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ABSTRACT

The preliminary conceptual design of a tokamak fissile fuel producer is
described. The blanket technology {s hased on the fission suppressed breeding
concept where neutron muitiplication cccurs in a bed of 2 cm diameter
beryl1ium pebhles which are coo'ed by helium at 50 atmospheres presssure.
Uranium-233 is bred in thorium metal fuel elements which are in the form of
snap rings attachad to each beryliium pebble. Tritium is bred in lithium
bearing material contained in tubes immersed in the pebble bed and is
recovered by a purge flow of heljum. The neutron wall load is 3 Mhl/m2 and the
blanket material is ferritic steel. The net fissile breeding ratio is
0.54 $30% per fusion reaction, This results in the production of 4900 kg of
233y per year from 3000 MW of fusion power. This quantity of fuel will
provide makeup fuel for about 12 LWRs of equal thermal power or about 1B 1 GW,
LWRs, The calculated cost of the produced Uranium-233 is between $23/9 and
$63/g or equivalent to $10/kg to $90/kg of U40g depending on government
financing or utility financing assumptions

Additional topics discussed in the report include the tokamak oparating
mode (both steady state ar  .uy pulse considered}, the desiga and breeding
implications of using a poloidal divertor for impurity control, reactor
safety, the choice of a tritium breeder, and fuel managerent.



TABLE OF CONTENTS

Abstract
Table of Contents

[.A
I.B
I.C
1.0

I.E

[.F

1.6

I.H

1.1
1.J

CHAPTER T INTRODUCTION AND EXECUTIVE SUMMARY

BACKGROUND AND MOTIVATION

PROGRAM QRGANIZATION

PROGRAM GOALS AND APPROACH

TOKAMAK ORIVER OVERVIEW

1.0.1 Tokamak Technology Options for the Fusion Breeder
1.0.2 Tokamak Driver Overview

MECHANICAL DESIGN AND CONFIGURATION

1.E.1 Reactor Configuration

1.E.2 Blanket Sub-Module Configuration

1.E.3 Fuel Region Design and Inlet/Outlet Piping Considerations
I.E.4 Design Issues

CHOICE OF A TRITIUM BREEDER

NUCLEAR ANALYSIS

1.6.1 General Considerations

1.6.2 Nuclear Analysis

FLUID DYNAMICS AND HEAT TRANSFER

I.H.1 General Considerations and Design Limits
I.H.2 Bellows First Wall Design and Analysis
[.H.3 Blanket Fuel Element Design

REACTOR SAFETY ISSUES

SUMMARY OF FUEL CYCLLZ AND ECONOMICS ANALYSIS

ii

1-1

1-5

1-7

1-10
1-10
1-11
1-18
1-18
1-23
1-26
1-27
1-29
1-33
1-33
1-35
1-39
1-39
1-40
1-47
1-49
1-51



I1.B

11.C

11D

TABLE OF CONTENTS (Cont'd)

CHAPTER I1 TOKAMAK DRIVER DEFINITION

INTRODUCTION AND DESIGN SUMMARY
I1.A.1 Design Guidelines
I1.A.2 Design Overview
FUSION DRIVER SYSTEMS
I1.B,1 Introduction
I1.B.” PTasma Heating and Current Drive Systems
11.8,2.2 Determination of Size and Operating Parameters
11.B.2.b Heating and Current Drive Options
11.8.3 Vacuum Vessel and Divertor Comporents
11.B.4 Magnetic Systems
11.8.4.a TF (Toroidal-Field) Coils
11.B.4.b Central Solenoid
11.B.4.c EF (Equilibrium-Field) 2nd Divertor Coils
PLASMA HEAT FLUX AND WALL EROSION
I1.C.1 Power Flow and Surface Fluxes
11.C.2 Enhancement of Radiation Loss
11.C.3 Erosion of the First Wall
DESIGN ISSUES AND RECOMMENDATIONS FOR FURTHER WORK
11.D.1 Unresolved Issues
11.0.2 Unaddressed Issues

iv

2-1
2-1
2-2
2-7
2-7
2-9
2-9
2-9
2-12
2-13
2-13
2-13
2-15
2-16
2-16
2-18
2-21
2-22
2-22
2-22



TABLE OF CONTENTS (Cont'd)

CHAPTER III HEL UM COGLED BLANKET

[II.A MECHANICAL DESIGN AMD MAINTENANCE
IT1.A.1 Intraduction
II1,A.2 Design Guidelines
[11.A.3 Reactor Configuration
I11,A.4 Blanket Sub-Module Configuration
I11.A.5 First Wall Design
1I1.A.6 Fuel Region Design and Pebble Inlet/Outlet
Piping Considerations
II1,A.6.a Fuel Region
II1.A.6.b Fuel Pebble Inlet/Outlet Piping
Iil.A.7 Coolant Inlet/Outlet Piping Considerations
II1.A.8 Module Edge Support Options
I11.A.9 Remote Maintenance Considerations
I11.A.10 Effect of Neutral Beam Penetrations

IT1.A,11 Alternate Helium Cooled Reactor/Blanket Concept

IIT.A.12 Summary and Design Issues

II1.8 CHGICE OF A TRITIUM BREEDER
IT1.B.1 Introduction
[11.8.2 Breeder Material Properties
III.B.3 Some Design Issues
III.B.4 Comparison Between Lis0 and FLIBE
I11.8.5 Conclusions

111.C NUCLEAR DESIGN ANALYSIS AND PERFORMANCE
I111.C.1 Objectives
1I1.C.2 Methods of Analysis
II1.C.3 Toroidal 2-D Model and Results
II1.C.4 Unit Cell Model and Results
I11.C.5 Divertor Modeling and Results
111,C.6 Estimate of Overall Performance
111.C.7 Recommendations

3-1

3-1
3-5
3-8
3-9
3-11

3-11
3-12
3-15
3-17
3-18
3-23
3-24
3.27
3-32
3-32
3-32
3-37
3-39
3-42
3-43
3-43
3-43
3-44
3-49
3-52
3-54
3-56



TABLE OF CONTENTS (Cont'd)

I11.D FLUID DYNAMICS AND HEAT TRANSFER

IT1.E
IIL.F

111.0.1
111.0.2
111.0.3

I11.0.4
111.D.5
111.D.6

Introduction

General Considerations and Design Limits
Bellows First Wall Design

111.D.3.a Mechanical Design

I11.D0.3.b rirst Wall Thermal-Mechanical Analysis
111.D.3.c General Fiprst Wall Design Observations

Blanket Fuel Element Design
Coolant Pressure Drops and Pumping Power
Conclusions

REACTOR SAFETY ISSUES
FUEL CYCLE AND PLANT ECONOMICS

IT1.F.1
IT1.F.2
I11.F.3
I11.F.4
II1.F.5
I11.F.6

I11.F.7

Overview

Discussion of Symbiotic Economics

Economics for Conventionaliy Fueled LWR
Tokamak Breeder Fuel Cycle

Fusion Breeder Performance and Cost Comparison
Economics Results for Symbiotic Electricity
Generation Systems

Conclusions

3-58
3-58
3-58
3-60
3-60
3-61
3-74
3-76
3-81
3-84
3-8ii
3-89
3-89
3-89
3-92
3-94
3-99
3-104

3-108



e

CHAPTER I

INTRODUCTION AND EXECUTIVE SUMMARY

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 corvert abundant resources of naturally occurring
fertile isotopes (i.e., 232Th or 238} to fissile isotopes (i.e., 233U or
23gPu). The fast-fission breeder {e.g., LMFBR) represents one such breeding
technoiogy. 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 in conventional fission
convertor reactors such as the light water reactor (LWR) 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 unprecederted
quantities of fissile fuel (1,2)** and several studies affirm the general
cenclusion that the fusion breeder can be potentially superior to other
breeding options when viewed frem the joint perspectives of cost of electric-
ity, (3,4) and ability to displace expected fossil fuel shortfails 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 LWRs of equivalent thermal power, this application can
provids. nuclear fission with an economically superior breeder candidate - even
if the cost of the fusion breeder is several (e.g., three) times that of a
fisston 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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Rasearch 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 activities have progressed through several
conceptual desigﬁ studies (1,2,3,5,6,8,9). The most recent design studies
address the fission-suppressed mode of cperation. In this mede, neutron
multiplication for fissile breeding would be accomplished via non-fissioning
neutron multipliers (e.g., beryilium, lithium-7, lead) rather than as a result
of fast and/or thermal fissfoning in the blanket. 1n comparison with the
older fast-fission blanket designs, fission-suppressed ulanket designs empha-
size improved safety (f.e., lower fission product after-heat and hazard) and a
much higher net fissile output per unit of installed thermal capacity.
Although they are slightly more demanding in the area of fusion driver per-
formance, it appears that the fusion scientific feasibility demonstrations of
the 1980's will provide confidence that the minimum level of fusion perform-
ance and technolegy required for an economical fission-suppressed fusion
breeder {i.e., plasma gains > 5 and availability > 50%) can be achieved in the
2020 timeframe, However, such an achievement will require that the fusion
program continues to proceed towards an aggressive engineering deveilopment

phase (10,11).

Clearly, the need for a fusion breeder is predicated upon the assumption
that the nuclear power industry will regain its former vitality 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 scenaric appears bleak from today's
perspective, one or more of the following circumstances could motivate a
resurgence of fission power and/or enable the fusion breeder to become econom-
ically attractive in the 2020 timeframe:

e An improved framework for the licensing, financing, and operation of

fission plants in the U.S.

¢ Higher economic and electricity demand growth than experienced during
recent years.

e FEconomic advantages in Europe (e.g., France) and Japan which can be
attributed to inexpensive nuclear power plants built during the 80's
and 90°s combfned with a successful operating experience with the
existing LWRs.

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

e Continued concern relative to C02. acid rain, and other adverse
environmental conditions resulting from fossil electricity gener-
ation.

® Lower than projected uranium resources.

& Inefasticities in the price of uranium as the price of 0il, coal and
other fuels rise (e.g., the 1973 Arab 0i1 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 functiomally 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 Jong 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, in this study) and because a new power reactor would not
be introduced to the utilities and reactor venders, 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 commerciai development of
fusion power plants because Tower 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
comercialization of fusion breeders could give the industrial sector exper-
jence relevant to the development, operation, and improvement of nearly all
fusion component technologies.
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1.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

Lawence Livermore Natijonal
Laboratory

TRW Inc.

GA Technologies, Inc.

Westinghouse Electric Company

Oak Ridge National Laboratory

Princeton Plasma Physics Laboratory

Idaho National Engineering
Laboratory

University of California,
Los Angeles

Energy Technology Enginesring Center

Principal Activities

Prcgram Manager, Tandem Mirror Physics
and Technology, Nuclear Data and Desigr,
Molten Sait Blanket Design

Design Integration, Tokamak and Tandem Mirror
Reactor Systems Modeling, Blanket Design
Support, Fuel Cycle Economics

Fluid Mechsnics and Heat Transfer, Helium
Blanket Sub-Module Configuration, Solid

Breeders, Reactor Safety Systems

Reactor Mechanical Configuratiorn, Operation
and Maintenance

Molten Salt Chemical Engineering, Liquid
Metal Compatibility

Tokamak Plasma Engineering and Technology

Fission Reactor Testing, Beryllium
Irradiation Damage

Blanket Stress Modeling, Structural
Irradiation Damage

Materials
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The above activities were performed during 1983 on a variety of Fusion Breeder
Program arojects including the fission-supprassed tokamak fusien breeder
feasibility assessment.
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I.C PROGRAM GDALS 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 1ithium 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 desfgn, it became clear that the
liquid metal blanket concept could not be directly translated to a tokamak
fusion driver. Specifically, issues assocfated with flowing the 1iguid 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 MHD prassure drops and/or structural temperatures. Consequently, a
principal program goal during 1983 and 1984 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. Tre moltern 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 cooiant.* A
liquid 1ithium coolant option with a fissile breeding blanket only on the
outboard side was considered during the study and may be feasibie. 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 MHD 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:

o 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
heliun coolant and a molten salt breeder (see reference 4),
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e the accommodation of uncertainties in the first wall
erosion/redeposition rates.

e the comptexity of helium cooled blankets as related to tritium
control, helium flow control, heat transfer, and reliability.

e the diffusion and/or leakage of tritium to the primary loop and the
control of tritium in the primary loop to preveant enviraonmental
releases.

These issues are common to all helium cooled blanket concepts for fusion
applications and are not unique to hybrid blankets. As the first three are
aggravated by increased wall loadings, the lower neutron wall requirements for
hybrid applications (2-3 Hﬂlmz) relative to fusion-electric applicaticns

(4-5 MH/mz) can be a significant developmental aivantage (5,6}.

Several “hybrid-unique” program goals which specifically relate .5 this
first assessment of a helium cooled fission-suppressed tokamak breeder include
the following:

e the modification of previously proposed tokamak configurations and
maintenance schemes to accommpdate the mobile fuel and passive dump
requirements of fission-suppressed fusion breeders {(Section III.A of
this report).

e a comparative assessment of several tritium breeder choices (e.g.,
Li,0, FLISE) in conjunction with heliun cooling and beryllium neutron
multiplication (Section I1I.B}.

e an assessment of the relative breeding efficiency of tokamaks versus
tandem mirsors (Section II1.C).

e the development of a reactor systems engineering (i.e., systems
costing code) capabiiity for tokamak fusion treeders (Section III.F).

e the identification of tokamak current drive candidates and operating
modes which provide a low physics risk consistent with the capital
cost and nower flow requirement: for fusion breeder applications
{Sections 1I).

In summary, goals for development of the fusion breeder design discussed
in this report are to address the design feasibility issues associated with a
helium cooled, fission-suppressed, tokamak fusion breeder, Such a desfgn
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

1-8



A At o ———— e

of concept feasibility has been to conduct 2 preliminary conceptual design
study focusing upon the key nuclear subsystems. In our judgement, the over2ll
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 fer the tandem mirror
(2,3). An equivalent level of design maturity will require additional study.
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I.D TOKAMAK DRIVER OVERVIEW

I1.D.1 Tokamak Technology Options For The Fusjon Breeder

The specification of a tckamak driver for the fusicn breeder reactor car
be similar to the driver specification for a fusion-electric reacter.

However, fusion breeder reactors can tolerate the impact of more expepsive
and/or more power consuming design options which provide a lower technelogical
risk than those which can be tolerated for the fusion-electric application.

In this context, we inftially investigated a Tusion breeder tokamak driver
which utilizes steady state negative ion neutral beam current drive, a singie
nuil poloidal divertor, and a 3 m/m2 neutron wall 1oading limit. A higher
performance and lower cost, inductively driven, leng 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 plasme heating and are expected te provide
greater confidence for bulk heating, Steady state current drive, and stability
control at reactor relevant densities and temperatures. Howaver, necative ion
neutral beams are both inefficient and expensive. About 310 MW of injected
povwer are required to drive the plasma current for an otherwise ignited
3000 Mg tokamak with a plasma current of ~ 10 M3 (i.e., fusion gair = 8.7).
For 65% efficient neutral beam iines (LBL self-extracting source, quadrupole
acceleration, laser photo-detachment neutralization), the beam recirculating
power requirement is about 475 Mde - a prahibitive power drain for fusion-
electric applications. The cost is also high. With a unit cost of ~ 4 $/M,
the neutral beamlines alone would cost ~ 1280 $M (direct). .he negative ion
beam current drive mode is marginally tolerabie 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, utilizes lower hybrid RF current arive to start the
current at Tow density prior to ior cyclot -on RF heating and inductive current
drive. The latter option is more efficient and less costly than neutral beam
current Jrive, but does introduce mechanical and thermal cycling of reactor
compenents (~7 - 103 cycles/yr for - 3000 second pulses). The inductive
current drive option has potential to substantially improved economics {i.e.,
lower cost of fissile product) and was selected as thz preferred operating
mode later in the study (see Section I.d).
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A single null poloidal divertor, similar to the INTOR design, was
selected over a pumped limiter 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 edta thermal/erosion problem encountered
in pumped limiter design, and offers the possibility of a low plasma sheath
potential with the prospect for Jow erosion of a high-Z plasma side
material, In the fusion breeder design, shown schematically in Figure I.D.1,*
a top-mounted divertor was selected to hetter accomodate blanket safety
requirements for a rapid gravity assisted fuel dump (see Sections III.E and
11,1),

The 3 H':I/m2 neutron wall loading 1imit is loiver than the 5 M'n‘/m2 goal
often specified for fusion-electric blankets. The lower Timit provides an
additional safety factor with respect to the first wall heat flux, erosion
rate, and irradiation lifetime which is believed to be required for fusion-
electric appiications, but increases the required first wall/blanket/shield
area by over 60% and results in cost increases.

1.D.2 Tokamak Driver Overview

Figure 1.D.2 shows the radial buildup of the neutral beam driven, steady
state tokamak and Table I.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 HHf), the
desired neutron wall Joading (3 MH/n@), the maximum beta allowed in dee-shaped
plasmas, the maximum plasma current that can be estabiished for a specified
maximum field at the TF coil (11 T), and the maximum inboard/shield thickness
(1.5 m from first wall to magnet conductor).

The plasma is doped with xenon {Z,ep ~ 2.7) such that the fraction of
plasma thermal efflux (600 + 170 = 870 MW) removed by radiation to the 7irst
wall is 60%. Enhanced radiation aiso reduces nip to its equilibrium value for

* Dimensions shown in this figure relate to the steady-state, neutral beam
driven., design option. The smaller, long puise tokamak dimensions are
provided in Section I.E.
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TABLE I1.D.1. PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS.

STEADY STATE LONG PULSE

PARAMETER UNIT MODE MODE
GEOMETRY
Major Radius m 7.69 6.75%
Minor Radius m 1,57 1,80
Aspect Ratfo 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 Coils T 11.00 11.00
PLASMA

B at Plasma Center T 6.49 5.50
Inverse Rotational Transform 2.25 2.25
Plasma Current MA 9.41 12.4
<Beta> .045 . 059
<Density> 1014 7em3 1.34 1,25
<Temp> keV 15.00 15.00
OH Bore Radius m 3.34 2.13
OH Coil Delta B T 18 18
Solenonid Flux V-5 732 300
Zesf 2.7 2.7
Loop Volt v .12 .10
Max Pulse Length 5 ssb 3000
Curr, Drive Mechanism 5 Inductive
Curr. Drive Power M 310 92¢
NTAU (for Z ¢ = 1 101%/em® 19 17
Radiation Fraction? .52 .52
NTAU Reduction Factor Due

to Radiation? 2.1 2.1
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TABLE II.D.1. PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS (Continued)

STEADY STATE LONG PULSE

PARAMETER UNIT MODE MODE

MAGNETS

TF Horiz Bore m 8 8

TF Vert Bore m 13 13

Max B-TF Coils T 11 11

TF Coil Material fib4Sn Nb3Sn

Max B-PF Coils T 8 8

PF Coil Material T NbTi NbT1
PONER PRODUCTION

Fusion Power Ml 3000 3000

Fusion Gain, Qb 9.7 Ignited

First Wall Aread me 744 744

Surface Heat Flux® W/cm? 67 a4

Neutron Wall Load M /m? 3.0 3.0

a) produced by Xenon injection.

b) possibly 1imited to several hours.

c) ICRH plus LHRF during startup only.

d) assumes divertor thrpat subtends 7% of the solid angle from the plasma
center to the minor radius,

e) assumes divertor removes 75 of 20 parts of non-radiated plasma thermal
efflux.



jgnition. A reasonable first wall erosion rate of about 2.25 mm/yr, providing
a four calendar year blanket lifetime for a sacrificial first wall thickness
of $mm (8.4 NH-yr/m2 at 70% capacity factor) was selected as a design basis,

As mentioned earlier, impurity control is accomplished using an INTOR-
type single null poloidal divertor. As in the INTOR study, the divertor
collector plates would be covered with beryllium tiles which will limit high-Z
reflux during the erosion process while providing some neutron muitiplication
and adequate heat transfer for the large divertor heat flux (~ 365 M/cmz in
the long pulse mode and 1.5 times higher in the steady state mode). A
detafled design was not performed, but it 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 coilector tiles by horizontal
translation at an interval more freguent than replacement of the
blanket /divertor sectors.

With the axception of one set of trapped divertor field coils (not shown
in Figure 1.D.1), all of the major cofl systems in the fusion breeder tokamak
are superconducting. The Tf and GH coil superconductors are specified to be
NbqSn (~ 11 T) while the PF coils are assumed to be constructed of NbTi
superconductor (~ 8 T). A1l of the PF coils, with the exception of the
trapped divertor coils, are ltocated outside of the TF coil bore and outside of
the EF coils, In all, there are'10 TF coils and a corresponding number of
blanket sectors.

The OH solenoid has a flux swing that is large enough to provide startup
of the full 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 utilizes electron
cyclotron resonance heating to pre-ionize the filling gas and provide some
electron heating. Next, the full current (~ 10 MA) and higher densities and
temperatures are generated using the solemoid flux 1inkage and ohmic
heating. When the density becomes high enocugh to trap the 1.5 MeV neutral
beams, they are activated one-by-one to provide the additional reguired
heating and to sustain the current drive. Once heated to a 15 KeV equilibrium
operating temperature, the 3000 Mic plasma is much larger than required to
sustain ignition conditions. HNevertheless, since about 310 MW of negative ion
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neutral beam power are required to drive the 10 MA plasma currest in steady
state, the tokamak operating regime is effectively subignition (Qp = 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 plasm control mechanism,

The long pulse mode would rese;ve the OK coil flux swing for curcent
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
etectron cyclotron resonance heating, the current startup would be provided at
low density by ~ 25 MW of lower hybrid RF, the plasma would be heated using
~ 80 M4 of ion cyclotron heating, and the puise would be maintained for
several thousand seconds. The long pulse operating mode will savz cost and
recirculating power (i.e., no RF during the iong pulse), bui will introduce a
possibly excessive level of mechanical and thermal cycles (~ 7 * 103 yr"l).
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1.E MECHANICAL DESIGN AND CONFIGURATION

I.E.1 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 desige 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
trradiation tnduced 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
removabie within the fixed space between the toroidal magnete. 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.l. Its key design specifications address a set of
tokamak dimensions (shown in Table I.E.1) which are consistent with the
smaller, Tong 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 lebe 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 ~eshuffling/reprocessing or
safety reasons., As shown in Figure 1,E.3, the pebbles are a composite of
beryllium/thorium, constructed of 2 cm dia. Be spheres, each with a
circumferential groove to accept a thorium smap-ring. As indicated in

Figure I.E.1, each sector of the blanket is cooied by helium which enters the
coolant inlet manifolds at the top of the blanket and exits thes 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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TABLE I.E.1. Design Parameters For the Helium Cooled Fission-Suppressed

Tokamak Fusion Breeder Concept.

-

g
Fusion Power 3000 MW
First Wall Neutron Loading 3.0 Mi/m?
First Wall Surface Heat Load 0.43 lemz
Plasma Size and Radius:
Major Radius 6.75 m
Minor Radius 1.8 m
Elongation 1.8
Number of TF Coils 10
TF Coil Clear Bore (Modified *D"):
Horizontatl 10,4 m
Vertical 14.4 m
Radius From Reactor Centerline to Maximum Field 3.3 m
Field on Axis 5.4 tesla
Distance From Plasma Centerline to Divertor Coils? 9.6 m
Coolant Helium
Pressure 5.1 MPa (740 psi)
Fuel Form Composite Be/Th Pebbles

Pebble Diameter
Fuei Processing

Blanket Structure

Maximum Structural Temperature

Blanket Lifetime

{spherical)
2 cm
Batch

Ferritic Steel
(2-1/4 Cr-1 Mo)

<475°C

3-4 years

2 For other PF coil locations see Section II.
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The choice of a ferritic rather than an austenitic steel s*ructural
material for the reactor was based upon the current perception that volumetric
swelling will be much lower for the ferritics. 1In addition, the ferritics
offer higher thermal conductivity and their use is expected to result in a
lower thermal stress in the first wall, Among the ferritics, HT-9 and
2.1/4 Cr-1 Mo are often si2lected as “"typical” alloys. HT-9 features higher
strength at elevated temperatures, but is expected to swell more (due to its
higher chromium content), The 2-1/4 Cr-1 Mo 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 irn Figure [.E.4,
The module consists of a double walled 2-1/4 Cr-1 Mo ferritic steel construc-
tion 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 tritium breeding material. The tubes
are 2 c¢m 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 2f helium purge flow to be supplied to the hc-izontally
oriented tritium breeder tubes to remove the generated tritium,*

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

* Although lithium oxide was considered as the tritium breeding material in
this study, other materials (e.g., 1ithium aluminate, FLIBE, liquid
lithium) might, ultimately, 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,

1.E.3 Fuel Region Design and Inlet/Qutlet 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 unnacessary 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 MPa) buckling pressure, some support due
to breeder packing in the tubes is assumed.

£ach 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,1. 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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1.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 Mo
represents a state-of-the-art material selection. The first wall concept is
directed towards accommodating the effect of irradiaticn induced swelling, but
additional study is required to confirm the four year (8.4 Mu-yr/mz) blanket
1ifetime 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:

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

o (Concepts are needed for preventing the lobe side wall deformations at
the interface between blanket sectors.

e 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.

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

e The proposed loading of beryllium/thorium pebbles into the top of the
blanket Tobes through small, individual tubes should be investigated

via the design of a fueling machine.

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

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

e Procedures and equipment {0 replace the sector modules (inciuding 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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[.F CHOICE OF A TRITIUM BREEDER

A principal goa! of fusion breeder blanket design is to maximize fissile
fuel production via the use of an efficient neutron multiplier (see
Section [.G). A consequence of the use of a separate mautron multiplier (in
this case beryllium) is that the tritium breeding material is not required to
provide a capability for insitu neutror muitiplication. Rather, the preferred
tritium breeder is 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 multijplier for fusion-electric blanket (e.q.,
1ithium aluminate, FLIBE) can be considered for use in the fusion breeder.

Key properties of several candidate tritium breeders are summarized in
Table I.F.1. These candidates were selected because they represent distinct
classes of breeders: 1iquid versus solid, insitu neutron multiplication versus
none, and tritium release as T, versus To,0. As shown in the table, the char-
acteristic dimensions and structure (clad) fractions associated with all of
the breeders are reasonable.

Li20 has the highest lithium aiomic density among all tritium breeders.
The bred tritjum is expected to be released as Tp0, a chemical form which is
markedly less apt to leak through the steel tube into the helium coolant than
the atomic form, T,. Thus, a purge flow tritium extraction design is usually
adopted. However, recent LiAl0, insitu tritium extraction experiments indi-
cate that a large fraction of the tritium may be released in noncondensable
form, Similar behavior can be expected for Li,0. Since the results of this
experiment are not fully understood, further investigations are needed. Li,0
has the disadvantage of being very hygroscepic, which implies the need for
special attention during manufacturing and fabrication. Temperature control
and irradiation damage effects (e.g., reductions in thermal conductivity) <«
which iniluence the steady-state tritium inventory in Li,0 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 perscnnel
exposure during the refabrication process.
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Table I.F,1. Tritium Breeder Properties and Thermal/Mechanical Aspects.

FLIBE FLIBE
L1,0 LiA10, 17Li83Pb Li (66-34) {47-53)
k (W/m-K) 3 1.73 16 56 1 0.8
p (kg/m3) 2010 2520 9400 450 2000 2000
C, (d/kg-k) 2600 1464 1600 4200 2380 2350
MP (°C) 1430 1610 235 180 460 363
Preferred Fuel Form Plate Plate Tube Tube Tube Tube
h (W/ml-K) 3000 3000 2000 2000 2000 2000
Interface Tpo., (°C)  650/550 5607550 4307475 495/550 550/550 550/550
PCA/HT-9
Breeder Temperature 420/800 420/1200 235/1370b 180/1370 46071370 363/1370
Window (°C), min/max
Breeder AT (°C) q'"'x8/ 2k q'"'x/2k q''ré/ak a9'"'r2/ak a9''r2/ak 9""'r2/ 4k
Characteristic 1.4/1.0¢ 1.6/1.134 3,6/1.3¢ 5.8/2,9¢ 2.4/1.79 1.9/1.49
x or r (cm), (9 Wee)/
(18 W/ee)®
Clad/hreeder 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
(%)

IMax, temp.less than 550°C {structural stress limit) defined by max. corrosion rate of 20 um/yr.
bBm‘Hng point of Li = 1370°C at one atms.

cx-plate 1/2 width, r-tube radius., Helium coolant characteristics: P = 50 atm, T
Tout = 500°C, Teoorant = 420°C; @' = 9 M/cc at T = 1.5 MH/mP.

Y8reeder element dimension limited by T

in = 275°C:
window @nd interface Tmax®
®Breedsr element dimensign limited by interface T

max*®
fClad thickness = 0.25 mm.
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LiAlDz 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 LiAl0, is an issue.

Among the Li-Pb eutectics, 17Li83Pb is favored because a low chemical
reactivity resuits due to its high content of lead (which is also & 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 ilow, but the
problem of handling T, in the blanket without excessive leakage appears to be
very difficult. As shown in Table I.F.l, 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 mimimized, but lithium
will nead to be circulated outside of the blanket for tritium extraction.

Because of its low lithium density, FLIBE, or lithium-beryliium fluoride
molten salt, requires isotopic enrichment in 6Li 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 operaticnal 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 berylljum)
in the salt, but the issue of tritium release in the form of 12 becomes the
same as for 17Li83Pb.

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

e Among the solid breeders, Liz0 and LiAl0; are both credible and are
similar in engineering application, L120 was selected over LiAlOZ due
to existing emphasis in the fusion-electric program. LiA10, 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 Lij0 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 liquids, lithium is rejected due to safety concerns (an
unnecessary burden).

FLIBE and 17Li83Pb are both credible Tliquid 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,
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I.G NUCLEAR ANALYSIS

1.6.1 General Copnsiderations

The most important objective of any fusion breeder “Manket design is the
achievement of the highest possible fissile breeding within the consiraints
posed by a specified engineering design configuratien, The requirement that
the reactor breed enough tritium for self-sufficiency must also be satis-
fied. For fission-suppressed blankets, a third objective is to limit 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 fissile fuel per unit of therm2l power genera-
tion.

As 233U fuel (bred from 232Th) is more efficientiy used in fission reac-
tors than 23%y fuel (bred from 23BU), our blanlet studies have amphasized

233y breeding for use in LWRs and more advanced convertor reactors. The
combination of 233 breeding and fission suppression leads to a level of
breeding performance such that a 3000 MW tokamak fusion breeder could provide
makeup fissile material to support 19, 1 GW, LWRs on the denatured thorium
fuel cycle. The fusion breeder also produces an average net electrical output
of 1200 MW,.

The focus of our nuclear design work has been direcied towards estimating
the performance of a tokamak fusion breeder using a variation of the reference
tandem mirror blanket design dev:'uped during 1982. Some of the differences
in the blanket materials and geometries are given in Table I.G.l. Although
both designs utilize packed beds of beryllium pebblec vith thorium smap-rings,
the tandem mirror blanket uses a liquid lithium coolant anrd tritium breeder,
while the tokamak blanket uses a helium coolant with the. tritium breeder
located in discrete tubes which run through the bed, Since the use of a
bery1lium moderator introduces significant neutron moderation, heterogeneaus
effects can be important and differences in performance due to the design of
blanket internals can be significant.
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TABLE 1.6.1. Fusion Breeder Blanket Compositions.

Tokamak Tokamak Tandem
Inner Outer Mirror
Blanket Blanket Blanket
FIRST WALL ZONE
Thickness (cm) 7.5 7.5 6.3
Structure material Fe Fe Fe
Structure Vol. Fraction 0.14 0.14 0.1
Coolant He He Li
Coolant Vol. Fraction 0.86 0.86 0.82
PACKED BED ZONE
Thickness (cm) 44 77 42
Structure Fe Fe Fe
Structure Vol. Fraction 0.058 0.058 0.074
Coolant Vol. Fraction 0.38 0.38 0.38
Multiplier Material Be Be Be
Multiplier Vol, Fraction 0.45 0.45 0.54
Tritium Breeder Lig0 (RPY Li (Also
coolant)
Tritium Breeder Vol. Fraction 0.09 0.09 0.38
Fertile Fuel Th Th Th
Fertile Fuel Vol. Fraction 0.02a 0.024 0.029
BACK ZONE
Thickness (cm) 5 5 42
Structure Vol. Fraction 0.08 0.08 0.065
Coolant Vol. Fraction 0.12 0.12 0.696
Moderator Material $iC SicC c
Moderator Vol. Fraction 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 mirrar 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 erasion

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.

1.6.2 HNuclear 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 wern then analyzed with 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; 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 Tess than 2% standard deviation. The models developed for the
Monte Carlo analysis are simplications of the actual geometry and are intended
to reasonably approximate its important aspects.

Three models were developed and employed for this analysis. The first 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 1.G6.1, 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 third, shown in Fiqure 1.G.2, is a
toroidal 2-D mode! with a poloidal divertor, 1t was uSed to estimate the
effects of a major penetraticn.
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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 233y breeding 0.54 (+30%)

Energy (@ U/Th = 1.0%) 26 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
resgnance self-shielding treatment.

The tritium breeding cam 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 Mde plant would
represent a release of 4.5'105 curies per day! Similarly, the allowed
recovery cost at 10,000 $/g would be ~ 12 $M/yr per percent tritium.

Future nuclear modeling work should be focused upon quantifying and
reducing the uncertainties, optimizing the design to maximize specific
breeding (1.e., breeding per unit of thermal enerqgy 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 is significant uncertainty, these initial results
indicate that a tokamak 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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1.H FLUID DYNAMICS AND HEAT TRANSFER

1.H.1 General Considerations and Design Limits

The requirement for the heljum 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
concrived to accomiodate these problems and to also accommodate the effects of
irradiation~induced swelling, Two-dimensional thermal-mechanical analyses of
the bellows first wall were performed to fdentify the temperature and stress
distributions and to guide the design.

The helium-cooled, fission-suppressed, hybrid reactor blaanket featuras a
unique configuration consisting of a packed bed of beryllium/thorium pebbles
surrounding purged tubes which conrtain the tritium breeder and are distributed
throughout the bed. Heat tramsfer 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 ferritic steel alloy has a maximum allowable temperature of 475°C
for high stress applications, For the nominal choice of Lizﬂ as the tritium
breeder, the temperature limits are Tmin = 410°C and Tnax = 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 tg give a gross
thermal cycle efficiency of 39%. Structure temperatures above 475°C occur
only towards the rear of the bilanket where the stress and neutron flux are

Towest.
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1.H.2 Bellows First Wall Design and Analysis

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 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 wall: volumetric power generatiorn due to the neutron wall loading
(3 Hw/mz) and the plasma-side surface heat flux {0.25-0.50 MH/mz). In
addition to these effects, the seiected structural configuration has to
accommodate high fluence neutron-induced swelling while being eroded away at
an assumed rate of 2.25 mm/year.

Two dimensional, steady-state, temperature distributions were calculated
for the bellows first wall using TACO2D, a finite element heat transfer
code. The temperature profile calculated by TACO2D was then coupled along
with the hydrostatic helium pressure boundary condition into NEKE2D, an
implicit, finite deformation, finite element stress code. The neutron
swelling effects were not included in the stress analysis. Figure I.H.1
presents the two-dimensional bellows first 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 sacrificial layer
on the plasma side of the wall has not eroded, and the end-of-1ife (EOL) in
which the sacrificial layer has completely eroded.

Figures I.H.2 and [.H.3 graphically display the bellows first wall tem-
perature profiles calculated by TAC02D at the beginning and end of life.
Figures I.d.4 and I.H.5 present the beginniny and end of life principal
stresses calculated by NIKE2D, The results of these figures are summarized in
Table I.H,1. This table shows that, with the present bellows first wall
design, the design guideline maximum temperature (475°C) is slightiy exceeded
at the beginning of 1ife. However, it is important to note that the hot spot
areas, which occur in the sacrificial 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 lcading of
3 and 0.25 HH/mZ, respectively, Figure I[.H.,6 shows the estimate Tmax at the
beginning of life as a function of surface loading. Assuming a maximum
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Table 1,H,1. Bellows First Wall Thermal And
Structural Analysis Summary

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

Beginning of life 542

End of life 342
Maximum stress, (MPa)

Beginning of life 201

End of life 176
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allowable temperature of 700°C on the eroded iayer where the stress capability
requirement is minimum, the 2-1/4 Cr-1 Mo can withstand surface loadings
higher than 0.6 Mi/m2, This observation provided a basis for our decision to
increase the plasma radiation fraction to 52% (0.44 MH/mZ) to minimize first
wall erosion and the divertor heat 7lux.

1.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, 8ased on this estimate, the breeder temperature distribution as a
function of radial position is given in Figure I.H.7. As shown, tie design
temperature Timits for a 1ithium oxide breeder are satisfied. The
2-1/4 Cr-1 Mo tube temperature is higher than the design 1imit 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 M, g,
reactor with a maximum blanket energy multipiication of 2, The pressure
Tosses due to friction, acceleration of flow from density change as a function
of temperature, joints, turns, expansions, and contractions were all taken
into consideration. The resulting aP/P = 3.22% and pumping power fraction of
4% are within the respective design 1imits of 4.3% and 5%. For the selected
coolant inlet/ outlet temperatures of 275°C/500°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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1.1 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 is the
heat generated by the decay of radic nuclides in the blanket (primarily 233Th,
233Pa, 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 cooied tandem mirror 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 Mi/me 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 fue! 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 expecte« to differ substantially between the tekamak and reference tandem
mirror reactors - a result of the opposing effects of higher wall Joading
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 um in roughly 60 days and their respective concentrations are
propartional to the wall loading. The volume of actinides is roughly
inversely proportiocnal 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
afterheat level.

Due to the compactness of the tokamak and the absence of liquid metal MHD
effects, gravity dump 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 & purely gravitational dump would provide a totally pas-
sive dump system., If a suitable nonreactive thermal contact medium within the
dump tank could be identified, passive cooling may be possible in conjunction
with heat pipes and convective air heat exchangers, but thermal shock to the

dumped fuel could be a concern,
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1.J SUMMARY OF FUEL CYCLE AND ECONOMICS ANALYSIS

In this section, the overall performance and cost of a helium cooled,
bery1lium blanket tokamak fusion breeder reactor are estimated and are com-
bined with similar data for 233 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 afe compared witn those for a
reference case, the liguid 1ithium cooled fusion breeder tandem mirror design
of 1982,

Table 1.J.1 compares the key tokamak breeder fuel cycle parameters with
those for the reference tandem mirror breeder. Figure I1.J.1 shows the
corresponding fuel cycle availability budget. The calculation of the actinide
concentrations and the development of tae availability budget assume a 90%
operational availability during scheduled cperation. In the case of the
tokamak breeder, this allows as many as 12 unscheduled and 34 scheduled outage
days during the 155-day fuel cycle period. The total yearly fissile breeding
is 13% lower for the tokamak breedwr.

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 1.J.2, I.J.3, and 1.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 be made with some
reservations because, 1) the two designs represent different levels of effort,
and 2) the models in TSC and TMRSC are somewhat different.

As shown in Table 1.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 Hwe) 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 1.d.1. Summary of Breeder Fuel Cycle Characteristics.

TOKAMAK TANDEM MIRROR

Yet Fissile Production (Kg/yr)? 4905 5635
Fissile Inventory (Kg)

In-Cored 1535 1180

Post Discharge 2419 2815
Plant Capacity Factor {%) 70 70
Enrichment (%)P

£33p, 0.43 0.4

233y 1.00 0.7

Total 1.43 1.1
Energy Multiplication

BOC 1.30 1.25

EOC 2,10 2.50

AVE2 1.70 1.89
Full Cycle Period {days) 155 321¢

a) average over cycle.

b} atoms per 2321 atom (%).

c) 1.5 batches of fuel during this period assuming a two-zone
blanket with fuel replaced twice as often in the first zone.
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Table 1.J.2. Fusion Breeder Performance Comparison.

Fusion Breeder Type

Tokamak

Reference Tokamak Neutral

Lithium (Inductive Beam

{Tandem Mirror) ¢o)P (cD)©

Major radius (m) 183 ()ength) 6.75 7.69
Minor radius (m) 1.5 (cc radius) 1.80 1.57
Fusion power (MW) 3000 3000 3000
Pulse length (s) 1] 2700 5

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 (Md)? 5100 4680 4680
Gross electric power (MW)2 2226 1667F 18509
Driver recirculating power (MW) 325 6.7f 621
Additional recirculating power {MW) 180 275 286
Net electric power (MW)2 1720 1-85F 943
Net fissile production (Kg/yr)d 5635 4905 4905
Fissile inventory (Kg)¢ 3995 3954 3954
In-core? 1180 1535 1535
Post discharge® 2815 2419 2419
Plant capacity factor (%)2 70.0 70,0 70.0
Plant efficiency .38 .30f .20

a) average over fuel cycle period.

b) inductive current drive.

¢) 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 N8 thermal energy deposited on FW and converted in the T/G.
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Table I1.J.3. Fusion Breeder Cost Comparison (% Million, 1983).

Fusion Breeder Type

Tokamak
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 comronents? 863 458 1638
First wall/blanket shield? 499 395 423
Heat transport components® 502 245 258
Misc. reactor eguipment 299 288 274
Turbine plant equipment 370 401 432
Electrical plant equipment 158 164 167
Misc. plant equipment 19 53 53
Fuel cycle facilitiesd 382 330 330
Direct Cost 3660 2871 4112
Contingency (20%) _732 574 _8z2
Total Direct Cost 4392 3445 4934
Indirect Cost (34%) 1485 1163 1665
Total Overnight Cost 5877 4608 6599
Cost of Interest and Escalation
During Construction (17.5%) lozs 806 1155
Total Plant Cost 6905 5414 7754
Fusion Breeder Cost/LWR Cost® 2.76 2.36 3.38

a) includes magnets, heating systems, direct convertor,

b) includes beryltium and lithium.

¢} includes circulators for helium loops.

d) includes reprocessing, beryllium fabrication, thorium fab.
e) basis: $/KW,



Table I.d.4.

Fusion Driver Component Costs (3 Million, 1983).

Fusion Breeder Type

Reference Tokamak Tokamak

Lithium {Inductive (Neutral

(Tandem Mirror) CD) Beam CD)
Tokamak Magnets - 355 328
TF coils -- 230 289
PF coils - 50 37
Solengidal coil - 75 2
Tandem Mirror Magnets 601 -- -~
Central cell 460 — -
Barrier coil 1 40 - -
Barrier coil 2 37 - -—-
Transition coil 21 - -—
Yin-yang pair &3 - -
RF Systems 75 103 6.3
ICRF 19 7l -
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 1.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 sTightly 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 MWy inductively driven tokamak
(6.756 m) is also larger than the smallest possible major radius (6.29 m). It
is determined by trading longer pulse lengths and a higher duty factor (at
larger major radii) against lower capital costs (at smaller major radii). 1In
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 cel) magnets, first wall, blanket,
and shield can be attributed to its low wall loading {1.3 MW/m? versus 3 MW/m%
for the tokamak). The inductively driven tokamak is about 22% less expensive
than the tandem mirror but about 30% 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 LUR c¢lient 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 2),
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 colum 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 2%/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;0g
fueled LWR exceeds that of a symbiotic system which begins operation in the

same year.
Table I1.J.5. Summary of Economic Analysis,
Average Average
Present Present
Value Value Breakeve%
Elect. Cost 233y Cost Breakeven Benefit?® Us0gPrice
Description (mil1/KWeH) ($/9) Year? ($ B) (glKg)
1)  PWirror/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°  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 CDd 34.8 69.1 29 -9,5 132
6) Tok/Mtility/ns cpd 38.9 115 - -24.2 250

a) nominal results assumed $55/kg 233y starting price of U30g with 2%/yr
escalation above inflation.

b) Us0g starting price required to produce a zero net benefit over the
30 year breeder life cycle,

¢} 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 Us0g 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 U30g price. Negative values for the benefit
represent uneconomical cases. The cost of U30g which is sufficient to provide
a zero 30 year benefit is the "breakeven U305 price” shown in the last column
of Table 1.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 $billion respectively) accrue over the
30 year lifetime. The government owned tokamak breeder breaks =ven at a U30g
price as low as $13/kg. Conversely, the neutral beam driven tokamak is not
likely to achieve economic breakeven regardless of ownership until U30g prices
increase substantially.

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

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

e 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).

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

economical at less than current Uslg prices given a Tong term Uz0g
price escalation rate which is 2% above general inflation and a full
fissile recycle nuclear economy.
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NB curren* drive carries a substantial economic penalty but could

breakeven in a government ownership case at a market price for U30g
of 132 $/kg.

Economic issues yet to be addressed include the potential impacts of
Tower LWR SWU costs, higher LWR fuel reprocessing costs, etc.
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CHAPTER 11

TOKAMAK DRIVER DEFINITION

II1.A° INTRODUCTION AND DESIGN SUMMARY

I1.A.1

Design Guidelines

The major design guidelines for the tokamak 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)
2)
3)

4)

6)

7)

Fusion power to be about 3000 M.

Neutron wall loading to be less than 3.0 MH/mZ.

Operation to be steady-state with neutral beam current drive or very
long pulse with RF current startup (both considered).

The ratio of circulating power to gross electric power should be
minimized by operating the plasma at ignition in the long pulse
mode, or at § ~ 10 if the steady-state current drive option is
selected. In the latter case, it is desirable that the method used
for bulk plasma heating also be capable of driving the plasma
current.

The TF (toroidal-field) coils must be superconducting. A1l PF
{poloidal-field) coils (with the possible excepticn of one or more
divertor coils) should be be superconducting and located outside the
TF coils.

The erosion rate of the first wall should be minimized. A magretic
divertor is used to control impurity levels 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.

A1l particle 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 meterials of in-vessel compcnents 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 cirrent 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 divertor 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.

11.A.2. Design Dyerview

Figure II,A.1 shows the radial buildup of the neutral beam driver, steady
state tokamak* and Table I1.A.1 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 thickaess is specified to be 1.5 m to allow
sufficient room for an efficient breeding bianket at a reasonable major
radius. Note that the neutral beam driven tokamak 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 11,
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sustained by the injection of 310 M4 of 1.5 MeV negative-ion based neutral
beams. This results in a fusion enerqy amplificaticn, Qp, of approximately
9.7.

In the long pulse operating mode, 25 MM 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 Md of ICRF, thereby eliminating
neutral beams completely. This mode has the major advantage of eliminating
the continuous ~ 475 MM-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 Zeff 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 Joad on the divertor would be greatly increased. A disadvantage
of the divertor s the associated neutron loss - a 15% impact on total
breeding (see section IIl. C).

* Considering the cost of energy storage, a shorter downtime (~ 30 s) may be
optimal.
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TABLE II.A.1, PRINCIPAL PARAMETERS OF THE TOKAMAK DRIVERS.

STEADY STATE LONG PULSE

PARAMETER UNIT MODE MODE
GEQOMETRY
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 B/S Thickness m 1.2 1,2
Max B - TF Coils T 11.00 11.00
PLASMA

B at Plasma Center T 6.49 5.50
Inverse Rotational Transform 2.25 2.25
Plasma Current MA 9.81 12.4
<Beta> .045 .059
<Density> 1014/¢n3 1.32 1.25
<Temp> keV 15.00 15.00
OH Bore Radi's m 3.34 2.14
OH Coil Delta B T 18 18
Solenoid Flux V-5 732 300
Zoss® 2.7 2.7
Loop Volt v .12 .10
Max Pulse Length s ssb 3000
Curr. Drive Mechanism NB Inductive
Curr. Drive Power MW 310 92¢
NTAU (for Zggs = 1) 10¥s7end 19 17
Radiation Fraction? .52 .52
NTAU Reduction Factor Due

to Radiation? 2.1 2.1
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TABLE II.A.l1. PRINCIPAL PARAMETERS OF THE TGKAMAK DRIVERS (Continued)

STEADY STATE  LONG PULSE

PARAMETER UNIT MODE MODE

MAGNETS

TF Horiz Bore m 8 8

TF Vert Bore m 13 13

Max B-TF Coils T 11 11

TF Coil Material Nb3Sn NbsSn

Max B-PF Coils T 8 8

PF Coil Material NbTi NbTi
POWER PRODUCTION

Fusion Power My 3000 3000

Fusion Gain, Qp 9.7 Ignited

First Wall Aread me 744 744

Surface Heat Flux® W/cm? 67 44

Neutron Wall Load MW /m? 3.0 3.0

a) produced by Xenon injection,

b) possibly Yimited to several hours.

c) 1ICRH olus 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 plasme thermal
efflux.
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I1.B. FUSION DRIVER SYSTEMS

Ii.B.1 Introduction

Fig. I1.B.1 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 1F coils.

An INTOR-type single-null poloidal divertor (3) is used for particle and
heat removal from the torus., A divertor was chosen over a pumped limiter
because analyses carried out in the INTOR and other projects have shown that
limiter impurity control physics issues have not yet been resolved and that
limiter erosion issues appear to be more difficult. Divertor plasmz-side
erosion should be less of an issue because the divertor does not have a
leading edge and because the divertor offers the possibility of a low plasma
sheath potential with the prospect for low erosion of a high-Z plasma-side
material such as tungsten, Nevertheless, if acceptable limiter performance
can be demonstrated, there will be a cost/performance inceative for
replacement of the divertor with a limiter.

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 ability to periodically replace the divertor plates
via horizontal translation. However, the vacuum pumping ducts that lead to
the basement require substantially more shielding than in the case of a diver-
tor Tocated at the bottom of the torus (the alternative configuration
considered).

A1l but one set of the PF coils are superconducting and located external
to the TF coils. The inside divertor coils are anormal coils and are located
in the TF-coil bore in order to gain better control over the diverted flux
Tines (see Fig. III.A.1). A few low power single-turn copper control coils
are located near the plasma chamber for fine tuning of the plasma position.
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11,8.2 Plasma Heating and Current Drive Systems

11.8.2.2 ODetermination of Size and Operating Parameters

The geometric parameters of the tokamak fusion breeder were determined by
solving seven coupled equations that relate the reguired 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 m to allow sufficient room for a full-scale
breeding blanket, with adequate space for the cooling ducts. For Pfusion
~ 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, zE). An equiiibrium 1 is realized in part
by doping the plasma with xenon to enhance radiation loss.

11.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 energy in the lower
hybrid (LH)} frequency has received much interest and is an experimentalily
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 10%.
Futhermore, plasma heating by LH waves has been rather unsuccessful to date,
so that heating to ignition and thermai 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 jon 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




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
(Qp = 9,7) because of the continuous injection of beam power to drive the
plasma current., This cperational 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 D™ 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 MV, The beams are then neutralized by photodetachment using an oxygen-
iodine chemical laser. The overall injector efficiency is predicted to be at
least 6€5%.

Between 60 and 80 Md of injected power is required to heat the plasma to
ignition conditions, but about 310 MW 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 Tessens the importance of the cost per
kWe. Three beam ducts are used to inject the total cusrent 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 M{ 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 (Ip), density (n) and tempera-
ture (T, = Ti) 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, > 10 eV. The OH solenoid is then activated. The fiux linkage
from the solencid and the EF coil system generates the full plasma current
over a period of 15 s while Te is raised to about 1 keV and n is increased to
about 1014 cm~3,

This density is sufficiently large to trap the 1.5 MeV neutral beams,
which are activated one-by-one over the next 5 to 10 s, Together with fusion
alphas, whose power density increases as Ti approaches and exceeds 10 keV, the
beams heat the plasma electrons and bulk fons to their operating temperature
(<Tg> = <Ty> = 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 Md 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 Zarf be
greated than 1.4, Even without xenon deping 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 Ip, n, and T, = T; 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, 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 fiux
swing in the OH solenoid is reserved for driving the current during the
burn. The central solenoid can maintain this curreat for 3000 seconds at a




Zop¢ OF 2.7. With a downtime between pulses of 100 s, the duty factor is

97%. This long puise 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 M to
600 Md. 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,;¢ which shortens the pulse time (see Section II.C)
to increase the plasma radiatfon loss.

A 33% 1increase in pulse length could be realized by raising the maximum
field in the solenoid above the presently specified value of 9T 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 scenarico requires about 25 MW of lower hybrid radiation
for current startup, ani 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.

11.B.3 Vacuum Yessel and Divertor Components

The "first wall" consists of the front faces of the lobe~type blanket
submodules (see Sections IIL.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 rero in
a fraction of a second).

The divertor is comprised of 10 segmented modules, each with its own
vacuum pumping system. A1l 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 transiation between adjacent TF coils.



To maximize neutron economy, it is essential to minimize parasitic
material between the mouth of the divertor and the blanket, as well as the
divertor size. Futhermore, wherever possible, all 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 in the INTOR program in 1981-82. It was concluded in that program
that Be and Be0 are the preferred materials to serve as coverings for the
first wali, baffles and divertor collector plates, with a Be thickness of up
to 2 cm allowed, depending on the heat flux, In the tokamak brec ier design,
neutron multiplication in Be might partially compensate for neut on Sosses in
the divertor hardware. Protective Be coating of the first wall is not
required except in the region of the divertor where the partic = 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 ‘nick Be tiles
attached to 2-cm thick {ave.) copper tubes and plates. A dccaied divertor
design has not been performed.

I11.B.4 Magnetic Systems

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

Table 11.B.1 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 sel<:ted for the reasons
discussed in a fY 1982 report (1), The supercondu .or is NbgSn, which at
4.2 X will readily support the raquired maximum f =21d of 11 T,

I1.B.4.b Central Solenoid

As discussed in preyious sections, the fl.x swing that can be delivered
by the OH solenoid is more than adequate to provide startup of the full plasma
current (steady state mode) or to drive a mocerately long pulse (long pulse
mode). The total field swing of +9 T to -9 T is achievable with Nb3Sn
superconductor. The maximum rate of chanc of field 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 operat.: g mode, the solenoid



TABLE I1.B.1. NEUTRAL BEAM DRIVEN TOKAMAK DRIVER MAGNET SYSTEMS

TOROIDAL-FIZLD COILS

Conductor Nb3Sn
Coolant Liquid Helium, 4 K
Number of TF Coils 10
Maximum B at Conductor nrT (Rm = 4,29 m)
TF Ripple at Plasma Edge 0.5% peak-to-average
TF Coil Shape Modified Dee
Overall Height 14,8 m
Horizontal Bore 8.0m
Vertjcal Bore 13.0 m
Radial Build, Inboard .65 m
Radial Build, Outboard 65 m
Azim. thickness, Outboard 2.8 m
Open Distance Between
Outboard Legs 6.6 m
POLOIDAL-FIELD COILS
Conductor NbTi
Coolant Liguid He, Pool-boiled
Wumber: 3 EF Coils

3 External Divertor Coils

Internal Oivertor Coils

Other EF Coils in Central Solenoid
CURRENT-DRIVING SOLENDID

Type NbsSn or NbTi

Ceclant Liquid He, Pool-boiled
Solencid Outer Rad. 3.64m

Maximum B in Solenoid 49 Tto -9 T

Maximum Flux Swing 366 Wb
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current is programmed back to -9 T during the first 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.

I1.B.4.c EF (Equilibrium-Field) and Divertor Coils

A1) of the PF coils, with the exception of the inside divertor coils
(Fig. III.A.1) are superconducting and are located external to the TF coils
for ease of maintenance and replacement in the event of failure. External
placement of the PF coils alse facilitates modularization of the reactor. The
PF coils maintain a dee-shaped plasma with the triangularity needed to
maximize beta. As indicated in Fig. II.B.1, three EF coils are used to
provide most of the vertical field for positioning of the piasma coclumn. The
three external divertor PF coils also create the magnetic separatrix, outside
of which magnetic field lines are "diverted" into the divertor chamber.



:ﬂ?’

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.

I1.C.t} 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
powar, Pf. the non-neutron power, Ps- is given by

PS = Pf (0.2 + 1/0)

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

-
n

radiated power fraction

divertor particle power extraction efficiency

o

then we can define the relevant powe:r flow as

-
n

r fr PS

Peq = (1-Fr) ny Pg

Pey = (1=} (1-ng) Pg

where P. is the radiated power, P 4 is the divertor (charged plus neutral)
particle power, P, is the {charged plus neutral) particle power deposited on
the first wall, and Pg is defined above. Experimental results on tokamaks
with poloidal divertors (such as PDX and ASDEX ) indicated that, under optimal
conditions, ny values of 75/80 = ,94 appear reascnable.
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We can next define the relevant average surface *“luxes as

P;:W QW fr PS/AW
rd = 9 fr Ps/Ay

p

ow = (1= F) (1 - ng) P/A,

n

cd = (1 -1 ) ng P/Ay
where Ay is the divertor surface area, A" is the first wall surface area, Qy
is the divertor view factor, and q, is the first wall view factor.

If we use the following nominal values which are representative of the
selected design,

Ps = 3000
P = 600
ng = 0.9375
A, = 748 M2
Ay = 80 nf
Qd = 0-07
o, =0.93

then we may express the surface fluxes in terms of the radiated fraction

L] - 2
Pm = 75 fr w/cm
gy = 53 f w/cm2
rd r
- 2
P;:w = 5.0 {1 - f.} w/em

g = 703 (1 - f,) wen?



For ergsion, the charged particle fluxes, Pcw and P_4 are important. For heat
transfer, the total heat fluxes are important. The later quantities are given

by
1 - 1] n - 2
Py = Py * P&y = 75 7. + 5.0 (1 - f.) w/em

53 f. + 702 (1 - f) w/em?

n
1]

Pd = Pra * Peq

11.C.2 Enhancement of Radiation Luss

In the tokamak reactor, under typical cperating conditions, f. < 0.20,
This results in a large fraction (>80%) of the power deposited in the plasme
(1.e., alpha power plus any auxiliary heating) being transported to the
divertor. Since the divertor plates surface area is limited, the local heat
fluxes would be very high (>2000 u/cmz). To reduce the divertor heat flux, a
means for radiating the absorbed plasma power to the first wall can be
utilized. Dne such means is the injection of a small, controllable amount of
a high-Z material, such as Xenon, intp the plasma. Xenon has a sufficiently
high Z (= 54) that it will not be completely jonized except at the very center
of- the plasma, In this case,

fo="fy+ 1,

where (under our conditions) the bremsstrahlung radiation fraction of the
total power outflow, fie 15 given by

fb = 0-049 Zeff
and f,, the zenon line radiation friction, is given by
fz = 0.23 (Zeff - l)
Table II.C.1 shows how the radiated power fraction varies with xengn

concentration. Fig. II.C,1 shows the first-wall and divertor heat fluxes as a
function of fr’ far the specific parameters of the tokamak driver.
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Defining fy = xenon density/electron density, the allowed magnitude of fx
is determined by the following considerations:

1) The fusion power density is reduced by approximately the facter
(1-z%F, )2,

2) nt is divided by the factor 1/(1 - f.).

3) The loop voltage around the torus is proportional to Z.¢¢.

4) The neutral-beam current drive power is proportional to the factor
Zeff/(zeff'l)' and thus decreases with increasing Zeff'

5) 1n smaller tokamaks, enhanced scattering of fusion alphas may
jncrease 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 nt to the equilibrium ignition value, a technique long
involked in the design of very large tokamak reactors.

TABLE II.C.1. RADIATION LOSS CONTROL BY IMPURITY ENHANCEMENT,

BREMSSTRAHLUNG IMPURITY
fy Z.s¢ RAD PWR (MW} RAD PWR (Mw) TOTAL MW fr
0 1.0 29 0 29 .05
0.00D2 1.5 44 69 113 .19
0.0004 2.0 59 138 197 .33
0,0006 2.5 74 207 281 A7
0.0008 3.0 88 276 364 .51
0.0010 3.5 103 345 448 .75
D.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, = 0.00067,
correspording to Zeff = 2,68. Then, fr = 0.52 (312 M), the fusion power
density and wall loading are reduced by 7%, and nt is reduced by a ractor of
2,08. The nonradiated power, associated primarily with charge exchange
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neutrals, impinging on the first wall is 18 M4, which corresponds to about
3.0 W/em?, This value is expected to resuit in acceptably low erosion (see
Section I1.C.3).

I1.C.3 Erosion of The First Wall

Physical sputtering appears to be the dominant erosion mechanism for the
first wall of the reference reactor. The sputtering yicld is enery, depen-
dent. [t is low at low incident energies, bean peaks at intermedi-. e
energies, and decreases at higher energies. Estimating the . osign of the
first wall requires knowledge of the particle composition, magnitude und
enerqgy spectrum of the particle fluxes at the first wall. For a thick scrape-
off layer and efficient divertor ope “ion, the flux of charged particles at
the first wali is very small (7)., Thus, the erosion will be dominated by
physical sputtering caused by the charge-exchange neutrals.

There is presently large uncertainties in modeling thre transport o7
charge exhange neutrals. Heifetz, et al., (l0) develcoped z 'lonte Carto model
for characterizing neutrals in the scrape-off region. They show peaks iround
non-uniform regions (e.g., corners) of the first wall and near the di -rtor
throat. Attempts to use the results from Heifetz and other publist ci work
lead to a large variation in the magnitude of the first wall erosion.
Therefore, we havc adoped a "representative” value of 2.25 mm/yr for rirst
wall erosion rate. For neutrals with typical energies of 200 eV, the corres-
ponding charge-exchange average flux is ~ 1.4 x 1015 ¢q-2.5-1 {sputtering
yield is 0,011 and 0,022 otoms/particie for D and T, respectively). The same
erosion rate corresponds to ~ 4 x 1015 em=2-5-1 for neutrals with gnergies of
~ 100 eV, Local regions with high charge-exchange neutrals flux {e.c., near
the divertor throat) require special protective armors.

2-21



|k

e e

e AWM.

11.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.

1i.D.1

1)

2)

3)

Unresolved lssues

The ability to contrcl the xenon concentraticn should be verified by
one of the available plasma transport simulation codes.

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.

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.

11.D.2 Unaddressed Issues

1)

2)

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

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 stitl giving the required field at the plasma and sufficient
bore for the plasma vessel, divertor, and blanket/shield.
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3)

4)

The possibility of substituting a pumped limiter for the poloidal
Jftvertor (with the resulting cost, maintenance, and breeding
advantages) should be re-evaluated at appropriate intervals.

Much higher values of beta are attainable theoretically with plasmas
of “pean-shaped" cross sections (8)., The same fusion power could be
generated at much lower toroidal field, at the expense of a more
elaborate PF-coil system, including a high-current coil located at
the inboard midplane. If the same magnetic field strength were used,
a significantly more compact tokamak would be possible (9).
Experimental tests of the effectiveness of bean-shaped plasmas will
be performed in 1984 on the PBX device at PPPL (8). If these tests
are successful, it will be worthwhile to carry out relative cost
analysis of high-beta and low-beta options.
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CHAPTER 111
HELIUM COOLED BLANKET
I1I.A MECHANICAL DESIGN AND MAINTENANCE
I1I1,A.1 Introduction

The mechanical design of & helium cooled fission suppressed blanket for
the tokamak is described in this sectien, It is based on the driver
technolegies defined in Section 1I, but addresses a set of tokamak dimensions
which are consistent with the smaller, lang pulse mede driver,* A Key
guideline, unique to hybrid applications, was 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.
Finally, an assessment of the design to date is presented and several design
issues are identified.

I1I1.,A.2 Design Guidelines

The reactor/bianket concept which evolved provides an arrangement
consistent with the design and performance guidelines listed in
Table II1I1.A.l. Key considerations were the design of a first wall thin enocugh
to provide attractive neutronic performance, the specification of a ferritic
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 gquidelines, coupled with a design
goal specifying that the toroidal field magnets are not to be moved, and are
to last the life of the plant, require that the blanket sectors be removable
within the fixed space between the toroidal magnets. Safety considerations,
discussec 'in Section II1.E, require that the reactor fuel inventory can be
dumped by gravity. Definition of the poloidal field coils is presented in
Chapter II,

* The original design guideline addiessed & major radius of 6,75 m,

3-1



TABLE III.A.1 Design guidelines and parameters for the
cooled fission suppressed Tokamak Fusion

Breeder concept.

Design and Performance Guidelines

Fusion Power
First Wall Neutron Loading
First Wall Surface Heat Load
Plasma Stze and Radius
Major Radius
Minor Radius
Elongation
Number of TF Colls
TF Cot%1 Clear Bore (Modified "D*)
Horizontal
Vertical
Radius from Reactor Centerline to Maximum Field
Field on Axis
Distance from Plasma Centerline to Divertor Coﬂsa
Coolant
Pressure
Fuel Form

Sphere uvilameter
Fuel Processing
Blanket Structure

Maximum Structural Temperature
Blanket Lifetime

3000 HH
3.0 HH/m2
0.43 /ol

6.75 m
1.8 m
1.8
10

0.4 m

4.4 m

2.9m

5.4 Tesla

9.6 m

Helium

5.1 MPa (740 psi)
Composite Be/Th
Pebbles (Spheres) with
Rapid Dump Capability
2 cm

Batch

Ferritic Stee?b
(2 1/4 €r-1 Mo)
< 475°¢C
4 years

a) for other coil locations see Section II.
b) HT-9 backup.

3-2




DIVERTOR
COOLANT (NLET— COILS
HANIFOLD FUEL PEBBLE
OPTIDNAL INLET
DIVERTOR SHIELDING

COILS

YACUUM DUCT '
X s

DIVERTOR COOLANT

—

B
FUEL PEBBLE
8 LITHIUW.

BEARING REG!ON 2 LINE
{TYP)
SHIELD— DIVERTOR
o]
> COOLANT INLET
HEL TUM MANIFOLD
PLENUM FUEL PEBBLE
B LITHIUM
BEARING REGION
(TYP)
i_ °1.1 \$\ '
A N A
HELIUM PLENUM
SOLENOID— AND REFLECTOR
SHIELD
BUCKING < CODLANT
CYLINDER S OUTLET
MANIFOLD
N\
COOLANT
QUTLET gg?tsﬁEBBLE
MANIFOLD ( TAPERED )

X

FIG. I1II1.A.1. Cross section elevation view of the helium cooled Fusion
Breeder Reactor concept with a top mounted divertor.




€

TF COIL

PLASMA COGLANT

QUTLET
PIPE 6.0 1

INNER BLANKET —
MODULES

g el L

OUTER BLANKET
MODULES

SECTION A-A

FIG. III.A.2. Top view of a Fusion Breeder Reactor sector showing section through
horizontal centerline and lobe module arrangement.



III.A.3 Reactor Confiquration

The helium cooled Fusior Breeder Reactor 1s shown in Figure III.A.1. The
plasma is surrounded by poloidally oriented lobe shaped modules with circular
noses which face the plasma. Ftgure II1.A.2, which s 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
which fits within each pair of the ten superconducting toroidal fleld (TF)
coils. The poloidal lobe arrangement allows the mobile fertile fuel in the
form of spheres to be Toaded at the top of the reactor, flow through the
medules and be dischairged at the botiom of the reactor when it s dosired to
dump the fuel for reshuffling/reprocessing or safety reasons. As discussed in
Reference 1 and Section III.E, an independently cooled dump tank and automated
fuel hand1ing equipment are provided below the tokamak. The spheres
themselves are composite Beryllium/Thorium constructed of 2 cm dia 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 coil leg and
between ihe plasma and outer leg of the TF c¢oil, respectively., This
difference results from a plasma engineering incentive to lorate the plasma
centerline (1.e., major radius) in the maximum possible magnetic field, or as
close to the inner leg of the TF coit as possible. Specifically, 1f we fix
the fusion power (3000 MW in this study) a thicker *nboard blanket and/or
shield will imply that a larger major radius wi1l be required to provide the
reqguired nower level. Conseguently, a trade between maximum fissile breeding
(thickest blanket and largest tokamak)} and minimum cost (thinnest b'anket and
smallest tokamak) 1s 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. Sensttivities to the inboard shield thickness are
further discussed in Section III.G. The distance between the plasma edge and
Tf coil conductor on the outboard side currently specified to be ~2 m, can
increase with 11ttle impact on the overall design.

Each sector of the blanket {as shown 1n Figures III.A.? and 2) 1s cooled
by helium which enters coolant manifolds at the top of the blanket and exits
at th2 bottom through main coolant pipes from the manifoids. The cooiing
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arrangement is described in more detail later. The fuel sphere inlets (top)
and outlets (bhottom) are also 1e-icated in Figure TII.A.T.

A water cooled poloida) divertor 1s located at the top of the reactor.
The divertor s segmented so that there is an indyvidual divertor segment for
each sector of the reactor. The divertor 4s horizontally oriented so that it
can be easily withdrawn and/or replaced between the TF coils without removing
the zector from the reactor. This design s stmilar to that proposed for the
INTOR reactor.‘z’ The divertor opening ¥s 1.6 m wide to permit adequate
room for pumping the plasma while eliminating any particle impingement on the
first wall. Each divertor sector contatns a criindrica? vacuum pumping duct
(located at the right top of the Figure II11.A.1.) which discharges into a pump
located above the reactor. The six poloidal field (PF) coils, which tnclude
the three divertor coils, are shown in addition to the solenoid cotl. A1l PF
coils are located outside of the TF coils for enhanced blanket and PF coil
access and maintenance. A reactor cross section elevation which provides
perspective for the reactor and component sizes is shown in Figure II1.A.3.

An optional preferred location for some divertor coils to be located
above the inner shield, within the TF coils, is also indicated in Figure
IIT.A.1. Such a configuration would provide a better control and definition
of the magnetic field Jines in the vicinity of the divertor, bui would
complicate maintenance should a TF codl require replacement. The location of
PF colls inside the TF col) bore would, most likely, reguire the use of
conventional copper codls with a resuliting ohmic power Toss.

III.A.4 Blanket "™ *yle Configuration

An enlarged view of a typical sub-module is provided in Figure III.A.4 to
show details of the lobe concept. The module consists of a double wall 2 1/4
Cr-1Mo ferritic steel construction with stradght 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



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 in Figure I11.A.4) into the fueled region of the
modules which contains the Be/Th pebbles and rows of steel tubes containing
the tritium bveeder.* The tubes are 2 c¢m in diameter and arramnged 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 refueiing/reprocessing. An additional set of plena
are provided on each side of the module to permit 3 smiall amount of helium
purge flow to be supplied to the horizontally orientecd L120-conta1n?ng tubes
to remove the generated trittum. Only a few smail {~2 c¢m) tubes {shown in
Figure III.A.4) are required to supply the purge flow to each Tobe.

1f the tritium breeder tubes were vertically (poloidally)} oriented,
fewer would be required, but some form of tube Supports which would provide
lateral support to the tubes would be required since the tubes {because of the
additional length) would be very flexible if 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 regton and a second perforated plate at
the back of the region, the main hellum coolant flows through a siiicon
carbide reflector region and exits the module through the plenum locited in
the center of the back of the sub-module. Both the inner and outer blanket
sub-moduvles are similar in design except that the inner mouule has a shorter
fueled regton 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 tnner and outer blanket modules 1s included 4n

Table III.A.2.

III.A.5 First Wall Design

The semicircular nose of the toroidal lobe typz sub-module, Figure
IIT.A.5, is corrugated circumferentially around the nose. The lobe type
modute without corrugations was considered in an earlier study for a tandem
m1rror.(3’ The corrugations were proposed by GA and adopted for the 1583
Blanket Comparisen study(4' and this study. The issues relative to this

* Nominal tritium breeder choice is Lizo. See Section I11.B.
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TABLE III.A.2 Fusion Breeder Reactor hel‘um cooled blanket
Tobe concept features and comparison.

Concept Features

Mobile Fuel Form (Composite) Be/Th Spheres
Sphere Dla. 2cm
Lobe Witdth 25 cm

Inner _and Outer Blanket Comparison

Inner Quter
Corrugated First Wall Thickness ~1.8 cm ~1.8 cm
Corrugated First Wall Thickress (Smearedj* ~1.1 cm 1.1 cm
Structural Stde Wall Thickness 0.4 cm 0.4 em
Fuel Inlet Plenum Max Thickness 6 cm 6 cm
Fuel Zone Front and Rear Wall Thickness 2.0 cm 2.0 cm
Smeared Thickness 0.2 cm 0.2 cm
Fueled Zone (Spheres + L1720 Compound) 49 cm 60 ¢m
Thickness
S$ilicon Carbide Reflector Zone ~ 20 cm
Thickness
Hettum Inlet/Butlet Back Plena Thickness 10 cm 18 ¢m
Shield Thickness 60 cm 1m
Loolant Pipina/Manifoids
Intet & Outlet Manifold Radius (Semicircular) 0.5m 0.5m
Inlet & Qutlet Pipes 0.6 m Dia. 0.6 m Dia.

#*Erosion Allowance Included



concept are discussed in more detail in Section III.D.3 of this report and in
Reference 4. This feature permits the corrugations to deflect poleidally
around the blanket sector to better accommodate radiation induced swelling and
thermal expansion. The corrugated nose also deflects by flexing alang the
circular arc formed by i1ts semicircular shape. The nose blends into the stide
walls of the modiles where contact with the adjacent modules prevents any
deflection. The currugatsons mentioned above also blend into the uncorrugated
flat side wall plates. In addition to preventing deflection of the side walls
of the ad)acent sub-module, each 0.4 cm thick side wall also acts as a tensicn
tie to carry the coolant pressure load from the corrugated nose of the module
to the back module support structure. The corrugatton has a depth (thickness
normal to the plasma) of 8.8 mm, 1s nominally 1.6 mm thick, and has a pitch of
6.6 mm. The space between adjacent sides of the corrugation 1s 2.4 mn 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 as the flow channel for the
heltum which cools the first wail prior to enteriag the inner module to
subsequently cool the fueled region of the module.

The corrugation also has 2 9 mm erosion allowance to g:zcommodate
sputtering of the matertal from the first wall. This addittonal thickness, as
seen in Figure JII.A.S5 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 egquivalent corrugation
thickness s ~5 mm, so an average of ~8 mm has been used for the nuclear
modeling task (Section III.C}).

III.A.6 Fuel kegion Design and Pebble Inlet/Qutlet Piping Considerations

IIT.A.6.2 Ffuel Region. The reguirement for a mobile fuel form and the
selection of composite spheres in 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 1oading and unloading the fueled region. In addition, the blanket fuel
zone nust 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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Tocated in the fueled region of the moduie, Figure II1.A,4, must be adequate to
allow the pebbles to move and to achieve an adequate packing fraction of
50-60%. The slot area for the pebbles to flow hetween pipes is ~ 6 cm x 20 cm
{pipe spacing x inside module width) and is considered adequate to prevent
pebble bridging or jamming under ¢ravity flow. A trade-off between pipe
spacing and pipe size can be censidered if more spacing is reguired.

In order to minimize the thickness of the tritium breeder tubes, by
minimizing the tube hoop stress and buckling loads, it would be desirable to
nave the helium purye flow in the tubes at approximately the same pressure* as
the module coolant pressure. Conversely, it appears that oniy a2 small
increase in the breeder tube thickness will suffice to provide buckling
resistance at the 5.1 MPa ambient pressure. Specifically, the tubes, as
currently defined, are 2 cm in diameter, 0.5 mm thick and are adequate to
sustain the 5.1 MPa helium coolant pressure as a 100 MPa (14,500 psi} koop
strass, Assuming an out-of-roundness which is 10% of the tube wall thickness
in amplitude, a 0.6 mm tube thickness will be required to assure buckling
stability (5).

IIT.A.6.b Fuel Pebbie Inlet/Outiet Piping. As shown in Figure II1,A.1, 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 fill the
fuel zones. Instead, each of the lobe sub-modules shown in Figure I11.A.2
must be serviced by an individual pebble feed tube as Shown in

Figure 111.A.6. Each sector reauires 34 such tubes (12 inside lobess, 22
outside lobes).

The feed tubes wou”J be operated pneumatically, transporting single
pebbles from a batch tamk 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 preposed in Reference 1. To avoid
cutting and welding 34 pipes per sector changeout, it appears reascnable to

* In practice, a purge system pressure of about 1 atm. less than the minimum
coglant pressure would be maintained to limit tritium Teadage into the
main helium coolant.
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consider an arrangement such that the fuel feed system would be integral to
the blanket/shield/divertor 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 siudies.

The fuel pebbles are discharged through the blanket by gravity since the
blanket contour permits the putlets to be inclined downward as shown in Figure
IIT.A.1. The pebhles enter a flattened funnel shaped duct which provides a
single common extt from a1l of the 12 sub-modules in 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) is provided below the circular cross
section exit pipe to control! loading and unicading. The outer blanket has a
similar common outliet duct for the 22 sub-modules in the outer portion cf each
blanket sector. This duct dyscharges through a circular pipe at the bottom of
the blanket near the inner blanket outlet as shown in figure II1.A.T.

In actual practice, if the blanket were divided into two equal thickness
fuel zones to permit separate flow of pebbles from each zone, fuel enrichment/
recycling/reprocessing would be more efficiently achieved.(1) In addition
to modifications to the fuel zone, compatible outlet piping would be
required. This possibility has rot been addressed in the design concept and
should be considered for later study.

IIT.A.7 Ccolant Iniet/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 II].A.1,
the proposed concept requires only a single inlet coclant 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 I1I1.A.6) n order to supply coeclant to
each of the sub-modules in the sector. Figure IIL.A.7 1s an enlarged
composite cross section through a group of modules to which coolant is
suppYied and discharged. At the upper portion of the figure, the coolant
enters from the semicircular tnlet manifold and flows into the inlet plena at



ggn;AHNNG TUBE PLENUM (TYP)

TOP
INLET
MANIFOLD
(TYP)

BOTTOM
QUTLET
MANIFOLD
(TYP)

FUEL INLET
PLENUM

SHIE' D
REFLECTOR TAPERED OUTLET
REGION BACK PLENUM

FUEL PEBBLE/LITHIumM C(TYP)
CONTAINING REGION

FIG. ITI.A.7. Enlarged view of helium cooled cuter blanket module concept
showing coolant manifolds and module cooling arranrgement.

3-16



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 conlant flows from the back plenum through the side walls of
the modules, cool. the first wall and flows through the interior of the module
to cool the fuel region and the reflector regicn. It then enters the blanket
outlet plenum. Both the inlet and outlet plena are tapered to conserve space
and maintain nearly constant v~locity. 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 III.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 II1,A.B 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 flow 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 II[.A.2.

II1.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{3) 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.



A second methoed 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 swment
still will be exerted on the end modules, and their anchoring attachments to
the back wall must be heavier than a “normal” module, but wasted space is
avoided, This methos is, perhaps, %he 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 %o allow the end modules of one
sector to support the end modules of the aajacent sector (Figqure I11.A.9(c)).
In this case, consideration must be given to tolerance accumulation which can
cause overstress of the module sidewalls. Aiso, 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. ®8oth 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 ceramic pads can be small, but thare is a concern related to
failure propagation between sectors. Namely, if sector A fafls, sector B can
expand into sector A and fail due to excessive deformation. r

1IT.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 hore. The sectors should be capable of
being removed horizontaily without interfering with the coils., In particular,
this would occur at Points D and E of the outer blanket in Figure I1I1,9.10.
The coil bore was enlarged to provide clearance for blanket remnval, and
various potential linterferences were checked.

A plan view of the cross sections taken in Figure III1.A.10 js shown in
Figure II1I,A.11, In the latter figure, the dotted lines identified as O
through J represent Section D-D through J-J of Figure I11.A.10, respectively.
The fiqures show that the potential interferences at the Jocations indicated
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were eliminated. Stimilarly, the upper portions of the blanket and divertor
clearances, 1dentified by C and H on Figure III_A.6, indicate that the
divertor and blanket will not interfere with the TF colls during sector
removal. The blanket width at the top sector must be Timited to the width
which will pass between the section of the coll identified by dotted Vine C of
Figure IIL.A.6 (which 1s the width of the divertor), but the loss of blanket
coverage above the divertor due to thic constraint 1s minimal. There ¥s more
than adequate space for the divertor since 1t 15 located at a lower elevation
where the space between coils 1s 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 cotls.

The piptng tmpact an matntenance has bdeen discussed previously ia Sectton
III.A.7. Figures III.A.1 and 6, indicate that netther piping for coolant or
fuel loading/unloading will interfere since their envelopes are narrower than
the other sectlons of the blanket.

ITIT.A.10 Effect of Neutra) Beam Penetrations*

Two neutral beam ducts penetrate the blanket. The 0.4 m wide by 0.5 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 reactar cannot occur. 1If the fuel 1s channeled from the shortened lobes
above the duct to the Tobes below, dddiiionai design compiexity wouic pe
required for the blanket. Only about S% or less of the blanket is affected by
the penetrations. The blanket design could be simpiified by having modules in
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.

Ancther 1mpact of the penetration is the loss of module side wall support.

As previously discussed in Section III.A.8, the pressure against the side
wall of each module is compensated for or balanced by the pressure inside the
adjacent module. This occurs along a1l modules except at the edge of the

* Subsection III.A.9 will only apply if the neutral beam driven steady state

mode 15 selected. 3-23
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sector. A balanced side load must be provided at this location when the
adjacent sector 45 assembled. Similarly, additional side ioad pressure
restraint or balanced Joad must be provided at the beam duct penetration.

ITI.A.11. Alternate Helium Cooled Reactor/Blanket Concept

An alternate reactor/blanket cencept which in many respects is similar to
the reference concept described in the previous sections was studied,

Although the basic lobe shaped module was retained, the Tocation of the
divertor was at the bottom of the reactor. This had an impact on both the
contour of the blanket around the plasma and divertor and of the fuel sphere
tnlet and outlet configuration. This difference can be noted by comparing the
proposed concept {Figure III.A.1) with the alternate concept shown in Figure
IT1.A, 12,

Because the outer blanket contour had to be inclined to permit the
pehbles to be removed from the blanket by gravity, the divertor also had to be
inclined downward. Consequently, the "bent" shape of the divertor was not as
amenable to remote removal from the blanket assembly. If 1t were removed, the
inclination of the divertor, would require that the lower PF coil be lowered
to prevent interference with the divertor and its vacuum port. The inclined
divertor concept, likewise, added additional envelope height to tae sectors,
would have required a large: TF coil bore to permit removal, and would
Increase neutron leakage. The coil bore was not resized to eliminate points
of iInterference between the sectors and TF colls, since the top mounted
divertor concept appeared more attractive. On the positive side, the
alternate configuration features a less complex fueling scheme {eliminates the
34 pebble tnlet pipes per sector) and reduces shielding (sky shine) concerns.

The cooling manifold concept for fne alternate design 1s essentially the
same as that described previously for the proposed concept (Figure IIL.A.1),
except that the location of the outer blanke! 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 distribuie fuel to
all of the blanket moduies. The arrangement provides a gravity feed to the
spheres for loading the blanket fueled region near the top center of the
reactor.

The reacter elevation, with typical dimensions for the concept, is
11lustrated tn Figure III.A.14 and can be compared with figure III.A.3 fur the
selected design concept. The three dotted divertor coilis in the region of the
lower part of the TF colils represent the location originally specified. The
actual colil location shown {10.1 m} 45 about 0.5 m further from the plasma
than the selected configuration specified in Table IIL.A.1.

III.A.12 Summary and Design Issues

The helium cooled reactor/blanket concept with a mobtle fuel form appears to
be a viable concept based on the scoping design and anailysis effert to date.
The first wall and module material thicknesses are structurally efficient and
are reasonable from a neutronics standpoint. The single coolant path for the
first wall and the interitor of the blanke! leads to a relattvely simple
concept. Incorporation of the mobile fuel form adds additional complexity to
the design, but the advantage of in site refueling/reshuffling should by far
outweigh the alternative of removing blanket moduTes which could Tead to
excessively long reacter down-time and low availabitity. The use of
2 1/4 Cr-1 Mo represents a state of the art matertal selectton, precluding the
development of more exotic materials. The first wall concept is unique 1n
that design concepts in the past have not been directed to accommodating the
effect of irradiation induced swelifng. The design is further enhanced by the
lower swelling characteristics of ferritic steel (as opposed to austenttic)
and the higher thermal conductivity which leads to lower thermal stresses.
This corrugated first wall concept should be studied in greater depth because
it 1s, in a sense, generic in that it could be adapted to other blanket
designs.

Hawever, because of the Timited effort in the study to date, desiqn
issues remain which will require further study. Some of these 1tems/1ssues

are the following:
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e Concepts are needed for accommodating the lobe side wall ioading at
! the interface between blanket sectors.

e The relative merits and disadvantages of the selected horizontally
(toroidally) aligned tritium breeder containing tubes in comparison

; with an alternative vertical (poloidal) arrangement should be

i investigated more completely and the most effective arrangement

selected.

e The shield design should be pursued further to understand the
| shield/blanket interfacing and provide a concept for an integrated
! shield and blanket design.

e The proposed loading of the beryllium/thorium pebbles into the top of
the blanket through small individual tubes should be investigated via

| the design of & fueling machine. The time to refuel and the

' achievable fuel distribution should be estimated.

o The narrow flow channels (1 wmm) on the inner side of the cerrugation
may be sensitive to dimensional variances and may impact cooiing
effectiveness, The tolerance to which this channel width can be
manufactured needs to be assessed.

e The relative merits of having the vacuum pumps and additional
shielding above the reactor for the selected design with the top
mounted divertor, versus the more conventional placement of the
divertor below the reactor needs further investigation.

e A detailed consideration of the PF coil types, requirements, and
locations has not been performed. Specifically, the location of cne
or more normal divertor coils inside the TF coil pore should be
studied with respect to cost, maintainability, plasma control, and
power consumption. Also, the required magnetic characteristics of the
OH coil and its space requirements need further study.




» Procedures and equipment to replace the sector wodules (including the
divertor) reguire further study.

e Confiauration and mechanical support arrangement for the silicon
carbide reflector needs further study.

In further developing the design, efforts should include the shield,
additional system interfacing components (i.e., heat exchangers, vacwum pumps,
helium pumps, etc.) and interconnecting piping. The vacuum Sealing boundary
should be better defined and seal concepts pursued., In addition, it may be
possible to further optimize the TF coil size by trade off between the size or
the horizontal versus vertica! bore to minimize magnet size and cost.

Finally, since the first wall is a key to blanket design, a representa-
tive section of the fipst wall with provisions for cooling should be tested in
a high heat flux test facility.

3-30



References, Section III,A

1) D, H, Berwald, et al., "Fission-Suppressed Hybrid Reactor - The Fusion
Breeder," UCID-1963B, Lawrence Livermore Naticnal Laboratory, December
1982,

2) "INTOR, International Tokamak Reactor Phase One," Report of the
International Tokamak Reactor Workshop, held in seven sessicns in Vienna,
1980-81 International Atowic Energy Agency, Vienna, 1982.

3} J. D. Lee, et al,, "Tandem Mirror Hybrid Reactor Desfgn Study Final
Report,” UCID-18808, Lawrence Livermore National Laboratory, September
1980.

4) A. Blake, Practical Stress Analysis In Engineering Design, Marcil Dekker,
Inc, (1987],

3-31



111.B CHOICE OF A TRITIUM BREEDER

[11.8.1 Introduction

A principal goal of fusion breeder blanket design is to maximize fissile
fuel production via the use of an efficient neutron multiplier (see
Section I11.L). 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 neutron multiplication as well. Rather, the .
preferred tritium breeder is required to result in a practical engineering
design which minimizes both the tritium breeder volume fraction and any
parasitic absorption of neutrons, As a result of this design orientatian, «
number of tritium breeding materials which cannot provide adegquate 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,

Engineering considerations leading to the choice of a tritium 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, tritium handling, and safety. A more detailed
comparison between solid and liquid breeders is presented prior to the
discussion of conclusions and recommendations.

111.B.2 Breeder Material Properties

Figure 111.B.1 shows the mechenical configuration of the helium-cooled
fission-suppressed blanket design. The tritium breeder can be contained in
tubes (shown) or plates which are surrounded by the composite pebbles cof
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 tritium breeders are summarized
in Table III.B.1. These candidates were selected because they represent
distinct classes of breeders: 1iquid versus solid, insitu neutron
multiplication versus none, and tritium release as T, versus ¥,0.
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Table II1.8.1.

Tritium Breeder Properties and Thermal/Mechanical Aspects,

FLIBE FLIBE
LiZO LiAlOz 17L183Pb Li (66-34) (47-53)
Kk (W/m-K) 3 1.73 16 56 1 0.8
p (kg/m3) 2010 2520 9400 450 2000 2000
Cp (d/kgK) 2600 1464 1600 4200 2380 2350
MP (°C) 1430 1610 238 180 460 363
preferred Fuel Form Plate Plate Tube Tube Tube Tube
h (H/mz-K) 3000 3000 2000 2000 2000 2000
Interface T .., {°C) 550/550 5507550 430/475 495/550 550/550 550/550
PCA/HT-9
Breeder Temperature 420/800 42071200 235/1370b 18071370 460/1370 363/1370
Window (°C), min/max
Breeder aT (°C) q‘"x2/2k quz/zk Q'”FZ/‘W q"'r2/4k q'"r2/4k Q'I'FZ/QK
Characteristic 1.4/1.0¢ 1.671.13¢ 3.6/1.88 5.8/2.9° 2.4/1.79 1.9/1.49
x or r {cm). (9 W/cc)/
(18 W/cc)¢
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

dMax. temp.less than 550°C (structural stress limit) definad by max. corrosion rate of 20 pm/yr.
DBoiling point of Li = 1370°C at one atms.

Cx-plate 1/2 width, r-tube radius.

Helium coolant characteristics:

Tout = 500°C, Teooiant = 420°C; @™ = 9 W/cc at T = 1.5 MW/m?,

dBreeder element dimension limited by T,

window

®greader element dimension limited by interface Tmax-

fClad thickness = 0.25 mm,

B

and interface Tmax'

P =50 atm, Ty, = 275°C:



Li50 has the highest ¥ithium atomic density among all tritium breeders
and is the only solid oreeder that has the potential of breeding adequate
tritium without the need of a neutron muitiplier. The bred tritium is
expected to be released as T20, a chemical form which is markedly less apt to
leak through the steel tube into the helium coolant than the atomic form,

Tp. Thus, a purge flow tritium extraction design is usually adopted.
However, recent LiAlDz 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 Liz0. Since the results of this
experiment are not fully understood, further investigations are needed. Lig0
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,0 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.

LiAl0, is the solid breeder that has the most available and most
favorable material - 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 activaticn of LiAl0p 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 paint of 235°C and a very low
solubility for tritium. Thus, the tritium inventory will be low, but the
preblem of handling T, in the blanket without excessive leakage appears to be
very difficult. As shown in Table I11.B.1, the v -ight and corrosiveness of
17Li83Pb are additional concerns (2).

Liquid 1ithium is known to be an excellent tritium breeder. However, its
high chemical reactivity leads to potential safety concerns - especially if
water cooled companents are located near the blanket. Bred tritium is hald in
Tithium 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 111.B.2. Summary of Tritium Control and Recovery
Issues for Candidate Tritium Breeders.

Li20 LiAlDz 17L183Pb Li FLIBE
Tritium Form T,0 T,0 T, LiT T8
T Extraction:
Helium Coolant X X
Breeder Circulation X
Purge Flow X X
X

Staintess Steel LinerD

85 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 T2 extraction

system piping outside of the blanket.

Because of its low lithium density, FLIBE, a lithium-teryllium fluoride
molten salt, also requires a neutron multiplier as well as isotopic enrichment
in 8L 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 (hydrofiuoric acid) formation can be resolved by rapidiy
flowing the FLIBE to maintain the TF concentration at a low value and/or by
the addition of a reducing agent (e.g., excess beryllium) in the salt such
that Bef, and T, are formed instead of F, In the latter case, the issue of
tritium release in the form of T, would be similar to that for 17Li83Pb.

Table III.B.2 summarizes some tritium control issues and recovery for the

different breeders.



I11.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.1. The characteristic dimensions were defined either by the
breeder material-cladding interface temperature, or by the maximum fuel
element centerline temperature. The maximum centerlin2 temperature for the
liquid breeders was set at the boiling point of lithium.

[n 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 1Il1.B.1., ail 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 neutromics constraint would
increase the structure volume fraction of a lithium breeder to a similar
percentage as the other breeders. Table III.B.2 alsc 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 deminating
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
jdentified 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 frradiation were identified. The
swelling effect on L120 was found to be more severe than LiAlO,. If the
breeder dimension change cannot be handied by creep and design configuration,
swelling tolerance will need to be configured into the design. This would
have impact on design compiexity 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 1iquid breeders like 17Li83Pb and FLIBE out of the blanket for
tritium removal does not satisfactorly 1imit 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 wali 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
remain on the oxidation kinetics of T,0 under irradiation and the adequacy of
the effective permeation barrier of steam generator tubings. Other design
fixes 1ike 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,0 and LiAl0, are both credible and are
similar in engineering application. Liy0 was selected over LiAl0; due
to existing emphasis in the fusion-electric program. LiA102 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 LiZO 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.

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

e 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 II1.B.5, representative solid and liquid breeders are further
compared.

ITI.B.4. Comparison Between Li,0 and FLIBE

Recognizing the potential problem of irradiation effects on the solid
breeders, a direct comparison was made between the L120 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) coutd 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 aveid 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 T, or TF (preference unknown) could effectively
limit tritium permea.icni to %he primary loop.
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Table 111.B.3. Liy0 and FLIBE Comparison (Breeder Volume Fraction ~ 5%
Needed for the Fission-Suppressed Design).

Issues

Lig0 (Purged)

FLIBE
(Pressure Relieved}

Design

Mechanical design
Helium generation
Clad/breeder fraction

Characteristic dimension

Material

Radiation damage
Electrolytic decomposition
Compatibility

Interface T window (HT-9)0

Breeder T window

Neutronics

TBR

Thermal /Hydraulics

Helium, Tout/Tin
Pumping power
Hot spot temperature

Natural convection

Complex/active
No problem
~ 3%

1 to 1.4 cm

Effect unknown
None

Good

360-550¢

410-800

No Problem

500/275
Acceptable
Acceptable

None

Less complex/passive
No problem
3,6%

1.4 cm radius

None
Minor
Good?
363-550°¢
363-1370

No Problem with ®Li enrichment

500/275
Acceptable
Acceptable

Some
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Table IIT.B.3. Lij0 and FLIBE Comparison (Breeder Volume Fraction ~ 5%
Needed for the Fission-Suppressed Design). Continued

FLIBE
Issues Lig0 (Purged) (Pressure Relieved)
Tritium Handling
Extraction from purge system Primary Secondary processing only
extraction mode
Form T50 and Ty Ta
Tritium inventory/GHyy < 2 kg Few hundred gn
Tritium extraction from Secondary Primary extraction
main coolant extraction mode mode
Safety and Reliability
Module burst Solid in tube Molten salt in tube
Tube Teakage Burden on Molten salt in helium
estraction stream cold trap
Tp in main helium stream Minor effect Design load

3With beryllium added for TF control,
PPresent materials Timit estimates.
CUpper limit due to maximum structure temperature,

Table III.B,3 summarizes the results of the comparison. The low melting
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 :i1.B.1.
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Considering material properties, the radiation damage effects on Li,0 are
largely unknown, although recent fusion reactor irradiation results indicate
that some swelling may occur at high burnups., 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 Liy0 design blanket inventory might be less than 2 kg/GHy s
due mostly to the solubility of TZO in Lig0. The FLIBE design would have a
tritium inventory of less than 1 kg/GW,, due to the necessary tritium build-
up in the tube to force permeation across the cladding. HWhen 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,

I11.B.5 Conclusions

From the discussiorn and comparison presented above, it is somewhat
arbitrarily recommended that Lij0 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 L120 out-shadow its favorable properties, the option
of using a liquid breeder or LiAl0; should be kept open.
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ITII.C. NUCLEAR DESIGN ANALYSIS AND PERFORMANCE
I11.C.1 Objectives

At this early 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 white suppressing fission to enhance both safaty and
support ratio.

The starting point for this d:5ign was our FY82 tandem mirror fusion
breeder reference blanket design.(1,2,3) The FY82 design basically consists
of a pebble bed of composite Be/Th pebbles cooled by 1iquid lithium. The
pebble bed facilitates quick refueling without blanket disassembly while the
Tithium is a mobile tritium breeding medium as well as the heat transfer
medium. To account for the harsher environment of the tokamsk (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, far tritium
breeding. As discussed in section III.B, Li20 was selected as the tritium
breeder, but several other breeding compounds (e.g., Li-Pb, FLIBE, LiAlG,)
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.

111.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.7.
The models developed for the Monte Cario 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. Tne 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 devetloped to examine
heterogeneous and resonance self-shielding effects. The third, also a
tor¢idal 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 zonecd cylinder,
was used to estimate heating profiles., This was done early in the Study to
provide input to the heat transter and fluid mechanics design and analysis.

I11.C.3 Toroidal 2-D Model and Results

The torpidal 2-0 mode) 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.1. 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 imposec by plasma and coil
geometries. The critical inner shield thickness of 54 ¢m, as used in
Starfire, was used to set the inboard blanket dimensions. The thin (10 cm)
shield zones used in this mode are thére only to provide for appropriate
reflection for the blanket.

The plasma is approximated by an isotropic 14 MeV neutron scurce 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 Iil.C.1.

The first wall in the model consists of an erosion layer (G.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 Lizﬂ-containing tubes. The rear
S cm of the blanket consists of a dense pack of Lizo-containing tubes.
Materia) compositions in these zones are given in Table III.C.2. Material
atom densities are given in Tabie II1.C.3.
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Table IIl.C.1 Source Neutron Distribution

% To

17.3 Inner first wall

3z.1 Top + bottom first wall
50.7 Quter first wall

Table III1.C.2 First-Wall and Blanket Compositions

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

e Bed with Li20 in tubes

Material Volume Fraction
Fe structure .05
Fe tubes (1" 0D, 20 mil wall, .0077

7 cm pitch)
Li20 .0805
Be .4510
Th .0238
(U/Th) (1 a/o)

. Li20 z2o0ne

Material Volume Fraction
L120 .80
Fe .08
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Table I1I1.C.3 Material Atom Densities

(atom/cc x 10'22)
First wall Fe 1.19
(zones 3, 4, 5}
Bed Fe 0.49
{zones 6, 7, 8) Li6 0.032 (4.4%)
Li7 0.700
0 0.367
Be 5.60
Th 0.0716
uz3s 0.00072
Outer (LiZO/Fe) zones Fe 0.678
(zones 15, 16, 17) Lib 0.389 {6 a/o)
Li7 6.096
0 3.24
Inner shield W 5.06
(zone 9) H 1.34
0 0.67
B10 0.07
Outer shield Fe 6.78
(zone 10, 11) H 1.34
0 0.67
B10 0.07

The toroidal 2-D blanket model was analyzed with the TART code. Breeding
ratios, tritium and net U-233 (T + Fnet) are listed in Table 111.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 + Fnet ranged between 1.61 and 1.83. Most of
the change in T + FLet €an be attributed to {(n,y) capture in the bed's
iron structure. The U~233 fission ratio (fission per 14 MeV neutrons) azlso
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

bLisLi(®) T F y{n,fiss) T+F pot e + Fe(n,y)
0.55 0.703 1.036 0.110 1.614 .22
1.08 0.838 0.957 0.083 i.726 .47
2.17 0.968 0.877 0.060 1.776 .093
4.4 1.096 0.786 0.042 1.834 .061
T z Li{n,T)
= Th {n,y)
Foet = F - U(n,fiss) - U(n,y)

A variation of this blanket, one with all of the 1ithium-containing
breeder trubes behind, rather than in the Be/Th pebble bed, was considered
first but was found to have lower T +Fnet [1.8) {with T = 1.02) vs. 1.83
(with T = 1.10)] and also a2 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 fissiou rate with the Li and Th/U combined in the
same zene 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. v 60 cm.

With the fusile and fissile (T and F) breeding in different zones, the
maintenance of T = 1.0 is simpilified. When Li and Th are in the same zonre,

T is set by the 6Li concentration as shown in Table II1.C.4, The IR
concentration decreases about 2.4%, on average, per MWY/m2 exposure, This

in turn will decrease T, but the decrease is not estimated to pe gignificant.
For example an optimistic maximum blanket exposure of 20 MHY/m2 may decrease
the 6Li concentration by about 50% which, according to Table I11.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 +1.5%. This estimate
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is Crude because the poloidal variation in wall Ioading and the radial
variation in L1 "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. I[I.C.1) is given in Table III.C.5.

II[.C.4 Unit Cell Model and Results

The toroidal model just described homogenizes the Be/Th pebbles, the Fe
tubes and the Ligo they contain. To determine if spatial and/or resonance '
self-shielding are important in the actual tube plus pebble configuration, the
heterogeneous unit cell modei shown in Fig. [1I[.C.2 was developed. The unit
cell models a 7 x 7-cm array of Fe tubes containing Lizo with homogenized
Be/Th pebbles between the tubes. An x-y plane scurce of isotropic 14 fe¥
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 cell 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 alsc analyzed with the TART and
ALICE codes. Results of these four runs are given in Table i1I11.C.6. When the
heterogeneous ALICE case is compared to the homecgeneous 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 lower |

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 rescnance, ~uC
bed heterogeneous, effects have the major impact on performance. The ratio of
the hoterogeneous 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,0 (o = 1.9, 3 a/o °Li)

' T
: | _L-Fe TuBE waLL

35cm
i r = 1.27cm
l v]
A4 ry = 1.22cm '
Z /l_ __________ A
/
,” Be/Th Bed 35cm
//
7/
v Z  SOURCE, X Y PLANE
/ AT 220+
ALL PLANES ARE REFLECTING

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

Fig. I11.C.2. Unit Cell Model.
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Table IIl.C.6 Unit Cell Mogel Results*

Heterogenents Cases Homogeneous Cases
(TART) (ALICE} (TART) {ALICE)
T 1.351 1.604 1.362 1.67
Th{n,y)} 1.047 .747 .999 L7310
Th {n,fiss} 0N NN 0N 0N
U (n,f) .043 .052 .03z .039
U (n,y) .0063 L0053 .005] 0043
Pa (n,y) .034 .028 L0230 .026
Fe (n,v} .0203 .0213 L0154 .0126
Fret .064 .662 LY33 .662
T+ Frot 2.32 2.27 2.29 2.33
E (Mev) 27.82 29.89 28.4 30.2
Energy partitioning (%)
Be/Tn 70 68
Li20 29 31
Fe tube 1 0.7

* OLisLi = 2.97%, U/EM = 0.5 ajo, Pa/ilt = 0.5 a/o

III.C.5 Divertor Modeling and Kesults

The poloidal divertor requires a major penetration through the blanket as
well as special materials due to its high 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 1 is the vacuum zone in whicn an isotropic,
constant-density source volume is Jocated. Zppes 2-5 are stardard firsi-wal)
zones as described in subsection III1.C.3 and zones 6-10 and 19 are standard
blanket bed zones. Zone 11 is the divertor first wall, i2.6-cm thick,
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consisting of a homogeneous mixture of Be {1 cm), Cu (2 cm), HZO (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 Jisted in Table [II.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 15%
decrease in total breeding (7 + f) and a 9% decrease in blanket energy when
compared to the blanket model without the divertor.

111.C.6 Estimate of Overall Performance

Results from the toroidal, unit c211 and divertor modeis are combined to
give the following 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 vaiue (T + Fnet) is obtained by starting with
toroidal model T + F_ ., (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 muitiplied by the ratio of the with-to-without divertaor
model cases (0.854). The U-233 breeding ratio is then obtained by subtracting
the required tritium breeding ratic, which is assumed to be 1.01. Blanket
energy is calculated in a similar mamer: € (@ U/HM = 1%) = 27.7 x 1.05 x
0.91 = 26.5 MeV. Decay energy is not included. The unit cell model had 1/2
the U "enrichment" used in the other model to countcr 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 DT source neutron. The uncertainties listed are
crude estimates that include data and modeling-caused uncertainties in
addition to the 2% Monte Carilo statistical uncertainty. The total energy
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deposited per fusion is expected to have a larger uncertainty in the upwards
direction ihan 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, gamm reactions in Pa-233.
Heterogeneity of the composite 8e/Th pebbles (not investigated) may also
affect results.

Table III.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 3

6 176 127 .330 4.3

7 167 .128 .322 4.22

8 .382 .282 726 9.93

9 .128 .095 .244 3.35

10 .060 .04} .109 1.30

11 .062 1.02

19 004 =008 009 010

Totals .917 677 1.85 26.0

Energy
Leakzge Zones (MeV) Leakage

13 0.07 .034
14 0.02 D19
15 0.08 .047
16 0.17 115
17 < ,01 <.001
18 <.00 =006
Totals 0.34 .221




The tritium breeding can be increased as required, but any additional
bred tritium must be subtracted from the pet fissile fuel production. It is
inportant to note that even a 1% loss of tritium from a 3000 Mde plant would
represent a release of 4,5+10° curies per day! Similarly, the allowed
recovery cast at 10,000 $/g would be ~ 128M/yr per percent tritium.

111.C.7. Recommendations

Neutronically, the He-cooled composite Be/Th pebble bed bianket 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 amalysis 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/fo used here (7). The effects of Li tube size and pitch, composite
pebble heterogeneity, module edge effects, and source geometry alsc need to be
further investigated. And, of course, sensitivity to data uncertainties
(especially beryiiium) need to be quantified. In the Tonger 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.
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JII.D FLUID DYNAMICS AND HEAT TRANSFER

[11.D.1 Introduction

For a tokamak reactor, the most critical heat transfer problem is the
irst wall design. In order to accommodate the problems of surface heat
emoval, surface erosion and tolerance of radfation-induced swelling, the
>ellows first wall design was conceived and selected for tne fusion breeder

slanket, Two-dimensional thermal-mechanical anaiyses of the bellows first
'all were performed to identify the temperature and stress distributions,
uide the design, and verify that it met all the design constraints.

The helium-cooled, fission-suppressed, hybrid reactor blanket has a
mnique fuel element configuration consisting of a packed bed of beryllium/
~horium pebbies with a tritium breeder in tubes which are distributed
*hroughout the bed.* Heat transfer calculations were performed to show that

ne selected ball the tube sizes can satisfy the respective material
.emperature limits. After the bianket, first wall and fuel element zone
:onfigurations were defined, the blanket loop pressure drops and pumping power
rere then calculated to assure that they are acceptable,

JI1,D.2  General Considerations and Design Limits

During the course of the helium-cooled, fusion breeder blanket fluid
dynamics and heat transfer design, close interaction was maintained with the
mechanical design, neutronics analysis, and material selection efforts, The
fluid dynamics and heat transfer design of a gas-coolad reactor system should
satisfy two primary requirements: high thermal efficiency and low pumping
power losses. The high efficiency reguirement dictates a high coolant outlet
cemperature, restricted only by the maximum operating temperature limits of
the reactor materials., The pumping power 10ss requirement leads to a high
system operating pressure to obtain high coolant density, a large coolant

nlet-to-outlet temperature differential, and restricts the velocities of the
coolant in various sections of the coolant loop. On the other hand, the
restrictions on material operating temperature 1imits lead *o high coolant
velocities in the vicinity of the first wall to maintain high heat transfer

coefficients,

* Li20 was naminally selected as the tritium breeder and its use is assumed
in this section. The general conciusions are not expected to change for

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 amalysis. In the blanket region,
the key materials are the structural material, the neutron multiplier and the
fuel material. As discussed in Section I11.A, 2-1/4 Cr - 1 M was recommended
to be the structural meterial. 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 tramsfer analysis of the first wall, The temperature
limits for the lithium oxide (Lin0) breeding material are Tpip = 410°C and
Tmax = 800°C (1009°€)*(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 ior 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 a2 minimum coolant temperature rise of above
}00°C. Based on this information, a2 helium operating pressure of 5.1 MPa

T

*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/mZ and a surface heat lcading 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. [n contrast to a smooth first
wall, the bellows or finned design is necessary to increase the heat transfer
surface arez and the heat transfer coefficient. The bellows configuration is
also convenizrtly coupled with the mechanical design requirements for the
handling of static pressure and structural swelling,

111.D0.3 Bellows First Wall Design

111.D.3.a Mechanical Design

The primary purpose of the first wall s to provide a boundary between
the pressurized coolant and the vacuum of the plasma chamber., At the same
time, it has t> handie 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 genaration 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 neuiron-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 Saction [II.A, the first wall itself is a semi-cylinder
forming & lobe subnodule 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, the-mal effecis can be toleratad because of the comparative
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flexibility of this wall, To render the wall "soft" in the module-axis
direction, so that it can tolerate distrubances in that direction, the wall is
of corrugated (bellows) form. The dimensions of the bellows cross-section
delineated below were decided after some iterations, but have yet to be

optimi zed.

Manufacturing methods for such a wail are worth mentioning. The wall
would not, in fact, be corrugated. Rather, it would be grooved on hoth sides
by gang milling; this operating being carried out while the wall is a flat
plate. The sides of the lobe would then be thinned and the wall finally
pressed into the semi <ylindrical lobe ferm with the corrugations in place.
Erosion capability is built in by the corrugation being 9 mm thicker than
structurally needed on the plasma side. This material is expected to diminish
in thickness progressively during the wall life.

[11.D.3.b First Wall Thermal-Mechanical Analysis

The objective of the first wall thermal mechanical analysis was to
iteratively manipulate the bellows first wall configuration in such a way as
to control the associated temperatures and stresses, keeping both below speci-
fied design limits. To accomplish this objective, the two dimensional steady-
state temperature distribution at the beginning and end of life was calculated
for the bellows first wall using TAC02D(2), a finite element heat tranmsfer
code. The temperature profile calculated by TACO2D was then coupled along
with the helium pressure boundary condition into NIKE2D(2), an implicit,
finite eformation, finite element stress code. The neutron swelling effects
were not included in the stress analysis. The resuits of TACOZD and NIKE2D
were graphically displayed using the post-processors PGSTACO(2) and THOR(2),
respectively. Both of these codes and their accompanying post-processors are
available :n the magnetic fusion energy computer network.

Figure 111.D.1 presents the two-dimensional bellows first wall configura-
tion which was modeled using the above codes. This basic configuration was
analyzed for two conditions: the beginning of life in which the 9 mm sacri-
ficial layer on the plasma side of the wall has not eroded, and at the end of
1ife in which the sacrificial layer has completely eroded. Table III.D.1

3-61



CONSTRAINED
FROM MOVING

IN THE BELLOWS
DIRECTION

HELIUM SIiDE

PLASMA SIDE

ERODABLE
SACRIFICIAL
LAYER

7771/ 77 777777

/

1/
|

HELIUM CHANNEL

BOTTOM PLATE

CENTER OF GRAVITY

CONSTRAINED FROM
MOVING UP AND DOWN
THROUGH THE

CENTER OF MASS

CONSTRAINED FROM
MOVING IN THE
BELLOWS DIRECTION

>

Figure I11.D.1 Two-dimensional bellows first wall configurations
(representation of a unit element, not to scale)

Table II1.D.1

Design Guidelines for the Bellows First HWall

Material

Neutron wall loading
Surface wall loading

Toax 1imit

» 2-1/4 Cr - 1 Mo/HT-9

Expected ultimate tensile strength

at Tmax

BOL erosion layer thickness

2-1/4 Cr - 1 Mo/HT-9
(HT-9 alternate)

3 MW/m2
0.25 Md/m2*

475°
(550°C for HT-9)

435 MPa
(500 Mpa for HT-9)

9 m

*A surface wall loading of 0.43 MH/mZ was adopted late in

the study.

The ramifications of this

discussed later in this section.
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lists the design guidelines used for the amalysis. Table 1I1.D.2 summarizes
the thermal and structural computer inputs for the ferritic steel structural
matertals 2-1/4 Cr - 1 M and HT-9.

As shown, the principal stresses calculated by NIKE2D for the bellows first
wall were computed assuming a hydrostatic pressure on the helium side of the
wall coupled with the temperature profile computed by TACO2D. The wall was
constrained from moving in the bellows direction along both bellows side
interfaces and from moving up and down by a single point located at the wall's
center of mass (see Fig. IIl.D.1).

Figures III.D.2 through 111.D.5 graphically display the bellows first
wall temperature profiles calculated by TACOZD at the beginning and end of
life using both 2-1/4 Cr - 1 Mo and HT-9 structural material. Figures I1I1.D.6
through III1.D.9 present the beginning and end of 1ife principle stresses cal-
culated by NIKE2D. The results of these figures are summarized in Table
I11.D.3. This table shows that with the present bellows first wall design,
the design guideline maximum temperature is slightly exceeded for both the
2-1/4 Cr - 1 M and HT-9 beliows first wall at the beginning of life. How-
aver, 1L is important to note that the hot spois are in the sacrificial layer
closest to the plasma. As can be seen in Figs. 111.D.6 and I11.D.8, this
layer is required to provide only minimal structural support. At the end of
life, the design guideline maximum temperature is easily met by both the
2-1/4 Cr - 1 M and HT-9. The design guideline maximum stresses are et
for both the 2-1/4 Cr - 1 Mo and HT-9 at the beginning of life.

These results indicate that at a surface loading of 0,25 MW/mZ, the
present bellows first wall design meets the thermal and structural design
guidelines using both 2-1/4 Cr - 1 Mo and HT-9 structural materials, the only
exception being the beginning of life temperatures in the sacrificial layer of
the wail. This layer is required to supply only minimal structural support,
These temperatures are still well below the 725°C limit at which the struc-
tured material begins to be in the two phase regime. It is expected that by
modifying the present configuration, 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 [nputs for

the Bellows First Wall

Thermal TAC02D Inputs

Maximum surface heat flux, (MW/mZ)a
volumetric neutron heating, (MW/m3)

Beginning of 1ife helium channel
convective heat transfer
coefficient, (W/m2-K)

End of Tife helium channel
convective heat transfer
coefficient, (W/me-K)

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

Beginning of life helium coolant
temperature, (°C)

End of Tife helium coolant
temperature, (°C)

Structural NIKE2D Inputs

Helium side hydrostatic pressure, (MPa)

0.2%
23.8

2-1/4Cr - 1M
HT-§ 10950

2-1/4Cr 11920
HT-9 10920
190

309

296

5.0

11940P

dThe 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,

bThe 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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Table I11.D.3 Bellows First Wall Thermal and
Structural Analysis Summary

2-1/4Cr-1
Maximum temperature, (°C)
Beginning of life 542
End of life 342
Maximum stress, (MPa}
Beginning of tife 201
End of life 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




The above calculations were performed at a neutron and surface Toading of
3 and 0.25 MW/m2, respectively. Figure I[1.D.10 shows the estimate Tmax at
the beginning-of-life as a furction of surface loading, for 2-1/4 Cr - 1 #o
and HT-9 materials based on ore-dimensional calculations and adjusted to co-
ordinate with the two-dimensioral results. It can be noted that by assuming a
maximum allowable temperature of 700°C on the eroded layer where the stress
capability requirement is minimunm, the 2-1/4 Cr - 1 M and HT-9 materials can
withstand surface loadings of higher than 0.6 and 0.45 Mi/m2, respectively.*
Figures 1I1.D.4 and I11.D.5 illustrate that at the end-of-life, the first wall
maximum temperatures for 2-1/4 Cr - 1 Mo and HT-9 materials are acceptable at
a surface loading of 0.25 MW/m2. In this comparison, the 2-1/4 Cr - 1 Mo is
capable of withstanding a higher surface heat flux because of its high thermal

conductivity.

II11.D.3.c General First Wall Design (bservations

In considering any tokamak first wall design, it should be appreciated
that thermal expansion will resuit in large thermal stresses if the first wall
is constrained. A key motivation for the proposed bellows/lobed first wail
design is an ability to accommodate thermal expamsion in severai directions;
thus greatly limiting the thermal stress. The ana2lysis above presents a
fairly mature iteration in which two-dimensional models indicate that the hot-
test material cleéarly 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, particularly at the point nearest the
plasma. In the simple semi-cylindrical design this can give rise 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), it is
possible to arrange moments which exactly counter those generated by the tem-
perature effects. In this manner, it appears possible to develop a working
situation where, for practical purposes, very low thermal stresses caist.

This design solution can also be interpreted as preloading of the first wall,
Indeed, 1f the simple cylindrical wall were left in this temperature/pressure

* A 0.43 MW/m2 surface heat flux was selected in the final iteration.

i I1.C
{see Section ) 3.7
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condition long enough, it would creep to this equilibrium condition. How-
ever, in so doing, it wwould “use up" some of its allowed creep limit.

Irradiation swelling stress in the direction perpendicular to the
corrugation can be fairly easily controlled assuming pessimistically that no
creep occurs, It is considered that irradiation swelling stress should in any
case be minimized S0 as not to deplete the creep budget (as in the thermal
case), Swelling stresses in the direction paraliel to the corrugation are
more difficult to handle, although they can in some measure be dealt with as
is the thermal stress in this direction.

Some further abservations on the proposed design can be made. First,
regarding the irradiation-induced dimensional changes under stress (i.e.,
jrradiation creep), it is essential to know whether this is damaging. Present
theories indicate that it may not be damaging, but that on cessation of the
irradiation, the material will be hardened. It is then aparopriate to ask if,
in this state, do hardness and brittleness arrive together? 1If so, if the
irradiation is stopped, restarting may require very low subsequent strains
due to a low secondary creep capability. These guestions need resolutions.

A final observation on the corrugated wall concerns its "fragile" form,
Clearly, it is not a simple “boiler plate" specimen. Considering its design
requirements, it is inevitable that it be of complex form. A cimilarly
complex heat transfer component, the automotive radiator disperses surface
heat loads of approximately 1 MW/mZ, and is constructea commonly of 0.1 mm
material.

II1.D.4 Blanket Fuel Element Design

Heat transfer and fluid dynamics calculations were performed for the
packed bed of beryllium pebbles and Lip0 tubes. This analysis was used to
determine the feasibility of the proposed configuration in satisfying materi-
als temperature, coolant pressure drop, and mechanical design limits.

Since a heat transfer correlation for a packed bed mixture of spherical
pebbles and tubes was not found, comparisons were made between the heat
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transfer coefficients for a packed bed of spheres and a one-row, closely-
spaced tube configuration. The one-row tupe bank was used for comparison
because it gives a more conservative result than a multi-row, closely-packed
tube bank. Further, its heat transfer coefficient range is closer to that for
a packed bed of spheres. As shown in Fig. I11.D.11, the heat transfer coeffi-
cients for single row tubes and packed beds have an opposite behavior as a
function of characteristic dimensions. This is because of the selected mod-
els. For the single row tube case, the distance between tubes was selected at
1 mm. To simulate ihe packing condition of the tube and the spheres, the 1 mm
gap was selected as the reasonable minimum gap that can be maintained by wire-
wrap, closed-pack tubes. As the tube size increases with a constant flow
cross-section, the flow opening area reduces, thus enhancing the heat trans-
fer. Ffor the packed-bed configuration, the void fraction of the bed is inde-
pendent of the sphere size and the heat transfer is only a function of the
characteristic dimension, leading to a decrease in heat transfer coefficient
as the ball diameter increases. The observation from Fig. [1{.D.11 is that
for sphere and tube sizes in the range of 2 to 3 cm, the heat transfer coeffi-
cient is in the range of 1900 to 2600 W/m2-K. More detailed investigation of
the applicable heat transfer coefficient for the Lij0 tubes imbedded in e
packed bed of balls will need to be determined by further analyses and/or

experiments.

Based on the one-row tube model, the Liz0 temperature distribution as a
function of radial position is given in fig. IIl.D.12, The input parameters
are given in Table II11.D.4. It can be noted in Fig. [lI.D.12 that, for the
selected tube size of 2 cm, the Li0 breeder satisfies the design temperature
limits. The 2-1/4 €r - 1 Mo tube temperature is higher than the design limit
of 475°C, yet this occurs only at the back of the blanket vinere the tube wall
thickness can be increased without excessive penalty to reduce the stress.
Also, the Lip0 tube does not have to have structural function, except carrying
the weight of Li»0. Consequently, a maximum- steel temperature of 510°C is-
acceptable.

Figure 111.0.13 shows the centerline temperature of the beryllium pebble
and the AT through the pebble as a function of blanket radial position. To
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Table 111.D.4 Fission-Suppressed Helium-Cooled Blanket
Thermal-Hydraulics Ilnput Parameters

Neutron wall loading 3 MW/m2
Surface loading 0.25 Md/m?
Coclant - helium at 50 atm
Tin 275°C
Tout 500°C
Tcoolant dt first wall 287°C
Blanket energy multiplication 2.175
Tube diameter 2 cm
Be/Th bail diameter 2cm
Li20 temperature limits, Tpax/Tmin 800°/410°C

Heat transfer models:
One row closed-packed tubes
Packed-bed ball configuration
Neutronics inputs suppiied by LLNL
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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 pebbies for the original reference mirror design(3). The original
reference design featured thorium pins on the inside. Daspite the higher
power density {3 vs 1.3 Mi/m2), the newer snap-ring design is expected to
provide a lower aT. Confirmation of the temperature and stress distribution
via a two-dimensional thermal-mechanical 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.

I11.D.5 Coplant 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 Mugp
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 I11.D.5 summarizes the friction pressure drop from different
bianket sections. [t can be noted that the packed bed pressure 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 sizas,

The total pressure drops in the blanket and in the primary coolant are
given in Table II1.D.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
I11.D.2. The net blanket power convercon efficiency is 36.5%.
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Table III.D.5

Friction Pressure Drop for The

Different Blanket Sections

Flow Yelocity

Pressure Drop

Section v (m/s) AP (kPa)

1. Inlet manifold 57.4 2.90
2. Distribution channel 39.6 0.94
3. Side flow path 17.2 1.00
4, Grooved first wall 68.0 19,00
5. Breeder packed bed 2.0 4,40
6. Collection channel 43.4 4,32
7. Outlet manifold 65.0 3.00

35.56

Total
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Table 1I11.D.6 Total Pressure Drop in the Rlanket

aP AP/P

Pressure Drop {kPa) (%)
Friction 35.6 0.71
Turning, joining, and dividing 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 lines, 24.4
Ring ducts, 4,7
Steam generator piping, 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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I1I.D.6 Conclusions

A bellows first wall design was selected and evaluated for the FBP
helium-cooled blanket design. It was designed to meet the reguirements of
withstanding design pressure, removing the high surface heat flux, allowing
first wall erosion and handling of the potentially serious problem of neutron-
induced material swelling. The structural temperature limit of 2-1/2 Cr
- 1 Mo is 475°C, that of HT-9 is 550°C. With the allowable Tyax in the non-
structural erodable layer selected at 700°C and at a neutran wall loading of
3 Mu/m2, 2-1/4 Cr - 1 Mo can withstand a surface loading of 0.6 MW/m2 as com-
pared to 0.45 #W/m2 for HT-9 s’ructure.* This is due to the higher thermal
conductivity of 2-1/4 Cr - 1 Mo, If the structural swelling effect were shown
to be relieved by irradiation creep, then the first wal! would not nreed to be
in a bellows configuration. However, the finned geometry for high heat flux
removal and the added layer for erosion allowance would still be needed in the
generic design of a tokamak reactor first wall,

The blanket fuel configuration consists of cylindrical tritium breeder-
filled tubes within a packed bed of beryllium balls. Each ball has a thorium
snap ring around it, This confiquration meets all of the thermai-hydraulic
design limits. Assuming the selection of Li,0 as the breeder, the design can
satisfy the difficult temperature limits throughout the blanket. The
beryllium-ball centerline temperatures are acceptable and the ATs througnh the
ball look reasonable. Two-dimensional thermal-mechanical calculation of the
temperatures and thermally-induced radiation swelling stress is needed to
confirm the design, The overall pumping power fraction of 4% for the whole
coolant loop is reasonable. For the selected coolant inlet/outlet
temperatures of 275°C/500°C, the power conversion gross efficiancy is 39.1%
and the net blanket power conversion efficiency is 36.5%.

* A surface heat flux of 0.43 My/m® and 2-1/4 Cr-1Mo are the baseline values.
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I11.E REACTOR SAFETY [SSUES

The primary safety concern of fissile-fuel producing biankets is the
potential hazard associated with the release of the actinide, fission product,
and activation product radioactivity. This radioactivity, produced by fis~
sioning and parasitic captures of neutrons in the fertile and fissile materi-
als and metallic structures, could be mobilized during postuiated events which
involve the large gquantities of stored energy present in the System. The pos-
tulated events and sources of stored energy in the present design are briefly
discussed below and are compared with those of the 1982 tandem mirror refer-
ence design{1). The later design was subject to more detailed safety systems
studies during 1983(2), The issues of tritium safety, though requiring appro-
priate design attention in order to minimize routine occupational harard, pose
a relatively lower level of risk during major events and are not discussed
here. Criticality is aiso not expected to present a safety hazard in the
present design due to the low fissile concentration.

The major source of stored energy for radioactivity mobilization in the
present system is the heat generated by the decay of radionuclides in the
bianket. The initiating events of major consequence are those that lead to a
loss of cooling capability. The major differences between the reference
liquid lithium cooled tandem mirror fusion breeder (1) and the tokamak fusion
breeder design are the absence of stored chemical energy from lithium
reactivity, the much higher wall loading (3 versus 1.3 MW/m in the reference
blanket), and effects due to using a helium rather than lithium coolant (e.g.,
less conductive hea’ ramoval in a loss of coolant flow event, easier fuel
dump, and different ...¢dent initiators), Importantily, the decay heat removal
load per unit wall area will increase due to the higher wall lcading, but it
js expected that coolsnt flow can be maintained at reduced pressure in all
cases with redundant helium circulators.

The maximum radionuclide hazard inventory {at time of fuel discharge) is
not expected to differ substantially between the tokamak and reference tandem
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mirror reactors - a result of the opposing effects of higher wall loading
versus the compactness of the tokamak design., Specifically, the major
contributions to the radioactive inventory per unit volume are the actinides.
These reach equilibrium in roughly 60 days and their respective concentrations
are proportional to the wall loading, [which is 2.4 times higher in the
tokamak (3 MW/mZ)]. Despite the higher concent-ations, characteristic tokamak
material volumes are one-third to one-half those of the tandem mirror. Thus,
the ngt difference in total inventory is not expected to be significant, As
the enrichment is roughly proportional to the total fluence per unit volume,
the irradiation time to a given enrichment is shorter at the higher walil
loading tokamak., Both reactors wwuld have comparable fissile discharge

rates.

The factor of four to five lower number of modules (or sectors) in a
tokamak results in a higher radicactive inventory per module. Thus,
individual module failures 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 ball zdiabatic
melt time and thus the shortened time for corrective action due to the higher
afterheat level.

Due to the compactness of the tokamak and the absence of liquid metal MHD
effects, gravity dump of the mobile fuel to a dump tank beneath the reactor is
possible at a reasonable distance (~7 m) without forced flow. Heat-actuated
valves in conjunction with a purely gravitational dump would provide a totally
passive dump system. If a suitable nonreactive thermal contact medium within
the dump tank could be identified, passive cooling may be possible in
conjunction with heat pipes and convective air heat exchangers, but thermal
shock to the dumped fuel could be a concern.
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111,F FUEL CYCLE AND PLANT ECONOMICS

I1I.F.1 Overview

In this section, the overall performance and costs of a helium cooled,
peryllium blanket tokamak fusion breeder reactor are developed and combined
with similar data for 233y burning LWR fission reacters to obtain an estimate
of the costs of :lectricity and bred fuel for a symbiotic electricity
generation system consising of the fusion breeder, its LWR clients, and the
associated fuel cycle faciiities. The results are compared with economics
results fur LWRs of the same design which are fueled using conventionally
mined and enriched uranium. A1l LWRs are assumed to benefit from the full
recycle of all fissile uranium and plutonium isotopes (i.e., fuel reprocessing
is assumed to be available and economically advantageous). The results for
the tokamak fusion breeder are also compared with those for a reference case,
the liquid lithium cooled tandem mirror fusion breeder design of 1982 (1).

Four tokamak cases are developed which investigate the impact of two
particularly relevant issues: 1) tokamak plasma current drive and 2) breeder
ownership. The cur,ent drive options are steady-state current drive by
neutral beams or leng pulse inductive current drive using the central solenoid
coil. Both government and utility ownership are considered.

III,F.2 Discussion of Symbiotic Economics

Since the fusian breeder produces two principal products (fissile fuel
and electricity), a method of economic assessment which equitably balances the
cost of producing each must be established. The conceptual basis for one such
method is shown in Figure 111,F.1. Specifically, if an imaginery line is
drawn enclosing the fusion breeder, its LWR clients (enough of them to consume
all of the bred fuel}, and the associated fuel cycle facilitfes, it is
passible to construct an electricity generation system which has no net
fissile fuel production or consumption and which produces only one net
product--electricity, Knowing the annual capital, operating, and fuel cycle
costs for both the breeder and its LWR clients, a consistent unit cost of bred
fissile fuel in any given year of operation can be estimated by subtracting
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the electricity production revenue of the breeder {as derived above) from its
overall annual operating cost (including all components) and dividing by the
net fissile fuel production. It can be shown that LWRs consuming fuel at this
cost will produce electricity at the same cost as the fusion breeder.

A detailed description of the methods of econcmi¢ 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 genera) financial input data used
jn this analysis is presented in Tabie II1,F.1, 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 cver 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 egquivalent
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 controtling the production and processing of fissile fuel, the
government can best implement a system of technical and institutional
safeqirds to prevent the illicit diversion of fissile materials. If the bred
fuel is 233y (the preferred option) a diversion resistant product can be
provided to LWR operators by deraturing the 233U with 23BU and/or spiking,
etc. The small gquantities of plutonium which would be produced from LWR
neutron capture in the 238U 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 IEI.F.1)}, or disposed.

Referring te the table, note that plant construction periods of 10 years
are assumed in al} cases. For government financing, 100% debt financing at 3%
above the inflation rate {(1.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%Z/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.1. General Financial Input Data.

Utility Gov't Utility

Owned Uwned Owned

Breeder Brecder LWR
Plant Construction Period (yrs) W Same Same
Plant Lifetime (yrs) 30 Same Same
Inflation Rate (%/yr) 5 Same Same
General Escalation Rate (%/yr) 5 Same Same
Debt Finance Fraction (%) 55 100 55
Retura on Deot (%/yr) 8.2 Same Same
Equity Finance Fraction (%) 44 - 45
Return on tquity (%/yr) 10.2% - 10,24
Net Discount Rate (%/yr) 9,12 g.2 9.12
Income Tax Rate on Egquity (%) 50 - 50
Property Tax Rate (%} 1.45 0 1.45
Annual Depreciation (%/yr) 3.3 - 3.3
Misc. Fixed Charge and Insurance Kate (%) 0.2% U 0.25%
Decommissioning Cost (% of original) 5 Same Same
Net Total Fixed Charge Rate (%/yr) 15.05 9.05 15,05
Fixed Charge Rate on Fissile Inventory {%/yr) 7.5 3.0 7.9
Net Operation and Maintenance Cost (%/yr) 1.8 Same Same

I111,F.3 Economics for Conventionally Fueled LWR

Prior to presenting the results for symbiotic electricity generatiocn
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 electricity for the
above option will provide a means to better understand the potential economic

viability of a fusion breeder.

As shown in Table II11.F.2, it is assumed that tre LWR czpr 41 cost
1983 dollars is 490 3/kW. (or 1.45 $E/0M;). This value, used U roughout th.-
analysis, anticipates a stable nuclear ~conomy and is consistent with long

term planning assumptions rather than recent experience,? S TN R I
costs shown in the table were taken frum Reference 1, but wer s
adapted from the results of the NASAP study (2;. The J, .« sla’ on rte
7.1%/yr (2%/yr above general inflation) is used to refi. t trv ‘ertat nnoof
an increasing mined uranium price over the 30-year life of an <1 erns 1vely

fueled LWR which operates dur® 1 the time frz=e of conventionai Jsraninr
depletion {e.g., beginning in tne year 2020} and which 1s nrt firles by the
fusion breeder.** Specifically, the U3dg price is as< med to be 55 §/ko

{25 $/1b}) in the first ,ear of operation, = $/xg in 1ne « nd, 3nd 4 S/ky

in the thirtieth year, However, accounting for thr =i’y inflat- . :ze, the
year one worth (i.e., 1983 dollar value) of 402 dol'- in yes 30 45 only
402/(1.05)29 = %98, indicating a 75% uranium price increase - Jtant 18-
dollars over 30 years. The average price of Ui urir, tais BT nhiey

in 1983 dollars.

The re- 1ts shown in Table IIl.F.Z indicate tnat tne . ~ vled Lw-
would produce electricity for 47.3 mil/kWH during its first ,eor of
operation. The average present value cost of electricit, ouver - sl-year
operating life, 51.0 mil/kW,H, is lower than the year one value *-caus- tre

annual cost of electricity from the {KR increases less .ir ruogeneral
inflation., The latter behavior is a well known feature or ='"  y1tai
intensive power production options--they are exzensive to bu- Ut oare

expected to payoff in later years dwe to low ooerating vrst.,

*  The impact of higher LWR costs would bes © ncrease t° © electri-
city, but would also tend to make the fu » breece wr-. -ttrartive 25 a
supplier of fuel.

**  Note that the price of mined urarium is :Ss.red o b SsTe Than g
equal to the production cost witr the d ~Terence at” T o prof "3

for the mine operator.
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Table III.F.2., Market Penetration Analysis - Economics Results For a
U0y Fueled LWR With Reprocessing (1383 $).

LWR Capital Cost ($/kW,) 490
Total Fixed Charge Rate (%/yr) 15,05
Fuel Cycle Full Recycle
235y Consumption (g/kW-yr) 0.194
Average Burnup (MWD/MTHM) 30,400
Reprocessing Cost ($/kgHM) 586
Fabrication Cost ($/kgHM) 582
Enrichment Cost ($/kgHi product) 137
Transport and Disposal Cost (S$/kgHM) 102
Year One Price of Purchased U30g (3/kg) 5
Year One Cost of Electricity (mi]/kHeH) 49,7
U30g Escalation Rate (%/yr) 7.1
Average PV Cost of Electricity (mil/kW_H, 32.6
Average PV Price of Purchased U308 {$/kg) 76

II1.F.4 Tokamak Breeder Fuel Cycle

The helium cooled beryllium tokamak blanket was analyzed (see
Section I11.C) using the LLNL Monte Carlo transport code, TART (5), to predict
fissile breeding and other nuclear reaciion rates. The ret fic<sile breeding
rate per fusion neutron was 0.54 2321, (n,y) and the fission rate was 0.06*
233U {n,f) per fusion neutron at a 233y concentration of 1.0 percent.

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
preeder fuel cycle, shown in Figure [Il.F.2. To first order, the fusion
preeder 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 232Th

[} beta cecays in 233Pa

) fissions and (n,y) losses in 233y

The concentrations of 233Pa and 233U together determine the total fissile

inventory, The concentration of 233U determines the amount of additional

fissions which add to the 233Th (n,f) fissions. These additional fissions
cause a linear swing in blanket power generation as the concentration of 233,

increases. The additional activation pathways in Figure I11,F.2 are primarily
of interest in determining the buildup of 232 and 228Th, principal activation
products in the thorium fuel cycle. These have been estimated in previgus

studies (see reference 1) and were not estimated for the tokamak breeder,

Table I1[.F.3 presents the key tokamak breeder fuel cycle parameters,
Figure III.F.3 shows the corresponding fuel cycle availability budget for an
overall plant capacity factor of 70%. The calculation of the actinide
concentrations and the development of the availability budget both assume a
90% operational availability during scheduled operation. Tni> aliows as many
as 12 unscheduled and 34 scheduled outage days during the 155-day fuel cycie
period, Longer unscheduled shutdown periods during scheduled operation will
result in significant 233pa decay (TY2= 27 days) to 233U followed by higher
fission rate penalties when operation is resumed. That is, the thermal
systems are designed for a maximum blanket enerqy multiplication of 2.1 and
extended shutdowns during scheduled operation can result in this power level
being achieved at lower than desirable fissile discharge enrichments (i.e.,
< 1,43%). The consequence of discharging the figsile fuel at lower enrichment
would be a small, but adverse affect upon ogverall economics due to a
significantly larger fissile recovery (reprocessing) cost.

In comparison with more detailed fuel management schemes developed for
the reference tandem mirror fusion breeder (1), and summarized in
Table II1.F.3, the above analysis s somewhat optimistic because it assuymes
that the neutron flux and fissile concentrations correspond to average values
over the entire blanket. In ;eality, fissile fuel will be bred much faster ac
the front of the blanket than averaged over the bianket, Alco, the
probability of fissioning a 233y atom will be much higher near the first
wall, As a result, at an end-of-cycle conditiun reflecting a given average
discharge enrichment, the blanket energy ganeration will be higher than
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b)
c)

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

TOKAMAK TANDEM MIRQOR

Net Fissile Procuction (Kg/yr)? 4905 5635
Fissile [nventory (Kg)

In-Core? 1535 1180

Post Discharge 2419 2815
Plant Capacity Factor (%) 70 70
Enrichment (%!b

233p, 0.43 0.4

233y 1.00 0.7

Total 1.43 1.1
Energy Multiplication

BOC 1.30 1.25

EOC 2.10 2.50

AVE? 1.70 1.89
Full Cycle Period {days) 155 321¢

average over cycle.
atoms per 2321h atom (x).

1.5 batches of fuel during this period assuming a two-zone blanket

with fuel repiaced twice as often it
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assumed in our anaiysis because the fissile concentration wiil 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 Raference 1) and by
cycling the front zone(s) more freguently than the back zone(s). This design
fix wilt increase the average fissile discharge enrichmert for a given peak
blanket energy, but will result in additional mechinical complexity., More
study is required in this area to determine the best compromise between fuel
cycle economics and operational/mechanical compiexity,

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 resuits 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 1I1,F.4, the reference tandem mirror produces the most
net electricity (24% higher than the inductive current drive tokamak and 82%
higher than the neutral beam driven tokamak). The inductively driven tokamak
has a 47% nigher (442 Mwe) 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 peam driven
systems will result in substantial power flow penalties.

For the inductively driven tokamak, plasma heating sytems (ECRF, ICRF,
LHRF) require about 190 MW, 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 time is assumed to be 100 seconds. As tne availability can vary
with solenoidal coil size, the choice of the reazctor configuration was made by
trading between larger reactors with higher availabilities at higher costs
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Table I111,F.4. Fusion Breeder Performance Comparison.

Fusion Breeder Type

Tokamak

Reference Tokamak Neutral

Lithium (lnducEive BeanE
(Tandem Mirror) CD) (CcD)

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 3060 3600
Pulse length (s) 33 2700 33

Blanket energy multipTication:

Minimum 1.25 1.30 1.30

Ma x7mum 2.50 2,10 2.10
Average 1,88 1.70 1.70
Gross nuclear power (MW)3 5100 4680 4680
Gross electric power (MW)d 2226 16677 18509
Driver recirculating power (MW) 325 6.7F 621
Additional recirculating power (MW) 180 275 286
Net electric power (MW)2 1720 1385F 943
Net fissile production (kg/yr)d 5635 4905 4905
Fissile inventory (kg)d 3995 3954 3954
In-core? 1180 1535 1535
Post discharge® 2815 2419 2419
Plant capacity factor (%)% 70.0 70.0 70.0
Plant efficiency .34 .30f .20

a) average over fuel cycle period.

b) inductive current dri.e,
¢) neutral beam current drive,

d) 1includes 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 first wall.
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Table III.F,5, Fusion Breeder Cost Comparison ($ M:1lion, 1983).

Fusion Breeder Type

Tokamak

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? 863 458 1638
First wall/bianket shieldP 499 395 423
Heat transport components® 502 245 258
Misc. reactor equipment 299 288 274
Turbine plant equipment 370 401 432
tlectrical plant equipment 158 164 167
Misc. plant equipment 19 53 53
Fuel cycle facilitiesd 382 330 330
Direct Cost 3660 2871 4112
Contingency (20%) 132 574 822
Total Direct Cost 4392 3445 4934
Indirect cost (34%) 1485 1153 1665
Total Overnight Cost 5877 4608 6599
Cost of Interest and Escala*ion 3222_ 5551 1155
During Construction (17,5%) ‘
Total Plant Cost 6905 5414 7754
Fusion Breeder Cost/LWR Cost® 2.76 2.36 3.38

a) dincludes magnets, heating cysteme, direct convertor.
b} includes beryllium and lithium,
¢) includes circulators for helium loops.
d) 1includes reprocessina, beryllium fabrication, thorium fab.

e) basis: $/KW,
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(reflecting increazed material volumes) and smaller reactors with lower
availabilities and reduced costs. The baseline inductively driven tokamak is
optimized at a size slightly iarger than the smallest possible machine

(RP = 6,75 m versus Rp = 6.29 m). 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
is primarily caused ty 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 s1ightly larger physical size. This results brcause the piasma
scaling relations predict a decreasing plasma current requirement as the
reactor major radius increases. The optimal major radius of the 3000 MW,
neutral beam driven reactor configuration {(7.69 m) represents a compromise
between beam power and size. In the case of the miscellaneous reactor
equipment account, the inductively driven tokamak is slightly more axpensive
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$) than the tandem mirror and 30% .ess (1241 M$) than the
neutral beam driven tokamak. In the latter case, the ccst ¢f the beams is the

principal cost penalty.

Cost differences between the two tokamaks and the tandem mirror refiect
the different nature of the two designs as well as modeling differences. A
mzajor difference arises in the fusion driver component cost categary shown in
more detail in Table III.F.6. Importantly, the comparatively targe cost of
the tandem mirror central cell magnets, first wall, dlanket, and shield can be
attributed to its low wall loading (1.3 Hh‘/m2 versus 3 HH/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
lopp 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 5% lower for the tandem mirror due te 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 111,F.6. Fusion Driver Component Co s (% Million, 1983).

Fusion B~eeder Type

Tokamak

Reference Tokamak Neutral
tithium (Inductive Beam
(Tandem Mirror) Co} {CD)
Tokamak Magnets - 35¢ 328
TF coils - 230 289
PF coils -- 50 37
Solenoidal 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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tandem mirror, whose miscellaneous costs are estimated to be small, but about
65% less than those of tne tokamaks. The fuel cycle facilities for the tandem i
mirror are about 16% more expensive, primarily because of higher fuel
throughput.

111.F.6 Economics Results For Symbiotic Electricity 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 electricity 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 im the analysis are described in Reference 1. The cost data
has been escalated from 1982 to 1983.

Table III.F.7 shows the results of this analysis for the inductively
driven tokamak breeder which supplies 19 233y burning LWRs {1 GW, each)
operating on a denatured thorium cycle (l). As shown in Table ILI.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 electricity. Because most
of the electricity {~ 95%} is generated in utility owned LWRs which, daminate
the symbiotic system, the symbiotic cost of electricity is always quite
insensitive to perturbations in the breeder cost and/or performance.

Nevertheless, slight changes in the electricity cost represent large
changes in the cost of bred fue), This can be easily understood if one notes
that at a U308 price of ~ 55%/kg, the cost of mined uranium is typically less
than 10% of the life cycle cost of LWR electricity. Thus, an electricity cost
increase of roughly 10% would result if the price of U308 doubled. The
results shown in Ta..c 11:.F.7 indicate a similar resvit--a 9% electricity
cost differential represents a 133% 233y cost differential,

In Table III,F.8, results for utility 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-
tricity costs. Compared to the inductively driven tokamak, the government
owned neutral beam driven tokamak produces electricity which is 14% more
expensive and fissile fuel which is 200% more expensive, In the case of
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Table ILI.F.7, Itility Versus Government Ownership Of The
Inductively Driven Tokamak Sreeder.

i Utility Government
| Cwned Owned
Total Plant Capital Cost ($M) 5414 5414
Breeder Cost/LWR Cost Ratio? 2.28 2.28
Total Fixed Charge Rate on Breeder
Plant Capital ($/yr)} 15.05 9.05
Effective Breeder Capital Cost/LWR Capital
Cost Ratio 2.36 l.42
Year One Cost of Electicity (mil/kWH) 54.9 48.5
Average PV Cost of Electrity (mil/kW,H) 33.4 30.6
Yesr One Price of 23%y ($/q) 96.2 36.7
Average PV Price of 233y ($/g) 53,4 22.9

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

Table III,F.8. Utility Versus Government Ownership Of The
Neutral Beam Tokamak Breeder.

Utility Government
Owned Owned
Total Plant Capital Cost ($M) 7754 7754
Breeder Cost/LWR Cost Ratio? 3.26 3.26
Total Fixed Charge Rate on Breeder
Plant Capital ($/yr) 15.05 9.05
Effective Breeder Capital Cost/LWR Capital
Cost Ratio 3.38 2.03
Year One Cost of Electicity (mil/kHgH) 64.6 56.5
Average PV Cost of Electrity (mil/kHeH) 38.9 34.8
} Year One Cost of 233y {$/q) 203 114
Average PV Cost of 233y ($/q) 114 69,1

a) LWR cost = 490 $/kW, (1983).

3-105




utitity ownership, the N8B driven tokamak produces electricity which is 17%
more expensive and fissile fuel which is 115% more expensive, Comparing
governmeat and utility ownership for the neutral beam driven tokamak, the
utility owned breeder produces electricity which is i2% more expensive and
fissile fuel which is 66% more expensive.

The results for the inductively driven tokamak are compared in
Table III.F.9 to those for an LWR burning U308 at the current price. If the
tokamak breeder is utility owned, its cost of electricity does not become
equal to that of the conventionally fueled LWR until the twenty-first year of
operation. The thirty year average present value of the cost of electricity
is 0.77 mi1/kWgH higher than that of the U30g fueled LWR. Over a thirty year
period, a cumulative loss of 4.6 $billion 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) if the starting price of
U308 is 91 $/kg, or about twice the current price of uranium, Higher Us0g
costs would lead to a net benefit for the fusion breeder.

Table II1.F.9. Comparison Of a Symbiotic System Including An Inductively
Driven Tokamak Fusion Breeder With a U308‘

Utility Government

Owned Ouned
Delta Year One Cost of Electricity (mil/kW H)? 5.19 -0.19
Rreakeven Year® 21 1
Delta Average PV Cost of Electricity (mi\/kHeH)a 0.77 -1.98
Integrated Benefit ($M)¢ -4590 5568

a) svmbiotic - conventional LWR = delta.
b) year in which delta = 0.
¢) PV benefit over 30 years per fusion brezder.
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In the case of dovernment ownership, breakeven is achieved in the first
year and an average 1.98 mil/kW H benefit accrues over the entire fusion
breeder cperating life. This results in an integrated benefit of 5.6 $billion
over a thirty year period, If the U308 cost at the start of operation were
91 $/kg, the breakeven price for utility ownership, the integrated benefit
would be dramatically increased.

A surmary of results, which also provides comparisons with the
conventionally fueled LWR of Section II1,F.3, is shown in Table III,F.10,
This table includes the inductively driven tokamaks discussed above {cases 3
and 4), two cases for the utility and government ownership of the tandem
mirror 1ithium blanket breeder (cases 1 and 2}, and two cases for the neutral
beam driven tokamak breeder {cases 5 and 6). The latter machine (neutral beam
driven) and its symbiotic products are expensive, whether owned by a utility
or the government, Breakeven (zero net henefit over 30 years) would occur in
the government ownership case at a U30g cost of 132 $/kg. which is a factor of
2.4 higher than current grice of 55 $/kg.

Table 1I11.F.10. Summary of Economic Analysis.

Average  Average
Present Present

Value Value .a Breake_verb
Elect. c°st233U Cost Breakeven Benefit U30gPrice
Descriptian (mil/KweH)  ($/9) Year? i$ B) {$/Xg)
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 CO®  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 CDd 34.¢ 69.1 29 -8.5 132
6} Tok/Utility/NB cod 38.9 115 - -24.2 250

a) nominal results assumed $55/kg 233U starting price of Uzlg with 2%/yr
escalation above inflation,

b} U30g starting price required to produce a zero net bemefit over the
30 year breeder life cycle.

¢} Gov't owned tokamak breeder with inductive current drive.

d) Utility 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 U30g starting price of 55 $/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 efther 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 & U30g price as Tow as 13 $/kg and the government owned tandem mirror
could breakeven at Us0g prices as low as 42 $/kg.

[II.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 brseder could be
economical at less than current U30g prices given a long term U;0g
price escalation rate which is 2% above inflation and a full fissile
recycle nuclear economy.

o NB current drive carries a substantial economic penalty but could
breakeven in a government ownership case at a market price for U308
of 132 $/kqg.

e Economic issues yet to be addressed include the potential impacts of
lower LWR SWU costs, higher LWR fuel reprocessing costs, etc.

3-108



References, Section III.F

1) D. H. Berwald, et al., "Fission-Suppressed Hybrid Reactor - The Fusion
Breeder," UCID-19638, Lawrence Livermore National Laboratory (1982}.

2)  "Non-Proliferation Alternative Systems Assessment Program,” DOE/WE-0001,
U.S. DOE (19832).

3) R. H. uhitley, "Tokamak Reactor Systems Code Manual,"” contact author at
TRW, 1 Space Park, Redondo Beach, CA.

4) R. H. Whitley, "Tandem Mirror Reactor Systems Code Manual,” contact
author at TRW, 1 Space Park, Redondo Beach, CA.

5) J. R. Kimiinger and E. F. Plechaty, "TART Input Manual,” UCID-17026
Rev. 2 (April 1, 1982).

3-109



T

IV.A

iv.B

w.L

TABLE OF CONTENTS (Cont'd)

CHAPTER IV LITHIUM CODLED TOXKAMAX HYBRID BLANKET CONCEPT

MECHANICAL DESIGN QVERVIEW

Iv.A.1  Qutboard Blanket

IV.A.2 Inboard Blanket

1¥.,A.3  Pod Nose Bending

NUCLEAR DESIGH

Iv.B.1 Object{ves

Iv.B.2 Method of Anmalysis

IV.B.3 2-D Toroidal Model and Results
IVv.B.4 Comparison of Results and Recommendations
LITHIUM FLUID DYNAMICS AND HEAT TRANSFER
Iv.C.1 Introduction

Iv.C.2 MHD Equations Review

IVv.C.3 Blanket Configurations

IV.C.4 1nputs and Results

Iv.L.5 Conclusions and Recommendations

4.2
-5

4-7

4-14
4-14
4-14
2-14
3-16
4-19
4-19
4-22
4-z2
4-24
4-30



s VU

CHAPTER 1V

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 neutrorn multiplier and fissile breeding an the inboard
side. As shown in the following chapters, eliminating inboard fissile
breeding has led to a relativeiy 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 IV.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 as
high as those in a fueled inboard blanket (which would generate more heat). A
mora detajled 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 II1. If
2 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.

1IV.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 vseable space and magnetic field strength. The outboard
blanket, shown in Figure IV.A.1l, consists of vertical Be/Th containing pods
with primarily radial caolant 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 i
allows gravity dumping of the fuel. The large inlet and exit plenums mimimize

coolant velocity, and thereby pressure drop, in this region. The overall

¢nnfiguration of the outboard blanket is roughly similar to that of the gas

copled tokamak blanket described in Section III.A.

i
|
i
|

On the inboard side, the magnetic fieid is roughly a factor of twe higher
than on the outboard side. Consequently, if the inboard blanket were
identical to the outboard blanket, an excessive blanket cociant pressure over
1000 psi would result. Although several design concepts which 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 e fort, 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.

1v.A.1 Outboard Blanket

A horizontal cross section of the outboard breeding blanket is shown in
Figure IV,A.1. 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 Tithium coolant bty an additional 0.25 mm 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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Figure IV.A.1. (Qutboard Blanket Module Schematic.
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Ficw balancing requires that the inlet and outlet plemums taper in oppo-
site directions. Lithium will erter the inlet plenur at the top of the
reactor, flow poloidally in the inlet plenum, turn 30° and enter the pod, flow
around the fipst 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.1, 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 mzking 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 in opposite directicns is intended to keep the
plenum velccities equal fverywhere, and thus alsn keep the pod velocities
equally distributed such *hat 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 Joop in this configur-
ation is straightforward. However, the first wall ccoling Toop pressure drop
caicuiations (Section IV.C below) indicate very low pressura dreps around the
pod. Although low pressure drops are nermally desirable, or this particular
design, smal] imbalances in the inlet and ocutlet 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 1ithium 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 ccaling 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 i5 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 atong
both walls, flows toward the center at the pod nose, and then back through the
pebble bed), MHD velocity profiles are not well understood, and stagnation
could easily occur in the 1ithium at the pod nose where the two opposing
streams meet and turn 90°, A small stagnant core of lithium behind the first

4-4

e 1w e i ks
-



i

wall would give very high firsi wall temperatures. We thus chose to flow the
1ithium around the nose to ensure cooling.

IV.A.2 Inboard Blanket

The inboard blanket configuration is shown in Figure IV.A.2. Lithium
flows poloidally in the large pleni'ms 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-lgbes that comprise the first wall. Flow
entering a mini-lobe can move paralle! to the magnetic field before moving
radially toward the 1obe nose, perpendicular to the field. Since the pressure
drop is much lower in flow parailel to the fieid, the lithium will tend to
spread out ia this manner to minimize the velocity (and therefore the
pressure) perpendicular to the field, thus guaranteeing even cooling of the
mini-1obe.

Reference 3 shows that coolant/structure temperavJres are move favorable
for flow that transits more than one lobe in series. This is because the
velacity in the lobes is increased, decreasing film drop temperatures and thus
reducing the difference between the maximum bulk fluid temperature and the
maximum struciure 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 therma? 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 volumeiric
flow rate in half of the lobes. However, the distance travelled, anrd
therefore the volumetric flow in sdjacent 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 compgsite baffle filled with stagnant lithium, as shown in
Figure IV.A.3, will probably be the most efficient methad. This should also
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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.

NZINY

Figure IV.A.3. Composite Flow Baffle.

IV.A.3 Pod Nose Bending

The curve at the pod noses shown in Figures IV.A.l 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 curye shown in
Figure IV,A.1 is exaggerated in this respect (ji.e., the pod shape should be
closer to a semicircie). This principle applies to both the inboard and
outboard blanket pods.

It is important to mote that the first wall pdds (or lobes) can be
constructed to be in constant temsion {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 MHD
analysis below. The analysis indicates that the deflection is small, and thus
changes in operating power may not present a problem.

Force balance (see Figure IV.A.4) regquires that the tensile forces in the

member balance the pressure forces:

_ ;o dg d¢
Pds = Tl sin —— + TZ sin 7

Constant tension gives:
T1=1=T7
and from the small angle:

Pds = Tdyp or d¢ = Pds_

From analytic geometry:

df = cos¢ds? + sin¢ds]
and
dF = dxi + Qy3
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thus:

[ cos¢ds y = [ sirgds

»
]

[ cos [-L—[Pds‘] ds = [ sin [-—_:_-,des’] ds
T

is not well characterized, we have simply taken a linear variation of pressure

Since the astual pressure as a function of position around the pod nose
with arc Tength:

1

|

i

{

P =P, +As

Po = pressure at the start of the curve of the pod nose
; A = a constant
1 s = arc length along curve C

Taking the boundary conditon as:
_ 3n L = =
¢ =+ = at x=0,y=0,and s =0

The constant tension pod nose shape is then given by:

»
[}

[ sin[s'(P, + As*)/2/T] ds’

S ’ ' 1
- [y cos[s' (P, + As'/2)/T] o5

‘<
"

wiich can be solved numericaiiy.

In the outboard blanket, the pressure drop per unit length varies greatly
i as the flow turns from perpendicular to the magnetic field to parallel with it
i and back to perpendicular as it 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 field, however, the field varies slightly and effects of this
variation are not well understood.




Curve c of Length s
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arc length along curve c.

angle between the x axis and the tangent to curve c.
tensile force in member.
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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.l 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 confiquration considered
here. Note that bending stresses produced in this manner can be considered as
; secondary stresses because they are seif relieving, Bending of the structure
\ will cause the shape to appreach the constant tension shape, thus reducing the
i bending stress.
!
|
! TABLE IV.A.1 Deflection of Constant Tension
Pod Noses from a Cylinder
Spprox.
3lanket Pod Nose Inlet Pod Nose OQutlet Infet/0utlet Pod Nose Maximum
Pressure Pressure Pressure Radius Deflection
{MPa) {MPa) Ratio {cm} (mm)
Inboard 1,670 1.542 1.083 5 .006
Jutboard 0.1943 0.1907 1,018 12.5 .05
1.5 0.15 10 12.5 6.4
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- I¥.B8 NUCLEAR DESIGN

Iv.B.1 Objectives

The initial step in developing a fission-suppressed blanket for a tokamak
was to try and use the reference blanket develeped for the tandem
mirror.(1,2,3) This blanket consists of Be/Th composite pebbles cooled by
ligu‘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 asscciated with pumping the liquid metal
coolant through the blanket, especially on the inboard side. This preblem is
greatly reduced if the Be/Th pebbles are removed from the blanket's inboard
Teg.

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 L1
in 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-D toroidal model and using
tne 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 24 standard deviation. The resonance
effects discussed in section III.C are not included in this anahysis.

I1v.B.3 2-D Toroidal Model and Results

The configuration of the 2-D toroidal model used to assess this question
is as shown in Fig. 111.C.1 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.1. The 8e/Th/Li blanket is analogous to
that developed for the tandem mirror breeder design. Its 6Li atem 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 [V.B.2.
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Table IV.B.1 Thicknesses and Materials Compusitions of First Walils and

Blankets

[ Inner first wall - 1 cm Fe

) Quter and top and bottom first walls
10 cm, 90 v/o Li {.2 ajo Li€) + 10 v/o Fe

0 Li Blanket {inboard side only)
60 cm, 95 v/o Li (.2 ajo Li6) + 5 v/o Fe

. Be/Tn/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 ajo Lib)

Table IV.B.2 Results of TART Monte Carlo Rums

Inner blanket (zone 6)
T6
T7
F
E (MeV)*
Top + bottom blankets {zone 7)
TG
T7
F
£

Inner Blanket Type

Li Be/Th/Li
.102 -165
.099 .022
- .163
2.26 3.23
.239 -266
.028 .028
+246 .248
4.53 4.69
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Table I¥.B.2 Results of TART Monte Cario Runs {cont'd)

Inner Blanket Type

Li Be/ThsLs

Quter blanket {zone &)

16 .331 .334

7 .044 .048

F .326 .326

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

16 .032 .041

14 .073 .075

E* 1.59 1.78
Duter first wall (zone 5)

76 .042 .044

7 124 124

E* 2.58 2.71
Totals

T 1.113 1.143

£ =572 137

T+F 1.68 1.88

E* (M) 18,63 (1.35) 18.4 (1.38)

* No y transport and no decay energy

I1vV.B.4 Ccmparison of Results and Recommendations

To estimate the actual fissile preeding ratios (F) of the two cases, one
with the Be/Th/Li inner blanket, the other with the Li-only inrner blanket, the
following corrections are made to the results given in Table IV.B.Z.
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T+Fa= [(T+ F)Beds « Het. Corr. + TOther](Plena Corr.){Divertor Corr.}
FeToF = Tpeg

where:
(T + F)Beds = sum of T+ F in the Be/Th/Li beas from Table IV.B.2

TOther £ sum of T in the non-bed Li-containing zones
Het. Corr. = Be/Th/Li pebble bed heterogeneous correction.

Values taken

from Ref. 3
Plena Corr. = correction to account for module plena and end effects.
'=1n masumad Fa ke the <-75 ag for “he rerfoecnce tondem mireor

blanket (3).
Divertor Corr, = correction due to having a divertor.

Subsection III.C.5.
= assumed overall value of tritium breeding required.

Yalue taken from

TReq

For case with all bed blanket:
T+F=7[(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%)

n

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 o =1.38 - 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 (mo fissile breeding)
61 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 ﬁLi 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 6Li 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 1II.
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v.c LITHEUM . UID DYNAMICS AND HEAT TRAMSFER

1v.C.1 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 géadients,
turns, contractions, entrance, and exit flows are stiil 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 jeads to
the selection of a non-fissile fuel breeding blanket for the inboard side of
the reactor wherz the magnetic field strergth is high.

A blanket configuratien similar to the UWMAX-I(1) design shown in
Fig. IV.C.1 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/mZ 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-
sorible at <2.3 MPa (330 psi) and can be reduced by further design optimi-
zation. The material temperature limits can also be met.

The fallowing sequence summarizes the appreach in the blanket MHD

~

c¢alculation:

° Calculate and compare_ the pressure drops u?ing the equation from
Hunt and Holroyd,(2.3) and from Picologlou{4) when applicabie.

® 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 Reviaw

Key sets of applicable MHD equations are given in Table IV.C.1. The
set recammended by Hoffman and Car1son(5) was used fer the 1982 Fusion
Breeder Study,(6) The constant X has to be determined graphically and is
supported by very limited ‘experimental results. The set of equations sup-
plied by Hunt and Holroyd{2:3) gives distinct recommendations for the calcu-
lations of iniet, gradient-B, turning, expansion and contraction pressure
drop calculations., The latest set of equations supplied by Picologlou(4)
a1so has detailed specifications. The only agreement between these sets of
MHD equations is for straight pipe flow normal to the magnetic field. Since
the sets of equations given by Hunt and Holroyd, and Picologlou are more
complete, they will ba the only sets compared in this study.

Iv.C.3 Blanket Configurations

Figures IV.C.1 and 1V.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 fertile
material be omitted in 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-]
type(l) of blanket moduie was selected because the plenum region is rela-
tively simple in geometry, thus allowing the possibility of using thin clad
insulated walls, The module is designed to take different surface wall
Toadings by adjusting the front lobe dimension, thus adjusting the length of
the liquid metal flow path and 1iquid metal channel depth for material
temperature control.
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Table IV.C.1 MHD Equatiomns

fluid velocity,

wall thickness,.

Hof fman Hunt
and an?

MHD AP Formula Carison(5) Holroyd(2,3) Picologlou (ANL){4)
straight pipe LouB2 -1-5;—? 20uB2 ﬁ? rouB2 i -
Transferse B
Inlet /contraction KauBZa 0.2 ou? /& a 0.2 quB2 /€ a
Varying B KouBZa 0.2 oub2 T a ous2 (L - 1) L

ying £ T2 T T+c

(For B = B(r) in Tesla}
Bend
A. One leg parallel KouB2a ouBZ VT a %ouB?aN-lﬂ
-
to B 1
=5 ud/3 d/3 o2/3 p1/3 32/3
8. Both legs normal \] 0 0
>

to B

pressure drop coefficient, o = fluld density,

(Gw"-w)/(vai)- oy = wall evectrical conductivity,

magnetic field strength, = 1/2 channel width in the direction of B,

Zg S®O x
oy nuonmn

fluid electrical conductivity,
oBca/pu - magnetic interaction parameter.

~r
mE

flow path length,.




For the outboard region, the configuration shown in Fig. IV.C.2 was
selected. Separation of the first wall and fertile 2one coolant routing
allows for adjustment of the first wall flow speed by changing the coolant
gap dimension. Thus, varicus surface loadings can be addressed. A poten-
tial design simplification 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 11lustrates the key dimensions and magnetic field strengths (numbers in
brackets) at different reactor radial positions.

Iv.C.4 Inputs and Results

Table 1V.C.2 summarizes the input parameters for the blanket MHD
calculations.

Table }v.C.2 Thermal -Hydraulic Calculation
Input Parameters

Reactor thermal power 5000 MW
Neutron wall loading 3 Mi/m2
Surface wall loading 0.25 ¥W/m2
Coolant - lithium
Tin/Tout 340°/430°C
Qutboard blanket energy 2
multiplication
Inboard power fraction 0.325
Magnetic field strength B(r) = 33 Tesla
4-24
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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 Holroyd,(Z2.3) 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°C, 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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Table 1v.CJ3

Inboard Blanket Rrameters and Pressure Drops

Magnetic
Characteristic fleld Wall Channel Fluid Conductance Hunt and

Otimension Strength  Thickness  Length velotity Ratio Holroyd Picaloglou worst

{m) m (m) {m) (ass) () (kpa) kfa) Case
A - Inter(a) 0.5 4.9 2.5 #10-% o 1.08 2.5 » 1004 124.0 124.0 124.0
AB - B gradient(d) 0.5 4.9+ 2.2 2.5 10 2,15 1,05 2.5 x 10-8  267.0 61.4 262.0

B8 « Turn {Both legs are normal to B-field) [} 0 [

-~ 8 -~ Expansign (Assumed to be 2er0) [} [] 0
) BN - Channel () 0.25 7.2 2.5 %100 9 0.57 5.2 x 101 429.0 429,90 429.0

~ € - Turn {Both legs are narmal to B.fleld) 0 a 0

C - Expanston {Assumed to be Zero) 0 9 0
€0 - B gradient 0,025 6.7 + 6.5 3 w103 0.2 0.16 0.06 27.3 240.0 240.0
D - (urn 0.02% 6.5 3 x 107 0,16 0.06 128.0 8.0 128.0

4 ta 1)
DE - B gradient 0.025 6.5 » 6,7 3w 10°3 0.2 0.16 C. 2143 240.0 240.0
€ - Tura {Both legs are narmal to 6-fleld ] 0

E - Cantraction 0.025 6.7 3 = 10- 0.16 + 0.57 0.06 349.0 349.0 ELLN]

H - Turn (Both lcgs are normal to B-field) @ 0 4
H - Contractiogla) 0.35 7.2 2.5 » 10~ 0.57 + 1.05 0.36 » 10-3  899.0 839.0 899.0
HI - 8 gradient{d 0.5 7.2+ 4.9 2.5 « 1074 2,16 1.08 2.5 = 104 267.0 6.4 267.0

I - Exit (Assumed to be zero) 1] '] ]

Total

Blankat Maximum Pressure @ B
{Inboard blanket inlet)

2126
{308 psi)

2206 2552
{323 psi) (3709 psi)

(3)yne desfgn assumes the use of a 0.25 mm thick steinless steel ¢lad Hning the inside of the channel.




Table Iv.C.4

Outboard First Wall Parameters and Pressure (rops

Magnetic
{hara: -cistic Fleld watl Channel Flutd Conductance tunt and
Dimension Strength  Thickness  Length velocity Ratio Holroyd Picologlou Worst
{m) n {m) {m) {w/s) {C) {kPa) {xPa) Caze
J - Inte(?) 0.75 2.4 2.5 x 104 0.98 1.7 » 10-4 w2 w2 n.2
JK - B gradient(a) 0.75 2.4 432 251004 35 098 1.7 = 10-4 61.0 1.1 61.0
= K - Turn {Both legs are norma) to B-field) 0 0 0
t K - Expansion {Assumed to be zero) "] ] Q
[+ k0 - Channel Q. 3.2 3. 10-3 6.5 0.11 0.01 225.0 225.0 225.0
L - Turn {Both legs are norma) to B-field) 0 0 1]
L - Expansion {Assumed to be zero) 0 0 Q
LM - B gragient 0,005 3.2 + 3.4 3 %1073 0.5  0.02 0.3 0.3 13.7 8.7
M - Turn 0.005 kKN ] 3 x 10-3 0.02 0.3 3.6 0.7 3.6
MN - B gradient 0.00% 3.4+ 3.2 3x 103 0.5 0.02 0.3 0.4 8.7 8.7
N - Expansion (Assumed to be zero) 0 0 0
N - Turn {Both legs are nprmal to B-field o 0 [}
0 - {Both legs are nprma) te B- He)d} o [} [
0 - mnmmo?(ﬂ) 0.15 .2 2.5 « 104 011 + 0.8 0.84 x 10-3  120.1 120.1 120.1
UP - B graaient(d 0,75 32+24 2.5%104 35 0.9 1.7 = 10-4 61.0 14,1 61.0
P - Exit (Assumed to be zero) - -
Total 686 566 663
Blanket Hoximum Pressure @ K 422 $30 580
{61 pst) {76 psi) (84 psi)
(@) The design assumes the use of a 0,25 mn thick stainless steel clad lining the inside of the channel.
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Table IV,C.5 (Qutboard Fertile 2one Blanket Parameters and Pressure Orops

Characterystic mgr?:'i‘d: W Channel Flutg Condugtance Hunt and
Dimension Steength  Thickness  Length Velocity Ratio tolroyd Picologiow Wor st
m (U] (») (») (m/s) {c) (xpa) (kPa) Case
J - Inlet 0.75 2.4 2.5 » 104 0.98 1.7 » 10+% n.2 H.2 W2
J0 - b gradient(2) 0.7¢ 2.4 +3.2 25104 3.5 0.9 1.7 x 10~4 61.0 1.1 61.0
Q - Turn (Both legs are normal to B-field) o 0 [

Q - Contraction{d) 0.75 1.2 2.5 « 10-4 0.98 » 1.26 1.7 » 10-4 87.0 67.0 81.0
Qu - Channet () 0.15 2 2.5 x10°% 6.5 .26 0.84 « 10°3  218.0 218.0 218.0
R - Turn (Both legs are norma) to B-field) 0 0 0
R . Expansion {Assumed to be rero} 0 1] 0
S - 8 gradient 0.15 3.2 3.4 3 x10-3 0.5 0.4 0.1 8.2 337.4 317.4
S . Turn 0.15 3.4 1x10-3 0.24 0.1 40.8 a0 0.5
ST - Packed Bed(d) 0.09 1.4 .32 3x103 0.5  D.055 0.02 906.0 9060 906.0
T - Turn {Both legs are normal to B-field) [ [} ]

T _ Cantraction 0,09 a2 3 n10-3 0.055 + 1.26 0.02 %7.0 7.0 487.0
V- Turn (Both Yeqs are normal to B-field) 0 0 ]
U - Expanston {Assumed tp be zero) ] ]
UP - 8 gradient(a) 0.75 L2e24 25104 25 0.98 1.7 w 10-4 61.0 M40

P - Exit {Assumed to be zero)
Total 1503 210 HLH
Blanket Maximum Pressure @ @ 1808 2053 2090

(262 paf) (298 psi) (303 pst)

(“)Ihe design assumes the use of a 0,25 mm thick staialess steel clad lining the iaside of the ¢hannel,

PJA radiat outmrd flow mdel acrass the toroidal maanetic field was used in the caleulation. The ayerage Tiutd fiow
velocity was used in the packed bed pressure drop caleulation, (Reference 8.)



v.C.5

Conclusions and Recommendations

Considering the MHD pressure drops and the estimated maximum
temparatures for the inboard and outboard blankets, the following
conclusions and recommendations can be made:

1.

2.

3.

4.

5.

The present blanket design approach of breeding fissile material
only in the outboard blanket is acceptahle botk from pressure drop
and temperature considerations.

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 differ
significantly and experiments will be needed to understand the
differences.

Nevertheless, some confidence in the result is provided because
the worst case pressure drop is only slightly higher than that
predicted in either set of models.

It should be noted that if the blanket flow plena are not assumed
to be insulated by the use of an 0.25 mm thick stainless steel
1iner, the increase in pressure drop wou'd be proportional to the
channei wall thickness. At a wall thickness of 3 mm, just the
channei pressure drop for the inboard/outboard btlankets would be
2574 kPa (373 psi)/f1308 kPa (190 psi), respectively. These high
pressure drops would be unacceptable when other pressure drops are
considered, This indicates the importance of developing the insu-
lated metallic liner or other wali electrical insulation, as a way
of reducing the Hartmann flow pressire drops.(7)

The packed bed MHD 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 significantly to
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the total outboard bl.nket pressure drop. Experimental verifi-
cation of the MHD packed-bed pressure drop will be needed.

6. To further optimize the design, experimental determination of the
MHD effect on 1iquid metal heat transfer wiil 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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