds to prevent the illicit diversion of fissile materials. If the bred 
fuel is ^ U (the preferred option) a diversion resistant product can be 
provided to LWR operators by denaturing the 2 3 3 U with 2 U and/or spiking, 
etc. The small quantities of plutonium which would be produced from LWR 
neutron capture in the " ° U could be designated for consuption at an 
"approved" LWR site, burned in LWRs co-located within the safegarded fuel 
cycle center (as shown in Figure III.F.l), or disposed. 

Referring to the table, note that plant construction periods of 10 years 
are assumed in all cases. For government financing, 1005E. debt financing at 3% 
above the inflation rate {i.e., 1.05 x 1.03 = 1.082) is assumed. In this 
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case, no federal, state, local taxes, insurance, or miscellaneous costs are 
applied.' The resulting net total fixed charge rate of 9.05%/yr is 6%/yr lower 
than the 15.05%/yr cost of money for a utility. Consequently, the economics 
for government ownership will result in a marked advantage relative to those 
for utility ownership of the fusion breeder. In all cases the client LWRs are 
assumed to be utility owned and operated. 

Table III.F.l. General Financial Input data. 

Plant Construction Period (yrs) 
Plant Lifetime (yrs) 
Inflation Rate (%/yr) 
General Escalation Rate 1%/y) 
Debt Finance Fraction {%) 
Return on Dfot (%/yr) 
Equity Finance Fraction {%) 
Return on Equity (%/yr) 
Net Discount Rate (%/yrl 
Income Tax Rate on Equity (%) 
Property Tax Rate (%) 
Annual Depreciation (%/yr) 
Misc. Fixed Charge and Insurance Rate (%) 
Decommissioning Cost (% of original) 
Net Total Fixed Charge Rate [%/yr) 
Fixed Charge Rate on Fissile Inventory {%/yr) 
Net Operation and Maintenance Cost (%/yr) 

U t i l i t y Gov ' l U t i l i t y 
Owned Owned Owned 

Breeder lirpr-rler IWK 

10 Same Same 

30 Same Same 

5 Same Same 

5 Sane Same 

65 100 56 
a .2 Same Same 

4b --- 45 
10.25 . . . 10.2b 

9.12 8.2 9.12 

50 --- 50 

1.15 0 1.45 

3.3 . . . 3.3 

0.2b 0 0.25 

5 Same Same 

15.05 9.05 15.05 

) ?.y 3.0 7.9 

1.8 Same Same 

1I],F.3 Economics for Conventionally Fueled LWR 

Prior to presenting the results for symbiotic electricity generation 
systems, it is of interest to develop a consistent electricity cost estimate 
for an alternative LWR fueled by conventional uranium with full fissile 
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recycle and reprocessing. An understanding of the cost of e l e c t r i c i t y for the 

above option w i l l provide a means to bet ter understand the po ten t i a l economic 

v i a b i l i t y of a fusion breeder. 

As shown in Table I I I . F . 2 , i t is assumed that the LWR cap i i l co-,t ' i 

1983 do l la rs is 490 $/kW t (or 1.45 Sli/bW e). This value, used t roughout tr.-

ana lys i s , an t i c ipa tes a stable nuclear economy and is consistent wi th long 

term planning assumptions rather than recent exper ience.* \J<-I . !• 

costs shown in the tab le were taken from Reference 1 , but w M -. 

adapted from the resu l ts of the NASAP study (2). The >>., i i l a ' on r:t< 

7.1%/yr (2%/yr above general i n f l a t i o n ) is used to <"ei |.. _t V • -\ipr\a' n n of 

an increasing mined uranium pr ice over the 30-yea<~ l i f e of an ~ ' r emn- i vely 

fueled LWR which operates dur ; i the time fr^-ie of convent iond i J r rini uc-

deplet ion ( e . g . , beginning in the year 2020) and which is nrt f K J1P'- h_> the 

fus ion breeder .** S p e c i f i c a l l y , the uV3g p r i ce is as^.med to be bb $/kn 

(25 S/ lb) in the f i r s t , ear of operat ion, t - $/kg in me •• ind, ---id " S/Ky 

in the t h i r t i e t h year. However, accounting for thf s ; / y i n f l a t ' r.e, the 

year one worth ( i . e . , 1983 do l la r value) of 402 do! 1 - . i " ye?.r 30 is only 

4 0 2 / ( 1 . 0 5 ) " = $98, i nd i ca t i ng a 75* uranium pr ice increase - , t : n t 19.L 

do l la rs over 30 years . The average pr ice of I'v 1, l u r i r j tn;s y ~ , '-.ifj 

in 1983 d o l l a r s . 

The re' I t s shown in Table I I I . F . 2 ind ica te mat me . , - l ed u -

would produce e l e c t r i c i t y for 47.3 mil/kW eH during i t s f i r s t ..ear j f 

operat ion. The average present value cost of e l e c t r i c i t . . uver t*- ^u-yea r 

operat ing l i f e , 31.0 mi l /kW e H, is lower than the year one ^alue : -•-.aus-' t f e 

annual cost of e l e c t r i c i t y from the LWR increases less -<o ' J * I general 

i n f l a t i o n . The l a t t e r behavior is a well known feature o r >' ' i; u a l 

in tens ive power production opt ions-- they are expensive to bu- ->ut are 

ejected to payoff in later years due to low operat ing e r s t - . 

* The impact of higher LWR costs would be : increase t ' • • e i e c t n 
c i t y , but would also tend to make the fu i breect" w r- - t m a r t i v e ^ 
suppl ier of f u e l . 

* * Note that the p r i ce of mined urarium is ^ssv-ied to r> • •.• < man o 
equal to the production cost w i t r the d -m'ence at" '-.: to prof *; 
for the mine operator. 
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Table III.F.2. Market Penetration Analysis - Economics Results For a 
IU0<< Fueled LWR With Reprocessing (1983 $). 

LWR Capital Cost ($/kVJ t) 490 

Total Fixed Charge Rate (%/yr) 15.05 

Fuel Cycle Ful l Recycle 
" ' U Consumption (g /kW t -yr ) 0.194 

Average Burnup (MWD/MTHM) 30,400 

Reprocessing Cost ($/kgHH) 586 

Fabr icat ion Cost (J/kgHM) 582 
Enrichment Cost ($/kgHM product) 137 

Transport and Disposal Cost (S/kgHM) 102 

Year One Price of Purchased UjOg (*Ag> 55 

Year One Cost of E l e c t r i c i t y (mi l/kWeH) 49.7 

U 3 0 8 Escalation Rate (%/yr) 7.1 

Average PV Cost of E l e c t r i c i t y ( mil/kW eH, 32.6 

Average PV Price of Purchased Uj 0 8 fSAg) 76 

III.F.4 Tokamak Breeder Fuel Cycle 
The helium cooled beryllium tokamak blanket was analyzed (see 

Section I1I.C) using the LLNL Monte Carlo transport code, TART (5), to predict 
fissile breeding and other nuclear reaction rates. Tne net f'^sile breeding 
rate per fusion neutron was 0.54 Z 3 i ?Th (n,y) and the fission rate was 0.06* 
" 3 U (n,f) per fusion neutron at a 2 3 3 U concentration of 1.0 p.-rcent. 

Based on material densities and volumes, reaction rates per atom can be 
calculated. These reaction rates, along with isotope decay constants, can be 
used to calculate the actinide buildup/decay in the thorium based tokamak 
breeder fuel cycle, shown in Figure III.F.2. To first order, the fusion 
breeder fuel cycle can be tracked using single first order production/ 
destruction relationships which describe: 

•Adjusted upwards for resonance self-shielding effects. 
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• fissions and (n,Y> breeding in 2 3 2 T h 
• beta decays in 2 3 3 P a 
• fissions and (n,y) losses in " 3 U 

The concentrations of 2 3 3 P a and 2 3 3 U together determine the total fissile 
inventory. The concentration of 3U determines the amount of additional 
fissions which add to the 2 3Th (n,f) fissions. These additional fissions 
cause a linear swing in blanket power generation as the concentration of U 
increases. The additional activation pathways in Figure III.F.2 are primarily 

0-19 ??R 

of in terest in determining the buildup of I) and Th, p r i nc ipa l ac t i va t i on 
products in the thorium fuel cyc le . These have been estimated in previous 
studies (see reference 1) and were not estimated for the tokamak breeder. 

Table I l l . F . 3 presents the key tokaroak breeder fuel cycle parameters. 

Figure I I I . F . 3 shows the corresponding fuel cycle a v a i l a b i l i t y budget for an 

overal l plant capacity factor of 70%. The ca lcu la t ion of t h t ac t in ide 

concentrations and the development of the a v a i l a b i l i t y budget both assume a 

90% operational a v a i l a b i l i t y during scheduled operat ion. This allows as many 

as 12 unscheduled and 34 scheduled outage days during the 155-day fuel cycle 

per iod . Longer unscheduled shutdown periods during scheduled operation w i l l 

resu l t in s i gn i f i can t 2 3 3 P a decay (T 2̂ = 27 days) to Z 3 3 U fol lowed by higher 

f i ss ion rate penal t ies when operation is resumed. That i s , the thermal 

systems are designed for a maximum blanket energy mu l t i p l i ca t i on of 2.1 and 

extended shutdowns during scheduled operation can resu l t in t h i s power level 

being achieved at lower than desirable f i s s i l e discharge enrichments ( i . e . , 

< 1,43%). The consequence of discharging the f i s s i l e fuel at lower enrichment 

would be a smal l , but adverse af fect upon overa l l economics due to a 

s i g n i f i c a n t l y larger f i s s i l e recovery (reprocessing) cost. 

In comparison with more deta i led fuel management schemes developed for 
the reference tandem mirror fusion breeder (1 ) , and summarized in 
Table I l l . F . 3 , the above analysis is somewhat op t im is t i c because i t assumes 
that the neutron f l ux and f i s s i ' e concentrations correspond to average values 
over the en t i re blanket. I " r e a l i t y , f i s s i l e fuel w i l l be bred much faster ?.c 
the f ront of the blanket than averaged over the blanket. Also, the 
p robab i l i t y of f i ss ion ing a 2 3 3 U atom w i l l be much higher near the f i r s t 
w a l l . As a r e s u l t , at an end-of-cycle condit ion r e f l e c t i n g a given average 
discharge enrichment, the blanket energy generation w i l l be higher than 
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Figure 1I I .F.2. Production and Decay Chain for Thorium Fueled Hybrid Blankets. 



Table III.F.3. Summary of Breeder Fuel Cycle Characteristics. 

TOKAMAK TANDEM MIRROR 

F i s s i l e Inventory (Kg) 

In-Core a 

Post Discharge 

Plant Capacity Factor (%) 

1535 
2419 

70 

Enrichment (%)b 

Z33 p a 

233M 

0.43 

1.00 

Net Fissile Production (Kg/yr) a 4905 5635 

1180 
2815 

70 

0.4 
0.7 

Total 1.43 1.1 

Energy Multiplication 
B0C 1.30 1.25 
E0C 2.10 2.50 
AVE a 1.70 1.69 

Full Cycle Period (days) 155 321 c 

a) average over cyc le. 
b) atoms per 2 3 2 T h atom (%). 

c) 1.5 batches of fuel during t h i s period assuming a two-zone blanket 
with fuel replaced twice as often i i the f i r s t zone. 
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Overall A v a i l a b i l i t y = 109/155 = 0.70 

Figure I I I . F . 3 . Tokamak Breeder A v a i l a b i l i t y Budget. 
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assumed in our analysis because the fissile concentration will be peaked 
towards the front of the blanket. 

The negative impacts of this situation can be reduced, but not removed by 
separating the blanket into two or more radial zones (see Reference 1) and by 
cycling the front zone(s) more frequently than the back zone(s). This design 
fix will increase the average fissile discharge enrichmert for a given peak 
blanket energy, but will result in additional mechanical complexity. More 
study is required in this area to determine the best compromise between fuel 
cycle economics and operational/mechanical complexity, 

III.F.5 Fusion Breeder Performance and Cost Comparison 
The performance and cost of the helium cooled, beryllium blanket tokamak 

breeder were modeled using TRW's, Tokamak Reactor Systems Code (TRSC) (3). The 
results are compared with performance and cost data for the reference lithium 
cooled tandem mirror fusion breeder in Table I1I.F.4. The tokamak cases are 
for current drive by magnetic induction and neutral beams. The tandem mirror 
breeder was modeled using the Tandem Mirror Reactor Systems Code (4), 
Comparisons between the tandem mirror and tokamak results should be made with 
some reservations because 1) the two designs represent different levels of 
effort, and 2) the models in TRSC and TMRSC are somewhat different. 

As shown in Table 1II.F.4, the reference tandem mirror produces the most 
net electricity (24% higher »-han the inductive current drive tofcamak and 82% 
higher than the neutral beam driven tokamak). The inductively driven tokamak 
has a 47% nigher (442 MW e) net electricity production compared to the neutral 
beam current drive option. These results are also reflected in the net plant 
efficiency figures (34%, 30%, and 20%). It is clear that neutral Deam driven 
systems will result in substantial power flow penalties. 

For the inductively driven tokamak, plasma heating sytems (ECRF, 1CRF, 
LHRF) require about 190 MW e during plasma startup (see Chapter II). Once 
ignition occurs, these systems are not required since the plasmi heats itself 
and the solenoidal coil drives the plasma current. For this particular 
tokamak, the plasma burntime is about 3000 seconds. The plasma and solenoidal 
coil reset tirrp is assumed to be 100 seconds. As tne availability can vary 
with solenoidal coil size, the choice of the reactor configuration was made by 
trading between larger reactors with higher availabilities at higher costs 
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Table I I I .F .4 . Fusion Breeder Performance Comparison. 

Fusi on Breeder Type 

(Ta 
Reference 
Lithium 
ndem Mirror) 

Tokamak 
(Inductive 

CD) 6 

Tokamak 
Neutral 
Beam 
(CD) C 

Major radius (m) 193 (length) 6.75 7.69 
Minor radius (m) 1.5 (cc radius) 1.80 1.57 
Fus'on powe- (MW) 3000 3000 3000 

Pulse length (s) ss 2700 ss 
Blanket energy multiplication: 

Minimum 1.25 1.30 1.30 
Maximum 2.50 2.10 2.10 
Average 1.88 1.70 1.70 

Gross nuclear power (MW) a 5100 4680 4680 
Gross electric power (W)a 2226 1667f 18509 
Driver recirculating power (MM) 325 6.7' 621 
Additional recirculating power (MW) 180 275 286 
Net electric power (MW) a 1720 1385f 943 
Net fissile production (kg/yr)^ 5635 4905 4905 
Fissile inventory (kg)" 3995 3954 3954 

In-core3 1180 1535 1535 
Post discharge6 2815 2419 2419 

Plant capacity factor (%)a 70.0 70.0 70.0 
Plant efficiency .34 • 30 f .20 

a) average over fuel cycle period. 
b) inductive current dri'.e, 
c) neutral beam current drive. 
d) includes average plant capacity factor. 
e) assumed to be half-year's average production. 
f) averaged over reactor operational period. 
g) includes conversion of the neutral beam thermal energy deposited on 

the f i r s t wal l . 
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Table III.F.5. Fusion Breeder Cost Comparison ($ M:ilion, 1983). 

Fusion Breeder Type 
Tokarnak 

Reference Tokamak Neutral 
Lithium (Inductive Beam 

{Tandem Mirror) CD) (CD) 

Land and land rights 6.3 6.3 6.3 
Structures and site facilities 563 531 531 
Fusion driver components 9 863 458 1638 
First wall/blanket shield b 499 395 423 
Heat transport components 0 502 245 258 
Misc. reactor equipment 299 288 274 
Turbine plant equipment 370 401 432 
Electrical plant equipment 158 164 16? 
Misc. plant equipment 19 53 53 
Fuel cycle facilities*1 _382 _330 _33D_ 

Direct Cost 3660 2871 4112 
Contingency (20%) 732 574 j!22_ 

Total Direct Cost 4392 3445 4934 
Indirect cost (34*) 1485 1163 _1665_ 

Total Overnight Cost 5877 460R 6599 
Cost of Interest and Escalation 1028 806 1155 
During Construction (17,5%) 

Total Plant Cost 6905 5414 7754 
Fusion Breeder Cost/LWR Cost e 2.76 2.36 3.38 

a) includes magnets, heating systems, direct convertor. 
b) includes beryllium and lithium. 
c) includes circulators for helium loops. 
d) includes reprocessing, beryllium fabrication, thorium fab. 
e) basis: $/KWt 
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(reflecting increased material volumes) and smaller reactors with lower 
availabilities and reduced costs. The baseline inductively driven tokamak is 
optimized at a size slightly larger than the smallest possible machine 
(R_ = 6.75 m versus fL = 6.29 ra). The resulting burn cycle duty factor of 
0.97 implies that the allocation for unscheduled outage must be reduced from 
12 to 9 days per 121 days of operation to achieve a 70% plant capacity factor. 

As shown in Table III.F.5, the cost difference between the two tokamaks 
1s primarily caused by the high cost of the neutral beam system. The neutral 
beam driven tokamak is also slightly more expensive in other areas because it 
optimizes at a slightly larger physical size. This results brcause the plasma 
scaling relations predict a decreasing plasma current requirement as the 
reactor major radius increases. The optimal major radius of the 3000 HUf 
neutral beam driven reactor configuration (7.69 in) represents a compromise 
between beam power and size. In the case of the miscellaneous reactor 
equipment account, the inductively driven tokamak is slightly more expensive 
due to various costs associated with pulsing. These include the costs of the 
magnet support structure, the vacuum system, and the magnet power supplies,* 
Overall, the direct cost of the inductively driven tokarak is estimated to be 
about 20* less (790 M$) than the tandem mirror and Z0% .ess (1241 M$) than the 
neutral beam driven tokamak. In the latter case, the ast cf the beams is the 
principal cost penalty. 

Cost differences between the two tokamaks and the tandem mirror reflect 
the different nature of the two designs as well as modeling differences. A 
major difference arises in the fusion driver component cost category shown in 
more detail in Table III.F.6. Importantly, the comparatively large cost of 
the tandem mirror central cell nagnetj, first wall, blanket, and shield can be 
attributed to its low wall loading (1.3 MW/m 2 versus 3 MW/m2 for the 
tokamak). 

Heat transport system component costs are about a factor of 2 greater for 
the tandem mirror. This results because of the longer pipe runs and 
manifolding costs of the 193 m long tandem mirror. The intermediate sodium 
loop in the liquid metal tandem mirror heat transport system also provides a 

Energy storage system cost not yet included. 
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cost penalty. The higher electrical conversion efficiency of the liquid metal 
cooled tandem mirror and slightly different scaling relationships are 
reflected in slightly lower turbine plant equipment costs (between 8% and 14% 
less for the tandem mirror than the inductively driven tokamak and the neutral 
beam driven tokamaks, respectively). The electrical plant equipment costs are 
also about S% lower for the tandem mirror due to the use of different cost 
factors, both proportional to the gross electric power,in the two codes. 
Miscellaneous plant costs also reflect different models for the tokamak and 

Table 11I .F .6 . Fusion Driver Component Co s (S M i l l i o n , , 1983). 

Fus ion B-eeder Type 

Reference 
Lith-fum 

(Tandem Mi r ro r ) 

Tokamak 
( Induct ive 

co; Hi
! 

Tokamak Magnets 35E 328 
TF co i l s 230 289 
PF co i l s ~ 50 37 

Solenoidal co i l ~ 75 2 

Tandem Mirror Magnets 601 — — 
Central ce l l 460 — — 
Barr ier co i l 1 40 ~ — 
Barr ier co i l 2 37 — — 
Transi t ion co i l 21 — — 
Yin-yang pa i r 43 — — 

RF Systems 75 103 6.3 
ICRF 19 71 — 
ECRF 56 6.3 6.3 
LHRF — 26 — 

Neutral Beam Systems 150 — 1304 
Direct Converter 36 ~ « 
Total Fusion Driver Components 863 458 1638 
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tandem mirror, whose miscellaneous costs are estimated to be small, but about 
65% less than those of tne tokamaks. The fuel cycle f ac i l i t i es for the tandem 
mirror are about 1616 more expensive, primarily because of higher fuel 
throughput. 

I I I .F .6 Economics Results For Symbiotic Electr ic i ty Generation Systems 

The performance and cost results presented in the previous section were 
merged with similar data for LWRs and their fuel cycles to predict the 
symbiotic cost of e lec t r ic i ty and the cost of bred fuel on a year-by-year and 
a 30-year average present value basis. The LWR fuel cycle data and economics 
methodology used in the analysis are described in Reference 1. The cost data 
has been escalated from 1982 to 1983. 

Table II1.F.7 shows the results of this analysis for the inductively 
driven tokamak breeder which supplies 19 2 3 3 U burning LWRs {1 GWe each) 
operating on a denatured thorium cycle (1). As shown in Table I I I .F .5 , the 
breeder cost per unit thermal power is about 2.3 times the LWR cost. However, 
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 impact on the cost of e lec t r i c i t y . Because most 
of the e lect r ic i ty (~ 95%) is generated in utility owned LWRs which, dominate 
the symbiotic system, the symbiotic cost of e lect r ic i ty is always quite 
insensitive to perturbations in the breeder cost and/or performance. 

Nevertheless, sl ight changes in the e lect r ic i ty cost represent large 
changes in the cost of bred fue l . This can be easily understood i f one notes 
that at a DjOg price of ~ 55$/kg, the cost of mined uranium is typical ly less 
than 10% of the l i f e cycle cost of LWR e lec t r i c i t y . Thus, an e lec t r ic i ty cost 
increase of roughly i n * would result i f the price of UjOg doubled. The 
results shown in Td„.e lu.F.7 indicate a similar result—a 9% e lect r ic i ty 
cost d i f ferent ia l represents a 133% 2 3 3 U cost d i f fe ren t ia l . 

In Table 1I I .F.8, results for u t i l i t y and government ownership of the 
neutral beam driven tokamak are presented. As expected, the cost and power 
flow disadvantages of the neutral beam system result in larger system elec­
t r i c i t y costs. Compared to the inductively driven tokamak, the government 
owned neutral beam driven tokamak produces e lect r ic i ty which is 14% more 
expensive and f i s s i l e fuel which is 200% more expensive. In the case of 
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Table I I I . F . 7 . J t i l i t y Versus Government Ownership Of The 
Induct ive ly Driven Tokamak Breeder. 

U t i l i t y 
Owned 

Government 
Owned 

Total Plant Capital Cost ($M) 

Breeder Cost/LWR Cost Ra t i o 3 

Total Fixed Charge Rate on Breeder 

Plant Capital ( J / y r ) 

E f fec t ive Breeder Capital Cost/LWR Capital 

Cost Ratio 

Year One Cost of E l e c t i d t y {mi1/kWeH} 

Average PV Cost of E l e c t r i t y (mi 1/kW&H) 

Year One Price of 2 3 3 U ($/g) 

Average PV Price of 2 3 3 U ($/g) 

5414 
2.28 

15.05 

5414 
2.28 

9.05 

2.36 1.42 
54.9 49.5 
33.4 30.6 
95.2 36.7 
53.4 22.9 

a) LWR cost = 490 $/kW t (1983) 

Table I I I . F . 8 . U t i l i t y Versus Government Ownership Of The 
Neutral Beam Tokamak Breeder. 

U t i l i t y 
Owned 

Government 
Owned 

Total Plant Capital Cost ($H) 

Breeder Cost/LWR Cost Ra t io 3 

Total Fixed Charge Rate on Breeder 

Plant Capital ($ /y r ) 

E f fec t i ve Breeder Capital Cost/LWR Capital 

Cost Ratio 

Year One Cost of E l e c t i c i t y (mil/kW eH) 

Average PV Cost of E l e c t r i t y (mil/kW eH) 

Year One Cost of 2 3 3 U ($/g) 

Average PV Cost of 2 3 3 U ($/g) 

7754 

3.26 

15.05 

7754 

3.26 

9.05 

3.38 2.03 
64.6 56.5 
38.9 34.8 
203 114 
114 69.1 

a) LWR cost = 490 $/kW t (1983). 
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u t i l i t y ownership, the N3 driven tofcamafc produces e lect r ic i ty which is 17% 
more expensive and f i ss i l e fuel which is 115% more expensive. Comparing 
government and u t i l i t y ownership for the neutral beam driven tokamak, the 
u t i l i t y owned breeder produces e lect r ic i ty which is 12% more expensive and 
f i ss i le fuel which is 66% more expensive. 

The results for the inductively driven tokamak are compared in 
Table I I I .F .9 to those for an LWR burning U-jOg at the current price. I f the 
tokamak breeder is u t i l i t y owned, i ts cost of e lect r ic i ty does not become 
equal to that of the conventionally fueled LWR unt i l the twenty-f irst year of 
operation. The th i r ty year average present value of the cost of e lec t r ic i ty 
is 0.77 ra1l/kWeH higher than that of the U 30 g fueled LWR. Over a th i r ty year 
period, a cumulative loss of 4.6 Sbil l ion results. Although this case does 
not indicate market penetration under the very conservative conditions which 
were assumed ( i . e . , 55 $/kg U30g at the start of operation), further studies 
indicate a thirty-year breakeven ( i . e . , zero benefit) i f the start ing price of 
l^Og is 91 $/kg, or about twice the current price of uranium. Higher U 30 g 

costs would lead to a net benefit for the fusion breeder. 

Table I I I .F .9 . Comparison Of a Symbiotic System Including An Inductively 
Driven Tokamak Fusion Breeder With a U,0 f t. 

u t i l i t y Government 
Owned Owned 

Delta Year One Cost of E l e c t r i c i t y (mi l /kW e H) a 5.19 -0.19 

Breakeven Year b 21 1 
Delta Average PV Cost of E l e c t r i c i t y (mi l /kW e H) a 0.77 -1.98 

Integrated Benef i t ($M)C -4590 5568 

a) symbiotic - conventional LWR = d e l t a . 

b) year in which delta = 0. 
c) PV benefit over 30 years per fusion breeder. 
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In the case of government ownership, breakeven is achieved in the f i r s t 
year and an average 1.98 mil/kWeH benefit accrues over the entire fusion 
breeder operating l i f e . This results in an integrated benefit of 5.6 $bil1ion 
over a th i r ty year period. I f the U 30 8 cost at the start of operation were 
91 $/kg, the breakeven price for u t i l i t y ownership, the integrated benefit 
would be dramatically increased. 

A su&rary of results, which also provides comparisons with the 
conventionally fueled LWR of Section I I I .F .3 , is shown in Table I I I .F .10. 
This table includes the inductively driven tokamaks discussed above (cases 3 
and 4), two cases for the u t i l i t y and government ownership of the tandem 
mirror l i thium blanket breeder (cases 1 and 2), and two cases for the neutral 
beam driven tokamak breeder (cases 5 and 6). The lat ter machine (neutral beam 
driven) and its symbiotic products are expensive, whether owned by a u t i l i t y 
or the government. Breakeven (zero net benefit over 30 years) would occur in 
the government ownership case at a UjOg cost of 132 $/kg r which is a factor of 
2.4 higher than current price of 55 $/kg. 

Table I I I .F .10. Summary of Economic Analysis. 

Average Average 
Present Present 
Value Value Breakeven 

Elect. C c s t Z 3 3 u C o s t Breakeven Benefit 3 U30gPrice' 
Description (mil/KWeH) ($/g) Year3 1$ B) ($/K9) 

1) Mirror/Gov't 31.7 31.5 8 3.7 42 
2) Mirror/Utility 34.7 64.7 24 -8.9 116 
3) Tokamak/Gov't/Ind CD C 30.6 22.9 1 5.6 13 
4) Tok/Utility/Ind CD J3.4 53.4 21 -4.6 91 
5) Tok/Gov't/NB CD d 34.e 69.1 29 -9.5 132 
6) Tok/Utility/NB CD d 38.9 115 — -24.2 250 

a) nominal results assumed $55/kg " J U starting price of l^Og with 2%/yr 
escalation above in f la t ion . 

b) û Og start ing price required to produce a zero net benefit over the 
30 year breeder l i f e cycle. 

c) Gov't owned tokamak breeder with inductive current drive. 
d) U t i l i t y owned tokamak breeder with neutral beam current drive. 
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The inductively driven tokamak cases are slightly improved relative to 
those for the tandem mirror cases, but the differences are within the modeling 
uncertainties. In the utility owned cases, breakeven relative to an alterna­
tively fueled LWR (with a U 30g starting price of B5 $/kg) occurs after twenty 
years of operation and results in a net loss (over 30 years) of 4.6 and 8.9 
{billion, respectively. In both cases, the price of uranium must approxi 
mately double (to 91 $/kg or 116 $/kg) to achieve a 30 year breakeven. For 
government ownership of either the tokamak or the tandem mirror breeder, 
substantial net benefits {5.6 and 3.7 $billion, respectively) accrue over the 
30 year lifetime. The government owned tokamak breeder is predicted to break 
even at a u^Og price as low as 13 $/kg and the government owned tandem mirror 
could breakeven at l^Og prices as low as 42 $/kg. 

til.F.4 Conclusions 
The following conclusions result from the above modeling of the potential 

economic performance of the tokamak breeder: 

• The tokamak breeder economics results are roughly similar to previous 
results for the reference tandem mirror based fusion breeder. 

• Government ownership of the fusion breeders always presents substan­
tial economic advantages and fits well into the institutional frame­
work of a government sponsored fuel cycle center (similar to current 
fissile enrichment plants). 

• The government owned, inductively driven, tokamak breeder could be 
economical at less than current UjOg prices given a long term l^Og 
price escalation rate which is 2% above inflation and a full fissile 
recycle nuclear economy. 

• NB current drive carries a substantial economic penalty but could 
breakeven in a government ownership case at a market price for U^Og 
of 132 $/kg. 

• Economic issues yet to be addressed include the potential impacts of 
lower LWR SWU costs, higher LWR fuel reprocessing costs, etc. 
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CHAPTER IV 

LITHIUM COOLED TOKAMAK HYBRID BLANKET CONCEPT 

This chapter describes a lithium cooled tokamak reactor using the mobile 
fuel concept developed in 1982 for the reference tandem mirror fusion breeder 
(1) In the tokamak configuration, the magnetic fields and spatial 
restrictions on the Inboard side lead to very high pressures when pumping a 
liquid metal through a packed bed, and the lack of inboard space makes gravity 
dumping of the fuel (required for safety) extremely difficult. These 
considerations have motivated the development of a design concept which 
eliminates the use of a neutron multiplier and fissile breeding on the inboard 
side. As shown in the following chapters, eliminating inboard fissile 
breeding has led to a relatively simple mechanical design with engineering 
margin in MHD pressure drops and heat transfer, but has resulted in a design 
with low breeding performance. 

An alternative concept, discussed briefly in section 1V.B, is to include 
a beryllium multiplier (but no thorium fuel) in the inboard blanket. This 
would enhance nuclear performance without requiring that the mechanical design 
accommodate gravity dumping, and without resulting in MHD pressure drops a: 
high as those in a fueled inboard blanket (which would generate more heat). A 
mors detailed feasibility assessment of this concept should be performed. 

The lithium cooled tokamak concept described in this chapter is not 
nearly as promising as the helium cooled tokamak described in Chapter III. If 
a method of including thorium fuel in the inboard blanket, or another method 
of enhancing breeding performance is not found, this concept should probably 
be abandoned. 

IV.A Mechanical Design Overview 
Three major considerations drive the mechnical design of the lithium 

cooled tokamak hybrid. These are: 1) tokamak and divertor geometry, 
2) gravity fuel dump, and 3) MHD induced pressures. As mentioned above, the 
inboard and outboard blankets have been considered separately because of the 
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differences in useable space and magnetic field strength. The outboard 
blanket, shown in Figure IV.A.1, consists of vertical Be/Th containing pods 
with primarily radial coolant flow. The back of the blanket consists of large 
poloidal flow lithium inlet and exit plenums. The pod shape provides 
efficient containment of the coolant pressure, and the vertical orientation 
allows gravity dumping of the fuel. The large inlet and exit plenums mimimize 
coolant velocity, and thereby pressure drop, in this region. The overall 
onfiguratlon of the outboard blanket is roughly similar to that of the gas 
cooled tokamak blanket described in Section III.A. 

On the Inboard side, the magnetic field is roughly a factor of two higher 
than on the outboard side. Consequently, if the inboard blanket were 
identical to the outboard blanket, an excessive blanket coolant pressure over 
1000 psi would result. Although several design concepts vhich included 
thorium fuel in the inboard blanket were considered during the course of this 
study, no satifactory configuration was found. We therefore selected a 
lithium self-cooled configuration based on the UWMAK-I [Reference 2] 
blanket. The selected configuration assures cooling of the first wall at 
pressure drops comparable to those of the outboard blanket. A more rigorous 
design effort, new MHD flow data, or reactor physics changes may yet lead to a 
concept which will allow fissile breeding in a lithium cooled inboard blanket. 

IV.A.l Outboard Blanket 
A horizontal cross section of the outboard breeding blanket is shown in 

Figure IV.A.l. The packed bed and first wall coolant loops are separated to 
allow better flow control. Flow in the rectangular inlet and outlet plenums 
is poloidal from top to bottom of the reactor, or into the page in the 
figure. These plenums are assumed to be lined with electrical insulation, 
which is protected from the lithium coolant by an additional 0.Z5 rrm territic 
steel liner. Thus, both a poor current return path and a strong structure are 
provided. This sandwich insulation is located only in 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 

« 25 m 

Figure IV.A.1. Outboard Blanket Module Schematic. 
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Flew balancing requires that the inlet and outlet plenums taper in oppo-
sfte directions. Lithium will enter the inlet plenun at the top of the 
reactor, flow poloidally in the inlet plenum, turn 90° and enter the pod, flow 
around the first wall, or through the packed bed to the outlet plenum, and 
turn 90° again and flow toward the exit. Flow within the pods is indicated in 
Figure IV.A.l. Pressure drops must be equal along every flow path. There­
fore, the pressure drop must be the same for lithium flowing through the pod 
at the top of the reactor, and thus making most of its 6.5 meter poloidal 
journey in the outlet plenum, as for lithium flowing through the pod at the 
bottom of the reactor, making most of its poloidal journey in the inlet 
plenum. Tapering the plenums 1n opposite directions is intended to keep the 
plenum velocities equal everywhere, and thus also keep the pod velocities 
equally distributed such that cooling is assured. 

Since the pressure drop in the packed bed is significantly higher than 
that in the plenums, flow balancing in the packed bed loop in this configur­
ation is straightforward. However, the first wall cooling loop pressure drop 
calculations (Section IV.C below) indicate very low pressura drops around the 
pod. Although low pressure drops are normally desirable, .:or this particular 
design, small imbalances in the inlet and outlet plenums can result in large 
velocity differences in different regions of the first wall. The flow impe­
dance in the first wall loop may, therefore, need to be increased to ensure 
balanced first wall cooling. 

An alternative would be to flow all the lithium around the pod nose to 
cool the first wall, and then back into 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 plenums. Further investigation 
will be required to fully understand this alternative. 

The flow is opposite in adjacent pods to match pressures and temperatures 
across the pod walls. Although this could be accomplished in analogy to the 
gas cooled pods discussed in Chapter III (where coolant enters each pod along 
both walls, flows toward the center at the pod nose, and then back through the 
pebble bed), MHO velocity profiles are not well understood, and stagnation 
could easily occur in the lithium at the pod nose where the two opposing 
streams meet and turn 90", A small stagnant core of lithium behind the first 

4-4 



wall would give very high first wall temperatures. We thus chose to flow the 
lithium around the nose to ensure cooling. 

IV.A.2 Inboard Blanket 
The inboard blanket configuration is shown in Figure IV.A.Z. Lithium 

flows poloidally in the large plenims at the back of the blanket. To move 
from an entrance plenum to an exit plenum the flow must go through (and cool) 
one of the toroidally oriented mini-lobes that comprise the first wall. Flow 
entering a mini-lobe can irove parallel to the magnetic field before moving 
radially toward the lobe nose, perpendicular to the field. Since the pressure 
drop is much lower in flow parallel to the field, the lithium will tend to 
spread out in this manner to minimize the velocity (and therefore the 
pressure) perpendicular to the field, thus guaranteeing even cooling of the 
mini-lobe. 

Reference 3 shows that coolant/structure temperai.jres are move favorable 
for flow that transits more than one lobe in series. This is because the 
velocity in the lobes is increased, decreasing film drop temperatures and thus 
reducing the difference between the maximum bulk fluid temperature and the 
maximum structure temperature. However, flowing lithium in the same direction 
in adjacent lobes will result in large pressure and temperature differences 
across the walls separating the mini-lobes. This can only be tolerated by 
adding structural support and possibly thermal insulation, which will reduce 
the tritium breeding effectiveness of the blanket. We have, therefore, chosen 
opposing flow in adjacent lobes to equalize the temperatures and pressures 
across the lobe boundries. As shown in Figure IV.A.2, lithium entering every 
other lobe must travel a short distance back toward the blanket inlet, in the 
poloidal direction. This longer flow path will result in a lower volumetric 
flow rate in half of the lobes. However, the distance travelled, and 
therefore the volumetric flow in adjacent lobes, will be within 1-2% due to 
this effect. 

As has been shown in Reference 4, the flow divider in the center of the 
lobe in the inboard blanket is subject to significant bending due to differ­
ential pressures on either side. This must be accommodated by adding struc­
tural support. A composite baffle filled with stagnant lithium, as shown in 
Figure IV.A.3, will probably be the most efficient method. This should also 
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Figure IV.A.2 . Inboard Blanket Module Schematic. 



accommodate the temperature difference across the baffle. A thermo-mechanical 
analysis of this member should be performed to determine the amount of struc­
ture required. 

Figure IV.A.3. Composite Flow Baffle. 

IV.A.3 Pod Nose Bending 
The curve at the pod noses shown in Figures IV.A.1 and IV.A.2 will not be 

exactly semicircular because of the change in pressure around the nose. 
Specifically, near the outlet end of the plenums (the bottom of the blanket 
where the total pressure is lowest) the pressure drop in the lithium as it 
travels around the nose of the pod may be significant compared with the total 
pressure. If the pod nose cannot support bending, it will assume a constant 
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tension shape which deviates slightly from semicircular. The curve shown in 
Figure IV.A.1 is exaggerated in this respect (i.e., the pod shape should be 
closer to a semicircle). This principle applies to both the inboard and 
outboard blanket pods. 

It is important to note that the first wall pods (or lobes) can be 
constructed to be in constant tension {no bending) under full power. However, 
changing the flow velocity will change the required shape, putting the walls 
in bending. The following analysis gives a brief derivation of the shape of 
the curve, and applies the result to the pressures indicated in the J-JHD 
analysis below. The analysis indicates that the deflection is small, and thus 
changes in operating power nay not present a problem. 

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

Pds = T. sin —%- + L, sin —%~ . sin — Y ~ T '? 

Constant tension gives: 

h - h - T 

and from the small angle: 

Pds = Td4> or d<t> = Pds 

From analytic geometry: 

dr = cos<(Jsi + sin^dsj 

and 
dr = dxi + dyj 
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thus: 

x = / cos<|ids y = / sin<j,ds 

= / C o S [ _ L / Pffs'] ds = / sirt [ — J Pds'] ds 

Sines the actual pressure as a function of position around the pod nose 
is not well characterized, we have simply taken a linear variation of pressure 
with arc length: 

P = P 0 + As 
9 = pressure at the start of the curve of the pod nose 
A = a constant 
s = arc length along curve C 

Taking the boundary conditon as: 

4, = + -|^_ at x = 0, y = 0, and s = 0 

The constant tension pod nose shape is then given by: 

x = £ sin[s'(P0 + As')/2/T] ds' 

y = - ls

0 cos[s'(P 0 + As72)/T] ds' 

which can be solved numerically. 

In the outboard blanket, the pressure drop per unit length varies greatly 
as the flow turns from perpendicular to the magnetic f ie ld to parallel with i t 
and back to perpendicular as i t goes around the pod nose. A pressure drop is 
assumed to be associated with the turning, as discussed In section IV.C 
below. In the inboard blanket, flow around the pod nose remains perpendicular 
to the magnetic f i e l d , however, the f ie ld varies s l ight ly and effects of th is 
variation are not well understood. 
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a) 

Curve c of Length $ 

b) 

s = arc length along curve c. 
t = angle between the x axis and the tangent to curve c. 
7 = tensile force in member. 
P = internal pressure. 

Figure IV.A.4. Geometry of Pod Nose Bending Problem. 
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Results for a pressure at the inlet to the outboard blanket pod nose ten 
times that of the outlet and for an outlet pressure of zero are compared with 
a cylindrical pressure vessel in Figure IV.A.5. Table IV.A.1 gives the 
maximum deflection in millimeters from a cylinder of the pod nose for the 
inboard and outboard blankets at worst case pressures taken from section 
IV.C. Although stresses have not yet been calculated, this analysis indicates 
that differential pressures around the pod nose will not produce significant 
bending stresses for the inboard and outboard blanket configuration considered 
here. Note that bending stresses produced in this manner can be considered as 
secondary stresses because they are self relieving. Bending of the structure 
will cause the shape to approach the constant tension shape, thus reducing the 
bending stress. 

TABLE IV.A.I Deflection of Constant Tension 
Pod Noses from a Cylinder 

^pprox. 
Slankat Pod Nose Inlet 

Pressure 
(MPa) 

Pod Nose Outlet 
Pressure 
(MPa) 

Inlet/Outlet 
Pressure 
Ratio 

Pod Nose 
Radius 
(cm) 

Maximum 
Deflection 

(mm) 

Inboard 1.670 1.542 1.083 5 .006 
Outboard 0.1943 0.1907 1.019 12.5 .05 

1.5 0.15 10 12.5 6.4 
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a -

i (cm) 10 

Figure IV.A.5. Constant Tension Curves for Pressures That Wary Linearly With Arc Length. 
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- IV.B NUCLEAR DESIGN 

IV.B.l Objectives 

The initial step in developing a fission-suppressed blanket for a tokamak 
was to try and use the reference blanket developed for the tandem 
mirror.(1.2,3) This blanket consists of Be/Th composite pebbles cooled by 
liqu'd lithium. Major differences between the tandem mirror and tokamak which 
affect blanket design are the higher first wall heat loads, higher magnetic 
fields and longer coolant flow paths in the tokamak blanket. These 
differences amplify the MHD problems associated with pumping the liquid metal 
coolant through the blanket, especially on the inboard side. This problem is 
greatly reduced if the Be/Th pebbles are removed from the blanket's inboard 
leg. 

The objective of this nuclear analysis was to evaluate the effect on 
breeding of removing the Be/Th pebbles from the inner blanket, leaving only Li 
1n the inner blanket. 

IV.B.2 Method of Analysis 

The procedure used to evaluate the effect of removing the Be/Th pebbles 
from the inner blanket consisted of developing a 2-0 toroidal model and using 
the TART Monte Carlo code to calculate breeding with and without the Be/Th 
pebbles in the inner blanket. The TART runs were made with 5000 source 
neutrons, resulting in a less than 2% standard deviation. The resonance 
effects discussed in section I1I.C are not included in this analysis. 

i 

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

The configuration of the 2-D toroidai model used to assess this question 
is as shown in Fig. III.C.l except that the blanket is composed of single (not 
double) zones. The thicknesses and composition of the first wall and blanket 
zones are listed below in Table IV.B.l. The Be/Th/Li blanket is analogous to 
that developed for the tandem mirror breeder design. Its Li atom fraction is 
artifically high to correct for pebble bed heterogeneous effects.(3) 

Monte Carlo results (by zone and totals) of both the Li and Be/Th/Li 
inner blanket cases are listed in Table IV.B.2. 
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Table IV.B.l Thicknesses and Materials Compositions of First Walls and 
Blankets 

• Inner first wall - 1 cm Fe 

• Outer and top and bottom first walls 
10 cm, 90 v/o Li (.2 a/o Li6) + 10 v/o Fe 

• Li Blanket (inboard side only) 
60 cm, 95 v/o Li {.2 a/o Li6) + 5 v/o Fe 

• Be/Th/Li blankets (outboard, top and bottom) 
60 cm, 5 v/o Fe + 53 v/o Be + 2.9 v/o Th (0* U-233) + 38 v/o Li 
(1 a/o Li6) 

Table IV.B.2 Results of TART Monte Carlo Runs 

Inner Blanket Type 

Inner blanket (zone 6) 

E (MeV)* 
Top + bottom blankets (zone 7) 

T 6 

T 7 

F 
E* 

Li Be/Th/Li 

.102 .165 

.099 .022 
- .163 

2.26 3.23 

.239 .266 

.023 .028 

.246 .248 
4.53 4.69 
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Table IV.B.2 Results of TART Monte Carlo Runs (cont'd) 

Inner Blanket Type 

Outer blanket {zone €) 
T& 
T 7 

F 
E* 

Top + bottom first walls (z^ne 4) 
T* 
T? 
E* 

Outer first wall (zone 5) 
T 6 

T 7 

E* 
Totals 

T 
e 
T + F 

£* £M) 

Li Be/Th/Li 

.331 .334 

.044 .044 

.326 .326 
6.42 6.45 

.032 .041 

.073 .075 
1.69 1.78 

.042 .044 

.124 ,124 
2.68 2.71 

1.113 1.143 
.572 .737 
1.68 1.88 

19.03 {1.35; 19.4 (1.38) 

* No Y transport and no decay energy 

IV.B.4 Comparison of Results and Recommendations 

To estimate the actual fissile breeding ratios (F) of the two cases, one 
with the Be/Th/Li inner blanket, the other with the Li-Only inner blanket, the 
following corrections are made to the results giyen in Table 1V.8.2. 
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T + F a: [(T + F ) B e d s • Het. Corr. + T o t h e r ^ P 1 e n a C o r r')(Divertor Corr.) 
F " T + F - TReq 

where: 
(T + F ) B e d s = sum of T + F in the Be/Th/Li beas from Table IV.B.2 
TQther = sum of T in the non-bed Li-containing zones 
Het. Corr. = Be/Th/Li pebble bed heterogeneous correction. Values taken 

from Ref. 3 
P7ena Corr. = correction to account for module plena and end effects. 

i-l ,o -^qfrmcd to Kr. the r — ^ .is for M , r - l-pr'^rsnce trnrfcm mirror 
blanket (3). 

Divertor Corr. 5 correction due to having a divertor. Value taken from 
Subsection III.C.5. 

T R = assumed overall value of tritium 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 = 1.49 - 1.01 = 0.48 (+30%) 

For case with Li inner blanket: 
T + F = [(1.21) • 0.943 + 0.472](.971)(.854) 

= 1.62 • 0.971 • 0.854 = 1.34(+ 10%} 
F = 1.34 - 1.01 = 0.33 (+40*) 

The fissile breeding ratio of 0.33 estimated above for the Li inner 
blanket case is 31% below the Be/Th/Li inner blanket case and is considered 
too low for this blanket configuration to be considered further. We are thus 
inspired to look for another variant of this blanket that would have a higher 
breeding ratio. 

One such variant might be a blanket configuration with the Be/Th/Li beds 
on the outer, top, and bottom sides with a Be/Li blanket (no fissile breeding) 
en the inboard side. In this case, overall breeding (i.e., T + F) would be 
preserved, but if the ratio of thorium-to- Li were not increased, such a 
blanket would overbreed in tritium. Rather than decreasing the °Li fraction, 
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recent studies (4) indicate that a substantial increase in the thorium 
fraction {perhaps balanced by a smaller increase in the Li fraction) would be 
most beneficial. 

Based on the low fissile breeding ratio estimated for the case of no 
Be/Th pebbles on the inner blanket, it is recommended that it be dropped and 
the blanket modification discussed above be investigated as one alternative to 
the He~cooled variation of the Be/Th blanket with full coverage described in 
Chapter III. 
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IV.C LITHIUM . UID DYNAMICS AND HEAT TRANSFER 

IV.C.l Introduction 
A key problem in the design of lithium-cooled blankets for a tokamak 

reactor is the calculation of MHD pressure drops. Although the set of HHD 
equations for the calculation of pressure drops through B-field gradients, 
turns, contractions, entrance, and exit flows are still uncertain', avail­
able sets of equations were used and compared to determine feasibility of 
the design. The general design approach is to minimize the flow velocity by 
maximizing the flow cross-sectional area wherever possible. This leads to 
the selection of a non-fissile fuel breeding blanket for the inboard side of 
the reactor Hhem the magnetic field strength is high. 

A blanket configuration similar to the UWMAK-lU) design shown in 
Fig. IV.C.l was used in the inboard side. For the outboard blanket, the new 
design shown in Fig. IV.C.2 was adopted. In order to handle the surface 
heat flux of the tokamak reactor (0.25 MW/m2 in this analysis), the design 
approach was to minimize the amount of coolant flowing at the first wall (to 
keep the pressure drop and total pumping power low) but to maximize the 
coolant velocity to keep the coolant temperature rise within specific mate­
rial temperature limits. Results show that with the selected inboard/ 
outboard blanket configurations, the maximum blanket pressure drops are rea-
$oi ible at <2.3 MPa (330 psi) and can be reduced by further design optimi­
zation. The material temperature limits can also be met. 

The fat lowing sequence summarizes the approach in the blanket HHD 
calculation: s 

• Calculate and compare the pressure drops using the equation from 
Hunt and Holroyd,(2»3) and from picologlout4) when applicable. 

• Assume the pressure drop for turns is negligible when both legs 
are normal to the B-field. 

• Assume the pressure drop through an expansion flow is negligible. 
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• Calculate the pressure drop through contractions by using the 
equations recommended by Hunt and Holroyd.(2>3) 

IV.C.2 MHD Equations Review 

Key sets of applicable MID equations are given in Table IV.C.l. The 
set recommended by Hoffman and Carl son(5) was used fcr the 1982 Fusion 
Breeder Study.(5) The constant K has to be determined graphically and is 
supported by very limited'experimental results. The set of equations sup­
plied by Hunt and Holroyd(2i3) gives distinct recommendations for the calcu­
lations of inlet , gradient-6, turning, expansion and contraction pressure 
drop calculations. The latest set of equations supplied by picologlou(4) 
also has detailed specifications. The only agreement between these sets of 
MHD equations is for straight pipe flow normal to the magnetic f ield. Since 
the sets of equations given by Hunt and Holroyd, and Picologlou are more 
complete, they will be the only sets compared in this study. 

IV.C.3 Blanket Configurations 

Figures IV.C.l and IV.C.2 give the inboard/outboard blanket configura­
tions for the fusion breeder study. In order to keep the module pressure 
and coolant pressure drop to acceptable levels in the high field inboard 
region of the tokamak reaction, we recommend that the packed-bed fert i le 
material be omitted 1n this version. This both increases the available flow 
area and decreases the amount of power in the blanket. Both effects will 
reduce the coolant velocity, and hence the pressure drop. The UWMAK-1 
type(l) of blanket module was selected because the plenum region 1s rela­
tively simple in geometry, thus allowing the possibility of using thin clad 
Insulated walls. The module is designed to take different surface wall 
loadings by adjusting the front lobe dimension, thus adjusting the length of 
the liquid metal flow path and liquid metal channel depth for material 
temperature control. 
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Table I V . C . l MHD Equations 

MHD AP Formula 

Hoffman 
and 

Carlson(S) 

Hunt 
and 

Holroyd(2.3) Picologlou (ANL)(«) 

Straight pipe 

Transferse B 
' ^ T T c 

In le t /contract ion KauB2a 

Varying B KouB2a 

Bend 

A. One leg p a r a l l e l KouB?a 

to B 

B. Both legs normal 0 
to B 

*<juB2 
T + Z 

0.2 auB2 Jc a 

0.2 auB2 i/t" a 

cuB2 J€ a 

^ B 2 T T T 

0.2 ouB 2 /c" a 

o U B 2 (J- - i-1 4^-
r 2 r i J 1 + c 

(For B = B(r) In Tesla] 

| ouB2aN-V3 

= | u*/3 B*/3 D 2 / 3 pl/3 a 2/3 

0 

K = pressure drop coefficient, 
c = (o w t w ) / (da) , 
B = magnetic field strength, 
u = fluid velocity, 
a = fluid electrical conductivity, 
N = oB^a/pu - magnetic interaction parameter. 

p = fluid density, 
aw = wall electrical conductivity, 
a = 1/2 channel width In the direction of B, 

t w = wall thickness,. 
( « flow path length,. 
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For the outboard region, the configuration shown in Fig. IV.C.2 was 
selected. Separation of the f i r s t vai l and f e r t i l e zone coolant routing 
allows for adjustment of the f i r s t wall flow speed by changing the coolant 
gap dimension. Thus, various surface loadings can be addressed. A poten­
t i a l design simplif ication can be obtained by combining the two outlet 
streams into one. 

Figure IV.C.3 is a schematic of the inboard/outboard coolant routings. 
It I l lustrates the key dimensions and magnetic f i e ld strengths (numbers in 
brackets) at different reactor radial positions. 

IV.C.4 Inputs and Results 

Table 1V.C.Z summarizes the input parameters for the blanket MHD 
calculations. 

Table IV.C.2 Thermal-Hydraulic Calculation 
Input Parameters 

Reactor thermal power 5000 KW 
Neutron wall loading 3 MW/ra2 

Surface wall loading 0.25 MW/m2 

Coolant - l i thium 
Ti n /To U t 340«/430»C 

Outboard blanket energy 2 
mult ipl ication 

Inboard power fraction 0.325 

Magnetic f i e ld strength B(r) = i 2 Tesla 
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Fig. IV.C.3 Inboard and Outboard Blankets Coolant Routing Schematics 
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The channel characteristic dimensions and the pressure drops for 
respective channels and turns are given in Tables IV.C.3 to IV.C.5. 

The pressure drops for the inboard blanket, outboard first wall, and 
outboard blanket sections are also given in Tables IV.C.3 to IV.C.5, respec­
tively. The results calculated by using the Hunt and Ho1royd,( 2> 3) and 
Picologlou(4) sets of equations are presented as is a worst case estimate 
consisting of the highest values in each category. Comparing the two sets 
of results, for the inboard blanket case, different results were obtained 
for the gradient B-field and turning calculations, yet the total pressure 
drops for the whole loop are similar, since they are dominated by the pres­
sure drop due to straight channel flow across field lines, which is the only 
calculation that is agreed upon by the different authors. 

The magnitudes of the inboard/outboard blanket pressure drops are 
approximately equal. For the outboard blanket, the pressure drop is domi­
nated by the packed bed pressure drop. A similar design of using packed bed 
design would not be acceptable because the high magnetic field strength at 
the inboard region would result in a pressure drop in excess of 5 MPa 
(800 psi). 

Considering the first wall heat flux and the volumetric power genera­
tion in the first wall and the lithium, the maximum first wall temperature 
was calculated conservatively from the conduction of heat through the first 
wall to lithium at the maximum coolant temperature at the outlet of the 
first wall. For these calculations, the first wall coolant bulk temperature 
was taken to be the same as the blanket coolant outlet temperature at 430°C. 
The inboard and outboard blankets first wall maximum temperatures were cal­
culated to be 551°C and 470 oC, respectively. From design feasibility con­
siderations, these temperatures are acceptable, since they are located at 
the outlet end of the first wall where the structural loading requirement is 
much reduced. To provide improved heat transfer, if necessary, the first 
wall channel dimensions can be varied to adjust the coolant temperature 
increase in the channel, thus maintaining the structural material 
temperature below the specified limit. 
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Tabic lv.c.3 Inboard Blanket Parameters and Pressure Drops 

Magnetic 
Characteristic Field H i l l Channel Fluid Conductance Hunt and 

Dimension strength Thickness Length veloc i ty Ratio Uolroyd Picologlou Hirst 
(») (T) (•) (m) (m/s) (C) (kfa) (kp.) Case 

A h l e t ( a ) 0.5 4.9 2.5 « 10- ' 0 1.05 2.5 « 10 - ' 124.0 124.0 124.0 
AB B 9radlent(a) 0.5 4.9 . 7.2 2.5 » 10- ' 2.15 1.05 2.5 . 10- ' 267.0 61.4 267.0 
6 Turn (Both legs are normal to B- f le ld l 0 0 0 
S • Expansion (Assumed to be zero) 0 0 0 

BH Channel(a) 0.25 7.2 2.5 » 10- ' 9 0.57 6.2 » 10- ' ' 29 .0 429.0 429.0 
C Turn (Both legs are normal to B-f le ld) 0 0 0 
C Expansion (Assumed to be 2ero) 0 0 0 

CD B gradient 0.025 6.7 . 6 . 5 3 « 10-3 0.2 0.16 0.06 27.3 240.0 240.0 
D lorn 

( l to i ] 
B gradient 

0.025 6.5 3 « 10- 3 0.16 0.06 128.0 8.0 128.0 

BE 

lorn 
( l to i ] 
B gradient 0.025 6.5 . 6 . 7 3 « 10-3 0.2 0.16 C. 27.3 240.0 240.0 

E Turn (Both legs are normal to 8 - f l e ld ) 
0.025 6.7 3 • 10-3 

0 0 0 
t - Contraction 

(Both legs are normal to 8 - f l e ld ) 
0.025 6.7 3 • 10-3 0.16 . 0.57 0.06 349.0 349.0 349.1) 

H - Turn (Both legs are normal to G-ffeld) 0 0 0 
H - Contract ion!* ! 

B gradient !* ) 
0.35 7.2 2.5 » 10" a 0.57 . 1.05 0.36 « 1 0 - J 899.0 899.0 899.0 

III 
- Contract ion!* ! 

B gradient !* ) 0.5 7.2 • 4.9 2.5 « 10-4 2.15 1.06 2.5 » 10-4 267.0 61.4 267.0 
1 Exit (Assumed to be zero) 0 0 0 

Total 2517 2411 2543 
Blanket Maximum Rressure p. Q 2126 22.6 2552 

(Inboard blanket i n l e t ) (308 ps i ) (323 ps i ) (3709 ps i ) 

I 4 h u e design assumes the use of a 0.25 ™ thick stainless steel clad lining the Inside of the channel. 
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Table I V . C . 4 Outboard F i r s t Wall Parameters and Pressure drops 

Magnetic 
Chara- - r lst lc Field m i l Channel Fluid Conductance Hint and 

Dimension Strength Thickness Length Velocity Ratio mlroyd Ptcologlou Ifcrst 
(•) | I ) (•) (m) (m/s) (C) (kPa) (kP») Case 

J Inlet(») 0.75 2.4 2.5 » 10- ' 0.9B 1.7 > 10-4 34.2 34.2 34.2 
OK B gradisntVM 0.75 2.4 . 3.? 2.5 » 10-" 3.5 0.9B 1.7 x 10-« 61.0 14.1 51.0 

K Turn (Both legs are normal to B-fleld) 0 0 0 
K Expansion (Assumed to be lero) 0 0 0 

ltd Channel 0.15 3.2 3 » 10-3 5.5 0.11 0.01 225.0 225.0 225.0 
L Turn (doth legs are norma) to B-field) 0 0 0 
L Expansion (Assumed to be zero) 0 0 0 

LM B gradient 0.005 3.2 . 3 . 4 3 « 10-3 0.5 0.02 0.3 0.4 73.7 78.7 
H Turn 0:005 3.4 3 » 10-3 0.02 0.3 3.5 0.7 3.6 

HN B gradient 0.005 3.a . 3 . 2 3 * 10-3 0.5 0.02 0.3 0.4 7B.7 78.7 
N - Expansion (assumed to be zero) 0 0 0 
M Turn (Both legs are normal to 8-f ield) 0 0 0 
0 Turn (Both legs are normal to B-fleld) 0 0 0 
0 Contraction!*) 

- B gradient!*) 
- Exit 

0.15 3.2 2.5 « 10-4 0.11 . 0.98 0.84 x 10-3 120.1 120.1 120.1 
UP 

P 

Contraction!*) 
- B gradient!*) 
- Exit 

0.75 3.2 . 2.4 2.5 » 10-4 
(Assumed to be zero) 

3.5 0.93 1.7 » IO-« 61.0 14.1 61.0 

Total 586 566 663 
Blanket Hiximum Pressure 9 k 422 

(61 psl) 
630 
(76 psl) 

580 
(84 psl) 

("''•The design assumes the use of a 0.25 nrn thick stainless steel clad lining the Inside of the channel. 



Table I V . C . 5 Outboard F e r t i l e Zone B lanket P a r a u e t e r s and Pressure Drops 

Magnetic 
Characteristic Field M i l 

Dimension Strength Thickness 
(«) (T) (m) 

Channel 
Length 

(•) 

Fluid 
Velocity 

(m/s) 

Conductance 
Ratio 

(C) 

Hunt and 
tblroyd 

(kPa) 
Picologlou 

( IP I ) 
fcrst 
Case 

J Inlet 0.75 2.4 8.6 » 10- 4 0.98 1.7 » 10- 1 34.2 34.2 34.2 
JO b gradient!*) 0.76 2.4 » 3.2 2.5 » 10" 4 3.5 0.98 1.7 i 10-4 61.0 14.1 61.0 

Q Turn (Both legs are normal to B-field) 0 0 0 
Q Contraction^) 0.75 3.2 2.5 » 10-* 0.98 » 1.26 1.7 » 10- ' 87.0 87.0 87.0 

Qll Channel(4) 0.15 3.2 2.5 • 10-4 6.5 1.26 0.84 > ID" 1 21S.0 218.0 218.0 
a - Turn (Both legs are normal to B-f1eld) 0 0 0 
R • Expansion (Assumed to be zero) 0 0 0 

ss - B gradient 0.15 3.2 • 3.4 3 « 10- 3 0.5 0.24 0.1 8.2 337.4 337.4 
s . Turn 0.15 3.4 3 . 10-3 0.24 0.1 40.8 4.0 40. a 

ST • Packed Bed(») 0.09 3.4 . 3 . 2 3 K 10- 3 0.5 0.055 0.02 906.0 906.0 906.0 
T - Turn (Both tegs are normal to 6-f ield) 0 0 0 
I - Contraction 0.09 3.2 3 « JO-3 0.056 < 1.26 0.02 (87.0 487.0 487.0 
u - Turn (Both legs are normal to B-llela) 0 0 0 
u - Expansion (Assumed to be zero} 0 11 0 

UP 

p 

- 8 gradlent(') 
- Exit 

0.75 3.2 . 2.4 2.5 . IO-» 
(Assumed to be zero) 

3.5 0.9B 1.7 » ! 0 - * 61.0 14.1 14.1 

Total 
Blanket Kaxtaun Pressure P Q 

1903 2102 218S 
1803 2053 2090 

The design assumes the use of a 0,25 enm thick stainless steel clad lining the Inside of the channel. 
A radial outward flow mdel across the toroidal magnetic f ie ld was used 1n the calculation. The average f lu id f lo * 

velocity was used in the packed bed pressure drop calculation, (Reference 6.) 
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IV.C.5 Conclusions and Recommendations 

Considering the HHD pressure drops and the estimated maximum 
temperatures for the inboard and outboard blankets, the following 
conclusions and recommendations can be made: 

1. The present blanket design approach of breeding f i ss i l e material 
only 1n the outboard blanket is acceptable both from pressure drop 
and temperature consideration?. 

2. As indicated in Tables IV.C.3 and IV.C.4, the key differences in 
the two sets of MHD equations are on gradient B-field and turning 
calculations. Although the total pressure drops predicted by the 
two sets of equations are similar, the individual terms d i f fer 
signif icant ly and experiments w i l l be needed to understand the 
differences. 

3. Nevertheless, some confidence in the result is provided because 
the worst case pressure drop 1s only s l ight ly higher than that 
predicted in either set of models. 

4. I t should be noted that i f the blanket flow plena are not assumed 
to be insulated by the use of an 0.25 mm thick stainless steel 
l i ne r , the increase in pressure drop wouM be proportional to the 
channel wall thickness. At a wall thickness of 3 mm, just the 
channel pressure drop for the inboard/outboard blankets would be 
2574 kPa (373 psi J/1308 kPa (190 ps i ) , respectively. These high 
pressure drops would be unacceptable when other pressure drops are 
considered. This indicates the importance of developing the insu­
lated metallic l iner or other wall electr ical insulat ion, as a way 
of reducing the Hartmann flow pressure drops.(?) 

5. The packed bed HHD pressure drop calculation was developed in 1982 
under the Fusion Breeder Program.(6) As indicated in Table 
IV.C.5, the packed-bed pressure drop contributes signif icant ly to 
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the total outboard blanket pressure drop. Experimental v e r i f i ­
cation of the MHD packed-bed pressure drop wi l l be needed. 

6. To further optimize the design, experimental determination of the 
MHD effect on l iqu id metal heat transfer w i l l be needed in order 
to determine flow channel sizes and routings such that the impact 
of MHD pressure drop can be minimized. 
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