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ABSTRACT

STARFIRE is a 1200 MWe central station fusion electric power plant that
utilizes a deuterium-tritium fueled tokamak reactor as a heat source. Empha-
sis has been placed on developing design features which will provide for
simpler assembly and maintenance, and improved safety and environmental
characteristics. The major features of STARFIRE include a steady-state
operating mode based on continuous rf lower-hybrid current drive and auxiliary
heating, solid tritium breeder material, pressurized water cooling, limiter/
vacuum system for impurity control and exhaust, high tritium burnup and low
vulnerable tritium inventories, superconducting EF coils outside the super-
conducting TF coils, fully remote maintenance, and a low-activation shield.

A comprehensive conceptual design has been developed including reactor fea-
tures, support facilities and a complete balance of plant. A construction
schedule and cost estimate are presented, as well as study conclusions and

recommendations.
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EXECUTIVE SUMMARY

The STARFIRE study was initiated in the Spring of 1979 with the primary
goal of developing a commercially attractive tokamak power reactor concept
for central station electric power generation., This study has been carried
out during a period of substantial progress in the tokamak fusion physics
program. Also, a number of tokamak reactor design studies have identified
several new features which could improve the reactor embodiment of the
tokamak concept. The task of the STARFIRE study was to incorporate the
results of recent tokamak research and reactor studies into an integrated
design concept which would further advance the development of attractive

tokamak-based reactor concepts.

Particular attention has been given to developing design concepts which
will result in more attractive engineering features. The central theme has
been to reduce the complexity of the design in order to develop a reactor
concept which is more compatible with assembly and maintenance considerations.
Design concepts were then examined in reasonable detail in order to establish

their engineering credibility.

Plasma engineering has played an important role in the STARFIRE study.
The philosophy here was to not necessarily adopt conservative plasma physics
concepts based on proven theory and well-demonstrated experiments, as one
would do in designing a near-term experiment, but rather to explore innovative
physics ideas which would result in a more attractive reactor concept and

which will provide guidance for future physics research.

Attention to safety and environmental features has been a major considera-
tion in this study. Design efforts have examined both normal and off-normal
conditions. Design choices have been strongly influenced by a desire to
minimize vulnerable tritium inventories, reduce the use of scarce materials,
minimize stored energies that could result in accidental releases of energy,

and minimize long~term radioactive waste storage requirements.

Advisory committees for STARFIRE were established in two key areas. The
first was a Utility Advisory Committee whose purpose was to provide input and
guidance from the utility perspective on desirable features of a commercial

fusion power plant. Because of the importance of carefully considering the
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safety and environmental aspects of STARFIRE, a safety review committee was
established. This committee's primary purpose was to provide review and re-

commendations for the development of the reactor and plant conceptual design.

The key features of STARFIRE are summarized in Table 1, Major design
parameters are listed in Table 2 and an isometric view of the reactor is

shown in Fig. 1.

A major effort has been devoted in STARFIRE to enhancing reactor maintain-
ability and improving plant availability. The approach was to select design
features and develop a design configuration that reduced the frequency of
failure and shortened the replacement time. Relevant examples are: (1)
steady state operation with lower hybrid current drive; (2) limiter/vacuum
system for impurity control and exhaust; (3) vacuum boundary located at the
shield with all mechanical seals (no welds); (4) all service connections
(e.g., for high pressure coolant) are located outside the vacuum boundary
(shield); (5) optimized modular design; (6) all superconducting EF coils are
outside the TF coils; (7) conservative TF coil design; (8) fully remote
maintenance permitting some repairs during reactor operation; (9) '"remove

and replace' maintenance approach (failed parts are replaced with spare parts

Table 1. Key Features of STARFIRE

- Steady-state plasma operation

- Lower hybrid rf for plasma heating and current drive

- ECRH-assisted startup

- Limiter/vacuum system for plasma impurity control and exhaust
— All superconducting EF coils outside TF coils

- Vacuum boundary at the shield, mechanical seals

- Total remote maintenance with modular design

- Water-cooled, solid tritium breeder blanket with stainless
steel structure

- All materials outside the blanket are recyclable within 30 yr
- Less than 0.5 kg of vulnerable tritium inventory
~ Minimum radiation exposure to personnel

- Conventional water/steam power cycle with no intermediate
coolant loop and no thermal energy storage




Table 2. STARFIRE Major Design Parameters

Net electrical power, MW
Gross electrical power, MW
Fusion power, MW

Thermal power, MW

Gross turbine cycle efficiency, 7%
Overall availability, 7
Average neutron wall load, MW/m?
Major radius, m

Plasma half-width, m
Plasma elongation (b/a)
Plasma current, MA

Average toroidal beta
Toroidal field on axis, T
Maximum toroidal field, T
No., of TF coils

Plasma burn mode

Current drive method

Plasma heating method
Plasma startup

TF coils material

Blanket structural material
Tritium breeding medium
Wall/blanket coolant

Plasma impurity control

Primary vacuum boundary

1200

1440

3510

4000

36

75

3.6

7.0

1.94

1.6

10.1

0.067

5.8

11.1

12

Continuous

rf (lower hybrid)

rf (lower hybrid)
ECRH-assisted, limited OH coil
Nb3Sn/NbTi/Cu/SS

pcA®

Solid breeder (a-LiAl0O,)
Pressurized water (H,0)

Limiter and vacuum system supple-
mented by low-Z coating, en-~
hanced radiation and field

margin

Inner edge of shield

a Primary Candidate Alloy (PCA), an advanced austenitic stainless steel.
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and the reactor is operated while repairs are made in the hot cell) that
minimizes downtime; (10) combining components for simplicity (e.g., TF coil
room-temperature dewar provides support for the EF coils and shield); and
(11) providing redundancy where it is justified (e.g., for the EF coils
trapped below the reactor). These features as well as potential future
improvements in component reliability provide optimism that the plant

availability goal of 75% can be achieved.

Safety and environmental considerations have played a major role in
the STARFIRE design effort., A solid tritium breeder was selected in preference
to liquid lithium in order to minimize the stored chemical energy. The im-
purity control and exhaust system was selected and designed so that the
tritium fractional burnup is maximized and the vulnerable tritium inventory
in the fueling and vacuum pumping systems is minimized., Furthermore, the
reactor design was developed to contain the tritium inside multiple barriers
and to minimize the size of potential tritium releases. The shield was de-
signed and all reactor materials selected so that recycling of all materials
outside the blanket is possible in less than 30 yr. Radiation exposure of
personnel has been minimized by the use of extensive remote maintenance opera-
tions and by providing adequate shielding. The use of resource-limited
materials was minimized. Mechanisms for fast reactor shutdown and auxiliary
cooling systems have been incorporated into the design. The beryllium coating
on the first wall and limiter provide an inherent safety feature that ter-
minates the plasma burn if the metal temperature reaches ~ 900°C. Calculations
show that the reactor will be automatically shut down in less than one second,

if a hot spot forms on a small area of the first wall, without the need for

any active control system. No major damage, other than some first wall

coating ablation, will occur,

No runaway accident that could pose a major risk to the public was
identified for STARFIRE, Furthermore, no plausible scenario could be formu-
lated for the release of radioactive materials from the blanket (excluding
corrosion products in the primary coolant loop) to the outside of the reactor

building.

The use of water coolant, steam cycle and conventional materials in
STARFIRE makes the heat transport and energy conversion system a state-of-the-

art technology. Trade-off studies comparing helium and pressurized water
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coolants show clear advantages for pressurized water cooling for STARFIRE
conditions. The balance of plant has been designed to maximize the utili-

zation of current power plant features.

The reactor configuration utilizes 12 toroidal field (TF) coils and 12
superconducting poloidal coils (EF and OH) located external to the TF coils.
Additionally, four small normal conducting control coils (CF) are located
inside the TF coils and outside the bulk shield to provide the necessary
response time for plasma control while permitting good access for reactor
maintenance. The magnet systems and shield are expected to last the full 40
year design life under normal operating conditions; however, provisions are

incorporated for their replacement.

Blanket sectors, including the limiters and rf ducts, will require re-
placement every six years. The blanket was divided into large sectors to
permit replacement with a minimum number of in-reactor maintenance actions.
Twenty-four toroidal sectors of two different sizes are used to permit in-
stallation in the space between adjacent TF coils. The overall blanket
installation was simplified by mounting the limiter, rf duct and ECRH duct to
the sector for removal as a unit. Coolant connections to the blanket sector
were located outside of the vacuum boundary to minimize the effects of
irradiation on the joint and to permit use of mechanical seals. The penetra-
tions through the wvacuum boundary are sealed with elastomer seals located

at the external shield surface,

Twelve rf ducts provide for heating and current drive of the plasma.
These ducts are mounted in the blanket sector located between TF coils. An
rf window and phase monitor are located in the duct near the shield while
phase shifters, circulators and crossed field amplifiers are located in the
reactor building basement where personnel access during operation is possible.
Twenty-four ECRH ducts are provided for initial plasma breakdown and wall

cleaning. Two ECRH ducts are located on each blanket sector between TF

coils.

STARFIRE employs a DT burning, D-shape plasma to produce 3510 MW of
fusion power., The plasma is operated at a moderate B of 6.7% and is
moderately elongated, with a height-to-width ratio of 1.6. The plasma current

is driven in steady state with 90 MW of lower hybrid rf power. The first wall

Xiv



and all other components in the vacuum chamber are coated with Be., The
impurity control system maintains a steady-state concentration of 14% helium
and 47 Be in the plasma. The fairly low DT removal efficiency (15%) of the
impurity control system permits a high fractional burnup of tritium (42%).
Most of the plasma fueling is done automatically by DT neutrals recycling from
the first wall and limiter. Additional fueling is done by gas puffing through

the limiter.

In order to minimize the heat transport load on the limiter, as well as
to establish a thermal equilibrium, the plasma is operated in an "enhanced
radiation" mode, whereby a small amount of high-Z material, nominally iodine,
is added along with the fuel stream. This serves to radiate most of the

heating energy to the first wall and stabilizes the thermal operating point.

The plasma MHD equilibrium is of the low current, hollow profile type.
The plasma position is controlled with two sets of coils, a main equilibrium
field (EF) coil set and a control field (CF) coil set. The main EF coils are
superconducting and are located outside of the TF coils. They are used to
provide the basic positional equilibria, The CF coils consist of small copper
coils inside the TF coils and are used to control position and to stabilize
against plasma disruptions. To further aid in the latter task, the first wall
is designed with a L/R time constant of 300 ms to stabilize against rapid

vertical instabilities.

Most of the STARFIRE burn cycle is substantially different from pulsed
reactor burn cycles. Plasma breakdown is done with 5 MW of electron cyclo~
tron resonance heating (ECRH) and does not require a high voltage OH coil.
The startup period takes 24 minutes and conforms to the desire that the
fusion power should be ramped at a 5% per minute rate, to minimize thermal
problems in the energy recovery and conversion systems. The OH coil as well
as the OH and EF power supplies have modest requirements compared to pulsed

reactor requirements.

Several shutdown scenarios have been developed for STARFIRE. The normal
shutdown is basically the reverse of the startup period, whereby the fusion
power is reduced at a 5% per minute rate by reducing the tritium fraction in
the plasma. There are three types of rapid shutdowns. The fastest is an

"abrupt" shutdown whereby a plasma disruption is induced by injecting excess
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high-Z material. There is a more orderly "rapid" shutdown which also uses a
disruption, but where most of the plasma energy is radiated uniformly to the
first wall prior to the disruption. Finally, a '"self-induced" shutdown occurs

naturally as a result of hot spot formation on the first wall or limiter.

The results of the STARFIRE study show important incentives for developing
the steady state option for tokamaks. Steady-state operation offers many engi-
neering, technological and economical benefits in commercial reactors. Among
these are: reactor reliability is increased, concerns about material fatigue
are alleviated, electrical and thermal energy storage systems are not required;
higher neutron wall load, and hence smaller size reactors, are acceptable; and
the frequency of plasma disruption occurrence is greatly reduced. It has been
estimated that the benefits of steady state can result in a saving in the cost

of energy of as much as 30%.

The impurity control and exhaust system is one of the key components
in a fusion reactor. It has a substantial impact on the engineering simplicity,
reliability, maintainability, economics and safety of the power plant, Di-
vertors and divertorless options were surveyed. It was concluded that the
limiter/vacuum (also called "pumped" or "active" limiter) concept is a very
attractive option for power reactors, It is relatively simple and inexpensive
and deserves serious experimental verification. The results of STARFIRE in-
dicate that a high efficiency exhaust system is not necessarily desirable.
It is very beneficial to keep the removal efficiency low so that the tritium
fractional burnup is high. This reduces the gas load in the exhaust system
and simplifies the vacuum system design in addition to lowering the vulnerable

tritium inventory in the fueling and vacuum systems.

A low-Z coating on all surfaces exposed to the plasma will probably be
required in future tokamak reactors unless very low plasma edge temperatures
can be established and maintained. Beryllium appears to be one of the best
choices for the low-Z coating. Sputtering of the coating is predicted to
be large but redeposition seems to extend the coating life to an acceptable
level. However, there is a need for experimental investigations and theoreti-
cal work on the physics of the scrape-off region and the performance of low-Z2
coatings. There is also a need to develop in-situ low-Z coating techniques

for fusion reactor applications.
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Safety considerations provide major incentives for the development of
s0lid breeders. Serious efforts have been devoted in STARFIRE to evaluation
of solid tritium breeders and to the development of a design that optimizes
their performance., The results are encouraging and show that the solid breeder
option should continue to be pursued. However, the results of the detailed
analyses in STARFIRE indicate potentially serious problem areas that must be
further investigated before the viability of solid breeder blanket concepts
can be cccurately assessed. The most critical problem concerns the

tritium release characteristics of solid breeders.

Results of the economics analysis for the STARFIRE tokamak power plant
indicate that fusion reactors can be developed to be economically competitive,
The cost of energy estimated for STARFIRE is comparable to that of future light-
water fission reactors and lower than for coal power plants. There are, of
course, uncertainties in predicting the cost of energy for future fusion
reactors. However, there appears to be no fundamental reason that fusion

will not be economically competitive,

It is important to place in proper context the role of the STARFIRE study.
STARFIRE represents the most comprehensive study performed to date on a
commercial fusion reactor concept. It incorporates several design features
in an attempt to develop an attractive tokamak reactor concept. Considerable
effort has been devoted to developing credible engineering and physics solu-
tions to key problem areas. In short, STARFIRE represents the best under-
standing that we have today of a commercial fusion reactor. Yet one must
remember that fusion research is in the phase of transition from primarily
plasma physics studies to a serious attack on developing the capability in
fusion physics and technology which will be required to establish the engi-
neering feasibility of fusion power., Several promising fusion concepts
in addition to the tokamak are under development. The tokamak concept can
be expected to undergo further development, most likely along lines described
in this study. Thus, STARFIRE represents a '"snapshot' of our current under-
standing and expectations for tokamak development. Further developments will
occur which will hopefully lead to further improvement in the prospects for
practical, economic, safe fusion power within the early part of the 21st

century.
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1.0 INTRODUCTION

The primary objective of the STARFIRE study is to develop a conceptual
design of a commercial tokamak electric power plant. Major guidelines for the

study are as follows:

+ Application - Commercial Central Station Electric Power Plant

- Confinement Concept - Tokamak

+ Fusion Fuel Cycle - Deuterium/Tritium/Lithium

It is important to place in proper context the role of the STARFIRE Study.
STARFIRE represents the most comprehensive study performed to date on a
commercial fusion reactor concept. It incorporates several design features
in an attempt to develop an attractive tokamak reactor concept. Considerable
effort has been devoted to developing credible engineering and physics solu-
tions to key problem areas. In short, STARFIRE represents the best under-
standing that we have today of a commercial fusion reactor. Yet one must
remember that fusion research is in the phase of transition from primarily
plasma physics studies to a serious attack on developing the capability in

fusion physics and technology which will be required to establish the

engineering feasibility of fusion power. Several promising fusion concepts

in addition to the tokamak are under development. The tokamak concept can be
expected to undergo further development, most likely along lines described in
this study. Thus, STARFIRE represents a ''snapshot" of our current understanding
and expectations for tokamak development. Further developments will occur

which will hopefully lead to further improvement in the prospects for

practical, economic, safe fusion power within the early part of the 21st

century.

The STARFIRE Study has been carried out during a period of substantial
progress in the tokamak fusion physics program.(l) Also, a number of tokamak
reactor design studies(z) have identified several new features which could
improve the reactor embodiment of the tokamak concept. The task of the STAR-
FIRE Study was to incorporate the results of recent tokamak research and
reactor studies into an integrated design concept which would further advance

the development of attractive tokamak-based reactor concepts.



Particular attention has been given to developing design concepts which
will result in more attractive engineering features. The central theme here
has been to reduce the complexity of the design in order to develop a reactor
concept which is more compatible with assembly and maintenance considerations.
Design concepts were then examined in reasonable detail in order to establish

their engineering credibility.

Plasma engineering has played an important role in the STARFIRE Study.
The philosophy here was to not necessarily adopt conservative plasma physics
concepts based on proven theory and well-demonstrated experiments, as one
would do in designing a near-term experiment, but rather to explore innovative
physics ideas which would result in a more attractive reactor concept and

which will provide guidance for future physics research.

Attention to safety and environmental features has been a major consider-
tion in this study. Design efforts have examined both normal and off-normal
conditions. Design choices have been strongly influenced by a desire to
minimize vulnerable tritium inventories, reduce the use of scarce materials,
minimize stored energies that could result in accidental releases of energy,
and minimize long-term radioactive waste storage requirements. These con-

siderations have played a major role in both reactor and plant design decisions.

The STARFIRE Study has endeavered to provide for input and review of the
effort as it has been carried out. In addition to reviews carried out by
DOE's Office of Fusion Energy, a comprehensive review was carried out in
October, 1979, at ANL with approximately 60 representatives from all segments
of the fusion community. The results at this review have been documented in

(3)

an interium report. Informal workshops were also held on tritium breeders,
blanket design and current driven steady-state operating modes. In addition,
STARFIRE progress was reported at several national and international meetings
-9)

during the study period.(4 The objective here was to provide for a variety of
mechanisms for feedback from the fusion community while the study was in
progress so that recommended changes could be considered for incorporation

into the reference design.

1-2
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Advisory committees for STARFIRE were established in two key areas. The
first was a Utility Advisory Committee whose purpose was to provide input
from the utility perspective on commercial fusion power plants and to provide
a mechanism for utility review of the design as it develops. Membership of the
Utility Advisory Committee is shown in Table 1-1. The Utility Advisory
Committee met with the STARFIRE Team in July, 1979, and March, 1980. The

results of input from the Utility Advisory Committee are summarized in Appendix A.

Because of the importance of carefully considering the safety and environ-
mental aspects of STARFIRE, a safety review committee was established. Member-
ship of the committee is also shown in Table 1-1. This committee's primary
purpose was to provide review and recommendations for the development of the
reactor and plant conceptual design. The Safety Advisory Committee met with

the STARFIRE team in October, 1979, and June, 1980.

Table 1-1. STARFIRE Advisory Committees

Utility

Bill Wolkenhauer-Chairman, Washington State
Clint Ashworth, Pacific Gas and Electric

Fred Brunson, Union Electric Company

Ed Fiss, Duke Power Company

Robert Goodrich, Northwest Utilities

Betty Jensen, Public Service Electric and Gas

Safety

J. G. Crocker-Chairman, EG&G Idaho, Inc.

J. L. Anderson, Los Alamos Scientific Laboratory

Cohn, Massachusetts Institute of Technology

. Howe, Jr., Princeton Plasma Physics Laboratory

Kazimi, Massachusetts Institute of Technology
Muhlestein, Hanford Engineering Development Laboratory
. Powell, Brookhaven National Laboratory

. Shannon, Oak Ridge National Laboratory

Horr R Eg

A major feature of the design approach for STARFIRE was the formation of
a multidisciplinary design team made up of personnel from a national laboratory
and industry. The program was directed by Argonne National Laboratory and
included an industrial team led by McDonnell Douglas Astronautics Company,
which included General Atomic Company and The Ralph M. Parsons Company. In
addition, the University of Wisconsin provided support in the area of plasma

impurity control during the initial phase of the study.
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This report is divided into three parts: Part A - Introductory and Over-
view Sections (Chapters 1 to 5), Part B - Design and Analysis (Chapters 6 to 23), T-‘
and Part C - Appendices. Chapter 2 presents a comprehensive overview of all
aspects of the STARFIRE study including a description of the reactor and plant,
summaries of design analyses and summaries of design assumptions, conclusions
and cost studies. Chapter 3 presents a detailed discussion of study conclusions
while Chapter 4 presents a parameter list and Chapter 5 discusses the rationale

for major design decisions.

Chapters 6 to 12 describe key plasma and engineering subsystems of the
tokamak reactor. Chapters 13 to 18 describe major reactor supporting subsystems.
Maintenance and operations are described in Chapter 19 while the balance of
plant is described in Chapter 20. Safety and environmental analysis and
economic analysis are reported in Chapters 21 and 22, respectively. The plant

construction schedule is described in Chapter 23.
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2.1 INTRODUCTION

A comprehensive conceptual design of the STARFIRE reactor and balance-of-
plant has been developed. The detailed analyses and description of the
reference design for the power plant systems are given in Chaps. 6 through 23
and Appendices A through I. The purpose of this chapter is to present an over-

view of the STARFIRE study and a brief description of the reference design.

The primary criteria for commercial attractiveness emphasized in the
STARFIRE study are economics, safety, and environmental impact. The approach
to meeting these criteria involved building upon experience from previous
studies, developing additional innovative designr concepts, and selecting fea-
tures that simplify the engineering design and enhance reactor maintainability.
Table 2-1 shows the key features of STARFIRE. The reactor is operated steady

state with the plasma current maintained by lower-hybrid waves. This mode of

Table 2-1. Key Features of STARFIRE

® Steady-state plasma operation

e Lower hybrid rf for plasma heating and current drive

® ECRH-assisted startup

e Limiter/vacuum system for plasma purity control and exhaust
e All superconducting EF coils ocutside TF coils

¢ Vacuum boundary at the shield, mechanical seals

e Total remote maintenance with modular design

¢ Water-cooled, solid tritium breeder blanket with stainless
steel structure

¢ All materials outside the blanket are recyclable within 30 yr
e Less than 0.5 kg of vulnerable tritium inventory
® Minimum radiation exposure to personnel

e Conventional water/steam power cycle with no intermediate coolant
loop and no thermal energy storage

operation results in a reduction in the plant capital cost and an increase

in the plant availability. The capital cost savings are due to the elimi-

nation of electrical and thermal energy storage, derating of power supplies

and the reduction in the reactor size, which is made possible by the increase
in the permissible wall loading. The improvement in reactor availability is
brought about by the increase in component reliability, elimination of ma-
terial fatigue as a life-limiting effect in the first wall, and the reduction

in the probability of plasma disruption occurrence. The reactor design is

2-1



simplified by utilizing the lower-hybrid rf system, with its attractive engi-
neering features, for the dual purpose of plasma heating and current drive.
The problems associated with plasma initiation and startup have been eased

by the use of electron cyclotron resonance heating to reduce the OH voltage,

The limiter/vacuum system concept has been selected for the plasma
impurity control and exhaust system. Compared to divertors, the limiter/vacuum
system greatly simplifies the reactor design and improves its reliability and
accessibility. Detailed analysis showed that the system can be designed to

credible engineering standards.

The characteristics of the plasma operating point and the plasma support
systems in STARFIRE are different from those in previous conceptual designs.
The major differences are due to the choice of the steady state operation and
the limiter/vacuum system, These choices were motivated by the desire to
simplify the engineering design. It was assumed in the early stages of
the design that these options could be developed in the STARFIRE time frame.
Fortunately, results from recent plasma physics experiments on noninductive
current drive (see Chap. 7) and on limiters (see Chap. 8) are very encouraging

and they suggest that these options can be developed in the next few years.

A major effort has been devoted in STARFIRE to enhancing reactor maintain-
ability and improving plant availability. The approach was to select design
features and develop a design configuration that reduced the frequency of
failure and shortened the replacement time. Relevant examples are: (1)
steady-state operation with current drive; (2) limiter/vacuum system for
impurity control and exhaust; (3) vacuum boundary located at the shield with
all mechanical seals (no welds); (4) all service connections (e.g., for high
pressure coolant) are located outside the vacuum boundary (shield); (5)
optimized modular design; (6) all superconducting EF coils are outside the
TF coils; (7) conservative TF coil design; (8) fully remote maintenance per-
mitting some repairs during reactor operation; (9) 'remove and replace' mainte-
nance approach (failed parts are replaced with spare parts and the reactor is
operated while repairs are made in the hot cell) that minimizes downtime;

(10) combining components for simplicity (e.g., TF coil room-temperature



dewar provides support for the EF coils and shield); and (11) providing
redundancy of strategic components (e.g., for the EF coils trapped below the
reactor). These features as well as potential future improvements in compo-
nent reliability provide optimism that the plant availability goal of 75%

can be achieved.

The safety and environmental considerations have played a major role
in the STARFIRE design effort., A solid tritium breeder was selected in
preference to liquid lithium in order to minimize the stored chemical energy.
The impurity control and exhaust system was selected and designed so that the
tritium fractional burnup is maximized and the vulnerable tritium inventory
in the fueling and vacuum pumping systems is minimized. Furthermore, the
reactor design was developed to contain the tritium with multiple barriers
and minimize the size of potential tritium releases. The shield was designed
and all reactor materials selected to permit recycling of all materials out-
side the blanket in less than 30 yr. Radiation exposure of personnel has been
minimized by the use of extensive remote maintenance operations and by pro-
viding adequate shielding. The use of resource-limited materials was avoided.
Mechanisms for fast reactor shutdown and auxiliary cooling systems have been
incorporated into the design. The beryllium coating on the first wall and
limiter provide an inherent safety feature that terminates the plasma burn
if the metal temperature reaches v 900°C. Calculations show that the reactor
will be automatically shut down in less than one second if a hot spot forms on
10% of the first wall without the need for any active control system. No

major damage, other than some first wall coating ablation, will occur,

The use of water coolant, steam cycle and conventional materials in
STARFIRE makes the heat transport and energy conversion system a state~of-the-
art technology. The balance of plant has been designed to maximize the
utilization of current power plant features. However, the reactor hall; hot
cell and tritium facility are unique to fusion reactors. The tritium facility
utilizes current day design practices of the Tritium Systems Test Assembly (TSTA).
The reactor building houses the reactor and modules for auxiliary systems that

may become contaminated.

The STARFIRE power plant design, shown in Fig. 2-1, represents a single
1200 MWe generating unit. The plant is part of a utility grid that normally
uses the STARFIRE plant as a base load unit; however, the plant can load
follow at 57 of full load per minute.

2-3
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2.2 KEY ASSUMPTIONS

The STARFIRE reactor design was developed using the assumption that it
was the tenth commercial plant constructed from a standardized design. This
éssumption provides a highly predictable machine that will have resulted from
an extensive R&D program and utility operating experience from earlier plants.
The first year of operation is assumed to be approximately 2020. Although
this date does not directly enter in the design considerations, it is useful

in considering the availability of certain advanced technologies.

Remote maintenance of all equipment within the reactor building has been
the design basis; however, provision for personnel entry into the reactor
building, on a contingency basis, has also been included in the design.

A goal of an overall plant availability of 75% is justified on the basis
of a maintainable design, a first wall life of greater than 6 years, and

the assumption that STARFIRE is the tenth-of-a-kind power plant.

The major plasma physics assumptions and guidelines are discussed in de-
tail in Chapters . 6, 7, and 8. Key assumptions include ion heat transport which
is three times faster than the neoclassical value, electron heat tramnsport which
is given by the empirical Alcator scaling, and particle transport which is
taken as twice as fast as the empirical energy confinement time. Plasma
cross-field transport at the edge is assumed to be Bohm diffusion with ion
sound speed flow parallel to the field lines. The particle density and
energy are assumed to fall exponentially in the scrape-off region. Neu-
recycling at the plasma edge with some gas puffing is assumed to be an -
effective fueling mechanism. The plasma equilibrium with a somewhat hollow
current profile is assumed to be stabilized by a conducting first wall for R's
of at least 6.7%. Lower hybrid wave driven currents are calculated from standard
quasilinear and Fokker-Planck theory. Linear theory is assumed when computing
the transmission characteristics of the waveguide antenna and when performing

the ray tracing calculation in the plasma.

The economic analysis assumes private utility ownership and a single
generating unit at the site. Certain economic advantages would result from
locating multiple units at one site. The construction plan assumes siting
near navigable water for transportation of large assemblies to the site. Other-

wise, siting would be nearly universal except that minor modifications would be

2-5



required for seismic zone 3. The plant lifetime for economic analyses was

taken to be 30 years; the engineering design lifetime was taken to be 40 years.,

2.3 REACTOR OVERVIEW

2.3.1 Reactor Configuration

The major reactor parameters for STARFIRE are listed in Table 2-2. These
parameters were derived based on results from system analyses to minimize the
cost of energy subject to constraints of physics, engineering, and technology.

A discussion of these trade-off studies is given in Chap. 5.

The reactor design has a major radius of 7.0 m and operates at a first
wall average neutron loading of 3.6 MW/m?. The reactor delivers 1200 MWe to
the grid in addition to providing 240 MWe for recirculating power requirements.
The reactor operates with a continuous plasma burn and develops 4000 MW of
useful thermal power. Approximately 3800 MW is provided to the main heat
transport system and 200 MW is collected from the active limiter for use in
feed water heating. An isometric view of the reactor is shown in Fig. 2-2.

The reactor cross-section is shown in Fig. 2-3 and a top view is shown in

Fig. 2-4.

The reactor configuration utilizes 12 toroidal field (TF) coils and 12
superconducting poloidal coils (EF and OH) located external to the TF coils.
Additionally, four small normal conducting control coils (CF) are located
inside the TF coils and outside the bulk shield to provide the necessary
response time for plasma control while permitting good access for reactor main-
tenance. The magnet systems and shield are expected to last the full 40 year
design life under normal operating conditions; however, provisions are incor=-
porated for their replacement. Blanket sectors, including the limiters and
rf ducts, will require replacement every six years. Vacuum pumps and the

isolation vacuum valves will require replacement every two years.

The reactor configuration was developed to permit each component of the
reactor to be replaced in a time consistént with its anticipated life (i.e.,
rapid replacement for components with short life) using remote maintenance
techniques. Emphasis has been placed on overall reactor simplicity. This
has led to combining components, where possible, to minimize the number of

replaceable parts and to efficiently use the materials and space of various

2-6
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Table 2-2. STARFIRE Major Design Parameters

Net electrical power, MW
Gross electrical power, MW
Fusion power, MW

Thermal power, MW

Gross turbine cycle efficiency, %
Overall availability, 7%
Average neutron wall load, MW/m2
Major radius, m

Plasma half-width, m

Plasma elongation (b/a)
Plasma current, MA

Average toroidal beta
Toroidal field on axis, T
Maximum toroidal field, T
No, of TF coils

Plasma burn mode

Current drive method

Plasma heating method
Plasma startup

TF coils material

Blanket structural material
Tritium breeding medium
Wall/blanket coolant

Plasma impurity control

Primary vacuum boundary

1200

1440

3510

4000

35.7

75

3.6

7.0

1.94

1.6

10.1

0.067

5.8

11.1

12

Continuous

rf (lower hybrid)
rf (lower hybrid)
ECRH~-assist

Nb 3Sn/NbTi/Cu/SS
pca®

Solid breeder (a~LiAl0,)
Pressurized water (H,0)

Limiter and vacuum system supple-
mented by low-Z coating, en-
hanced radiation and field
margin

Inner edge of shield

a Primary Candidate Alloy (PCA), an advanced austenitic stainless steel,

2-7
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O

components. Modularization has also been emphasized so that all reactor compon-
ents can be removed and replaced in a simple and practical manner. The remove
and replace philosophy permits the reactor to resume operation while time-consum-

ing repairs are made in the hot cell where more time and equipment is available.

The TF coil, and hence the reactor, configuration was developed primarily
by the desire to keep the superconducting EF coils external to the super-
conducting TF coils so that their replacement is possible without fabrication
of a new coil on the reactor. External placement of the EF coils increases
the incentive to reduce the TF coil size to minimize the stored energy of the
EF system. The TF coil outer radius is constrained to 13 meters by the clear-

ance required for shield installation.

The TF coils are joined into a common vacuum tank at the center of the
reactor. The common vacuum tank was chosen to minimize the heat leak to and
the shield thickness at the magnet inner leg. The common TF coil vacuum tank
also provides the vacuum boundary for the center post and EF/OH coils in the
center region. Since the common vacuum tank does not contain a dielectric
break, care was taken to minimize its thickness and hence the image currents

in the vacuum tank so that the CF coils could properly control the plasma.

The EF/OH coils inside the center post are grouped in two modules to
simplify their removal from the top of the reactor without significantly
increasing the overhead crane or building height. The outer EF coils and
upper EF/OH coil can be removed vertically. Spares have been provided for
the lower EF/OH coils that are trapped under the reactor because the inherent
complications of replacing a failed coil, even if only once in every few

plant lifetimes, make it cost effective.

The shield is assembled as twenty-four sectors to permit its installa-
tion between TF coils. The 12 sectors that fit under the TF coils also in-
corporate dielectric breaks in every other sector. The other sectors incor-
porate an access door and two vacuum ducts. The sectors are joined together
by a welded vacuum seal and are not expected to require frequent replacement

(i.e., they are life-of-plant components).

The vacuum boundary location was selected at the shield interior with

access door seals located at the outer surface in order to: 1) provide a

2-11



convenient way of pumplng for the limiter slot system, 2) minimize the com-
plex1t1es of prov1d1ng a vacuum boundary at ‘the blanket/flrst wall and 3)
permit the inboard vacuum seals which have limited access ‘to remain intact
during maintenance. The vacuum seals that must be opened for maintenance were
located at the outer shield surface to provide access for. maintenance and to
reduce the damage to seal materials by radiation exposure. The shielding is
effective enough to permit use of elastomer seals which can be sealed repeat-
ably and easily. The vacuum pumps were located at the. top and bottom of .the
reactor to minimize the neutron heating on the cryopanels and to permit the

pumps to remain in-place during blanket replacement.

The blanket was divided into large sectors to permit replacement with a
minimum number of in-reactor maintenance actions. Twenty-four.toroidal. sectors
of two different sector.- sizes are used to permit.installation,in the space be-
tween adjacent TF coils.. The overall blanket installation was simplified by
mounting the limiter, rf duct and ECRHE duct to the sector for removal as-a.
unit. Coolant connections to the blanket sector were . located outside of the
vacuum- boundary- to minimize -the effects of:irradiation on .the joint and to - -
permiﬁfuse.éf.less than high integrity "leak-tight" mechanical: seals... The
penetration through the vacuum boundary is sealed w1th elastomer seals

located at the external shleld surface

The‘limiteraconsists of 96 elements that form a. near continuous toroidal
ring at the outer midplane of the blanket. Four limiters are mounted on each
blanket sector. in front of a slot through the blanket that provides.a:path for
particles to a plenum. Particles are then pumped by 24 vacuum,pumps at the
top and bottom of the reactor. An additional 24 vacuum, pumps are provided to

permit pump rejuvenation every two hours.

Twelve rf ducts provide for heating and current.drive of the plasma. . .;
These ducts are mounted in the blanket sector located between TF:coils. . An:.
rf, window. and phase.monitor.are located in the duct:near the shield: while . .
phase shifters, circulators and crossed field amplifiers are.located.,in.the
reactor building basement where personnel access during: operation. . is possible.
Twenty-four ECRH ducts are prov1ded for 1n1t1al plasma breakdown and wall
cleanlaé;. Two bacuum ducts are located on each blanket sector between lF

coils.

2-12



Fuel is provided to the reactor by extracting bred tritium from a solid
breeding blanket and injeéting it into the plasma via gas puffing. Two gas
ports are provided. Gas enters the plasma through the limiter which incor-
porates a drilled passage to the innermost protrusion of the plasma at the

outer blanket midplane.

2.3.2 Plasma Engineering

STARFIRE employs a DT burnlng, D-shape plasma to produce 3510 Mw of fusion
power. The plasma is operated at a moderate B8 of 6.7% and 1is moderately
elongated, w1th a height to width ratio of 1.6. The major plasma parameters
and plasma eng1neer1ng features of STARFIRE are listed in Tables 2-3 and 2-4,
respectively. The plasma current is driven in steady state wiéh 90 erof
lower hybpidirf power. The first wall and all othef éomponemts in the vacuum
chamber afe coated with Be. The impurity control system maintains a steady—
state concentratlon of 147 hellum and 4% Be in the plasma The falrly low DT
removal efficiency (15%) of the impurity" control system permlts a hlgh frac-
tional burnup of tritium. _For the same reason, most of the plasma fuellng
is done automatlcally by DT neutrals recycling from the fxrst wall and limi-

ter. Addltlonal fueling is done by gas pufflng

In order to minimize. the heat transport load on. the limiter,. as well as
to establish a thermal equilibrium, the plasma is operated.in-an "enhanced
radiation'" mode, whereby a small amount of high-Z material, nominally iodine,
is added along with the fuel stream. This serves ﬁa”radiate-mostqof the

heating energy and stabilizes the thermal operating point.

The plasma MHD equilibrium is of the low cutrrent, hollow profile type.
The plasma position is controlled with two sets'of'éblls;‘a'malﬁoéquilibfium
field (EF) coil set and a control field (CF) coil set. *The main EF coils are
supercondiicting and are located outside of the TF coils. 'They are used to
provide the basic positional equilibria}':THEICF'édiléHCOnsisf‘éf’small
copper coils inside the TF coils and are used to control pos1t10n and to
stabilize agalnst plasma dlsruptlons To further aid in the' latter task the
first wall'is designed w1th a time constant of. 300 ms to ‘stabilize against

rapid vertical instabilities.
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Table 2-3. STARFIRE Plasma Parameters

Parameter

Major radius, R

Aspect ratio, A
Elongation, K
Triangularity, d

Safety factor at limiter,
Average beta, B

Maximum toroidal field at coil, BM

Toroidal field at plasma center, B0

Plasma current, I
Plasma volume, V

Average electron temperature, Te

Centerline electron temperature, Te

Average ion temperature, Ti
Centerline ion temperature, Tio

d .
Average fuel density, NDT

DT
Electron energy confinemént time, T

Center fuel density, N

Ion energy confinement time, Ty

Particle confinement time, ¢

Fractional helium concentration, Na/N
Fractional beryllium concentration, N

Fractional iodine concentration NI/ND

Fusion power, PF

Lower hybrid rf power to plasma, Pr

Average neutron wall load, P

DT

/N
e

DT

Unit

[

|

g g |

MW/ m?2

Value

— O O O

.067

w NN t— —

— RN N N O =0 o MW
. . . . [o <) . . . . .
W = W =

0.806 x 1020
1.69 1020

.14

.04
0.001

3510 MW
90
3.6

—
[« = R = R PR
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Table 2-4. Plasma Engineering Features of STARFIRE

Operating Point

Equilibrium type: Elongated, D-shape, moderate B, hollow
current profile

Equilibrium generation Outside superconducting equilibrium field

method: coil system

Position stabilization Inside control field coils and conducting

method: first wall with 300 ms time constant.
Burn Cycle

Startup time: v 24 minutes

Method: Tritium lean startup; vary rf power,

DT density, T fraction; 5% per minute
fusion power ramp.

Normal shutdown time: v 24 minutes

Emergency shutdown: Induced disruption method, time < 3 s
Plasma initiation 5 MW electron cyclotron resonance heating
method:

Burn method: Steady state, lower hybrid current drive
Thermal stabilization: Enhanced radiation mode operation by

iodine injection

Fueling

Fueling method: Recycling DT plus gas puffing

Because of the need to minimize the lower hybrid rf current drive power,

the plasma density is lower and the plasma ion temperature is higher than

most previous tokamak reactor designs. The plasma is operated with Ti > Te,

which makes better use of the available B.

The tradeoffs, between the operating

point and rf power, and the selection of density and temperature parameters

are discussed in detail in Chap. 7.



Most of the STARFIRE burn cycle is substantially different from pulsed
reactor burn cycles. Plasma breakdown is done with 5 MW of electron cyclo- .
tron resonance heating (ECRH) and does not require a high voltage OH coil.
The startup period takes 24 minutes and conforms to the requirement that the
fusion power should be ramped at a 5% per minute rate, to minimize thermal
problems 1in the energy recovery and conver51on systems. The OH coil as well
as the OH and EF power supplies have modesf requirements compared to pulsed
reactor requirements. The steady state burn phase of the burn cycle has a
thermal equiiibrium maintained by the addition of iodine. The equlllbrlum
and stability of the enhanced radiation mode of operation has been stddled
with a global code and with the 1-D WHIST code. These studies indicaté.that'

this mode of operation is feasible.

Several types df?shutdqwn'scenarios have been developed for STARFIRE.
The normai shdtdown is basically the reverse of the startup period, whereby
the fusion power is reduced at a 5% per minute rate by reducing the tritium
fraction in the plasma. There are three types of emergeneyiéhutdowns; The
fastest is ‘an "abrupt" shutdown whereby a plasma disruption is induced by
injecting excess high-Z material. There is a more orderly.'"rapid" shutdown
which also uses a disruption, but where most of the plasma energy is radiated
away prior to the disruption. Finally, a naturally occurring '"ablative
induced shutdown" has been 1dent1f1ed whlch occurs as result of a hot spot

formation on the frrst wall or 11m1ter

Various fueling options for STARFIRE were studied. The high fractional
burnup rate of 427 in STARFIRE permlts a falrly low fueling rate from an
external source. Gas puffrng is the most desirable englneerxng optlon and

has been adopted as the STARFIRE fueling method.

We have considered D-shaped plasma equilibria in toroidal geometry with
pressure proflles characterlzed by a width parameter a.‘ U51ng a dlamagnetlsm
function FZ(¢) = F (1 - dwy) and a pressure functlon p(w) ¢ s 1t 1s pOSSl—
ble to generate a broad range of low ‘and high 8 equlllbrla w1th varlous ax1s
and llmlter values of the safety factor, qarand qb’ respectlvely._ The hlghest
stable B 1s, in general a functlon of A, K, d, a, q and Gy where A 1s the
aspect ratio, k is the elongatlon, and d determlnes the trlangularlty. This

functional dependence is under active 1nvest1gat10n in the phy31cs community,



and the operating point for STARFIRE is based on a survey of equilibria and

subsequent stability analysis.

2.3.3 Plasma Heating and Current Drive

The design of a tokamak reactor which can run in a steady state mode is
basically different from the design of a pulsed tokamak, because the circu-
lating power required to sustain the'tqroidal current against collisicnal
dissipation may be a substantial fraction of the power plant's electric
output. Consequently, the STARFIRE design focuéed on efforts to minimize
the circuiating electric power for steady state operation, and the resulting
lower-hybrid rf system was optimized with thié goal. 1In addition, the same
system appears adequate to provide auxiliary heating during the startup phase

to bring the plasma to ignition temperatures.

One obvious means of reducing rf power to the reactor is the selection
of operating regimes with the 1bwest plasma currents. Accordingly, a large
variety of MHD equiliBria (solutions to the Grad-Shafranov pressure balance
equation) were surveyéd in order to identify the most“desirable candidate.
ihe aspect ratio, A, was selected after studying the power requirements for
generating equilibria with Bt = 0.25/A. For a fixed reactor powef; wall
loading and toroidal field strength, the plasma current and electron density
increase as A is reduced. This leads to increasing rf power at lower A.
However, a larger A requires a larger major radius. This study concluded that

A =3.6 is best, with R = 7.0 m.

The selection of the plasma beta was another crucial decision. Generally,
the higher the plasma current, the higher is the stable Bt which can be
achieved. The increasing rf power required at higher Bt motivated the se-
lection of a comparatively modest design value - Bt = 6.7%. It was shown
that hollow current density profiles can have favorable stability while re-

quiring less total current. than more conventional centrally peaked'profiles.

An elongated (k= 1.6), highly D-shaped plasma cross-section was chosen
which requires I = 10.1 MA with BO = 5.8T on axis. The plasma cross-section
and lower hybrid system are shown in Fig. 2-5. The design of the equilibrium
field (EF) coil system redﬁired to position and shape the poloidal flux sur-

faces is eased by the ability to locate large coils in the central hole. The
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safety factor profile does not allow double tearing modes, although other resis-
tive modes have not been ruled out. Analysis with the BLOON and ERATO codes
shows the equilibrium is stable to local interchange and ballooning modes but re-

quires a close fitting conducting first wall/blanket to stabilize low-n kinks.

Lower hybrid current drive theory shows that the rf driving power is
proportional to the local electron density where the current is generated,
which makes the hollow current profiles especially attractive. In addition,
for a fixed B, the average electron density (E;) may be reduced by operat-
ing the plasma at a higher temperature. Above 20 keV, the decreasing fusion
reactivity of DT tends to offset these reductions in the rf power at low
n,- (Maximum Q occurs in the range 20-30 keV.) Despite low Q operation,
the net electric output peaks for Te—.:Ti ~ 11 keV. However, the capital
outlay for rf power supplies at 11 keV far exceeds that needed for auxiliary
heating to ignition. The minimum cost of electricity appears when Te =17
keV, 'I‘i = 24 keV, and n, = 1.2 x 1020 m—s, which results in a fusion

power of 3510 MW.

Using the WKB form of the electromagnetic dispersion relation, the Landau
damping of externally launched lower hybrid waves is computed in cylindrical
geometry, and current generation is calculated from standard quasilinear/
Fokker-Planck formulas. By minimizing the parallel wave index of refraction,

oy, and adjusting the spectrum width, n, . - nnz, the equilibrium current

density may be generated with a minimum”;mount of power. Wave accessibility
(to avoid reflection) limits the lower bound on n, to 1.40 in STARFIRE;
setting ny- n“2 = 0,46 yields a hollow profile with a total parallel
("force-free") current of I, = 9.1 MA. In equilibrium, due to the field

line rotational transform, diamagnetic currents add another toroidal current
density increment, with the result that 66.5 MW of driving power creates 10.1
MA of toroidal current. In these calculations, we have set the wave frequency
at v = 1.677 GHz, which exceeds the lower hybrid frequency at the point of

deepest wave penetration and thus avoids parametric instabilities.

The Brambilla grill, a horizontal array of phased waveguides, is the
ideal wave launcher in this rf frequency range. The waveguides have a
vertical opening of 17.0 cm and transmit only the TE10 mode. The horizontal
opening is 2.95 cm, and the guides are separated by 0.70 cm metal partitions.

Phasing adjacent guides by 2n/3 results in an asymmetric spectrum of



~toroidally traveling waves with average oy = 1,63, - We find ‘a large number

(N =-18) of guides 1s necessary to concentrate the spectral power into the
range ny, - M, = 0,46, The grill performance has been studied for a variety
of electron edge density profiles, since this determines how well the grill
couples to plasma waves. Two flgures of mer1t appear. One is the average grill
reflectlon coeff1c1ent R the other is the fractlon of transmltted power, e,
Wthh is contalned in the reglon n) = l 40 - 1,86, and which is thus useful |
for dr1v1ng tor01dal current. Wave 1nterference results 1n some power trans—:
m1351on at n” = -3. 2, but, if reasonable control of the electron edge den31ty
is p0531ble, € w1ll be 1n the range of 0.6 to O. 8 The overall R has been |
dramatlcally reduced in the STARFIRE de51gn by replacing those waveguldes

with hlgh 1nd1v1dua1 reflectlon coeff1c1ents w1th passive reflectors. The
f1nal de51gn has nlne actlve and n1ne pa551ve guldes wh1ch results in R =

0. 44 and e'— 0 74 The total transmltted _power to the plasma 1s thus 66 5

M/ e = 9OMW

In view of the large'ﬁ of the grill, it is necessary to circulate-
the reflected power in a glven wavegulde dlrectly 1nto its nelghborlng gulde
Thus a klystron drlves the flrst of the nine actlve elements in an array,,'_d
c1rculators dlrect returnlng power through the other elght Crossed field “
amplrflers (CFA s) are used to boost ‘the reflected power to the requlred ,
output level Due to h1gh reflectlon coeffrcrents, the requlred ampllflerA
galns are low _1n the range 3-7 db , Present day CFA s have achleved 1mpres;
sive eff1c1ency 1n CW operatlon at low galns in thls frequency range
(nCFA = 78% at 400 kw) We are confldent that Nepa = 85/ is achlevable B
with a modest R and D effort and we have assumed thls value 1n desrgnrng the‘
STARFIRE system v Each CFA operates at 420 kw of rf output and requlres a
20 to 30 kV power supply at 10 to 15 A dependlng on. the galn Unlrke .
klystrons the CFA does not requlre a hlghly regulated power supply »Ihef>
CFA may be operated w1th a cold cathode, elrmlnatlng costly heater .power

supplles and produc1ng long lrfe Operatlon (20 OOO hours or 3 calendar years

of STARFIRE operatlon)
oyt T Lo i PN v

RS CR

Each wavegulde facrng the plasma lS plated w1th Cu and Be to present a

low sputterlng, hlgh conductrvrty surface _ The wave Lnten51ty 1s low - l 4

kw/cm assumrng 90 MW broadcast by a total launcher area of 6 4 m2 -_to.”

M

2-=20



avoid nonlinear spectral modification; the electric fields are consequently
well below the multipactor-limiti«: A.BeOrwindow®and d¢ bréak are located
between the outboard legs of the toroidal field coils, and the electron cyclo-
tron resonance region beyond is pressurized. Directional couplers monitor the
phase on the vactium side of each windb#%’ta assure proper grill operation. Neu-
tron damagé’to'the window is negligible’ over the reactor lifetime, the fluence
being leds than-8 x 10!! neutrons/cmZ:. ' The pressurized wavegiide is rduted
through the*building floor to a basement area (see Fig. 2-5)-wheré the cifcu-
lators,*pnaéelsﬁiféers and CFA's are located. Power supplies aré”in an auxiliary
building. Insidé-the reactor hall, the'rf equipment is passivé;:reﬁdiring"iirtle
maintenance, ‘while the CFA's and phaseqéhifters are accessible durifg reaétor:
operation If ¥épdit should prove necessiry. By stacking four griiié poloid-
ally in each of the twelve reactor toroidal sectors, a system w1th 432 trans-
mission lines and CFA's is achieved, with an input electric power of 153 MW
(compared with 1200 MW net electric supplied to the grid). The" redundancy in
this system assure$ continued reactor operation in the event of single '
component failurés. The total system cost, assuming prlor‘amortization of an
R & D program“for CFA's and assuming mass production of the tubes, is $33.5 M
for the hardware, ‘éxclusive of power supplies. Power supply cosfegafe'$l4'M.
This study concluded that a CFA system can provide lower hybrid powerffor"“"
current “drive applications with muéhk 1léss circulating powef‘fﬁanfkiféﬁrons o
(which would require over 200 MW electric input) and at a fraction of ‘the =

cost of a klystron system. The rf system is summarized in Table "2Z5.

S S

With mlnor mod1f1cat10ns from the b331c design given above, three of the
twelve rf ducts can serve to heat and drlve current during the startup phase

of the tokamak discharge. These ducts contaln grills w1th 36 wavegu1de

‘,\ {,.

elements with narrower openings. By approprlate phase control these grlllS

can heat the plasma at temperatures as 1ow as T 0 5 keV and can drlve
i@

currents once Te reaches vo1.5 keV., A small OH c011 and ECR heatlng serve

to bring the dlscharge up to the temperatures at which the lower hybrld

system functions. v Beyond this point, we have demonstrated that there is a

smooth evolution of the discharge towards the steady state.
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Table 2-5,

Parameter
wave frequency
spectrum required
toroidal wave length
parallel phase speed
parallel current
toroidal current
wave intensity at
antenna
nine active/nine
passive guides
phase difference
narrow guide opening
septum
vertical guide
opening
edge density gradient
vacuum distance
spectral fraction
driving current
antenna reflection

coefficient

power required to drive

current

net heating power to plasma

net electric power to rf

system

CFA efficiency

Lower Hybrid System Parameters

Symbol
v

TR
A
w/k
I

I
P

I

Ad

T Dy,

Value
1.677 GHz
1.40 - 1.86
10.94 cm
1.83 x 10% m/s
9.11 MA
10.1 MA
1.6 kW/cm?2

9+ 9 =18

27/3

2.95 cm
0.70 cm
17.0 cm

5.0 x 1010 em™"

1.0 ecm
0.736
0.443

66 MW

90 MW

152.7

85%

The rf system requires 432 CFA tubes operating at 420 kW with gains from

4.0 to 6.6 db.
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2.3.4 Plasma Impurity Control and Exhaust

~

A plasma impurity control and exhaust system was developed for STARFIRE
to satisfy the following goals: (1) engineering simplicity compatible with
ease of assembly/disassembly and maintenance; (2) a high tritium burnup to
minimize the tritium inventory in the fuel cycle; (3) a reasonable and reliable
vacuum system that minimizes the number and size of vacuum ducts; and 4
manageable heat loads in the medium where the alpha and impurity particles are

collected.

These goals are found to be best satisfied by a limiter/vacuum system
together with a beryllium coating on the first wall, limiter, and all other
surfaces exposed to the plasma. In order to minimize the heat load to the
limiter, most of the alpha-heating power to the plasma is radiated to the
first wall, by injecting a small amount of high-Z material, e.g. iodine,
along with the DT fuel stream. The iodine atoms enhance the line-and-
recombination radiation over most of the plasma volume. The helium re-
moval efficiency of the limiter/vacuum system is intentionally kept low for
three reasons: (1) to reduce the heat load on the limiter; (2) to simplify

r the vacuum system and reduce radiation streaming; and (3) to minimize the
tritium inventory tied up in the vacuum and tritium processing systems.
The major features of the STARFIRE impurity control and exhaust system are

summarized in Table 2-6.

Figure 2-6 shows a cross section through the limiter, the limiter slot,
the limiter duct, and the plenum region. The limiter consists of 96 segments
that form one toroidal ring centered at the midplane and positioned at the
outer side of the plasma chamber. This location was selected because: (1)
it is the least likely place for a thermal energy dump from a plasma disrup-
tion; and (2) it assures symmetry in particle and heat load on the upper and
lower branches of the limiter. Each of the limiter segments is 1 m high and
0.6 m wide. The physical dimensions of the system are shown in Fig. 2-6.
The limiter slot, which is the region between the limiter and first wall,
leads to a 0.4-m high limiter duct that penetrates the 0.7-m thick blanket.
The limiter duct opens into a plenum region that is located between the
blanket and shield and extends all the way around the torus. This plenum

region is large enough so that it spreads the radiation leakage from the
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Table 2-6. Major Features of>STARﬁI§ﬁ‘Imguffty ddaéﬁsi/Eiﬁﬁdéé

S e Thoes i o

‘o A limiter/vacuuh system’ Ui (10 c o et

='One‘toroidalibelt-type limiter ceiitered aroind ‘midplans”

< Simplified, trediblé“énginéering - ' ¥ voe cwlo v

‘o' Low-Z coating ‘(beryllitum) on-all surfaces exposed to plasma’

“o' ‘Enhance plasma radiation - Ut or T Lo Sl st g g
- To reduce heat load at collection plate

v o7 By, 1n3ect1ng small amount.of ;odlne

,,,,,, R T N O T E
0. A low hellumqremoval efficiency. (25%) . o s .
7 Much: smpleg.:vacuum: SYStem ... r G oo Lomoane rennio
-~ Less. radiation streamlng T S A | o
- High tr1t1um burnup, low trltlum‘tpventory PR R SR
—,Penalty. +Modest incrgase in toroidal field (0.85 T-on_axis) .
o ASlmple vacuum system . . . . T

2o le:ter duct penetrates blanket leadlng to a plenum reglon between.

blanket and bulk. shleld

farer ot L T B

T Slgnlflcantly reduced radlatlon streamlng, less;. shleldlng and. lower .

nuclear heat lgad,;n cryopanels . . .. L L4 o
e RS \A A . R ER * L N [ [ iy E BV "v- Pt crla satad ol
Ciie s Feemcea hgn Lot 3o vl ws O e G Y am e YT en G

limiter duct into a larger surface area of the bulk shiéld.®»iThe éonduét=: """
ance, of the plenum reglon 1s large enough to, permlt 1ocat1ng ithe vaguum

ducts 1n the bulk shleld suff1c1ently removed from, the mldplane ,$0 that
fadlapxongSEreém%ngﬂérQWRthﬁzlkm}ﬁersduc; xnvﬁhegbléQK?C;FQ:Ehe-Vaeuumtevmaﬁuﬁ
is acceptable. There are 12 vacyum ducts at the fop and another 12 at the
bottom of the reactor,. Each of these vacuum dugts has an equivalent. dias,

meter of 1 m and _penetrates. the bulk shield 1eading to thgﬁygcuum;gumRﬁg CreLd

Fig, 7 shows an 1sometr1c v1ew of the. 11m1ter system.. _,

x-v

1< STl R0

The ‘basii¢: principles:of how the: limiter works aré‘rather simple.  Tons :

that hitethewfrontsface:of.the limiter will:be nedtralizediand ‘réfleéted ‘back?

into:the:plasmav? Ions'that enter inte the ilimiter:s§lot ‘hit :the back rsurface

and aresreutralizedi :Somé of the!'scatteredufiedatrals willodifectly réach ‘the: '
limitersduct-and followia"mulbiple#scattedingipath into the plénum begion:iand

into the ‘vacuumrductsiwhereésthey areé pumped:out by:'thesvdcuumvpumps! -Other 3»:
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Figure 2-6. Cross section of the STARFIRE limiter design.
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Isometric view of the STARFIRE limiter design.

Figure 2-7.
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particles neutralized at the back surface of the limiter will scatter back in
the direction of the plasma. These neutrals have a high probability of being
ionized and returned back to the limiter surface. Calculations show that
this trapping or "inversion' effect is so large for helium that v 907 of the
helium entering the limiter slot will be pumped. This inversion effect

greatly simplifies the limiter/vacuum system design in at least two ways:

1. Location of the Leading Edge -~ Since the inversion probability is

very high, the fraction of particles that enter the limiter slot
need to be only slightly greater than the helium removal efficiency.
This permits locating the two leading edges at the top and bottom of
the limiter sufficiently away from the plasma edge and outward into
the scrape-off region so that the peak heat flux at the leading edge
is reasonably low.

2. Neutral Pressure -- This inversion effect causes the neutral gas

pressure at the limiter duct to be considerably higher than the
neutral pressure around the plasma. Such high pressure greatly

simplifies the vacuum system design.

Hydrogen can charge-exchange as well as be ionized. These charge-exchange
events significantly reduce the inversion probability for hydrogen because
the resulting neutral will tend to make its way out of the slot region into
the plasma. Therefore, the beneficial effect of higher helium pumping
probability and enhanced hydrogen recycling into the plasma is obtainable in

the limiter/vacuum system.

The plasma parameters related to the impurity control and exhaust system
are shown in Table 2-7. The design parameters for the limiter and vacuum
system are shown in Tables 2-8 and 2-9, respectively.

The charged particle flux in the scrape-off region falls off exponen-

x/ 68

tially as e /' °p with 5p = 10 cm and x being the distance into the scrape-

off region. About 28% of the helium particles diffusing out of the plasma
will enter into the limiter slot, i.e., between x = 8.7 cm and x= 20 cm. The
transmission (pumping) probability for these particles is 0.9 giving an
overall helium reflection coefficient Ra = 0.75 and helium removal efficiency

(1 - Ry) of 0.25. The reflection coefficient for deuterium/tritium is 0.9.
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The transport heat flux on the limiter (due to charged particles) varies
as e-x/SE sin 0 in units of MW/m2 with x in cm, 6E = 5 cm, and 6 being the
angle between the field lines in the poloidal plane (nearly vertical in Fig.
2-6) and the surface of the limiter. The limiter surface from the tip (at
plasma edge) to the top (or bottom) leading edge is slanted to spread the
heat load. The leading edge (region where § = 0 occurs) forms approximately
one-half a cylinder shell with a diameter of 1.7 cm and extends from x ~ 7 cm
to x n 8.7 cm., The location of the leading edge was determined from tradeoffs
between the helium removal efficiency (and the associated toroidal-field
margin) and the peak heat flux. The peak transport heat flux is~ 3.4 MW/m?
and occurs at x = 7.8 cm. The average transport heat flux on the region of
the leading edge is n 2.2 MW/m2. The front surface of the limiter (from
the tip to the leading edge) receives an additional surface heat load of 0.9
MW/m2 due to plasma radiation and charge-exchange. The magnitude of the

volumetric nuclear heating depends on the specific limiter material and is in

the range of 30 to 80 MW/m3 for the materials to be discussed shortly.

Table 2-7. Plasma-Related Parameters for the Limiter/Vacuum System

Fusion alpha power (Py,), MW 703
Lower-hybrid power to plasma (PLH)’ MW 90
Transport power to the limiter, MW 90
Helium production rate, st 1.24 x 1021
Alpha particle concentration (na/nDT) 0.14
Beryllium (low-Z coating) concentration (nBe/nDT) 0.04
Iodine (radiation enhancement) concentration (nI/nDT) 1.0 x 1073
Helium reflection coefficient, Ra 0.75
Toroidal-field margin at plasma center, T 0.85
Scrape-off region thickness, m 0.2
Particle confinement time (Tp), s 1.8
Particle e-folding distance in scrape-off zone (Gp), cm 10
Energy e-folding distance in scrape-off zone (SE), cm 5

), keV 1.2

Plasma-edge temperature (Tedge
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Water is selected as the limiter coolant because of its good heat
transfer characteristics. This choice is consistent with the use of water
cooling in the first wall and blanket. The limiter segments are connected so
that the coolant passes through two segments (2 passes). The water inlet
temperature to the first pass is 115°C, and with a temperature rise of 15°C
per segment, the outlet temperature is 145°C for the second pass. The
coolant pressure is 4.2 MPa (600 psia). The water temperature is kept low to
minimize pressure stresses. Since the 200 MW of heat removed from the
limiter represents only 5% of the reactor thermal power, this heat is used
effectively for feedwater heating in the steam cycle without significant loss

in thermal efficiency.

Table 2-8. Limiter Design Parameters

Coolant Water

Reference structural materials Ta-5W, AMAX-MZC,
FS-85, or
V-20T1

Low-Z coating material Beryllium

Total heat removed from limiter, MW 200

(90 MW transport, 56 MW radiation plus neutrals,
and 54 MW nuclear)

Average surface heat load, MW/m? 2,3

Peak surface heat load,a MW /m2 4

Coolant inlet temperature, °C 115
Coolant outlet temperature (2-pass), °C 145
Coolant pressure, MPa (psia) 4.2 (600)
Coolant channel size, mm X mm 8 x 4
Wall thickness, mm 1.5

Maximum temperature, °C Ta-5W  AMAX-MZC FS-85 V-20T1

Water side 193 182 192 191
Coating side 290 196 4L04 449

a
Includes transport load (3.4 MW/m2) plus load from radiation and
charge-exchange neutrals.
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Table 2-9. Vacuum System Parameters

Conductance

Component Dimensions (cm) (m3/s)
Limiter slots (2) 5650 x 10 x 50 4300
Limiter ducts (2) 3170 x 16 x 70 4100
Plenum 6000 x 67 x 600 13700
Vacuum ducts (24) 100 x 640 730

120 x 560

Vacuum pumps (24) _ 2900
Rated helium speed per pump, m3/s 120
Rated DT speed per pump, m3/s 200
Total helium pumping speed, m3/s 490
Transmission probabilitya (helium) 0.9
Reflection coefficient (helium), Ra 0.75
Maximum helium pressure, Pa 0.016
Total DT pumping speed, m3/s 480
Transmission probability?® (pT) 0.40
Reflection coefficient (DT), RDT ,0'9
Maximum DT pressure, Pa 0.024
Tritium fractional burnup 0.42
Total gas load, Pa-m3/s 18.7
DT gas load, Pa-m3/s 10.85
Helium gas load, Pa-m3/s 7.85
Temperature, °K 573
Number of vacuum pumps, on-line/total 24148
Regeneration time, h 2
Maximum tritium inventory per pump, g 2.6

a . . s q e .
Transmission probability per particle entering the

limiter slot.
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A large number of materials were evaluated as to their suitability for
the limiter structure. The evaluation included the capability of withstand-
ing high heat fluxes, resistance to radiation damage, fabricability, and
compatibility with the surrounding environment. This resulted in identifying
four reference alloys as the primary candidate materials. These included a
copper alloy AMAX-MZC, and the refractory metal alloys of vanadium (V-20Ti),
niobium (FS-85), and tantalum (Ta-5W). Three-dimensional thermal-hydraulic
and stress analyses were carried out for these four materials. A summary of

the results is shown in Table 2-10.

The limiter wall temperature at the coolant side is essentially the
same, <200°C, for all materials with small differences due to axial conduc-
tion. At this low temperature, the corrosion rate of these materials in
water should be acceptable. The maximum temperature in the structure (coat-
ing side) varies from 196°C in copper to 449°C in vanadium reflecting the
large difference in the thermophysical properties. The ratio of the effec-
tive stress to the yield stress is also shown in Table 2-10. These results

indicate that under normal operating conditions, all of the materials meet

Table 2-10. Thermal/Stress Analysis of Candidate Limiter Materialsa’b

Temperature Maximum
°c) Effective Yield
Stress Stress Effective

Outer Inner (MPa) (MPa) Yield
Tantalum, Ta-5W 290 193 249 342 0.7
Niobium, FS-85 404 192 370 370 1.0
Vanadium, V-20Ti 449 191 537 452 1.2
Copper, AMX-MZC 196 182 178 431 0.4
%Coolant: Pressure = 600 psi, Tin = 115°C, Tout = 145°C

Channels = 4 x 8 mm, 1.5 mm thick at outer side.

bPeak heat load = 4 MW/mZ-
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the allowable stress criteria of Code Case 1592. However, only AMAX-MZC and
Ta-5W can meet the more restrictive criteria of 0.75 of the yield strength. ,.\
Since the thermal stress component dominates the total stress in the limiter,
the materials with the highest thermal conductivity and lowest thermal
expansion will experience the lowest stress. It should be noted, however,
that the results in Table 2-10 are based on conservative assumptions. Further-
more, several modifications in the reference limiter design that can signi-
ficantly reduce the thermal stress have been identified and are discussed in
Sec. 8.4. Therefore, all the four alloys in Table 2-10 are considered viable
candidates and the selection of one of them must be made based on additional
data from future experimental results in areas such as resistance to radia-
tion damage. For the purposes of this report, the alloy Ta-5W is identified
as the reference structural material whenever the need arises to provide only

one set of parameters.

The limiter and the first wall are coated with beryllium to eliminate
sputtering of the underlying high-Z structural materials. Beryllium is
selected as the low-Z coating because its properties make it superior to
other candidates. Estimates of the erosion of the beryllium coating were
made. The coating on the first wall will erode at a rate of 0.14 mm/yr; ‘.\
therefore, a 1.2-mm coating is adequate for a 7-yr life. The limiter coating
will sputter by all ion species with a spatially varying rate. Redeposition
of beryllium from the plasma and first wall will also occur. The net effect
is that the coating will erode on the wall while it grows on the limiter.

The STARFIRE design is developed such that there is no net erosion or growth
on the leading edge. This is accomplished by maintaining a beryllium density
in the plasma of ~ 4% of the hydrogen ion density. There will be a net
growth of beryllium on the rest of the limiter averaging ~ 0.6 mm/yr. A
simple grinding process in place can be performed if necessary to restore the

beryllium coating to its original thickness.

The response of the limiter to off-normal conditions was considered as
an integral part of the design. The important off-normal events are: (1)
plasma disruptions; and (2) loss~of-coolant flow. The concerns with plasma
disruptions are the thermal energy dump and the induced electromagnetic

forces. The limiter is intentionally located at the outer side of the plasma
and centered around the midplane, where a thermal energy dump from a plasma

disruption is unlikely. However, when a plasma thermal energy dump on the \
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limiter occurs, only the coating will be affected. The rate of ablation of
beryllium is small enough that several disruptions per year with thermal

energy dumps on the limiter can be tolerated.

The electromagnetic forces will always be induced in the limiter in the
case of a plasma disruption regardless of where the plasma energy dump
occurs. Three electromagnetic effects are produced, with the magnitude
strongly dependent on the plasma disruption (current decay) time. The first
is a uniform pressure, acting on the outside panels of the limiter. TFor a
plasma disruption time of >10 ms, the maximum induced stress due to this
uniform pressure is 0.6 MPa (90 psi) which is a small fraction of the yield
stress for the copper, tantalum, niobium, and vanadium alloys. The second
effect is a force tending to bend the limiter arm about a toroidal axis.
Accommodating this force required an iterative process in the limiter
design. In particular, providing a thick root for the limiter (see Fig. 2-6)
was found necessary to reduce the moment's arm and the magnitude of the
force. With the present reference design, the maximum bending stress is
154 MPa (22000 psi), which is < 40% of the yield stress for the reference
structural materials when the plasma disruption time is >10 ms. The third
electromagnetic effect is a torque that tends to twist the limiter about a
radial axis. For a plasma disruption time of 10 ms, the maximum torque is 46
kN-m resulting in an effective stress which is <60% of the yield stress for
all of the four primary structural materials. The magnitude of these forces
and torques is reduced substantially at longer, and perhaps more realistic,
plasma disruption (current decay) times. The reference limiter design can
withstand the electromagnetic effects without any permanent deformation for

an unlimited number of plasma disruptioms.

2.3.5 Magnets

The magnet systems provide the plasma with confinement and a stable equili-
brium configuration as well as some current initiation. The magnets must be
superconducting, except for a few control coils carrying relatively low current;
otherwise they would consume unacceptable amounts of electrical power. The
magnets are large components which experience large forces, which must be re-

sisted with structural material in a manner which minimizes heat conduction to
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the magnets operating at liquid helium temperature. Most importantly, they
must be extremely reliable, as a magnet replacement is a laboriocus and time-

consuming process.

The superconducting toroidal field (TF) coils and poloidal field (PF)
coils have been designed with a cabled conductor consisting of a copper
stabilizer and NbTi superconductor, except for the inner turns of the
TF coils, where field requirements in excess of 9 T have led to the choice of
Nb3Sn superconductor. In both the TF and PF coils, each cable conductor is
contained in its own structure, which bears against the structure of neigh-
boring conductors to transmit radial and axial forces. All coils are bath-
cooled by pool boiling liquid helium at 4.2°K. The structure around the
conductor contains transverse and longitudinal channels, to carry liquid

helium to where cooling is needed and to carry helium vapor away.

The superconducting toroidal field coil system for STARFIRE is a logi-
cal, straight-forward extension of present superconducting magnet technology.

Table 2-11 is a summary of selected TF coil features and parameters.

The TF coils bear radially inward against the G-10 fiberglass-epoxy
centerpost support cylinder, within whose bore is located the inner ohmic
heating (OH) and equilibrium field (EF) coils. All of these elements share a
common vacuum volume. The centerpost region is surrounded by a common vacuum

tank section with individual vacuum tanks surrounding each TF coil outer leg.

The 24 kA conductor for the TF coils is a three level, unsoldered,
uninsulated "Rutherford cable'", consisting of sixteen 1500 ampere cables,
each of which is a six—around-one bundle of similarly configured subcables.
Inherent in a cabled conductor design, particularly when employing NbsSn, is
its limited ability to support hoop and transverse bearing loads (the latter
occurring in the centerpost region of a TF coil). Therefore, in the selected
design, the conductor is sandwiched between two pretensioned stainless steel
strips for hoop load support, and flanked by two bearing load support strips.
Stainless steel is employed for these support elements due to its high

elastic modulus and strength.

Nb3Sn is employed only in the high field (9-11 tesla) region. A bronze

diffusion geometry is envisioned, with a tantalum barrier to shield the
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surrounding stabilizer material of the composite strand. The Nb is reacted
'F* with the Sn of the bronze matrix after the cabling process is complete, but

before coil winding.

The NbTi alloy is specified for the three 0-9 tesla field grades.
Grading is based upon three centerpost region parameters: amount and type of
superconductor required (determined by magnetic field); amount of copper
stabilizer required (determined by magnetoresistance, radiation degradation,
cryostability and protection criterion limit); and required bearing load

support (determined by cumulative radial bearing load).

The STARFIRE reactor has three sets of poloidal field (PF) coils. These
are the ohmic heating (OH) coils, the equilibrium field (EF) coils, and
correction field (CF) coils. Even though STARFIRE operates in a steady-state
mode, it incorporates a small OH coil to provide an inductive voltage over
several seconds to initiate a plasma current. The EF coils provide the field
which maintains the plasma at equilibrium with the desired position, shape,
and current profile. The correction field coils, which link the TF coils,
respond to displacements of the plasma to correct those displacements and
thus stabilize the plasma. They can respond to plasma motion more quickly
without excessive power demands than can the EF coils that are located
outside the TF coils. Parameters for the OH and EF coils are given in Table
2-12, The CF coils, because they link the TF coils and must be demountable,

are constructed of water-cooled copper.

The EF and OH coils must be superconducting; normal conducting coils
would consume an unacceptable amount of power. Being superconducting, these
coils must be outside the TF coil system to facilitate maintenance and
possible coil replacement. External location of the EF coils exposes the
outer TF coil region to large fields, which interact with the TF coil current
to generate large out-of-plane (overturning) loads. The magnitude of the
overturning moment on each coil is about 1.5 x 10° N m. The centerpost
region of the TF coil reacts a small portion of this load. The major portion
of the load is reacted in the outer curved coil region, where the distributed
out-of-plane load is transmitted from the helium vessel to the surrounding
vacuum tank by closely packed pairs of cold-to-warm tiebars. The individual

coil vacuum tanks are in-turn supported by substantial intercoil shear

P panels.
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Table 2-11.

Number of Coils
Total Ampere Turns
Total Stored Energy
Total Inductance
Peak Field
Current
Total Weight
Coil Straight Section Height
Mean Radius of Outer Coil Leg
Conductor:
Superconductor
Stabilizer
Configuration
Coil Cooling

Structural Material

STARFIRE Toroidal Field Coil Parameters

12

2 x 10 A-turns
50 GJ

174 H

1.1 T

24 kA

6 x 10° kg

8 m

13 m

Nb3Sn/NbTi
Copper

Cable

He Bath, 4.2°K

Austenitic, High Mn
Stainless Steel

Table 2-12. Ohmic-Heating and Equilibrium—Field Coil Parameters

OH Coils EF Coils
Superconductor/stabilizer NbTi/Cu NbTi/Cu
Conductor configuration Cable Cable
Stability Cryostable Cryostable
Cooling Bath Cooled Bath Cooled
Operating temperature 4,2°K 4,2°K
Operating current 100 kA 100 kA
Average current density 1400 A/cm 1400 A/cm
Total amp-turns 51 MA-turns 86 MA-turns
Total amp-meters 600 MA-m 2900 MA-n
Peak field 8.0T 4.5 T
Maximum dB/dt (normal 0.6 T/s 0.2 T/s

operation)

Stored energy (self) 1.1 GJ 10.0 GJ
Self inductance* 55 mH 500 mH

%

Based on equivalent parallel current of 200 kA.
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2.3.6 TFirst Wall/Blanket

The primary functions of the first-wall/blanket of a commercial tokamak
reactor are to provide the first physical barrier for the plasma, to convert
the fusion energy into sensible heat and provide for the heat removal, to
breed tritium and provide for tritium recovery, and to provide some shielding
for the magnet system. The first wall must withstand high particle and
energy fluxes from the plasma, high thermal and mechanical stresses and ele-
vated temperature operation. Also, the wall must not be a source of excessive
plasma contamination. The first wall may or may not be integral with the
blanket. The blanket must withstand high neutron fluences, elevated tempera-
ture operation, thermal and mechanical stresses, and be compatible with the

chemical environment, the plasma and the vacuum.

In the present study, the technological and design aspects of various
first-wall/blanket concepts have been considered in the selection of potentially
viable designs for STARFIRE. The objectives of the present study involve
identification of key technological constraints of candidate tritium-breeding-
blanket design concepts, establishment of a basis for assessment and comparison
of the critical problem areas and design features of each concept, and de-
velopment of optimized first-wall/blanket designs for STARFIRE. The major
emphasis has been placed on the development of a blanket design that is safe
and environmentally acceptable. The primary guidelines established to meet
these criteria are low tritium inventory in the blanket, minimal long-lived

activation products and minimal stored energy.

Since breeding of tritium is considered essential, and since lithium is
the only viable tritium-breeding medium, lithium in some form is required in
the blanket. On the basis of engineering and design considerations, liquid
lithium provides many advantages for the tritium breeder; however, because
of perceived safety problems associated with a liquid lithium system, an
a priori decision was made to focus the present study on the use of solid
lithium compounds for breeding. Although previous studies have assessed the
viability of alternate blanket options, a technical evaluation of the de-
sign and safety problems associated with liquid lithium, liquid lithium
alloys, and molten salt breeding materials was not performed in the present
study. The primary objective was to assess the design and performance char-

acteristics of a blanket concept based on solid tritium breeding materials.
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The development of the reference STARFIRE first-wall/blanket design in-
volved numerous tradeoffs in the materials selection process for the breeding
material, coolant, structure, low-Z coating, neutron multiplier and reflector.
The coolant and structural material selections were greatly influenced by the
choice of the solid breeder concept which was used as a basis for the STARFIRE
design. The most important criteria considered in the selection of potentially
viable solid breeding materials include breeding performance, chemical stability,
compatibility and tritium release characteristics. Of the two types of solid
breeding materials considered as primary candidates, viz., intermetallic
compounds and oxide ceramics, only selected ceramics appear to have satis-
factory tritium release characteristics. The a-LiAl0, is selected for the
reference design on the basis of the best combination of these critical
materials requirements. It is one of the most stable compounds considered
and compatibility should not be a major problem; however, adequate tritium
breeding is attainable only with the aid of a neutron multiplier., The high
tritium solubility and greater reactivity with the structural materials were

primary factors in the elimination of Lis0 as the reference breeding material.

Pressurized water, both H,0 and Dy0, and helium were considered for the
coolant., Major concerns regarding the use of helium relate to difficult
neutron shielding problems, large manifold requirements, leakage into plasma
chamber, lower tritium breeding because of the large structure requirements
and the high temperatures required for the energy conversion system. An
acceptable structural material for use with high temperature helium in a
radiation environment has not been identified., Also, design constraints
associated with the use of helium as a first-wall coolant appear to be
prohibitive. Major advantages of the water coolant are its characteristically
low operating temperature and its excellent heat transfer characteristics.
However, the use of water with the intermetallic compound breeder materials
is probably not acceptable because of the high reactivity, and hence, safety
concern., Although D,0 has several neutronic advantages compared to H,0,

the cost is considered prohibitive.

The choices of breeding material and coolant limit the number of viable
candidate structural materials. Key factors in the selection of the advanced

austenitic stainless steel relate to the steady state reactor operation and
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the low operating temperatures characteristic of a water-cooled system. Be-
cause of the high thermal stress factor associated with austenitic stainless
steel, acceptable first wall lifetimes could not be attained with a cyclic
burn. Also, radiation damage effects are less severe at the proposed operating

temperatures than at temperatures above 500°C.

The low-Z coating concept for the first-wall is incorporated as part of
the plasma impurity control system. The low-Z coating concept provides flexi-
bility in that the structural material can be selected primarily on the basis
of structural requirements and the coating can be selected primarily on the
basis of surface-related properties. Favorable properties such as high
thermal conductivity, high heat capacity and compatibility with hydrogen
were important considerations in the selection of beryllium as the first-wall
coating/cladding material. A primary consideration in the selection of the
candidate coating/cladding is that it can be used on all components exposed
to the plasma, This is important because considerable redistribution of the
material throughout the chamber is expected as a result of sputtering and

ablation.

An effective neutron multiplier is required to obtain adequate tritium
breeding with the LiAl0,. Two candidate materials are proposed. Beryllium
provides good neutronics performance and can be easily incorporated into the
blanket design since it has low density, high thermal conductivity and high
heat capacity. Because of the concern regarding limited resources of beryllium,
an alternate neutron multiplier ZrsPbj, is also proposed. This compound retains
some of the beneficial neutron characteristics of lead but remains solid at

the operating temperatures,

Low activation, low cost and inherent safety characteristics were key
factors in the selection of graphite over water and stainless steel as the

reflector.

A schematic diagram of the reference STARFIRE blanket concept is given
in Fig, 2-8 and the key reference parameters are summarized in Table 2-13,
The water-cooled blanket module, with a thickness of 68 cm, consists of l-cm
thick first wall, a 5-cm thick neutron multiplier, a l-cm thick second wall,
a 46-cm thick breeding zone, and a 15-cm thick reflector zone that contains
the blanket support structure and the manifolding. The modules are 2-3 m

wide by ~ 3 m high depending on the location within the reactor. The module
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Table 2-13.

Summary of First-Wall/Blanket Design Parameters

First-Wall

Form
Structural material

Quter wall structural thickness, mm

Maximum structural temperature,

Coating/cladding

Coating/cladding thickness, mm

Coolant
Coolant outlet temperature,
Coolant inlet temperature,

°C

°C

Coolant nominal pressure, MPa

Coolant velocity, m/s

Neutron Multiplier

Material Options

Maximum temperature, °C
Thickness, m

Theoretical density, g/cm3
Effective density, %

Total mass, kg

Structural material

Maximum structural temperature,

Breeder material

Theoretical density, g/cm3
Effective density, %
Grain size, 10 ® m

Maximum/minimum temperature,

Region thickness, m

Coolant

Coolant outlet temperature,
Coolant inlet temperature,

°C

°C

Coolant nominal pressure, MPa

Tritium processing fluid

Reflector

Material

Thickness, m

Maximum temperature, °C
Structure

Structure temperature, °C

°C

°C
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Be-coated panel

Austenitic stainless steel?
1.5

<423

Beryllium

1.0

Pressurized water, H»0

320

280
15.2

6.1

Be ZrgPb,
490 840
0.05 0.05
1.8 8.9

70 100
51,800 356,000

Austenitic stainless steel?

425

(X‘LiAlOz
(607%

3.4

60

0.1

850/500

0.46

Pressurized water, H,0

320

280

15.2

He (0.05 MPa)

Graphite

0.15

<800

Austenitic stainless steel
(low Mo)

300~-400

? Prime Candidate Alloy, an advanced titanium-modified Type 316 austenitic
stainless steel.

(natural Li with Be)
®Li with ZrsPbs)



walls and all support structures in the high-radiation zone are fabricated
from an advanced low-swelling austenitic stainless steel. The internal
structure is integrally cooled to remove the nuclear heating and maintain

the structure below 400°C,

The first wall, which is a water-cooled austenitic stainless steel panel
coil, is an integral part of the blanket module. The corrugated plasma side
of the first-wall panel is constructed of 1.5-mm thick advanced austenitic
stainless steel. The 3.5-mm thick back plate is formed from the same ma-
terial. The pressurized water coolant is maintained between 280 and 320°C
throughout the first wall and blanket. For the average neutron wall loading
of 3.6 MW/m2, the average surface heat flux on the first wall is 0.92 MW/m?2
with a peak-to-average value of ~ 1.2, The maximum structural temperature
in the stainless steel wall is v 450°C for the reference conditions. For
steady state operation at these relatively low temperatures, an estimated
wall design life of six years is considered reasonable for the advanced
austenitic stainless steel. The proposed panel-type construction provides
integral cooling of the blanket wall and avoids the necessity for a large
number of pressure boundary tube welds in the high radiation zonme. Also,
the panel-type structure is perceived to have less vibration problems than

an unsupported tube bank.

A ~ l-mm thick beryllium coating or cladding on the first wall serves to
protect the plasma from the high-Z wall material. This thickness will provide
sufficient material to withstand the predicted surface erosion for the reference
blanket lifetime of six years. The beryllium coating/cladding on the inboard
wall will also accommodate the projected number (v 10 per wall lifetime) of

plasma disruptions for the assumed conditions.

A 50-mm thick neutron multiplier is placed directly behind the first
wall to permit adequate breeding with the LiAl0, breeding material. Two
neutron multiplier options, beryllium and ZrgPbj, are carried in the reference
design. Beryllium is generally considered to be the most favorable neutron
multiplier, however, resource limitations are a concern. The present analysis
indicates that beryllium requirements for several hundred reactors are only
a few percent of the estimated U.S. beryllium reserves. An important part

of the present study was to provide an alternative to beryllium. The ZrsPbg

2-42

N



with an estimated melting temperature of 1400°C provides some of the benefits
of a lead multiplier while maintaining the design simplicity of the solid
materials., Approximately 307% of the neutron heating is deposited in the
multiplier zone. The back side of the first-wall panel and a water-cooled
panel (second wall) between the multiplier and breeder region provides

cooling that maintains the maximum multiplier temperature at 480°C for
beryllium and 850°C for ZrsPbs. Structural webs between the first and

second walls provide support for the first wall. The overall reactor analyses
of the energy conversion system, the shield, the remote maintenance and repair,
and safety are based on the blanket design option with the Zr;Pbj neutron

multiplier.

The 46-cm tritium-breeding zone consists of a packed bed of a-LiAl0, with
1,25-cm diameter stainless steel coolant tubes spaced appropriately throughout
the zone to maintain a maximum breeder temperature of 850°C (Fig. 2-9). The
spacing of the horizontal tubes increased from &~ 2 cm at the front of the
breeder zone to ~ 10 cm at the back. There are approximately 60,000 coolant
tubes in the blanket. The nominal coolant pressure is 15.2 MPa (2200 psi)
with a coolant inlet temperature of 280°C and an outlet temperature of 320°C.
The relatively low temperature of the austenitic stainless steel tubes
(< 400°C) and the oxide film on the water side of the tubes provide an
adequate tritium barrier for inleakage into the coolant. Natural lithium
is used for the beryllium neutron multiplier option; however, 60% enriched
®Li is required to achieve adequate tritium breeding with the ZrsPbs neutron
multiplier option. The LiAl0, is in the form of low density (607%) sintered
product with a tailored bimodal pore distribution, i.e., a small grain size
(<1 ym) and a fine porosity within particles that are fairly coarse (v 1 mm)
with a much coarser porosity between particles, The sintered LiAlO, is
perforated with v 2-mm diameter holes through which low-pressure (0.5 atm)
helium passes to recover the tritium from the breeder. The low density
ceramic with a tailored microstructure is proposed to facilitate percolation
of tritium (as T,0) to the helium purge channels. A breeder lifetime of

six years before lithium burnup becomes excessive is considered feasible.

The reflector consists primarily of ~ 15 cm of graphite. The support
structure to which the blanket modules are attached also serves as the

containment for the graphite reflector. 1In order to conserve space and
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improve the vacuum characteristics of the blanket, the manifolds and headers
for the blanket are imbedded in the reflector region. The large number of
coolant tubes are joined to the headers in a vented chamber that is isclated
from both the breeder region and the vacuum chamber. This concept provides
both safety and reliability benefits since the most probable coolant leakage
problem is at the coolant tube-to~header welds. A coolant-tube weld failure
in this chamber would not likely lead to coolant ingress into the breeder
region. Also, a small leak at a weld would not destroy the vacuum, and
therefore, might not require immediate reactor shutdown. Isolating the
geometrically complex manifolds and headers from the plenum region with a
relatively smooth rear-blanket surface should substantially improve the
vacuum characteristics of the blanket. A modified austenitic steel with
low molybdenum content is used in this low-flux region to reduce the long-

term activation.

A two-loop coolant system is provided in the blanket to reduce the
consequences in the event of a loss-of-flow or loss-of-coolant accident.
One loop provides coolant for the first-wall and alternate tube banks in the
breeder region beginning with the first row of tubes. The second loop pro-
vides coolant for the second wall and the remaining coolant tubes in the
blanket. Under the reference plasma shutdown conditions, cooling provided
by either loop is sufficient to prevent excessive temperatures in all regions
of the blanket. The two-loop concept will also reduce the pressure release

and activation release in the event of a coolant-tube failure.

For plasma stability, an electrical conducting path equivalent to 2 cm of
stainless steel is required near the first wall, The conductivity of the
first wall and the neutron multiplier meets this requirement in the modules.
Bimetallic contacts between the modules are provided adjacent to the multiplier
region to complete the current path. Upon cooling, these contacts recess into

the module wall to allow for sector removal.

The inner blanket is similar in most respects to the outer blanket just
described. The major differences, which relate to the breeder zone thickness,
the reflector, and the coolant flow direction, are designed to minimize the
inner blanket/shield thickness. The breeding zone thickness is reduced from

46 to 35 cm and the graphite reflector is eliminated with a modest penalty
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on tritium breeding capability. Vertical coolant flow in the inner blanket
eliminates the need for manifolds in the back of the blanket module, thereby

improving the effective shielding capability of the inner blanket/shield.

2.3.7 Radiation Shielding System

The shield design in STARFIRE has evolved from a comprehensive approach
that involved the following considerations: (1) recognition of the importance
of the shield system and its impact on reactor component reliability, simplicity,
maintainability, and economics; (2) a full accounting of shielding considera-
tions in the selection process of key reactor subsystems from the early stages
of the reactor design; examples of this are the choices of the limiter instead
of divertor for plasma impurity control and exhaust and the selection of
lower-hybrid rf system for plasma auxiliary heating in preference to neutral
beams; and (3) comprehensive trade-off analyses for determining the material

composition and dimensions of the shield components.

The design criteria for the shield included: (a) protection of all
reactor components from excessive nuclear heating and radiation damage; (b)
the biological dose rate outside the shield at 24 h after shutdown should be
sufficiently low, ~ 1-2 mrem/h, to facilitate personnel access into the
reactor building; and (c¢) material composition and dimensions of the shields
were selected so that all reactor components, including the shields, outside

the blanket are recyclable within 50 years or less.

The shield system in STARFIRE consists of the blanket, primary bulk shield,
penetration shield, component shield, and biological shield. Table 2-14 shows
the material compositions and dimensions of the bulk shield (inboard and out-
board regions) and penetration shields., State-of-the-art analyses, including
multidimensional Monte~Carlo calculations, were performed for the reference

design.

The space problems in the inboard region have been resolved by trade-off
studies as discussed in Chap. 5. The inboard blanket/shield thickness, A;S,
is 1.2 m. This includes space for 9-cm vacuum gaps between the blanket and
shield, shield and TF coils and thermal insulation inside the TF vacuum tank;
3~cm vacuum tank (alloy Fel4Mn2Ni2Cr, referred to as Fe-1422) and 7-cm helium

vessel (stainless steel). The inner blanket is 37-cm thick and must breed
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tritium as the breeding margin with the solid breeder is small. The inboard
shield is 54 cm thick and consists of alternating layers of tungsten and boron

carbide with water for cooling and Fe-1422 for structure as shown in Table 2-14.

Table 2-15 shows the maximum radiation effects in the inboard section of
the TF coils. The maximum radiation-induced resistivity in the copper
stabilizer after 40 yr operation, is 2.2 x 10~10 Qem, assuming a magnet
anneal every 10 yr with 837% recovery. The maximum radiation dose in the

shield dielectric break is 7.4 x 107 Gy after 40 yr operation.

The outboard bulk shield is 1.1 m—thick. It includes 2-cm shield jacket
at the plenum region with the rest divided into three regions. The first
region, in the high flux zone, is 0.:5-m~thick and has a material composition
of 5% Ti alloy + 65% TiH, + 15% B4C + 15% Hy0. The second region, middle
zone, is 0.40-m—thick with the material composition as 707% Fe-1422 + 157 B,C
4+ 15% H,0. The third region, outer zone, is 0.18-m-thick of Fe-1422. At
reactor shutdown, the biological dose rate in the reactor building is ~ 130
mrem/h and is dominated by the contribution from the decay of 56Mn and >“Mn.
Due to the short half-life of °0Mn, the biological dose rate in the reactor
building decays very rapidly and reaches ~ 1.5 mrem/h at 24 h after shutdown.
These dose rates are calculated with all shielding in place. Although the
STARFIRE plans call for fully remote maintenance, the dose rate of 1.5 mrem/h
shows that personnel access into the reactor building with all shielding in
place is permissible within one day after shutdown. This provides a degree
of confidence in improving the plant availability factor, if desired, by

allowing some maintenance tasks to be carried out in contact or semi-remote

mode,

One of the important shield considerations is radiation streaming through
void regions that penetrate the blanket and bulk shield regions. In general,
the direct radiation flow in neutral beam ports, divertors, etc., has been
one of the primary sources of design complexity and shielding difficulties
in previous tokamak designs. In the STARFIRE design, a serious effort has
been devoted to minimizing possible design difficulties associated with
these penetrations. The STARFIRE design features the selection of a lower-
hybrid rf system in preference to a neutral beam heating system and a limiter
impurity control concept rather than divertors. A great advantage of the rf

and limiter/vacuum systems is the elimination of any direct radiation streaming
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Table 2-15. Maximum Radiation Effects in the TF Coil

(in the inboard region)

Maximum nuclear heating in the super- 1.54 x 1075
conductor (MW/m3)

Maximum nuclear heating in the helium 3.18 x 1073
tank (MW/m3)

Maximum nuclear heating in the vacuum 4.76 x 107>
tank (MW/m3)

Maximum dose in the electrical insulator(a)(Gy) 1.22 x 1017

Maximum dose in the thermal insulator(a) (Gy) 2.39 x 107
Maximum dose in the dielectric break(a)(Gy) 7.41 x 1017
Maximum fast neutron fluence (E > 0.1 MeV) 1.87 x 10721

in the superconductor (@) (n/m?)

Maximum radiation induced resistivity in 2.17 x 10710
the Cu stabilizer(a) (2-m)

(a) After 40 years of operation.
path from the plasma to the reactor exterior., These design features have
helped reduce the shielding problems to a manageable level and brought about

overall simplicity in the shield design.

Radiation streaming through the limiter duct increases the nuclear heating
rate by about a factor of 10 in a relatively small region of the bulk shield
(centered around the midplane). This presents no difficulty in the shield
design. The maximum nuclear heating in the cryopanels of the vacuum pumps

is ~ 0.3 kW/m3, which poses no difficult heat removal problems.

The STARFIRE design employs an rf-wave launching method for the plasma
heating as well as for the plasma current drive. From a radiation shielding
standpoint, the rf system is very attractive in that bends can be tolerated
in the rf ducts and also that the waveguide structural materials (PCA stain-

less steel in the reference design) along with the water coolant flowing



through the structure prevent, to a substantial degree, the direct radiation

flow from coming out through the waveguides.

In order to hinder radiation streaming into the plenum region, the duct
portion inside the plenum is completely surrounded by a O.,l-m thick Fe-1422
shield. In addition, the duct portion in the reactor room is fully shielded
by the same material of 0.15 m, which is aimed primarily at reducing the impact
of the rf penetration on the potential increase in the post-shutdown biological

dose inside the reactor building.

2.3.8 Radioactivity

The most important concern with regard to induced-activation is the pro-
duction of radioisotopes with very long half-lives (> 50 — 100 yr) in rela-
tively large volumes of materials; this results in (1) requirements for
permanent radwaste storage, and (2) depletion of some resource-limited ma-
terials. An important strategy for fusion reactor development, therefore,
is to avoid generating any large inventories of high-level, long-term acti-
vation products so that a majority of the reactor construction materials
could be recycled on a reasonably short time-scale, e.g., a human generation
of ~ 30 yr after component replacement or reactor decommissioning. This
strategy has been adopted in STARFIRE and has considerably affected the

material selection.

2,3,8.1 Component Activation and Material Recycling

The importance of the major radioisotopes has been examined in terms of
radioactivity and radioactivity-related parameters such as biological hazard
potential (BHP) in air and BHP in water. With regard to material recycling,
an effort has been devoted to establishing a criterion for potential material
recycling categorization. 1In addition to the conventional waste level classi-
fication by specific radioactivity concentration (Ci per unit volume), a
criterion based on the contact biological dose has been suggested and used

for the recycling analysis.

It is found that the magnitude of high-level, long-term radwaste from
STARFIRE is dominated by the PCA first wall/blanket structural material. It

is shown, however, that the average annual discharge rate of PCA from STARFIRE
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is only about 9.5 m3 (v 75 metric tons in weight) which is considerably less
than a typical annual discharge of high-level waste from an LMFBR of the same
power., Note that because the power density is lower in fusion than in fission
systems, the reactor material volume that is potentially activated is larger.
However, the degree of biological hazard potential associated with STARFIRE is
significantly lower. For example, the BHP-air of STARFIRE varies as air
volumes of 57 km3, 0.03 km3 and 0.004 km3 per kWth reactor power at post-
shutdown times of 1 yr, 100 yr and 1000 yr, respectively. These values are
compared to the corresponding BHP-air's of ~ 550 km3, ~ 100 km3® and 80 km3

in a typical LMFBR system.

Figure 2-10 shows the time-dependent radioactivity concentration contributed
by each constituent element of the PCA first wall structure, In addition
to the PCA activation, the radioactive products generated in the blanket come
from the ZrgPbj neutron multiplier and the LiAlO, tritium breeder. The long-
term activation of the LiAl0, breeder is governed solely by 2671 (half-life
of 7.2 x 103 yr) and its concentration is ~ 2 Ci/m?3 at times greater than a
few months after shutdown. Recycling of LiAlO, or Li is desirable and appears
to be technically feasible but needs to be addressed in future studies in

detail.

The activation level of most reactor components external to the blanket,
including the major penetration subsystems, decays to a category of low-level
waste in 30 yr at most. Thus, the potential for recycling of materials from
most reactor components is excellent. Table 2-16 classifies major reactor

components according to high (R) and low (N) potential for recycling the

material.

2.3.8.2 Decay Afterheat

The total decay-heat in the ZrgPby multiplier design is ~ 88 MW at shut-
down which is ~ 2,27% of the total reaction thermal power. This decay-heat
is reduced to ~ 40 MW within 24 hr, followed by a rapid decrease beyond that
time period, reflecting the decay of the most dominant radioactive isotope of
83zr (78 hr). Approximately half of the decay-power comes solely from the
ZrsPby activation decay. The decay heat from the alternate neutron multiplier

of beryllium is about an order of magnitude lower than that from ZrsPbj.
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Table 2-16. A Classification of STARFIRE Component Radioactivities

Component Mass (Mg) Class(a)

First Wall/Blanket

PCA 450 N
ZrgPby 329 R(b)
LiA10, 605 N-R
C 163 R
Bulk Shield 8770 R
Vacuum Shield 6688 R
TF-Magnets 6240 R
OH/EF-Magnets 1931 R
CF-Magnets 140 R
Support Structure 1852 R
Reactor Building 175400 R
(a) R: The contact biological dose rate at the surface of 1 m-diameter sphere
is below 2.5 mrem/hr within 30-50 yr after component replacement or
reactor decommissioning; the potential for recycling is high.
N: The biological dose is greater than 2.5 mrem/hr; the potential for
recycling is low.
(®

The dose is high but since it comes from Al, which can be chemically
separated, recycling potential for lithium is high.

2.3.8.3 Reactor Room Activation

Three different gases — air, nitrogen (N;) and carbon-dioxide (CO,) - were
considered for the reactor building. The magnitude of induced-activation was
compared for the three gases. It was found that the residual radioactivity
in both air and N, atmospheres is only about a factor of 4 lower than the current
maximum permissible concentration (MPC) for l4c,  The isotope !%C is produced
in both air and nitrogen via the (n,p) reaction. In addition, the activation
of argon in the air makes a large contribution during reactor operation and
for a short time after shutdown., The CO, activity is due largely to the
180(n,p) 18N reaction. The !®N isotope has a 7.1 s decay half-life. There-
fore, its activity decays very quickly (in about 10 minutes)., Beyond this
time period, the CO, activation is determined by the radiocactivity of lbe

which comes in this case from the 13C(n,y) reaction.



2.3.9 Heat Transport and Energy Conversion

The thermal energy deposited in the blanket, first wall and limiter
is delivered via the heat transport system to the steam power conversion
system where it is converted to electricity. Two separate heat removal
systems are utilized, a dual loop circuit for the blanket/first wall and a

single loop for the limiter.

The dual 'loop system was chosen for the blanket/first wall in order
to virtually eliminate the possibility of a complete loss of coolant in the
blanket, and to reduce the building over-pressure occurring as a consequence
of certain loss of coolant events. The primary coolant system consists of
piping and valves, pumps, pressurizers, steam generators, water makeup and
conditioning equipment, and instrumentation and controls. Inlet and outlet
ring manifolds are located beneath the reactor. Each circuit incorporates
two vertical straight—-tube-and-shell steam generators, two vertical single-
stage shaft seal pumps and a single pressurizer, all located within the
reactor building. The main piping and manifolds are about 1 m diameter, and
piping and valving are incorporated such that individual blanket segments, /
steam generators or pumps can be isolated from the rest of the system. -
Because of the steady-state operating mode, a thermal energy storage system
is not required, and tritium concentrations in the primary coolant are

maintained low enough such that an intermediate loop is not needed.

Primary coolant at 15.2 MPa (2200 psi) leaves the blanket at 320°C and
is returned at 280°C. The pressure drop through the system is about 1.0 MPa
(150 psi) and the electric power required to pump the primary coolant is

about 30 MW. .

The thermal energy deposited in the limiter, about five percent of the
total power, is transported via the single loop limiter feedwater circuit and
utilized for feedwater heating in the power conversion system. This system
incorporates piping and valves, pumps, a pressurizer, feedwater heaters, a
water conditioning system and the appropriate controls and instrumentation.
Water coolant at an operating pressure of 700 psi leaves the limiter at 145°C
and is cooled to 115°C in the feedwater heat exchangers. Coolant is trans-
ported via ring manifolds beneath the reactor and piping beneath the building

floor. The pumping power is less than 3 MW. As in the primary loop,
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system components are located within the reactor building and are mounted in
standard modules. This modularity approach is consistent with the total
remote, remove-and-replace maintenance philosophy for those systems which are

potentially contaminated with tritium or activated particulates.

When the reactor is shut down, initial cooling of the blanket and first
wall is provided by one of the primary loops. However, as the heat load
decreases and the coolant temperature drops, the residual heat removal system
takes over this task. This lower pressure system is plumbed into both of the
primary loops at the inlet and outlet ring manifolds so that cooling may be
provided through either of the primary loop blanket circuits. The system is
sized for a maximum heatload of 60 MW, the blanket and first wall afterheat

generation rate approximately 12 h after shutdown and the earliest time at

which blanket maintenance would begin.

2.3.10 Tritium Systems
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