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The purpose of the ORNL Fusion Power
Demonstration Study (Demo study) is to develop
a plan for demonstrating, in this century, the
commercial feasibility of fusion power based
on the tokamak concept, The two-year study
was initiated in FY 1976, and this interim
report summarizes the results for FY 1976.
Major results include:

1) the outline of a three-phase plan for

ABSTRACT

vii

demonstrating the commercial feasibility of
tokamak fusion power in this century;

2) a parametric analysis of tokamak costs
which provides the economic basis for the demon-
stration plan; and

3) a critical evaluation of the technolog-
ical directions, design approaches, and plasma
characteristics which serve as the technical
basis for the demonstration plan.



1.1 INTRODUCTION

The purpose of the ORNL Fusion Power
Demonstration Study is to develop a plan for
demonstrating, in this century, the commercial
feasibility of fusion power based on the
tokamak concept. The Fusion Power Demonstra-
tion Study (Demo study) was initiated in FY

1976 as a two-year study. This interim report

summarizes the results of the Demo study for
FY 1976. A final report will be issued at
the conclusion of FY 1977. )

In order to demonstrate commercial fea-
sibility, the technical and economic feasi-
bility of the tokamak concept for power gen-
eration must be clearly established through
successful operation of demonstration facili-
ties under practical utility conditions. A
plan for demonstrating commercial feasibility
must be based on technological directions,
design approaches, and plasma characteristics
which insure the economic competitiveness of
the tokamak concept as a power generation
system. However, not only must tokamak fu-
sion power be perceived as a desirable goal,
but also the cost and risk of achieving that
goal must be viewed as acceptable. Thus, the
cost of the technology and the facilities re-
quired for demonstrating commercial feasibil-
ity must represent acceptable risks to public
and private groups. If commercial feasibil-
ity is to be realized in this century, it is
our judgment that the number of new technolo-
gies and the number of facilities required
for demonstration must be minimized. In
carrying out the Demo study, we are emphasiz-
ing the application of current and near-term
technologies. It is our opinion that such an
approach will enhance the acceptability of
the plan for demonstrating commercial feasi-
bility without compromising the economic
potential of fusion power systems.

1. SUMMARY

Don Steiner

As a final point, it must be emphasized
that there is no unique set of technological
directions, engineering designs, or plasma pa-
rameters which offers promise for the demonstra-
tion of commercial feasibility. Several such
sets, no doubt, do exist. In this study we seek
to define one promising set of technologies,
design approaches, and plasma characteristics.
Thus, our objective is to develop a plan, not
the plan, for demonstrating commercial feasi-
bility.

1.2 ECONOMICS CONSIDERATIONS AND PLASMA

IMPLICATIONS :

In order to establish the economic poten-
tial of tokamak power plants, we are focusing
on both the plant costs and the operation and
maintenance costs. The plant costs are being
studied using a systems costing model. With
this model we are examining the impact of tech-
nology, engineering design, and plasma operating
characteristics on tokamak plant costs. In the
area of operation and maintenance costs, our
approach is to define and pursue those engineer-
ing design options which will maximize the reli-
ability of key components and facilitate the
maintenance of the tokamak system.

On the basis of our plant cost studies, it
appears that the tokamak concept can achieve
capital costs which are in the range of those
predicted for the Liquid-Metal Fast Breeder
Reactor (LMFBR). Moreover, uncertainties with
regard to the economic potential of tokamak
power plants are associated primarily with un-
certainties in the expected plasma physics per-
formance and not with foreseeable limitations
in the areas of technology and engineering. The
tokamak can achieve economic competitiveness
with the LMFBR if the following set of plasma
physics criteria is satisfied; again it is em-
phasized that the following set of criteria rep-
resents a promising set but not a unique one.



1. Size scaling. The tokamak plasma
should be capable of achieving ignition with
plasma radii in the range 1-2 m and for associated
toroidal fields on axis in the range 4.5-3.0 T.
This range of sizes and fields requires a size
scaling performance about an order of magni-
tude better than that predicted by full
trapped particle scaling and is consistent
with ignition requirements predicted by empir-
ical scaling relationships.

2. Beta. Under operating conditions.
point model calculations indicate that the
plasma average beta would have to be about
10-15%. The point model calculations do not
account for density and temperature profile
effects. When such effects are included, the
required value of average beta may be signifi-
cantly less than ~10-15%, perhaps ~5-10%.

Such values of beta are still high compared to
values obtained in current experiments but are
compatible with recent calculations of high
beta tokamak operation.

In addition to size scaling and beta,
successful solutions in the areas of impurity
¢ontrol, plasma heating, and plasma fueling
are critical to the economic competitiveness
of tokamak power systems. In the Demo studies,
we have assumed that successful solutions to
these problems can be achieved. However, we
are considering the impact of divertors on the
overall engineering design and the economics
of the tokamak power plant.

Assuming that the preceding plasma phy-
sics characteristics can be achieved, then a
commercial tokamak fusion power plant would
consist of multiple (2-5) tokamak reactor
units sharing a number of common elements.

Two key elements shared by these multiple

units would be the pulsed power supplies for
driving the plasma current and the pulsed

power supplies which provide the plasma supple-
mental heating.
duce about 2000 MW of thermal output power;

the precise value of the thermal output of
each unit would be determined both by plasma
physics considerations and by cost optimfzation

Each reactor unit might pro-

considerations. The following points are noted
with regard to the commercial tokamak fusion
power plant.

1. The capital cost trends for tokamak
power systems indicate that, at a fixed value of
beta, unit capital costs decrease with decreas-
ing plant size. This trend is contrary to the
cost trends of fission reactors for which unit
capital costs favor increased plant size.

2. The plasma characteristics required for
the rommercial units are essentially the same as
those required for an ignitian demonstration de-
vice. Thus, many of the components developed
for ignition demonstration will be prototypical
of the components required for commerc¢ial power.
This is an important observation and, as will be
noted fater, contributes to the possibility of
minimizing the number of facilities required for
demonstrating commercial feasibility.

3. The motivation for pursuing a—power
plant consisting of multiple reactor units tied
into a common pulsed electrical system is based
on our cost studies which show that the pulsed
electrical system of the tokamak represents
about 25% of the total plant cost. This con-
trasts with fission power plants in which the
electrical plant system cost represents only
about 5% of the total plant cost. The pulsed
electrical equipment is required to initiate the
plasma current and achieve plasma hecating and
operates for only a fraction of each cycle. For
example, with a 20-min burn time and a 1-min
downtime, the pulced equipment would be vperating
for only about 1% of the cvcle. Tt appears that
this pulsed equipment could be economically and
conveniently shared among several units.

4. The plant cost studies indicate that
neutron wall loadings in the vicinity of 2-4 MW/
m2 will result in near-optimum plant costs. Such
wall loadings must also lead to acceptable plant
availability and costs of operation and mainte-
nance. In our stﬁdies, we have reached the pre-
liminary conclusion that wall lifetimes of >5
years will not significantly impact the plant
availability. Therefore, it appears that inte-
gral wall loadings of about 10-20 Mw-yr/m2 should



be acceptable for the structural material
performance.

1.3 TECHNOLOGICAL CONSIDERATIONS

On the basis of our studies, it appears
that the technological requirements for com-
mercial tokamak fusion power can be satisfied
with the following technology base.

1. The blanket structural material. It
is our judgment that some type of austenitic
stainless steel will be capable of achieving
the desired 10-20 Mw-yr/m2 integral wall load-
ing. Moreover, the unique helium production

reactions associated with nickel-bearing
alloys in thermal neutron fluxes allow an ex-
cellent simulation of fusion reactor neutron
radiation effects in existing fission reactors.
Although much additional work will be required
to qualify an austenitic stainless steel for
use in commercial fusion power plants, we are
very enthusiastic about the prospects for
such an alloy. At the same time we recommend
continued work on refractory metals, especially
niobium- and vanadium-base alloys.

2. The blanket coolant. In pursuing the

choice of coolant, major emphasis was placed
on the coolant circuit being capable of opera-
ting at low pressure. On this basis, it
appears that sodium-potassium salts (of which
nitrate-nitrites, hydroxides, and chlorides
are candidates) offer the most promise. The
nitrate-nitrite salt mixtures have been used
most extensively in industrial applications,
and therefore they have been recommended for
primary consideration. These salt mixtures
exhibit relatively low melting points (~150°C)
and also they are relatively inexpensive
(~$1/kg). The salt thermal stability and
compatibility with iron-base alloys seem ac-
ceptable to temperatures of ~500°C. A devel-
opment program will be required to determine
the uTtimate acceptability of these salts in

a fusion reactor environment. We recommend
that helium and 1iquid 1ithium be pursued
concurrently as potentiai blanket coolants.

3. The breeding material. It appears that
1iquid 1ithium offers the greatest potential for
the breeding material. Lithium yields the high-

est flexibility with regard to tritium breeding.
It has good thermal properties and acceptable
chemical compatibility. Much further work is
still required in the areas of tritium recovery
and MHD effects. '

4. The power conversion system. The rec-

ommended power conversion system would consist
of a primary and intermediate salt loop coupled
to a conventional steam cycle. The primary pur-
pose of the intermediate heat transport loop is
to prevent pressurization of the low pressure
blanket by high pressure steam should there be a
tube leak in the steam generator. Assuming a
primary loop salt exit temperature of about 450°C,
a steam cycle thermodynamic efficiency of ~35%
can be achieved with this power conversion sys-
tem. The tokamak operates in a cyclic mode
(e.g., a 20-min burn time followed by a 1-min
downtime, yielding a duty cycle factor of 95%).
Salt storage tanks coupled to the intermediate
heat transport loop would provide the necessary
thermal storage to insure continuous power to
the line during the entire tokamak operating
cycle.

5. The coil system. It appears that super-

conducting coil requirements for the tokamak
power plant can be satisfied with NbTi as the
superconducting material. Moreover, it appears
that normal conducting coils may also be feasible
and desirable under certain conditions. For ex-
ample, the application of normal conducting coils
is not feasible for the toroidal field system of
tokamak reéctors which operate at low power den-
sity (~1 MW/m3 in the plasma) because, at low
power density, the fusion power output would be
comparable to the ohmic power losses in the coil
system. In order to get an acceptable power
balance, the thermal fusion power release should
be at least an order of magnitude greater than
the ohmic heating losses in the coil system. If
tokamaks can operate at high bower density

(~5-10 Mw/mé in the plasma) and if the required
field on axis 1s 1n the range 3.0-4.5 T, then it



appears that normal conducting toroidal coils
may be practical in some applications for re-
actor systems. Thus, it is our conclusion
that the major thrust of a superconducting
magnet development program should be directed
to NbTi and that serious consideration should
be given to the application and development of
normal conducting coils for use in tokamak re-
actor systems. Work should, of course, con-
tinue on advanced superconducting materials.
6. The pulsed electrigal system. It
appears that the primary energy storage re-
quirements of the poloidal field driving sys-
tem and the plasma heating system can be sat-
isfied with motor-generator flywheel sets
which are similar to those being proposed for
the Tokamak Fusion Test Reactor (TFTR). Ad-
vanced energy storage concepts, such as homo-

polar generators and superconducting energy
storage devices, have been proposed tor the
energy storage needs of tokamak fusion reac-
tors. However, our studies indicate that the
more conventional and currently available
technology of motor-generator flywheel sets
will be acceptable both on the basis of engi-
neering and economics considerations. The
advanced energy storage concepts should be
pursued, but they do not appear to be neces-
sary for commercial feasibility.

1.4 ENGINEERING CONSIDERATIONS

In order to maximize the reliability of
key reactor components and to facilitate the
maintenance of the tokamak power reactor, we
are pursuing the following engineering'design
options.

1. Blanket first wall design, A majar
issue associated with the question of fusion
power plant availability arises from a con-
sideration of the reliability of the blanket
first wall. The integrity of the first wall
will be determined by structural design cri-
teria which will account for probable failure
modes caused by hydraulic and thermally in-
duced stress. To provide a system with high
reliability, the design margin (the difference

between actual stress and allowable stress)
should be maximized. Moreover, since the effects
of radiation damage (such as loss of ductility)
are quite sensitive to the operating temperature,
it appears that the first wall reliability may
be significantly improved by operation at some-
what lower temperatures (e.g., ~400°C) than the
bulk of the blanket (e.g., ~500°C). The design
approach pursued in the Demo study with regard
to the blanket first wall therefore has been to
minimize thermal and hydraulic stresses in the
first wall and to operate the first wall at
such a temperature that ductility loss will not
be a serious limitation, while at the same time
achieving acceptable thermodynamic efficiency.

2. Blanket modular approach. In order to

minimjze downtime and facilitate maintenance,
the blanket design philosophy has been to seek a
modular approach which eases the problems of re-
mote maintenance. Thus, remute ndInlendnce has
been identified as a major objective and design
consideration in the development of the engineer-
ing design for the blanket configuration. In
this context, we are stressing sm$11, easily re-
placed individual blanket modules.

3. The vacuum topology. In tokamak reactor

designs, it is commonly assumed that the first
wall alsu serves das the major vacuum boundary
between the plasma and atmospheric pressure.

This usually requires that the first wall contain
hundreds to.thousands of Tineal meters of welds.
Should a pinhole leak develop in a radioactive
first wall, it is douhtful that it can he re-
paired without unreasonable difficulty. There-
fore, we are proposing that the tokamak reactor
system be enclosed in a vacuum building. This
completely changes the character of the first
wall surface ‘from one requiring absolute vacuum
integrity and an extremely long life expectancy
to one that need have only high pumping impedance
(it can be slightly leaky because the pressures
on either side are about the same) and a shorter
life requirement because it comes apart. It is
our opinfon that such an approach has significant
assembly, disassembly, and wepair advantages

over the vacuum first wall approach.



4. The app]icatioh of normal conducting

coils. As a]reqdy discussed, it may be possi-
ble that normal conducting coils can be ap-
plied in tokamak systems without significant
economic penalty due to power balance consid-
erations. Assuming that the plant costs asso-
ciated with normal coils are acceptable, it
appears that normal coils may offer certain
engineering advantages relative to supercon-
ducting coils, especially with regard to sys-
tem maintenance and repair. For example, nor-
mal coils might be placed around the neutral
beam injector ports. This would greatly ease
shielding problems at these positions relative
to the situation with superconducting coils.
Moreover, the normal coils could be built in
segments which could he disassembled rather
simply. This type of procedure would allow
relatively rapid access into the interior of
the tokamak system. In such a scheme, the
majority of the toroidal field coils would be
superconducting, and only a fraction of the
total coil set would be normal. We suggest
that the application of normal conducting
coils in tokamak reactors may, in certain
situations, offer significant engineering ad-
vantages relative to superconducting coils,
and therefore such applications should be
pursued further.

1.5 A PLAN FOR DEMONSTRATING COMMERCIAL

FEASIBILITY

On the basis of our studies, we recommend
the following plan for demonstrating, in this
century, the commercial feasibility of fusion
power based on the tokamak concept. Commer-
cial feasibility demonstration would involve
three phases beyond the TFTR: (1) an ignition
demonstration phase, (2) a power technology
demonstration phase, and (3) a commercial
prototype demonstration phase. The primary
theme of the recommended plan is that a given
site and facility should be developed to dem-
onstrate sequentially the ignition, power
technology, and commercial prototype phases.
Initially the program would be directed to

the construction of an electromagnetic facility
(coils, power supplies, etc.) which would serve
all phases of the demonstration program. The
purpose of the first phase would be to examine
ignition operation. Thus, this phase would not
be concerned with power conversion and tritium
breeding and recovery. In the second phase of
the program, power technology demonstration is
the main goal; this goal is similar to that of
the Clinch River Breeder Reactor Project. Tri-
tium breeding and power conversion components
would be added to the basic facility. Following
successful operation of this phase, additional
tokamak power units would be added at the same
site and tied into the sﬁng]e electrical plant.
During this phase, the facility would be demon-
strating commercial prototype operation.

We feel thal such a program is rational
because the plasma requirements for ignition
are essentially the same as those associated
with commercial plant operation. That is,
plasma physics does not indicate that succes-
sively larger devices must be constructed pro-
ceeding from ignition to power demonstration
and then to prototype commercial demonstration.
Based on our cost estimates, it appears that
such a program could be implemented in this cen-
tury with a total facility cost of approximately
$2-3 billion (in FY 1976 dollars). This does
not include engineering and contingency costs,
nor does it inciude development costs.

1.6 CONCLUSIONS

The ORNL Fusion Power Demonstration Study
has thus yielded two important conclusions.

1) Given successful resolution of several
plasma physics problems, the tokamak concept can
lead to a power plant with economic potential
comparable to that of the LMFBR.

2) The program required for demonstratiné
commercial feasibility can be achieved in this
century and seems to be acceptable in terms of
risk and cost when viewed relative to other pro-
grams for alternate, long-term energy sources.
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2.

2.1 INTRODUCTION

The economic potential of tokamak power
systems depends on technology, engineering,
and plasma operating characteristics. In
Sects. 4 through 9 of this report, we identify
technological directions and engineering ap-
proaches which enhance the economic potential
and the near-term feasibility of the tokamak
concept. On the basis of these technological
directions and engineering approaches, we have
formulated a model to investigate the capital
cost trends of tokamak power systems as a
function of plasma operating characteristics.
In this section we discuss the cost model, its
results, and the conclusions drawn from these

results.

2.2 THE MODEL

The model formulated to investigate the
capital cost trends of tokamak power systems
is composed of two parts, a component cost
scaling portion and a plasma parameter scaling
portion. The essential features of the model
are described below.

2.2.1 Component Cost Scaling

This portion of the model determines cost
as a function of system geometyry and plasha
characteristics. Existing cost estimates were

used to determine normalizing factors for the

various components of the tokamak power system.

In particular, extensive use was made of the
recent cost estimate by Westinghouse Fusion
Power Systems Division for the TNS (The Next
Step) reactor.
Tied upon because (1) it s tied to a near=
term device (scheduled for the 1980's), (2)
it draws upon the Tokamak Fusion Test Reactor
(TFTR) cost estimate in many cases, (3) it is
a detailed estimate, and (4) it is a well-
documented estimate.
was judged that cost estimates for other

For some components it

This estimate was heavily re-

ECONOMICS

R. L. Reid

fusion systems were more representative of power
systems than the TNS estimates. Estimates for
conventional power system components were based
on pressurized water reactor (PWR) cost estimates.
The assumptions adopted with regard to component
technology and engineering, sca]ihg, and cost
normalization are summarized below; the cost

equations are presented in the appendix.

2.2.1.1 Toroidal field (TF) coils

The toroidal field coils are assumed to be
superconducting,] layer wound coils cooled by
forced-flow supercritical helium. Depending on
the maximum field required, the conductor might
be a composite of multifilamentary NbTi super-
conductor in a Cu matrix or Nb3Sn superconductor
in a CuSn matrix. The winding would be supported
by interlayer stainless steel structure plus an
outer case. For the model, the cross-section
area of the winding was determined based on an
average current density of 1800 A/cmz. The case
thickness was conservatively sized to carry all
The

cost of the coil system was scaled as the eight-

the hoop stress developed in the winding.

tenths power of the stored magnetic energy and

makes no distinction between alternate conductors.
The eight-tenths power relationship was suggested
in Ref. 2.
large TF coils by General E]ectric3 and Westing-

Cost estimates taken from studies of

house4 tend to verify this scaling parameter.
The TF coil cost was normalized to the TNS cost
estimate,5 which assumes NbTi as the supercon-

ductor.

1. Note thét normal conducting TF coils are also
being'consideﬁed (see Secl. 7).

2. M. S. Lubell et al., The Economics of Large
Superconducting Toroidal Magnets for Fusion
Reactons, ORNL/TM-3927, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (August
1972).



3. Conceptual Studies of Toroddal Field Mag-
nets fon the Tokamak (Fusion) Experimental
Power Reacton, Final Repont, Contract Num-
ber E(40-1)-5154, General Electric Co.,
Energy System Programs Department, Sche-
nectady, New York (November 1976).

4. Conceptual Studies of Toroidal Field Mag-
nets fon the Tokamak Experimental Powen
Reacton, Final Repont, Contract Number E
(40-1)-5153, Westinghouse Electric Corp.,
Large Rotating Apparatus Division, East
Pittsburgh, Pennsylvania (October 1976).

5. W. B, Wond (LICC-ND Engineering Staff, Oak
Ridge, Tennessee), "TNS Cost Estimate,"
private communication, September 16, 1976.

2.2.1.2 “Poloidal field (PF) coils

The ohmic heating (OH) coils were assumed
to be superconducting (NbTi). The equilibrium
field coils and divertor coils were assumed to
be water-cooled copper coils. Cost was scaled
as a function of coil volume, which for a con-
stant current density varies as the product of
the major radius and the plasma current. The
PF coil cost was normalized to the TNS cost
estimate.6

2.2.1.3 Poloidal field driving system

Motor-generator flywheel sets were as-
sumed as the driving system for the PF coils.
Cost was scaled as plasma volt seconds and
was normalized to the TNS cost est1mate.S

2.2.1.4 Blanket

The blanket structure was assumed to be
an austenitic stainless steel. Liquid Tithium
was taken as the tritium breeding medium, and
a molten salt was taken as the coolant. Cost
was scaled as a function of blanket volume.
Blanket cost was normalized to an ORNL esti-
mate for the blanket designs discussed in
Sect. 4 (see Refl. 6).

6. E. S. Bettis {0ak Ridge National Laboratory,
Oak Ridge, Tennessee), "Demo Blanket and
Heat Transfer Systems Cost," private
communication, December 8, 1976.

2.2.1.5 Shield

The shield, located between the blanket and
the TF coils, was assumed to be water-cooled and
composed of stainless steel, lead, and borated
water. Cost was scaled as shield volume and was
normalized to the Argonne National Laboratory
(ANL) Experimental Power Reactor (EPR) estimated
shield cost.7

7. Weston M. Stacey, Jr., et al., Tokamak Ex-
perimental Power Reactun Cunceptual Desdign,
ANL/CTR-76-3, Argonne National Laboratory,
Argonne, I1linois (August 1976).

2.2.1.6 Neutral beams

The ncutral beame are of the positive or
negative ion type at energy levels in the range
of 100-200 keV. The beams are used only to heat
the plasma to the ignition temperature. Pulsed
power is supplied to the beam injector once each
cycle by the motor-generator flywheel sets.

Beam cost was scaled as the thermonuclear power
of the plasma (the power associated with the
14.1-MeV neutrons and 3.5-MeV alpha particlies)
and normalized to the TNS cost estimate.5

2.2.1.7 Vacuum system

The vacuum system was assumed to consist of
primary pumps similar in design to existing
commercially available cryosorption pumps
(although much larger) and conventional roughing
pumps. Cost was scaled as the torus surface
area, as suggested in Ref. 8. The vacuum system
cost was normalized to the ANL EPR cost esti-
mate.7



8. J. Sheffield and A. Gibson, Nucl. Fusion
15, 677 (1975).

2.2.1.8 Tritium system

The tritium system was assumed to consist
of equipment (1) to purify and recycle tritium
and deuterium for the plasma fuel cycle by the
use of uranium beds and (2) to recover tritium
from the Tithium in a breeding blanket by the
use of metal sorbents. Cost was assumed to
scale as the torus surface area. The cost of
the tritium system was normalized to the ANL
EPR cost estimate.7

2.2.1.9 Heat transport system

The heat transport system consists of a
steam generator, two molten salt loops (a pri-
mary loop- to remove the heat from the blanket
and an intermediate 1oob to isolate the low
pressure blanket from the high pressure steam),
and an energy storage system. The energy
storage system, which consists of Lanks to
store hot and cold salt, allows a constant
power input to the steam generator over the
entire tokamak operating cycle (see Sect. 9).
The cost of the heat transport system was
scaled as a function of the thermal power out-
put of the reactor. Thermal power consists of
the thermonuclear power of the plasma (14.1-
MeV neutrons plus 3.5-MeV alpha particles)
plus exothermic reactions in the blanket due
to neutron capture (4.8 MeV per fusion event).
Cost was normalized to an ORNL estimat¢6 made
for the heat transport system described in
Sect. 9.

2.2.1.10 Turbine

The turbine-feedwater system is of con-
ventional design. The system consists of a
high and low tandem compound turbine section,
feedwater heaters, a steam condenser, and a
mechanical draft cooling tower. Turbine and
steam system cost was scaled as the thermal
power output of the reactor to the eight-
tenths power.9 The cost was normalized to the

cost estimate for a 3285-MW(t) [1150-Mu(e)]
PMR.']0 A thermal efficiency of approximately
35% was taken as.typical of PWR's.

9. CONCEPT — A Computer Code fon Conceptual Cost
Estimates of Steam-ELectric Power Plants,
Phase IV Usen's Manual, ERDA-108 (June 1975).

10. Costs normalized using computer code de-

scribed in Ref. 9.

2.2.1.11 Conventional electric plant

The conventional electrical plant is assumed
to consist of equipment similar to that in a PWR
power plant. This equipment includes switchgear,
protective equipment, wiring coﬁtainers, and
power and control wiring. The cost of the con-
ventional electrical plant was scaled as fhe
thermal power output of the reactor to the six-
tenths power.9 The cost was normalized to an
estimate for a 3285-MW(t) [1150-Mu(e)] PWR.]O

2.2.1.12 Instrumentation and control (I&C)

Instrumentation and control cost was assumed
to be composed of a fusion-related I&C cost plus
the I&C cost associated with a conventional PWR
power plant. For the cost model, the I&C cost
was held fixed (i.e., independent of power out-
put) and taken to be equal to the sum of the I&C
cost for the TNS cost estimate5 and the cost
estimate for a 3285-MH(t) [1150-MH(e)] PHR.'°

2:2.1.13 Auxiliary systems

Auxiliary systems were assumed to be those
associated with fusion power plus the conven-
tional auxiliaries of a PWR plant. Fusion-
related auxiliaries include radioactive waste
handling equipment, remote servicing systems,
and ventilation systems. Conventional auxilia-
ries include air, water, and steam service sys-
tems, coolant volume control systems, etc. The
cost of the auxiliary system was held fixed and
taken equal to the sum of the cost estimate for
the TNS auxiliary system5 and the cost estimate
for a 3285-MW(t) [1150-MW(e)] PWR.
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2.2.1.14 Buildings

Buildings were assumed to consist of an
evacuated facility which would serve as the
reactor containment building and other con-
ventional buildings associated with a PWR power
plant. The cost of the containment building
was held fixed at $70 million. This is the
estimated current value of the Plum Brook
Vacuum Facility in Sandusky, Ohio, which is a
building of the approximate size necessary to
house the tokamak systems under consideration.
This current value is based on average escalation
rate of 6.5% annually applied to the original
1962 ¢ost ot ~$30 million.'? The cost of the
other buildings (i.e., turbine, administration,
etc.), was scaled as the eight-tenths power
of the thermal power output of the reactor9
and normalized to the cost estimate of a
3285-MW(t) [1150-MW(e)] PWR.

In all cost normalizations, engineering
and contingency costs were excluded. In some
cases the cost normalizations represent costs
for components constructed on a noncommercial
basis (e.g., the magnet coils and the neutral
beam injection systems); in other cases, the
cost normalizations represent costs for com-
ponents constructed on a commercial basis (e.g.,
the turbine-steam systems and the buildings).
Thus, the capital costs generated by the model
should be viewed as lying in the cost range
spanned by systems constructed on a noncommercial
basis and systems constructed on a commercial
basis.

1T. R. W. Werner, ORNL Fusion Power Demonstra-
Xion Study: Arguments forn a Vacuum Building
in Which %o Enclose a Fusion Reactor, ORNL/
IM-392/, Oak Ridge National Laboratory, Oak
Ridge, Tennessee (October 1976).

2.2.2 Plasma Parameter Scaling

In this portion of the model, a plasma
physics model determines the plasma radius and

field on axis required for ignition and opera-
tion, given specific values of neutron wall
loading, beta, aspect ratio, plasma elongation,
and Zeff‘ The model equations are presented in
the appendix. For the purposes of this study,
initial calculations were performed using the
trapped particle plasma physics model described
in Ref. 12. It is noted that this model is a
zero-dimensional model and does not account cor-
rectly for densify and temperature profile ef-
fects. This point is especially important when
considering beta and its relationship to fusion
power generation and is discussed in detail in
Sect. 3.
value of the average beta required for a given
fusion power output may be significantly less
than that determined by a zero-dimensional model
(see Refs, 13 and 14).

The plasma scaling relationships were nor-
malized to TNS design values presentad in Ref.
15. The major radius is determined from the cal-
culated plasma radius and the specified aspect
ratio. The TF coil radii are defined from the
calculated plasma radius and specified values of
(1) the distance from the plasma edge to the TF
coil and (2) the TF coil elongation, which is
the ratio of the vertical to the horizontal bore.
Thermonuclear power during the burn (14.1-MeV
neutrons plus 3.5-MeV alpha particles) is deters
mined from wall loading, plasma radius, major

When profiles are accounted for, the

radius, and plasma elongation. Burn time is
scaled as a function of plasma volt seconds,
plasma resistance, plasma current, and the flux
swing capability of the OH coil. The flux swing
of the OH coil depends on the specified field in
the coil (set at 7 T for this study) and the bore
of the OH winding, which in turn depends on the
major radius and TI eail radius. Cycle average
thermal power is computed from the burn time, the
thermal power during the burn (thermonuclear
power plus exothermic reactions in the blanket),
and an assumed downtime of 1 min between cycles.
See Sect. 3 for a more detailed discussion of

the duty cycle assumptions.



12. D. G. McATees et al., Plasma Engineering
in a Dewterium-Tritium Fueled Tokamak,
ORNL/TM-5573, Oak Ridge National Labora-

tory, Oak Ridge, Tennessee {October 1976).

13. J. Kesner and R. W. Conn, Space Dependent
Effects on the Lawson Crniternia, the Igni-
tion Condition, and Thermal Equilibria in
Tokamaks, UWFDM-155, Nuclear Engineering
Department, lniversity of Wisconsin,
Madison, Wisconsin (December 1975).

14. Y-K. M. Peng and J. A. Holmes, Enengy
Balance Estimates for TNS, to be pub-
lished as an ORNL/TM.

15. TNS Engineening.Progress Report for the
Month of August 1976, WFPS-TN-025,
Westinghouse Electric Corp., Fusion
Power Systems Division, Pittsburgh,
Pennéy]vania (September 1976).

2.3 RESULTS

2.3.1. Cost Comparison with Published

Cost Estimates’

The component cost scaling portion of the
model was used to generate coSts for the ANL
and the General Atomic Co. (GA) EPRAdesigns'
for which cost estimates are available (Refs.
7 and 16). These cost comparisons, listed in
the subsystems format of the ANL and GA cost
Note that
these cost estimates do nnt include engineer-

estimates, are shown in Table 2.1.

ing and contingency costs.

As shown in Table 2.1, the costs pre-
dicted by the model are approximately 25%
greater than the ANL estimate and approximate-
1y 45% greater than the GA estimate. The ob-
served differences in total cost are due pri-
marily to differences in the areas of magnet
The ORNL

model predicts magnet costs greater than
~either the ANL or GA estimates by about a
At present, this difference is

cost and electrical plant cost.

factor of two.
not understood because details are not avail-
able on the ANL and GA estimates. The model
also predicts higher cost for the electrical

1

plant; this variation is partially attributed to
The ORNL electrical
plant cost is based on motor-generator flywheel

the technology assumed.

sets for which a reasonably firm cost base

exists, while the ANL and GA electrical plant
cost estimates are based on the more advanced
concept of homopolar generators, which are as-
sumed to be less expensive than the motor-

generator flywheel sets.
established cost base for homopolar generators.

However, there is no

16. Expenimental Fusion Power Reactor Concep-
tual Design Study, GA-A14000, General
Atomic Co., San Diego, California (July
1976).

2.3.2 Parametric Results

Using the plasma scaling portion of the
model to generate plasma radii and fields on
axis, the model was exercised to examine the
variation of plant cost as a function of tokamak
design parameters for ignited p]asmas.]7 The
results are presented in Figs. 2.1 through 2.14.
The following operating plasma parameters were
held fixed throughout this study and are simi-
lar to TNS design va]ues:]

1) safety factor q = 3.0,

2) electron temperature Te = 14.6 keV,

3) ion temperature Ti = 13.5 keV,
4) Zgge =1 _
In this phase of the Demo study we have focused
on the variation of plant costs with neutron wall
loading, beta, aspect ratio, and plasma elonga-
In the next phase of this study, we will
investigate the sensitivity of plant costs to
Note that the cost
estimates are presented on the basis of dollars
per kilowatt thermal instead of dollars per kilo-
watt electric.

tion.

other system parameters.

Thermal power was adopted be-
cause the efficiency of the power conversion
system (Sect. 9) has yet to be demonstrated. It
is also noted that the efficiency of power con-
version systems for alternative advanced power



Table 2.1. Cost scaling comparisona

ANL EPR
ORNL model
prediction
Subsystem
Buildings 78
Blanket 13
Shield 31
Magnet. system 227
Neutral beams 18
Vacuum system-and Liilium
facilities 88
Heat transport system 29
1&4C 25
Auxiliary systems 54
Turbine plant 29
Electrical plant 176
TOTAL 768

%A11 amounts are given in miTlions of dollars.

systems, such as the LMFBR and solar systems,
has yet to be demonstrated.

Figures 2.1 through 2.7 were generated with
the following parameters held constant:

1) aspect ratio A = 4.0 (similar to TNS),

2) plasma e1ongat1‘on'cp = 1.6 (similar

to TNS),

3) distance from the plasma edge to the
TF coil & = 2.0 m (consisting of a
10-cm plasma scrape-off space, a 75-cm
blanket, a 30-cm space between the
blanket and the shie]d; a 60-cm shield,
and a 25-cm space between the shield
and the TF coil),

4) TF coil elongation (vertical bore/

" horizontal bore) opp = 1.35.

Figure 2.1 shows the effect of beta and
neutron wall loading on plant capital cost per
kilowatt of thermal output (i.e., unit capital
cost) during the burn portion of the tokamak

cycle.

GA EPR
ANL ORNL model GA
estimate prediction estimate
72 76 a4
27 7 26
31 19 10
106 208 95
?5 12 20
88 75 42
30 18 43
27 25 5
55 54 46
33 20 26
ns 223 101
609 737 508

- Figure 2.2 shows the effect of beta and neu-
tron wall loading on unit capital cost averaged
over the tokamak cycle.

Figure 2.3 shows duty factor (burn time/
cycle time) as a function of neutron wall loading
and beta. .This figure is based on the assumption
Lhal burn time 15 Timited only by the volt second
capability of the OH coil.

Figure 2.4 shows required plasma radius as a
function of beta and neutron wall loading.

Figure 2.5 shows reactor thermal power as a
Both
the cycle average power (dashed line) and the
power during the burn (solid line) are presented.
Cycle average power is the product of the power
during the burn and the duty factor of Fig. 2.3.

Figure 2.6 shows unit capital cost as a
function of power level and beta.

function of beta and neutron wall loading.

Figure 2.7 shows required field on axis as a
function of beta and neutron wall loading.
Figures 2.8 and 2.9 show the effect of
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Fig. 2.1. Unit capital cost (based on

thermal power during the burn) as a.function
of neutron wall loading and beta.

aspect ratio and neutron wall loading on unit
capital cost averaged over the cycle at constant
values of beta of 0.15 and 0.05, respectively
(4, Ops and |, are constant).
plasma radius, a, and field on axis, BT’ are
also included in Fig. 2.9 (beta = 0.05) to show

the effect of aspect ratio on these parameters.

The required

Figures 2.10 and 2.11 present the relation-
‘ship between plasma elongation, neutron wall
loading, and unit capital cost (without and with
duty factor effects, respectively) at a constant
beta of 0.15 (& and A are constant).

Figures 2.12 and 2.13 show unit capital
cost (without and with duty factor effects,
‘respectively) as a function of plasma elonga-

13

ORNL-DWG 77-3721

1000 —

; A=4.0
op=1.6
O'TF=1.35

_ 900 |- A=20m

w

Q

< B=.05

x

w

Z 800

-

<

=

o

¥ 700

[

-

-

s

S 600 ;- -

=

4 A0

~

-

w

8 500 |-

-

2 45

a

I 400 - .20

300 | ] | A _ 1
o i 2 -3 4 5

NEUTRON WALL LOADING MW/m?2

Fig. 2.2. Unit capital cost (based on
cycle average thermal power) as a function of
neutron wall loading and beta.

tion and beta for a constant neutron wall
loading of 2.0 Mw/m2 (A and A are constant).

Figure 2.14 is a crossplot of F{gs. 2.12
and 2.13 and shows the values of beta required
to maintain a constant unit capital cost of
$460/kW(t) and $560/kW(t), both on a burn and a
cycle average basis, as a function of plasma
elongation at a constant neutron wall loading of
2.0 MW/m2 (A and A are constant).

17. Note that these are operating points and

not just ignited points. After ignition,
the plasma will underyo a thermal excursion

-to a stable operating point (see Sect. 3).
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2.4 DISCUSSION

2.4.1 Implications of Results

2.4.1,1 Beta

Beta has a major impact on unit capital
-cost, as evident from Figs. 2.1 and 2.2. For
cxample, as bLela decreases from 10% to 5%, a
factor of two decrease, unit capital cost in-
creases by ~35-40%.

values uf beta presented in this study are

As previously noted, the

consistent with a zero-dimensional trapped
particle plasma physics model which does not
account for density and temperature profiles.
When profiles are accounted for, the required
values of beta may be significantly less. For
example, a recent calculation for TNS]4 '
indicated that, when profiles are accounted
for, the required beta (at the plasma operating
condition) decreased from 0.14 to 0.085, a 40%
Also, in the UWMAK-III design, when
profiles were accounted for, the required value
of beta decreased from 0.083 to 0.058, or

approximately 30%.]8

reduction.
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Fig. 2.4. Plasma radii associated with the

cost curves of Fig. 2.1. These radii yield ig-
nition on the basis of the trapped particle
gcaling model adupted {n this study.

.|§.' UWMAK-TTT, A Non-Cincufan Tohamak Power

Reacton Design, UWFDM-150, Nuclear Engineer-
ing Department, University of Wisconsin,
Madison, Wisconsin (July 1976).

2.4.1.2 Neutron wall loading

Neutron wall loading initially has a strong
effact on capital cost al wall loadings of
1 Mi/n?, but this effect diminishes with in-.
creasing wall loading. For example, Fig. 2.1
shows, at a constant beta of 0.15, that in-
creasing the wall l1oading by a factor of twu
from 1.0 Mw/m2 to 2.0 MW/m2 causes a decrease in
unit capital cost from $560/kW(t) to $440/kW(t),
a 21% reduction. An additional factor of two
increase in neutron wall loading, from 2.0 Mw/m2
to 4.0 Mw/mz, reduces unit capital cost from
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(dashed line) as a function of neutron wall the center column radius of the torus goes to
loading and beta.

zero.
$440/ku(t) to $380/kW(t), a 14% reduction. It 19, T. E. Shannon et al., Oak Ridge Tokamak
is noted from Fig. 2.1 that the capital cost Experimental Powen Reactorn Study — 1976:
of a tokamak power reactor favors high beta Part 5, Engineering, ORNL/TM-5576, Oak Ridge
and wall loadings in the range of 2-4 Mw/mz. National Laboratory, Oak Ridge, Tennessee
Wall loadings beyond 4 MW/m2 reduce cdpital (February 1977).

cost very little, yet decrease wall life and
thus increase plant operating costs. It is

suggested in Ref. 19 that wall lifetimes of 2.4.1.3 V°1t second Timitation

approximately five years and more will not The increase in unit capital cost observed
significantly reduce the plant capacity factor. by comparing Fig. 2.2 to Fig 2.1 results from
Therefore, it appears that integral wall load- the consideration of the volt second limitation
ings of 10-20 Mw—yr/m2 would be adequate for of the OH coil on burn time and the corres-

the blanket structural material. It is noted ponding influence on duty factor, which is

that the curves.of Fig. 2.1 were generated for defined as the ratio of plasma burn time to

wall loadings between 1.0 MW/m2 and either the time required for a complete tokamak
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_Fig. 2.7. Plasma fields on axis associat-
ed with the cost curves of Fig. 2.1. These
tields on axis yield ignition on the basis of
the trapped particle scaling model adopted in’
this study.

cycle. For this study, the cycle downtime was
assumed to be 1 min. The volt second capahil-
ity of the OH coil depends on the field in the
coil, set at 7 T for this study, and on the
bore of the OH coil, which varies primarily as
a function of the plasma radius and the aspect
ratio. Duty factor as a function of beta and
neutron wall loading (for constant aspect
ratio and plasma elongation) is shown in Fig.
2.3.

The volt second capability of the OH coil
may not be the Timitation on duty factor be-
cause the burn time may be set by other con-
siderations, such as impurity accumulation in
the plasma. The intent of Fig. 2.2 is to
show the potential impact of engineering and
Lechnology on plant costs.

The unit capital cost of Fig. 2.1 is based

CAPITAL COST/ KILOWATT THERMAL (AVERAGE)
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Fig. 2.8. Unit capital cost (based on cycle
average thermal power) as a function of neutron
wall Tnading and aspect ratio at a constant beta
of 0.15.

on power output during the burn and is thus inde-
pendent of duty factor. The unit capital cost of
Fig. 2.2 is based on cycle average power (the
unit capital cost of Fig. 2.1 divided by the duty
factor) and is the more ﬁeaningful quantity to
use when comparing tokamak cost with the cost of
steady-state power plants.

2.4.1.4 Plasma radius

The required plasma radius for self-
sustaining operation is shown in Fig. 2.4
as a function of beta and neutron wall loading
for a constant plasma elongation of 1.6 and a
constant aspect ratio of 4.0. This figure indi-
cates that a plasma radius in the range of 2-1 m
is associated with wall loadings in the range of
2-4 Mw/mz. This curve also indicates that for
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Fig. 2.9. Unit capital cost (based on
cycle average thermal power) as a function of
neutron wall loading and aspect ratio at a
constant beta of 0.05. Required values of
plasma radii and fields on axis are indicated.

constant beta, uﬁit cabita] cost decreases with
decreasing plasma radius. AL constant beta,
thermal power also decreases wifh‘blasha radids,
as is evident from Fig. 2.5. However, at con-
stant beta, the unit capital cost decreases with
power level, as shown in Fig. 2.6. This trend
is contrary to the cost trends of fission
reactors, in which cépita] cost favors increased
output.

2.4.1.5 Field on axis

The required field on axis is shown in Fig.
2.7 as a function of beta and neutron wall
loading. These plots are for a constant plasma
elongation of 1.6 and a constant aspect ratio
of 4.0. According to this figure, fields on.

B=.15 ORNL VG 773714
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Fig. 2.10. Unit capital cost (based on
thermal power during the burn) as a function of
neutron wall loading and plasma elongation at a
constant beta of 0.15.

“axis of 3.0-4.5 T are associated with wall

Toadings in the range of 2-4 MW/mZ. These

fields are low enough that Nb3$n superconductor
may not be required.in the toroidal field

winding; thus, Nbli siiperconductur may be

adequate for commercial fusion power. However,

an additional consideration for Nb3Sn is that it_'
can be used at higher temperatures, thus pro-
viding greater stability and reduced refrigera-
tion cost.

2.4.1.6 Aspect ratio

The optimum aspect ratio, for a beta of
0.15, "is approximéte1y°4.0, as shown in Fig, 2.8
(plasma elongation, TF coil elongation, and A
con§tahtf. This optimum aspect ratio occurs at a
wall loading of approximately 3.0 MW /m°. Using
a higher aspect ratio, say 6.0, increases the
unit capital cost slightly, but does allow
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Fig. 2.11. Unit capital cost (based on
average thermal power) as a function of neu-
tron wall loading and plasma elongation at a
constant beta of 0.15.

operation at a higher wall loading (4.0 Mw/mz)
before the effect of duty factor causes the unit
capifa] cost to start increasing with wall -
loading. (Increasing the aspect ratio, at the
same wall loading and beta, provides a larger
center column radius and therefore a greater
volt second capability for the OH coil.) Figure
2.9 is a plot similar to Fig. 2.8 except that it
is for a constant beta of 0.05. For this value
of beta, the minimum unit capital cost occurs at
an aspect ratio of approximately 6.0 and a neu-
tron wall loading of 1.6 Mw/mz. Note that the

required plasma radius and the field on axis are

also indicated on this plot to show the varia-
tion of these parameters with aspect ratio. In
general, for about the same unit capital cost,
one can choose to operate with a higher aspect
ratio, higher field on axis, higher wall loading,
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Fig. 2.12. Unit capital cost (based on ther-
mal power during the burn) as a function of beta
and plasma elongation at a constant ncutron wall
loading uf 2.0 Md/m=,

and smaller plasma radius, or with a lower
aspect ratio, lower field on axis, lower wall
loading, and larger plasma radius. The latter
configuration wauld operate with a longer wall
1ife, more thermal power, and have a greater
total capital cbst.

2.4.1.7 Plasma elongation

Increasing the plasma elongation at constant
beta.and aspect ratio increases unit capital
cost, as shown in Figs.-2.10 and 2.11. However,
it is theorizedzo’Z] that an elongated plasma has
the beneficial effect of allowing a higher value
of beta to be achieved. The difference between
Fiys. 2.10 and 2.11 1s again the effect of duty
factor. The unit capital cost of Fig. 2.10 is
based on power output during the burn, while
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Fig. 2.13._ Unit capital costs (based on
cycle average thermal power) as a function of
beta and plasma elongation at a constant neu-
tron wall loading of 2.0 MW/m2.

the unit capital cost of Fig. 2.11 is based on
cycle average power {i.e., power during the
burn times the duty factor). Note that for-
these figures the TI coil clongation is not
constant, but varies as a function of the
plasma elongation through the relationship that
by = 2.0 m and A, = 2.35 m (AH and A, are the
distances from the plasma edge to the TF coil
in the horizontal and vertical directions,
respectively).

The effect of plasma elongation and beta
on unit capital cost at a constant neutron wall
loading of 2.0 Mw/m2 is shown in Figs. 2.12
through 2.14. The effect of duty factor is
the difference in the unit capi;al cost of
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. Fig. 2.14. Beta required to maintain a con-
stant unit capital cost as a function of plasma
elongation at a neutron wall loading of 2.0 MW/
m2. Lines of unit capital cost of §4so/kw and"
$560/kW on the basis of both the thermal power
during the burn (solid line) and cycle average
thermal power (dashed 1line) as shown.

Figs. 2.12 and 2.13. Figure 2.14 is a cross-
plot of Figs. 2.12 and 2.13, and shows the beta
required to maintain constant unit costs of $460
and $560 per kilowatt thermal with and without
the effect of duty factor (solid lines are based
on thermal power during the burn and dashed lines
are based on cycle average power). For exampie,
increasing plasma elongation from 1.0 to 2.0
requires an increase in beta from 0.12 to p.]é
(~30% increase) to maintain a constant cycle
average unit capital cost of $460/kW(t) (at a
wall loading of 2.0 MW/mZ).
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20. J. F. Clarke, High Beta Ffux-Conserving
Tokamaks, ORNL/TM-5429, Oak Ridge Nation-
al Laboratory, Oak Ridge, Tennessee (June
1976).

21. S. 0. Dean et al., Status and Objectives
of Tokamak Systems fon Fusion Reseanrch,
WASH-1295, United States Atomic Energy
Commission, Washington, D.C. (1974).

2.4.2 Representative Parameters for a Power
Reactor

For the purpose of subsequent discussions,
a representative set of parameters was chosen
for a power reactor. System parameters and
costs are given in Tables 2.2 and 2.3. This
is not an optimized reactor but one chosen from

our studies for illustration..

Table 2.2. Design parameters for a
tokamak power reactor

Beta, B 0.15
Neutron wall loading, L 3.0 MW/m?
Safety factor, q 3.0
Aspect ratio, A : 4.0
Delta, 4 2.0m
Plasma radius, a 1.5 m
Plasma elongation, o 1.6
Plasma volume, V 426 m
Wall area, A, 474 n?
Field on axis, BT 3.6 T
TF coil clongation, orr 1.35
TF coil horizontal bore 7.0 m
TF coil vertical bore 9.4 m
Burn time, TB 20 min
Duty factor 0.95
Thermal power (burn}, PB 2260 MW(t)
Thermal power (average), Pa 2150 MW(t)
Thermal efficiency,? ny ~0.35

45ee Sect. 9.

Table 2.3. Capital cost (in 1976 dollars) for a
representative tokamak power reactor [single
unit plant producing 2150 MW(t)]

Subsystem Cost (in millions)
Reactor system $265
Heat.transport system 102
Turbine system 80
Auxiliary system and maintenance 99
Buildings 90
Electrical plant 242
1&C _ 25

TOTAL $903

Cost/kW(t) (capital only) $420

Once again it is emphasized that the

- costs shown in Table 2.3 do not include engi-

neering costs, interest during construction,
contingency, return on investment, ar ather
such indirect costs. '

Several of the cost components discussed
in Sect. 2.2 were grouped into systems for
presentation in Table 2.3. These systems

include the following components.

1) Reactor system.

The reactor system includes the TF coils,
the PF coils, the divertor, the neutral beam
injection system (excluding the electrical
power supplies), the blanket, the shield, and
the vacuum system.

2) Electrical plant.

The e]ectrfca] plant includes pulsed
power equipment for the PF coils and neutral
beams plus the required conventional electri-
cal equipment.

3) Auxiljary systems and maintenance.

These areas include tritium processing
equipment in addition to those items discussed
in Sect. 2.2 for thic cost category.



2.4.3 Shared Facilities and Multiple Units

One of the major cost items for a tokamak
reactor is the electrical plant, as indicated
in Table 2.3. For the representative reactor
design this item constitutes approximately
27% of the total capital cost. The majority
of this cost, 24% of the total, is for the
pulsed electrical equipment required to induce
current in the plasma and to heat the plasma
to the ignition Ltemperature. This is a cyclic
operation and for the representative reactor,
it occurs about once évery 20 min. The plasma
current is induced by a current driven through
the OH coil for a duration of appﬁoximate]y 2
sec. The plasma is heated by the injection of
approximately 100 MW (in the case of the rep-
resentative reactor) of high energy neutral
beams into the plasma for approximately 5-10
sec.
to drive the plasma current and to provide the

Large pulsed power supplies are reqqired

high energy beams.

The expensive pulsed electrical plant of a
tokamak power facility lies dormant during most
of the cycle; therefore, the concept of multiple
tokamak units tied into a common pulsed electri-
cal plant appears attractive. As an example,
two units of the representative reactor of 2150
MW(t) [750 MW(e)] at one site, each sharing one
central pulsed electrical plant, would be a pos-
sible configuration. Such a configuration would
reduce the total averagé capital cost for a
single reactor unit from $903 million to $795
million and would reduce capital cost per thermal
kitowatt from $420 to $370. Table 2.4 shows

system capital costs for this multiunit config-
~ uration. (These systems contain the same cost
elements as those defined for Table 2.3.) Table
2.4 also shows the effect of clustering three
and five 2150-MW(t) units around a single pulsed
elactrical plant,

In addition to the pulsed electrical plants,
other equipment could be shared if the single
site, multiple unit concept is adopted. This
might include:

+ switchyard and transmission lines
« much of the large maintenaince equipment

21

tritium processing plant
+ helium refrigeration
- gas reprocessing plant (D-T recycle)
. feed pellet production facilities
. éooling towers for waste heat
. computer for instrumentation
radioactive waste storage
feedwater treating plant

. administrative overhead (security, office,
etc.)

- railroad spur and handling facilities

spare parts, coils, blanket modules; and
strategic items

machine shop
maintenance crew

- building ventilation and control system
standby emergency system.

The sharing of such equipment could lead to
further reductions in unit capital costs.

2.5 COsT COMPARISON WITH THE LMFBR

As indicated previously, the capital
costs estimated by the model should be viewed
as lying in the cost range spanned by systems
constructed on a noncommercial basis and sys-
tems constructed on a commercial basis. In
order to compare the estimated tokamak capital
costs with cost estimates for the Liquid-Metal
Fast Breeder Reactor (LMFBR), the arguments of
Levenson et a1.22 have been adopted to estab-
lish the cost range spanned by LMFBR systems
constructed on a noncommercial basis and

'LMFRR systems constructed on a commercial

basis. This cost range was established as
described below.

-The capital cost for a noncommercially
constructed LMFBR is represented by the cost
estimate for the 975-MW(t) Clinch River
Breeder Reactor Plant (CRBRP) which is $506
million (in 1974 doHars).22 This cost esti-
mate does not include engineer%ng and contin-
gency costs. To escalate from mid-1974 dol-
lars to mid-1976 dollars, a factor of 1.24 was

used (based on the cost index data of the
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Table 2.4. Capital cost for a multiunit power reactor® (1976 millions of dollars)

Number of units

Thermal power (MW)
Reactor system

Heat transport system
Turbine system

Auxiliary and maintenance systems

Buildings

Electrical plant

1&C
TOTAL COST
$/kW(t)

%y1sed electrical plant

2 3 5
4300 6450 10750
530 795 1325
204 306 510
160 240 400
198 297 495
180 270 450
271 300 358
50  _75 125
1590 2283 3663
370 354 341

cost only i5 reduced due tu clustering.

No other shared cost is assumed.

July 1976 Handy Whitman Bulletin). The adjusted
CRBRP capital cost, after adding escalation, is
$627 million (in 1976 dollars) which is equiva-
lent to ~$650/kW(t). This value is shown in (
column 1 of Table 2.5. Column 2 shows CRBRP
cost scaled to power ratings of 2150 and 4300
MW(t).
capital costs vary as the 0.65 power of the
thermal ratin_q.22 Following the ohservations of

These costs were scaled assuming the

Levenson, we assume there is a reclative cost
factor uf 2.0 when one compares the cost of
fission reactors constructed on a noncommercial
basis with the cost of fission reactors construc-
ted on a commercial basis. The costs for the
commercié11y constructed LMFBR, shown in column
- 3 of Table 2.5, were generated by applying a
factor of 2.0 reduction to the power-scaled
CRBRP. costs in column 2.

The estimated capital costs of the repre-
sentalive Luokamak plants are given in column &
for a single 2150-MW(t) system and in column 5
for a two-unit, 4300-MW(t) cluster with shared
pulsed electrical equipment.

Based on the cost estimates shown in Tablc
2.5, it appears that the estimated tokamak power
systems lie in the range spanned by the noncom-
mercially constructed and the commercially
constructed LMFBR systems. For example, the

capital cost per kilowatt thermal is $420 for
the tokamak which lies in the range $490-$245
spanned by the LMFBR at the 2150-MW(t) level.
At the 4300-MW(t) Tevel, the tokamak cost
estimate is $370 and the LMFBR range is $380-
$190 per kilowatt thermal.

The following observations are made con-
cerning the capital cost comparison of
tokamaks wiilh Lhe LMFBR.

1) Tokamak capital cost.cstimates are
more uncertain than LMFBR capital
cost estimates

2) The tokamak capital costs given in
Table 2.5 should be viewed as rcpre-
gsentative and rertainly nut as opti-
mized with respect to costs or unit
size.

3) The factor of improvement which
might he gained in progressing from
prototype to commercial units is not
known for either the LMFBR or the
tokamak.

4) Multiple unit operation favors
tokamaks with regard to capital
costs.

22. M. Levenson et al., Nucl. News (April

1976).



Table 2.5.

23

Capital cost comparison between LMFBR and representative

tokamak plants (in 1976 dollars per kilowatt thermal)

Noncommercially Commercially Tokamak Tokamak
constructed constructed (single unit), (2-unit cluster),
LMFBR LMFBR 2150 MW(t) 4300 MW(t)
CRRRP CRBRP scaled
650 490 [at 2150 MW(t)] 245 420
380 [at 4300 MW(t)] 190 370

2.6 A ROUTE TO DEMONSTRATING COMMERCIAL
FEASIBILITY
Based on our studies, it is recommended
that a single site, multiple unit concept be
adopted to demonstrate commercial fusion power.
(1) an ignition
demonstration phase, (2) a power technology

This plan has three phases:

demonstration phase, and (3) a commercial
prototype demonstration phase.

During the ignition demonstration phase, a
central pulsed electrical plant would be built
to provide pulsed power for all the units. Con-
currently, a single tokamak would be built and
connected to the central pulsed electrical plant.
The single tokamak would be an ignition device
and would consist primarily of a torus, a shield,
TF coils, PF coils, neutral beam injectors, and
a divertor system. The TF coils would be sized
to accommodate a blanket in the next phase.

During the power technology demonstration
phase, a blanket, a heat transport system. a
turbine system, and a tritium breeding system
would be added to the ignition demonstration
tokamak. Electrical power produced during this
phase could be fed into a commercial grid.

During the commercial prototype demonstra-
tion phase, additional identical units would be
added and tied into the central pulsed elec-
trical plant.
ing 1500-3000 MW(e), and commercial prototype
operation would be demonstrated.

A gingle site might be produc-

The number
of units and the power level would be deter-
mined by both plasma physics considerations
and system optimization considerations.

The above sequence has several major
advantages. '

1) The plasma physics requirements are
the same for the ignition device and
the commercial prototype. A series
of successively larger devices does
not have to be scaled up and demon-
strated. This in itself reduces the
time required to proceed from igni-
tion demonstration to commercial
operation.

2) Capital equipment is conserved
during all phases leading to commer-
cial demonstration. )

3) Power is supplied to a commercial
power grid early as each unit is
added at an individual site.

The estimated facility cost of the first
two phases of the program to demonstrate com-
mercial fusion power (the ignition demonstra-
tion phase and power technology demonstration
phase) can be determined trom Fig. 2.15.

This figure shows that the estimated capital
cost for a single tokamak unit is in the
vicinity of $1 billion for tokamaks designed
for wall loadings of 2-4 Mw/m2 with values of
beta greater than 0.10.
tive tokamak described in Tables 2.2 and

2.3, this cost through power demonstration is
for the fynition
demonstration phase only, the cost of the

For the representa-

approximately $900 million.

heat transport system, the blanket, the tur-
bine, and the tritium system can be deleted.
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Fig. 2.15. Total capital cost (for a

single tokamak unit) as a function of neutron
wall loading and beta.

This results in a cost for the ignition dem-
onstration phase of approximately $650 mil-
lion. The third phase {commercial prototype
demonstration) would increase the cost of the
program to $1.6 billion for a two-unit system
delivering ~1500 Miw{e) and $2.3 billion for a
three-unit cluster delivering ~2250 MW(e), as
shown in Table 2.4 (a thermal efficiency of 35%
was used Llu cunvert to electrical megawatts for
the purpose of discussing program cost). These
costs are representative of construction costs
lying between commercial and noncommercial values

and are summarized in Table 2.6.
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2.7 CONCLUSIONS

On the basis of our plant cost studies, it
appears that the tokamak concept can achieve

‘capital costs which are in the range of those

predicted for the LMFBR.
with regard to the economic potential of tokamak
power plants are associated primarily with un-

Moreover, uncertainties

certainties in the expected plasma physics per-
formance and not with foreseeable limitations in
The
tokamak can achieve ecunumic cumpet1t1vehess with

the areas of technology and engineering.

the IMFBR if the following sct of plasma physics
criteria is satisfied; again, it is emphasized
that the following set of criteria represents a
promising set but not a unique one.

1. Size scaling.
should be capable of achieving ignition with

The tokamak plasma

plasma radii in the range 1-2 m and for
associated toroidal fields on axis in the
range 4.5-3.0 T.
fields requires a size scaling performance about
an order of magnitude better than that predicted
by full trapped particle scaling and is consis-
tent with ignition requirements predicted by
empiricial scaling relationships.

2. Beta. Under operating conditions,
pnint-model calculations indicate that the

This range ot sizes and

plasma average beta would have to be about

10-15%. The point-model calculations do not
account for density and temperature profile
effects.
the required value of average beta may be

When such effects are included,

significantly less than ~10-15%, perhaps A5-
10%.
to values obtained in current experiments but are
compatible with recent. calculations of high
beta tokamak operation.

“In addition to size scaling and beta,

Such values af heta are still high compared

successful solutions in the areas of impurity
control, plasma heating, and plasma fueling
are critical to the economic competitiveness

of tokamak power systems. In the Demo
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Capital cost of demonstration

program

Total program cost —

Phase cost Power sum of all three phases
Phase {billions of dollars) [Mu(e)] (billions of dollars)
Ignition demonstration 0.65
Power technology
demonstration 0.25 750
Commercial prototype
demonstration .
2-unit cluster 0.70 1500 1.6
3-unit cluster 1.40 12250 2.3

studies, we have assumed that successful so-
lutions to these problems can be achieved.
However, we are considering the impact of
divertors on the overall engineering design
and the economics of the tokamak power plant.

Assuming that the preceding plasma
physics characteristics can be achieved, then
a commercial tokamak fusion power plant would
consist of multiple (2-5) tokamak reactor
units sharing a number of common elements.
Two key elements shared by these multiple
units would be the pulsed power supplies for
driving the plasma current and the pulsed
power supplies which provide the plasma sup-
plemental heating. Each reactor unit might
produce about 2000 MW of thermal output
power; the precise value of the thermal out-
put of each unit would be determined both by
plasma physics considerations and by cost
optimization considerations. The following
points are noted with regard to the commer-
cial tokamak fusion power plant.

1. The capital cost trends for tokamak
power systems indicate that, at a fixed value
of beta, unit capital costs decrease with
decreasing plant size. This trend is
contrary to the cost trends of fission reactors,
for*which unit capital costs favor increased
plant size.

2. The plasma characteristics required for
the commercial units are essentially the same as
those required for an ignition demonstration
device. Thus, many of the components developed
for ignition demonstration will be prululypical

* of the components required for commercial power.

This is an important observation and contributes
to the possibility of minimizing the number of
facilities required for demonstrating commercial
feasibility.

3. The motivation for pursuing a power
plant consisting of multiple reactor units tied
into a common pulsed electrical system is based
on our cost studies which show that the pulsed
electrical system of the tokamak represents
about 25% of the total plant cost. This con-
trasts with fission power plants in which the
electrical plant system cost represents only
about 5% of the total plant cost. The pulsed
electrical equipment is required to initiate the
plasma current and achieve plasma heating and
operates for only a fraction of each cycle. For
example, with a 20-min burn time and a 1-min
downtime, the pulsed equipment would be operat-
ing for only about 1% of the cycle. It appears
that this pulsed equipment could be economically
and conveniently shared among several units.

4. The plant cost studies indicate that
neutron wall loadings in the vicinity of 2-4
Mw/m2 will result in near-optimum plant costs.
Such wall loadings must also lead to accept-
able plant availability and costs of operation
and maintenance. In our studies, we have
reached the preliminary conclusion that wall
lifetimes of =5 years will not significantly
impact the plant availability. Therefore, it
appears that integral wall loadings of about
10-20 Mw-yr/m2 should be acceptable for the

struclural malerial performance.
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A three-phase program, built around a
single site-multiple unit concept, offers a
viable plan for demonstrating commercial
feasibility of tokamak fusion power. The
three-phase program consists of (1) ignition
demonstration (central pulsed electrical plant
plus a single ignition device), (2) power
technology demonstration (blanket and power

conversion system added), and (3) commercial
prototype demonstration (additional tokamak
units added and tied to central pulsed elec-
trical plant). Based on our cost estimates,
such a program could be implemented in this
century with a total facility cost of around
$2-3 billion (in FY 1976 dollars). This does
not include engineering and contingency costs,
nor dves it include development costs.



3. PLASMA CONSIDERATIONS

A. T. Mense

3.1 - INTRODUCTION

The analysis in the previous section in-
dicated that an economically attractive toka-
mak power reactor was produced when operated
within the following range of parameters.

Plasma minor

radius (m) 1<a<?
Aspect ratio

(R/a) 4 <Rla< 5
Plasma elongation

(b/a) 1.0<b/a<3
Toroidal field on

axis (T) 3.0< BT < 4.5
Safety factor 2.5<qg<4

Plasma current
(Amperes)

Effective Z

Average beta
[B =5 2 uy/82 (R);
see Sect. 3.3 for
further detail.]

The above parameters could be produced with

2.0 x 10° < 1, <4 x 108
V< Zopp <2
0.10<B < 0.20°

plasma densities and temperatures in the
ranges listed.

Average p1asma3) 20

density (#/m
Average electron

n>1.0x10

temperature (keV) Te > 10
Average ion =
temperature (keV) T > 10

The purpose of this section is to consider
the likelihood that tokamaks can operate in
this desired part of parameter space.

At the outset it should be emphasized
that one cannot prescribe in detail the
"doses" of plasma physics required to achieve
these desired plasma parameters. We have
used the best analytic and numerical tools
available to perform the plasma analyses in
this study, but the results are no better
than the assumptions involved. Simply stated,
the experimental evidence at hand is not ade-
quate to provide definitive procedures on how
to achieve ignition in a tokamak device.
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This is not surprising since the tokamak program
is still relatively young (working on its second
generation of devices) and much has yet to be
Nevertheless, we have attempfed to ex-
plain the anticipated plasma behavior in an

learned.

ignition-grade device based upon assumed trans-
port scaling models.
should approach the following discussion of
plasma physics with the understanding that a

It is our view that one

commercial demonstration plant would be pursued
only after an ignition test reactor (e.g., TNS)
has been successfully operated.
tests, the detailed plasma behavior will be de-
It can be argued that the results of
these ignition experiments could drastically

In the ignition
termined.

alter the plasma details which we propose in
this report. This will be true if it is found
that the transport scalings and heating tech-
niques are markedly different from those we
adopt here. This is the chance one takes in a
study of this kind, and no further caveat is
necessary.

This section is organizgd as follows. .
First the scaling laws adopted in this study
will be described. Following this is a brief
review of the advantages of high B operation.
Methods currently being considered as the best
avenues to the achievement of high B will then
be detailed. The plasma operating cycle and
effective duty factor will be discussed, followed
by considerations of impurity control, plasma
heating, and fueling. Finally, the salient
implications of the plasma analysis will be

summarized.

3.2 TRANSPORT SCALING LAWS

As was indicated in the economics section,
there is some interest attached to constructing
net power-producing tokamaks having a physical
size smaller than that proposed as EPR‘s.]'3
When energy and particle confinement times scale

roughly as the plasma minor radius squared (az),
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one is compelled to investigate plasma param-
eter regimes which reduce the magnitude of the
thermal and particle loss processes. One such
regime is that of high density operation.
Recent gas puffing experiments on both
ALCATOR* and ORMAK® tend to indicate that
high density plasma operétion is achievable.
The experimental team working on ALCATOR drew
the inference that particle diffusion and
electron thermal conduction times scale di-
rectly with the plasma density. In addition,
ALCATOR and ORMAK experimental parameter scans
also tend to indicate that Zeff’ which is a
measure of some (but not all) of the impurity
effects in a plasma, scales inversely with

the density. These observations lead us to
believe that high density operation may be
possible and in fact very desirable. The_
fusion reaction rate is proportional to n2<ov>
where the () indicates an average over the
plasma volume and <ov> equals the fusion
reaction parameter (cm3/sec). The n2 depen-
dence helps to produce 1arge'power densities,
which are always economically attractive. We

have considered the so-called "empirical"
scaling 1aw4 suggested by the ALCATOR data.
However, we have used in addition the other
"extreme" on plasma scaling behavior (i.e.,
the trapped particle modes).

It has been proposed on theoretical
grounds that magnetically trapped particles
in a tokamak which operates at very high tem- '
peratures (or low density) may be responsible
for supporting some microscopic electric
field fluctuations which are referred to in
very broad terms as microinstability turbu-
lence. This turbulence can have the conse-
quence of transporting enérgy and particles
out of the hot plasma core and thus preventing
ignition. In a very hot, high density tokamak
such as the one we propose to look at here,
the mode which theoretically would dominate
the transport over most of the plasma cross
section is the (dissipative) trapped ion
mode.6 However, neither this mode nor its
Tower temperature counterparts {trapped

electron modes and collisional draft waves) have
been conclusively identified as being responsibie
for energy/particle loss in tokamak experiments.
This may be due to the lack of adequate diagnos-
tic techniques. However, for this study we have
considered both the empirical and trapped parti-
cle mode scaling laws. Using the dimensionless
parameters .
N = ﬁé/]0]4 #/cm3,
ay = a/100 cm,
b= Ti)/lo keV,
and
- 14

3
NeTEnergy’ 10

1= cm ~-S,

the scaling law for empirical scaling (where

. ~ -19 2y . .

Tenergy " 3.22x210 Ne q 1/2 a") is given by,
Iemp « N 3> (1)

and the trapped ion (TI) mode (assuminy

D and x published in WASH-1295) is given by

N2a4 .

b = =2 - (2)

T7/2
In comparing Eqs. (1) and (2) we note that © « N,
but only the TI mode has a temperature depen-
dence. The inverse temperature dependence causes
the confinement time to decrease as the plasma
heats up and adversely affects the achievement
of ignition, although it has a positive effect
on the reactor temperature control once ignition
is achieved. (Ignition is defined as the point
in parameter space at which the alpha power de-
posited in the plasma equals the energy loss
from the plasma.)
found to yield ignition criteria in the same
regime (i.e., a = 1-2m, n = 1020 #/m3, etc.).
Once ignited, however, the plasma temperature

Both scaling laws have been

runs away if empirical scaling is used. (The
temperature rises up to 60-80 keV, where the
synchrotron radiation catches hold and causes
the loss rate curve to exceed the power produc-
tion.) Thus for the quantitative studies done
on Demo, we have used only the trapped particle
modes. By scaling, we mean the way in which the
diffusion coefficient D and thermal diffusivities

X; and Xe depend functionally on Te’ T., N, etc.

i
The other important concern is how large a factor

multiplies these functional forms; i.e., the



diffusion coefficient has the form

D=¢C=* f(Te, Tio M, B).

We need to know how large C is before we can
determine the ignition and operation charac-
teristics. Unfortunately the theoretical
analysis procedures used to date on the
trapped particle modes do not produce a selif-
consistent value for this multiplying factor
C. The empirical scaling laws also have this
difficulty, but one can definitely determine
C by requiring a fit to experimental data. In
using the trapped bartic1e modes, we evaluate
both the TI scaling and the empirical scaling
(where C is determined from ALCATOR data) for
T=10, N=1-2, and ag = 1; then they agree
in magnitude, provided we multiply the con-
finement times (as given in WASH-1295) by a
factor =10. Thus the use of transport co-
efficients (D, Xe> and Xi)’ which scale as
the trapped particle modes but whose magni-
tude is 1/10 of that shown in WASH-1295,
gives agreement with the empirical scaling
law at ignition temperatures and indeed
allows ignition criteria to be fulfilled.

If for some reason the transport coeffi-
cients are larger than 1/10 trapped particle
values, then the scaling laws tell us that we
must either go to higher densities or a lar-
ger plasma minor radius. The high densities
(n>2x 104 #/cm3) required for plasma ig-
nition with a minor radius of 150 c¢m may be
difficult tu achieve already, so the logical
alternative would be to go to a larger plasma
This would tend to increase
the cost of the reactor. We have taken the
multiplier of 1/10 for the Demo study pre-

minor radius.

sented here.

A time-dependent, spatially-independent
computer code (sometimes call a 0-D code due
to the absence of any spatial dependence) was
used to evaluate the plasma operation. This
code was developed at ORNL as part of the
FBX, EPR, and TNS studies.’ The code weighs
in the following transport scaling laws.

Electron thermal conductivity: pseudo-
classical, 1/10 trapped electron
modes, 1/10 trapped ion mode.

29

Ion thermal conductivity: neoclassical,
1/10 trapped ion modc.
Particle diffusion coefficient: pseudo-
classical, 1/10 trapped electron modes,
1/10 trapped ion modes.
The code uses the combination of the above scal-
ing laws, which weighs the largest coefficient
the most. Our numerical modeling of a represen-
tative tokamak reactor using these scalings (as
described in Table 2.2, Sect. 2.4.2) has indi-
cated that most of the contributions to the
energy and particle confinement times come from
the trapped ion mode, at least over most of the
reactor operating cycle. One-dimensional, space-
time codes tend to validate this conclusion as
long as the plasma impurity content over most of

the plasma remains low. This time-dependent

~ code has produced the set of operating parameters

shown in Table 3.1, and a further elaboration of
their importance will be made in the discussion
of high g effects.
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Table 3.1. Tokamak reactor parameters )
Machine parameters
Major radius, Ro(m) 6.0 -
Plasma radius, a(m) 1.5
Field strength on axis, BT(T) 3.6
Fleld strength at winding, BT*X(T) 7.1
Wall area, Awall(mz) 474.
Plasma volume, V(m3) 426.
Plasma elongation, o 1.6 .
Plasma parameters
Safety factor, q 3.0
Plasma current, ID(MA) 4.0
Beam power, Pb(Mw) >100.
Average electron density, ne(m'a) 1.7 x 10°0
Average electron temperature, Te(kev) 14 .1
Average ion temperature, Ti(kev) 13.1
Global energy confinement time tg(s) 1.5 -
Toroidal (total)-beta, B 0.15
Thermal power. Py (M) 1700. ’
14-MeV neutron wall loading, ¥ /s(Mi/m’) 3.0
Impurity level, Zeff 1.07
Power balance
Alpha power, Pa(Mw) 283.
Conduction and convection loss, Ptr(Mw) 247.

7.

D. G. McATees et al., Oak Ridge Tokamak
Expenimental Power Reactorn Study, ORNL/
TM-5572-5577, Oak Ridge National Labora-

tory, Oak Ridge, Tennessee (October 1976).

3.3 HIGH 8 EFFECTS

The economic potential of fusion power

is enhanced if the plasma can operate with a
high ratio of plasma pressure to magnetic

field confining pressure. This ratio is usually
measured by a parameter called B:
_ _ average g]asma pressure , (3)
B = [8,(R)T%/2 ug
where the average plasma pressure is a volume
average of all the partial pressures in the -
plasma (ions, electrons, alphas, and impurities).
The use of the vacuum toroidal field at the mag-
netic axis, BT(RO), in the evaluation of g is

mostly a matter of convention. It was made



clear in the economics section that a good
share of the fusion reactor cost is in the
magnetic field system [§ ~ (B2 vo]ume)o'g].
Knowing this, we wish to make the most effi-
cient use possible of the magnetic field.
This is done by enclosing the highest plasma
pressure (energy density) compatible with
magnetohydrodynamic (MHD) stability con-
straints. ’

There are two methods being investigated
at the present time for achieving high 8 op-
The first method is to
deform the plasma cross section from its

eration in tokamaks.

usual circular shape. This elongation (as
being pursued in Doublet, ISX, and PDX) may
allow higher B8 operation, and it also allows
the best usage by the plasma of the available
magnetic field for a given plasma volume. )
The second approach, which is in fact not
mutually exclusive of the technique noted
above, is the very rapid heating of the

plasma {(using intense neutral beams and/or

rf waves). If the heating can be accomplished
on a time scale which is short compared to

the time it takes the'magnetic field to dif-
fuse resistively, then the magnetic flux

(both toroidal and poloidal) must be con-
served. This flux conserving tokamak (FCT)
operation implies that q(¥), which measures
the ratio of toroidal flux to poloidal flux,

must remain the same function of ¥ during the

heating: for a cylinder, q(¥) + q(r) = safety
factor = (r/R) [BT/Bp(r)] = # times a magnetic
field line circles the device the "long-way"
in moving once around the plasma the "short-
way"; and ¥ is defined as the poloidal mag-
netic flux. Once a low temperature equilib-
rium with a favorable q(¥) profile in the
plasma is established, it is hoped that rapid
heating and thus preservation of q(¥) will
produce a high temperature, stable plasma.
This is feasible based on the results of the
neutral beam injection program at ORNL, which
have demonstrated that significant beam power
can be deposited in the plasma with no cata-

strophic consequences. Assuming that this
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‘the resistive kink tearing modes.

- beneficial.

experimenta] line of inquiry continues, one can

foresee a very natural route to attaining high B
The MHD stability analysis of high B
The Mercier

operation.
tokamak reactors is just beginning.
modes (both ideal and resistive) are usually
stable at high 8 equilibria.
maining are those of the ballooning modes and

Bateman8 has
preliminary computer results derived from his

The questions re-

3-D initial value codes which show B ~ 5% as
stable, but his work only analyzed one particu-
lar set of FCT equilibria. His opinion is that
higher B's are possible. _

There may not be a need, however, for B ~
10-20% in order to be economically attractive
and also use FCT equilibria.
to do with profile effects which can only be ana-
lyzed using (at least) a 1-D transport code —
preferably coupled to a 2-D MHD code and properly
arranged beam penetration and deposition code.

This statement has

The point was initially noted at the University
of Wisconsin and pointed out by Conn and Kesner.9
The generation of very centrally (r = 0) peaked
temperature and density profiles, which would
imply a large ratio 6f peak to average 8, is

The point can be seen simply by
noting thqt the fusion reaction rate is

2 (4)

n" <ov>pr v/4,
where the bar ( ) indicates an average over
the plasma volume. The spatially-independent

codes in use represent this term as

(m? <ov>yr V/4, (5)

where‘<ov>DT is evaluated at the average ion
temperature. One can easily see that E£q. (5)
can be many times smaller than Eq. (4) for the
same value of B « n T. Thus it is not surpris-
ing to find, as in TNS, that one can achieve the
same fusion power levels with a lower value of
average B, B, it one can achieve and live with
peaked pressure profi]es.]o In particular we
have found from some 1-D work that if the trapped

particle modes are operative in a fusion grade
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tokamak plasma, particularly with a divertor
holding the separatrix density low, peaked
pressure profiles seem to be a natural conse-
quence. ,

In summary then we note that the conse-
quences of high g operation (providing it can
be stably achieved and maintained) are bene-
ficial and, once profile effects are weighed
in, may allow reasonable reactor operation for

g = 5-10%.

{

8. R. G. Bateman (Oak Ridge National Labora-
tory, Oak Ridge, Tennessee), private com-

munication, December 1976.

9, J. Kesner and R. W. Conn, Space Dependent
Effects on the Lawson Criterion, the
Ignition Condition, and Thermal Equilib-
niwn in Tokamaks, UWFDM-155, University
of Wigconsin, Madison, Wisconsin
(December 1975).

10. TNS Design Team (Oak Ridge National
Laboratory, Oak Ridge, Tennessee), pri-
vate communication, December 1976.

11. A. T. Mensc, A Taanspost Medel fen a
Tokamak uith a Poloidal Divertor, Ph.D.
Thesis, University of Wisconsin, Madison,
Wisconsin, 1977,

3.4 DUTY FACTOR

Preliminary consideration of plant avail-

12 that an economically at-

ability suggests
tractive tokamak power reactor must operate
with a duty factor A80%.

fined in this context as the ratio of burn

Duty factor is de-

time to total cycle time (burn time + downtime).
The estimated time required toé bring the

plasma to full current and the fusion power to
jts full value will take on the order of 10

sec. This is based on the usage of our 0-D
code and assumes the input of 100 MW of 200-
keV deuteron beams.
fusion reactors has not yet been seriously

The shutdown problem for

addressed in any fusion study, but we estimat-
ed that one could ramp the current down on a

time scale of 20 sec without a great deal of dif-
ficulty. Giving ourselves 30 sec (which is
probably longer than needed) to recock the trans-
former, pump out any residual gas, and refill the
chamber, we arrive at a total downtime of roughly
60 sec.

The question of how long a burn time one
could have has been addressed in this study
strictly from the point of view of available
volt seconds in the ohmic heating (OH) transform-
er. This presupposes a very effective impurity
control system, to be discussed later in this
section.
reactor center (r =:1.8 m), an analysis was per-

Using the available space in the

formed as to what the maximum number of volt-
seconds for the OH transformer would be using
The
analysis indicated that 60 V-sec was the maximum
= 7 T at the inside

max
of the center transformer coil.

NbTi superconductors arranged in a cylinder.

value and was limited by B
For a plasma
current of 4 megamps and a plasma inductance of
roughly 11 uH, the volt-seconds requirement to
bring the plasma current to its final operating
value is (11 x 10°8) (4 x 108) = 44 v-sec. we
have assumed fur Lhis sludy that the cquilibrium
field coils will provide 75% of this volt-seconds
Thus anly 11 of the 60 V-sec avail-
Taking Spitzer

requirement,.
able are used during start-up.
resistivity for 2 = 1
_ _0.09
Tspitzer - |Te(evil3/z

one finds the plasma resistance (ignoring trapped

Q-cm,

particle corrections) to be roughly

Ry . (27R) (0.08) 711
p = {2R) (0.09) 37 o

mab

For the representative reactor design we consider
here, this turns out to be 1.8 x 109 0. I1f we
assume a resistance anomaly factor which could
include trapped particle effects, profile ef-
fects, impurity effects, and turbulence effects
of 5-6, then we arrive at a burn time of =20 min.
[(60-11) V-sec/RpI volts]. We have essentially
legislated for Demo that 20 min of burn would be
adequate. This would give a duty factor of 20/21

=« 95%.



Whether or not a burn of 20 min is really
feasible is very much an open question. It
would certainly be considered unrealistic if
we cannot control the plasma impurity content
with some measure of assurance. In a study of
this kind, one must realize again that a fu-
sion reactor (or any other device for that
matter) cannot be a viable entity if one has
no control over some of its operational param-
eters. Our belief is that if we cannot con-
trol the impurity behavior, we probably can-
not control the reactor behavior. We are as-
suming good impurity control.

The question naturally arises as to why
such a long burn time is needed. Couldn't
one somehow shorten the downtime, have a
shorter burn time, and still obtain the same
duty factor? The answer is, of course, yes.
In fact one can easily compute that if we only
needed a 10-sec downtime, a 200-sec burn time
would still give a duty factor of =95%. The
problem which deserves some consideration from
the engineering design point of view is the
fatigue introduced on the reactor structural
material during these transients (start-up
and shutdown). From a cyclic loading ap-
proach, we know that to lowest order compo-
nents develop cracks based upon the total
number of times the part is "flexed" or
strained. This seems to be almost independent
of the flexing rate (i.e., # of flexes/unit
time). Let us assume that a certain part will

crack after it has been flexed two million times.

If we cycled the part once every 200 sec, we
note that it would reach the two million mark
. six times faster than if we flexed it once
every 1200 sec. This translates into real
dollars very quickly. At present, we have

not done detailed enough analysis on the
structural components being subjected to ther-
mal stresses and torques due to transient mag-
netic fields to state what the minimum burn
time should be for an "economically" accept-
able fusion reactor, but it is safe to say
that longer burn times appear very much more
attractive. '
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12. D. Steiner, "The Technological Requirements
for Power by Fusion,” in.Amenican Nuclear
Soeiety Crnitical Reviews #2, reprinted from
Nucl. Sci. Eng. 58, 107-165 (1975).

3.5 IMPURITY CONTROL

In order to achieve long burn times, the
plasma must maintain its central core region
(r < 0.4 a) essentially free of high Z impuri-
ties. Meade]3 has calculated that if the high
density central core regions of a plasma were to
have as little as 0.2% W (i.e., n/Ne = 0.002),
then ignition would be prevented. On the other
hand, one could tolerate this kind of impurity
concentration if the impurities remained essen-
tially on the outside (r > 0.5a) of the plasma
where few fusion events are occurring. The re-
quirement of exactly how far in towards the
plasma core one can tolerate the impurities de-
pends considerably on the thermal conductivity
of the plasma. Keeping high Z impurities from
getting in the core is the biggest problem, and
if once in, preventing them from reaching the
central core region over the course of the de-
sired burn time is also a problem.

Another impurity problem is that of alpha
particles. ORNL EPR studies5 using a 0-D code
have shown that if the reactor ran in a manner
which did not allow the alphas to leave (and be
collected), the reactor would "de-ignite" after
~100-200 sec. This calculation presupposed that
the reactor must be fueled in such a manner that
it never exceeds the designed operating B, sO as
alphas built up and contributed to B, the fueling
rate was adjusted down. It is conceivable that
one might run a tokamak reactor on a slowly in-
creasing pressure scenario, provided one can

accept the consequences of exceeding the crit

for some instability. This is largely an unex-
plored concept. In addition, however, Ke]]ey]4
realistically states that one may never be able
to keep the helium impurity content down because
of the very high pumping speed requirements to

maintain nHe/nD+T at its fractional burn-up value.



However, if we can collect it and hold it up
for only a few hundred seconds, we may be able
to achieve long burn times. In the fusion
program this whole area of particle collection
schemes, preferential selection, and holdup of
selected impurities has not been pursued in
much depth. It clearly deserves much more
attention.

In this particular study we have tried to
assess the problems involved in using a bundle
divertor as an aid to impurity and plasma
"edge” control. The most obvious positive
comment on divertors is that they work! The
C stellarator divertor worked; > the DITE bun-
dle d1‘verto1r']6 lowered the high Z impurity
content significantly, which in turn lowered
the electromagnetic radiation to the wall.

The DIVA(JFT-2a) plasma]7 behaves favorably,
although its physical smallness renders it
vulnerable to many atomic processes normally
shielded off in a larger device. The problem
with other impurity control schemes is that
The exception is ALCATOR

when it is run in its high density operating

they are untested.
regime. As yet there is no clear (readily
extrapolatable) explanation as to why, when
operated in this manner, it is so impurity
Thus it seemed difficult to claim that
Demo operated using the same impurity control

free.

scheme as ALCATOR since the reasons for
ALCATOR's cleanliness are not understood.

The bundle divertor was selected for
study based upon two factors. First, the TNS
study group at ORNL was looking at the
poloidal divertor. Second, the bundle diver-
tor seemed to have easier assembly, access,
The problems with
the bundle divertor are as follows.

1} It breaks the axisymmetry of the

tokamak.
DITE, although it may affect future
reactor grade plasmas.

and shielding requirements.

2) It requires very large currents since
it must null the toroidal field (~2.9
T) using the quadruple field generat-
ed by two coils with oppositely
directed currents.

This did not seem to affect .
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3) The mechanical stress on the divertor
coils is large.

4) The forces on surrounding coils are now
asymmetric due to the presence of the
divertor.

A1l of the above considerations led us to esti-
mate that probably only one, or at the most
three, bundle divertors could be engineered to
fit onto our design.

Taking this to be the allowable limit, one
then estimates whether or not the full 283 MW of
alpha-produced power can be handled safely inside
the burial chambers of the divertor(s). The
answer is probably not. Even if the walls were
corrugated to increase the effective area over
which the energy is deposited, one is hard
pressed to handle these large heat loads. One
possible answer to this problem is to decouple
the alpha produced energy from the particle col-
lection (i.e., bombardment) process in the diver-
tor burial chamber. One way of doing this is to
establish a plasma blanket in addition to having
This blanket, which is established
in the "divertor zone," may help to conduct some
In addition it might
also provide a reasonable particle bath in which

the divertor.
of the energy to the walls.
to immerse impurities. They could then radiate
the energy (which has been conducted and con-

vected out of the plasma core) to the wall. The
divertor may give one the means to directly con-

A11 of these hy-
potheses need to be investigated in more depth.

trol this impurity content.
However, one point is clear. The energy leaving
the plasma must be decoupled from the energy
carried (convectively) by the particles in the
divertor scrape-off zone to the burial chambers.
This must be experimentally investigated.

In 1ight of these facts, we have required
that the first wall heat transfer system be able
to tolerate the whole alpha particle heat load.
This amounts to an increase in the surface heat
load by the amount of 0.6 MW/mZ. The impurities
produced due to charge exchange, plasma, and neu-
tron bombardment of the first wall and the col-
lection plates in the divertor were assumed col-
Tectibie and controllable using a set of devices
(as yet unknown) in the divertor chamber.
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14. G. G. Kelley (0Oak Ridge National Labora-
tory, Oak Ridge, Tennessee), private com-
munication, December 1976.

15. C. R. Burnett et al., Phys. Fluids 1,
438 (1958).

16. J. W. M. Paul et al., "Divertor and In-
jection Experiments in DITE Tokamak,"
paper CN-35/A-17, presented at the 6th
Conference on Plasma Physics and Con-
trolled Nuclear Fusion Research, Berch-
tesgaden, West Germany, ﬁctober 1976.

17. H. Meada et al., paper CN-35/A-18, pre-
sented at the 6th Conference on Plasma
Physics and Controlled Nuclear Fusion
Research, Berchtesgaden, West Germany
(October 1976).

3.6 PLASMA HEATING AND FUELING

3.6.1 Heating

It is generally acknowledged that ohmic
heating — as long as turbulence does not sig-
nificantly affect the momentum transfer pro-
cess, i.e., produce an anomaly factor .

A 100

= >
R~ VMspitzer

or so — by itself will not be sufficient to
bring a tokamak plasma to an ignition tempera-
ture. Because of this limitation of ohmic
heating, programs have been developed for sup-
plemental heatiny schemes. The two most popu-
lar-are neutral beam injection and v healing.
Much work has been done both theoreti-
cally and experimentally on neutral "beam in-
jection heating. The most significant accom-
plishment in this area is that beam-slowing-
down theory and experimental measurements
show remarkable agreement.]8 Also the success
is best attributed to the fact that the beam
slowing down has been solely classical in
nature, 1.e., one has no need to call upon
instabilities or turbulence to explain the
energy degradation of the beam or the power
transfer ratios to the plasma constituents

(ions, electrons, and ‘impurities). Using
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beam injection, both TFR and ORMAK have succeeded
in achieving Ti > Te without deleterious conse-
quences to the plasma equilibrium and stability.
Beam injection is planned for all major tokamak
experiments in the world, which speaks highly of
the confidence in beam heating; therefore, we
have included neutral beam heating in this study.
The requirements to ignite a high density plasma
such as the representative reactor plasma con-
sidered here are quite large. The analysis using
our 0-D code indicates that 100 MW of injection
power could bring such a plasma to ignition in
~10 sec. However, when one adds the additional
requirement that the beam must be capable of
penetrating into the magnetic axis, the required
beam energy becomes very large (~200 keV). This
requires a beam development program.

The other scheme for plasma heating is to
use rf power. The application of this scheme to
tokamaks has been largely theoretical although
some experimental work was performed on ST and
ATC at the Princeton Plasma Physics Labora-
tory.]g’20 A recent EPRI-sponsored reportZ]
reviews some of the possible methods and wave-
lengths. The essence of the problem seems to be
that short wavelengths (electron cyclotron
heating at 100 GHz) can penetrate into the center
of the plasma, but high powers (100 MW) are
either unavailable or very inefficiently (<15%)
produced. The lower frequencies (i.e., lower
hybrid, Alfvén, and magnetosonic) are available
at high powers, but there are still questions
regarding plasma penetration and feasible
launching structures. Some of these problems
may be resolved if rf heating is pursued in PLT.
The potential advantages of rf heating, relative
to neutral beam heating follow.

1)} Its penetration characteristics may be

much less affected by Zeff than are
- neutral beams.

2) Efficiency in producing high pawers may
be higher than neutral beams.

3) One does not have to worry about sput-
tering due to charge-exchange beam and/
or plasma fast neutrals.

4) There need be no concern about having to

pump additional (injected) particles.



Fxperimental results should be available by
1980 or so on some of the problems outlined
above. We have not considered rf heating in
the Demo study because of resource limita-
tions. We do advocate that it be pursued as
a scheme for heating a net power producing
fusion reactor.

18. L. A. Berry et al., "Confinement and
Neutral Beam Injection Studies on ORMAK,"
pdper CN=35/A4 1, presented at the 6th
Conference on Plasma Physics and Con-
trolled Nuclear Fusion Research, Berch-
tesgaden, West Germany, October 1976.

19. J. C. Hosea, Fast and Slow Ton Cyclotron
Wave Genenation and Heating in the ST
Tekamak, MATT-1129, Princeton Plasma
Physics Laboratory, Princeton, New
Jersey (May 1975).

20. A. C. England, High Power Efectron Cy-
clotron Heating in 1SX and ORMAK Upgrade
at ORNL, ORNL/TM-5425, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (May
1976).

21. R. W. Conn and G. L. Kulcinski, Study of
Fast Magnetosonic Wave and Newtrnal Beam
fleating of Large Tohamaks, EPRI-ER-268,
Electric Power Research Institute
{September 1976).

3.6.2 Fueling

Except for the pellet injéct1on work
(both theoretical and experimental) performed
at ORNL by L. Stewart, C. Foster, and S.
Mﬂora,22 little attention has thus far been
given to the fualing prohlem in tokamaks.

The reason for this situation is that present-
day devices make use of wall recycling of
charge-exchange neutrals and plasma plus gas
puffing tn attain desired densities. The ex-
planation for plasma buildup during puffing

in high density devices such as ALCATOR is

not completely understood. However, it seems
reasonable to believe that “edge" fueling by
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gas puffing may result in relatively flat density
profiles. This can have favorable consequences
on transport but possibly unfavorable conse-
quences on power production vs 8, as discussed
previously. Further pellet injection and gas
puffing experiments are to be performed on ISX
and possibly PDX, if they are needed. Pellet
technology is currently being investigated at
ORNL. Numerical investigations at ORNL are just
now under way to determine if "deep" pellet pen-
etration is really needed to maintain a long burn
time plasma, Thase numerical results should be
availahle early in 1978.

22. C. A. Foster et al., ORNL Neutral Gas
Shielding Model fon Pellet-Plasma Interac-
tions, ORNL/TM-5776, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (November
1976).

3.7 CONCLUSIONS

In summary, the following points are central
to the plasma analysis performed for this study.

1)} Both empirical and trapped particle mode
scaling laws allow for ignition of a 1-2 m minor
14 w3, T = 10-15 keV), high
density plasma provided one can tind a viable

radius, (n = 2 x 10

scheme for reaching these high average densities
without causing the plasma ta gn disruptive.
Pellet injection may be such a scheme.

2} From both 0-D and 1-D transport simula-
Lions using the trapped particle mode scaling
laws, one finds that over most of the burn phase
the energy transport is governed by the trapped
ion mode. Thus, it appears justifiable to per-
form economic sensitivities using only the TI
mode scaling law. The results should not differ
significantly from those using a combination of
modes. ]

3) A1l presently conceived transport scal-
ing laws are speculative when extrapulated to
ignition grade plasmas. However, one should
consider the use of the trapped particle modes
as a pessimistic model with respect Lu the
effects of temperature on reaching ignition.



4) An examination of the 1-D profile
effects on TNS,‘0
(but with a much shorter burn time) to com-
mercial size plasmas, one finds that reason-

which is similar in nature

able fusion power levels can be attained with
high ratios of B(r = 0)/B.
economically attractive operation at B ~ 10%

This indicates
based upon 1-D results. This appears con-
sistent with operating the plasma in an FCT
mode up through ignition.

5) The impurity content of the plasma
(Zeff =~ 1.06) is due only to fusion-produced
alpha particles, and any wall- or divertor-
originated impurities are assumed to be con-
trolled.
for this purpose, but it cannot handle the
283 MW of alpha power. Thus much of this is
assumed to be deposited on the first wall
either by EM radiation near the plasma edge

A bundle divertor is being examined

or by thermal conduction through a "warm"
plasma blanket (T < 100 eV).
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6) With 100 MW of 200-keV deuteron

beams, ignition is reached in roughly 10 sec.
If the empirical scaling is used, the plasma

is thermally unstable past ignition, which
means that T » 60-80 keV where the synchro-
tron radiation loss rate catches the power
Trapped partic]e'scaling pro-
duces a thermally stable operation point at

production rate.

T, =14 keV, T; = 13 ke, 7 =2x 10" en”>.

7) Fueling to rép]enish the D and T lost
and fused is accomplished through a combination
of "edge" recycling, divertor gas recycling, and
pellet injection. Careful 1-D transport studies
have not yet been performed, and the results
quoted are based on a 0-D code.

8) Further experimental plasma physics
work is needed in the areas of a) impurity
control including divertors, b) negative ion
neutral beam technology, c) rf heating,
d) pellet injection, and e)

ALCATOR operation and cleanliness.

understanding of
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4. BLANKET DESIGN

T. E. Shannon

4.1 INTRODUCTION

Design concepts for the reactor blanket
system are proposed based on the application
of current and near-term technologies wherever

" possible. Conservative limits on pressures
and temperatures were selected to permit a
reliable structural design approach within
the high energy radiation environment.

The preliminary blanket designs focus
generaliy on generic problems rather than on
specific problems relating to hardware devel-
opment and demonstration. The reactor system
requirements and design parameters were se-
lected to cover a range of values within
those expected for the successful development
of tokamak fusion power.

Two mechanical design approaches, which
differ primarily in configuration and method
of assembly, are presently under consideration.
Both concepts comply with the fundamental ob-
jectives described.

4.2 SYSTEM REQUIREMENTS AND DESIGN CRITERIA

The reactor blanket system consists of
the internal tokamak components from the edge
of the plasma to the inside of the toroidal
field (TF) coils.

“{shown in Fig. 4.1) include:

The major components

1) a high vacuum toroidal region to
provide a clean environment for the
deuterium-tritium (D-T) plasma (A
secondary vacuum is provided by the
reactor containment building, which
eliminates the ap on the toroidal
vessel. See Sect. 8 for a descrip-
tion of the vacuum building.),

2) a neutron-absorbing, fertile material
to capture the high energy neutrons
for producing heat and breeding tri-

tium,
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3) a heat exchanger to transfer the ab-
sorbed heat energy to a power conversion
system, and

4) a shield to reduce radiation and protect
the TF coils from neutron heating.

Blanket design concepts were developed to
satisfy overall reactor system requirements while
providing practical engineering solutions for
safety, reliability, fabricability, maintaina-
bility, and long life. The plasma is assumed to
produce a power density resulting in a neutron
wall loading in the range of 2-4 Mw/mz. Suffi-
cient blanket and shielding material is provided
to accommodate superconducting TF coils, but the
use of normal coils would significantly reduce
this requirement (see Sect. 8). Finally, the
reactor system requires a reasonably high ther-
modynamic cycle efficiency (>30%) for economic
electrical power conversion.

The design approach adopted in this study
resulted in the following guidelines for the
blanket system:

1) low coolant pressures,

2) structural material alloys based on

curreﬁt commercial materials,

3) provision for remote maintenance,

4) secondary vacuum system to reduce pres-
sure on toroidal high vacuum region
and

5) conservative 1imits on design stress,
corrosion, and material and coolant
temperatures.

Due to system design constraints and space
limitations, a specific blanket design represents
a compromise of alternatives. In the design of
the superconducting TF coils, for example, mini-~
mizing refrigeration requirements caused by neu-
tron heating tends to drive the blanket/shield
thickness up, which in turn increases the size
and cost of the coil. The optimum design must
be based on a trade-off between refrigeration

and coil coste. ;As another example; the
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Fig. 4.1. Tokamak reactor cross

efficiency of the power conversion system in-
creases with increasing coolant temperature,
while radiation damage and allowable structur-
al design stress favor operation at reduced
temperature. Also, energy deposition at the
first wall imposes thermal stress, which may
be reduced by decreasing the wall thickness;
pressure loading, however, favors increasing
the wall thickness.

Obviously, the optimum selection of major
components is a complex task requiring system
modeling techniques. Current blanket designs
retlect experience gained from previous ORNL
studies and a nominal consideration of the de-
sign space. The parameters listed in Table
4.1 were selected as a basis for the blanket
design studies and are not intended to repre-
sent a specific optimized reactor design.

section showing major blanket components.

4.3 DISCUSSION OF REFERENCE PARAMETERS

4.3.1 Material Selection

The first structural wall of the tokamak
reactor vessel is exposed to the total neutron
flux from tho fugion reaction. (This is unlike
fission reactor experience, where only consumable
core components are exposed to significant irra-
diation.) In addition, Lhis wall musl Uransler
by conduction some portion of the fusion alpha
power. The material selection must be based on
an overall consideration of the following
criteria:

1) compatibility with plasma vacuum

requirements, ,

2) proven fabrication techniques compatible

with remote maintenance requirements,

3) reasonable 1ife (>5 years) under radia-

tion damage (see Sect. 2),

4) creep and stress rupture resistance to

operating loads, and

5) resistance to fatigue under thermal and

structural loading.



Table 4.1.
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Blanket design parameters

Structural material
Absorber/breeding material
Coolant '

Design life

Fusion burn time

Duty cycle

Neutron wall loading

First wall design heat flux

Breeding ratio

Maximum allowable coolant temperature

Value
Austenitic stainless steel
Lithium
Molten salt (HITEC)

3 x 105 pulses
20 min

95%

2-4 Md/m?
0.5-1 MH/m?

>1

450-500°C

Maximum allowable structure temperature

First wall
~ Other

~400°C
~500°C

We selected materials and a temperature
range for the first wall which minimize radia-
tion effects. The preliminary blanket design
assumes an alloy similar to type 316 stainless
steel.
or less in the region next to the first wall
where the damage rate is highest.
sively higher temperatures (up to 500°C) were
allowed elsewhere because damage decreases
with radial distance into the blanket. This
approach is described in more detail later in

Temperatures were assumed to be 400°C

Progres-

this section. Section 5 contains a complete

summary of the structural materials evaluation.

4.3.2 The Breeding Material

It appears that liquid 1ithium offers the
greatest potential for the breeding material.
Lithium yields the highest flexibility with
regard to tritium breeding, and it has good
thermal properties and acceptable chemical

compatibility. Much further work will he

required in the areas of tritium recovery and
magnetohydrodynamic (MHD) effects.

4.3.3 Coolant Selection

To provide a blanket design with high struc-
tural reliability, we investigated the use of a
low pressure coolant. This low pressure require-
ment significantly restricts the available coul-
ants. Heljum and water were rejected because of
the high pressures required for a satisfactory
thermodynamic cycle. Lithium metal was also
eliminated because of complications resdlting
from MHD considerations. The only remaining
coolant seemed to be a molten salt. A commer-
cial heat transfer salt, HITEC, was assumed for
the preliminary design. It consists of 53%
potassium nitrate, 40% sodium nitrite, and 7%
sodium nitrate. The heat transfer properties
(density, viscosity, vapor pressure melting
point, and heat capacity) are adequate for rea-
sonable component design. Section 6 includes a

detailed description of the coolant selection.



4.3.4 Design Life

' The design 1ife parameter of 3 x 105

" pulses represents a reactor life of 10-15
years, assuming a 20-min burn time and 95%
duty cycle. A plant capacity factor has not
been determined, but a target design value of
70-80% would be desirable. These factors were
selected to evaluate the thermal fatigue life
in the first wall.

4.3.5 First Wall Luadiny

The alpha power resulting from the D-T
fusion represents approximately 20% of the
fusion power. Some portion of this power will
be deposited directly on the first wall as a
‘heat flux. If a magnetic divertor is devel-
oped, some portion of this power may be depos-
ited in the particle trap of the divertor.
Considering the major uncertainty in divertor
concepts at this time, we recommend that the
first wall be designed to handle the most ex-
treme case, the total alpha power.

4.3.6 . Allowable Design Stress

The allowable design stresses for this
preliminary design study were guided by the
ASME Nuclear Vessel Uesign Lode. Lt is recog-
nized that significant new code development
will be required in support of the unique

structural problems in fusion reactor blankets.

lhe ex1sting code$, however, provide a good:
basis for preliminary design evaluation. A
more detailed discussion of the stress analy-
sis is included later in this section.

4.4 MECHANICAL DESIGN ALTERNATIVES

Two blanket mechanical design concepts
are currently being evaluated as alternate-
solutions to the problem of remote maintenance
and repair. Both concepts will be reviewed in
this report; however, we expect to select one
of these for a more thorough design and analy-
sis for the remainder of this year's study.

One design, called the contour blanket
concept, is similar to the blanket design
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proposed in the ORNL Experimental Powér Reactor
(EPR) Design.] The individual blanket modules
form a contoured envelope to conform to the
plasma shape. The other design, called the cas-
sette blanket concept, is a new design that pro-
vides flat blanket modules for ease of disassem-
bly. Both concepts have been conceptually de-
signed to satisfy the basic guidelines and
design parameters.

T. C. K. Flanagan et al., Oak Ridge Tokamak
Experimental Powen Reacton Study —~ 1976,
Part 4, Nuclear Engineening, ORNL/TM-5575,
O0ak Ridge National Laboratory, Qak Ridge,
Tennessee (December 1976).

4.4.1 The Contour Blanket Concept

This design concept consists of a circular
array of small blanket modules which form seg-
ments of the torus and fits between TF coils.

The number of wedge-shaped blanket segments is
three times the number of TF coils. Bearings are
mounted on the inside of the shield segments so
that blanket segments, when inserted between the
TF coils, can be rotated under the coils. Fiqure
4.2 is a schematic illustration of this concept
and Fig. 4.3 is a plan view of the tokamak assem-
bly. Each blanket segment is made up of 12 mod-
ules located poloidally around a structural
trame. An elevation view ot one complete blanket
segment with framework, modules, and inner wall
is shown in Fig. 4.4. The framework provides
support for the modules and first wall and, in
addition, provides the coolant inlet manifolds
for the blanket.

The first wall is of tubular construction to
provide'a thin wall for thermal stress reduction.
The blanket module consists of a double-walled
vessel with coolant flowing between the walls.
Inside the module theré is metallic lithium, a
graphite reflector, stainless steel gamma shield
slabs, and coolant tubes. Details of the blanket
cross section are shown in Figs. 4.5 and 4.6.
Around the top of the module on all four sides is
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a coolant-collecting plenum from which coolant
pipes run down at three points to deliver
coolant to the first wall structure.

The three parts of the blanket — module
walls, first wall, and bulk blanket — are
cooled in series. The inlet manifold feeds
and returns coolant from each of the 12 mod-
ules in a segment. Coolant enters the module
in a center pipe, which discharges the coolant
between the walls at the center bottom. Cool-
ant flows between all walls, is collected in
the plenum around the top, flows down through
three feed pipes to the first wall, up through
one outlet pipe, and down an annular center
concentric pipe to the coolant tubes for the
bulk blanket.

4.4.2 The Cassette Blanket Concept

Plasmas in tokamak systems were initially
developed in toroidal shells with circular
cross sections. As understanding of plasmas
has increased, the effective shape of the
plasma has become elliptical or elongated.

The physical surrounding walls no longer dic-
tate this shape — physics makes this specifi-
cation. It should theretore follow that the
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shape of the blanket be dictated by engineering
requirements, i.e., the striving towards fabri-
cability, ease of maintenance, economy, and de-
pendability. The rectangular blanket design.
using cassette modules is a step in this direc-
tion. The components comprising the blanket,
the cassette modules, are designed as long, rel-
atively thin box-like volumes. The walls of
these volumes are a series of contiguous U-
shaped tubes containing the coolant and com-
pletely enveloping the lithium-moderating fluid
contained within. Removal and replacement of
these cassette units by remote means are reduced
to linear motions. Figure 4.7 illustrates sche-
matically one subassembly of cassette modules
occupying the épace between adjacent TF coils.
The number of subassemblies is equal to the num-
ber of TF coils, and each subassembly is divided
radially into three slices. Cassette removal is
effected through the middle slice in order to
clear the TF coils. Figure 4.8 shows a plan
view of this concept. The individual cassettes
slip out between vertical field coils so that
they need not be disturbed.

Figure 4.9 is a cross section of a cassette
showing one of the U-shaped coolant flow chan-
nels. These individual flow channels are joined
one to the next to form the complete unit. The
ends have a nested set of U-tubes for closure
and for cooling. Section A-A of Fig. 4.9 illus-
trates how the tubes are formed side by side
while still preserving the individual tubes’
circular shape.

4,5 DESIGN STRESS ANALYSIS

A preliminary elastic stress analysis was
conducted to assess the feasibility of the struc-
tural aspects of the design concepts. For the
lithium and salt fluids contained in the blanket
region, pressure will be low, but there will be
a system of relatively high cyclic thermal
stresses induced by alpha power and nuclear heat-
ing (neutron-induced) deposited on the first
wall. It was assumed that away from the first
wall, the large mass of lithium will keep the
temperature reasonably constant during the off



20° TYP.
(18 COILS)

o

ORNL-DWG 77-3731

6°- 45"

18 SHIELD SEGMENTS

O\
S PRIMARY VACUUM
CONTAINMENT
*
oS
W - A}
e\
6.94 M DIA.
\ (COIL BORE)
IM
BLANKET

ﬂ——} .

Fig. 4.3. Tokamak plan view contour blanket concept.

127



45

SUPPORT BEARING ORNL-DWG 774990

A (SEE FIGURE 4.5)
> FOR SECT. A-A

™ N\ SUPPORT STRUCTURE

N AND MANIFOLDS
A\/ ,
'"TUBULAR BLANKET MODULE
FIRST WAL L ‘ :

6 M.

Fig. 4.4,

MAJOR R.

Blanket module assembly-contour concepl.



46

ORNL DWG 77 4991

_.— COOLANT INLET

. //
FIRST WALL COOLANT OUTLET 8 | FIRST WALL
COOLANT SUPPLY H ' ) B B / COOLANT RETURN

X
279742 WA vrzy 7. 77§ STAINLESS STEEL
- e A e =<k SHIELD
ARAAARAA an:l GRAPHITE REFLECTOR
LITHIUM
ABSORBER 3
, COOLING TUBES
79iém ////
/
. — COOLANT PASSAGE
C0000000000CO0 .
SEPARATE TUBULAR FIRST ——— : B -+
WALL (SEE FIGURE 4.6) ~
FOR SECTION B-B
: ‘ol 60 cm w-]
Fig. 4.5. Blanket module section A-A contour concept. o
////COOLANT-INLETS . " ORNL OWG. 77.4556
_—~COOLANT OUTLETS
» - / . .
_— SUPPORTS FLANGE
1+ — . — i
)
o © o | [
AT S \};\(‘ AR STAINLESS STEEL
72 LKL SHIELD
e
" ::
- :: 0
nir
. GRAPHITF. REFLECTOR
LITHIUM sl
ABSORBER —~<
-
7S5 ¢m i
By AJ iy COOLANT TUBES
nyt .
[

COOLANT ‘PASSAGE

BN ,f

| . SEPAéATE TUBULAR FIRST WALL
| B85 cm =

Fig. 4.6. Blanket module section B-B contour concept.



E) ORNL-DWG 77-4983
g

BLANKET
MODULE

BLANKET SEGMENT

Fig. 4.7. Cassette blanket option.

portion of the cycle. The magnitude of the
surface heat flux (1 Mw/mz) in conjunction
with the approximate number of full power
cycles (3 x 105) and the structural material
damage due to neutron irradiation may present
unprecedented design challenges in comparison
to comparable power plant structures such as
heat exchangers.

This preliminary assessment was guided
by the ASME Boiler and Pressure Vessel Code,
Scction III, Nuclear Power Plant Components
Subsections NA, NB, and NG,2 and is referred
to in the following discussion as Section III,
The use of this Code
is not related to its legal standing, but

or, simply, the Code.

rests on the fact that it is a proven, highly
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reliable set of procedures to ensure safe de-
sign of metal components subjected to steady,
For this
conceptual design, the intent was to limit the
temperature of the first wall to about 400°C in
order to minimize radiation-induced loss of duc-
tility.
itic stainless steels contained in the Code are
applicable up to 427°C and should provide rea-

varying, and/or alternating stresses.

The design rules and limits for austen-

sonable guidelines for this preliminary assess-
ment. Where design to higher temperatures is
required, Section III is supplemented by ASME
Code Case 1592,3 RDT Standard F9-4T,% and ROT
Standard F9-5T,5 which provide design rules,
allowable limits, and analysis guidelines for
austenitic stainless steels for operation above
427°C. These rules will, if appropriate, be
used for portions of the blanket structure other
than the first wall.

The Code and the above supplements do
not contain specific provisions for environ-
The de-
signer is thus not provided definitive design

mental effects such as irradiation.

rules for those cases where irradiation dam-
age and other environmental effects are sig-
Available data®’ do indicate that
irradiation causes a decrease in ductility
and fatigue life. Additionally, cold-working
to achieve enhanced mechanical properties is
not presently considered by the Code to be a
valid treatment because the resultant en-
hanced strengths may be lost by service expo-
sure. Thus, for this preliminary assessment,
irradiation effects have not been considered;
the allowable 1imits contained in the Code,
which are based on properties of annealed

nificant.

material, were used to evaluate these con-
ceptual designs.

The conduction heat transfer of the heat
load on the first wall results in a cyclic ther-
mal stress with each burn pulse. For a first
wall design composed of thin-walled tubes sup-
ported by a backing plate, the calculated ther-
mal stress has two major components. The tem-
perature drop through the wall thickness and the
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temperature drop across the tube diameter com-
bine to cadse.a maximum compressivé stress at
the first wall surface. The dominant stress is
caused by the temperature drop across the tube
diameter and is determined by the degree of re-
straint given to the ends of the heated wall.
Because the tubes normally run between two
larger manifolds, freedom from restraint may be
difficult to achieve. However, two new concepts
proposed later in this section may possibly
reduce the problem of temperature drop across
the tube diameter and thus enhance the first
wall design margin.

Based on the assumptions and simplifica-
tions used, it was found that the magnitude of
the stresses in the first wall was below the
Code allowables, although the margin was not
large. The analysis for cyclic operation also
indicated that the design is acceptable. How-
ever, the presence of a neutron flux will prob-
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ably reduce fatigue life. While the magnitude
of this reduction can only be estimated, it is
probable that some or all of the margin on
fatigue will be lost and that fatigue will be
one of the most important mechanisms in set-
ting the first wall life.

The above discussion points out the need
for an effort directed at developing and veri-
fying structural design criteria for applica-
tion to fusion reactors. The essential fea-
tures of a scoping study aimed at providing
load definitions and required avenues for crite-
ria development have been deh’neated.8 Compara-
ble studies have been undertaken to develop de-
sign criteria and analysis methods for fission
reactors.g’]o These efforts could be a valuable
source of preliminary design criteria or guide-
Tines for development of design criteria and

analysis methods applicable to fusion reactors.
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4.6 NEW BLANKET DESIGN CONCEPTS

Several new ideas have been proposed by the
design team and are presented here-as prelimi-
These
concepts will be evaluated in some detail during
the remainder of this year's study.

nary ideas with limited design analysis.

4.6.1 The FBZ Approach

In the first blanket zone (FBZ) design ap-
proach, we take advantage of the fact that radi-
ation damage decreases as'a function of depth in-
to the blanket.
spatial distribution of damage characterized by

For the reference design, a

atomic displacement rate and helium generation
rate is illustrated in Fig. 4.10. It may be
observed from this figure that in a distance
of about 25 cm, the atomic displacement rate
has decreased by a factor of five and the heli-
um generation rate has decreased by a factor of
seven. We define this region, which represents
volumetrically about 20% of the total blanket,
as the first blanket zone. The FBZ is that
part of the blanket which.can be changed rou-
tinely when radiation effects dictate or when
surface effects such as sputtering erosion re-
quire it. A1l other things being equal, the
second blanket zone, i.e., the 80% remainder
of the blanket, would last 5-10 times 1ongefm
This zoning approach to blanket maintenance is
markedly superior to the more common differan- -
tiation of having a main blanket and a separable
first wall. There is little to be gaincd by '
changing a thin first wall and leaving behind
other material that also has significant damage.
The coolant circuit for the FBZ of Fig. 4.11
may be one which is completely independent of
the remainder of the blanket, or the outlet duct
may feed to the second blanket zone. Piping
connections in either case would be outboard of
the shield.
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Fig. 4.11. The FBZ approach.



4.6.2 The Balanced Energy Input

As discussed in the section on stress analy-
sis, the heat load on a tubular first wall re-
sults in two components of thermal stress: one
caused by AT through the wall thickness, another
The balanced

energy input concept attempts to reduce the

by AT across the tube diameter.

second component by balancing the heat flux on
the first wall by heating the tube on the back
face. The energy source is the neutronic heating
of the lithium (see Fig. 4.12).

ORNL-DWG 77-4988

q, = FIRST WALL a HEAT FLUX
dn= HEAT FLUX FROM NEUTRON HEATING

°F LITHIUM
— -—
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. «—
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Fig. 4.12. First wall balanced energy input.

The equating of 9% and a, will establish the
required lithium thickness. Preliminary calcula-
tions indicate that 3-6 cm of lithium are re-
quired to balance the heat Toad for the reference
wall loading of 2-4 MW/mZ. For steady-state op-
eration, it is clearly advantageous to heat the
tube uniformly from both sides; however, the

transient conditions require further analysis.

4.6.3 Modified Tube Wall Concepts

Another possible approach to minimizing
the thermal stresses due to the AT across the
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" mainder of this fiscal year.

tube diameter is to locate the supply and re-
turn manifolds adjacent to each other and have
the ducts forming the first wall follow an out
Both legs of the duct will
tend to bend in the same direction and nomi-

and return path.

nally provide no restraint on each other.
Such an arrangement can be realized as a
nested array of U-1ike tubes or an array of
coil-spring-like tubes. These are shown con-

ceptually in Figs. 4.13 and 4.14.

4.6.4 Internal Tritium Recovery

The 1ithium volume contained within the U-
shaped envelope of the cassette module has in it
an independent wall that serves a dual role:

(a) it acts as an adiabatic, energy-isolating
surface between the coolant tube facing the
plasma and the other half of the tube facing the
secondary blanket zone, and (b) it is a means of
tritium recovefy. The barrier wall is made up
of capillary tubes of niobium. Tritium is re-
covered by diffusion in the lithium and perme-
ation through the niobium. The location of the
barrier wall (see Fig. 4.9) is determined by
heat transfer considerations, by the desired
flux attenuation, and by the diffusion of
tritium in lithium that may have zero fluid
circulation due to magnetic field effects. A
concept to incorporate this idea in the contour
module will be developed if preliminary diffu-

sion calculations show it to be viable.

4.7 UNRESOLVED PROBLEM AREAS

Several problem areas remain in the blan-
ket system and will be studied during the re-
The major prob-

lems are described below.

4.7.1 Start-Up

Due to the relatively high melting point
of the molten salt, ~150°C, some method will
be required to preheat the blanket. Options
under consideration include:

1} initial mixing of the salt with water
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which would be removed after the pre-
heat.
mercial application for both start-up

This approach is in use in com-

and shutdown;

2) drain the molten 1ithium from the blan-
ket upon shutdown and recharge it at a
sufficiently high temperature to melt
the solidified salt;

3) drain the salt circuit and reheat by
circulating a mixture of sodium and
potassium (NaK) through the salt cir-
cuit. The NaK can be removed by vacuum
boil-off;

4) the same approach as option 3, except
that hot gas, inert if necessary,
would be used to accomplish heat-up;
and,

5) use of electrical resistance heating
either to supply heat radiantly or
by contact with the blanket.

4.7.2 First Wall Structural Design

The 1ife of the first wall in the region
of high neutron flux will be determined
largely by the acceptable 1imit for loss in
material ductility. Based on present under-
standing of materials behavior, normal loading
conditions, and design criteria, fabricated
stainless steel should have sufficient ductil-
ity to accommodate the strains during initial
start-up of the reactor, i.e., when structural
components normally experience the most severe
imposed loads. Under continued cyclic opera-
tion, as the material ductility decreases with
increasing fluence, the structure will tend to
shake down into a stable load deformation con-
figuration that will limit accumulation of
additional inelastic strain. The assumptions
and simplifications used above in assessing
first wall behavior must be further investi-
gated. Also, acceptable design criteria must
be developed and, ultimately, verified for

this unique design case.

4.7.3 Remote Maintenance

Although the vacuum building approach

(see Sect. 8) is expected to improve the re-
mote maintenance problem, an in-depth analy-
sis of this overall problem is still required.
Equipment requirements and detailed design
solutions are necessary to help guide and 1m:
plement a much needed technology program.

4.7.4 Internal PF Coils

The internal poloidal field (PF) coils
required for plasma shaping and control are
The
problem here is in the design of a joint both

an integral part of the blanket system.

for replacement of the coils and for access into
the plasma chamber. A high voltage power source,
which‘further compiicates the coils by requiring
many turns per current location, is desirable.
There is presently no acceptable solution for
this problem.

4.7.5 Tritium Removal

A potential problem resulting from MHD ef-
fects on the lithium has been identified.
tions of the 1ith1uﬁ‘may be sufficiently immo-

Por-

bilized to prohibit adequate removal of the tri-
tjum. Detailed calculations are under way to
evaluate possible stagnant lithium regions and
the extent to which motion is suppressed. The-
diffusion rate of tritium through the nonflowing

regions will also be evaluated.

4.8 CONCLUSTIONS

We conclude that the basic design approach
for the power demonstration study in general ’
is feasible for the blanket system and results
in practical engineering concepts which are pri-
marily applications of existing technology. How-
ever, as indicated throughout this section, the
blanket concepts are in an early stage of devel-
opment and represent only pre]iminar? designs at
this time. For the remainder of this fiscal
year, we will perform additional in-depth analy-
sis and layout design to ascertain the feasibil-
ity of the basic design concepts.

A summary of our specific conclusions from
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the blanket study to date follows.

1.

A blanket heat exchanger using a low
pressure salt coolant having satisfac-
tory thermal/hydraulic performance
which matches a conventional steam
generator can be provided.

An acceptable breeding ratio for triti-
um can be obtained in a blanket thick-

ness of 1/2-1 m. Our first concept in-

cluded a layer of graphite to reduce

the thickness of lithium required.

More recent neutroni¢ calculations,
however, show that the graphite provides
only a slight improvement. Consider-
ing possible compatibility problems
with graphite and some coolants such

as salt, we eliminated the graphite.

A blanket first wall with reasonably
long life under high thermal wall

loading using conventional materials
can be designed. Conservative limits
on temperature and hydraulic loading
are selected to reduce the impact of
radiation damage. ’

The ASME Structural Design Code is rea-
sonable as a starting point to assess
the reliability of the structural de-
sign. Radiation damage occurs as a
gradual loss in ductility and as such
does not have as severe an impact on
the design as a material with initial
low ductility.

New design concepts such as the cas-
sette module and FBZ approach (when
coupled with a vacuum building) appear
to be viable concepts for improved
mechanical design for remote
maintenance requirements.



5. BLANKET STRUCTURE

J. L. Scott

5.1 INTRODUCTION

The structural material of the blanket is
an important factor to consider in establishing
the technical and economic feasibility of the
tokamak concept for power generation. To demon-
strate technical feasibility, one must establish
that he can build and inspect the structure and
ensure reliability. He must also have data
indicating satisfactory performance (under
service conditions) of temperature, stress,
chemical environment, and flux and fluence of
neutrons with the proper energy spectrum. One's
ability to get the required data in time to have
favorable impact on the design must be an
important consideration. In considering eco-

nomic feasibility, one must take into account
the costs of fabricating and inspecting the
blanket modules and weigh these costs against
the lifetime of the particular structure. In
addition, one must consider the costs for alloy
" development, radiation testing, and establish-
ment of the required data base. Beyond this,
one must be aware of the costs involved in
creating new industrial capability for new
materials and fabrication processes.

Keeping the above factors in mind, the

following considerations were emphasized in
the seltection of the structural material:
1) demonstration of commercial feasibility
" in this century,

2) safe and reliable operation at minimum
capital costs,

3) economically attractive thermodynamic
efficiency (in the range of conven-
tional 1ight water reactors),

4) ability to develop a full data base,
including end-of-1ife properties, in
a time period consistent with each
phase of commercialization, and

5) minimization of the number of new
classes of materials, fabrication and
joining processes, and industries.
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The time period available for developing
the engineering data base for design is set by
the timing of three phases beyond the Tokamak
Fusion Test Reactor (TFTR): (1) the ignition
demonstration phase, (2) the power technology
demonstration phase, and (3) the commercial
prototype demonstration phase. The material
choice for each phase must be made several years
before the operating date. For the initial
ignition phase, development time is limited;
therefore, emphasis must be placed on existing
commercial materials or improved versions of
them.

and data base are less stringent for the initial

At the same time, the required lifetime

ignition phase than for the commercial prototype
demonstration phase. For the latter, there is
more time for development and thus the choice
of material may change. To minimize the number
of new technologies required for demonstration,
it would be highly desirable that the structural
material for all three phases be based on the
same class of materials. However, if results
of the development program indicate that a new
class of materials is required, then sufficient
flexibility should exist in the program to
allow the change to be made. For each phase,

low cost and high reliability are obvious re-
quirements.

The requirement that the full data base,
including end-of-1ife properties, be available in
a time period consistent with commercial demon-
stration in this century is especially difficult
to satisfy.

provide much of the data base for iron- and

Fission reactor irradiations can

nickel-base alloys, and these facilities are
available now. If refractory metals are chosen
as the structural material, a test facility with
large volume, high flux, and high neutron energy
The first such facility, the
D-Li source, would have only a liter of test

space.]’2

will be required.

This is adequate for scoping studies,
but grossly inadequate for providing the data



base required for detailed design. Several D-Li
sources or a magnetic fusion test facility would
have to be built and utilized in order to test
refractory metals. One D-Li source would be
sufficient to verify the fission reactor re-
sults for iron- and nickel-based alloys so the
development costs are much lower for these
materials.

In selecting the structural material for
each phase of the commercial feasibility
demonstration, a number of additional factors
must be considered. The economics analysis
(Sect. 2) suggests that capital costs approach
an optimum for neutron wall loadings in the
range of 2-4 MW/m?2.
operating life increases with each successive

Secondly, the required
demonstration phase. For commercial power
operation, periodic replacement of the first
wall is perceived as a difficult and costly
process because it must be done remotely. Pre-
liminary analysis suggests that plant avail-
ability is not seriously impacted for wall
lifetimes of five years or greater. Thus, a
desirable integral wall loading — which may be
defined as the product of the neutron wall
loading, the power factor, and the years of
operation before replacement — is at least

10 MW.yr/m? and hopefully higher.

The 1ifetime requirements, which vary with
each demonstration phase will be limited by
radiation damage. The primary effects of
radiation are swelling and loss of ductility.
As the lifetime increases, the atomic displace-
ments and the helium and hydrogen contents in-
crease, as indicated in Table 5.1 for type 316
stainless steel and Nb-1% Zr, which are typical
of the two major classes of conventional and
high temperature materials being considered.

In addition to atomic displacements and gas
content, the lifetime will be a strong function
of metallurgical structure, operating tempera-
ture, and stress levels. At present, there
are insufficient data to specify the integral
wall loading of any material, but a desirable

range would be 10-20 MW-yr/m2.
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In addition to radiation stability, the
structural material must satisfy other require-
ments. One is fabricability. The size of the
system will dictate that at least some of the
assembly operations will have to be done in the
field. Field assembly would be difficult for
refractory metal systems because an inert atmos-
phere is required for welding. Smaller sub-
systems could be fabricated in glove boxes, but
coolant piping and vacuum seal welds would be
most easily done in air. The structure must.
also be compatible with the coolant and with
some form of lithium as a tritium-breeding
material. Finally, the high power density will
result in high heat fluxes, so the material
must be capable of withstanding the resulting

thermal stresses.

1. P. Grand (ed.), Proposal gor an Acceleraton-
Based Neutron Generator, BNL 20159, Brook-
haven National Laboratory, Upton, Long
Island, New York (July 1975).

2. M. J. Saltmarsh and R. E. Worsham (eds.),
INGRID: A Proposal for an Intense Newtron
Generaton fon Radiation-Induced Damage
Studies in the CTR Matenials Program,

(RNl /TM-R?33, Nak Ridge National Laboratory,
Oak Ridge, Tennessee (January 1976).

5.2 CANDIDATE STRUCTURAL MATERIALS

A number of candidate structural materials
were considered for the commercial fusion power
These included:

1) austenitic stainless steels,

application.

2) Ni-base alloys,
3) Nb-1% Zr,

4) V alloys

5) Mo alloys, and
6) Al alloys.

5.2.1 Austenitic Stainless Steels

In comparison with the other materials on
the 1list, austenitic stainless steels have so
many advantages that this class of materials
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Table 5.1. Atomic displacements and gas contents of structural materials
at goal lifetimes of commercialization phases
Goal lifetime
Material Phase (MW-yr/m2)a dpab He(appm)© H(appm)
Type 316 stainless steel . Ignition 2.5 27 320 1060
Nb-1% Zr Ignition 2.5 18 73 260
Type 316 stainless steel Power Demo and commercial 10-40 115-460 1440-5750 5330-21,300
Nb-1% Zr Power Demo and commercial 10-40 73-290 290-1160 1050-4200

A ifetime is defined as the product of years of operation, the power factor,

neutron wall loading.
bDisplacements per atom.

Catomic parts per million.

should be seriously considered unless some com-
pelling reason exists to reject it. Several
commercial alloys are readily available, and
some have a history of use and testing under
conditions that partly simulate those in a
fusion reactor. Techniques for fabrication and
welding stainless steels are well developed, and
an unirradiated data base for design exists.
Broad commercial experience with stainless
-steels provides a high degree of confidence in
our ability to achieve a reliable device through
their use — ignoring, for the moment, irradia-
tion effects.

A significant advantage of a stainless
steel as a structural material is the ability
to simulate fusion reactor irradiation effects
This
unique value of fission reactors arises from
the combination of displacement damage pro-
duced by fast neutrons and helium produced by

in a mixed-spectrum fission reactor.

a two-step thermal neutron reaction:

(1)
(2)

SBNi + n > SONi + vy,

59N1 + n > 56Fe + o

This approach recognizes that fusion reactor
radiation effects at high fluence are best
approximated by matching the amount of both
helium production and displacement damage.

and the 14.1-MeV

Results on type 316 stainless steel irradiated
under these conditions are discussed in more
detail in Sect. 5.3.

The major drawbacks to the use of austen-
jtic stainless steels are a question of long-
term chromium availability, relatively low
thermal ‘conductivity, problems of waste dis-
posal as a reéu]t of neutron activation, and a
comparatively low upper operating temperature
Timit of 400-500°C. The operating temperature
1imit can probably be increased by an alloy
development program. Resource availability
and waste disposal are problems which apply
to nearly all the candidates and must be faced
in the future. With proper design, many of
these disadvantages can be accommodated.

It is unlikely that any presently avail-
able commercial austenitic stainless steel
alloy is the optimum choice for commercial
fusion power. TLimited irradiation data ob-
tained in mixed-spectrum fission reactors
suggest that type 316 stainless steel may have
adequate propert{es for the ignition phase.3
Information on its properties under irradiation
is more extensive than for other alloys be-
cause it is the reference cladding material
for the Liquid-Metal Fast Breeder Reactor
(LMFBR).
on experimental austenitic alloys indicate the

At the same time, preliminary data
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potential for markedly improved irradiation
resistance. Specifically, titanium additions
(n0.25 wt %) to type 316 stainless steel result
in improved postirradiation ductility and creep
life at 550°.% :

It must be emphasized that the amount of
testing thus far of austenitic stainless steels
in a simulated fusion environment is extremely
limited.
standing of damage processes is limited to that

In addition, our fundamental under-

caused by atomic displacements in the lattice.
The ettects of helium per se or synergistic
effects of helium on displacement damage are
not yet well understood. We believe that basic
work leading to an understanding of processes
and mechanisms together with empirical tests
that generate engineering data will result in

an alloy with properties superior to those of
type 316 stainless steel.

Even though the optimum austenitic stain-
less steel may have a different composition from
present commercial alloys, it should be recog-
nized that the vast experience with commercial
alloys will simplify the commercialization of
the new ones. Important problems such as im-
purities in raw materials, melting practices,
forming processes, inspection techniques, and
joining will be easier to deal with for austen-
itic stainless steels and nickel-base alloys

than for refractory metals.

3.7 t. E. Bloom, F. W. Wiffen, P. J. Maziasz,
and J. 0. Sticgler, Nucl. Technol. 31(1),
115-122 (October 1976).

4. J. L. Scott (compiler), Magnetic Fusion
Enengy Materials Technology Program Annual
Progress Report fon Period Ending June 30,
1976, ORNL-5189, pp. 5-8, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (September
1976).

§.2.2 Nickel-Base Aliloys

These alloys have most of the advantages

and disadvantages of stainless steels. Nickel

alloy Inconel 718 has better fatigue resistance
than the austenitic stainless steels, and alloy
PE 16 has demonstrated excellent resistance to
radiation-induced swelling. Nickel is rela-

tively soluble in 1ithium so that the maximum

_operating temperature for static capsules of

nickel-base alloys and lithium is only 300-
400°C.5 The use of an iron-base Tiner in
conjunction with a nickel-base structure was
considered to be excessively expensive and
difficult.
compatible with 1ithium, they were not chosen

Because nickel ‘alloys are not

as the primary structural material.

5. J. 0. Cowles and A. D. Pasternak, Lithium
Properties Related to Use as a Nuclean
Reacton Coolant, UCRL-50647, Lawrence
Livermore Laboratory, Berkeley, California
(April 18, 1969).

5.2.3 Niobium Alloys

Niobium alloys were chosen for several
early fusion reactor designs to exploit the
high thermodynamic efficiency to be derived
through their use (up to 1000°C).® This bene-
fit is not unique to fusion devices and could
be exploited by other central station power
systems. Countering the potential advanlages
of high thermodynamic efficiency are the prob-
lems associated with the use of refractory
metals — such as higher costs, higher reac-
tivity with air, and greater difficulty in
welding.

Although niobium alloys arc commercially
availahle, they are not available in the sizes
needed for commercial fusion power. A large
expansion in the industrial capability would
have to be effected.
ment would be difficult to justify without an

The associated invest-

assured market.

Last, but not least, the development of
an irradiated data base for niobium alloys
would be difficult to accomplish by the early

1990's. Even if one assumes that a D-Li source



will be available in 1982;83, the test volume
will be so limited that alloy optimization
followed by the generation of the data base
cannot be achieved.

In spite of their drawbacks, niobium
alloys, especially Nb-1% Zr, have a much bet-
ter thermal shock resistance than austenitic
stainless steels.
metal should be carried as a backup to the
austenitic stainless steels. It is also
possible that a refractory metal may be re-

Some type of refractory

quired in fusion reactors for such special
applications as limiters, neutral beam in-
jector electrodes, or divertor targets.

6. A. P. Fraas, Comparative Study of the Monre
Promising Combinations of Blanket Materials,
Powen Conversdion Systems, and Tritium
Recovery and Containment Systems for Fusion
Reactons, ORNL/TM-4999, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (November
1975).

5.2.4 Vanadium Alloys

Vanadium alloys were considered briefly
as a cladding material for the LMFBR but were
abandoned when it was found that they were not
compatible with sodium of reactor purity,
Lithium, unlike sodium, will extract oxygen
from vanadium; thus the reasons for the
~rejection of vanadium alloys in the LMFBR do not
apply.
alloys are potentially attractive because of

For fusion reactors, vanadium-base

(1) reasonably good strength, useful to about
800°C in the absence of irradiation; (2) low
activation rate compared with niobium alloys or
stainless steels and thus greatly reduced
problems with radioactive waste management; and
(3) a demonstrated radiation resistance of
vanadium-titanium alloys to displacement-
produced swelling and embritt]ement.7

I'he major drawback to vanadium alloys is
that at this point work on them is so limited
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that there are not enough data even for design
of unirradiated structures. In addition, very
little information can be found on fabrication
methods or the sensitivity of properties to
fabrication variables. At present, there is no
commercial vanadium alloy; an industry would
have to be created before this class of mater-
ials could be used.8 Thus, the selection of
vanadium alloys as the primary structural
material would be inconsistent with the guide-
line of minimizing the number of facilities and
new technologies required for commercialization.
At the same time, however, experimental work
leading to their possible selection as backup
materials to austenitic stainless steels

should be continued on these materials.

7. J. Bentley and F. W. Wiffen, Nucl. Technol.
30(3), 376-384 (September 1976).

8. Regractony Metals Fabrication Technology as
Applied to Fusion Reactorns — A State-of-the-
art Assessment, Final Repornt, BNWL-2053,
Battelle-Northwest, Pacific Northwest
Laboratory, Richland, Washington (May 15,
1975).

5.2.5 Molybdenum Alloys

Molybdenum alloys are attractive for fusion
devices because of their excellent high tempera-
ture strength and good compatibility with helium
coolant in comparison with most other refrac-
tory metals. These alloys also, however, have
many serious disadvantages such as high costs,
low ductility at room temperature, and lack of
weldability. Because of these difficulties
they were not identified as primary candidates
for the structural material, although they may
be used for certain components such as limiters

and beam dumps.

5.2.6 Aluminum Alloys

Fusion reactors with relatively cold
aluminum first walls or high temperature sin-
tered aluminum product (SAP) structures have



been proposed, primarily because of the poten-
tial for low neutron activation b]ankets.6’9
Because of the many problems associated with
these approaches, such as low thermodynamic
efficiency with aluminum alloys and inherent
low ductility with SAP, these approaches have

been rejected.

9. R. Benenati, P. Tichler, and J. R. Powell,
Trans. Am. Nucl. Soc. 23, 32-33 (1976).

5.2.7 Summary of Candidate Alloy Comparisons

Table 5.2 summarizes the relative advan-
tages and liabilities of several candidate
structural materials.

On the basis of this qualitative compari-
son, it is clear that austenitic stainless
steels are the most promising choices for use
in the ignition demonstration phase of com-
mercial fusion power development. The choice of
type 316 stainless steel as the reference
structural material from this broader class
rests on extensive experience with it in
fission reactor applications and on its indi-
cated potential of meeting the requirements.

For subsequent phases, an austenitic stainless
steel would be preferabie if the optimum alloy
has acceptable properties. A refractory metal
should be carried as a backup until high fluence
irradiation data on austenitic steels have been
ohtained and evaluated.

Because existing irradiation data on type
316 stainless steel indicate that for a given
fluence the ductility is higher at a lower
irradiation temperature, the design temperature
ot 400”C was considered to be a conservative
maximum near the first wa11.3 Likewise, the
maximum stress was also kept as low as possible
to minimize the potential for fatigue failure.
Because a high heat flux may exist at the first
wall, the wall was kept as thin as possible
and the coolant pressure stress was kept as
low as possible. To minimize thermal-hydraulic
stresses we emphasized the application
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of low pressure coolants. On this basis the

reference coolant is a heat transfer salt (53%

KNO4, 40% NaNOz, 7% N03); other promising fused

salts are identified in Sect. 6, which discusses

If fused salts *
cannot be used as the coolant, then thermal

the coolant choice in detail.

stresses associated with the use of stainless
steels will have to be minimized through clever
designs for a system in which the total alpha
energy is transported through the first wall.

5.3 ESTIMATE OF WALL LIFETIME

At thc nominal neutronic wall Toading of
2-4 Mw/mz, the neutron flux at the first wall
is 0.8-1.5 x 10]5 neutrons/cmzlsec, with
about 20% of the neutrons having energies near
14 MeV. For type 316 stainless steel, about
23-46 displacements per atom (dpa) and 290-
580 appm He will be produced per year of opera-
tion.
tensile properties for annealed and cold-worked

Data showing the swelling rates and

type 316 stainless steel irradiated in the High
Flux Isotope Reactor (HFIR) at different tem-
peratures to about 60 dpa and 4000 appm He are
shown in Figs. 5.1 and 5.2.9 This fluence is
equivalent to about 18-36 months of operation in

terms of displacement damage and 10-20 years of

a

operation in terms of helium production.

For operating temperatures below about
600°C, irradiation-produced swelling that
results from cavity formation is relatively
temperature-independent., and cold-worked stain-
less steel swells at a markedly Tower rdate than
does solution-annealed material. This advantage
will make the cold-worked structures more able
to operate in flux gradients, where the rela-
tively low swelling rates will minimize the
differential swelling. If the swelling is
controlled by displacement damage in irradiated
cold-worked type 316 stainless steel, available
data can be extrapolated to predict 5% swelling
at 90 dpa for irradiation at 53O°C.3 There are
a number of assumptions in this extrapolation,
discussed in Ref. 3. If further experimental
work verifies this prediction, the integral wall
1nading, set by a swelling limit of 5%, will be

about 8 Mw-yr/mz. If the swelling is controlled
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Table 5.2. Identification of advantages and liabilities
of typical possible structural alloys
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25 relative ranking of this type is based on incomplete information on most alloys and on a

large measure of subjective judgment.
b

Excellent.
dAcceptab]e.
®o0d.
6Margina1.

935intered aluminum product.

hUnacceptab]e.

“Not known.

by the helium content rather than by dpa
level, the predicted swelling Timit on wall
Tifetime exceeds 30 MM-yr/n?.>

The mechanical properties of cold-worked
material — yield strength, ultimate tensile
strength, and ductility — were degraded as a
result of irradiation. Below 550°C, -the
yield strength is higher than that of an-
nealed unirradiated material, so designs

based on the yield point of unirradiated

Ratio of elastic modulus x coefficient of thermal expansion/thermal conductivity.

material should be conservative. The ductility
decreases with increasing irradiation and teét
temperature, from nearly 4% at 350°C to 0% at
about 650°C.

Consideration of a reasonable design re-
quirement of 2% elongation and the dependence
of elongation on irradiation and test tempera-
tures, shown in Fig. 5.2, set an upper tempera-
ture limit of ~460°C fur a cold-worked 316
stainless steel first wall. For the lower
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Fig. 5.1. Swelling of cold-worked and
annealed type 316 stainless steel in HFIR to
40-60 dpa and 3000-4330 appm He,

temperaltures of this design, the irradiation
conditions of Fig. 2 show acceptable elonga-
tion atter irradiation to approximately 50
dpa (~4.4 Mw-yr/mz) and a helium content of
approximately 4000 appm (427 Mi-yr/m?),
Prediction of a ductility-limited 1ife-
time on the basis of a required 2% minimum
elongation to failure is difficult with the
scarcity of available data. A very complete
set of dala has been published by Tish et
a1.'9 This shows that, for solution-annealed
type 304 stainless steel irradiated and tested
at 370°C, the elongation dropped with in-
creasing fluence to a fluence near 3 x 102
neutrons/cmz. However, the ductility did not

2

further decrease when irradiation was contin-

23 2

ued to fluences to 1.1 x 1077 neutrons/cm-.

A similar treatment of data on cold-worked
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Fig. 5,2. TJensile properties of type 316
stainless steel after irradiation in HFIR to 40-
60 dpa and 3000-4300 appm He. Data are plotted
at test temperatures; irradiation temperatures
were slightly higher than test temperatures for
each data point. The open points are for unir-
radiated samples, and the closed points are for
irradiated samples.

316 irradiated to produce both high levels of
displaccment damage and of helium is given in
Fig. 5.3: The trend curves are drawh by analogy
to data of Fish et al. and cannot be supported
solely on the basis of the available HFIR re-
sults. However, if these projections are sup-
ported by future experimental work, the elonga-
tion of the first wall will remain above 2% for
high fluence reactor operation and will not be
lifetime-limiting.
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Fig. 5.3. Fluence-dependence of total elongation in HFIR-irradiated, cold-worked type 316 stain-
less steel. Trend curves were drawn based on the data of Fish et al.l10

Amona other properties that may be af- of the irradiated structure do not exist. The

fected by irradiation are the irradiation
creep rate and fatigue lifetime of stressed
componénts. LMFBR program results on irradi-
ation creep of cold-worked type 316 stainless
steel suggest that at a design stress of
16,000 psi, creep rates on the order of 0.1%
per year may be expected at the nominal neu-
tronic wall 1oad1‘ng.” Because irradiation
creep is approximately linearly dependent on
stress and only weakly temperature-dependent,
local deviations from design nominal values
of either stress or temperature will have

modest effects on the irradiation creep rates.

Data on which to assess the fatigue response

lifetime fatigue load of 3 x 105 pulses is a
demanding requirement and must be considered
experimentally. Cramer et al. have estimated
the wall lifetime of UWMAK I based on creep,
fatigue, and crack-growth rates in addition to
swelling and ductility 1oss.]2 (The maximum
combined stress for the UWMAK I design was
49,000 psi, and the maximum operating tempera-
ture was 558°C.) These potential limitations
must be reevaluated at lower temperatures as the

experimental data base on materials performance

becomes available.



10. R. L. Fish, J. L. Straalsund, C. W.
Hunter, and J. J. Holmes, "Swelling and
Tensile Property Evaluations of High-
Fluence EBR-II Thimbles," p. 149 in
Effects of Radiation on Substructure and
Mechanical Propenties of Metals and
AlLoys, ASTM-STP 529, American Society
for Metals and Testing, Philadelphia,
Pennsylvania, 1973.

11. See, for example, data by Gilbert and
McVay, reviewed in . W. Wiffen, The
Effects of CTR Innadiation on the
Mechanical Properties of Structural
Materials, ORNL/TM-5624, Oak Ridge
National Laboratory, Oak Ridge,
Tennessee (November 1976).

12. B. A. Cramer, J. W. Davis, R. C. Kinder,
and D. A. Bowers, "An Approach for De-
termining the Lifetime of a First Wall
Structure in a Tokamak Reactor," paper
presented at the Second ANS Topical
Meeting on the Technology of Controlled
Nuclear Fusion, Richland, Washington,
Sept. 21-23, 1976 (TK Report in press).

5.4 QUALIFICATION OF AUSTENITIC STAINLESS

STEELS FOR COMMERCIAL FUSION POWLR

The design parameters of a neutronic wall:
loading of 2-4 MW/m2 at temperatures in the
range of 250-400°C and the desired design
lifetime of 10-20 Mw-yr/m2 form a severe
materials requirement. The data described
above on 20% cold-worked 316 stainless steel
(showing acceptable properties at 400°C or
lower for 4-6 Mw-yr/m2 of displacement damage
and 20-30 Mw-yr/m2 of helium) suggest that an
austenitic stainless steel that will be ade-
quate for use as the structural material can
be developed. We think that the operating
temperature can be increased by alloy optimi-
zation. However, the present higher tempera-
ture data are so limited that this must be
regarded only as a speculation.

Experimental work on austenitic stainless
steels is required in the following areas of
interest as functions of both composition and
microstructure.

1) Swelling:

a) establish the basic kinetics and
mechanisms of swelling,

b) confirm and extend the evaluation
of the dependence of swelling on
irradiation temperature,

¢) establish the relationships between
dpa level and helium content on con-
trolling swelling,

d) establish the influence of alloy
modification and fabricated micro-
structure in suppressing the swell-
ing of alloys,

e) establish the fluence-dependence of
swelling under fusion reactor irra-
diation conditioning.

2) Ductility and strength properties:

a) confirm the dependence of ductility
on irradiation and test temperature,

b) confirm the “"saturation" of ductil-
ity loss for high fluence irradia=
tions,

c) estahlish the influence of alloy
modification on postirradiation
ductility,

d) cstablish the role of displacement
damage level and helium content on
loss 'of ductility at the lower tem-
peratures of interest,

e) evaluate the dependence of elonga-
tion on strain rate, including the
ductility under creep-rupture con-
ditions,

f) establish the loss in strenyth of
cold-worked materials on irradia-
tion, both in reduced tensile
strength and in reduced rupture
1ife.

3) Irradiation creep:

a) establish irradiation creep rates
under simulated fusion reactor con-
ditions.



4) Cyclic loading effects:

a) evaluate postirradiation fatigue
properties of irradiated stainless
steel,

b} establish crack growth rates in
irradiated materials.

5) Weldment properties:

a) all properties listed above must"
be established for prototypic
weld material and for weld-
affected zones of the reference
material.

5.5 CONCLUSIONS

An analysis has been made of the candi-
date structural materials together with design
requirements for a series of fusion devices
leading to commercial fusion power. Austen-
itic stainless steels appear to be compatible
with a design based on first wall operating
temperatures in the range of 400-500°C with
lithium as the tritium-breeding material and
a molten salt as the coolant. Their desired
lifetimes are projected to be in the range of
10-20 MW-yr/m?. It must be emphasized that
data on irradiated austenitic stainless steels
with both high displacement levels and high
helium content are very limited. An extensive
program of alloy development and irradiation
testing will be required in order to find a
usable alloy and to demonstrate its perfor-
mance capability.

The selection of some type of austenitic
stainless steel should minimize the number of
new technologies needed to achieve commercial
fusion power. Although it is unlikely that
the optimum alloy will be one of the present
commerical alloys, the extensive experience on
ore reduction, melting practice, forming,
joining, and inspection can be applied di-
rectly with this class of alloys.

Another important advantage of the use of
austenitic stainless steels is that they mini-
mize developmental costs. An extensive data
base is required for irradiation effects on

any structural material. Because of the
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fortunate circumstance that helium is produced
from nickel in a thermal neutron environment,
much of the data can be obtained in existing
Thus, large expenditures for
It must be
recognized, however, that the results of the

fission reactors.
test facilities are not required.

fission reactor irradiations must be verified in
This
verification can be carried out in one D-Li neu-~

the actual fusion reactor neutron spectrum.
tron source. There is not sufficient volume in
such a source to develop a complete data base
for one conventional alloy, but relatively few
samples would provide adequate verification. If
a nonnickel-bearing alloy such as Nb-1% Zr or
V-20% Ti should be required for commerical fu-
sion power, then expenditures of $500 million or
more would be required just to provide the test
facilities — not to mention the 6perating and
developmental costs.]3 At the same time, it
would be difficult to provide these facilities

in a time period consistent with the goal of
commercial fusion power by the end of this
century.

Nickel-base alloys are incompatible with
lithium above 300°C, so they must be protected
or another breeding material must be selected if
they are used as fusion reactor structural
materials.

With regard to refractory metals, we believe
that the development program required would be
much more extensive than that associated with
In addition, the
costs of providing test facilities would be much

austenitic stainless steels.
greater. On the other hand, it must be recog-
nized that it is possible that no austenitic
stainless steel will be adequate for commercial
fusion power. Consequently, we propose that

work be continued on refractory metals — espe-
cially niobium- and vanadium-base alloys — until
we can be assured that they will not be needed.
In fact, even it these materials are not required
as the structural material, they may be used in
special components or applications; in that case
more information on their irradiation behavior
would be required.
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13.

J. R. Powell et al. {eds.), Proceedings
of the Magnetic Fusion Enengy Blanket and
Shield Wonkshop: A Technical Assessment,
ERDA-76/117/1, CONF-760343, p. 13
(August 1976).



6. BLANKET COOLANT

H. E. McCoy

6.1 INTRODUCTION

The blanket coolant for commercial power
application must be stable under high gamma
and neutron fluxes at temperatures of NSOOOC,
must be compatible with the structural mate-
rials, and must be capable of transferring the
desired quantities of energy. It is also .
desirable that a coolant operates at low pres-
sure; has a low power requirement for pumping,
a high boiling point, and a low melting point;
and be nonhazardous and low in cost. These
requirements are stated rather qualitatively
and can take on values only when considered
in 1ight of specific blanket designs (Sect. 4)
and blanket structural materials (Sect. 5).
For a neutron wall loading of 3 Mw/mz, an
austenitic stainless steel as the structural
material, a gamma flux of 104 R/sec, and a
neutron flux on the order of 1015 neutrons/
cmz/sec, the coolant must be compatible with
austenitic stainless steel and the heat
transfer coefficient of the fluid side should
be approximately 1.14 x 104 W/m2 « K (2000 Btu/hr
ftZ-OF).- However, these coolant requirements
are oversimplified, and some attention must
be given to the various trade-offs between
designs, structural materials, and coolants.

For this reason, each factor is discussed in
more detail below.

6.1.1 Irradiation Stability

Irradiation stability of the coolant is
of concern because dissociation can lead to
high pressures in the coolant circuit (e.g.,
water dissociating_to form H2 and 02) or can
form undesirable solid products (e.g., organic
The
" dissociation reaction requires that the entire
blanket be designed to withstand high
'pressure, and chemical adjustments are usually

coolants dissociatiny to form tar).

required to maintain the desired coolant

composition. Dissociation which leads to
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solid reaction products is of concern because
of fouling and its associated detrimental ef-
fects on heat transfer and ability to pump the
coolant, One further aspect of neutronic per-
formance is that the coolant must not signifi-
cantly degrade the neutron flux either by scatl-
tering or by parasitic absorption, since this
would reduce the ability of the system to pro-

duce tritium.

6.1.2 Coolant/Structural Material Compatibility

Compatibility between the coolant and the
structural material is necessary to maintain
system integrity. One complicating factor 'is. A
the effect of strong magnetic fields on corro-
sion. Studies have shown that magnetic fields
influence both transport-controlled and
activation-controlled reactions.] Further work
will be needed to define the magnitudes of these
effects for each coolant/structural metal com-
bination. Another area of concern is the con-
sequences of mixing of the coolant with lithium,
an event which could occur if the coolant tubes
failed. These factors are discussed in greater

detail in Sect. 6.2.

1. E. J. Kelly, ™Magnetic Field Effects on

Electrochemical Reactions Occurring at

Metal/Flowing-Electrolyte Interfaces,” to
be published in J. Electrochem. Soc.

6.1.3 Heat Transfer Properties

The ability of the coolant to transfer
heat is an obvious requirement, since this is
the means by which the thermal eneryy is used
to produce electricity. Therefore, the coolant
must have a high thermal conductivity and other
attractive physical properties which allow
maintenance of a high heat transfer coefficient

on the fluid side. The fluid's physical prop-
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erties must not create a requirement for unrea-
sonable amounts of power for circulation.

6.1.4 QOperation at Low Pressure

It is most important that the coolant
circuit be able to operate at low pressures.
The entire coolant circuit, and particularly
the first wall, will operate under rather
severe conditions. The first wall will re-
ceive intense pulses of thermal energy and
particle irradiation, which lead to cyclic
thermal stresses in the presence of irradia-
tion; the magnitude of the thermal stresses
may be reduced by a reduction of the thick-
ness of structural members making up the
first wall.
coolant would require that members be thick
to contain the high pressure coolant. Thus,
there is a conflict between the need for
thin structural members to minimize thermal
stresses and the need for thick structural

However, use of a high pressure

members to accommodate high hydraulic stresses.
The design simplicity and first wall integrity
are improved markedly by the use of a low
pressure coolant.

6.2 CANDIDATE FLUIDS

Several specitic fluids are discussed
and their roles as prospective coolants for
commercial fusion application are assessed,
6.2.1 Helium
On the basis of general radiation and
thermal stability, ease of handling, and
absence of hazardous conditions, there is
much to recommend the use of a gas as coolant.
There is considerable engineering experience
with helium-cooled systems.z'a

Helijum in its pure form is inert and thus
has excellent compatibility with all prospective
structural materials. However, it is difficult
to maintain the purity of helium in a pumped

pressurized system. Small amounts of oxygen,

nitrogen, water, cérbon monoxide and dioxide,
and methane would probably be present due to
some air leaking in and making contact with
Tubricated seals, and hydrogen and tritium
would be present due to permeation through the
inner wall. Thus, the grade of helium actually
used would have some level of impurities which
would not pose a problem for iron- or nickel-
hase alloys but would probably be rcactive with
metals such as niobium, titanium, and vanadium.
At 400°C the extent and consequences of the re-
action of each reactive metal with fmpure
helium muet be considered in detai].5 Oxygen
contamination of niobium has also been shown to
have detrimental effects on the corrosion of
niobium by 1ithium.6

In order to make helium attractive as a
heat transfer medium, it is necessary to oper-
typically
This will require that 2-3% of

ate the system at high pressures,3
above 1000 psi.

- the thermal energy be used for pumping power

and will complicate the design by requiring
that the coolant circuit operate at high pres-
sures.

Helium is gaseous nver the entire service
temperature; therefore} its use would greatly
simplify start-up. It is questionable whether
this feature is worth the added pumping power
and the complication of a high pressure sys-

tem associated with the use of helium.

2. Stuart McLain, "Commerical Power Reactors
Cooled With Gas or Light Water," p. 1 in
Reacton Technology, ed. by Leonard E. Link,
USAEC Division of Technical Information
Extension, Oak Ridge, Tennessee, 1964.

3. Samuel Glasstone and Alexander Sesonske,
Nuclean Reactor Engineening, p. 407, Van
Nostrand Reinhold Co., New York, 1967.

4, P.'C. Davidge et al., "Gas Coolants", p. 979
in Reactor Handbook, Vol. 1: Maternials, ed.
by C. R. Tipton, Jr., Interscience, New
York, 1960.
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5. J. E. Selle, The Effects of Helium Impuni-
ties on Superallfoys, to be published as an
ORNL/TM.

6. R. L. Klueh,"Penetration of Refractory Met-
als by Alkali Metals,” p. 177 in Conrosdon
by Liquid Metats, ed. by J. E. Draley and
J. R. Weeks, Plenum Press, New York, 1970.

6.2.2 MWater

Water can be used as a coolant at elevated
temperatures if it is pressurized so that it
remains a liquid. At 200°C the minimum pres-
sure required to maintain water as liquid is
225 psia; at 300°C the pressure is 1246 psia;
and at the critical temperature of 374°C the
pressure is 3206 psia. Thus, the pressure
increases sharply with increasing temperature.
Determination of the optimum operating tem-
perature using water as a coolant would in-
volve an evaluation of the trade-offs between
system pressure and coolant temperature. The
pumping power required for water is quite
acceptable, and the experience of the entire
Pressurized Water Reactor (PWR) industry is
relevant to the use of pressurized water as
a coolant. 27,8

Water is not very aggressive toward most
structural metals, but it is generally used
with a number of impurities present in quan-
tities measured in parts per million or parts
per billion. These impurities are combated
with a number of additives used to remove the
impurities or to adjust the oxidation poten-
tial (pH) of the fluid. Although this tech-
nology is very specialized, the experience
with PWR's and with steam cycle power plants
has produced a wealth of operating experience,
and the corrosion problem is manageable with
most structural materials (such as iron,
nickel, and copper), but not with reactive
metals (such as niobium).

When water and lithium are mixed, a

9

number of reactions can occur. These include:

“drogen to be released.

%HZO + L1 » %LiZO + LLiH AH700 g = -30.3 keal
H20 + Li > LiOH + %HZ AH700 K~ -57.5 kcal
%HZO + Li o~ %LiZO + %Hz AH700 K= -43.1 kcal.

When water is the excess phase, water reacts

vigorously with Tithium to form lithium oxide
and hydrogen.a’]o If 1ithium is the excess

phase, the products will be lithium oxide and
1ithium hydride.
tions, the water coolant would be Jeaked into
the Tithium.
formation of corrosive lithium oxide and lithium

hydride with localized heating due to the exo-

Under real operating condi-

This would probably result in the

thermic nature of the reactions. Continued
leaking could lead to sufficient water for hy-
Thus, design and
operating procedures must take into account the
water-1ithium mixing problem.

Water can be maintained as a liquid over
the proposed service temperature range, so
start-up could be accompiished easily.
it is doubtful that this feature compensates

However,

for the other shortcomings of water as a cool-
ant for fusion systems.

7. Samuel Glasstone and Alexander Sesonske,
Nuclean Reactor Engineerding, p. 401, Van
Nostrand Reinhold Co., New York, 1967.

l 8. L. P. Bupp,"Maintenance of Coolants," p. 307

in Reactor Handbook, Vof. 1V:
ed. by Stuart McLain and John H. Martens,
2nd ed., Interscience, New York, 1964.

9. J. Brynestad (Oak Ridge National Labora-
tory), private communication. :

Engineening,

10. Samuel Glasstone and Alexander Sesonske,
Nuclear Reactor Engineering, p. 405, Van
Nostrand Reinhold Co., New York, 1967.

6.2.3 Liquid Metals

The liquid metals of potential use in
fusion systems are lithium, sodium, and potas-
sium, with melting temperatures of 179°C, 98°C,

and 64°C, respective]y.]] These elements have
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relatively high boiling temperatures of
1317°C, 883°C, and 760°C.'! The wide temper-
ature range over which these elements are 1i-
quid and their high thermal conductivity make
them particularly attractive as potential
coolants. If the liquid metals are free of
oxygen, they are compatible in flowing sys-
tems up to 600°C with the austenitic stainless
steels and other iron-base alloys, and may'be
acceptably compatible up to ~400°C with

" They are compatible

nickel-base alloys.
with niobium as l1ong as théy are kept rea- )
sonably pure; they are totally incompatible
with aluminum and copper.

These elements have been widely used as
heat transfer fluids in nonfusion devices
with very favorable results. However, the
fusion application subjects the fluid to
strong magnetic fields, and the high electri-
cal conductivfty of 1ithium, sodium, and
potassium causes strong forces which oppose
flow in any direction not parallel with the
magnetic fie]d.]z’]3 This would require
that the fluid be pumped at pressures in ex-
cess of the magnetic forces, but this is
viewed as requiring such high pressures that
it is impractical. Several methods have been
proposed for reducing the magnitude of this
effect, and these proposals need to be in-
vestigated further because of the attractive-
ness of having a common coolant and breeding
material. The strong magnetic forces also
present a problem with respect to heat trans-
fer. Atomic mobility with the fluids is re-
duced so that heat transfer must be largely
by conduction rather than by convection.

This effect will 1imit the ability to trans-

fer hecat by these metals.,

11. R. N. Lyon, "Liquid Metals," p. 994 in
Reactor Handbook, Vol. 1: Materials,
ed. by C. R. Tipton, Jr., Interscience,
New York, 1960.

12. George H. Miley, Fusion Enengy Conversdion,
p. 251, American Nuclear Society, Hinsdale,
I11inois, 1976.

13. W. R. Grimes and S. Cantor, "Molten Salts.
as Blanket Fluids in Controlled Fusion

161 in The Chemistrny of Fu-

sdon Technology, ed. by Dieter M. Gruen,

Reactors," p.

Plenum Press, New York, 1973.

6.2.4 Lithium and Beryllium Fluoride Salts

Molten fluoride salts of the LiF-BeF2 Sys-
tem have bheen studied extensivp1y,3’]2']5
There is an eutectic composition of about equal
molar ratios of LiF and BeF2 which has a melt-
ing point of 364°C. Although this salt has
the lowest meiting point in the system, it has
a high viscosity. Salt of the composition of
LiF-34 mole % BeF2 has more attractive proper-
ties, except for its relatively high melting
temperature of 459°C. This salt is compatible
with nickel- and iron-base alloys and molybde-
num, but is probably not compatible with alumi~
num, titanium, and niobium.]e']8 Thus,
molybdenum is probably the only structural
material that could be used for a high temper-
ature system cooled with LiF—BeF2 due to the
temperature limilatiuns impused un iron- and
wickel-base dalluys by Irradlation enbrittlement.

Intermixing with 1{thium would result in
the reaction

L'izBeF4 + 2Li + 4LIF + Be AH700 K= -39.7 kual.

This would precipitate beryllium metal and in-
crease the melting temperature of the coolant.
Intermixing would result in a cleanup problem
should .leakage occur, but would not pose a
safety problem,

Two main factors place limits on use of
First, the high
melting temperature would require an operating

this fluid as a coolant.

_ temperature of 600°C, well in excess of that

allowed for iron- and nickel-base structural
materials on the basis of irradiation damage.
Second, the supply of beryllium is limited,
and it is questionabie whether sufficient



quantities exist to support a viable fusion
industry. For these reasons it is felt that
salts of the LiF-Ber system will not find

widespread use in fusion reactor applications.

14. W. R. Grimes and D. R. Cuneo, "Moliten
Salts as Reactor Fuels," p. 425 in
Reacton Handbook, Vol. 1: Materials,
ed. by C. R. Tipton, Jr., Interscience,
New York, 1960.

15. S. Cantor and W. R. Grimes, "Fused-Salt
Corrosion and Its Control in Fusion Re-
actors," Nucl. Technol. 22, 120 (1974).

16. H. E. McCoy, "The INOR-8 Story," ORNL
Review 3(2), 35 (1969).

17. J. R, Keiser and E. J. Laurence, "Salt
Corrosion Studies,” p. 75 in Molten-Salt
Reactorn Program Semiannual Progress
Repont forn Perdod Ending Februarny 29,
1976, ORNL-5132, Oak Ridge National
Laboratory, Oak Ridge, Tennessee
(August 1976).

18. J. H. DeVan, Effect of ALLoying Additions
on Conrosion Behavion of Nickel-Molybde-
num AlLoys 4in Fused Fluoride Mixtunres,
ORNL/TM-2021, Oak Ridge National .
Laboratory, Oak Ridge, Tennessee (1969).

6.2.5 Sodium-Potassium-Nitrate-Nitrite
Mixtures

Séveral salts composed of various por-
tions of sodium and potassium nitrates and
nitrites are used industrially as heat trans-
fer media.w’20 One of the most popular is
a commercial salt patented by Du Pont and
trademarked HITEC, which contains 53% potas-
sium nitrate, 40% sodium nitrite, and 7%
The liquidus of this salt is
143°C and the rate of thermal decomposition
Although the
salt has been used as a heat transfer medium
for over 30 years, detailed corrosion data
are not available. The fluid has been suit-
ably contained in several iron- and nickel-

sodium nitrate.

becomes excessive above 538°C.
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base alloys with nominal corrosion rates of
4.8 x 1078
appear to be compatible with copper.

mm/sec (1 mil/yr), but does not
Since

the salt is oxidizing, it is quite unlikely’
that it will be compatible with reactive metals
such as niobium and titanium. The heat trans-
fer properties, physical properties, and
pumping power requirements for the salt are
excellent. . The salt is cheap and readily
available and does not contain any materials.
having limited availability.

The potential problems with the salt in-
clude accelerated dissociation under irradia-
tion and reaction with lithium upon intermixing.
The reaction which occurs by thermal decomposi-
tion is
5NaN02 > 3NaN03 + Na20 + N,.

This reaction results in a partial pressure of
N2 which ;ncreases with increasing temperature.
Brynestad” proposes that additional decomposi-
tion products will include Na202 and K202,
which are both very corrosive. Unless irra-
diation greatly accelerates the decomposition,
the pressure of nitrogen over the salt system
should not be excessive.

When Tithium and HITEC are mixed, vigor-
ous reactions are expected in which both
nitrate and nitrite will be decomposed to N2
and either oxygen or Tithium oxide:Z]

Li + NaNO; - 1,0 + 4Nay0 + N, + 0,

8H700 K = -20 kcal
L1 + NaNU3 > Z%Lizo + %Nazo + %NZ
8H700 K = -300 keal.

The first reaction would 1ikely occur with
small quantities of Li, and the second reaction
would occur with an excess of Li. - The quantity
of energy released is reasonably high, but
measurements of the rate of reaction are
needed to assess the extent of the problem.
The only known data on the irradiation
stability of HITEC were reported by Hoffman
on the observations made by 0. Sisman at ORNL
on the stability of three specimens of HITEC.

22

The samples received a thermal dose of 3.3 x

a
10'8 neutrons/cm” and an epithermal dose of
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somewhat less than half the thermal dose.
Examination of the irradiated samples indicat-
ed that the salt was rendered more hygroscopic
by radiation and that it also underwent

some breakdown, yielding, in part, gaseous
decomposition products. Since the tempera-
ture of the irradiation was not given, it is
very difficult to interpret the results, and
a more definitive experiment is clearly
needed.

HITEC is a strong oxidant and can
probably detonate under certain conditions.
ReifP123 has studied the combustion of
sodium nitrate under a variety of conditions
and made several important observations.

1) Energetically, sodium nitrate is
capable of exothermically oxidizing
almost any organic material, but
rate-controlling variables limit
the possibility of a self-supported
exothermic reaction.

2) Sodijum nitrate was stable below
380°C and did not support combustion.
The compound boils at 380°C and
some of the decomposition products
(NaO, O, 02, NO, NOZ’ or N03) par-
ticipate in the oxidation.

3) Moisture concentrations above 22%
prevented combustion in all mixtures.

4) In mixtures of sodium nitrate and
charcoal, combustion did not occur
in the presence of »95% or <3b%

- sodium nitrate,

5) Sodium nitrate cannot decompose
exothermically by itself at any
temperature.
tion with sodium nitrate must be

Any exothermic reac-

supported by a fuel.

HITEC contains only 7% sodium nitrate,
but contains 53% potassium hitrate, the
chemical characteristics of which are similar
to those of sodium nitrate. [The sodium
nitrite (40%) would be less oxidizing.]
Therefore, it is felt that the observations
made on sodium nitrate are applicable to
HITEC. Beitel's study indicates that HITEC

would react vigorously only above ~380°C in the
presence of 5-65% organic material. This condi-
tion does not seem likely in our present concept
of a fusion energy device without graphite.
Should it be necessary to use graphite as a
reflector, further evaluation must be made of

the consequences of graphite-HITEC interaction.

19. - E. G. Bohlmann, Heat Transfer Salt for
High Temperature Steam Generation, ORNL/TM-
3777, Oak Ridye National Laboratofy, Oak
Ridge, Tennessee (1972).

20. M. D. Silverman and J. R. Engel, Survey of
Technology forn Storage of Thenmal Enerngy in
Heat Tnansfer Salt, ORNL/TM-5682, Oak Ridge
National Laboratory, Oak Ridge, Tennessee
(1977).

21. C. F. Baes (0ak Ridge National Laboratory),
private communication.

22. H. W. Hoffman and S. I. Cohen, Fused Saft
Heat Tnansfer — Parnt T111. Forced-Convec-
Lion Heat Transfer in Circular Tubes Con-
taining the Salt Mixture NaNOZ—NaNos-KNoa,
ORNL-2433, Oak Ridge National Laboratory,
Oak Ridge, Tennessee (1960). ‘

23. G. A, Beitel, Sodium Nitnafe Comhustion
Limit Tests, ARH-LD-123, Atlantic Richfield
Hanford Co., Richland, Washington (April
1976).

6.2.6 Lithium-Sodium-Potassium Hydroxides

Pure hydroxides of lithium, sodium, and
potassiuin melt at 471%, 320°C, and 400°C, re-
spectively, but eutectic hydroxide mixtures of
Na-44 mole % K and Na-27 mole % Li melt at 187°C
and 219°C, respective'ly.24 Thése eutectic mix-
tures have acceptable physical properties and
would require reasonable amounts of pumping
power. They are quite cheap and do not contain
materials of limited availability. The eutectic
mixtures can be used up to at least 800°C, and
they have been shown to be acceptably stable

under irradiation up to the same temperature.24
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The most serious limitation of the hy-
droxides as coolants is their corrosiveness.
The conclusion of rather extensive research
for a container material is that all the
metals and alloys tested so far are attacked
to some degree;24 the most corrosion-resistant
materials are nickel, silver, gold, and
chromium. In general, objectionable rates of
attack occurred above 550°C. These materials
exhibited mass transfer in the presence of a
temperature gradient, and it was recommended
that the maximum temperature be limited to
550°C and that the temperature differential
not exceed 60°C.
structural materials with the hydroxides must

The compatibility of

be studied in more detail before these fluids
can be seriously considered as coolants.

Since the hydroxides are oxidizing, it
is quite likely that they would be incompati-
ble with reactive metals such as niobium, '
titanium, and vanadium. Their oxidizing na-
ture suggeéts that their reaction with Tithium
would be

2NaOH + 2Li » Na20 + Li20 + H,
8Hs0g K ° -49.6 kcal.

This reaction is exothermic with a modest
energy release, but the equilibrium over-
pressure of hydrogen will be on the order of
10]4 atm.9’2] As long as lithium and sodium
hydroxide are available, the reaction wi]i
proceed with the development of a high over-
pressure of hydrogen which must be vented

to maintain the integrity of.the coolant
system. The area of intermixing lithium and
sodium hydroxide needs further exploration
before the hydroxides could be used.

24. M. W. Mallett and John H. Stang,
"Hydrides and Hydroxides," p. 955 in
Reactor Handbook, Vok. 1: Materials,
ed. by C. R. Tipton, Jr., Interscience,
New York, 1960.

6.2.7 Chlorides

Numerous chlorides exist whose melting tem-
peratures are in the 100-200°¢C temperature
|r'ange.25'26

acceptable vapor pressures over the service

Many of these chlorides have

temperature range and have very attractive heat
transfer properties. Furthermore, many chlo-
rides are composed of common materials which are
available and cheap. )
Corrosion data are very limited on chlo-
rides with meiting points in the range of
interest. Limited testing by DeVan et al.

showed that nickel-base alloys had corrosioh

27

resistance superior to that of iron-base alloys
and that the corrosion rates were comparable to
those observed in fluorides. - However, labora-
tory experience by Smith28 has shown that the
corrosivity of the different chlorides varies
greatly, with the variation depending largely
about the ease with which impurities such as
water are removed from the salt. Thus, an ex-
perimental program directed at compatibility
studies on chlorides with physical properties
of interest for fusion applications must be
manned before a specific chloride system can be
chosen or before the potential of chlorides can
be assessed.

The consequences of intermixing chlorides
and Tithium must be evaluated for each specific
chloride. If the chloride coolant contains a

metal chloride that is less stable than lithium

‘chloride, intermixing would result in the for-

mation of 1ithium chloride and free metal from
the chloride. If the metal in the chloride has
a melting point above the service temperature
range or is insoluble, solids could be precipi-
tated in the molten lithium. If the metal
chloride is more stable than lithium chloride,
intermixing would probably be inconsequential.
There is sufficient flexibility in the choice of
chlorides that chlorides can brobably be found
for which intermixinc with 1ithium does not
pose a serious problem.

Specific data on the irradiation stability
of the chlorides were not found in the litera-

ture, However, the British have considered



using the chlorides in fast reactors, and
this indicates that the chlorides probably
have acceptable irradiation stability. If
the chlorides do dissociate slightly in an
irradiation field, small amounts of free
atomic chlorine, which is very corrosive,
will be released. Smith28 has observed that
the recombination of thermally dissociated
specieS occurs very rapidly upon cooling, so
species dissociated by irradiation would most
probably recombine in the parts of the cool-
ant circuit vulside the high irradiation
field.

25, Paul V. Clark, Fused Salt Mixtwries:
Eutectic Compositions and Melting Points,
SC-R-68-1680, Fused Salts Information
Center, Sandia Laboratories, Albuquerque,
New Mexico (1968).

2b. W. R. Grimes and D. R. Cuneo, "Molten
Salts as Reactor Fuels," p. 440 in
Reacton Handbook, Vol. 1: Materials,
ed. by C. R. Tipton, Jr., Interscience,
New York, 1960. ‘

27.. J. H. Devan (Oak Ridge National Labora-
tory), private communication.

28. G. P. Swith (Oak Ridge National Labora-
tory), private communication.

6.2.8 Organic Coolants

The use of organic coolants for fusion
applications was reviewed by J. L. Snee et

.29 (Considerable attention has also been

al
given to these coolants for fission reactor
applications.) The most attractive fluids
far nuclear coolants ceem to be mixtures of
diphenyl and terphenyl solutions. These ma-
terials are inexpensive and readily available.
They are solid at room temperature, but melt
at the relatively low temperature of ~66°C
(150%F).30 The thermal stability of the or-
ganic coolants is good; thermal decomposition
is not a problem below 425°C.3]

pressure of Santowax R, a typical organic

The vapor

76

coolant, is 34 psia at 427°C.3]

fer characteristics are not outstanding, but

are acceptable.3’30 Aluminum and iron alloys
30

The heat trans-

are suitable structural materials.
" The most serious problem associated with
the organics is their decomposition by nuclear
radiation.3*29-31 This decomposition will re-
quire that fresh coolant be added to replace
the decomposed coolant, and this was estimated
as 1.1 1b/Mihr at 357°C (675°F) for one organ-
ically cooled and moderated reactor design.3 ‘
This decomposition also Teads to fouling on
heat transfer surfaces and buildup of particu-
Although propo-
nents of the organically cooled and moderated

late matter in the coo]ant.3]

reactor felt that the problem was manageable, an
organic coolant circuit must include side
streams for the addition of new coolant and
removal of particulate matter. The high radia-
tion ficld associated will a fusfon device

would require that these side streams be pro-
cessed at a very rapid rate. The high dissoci-
ation of the organics in an irradiation field
and the resulting particulate matter, which
fouls puiips and heat transfer surtaces, lead us
to conclude that the fluids have very 1{ttle
potential as coolants.

29. J. L. Snee et al., Organic Coofant Summary
Reponrt, AEC1-4922, Atomic Energy Commission,
Washington, D. C. (August 1975).

30. L. P. Bupp, "Maintenance of Coolants,"

p. 336-339 in Reactor Handbook, Vol. TV:
Engineening, ed. by Stuart McLain and John
H. Martens, 2nd ed., Interscience, New
York, 1964.

31 Chad J. Rascman and 1 ean Gvesn, "Counmercial
Power Reactors Cooled with Sodium, Heavy
Water, or Organic‘Liquids," p. 121 in
Reactorn Technology, ed. by Leonard E. Link,
USAEC Division of Technical Information
Extension, Oak Ridge, Tennessee, 1964,



6.2.9 Lithium-Sodium-Potassium Carbonates

Among the carbonates in the Tithium-
sodium-potassium system having acceptable
physical properties, the one with the lowest
melting point contains LiZCO3-31.5 moie %
Na2C03-25 mole % K2C03. This salt is
inexpensive and readily available and has
good heat transfer properties. The main
shortcoming is its high melting point of
397°%. There may be other carbonates with
lower melting points, but none in the litera-
ture consisted of reasonable elemental com-
binations. This point needs to be investi-
gated further. The carbonates are compatible
with nickel- and iron-base alloys, but are
likely to be incompatible with reactive
metals such as niobium.

Since the carbonates are oxidants, they
will react with lithium by the reaction

Na2C03 + 4L » Na20 +2Li0 + C

AH700 K= -126 kcal.

This is an energy release of 32 kcal per mole
of Tithium, which is comparable to that
obtained with 1ithium and water.

The high melting points of the 1ithium-
sodium-potassium carbonates make these
materials unusable with iron- and nickel-
base alloys where the maximum operating
temperatures must be restricted to the 400-
500°C range. Because of the oxidizing nature
of the carbonates, they would probably not
be usable with reactive metals such as
niobium at higher temperatures. Thus, it is
doubtful that the carbonates will be useful
as coolants unless carbonates with lower
melting points can be found.

32. J. P. Sanders (Oak Ridge National
Laboratory), private communication, 1971.

6.3 DISCUSSION

In the presentations of the nine coolant
candidates, a number of strong and weak points
were mentioned for each coolant. There are a
number of properties which are common to several
coolants, and some cross comparisons among the
coolants would be useful.’

Helium offers the ultimate in chemical
inertness and is unique among the coolants in
this regard. The only fundamental question
about helium is whether the heat can be trans-
ferred without unbearable effects on system
design and economics. For helium to operate as
a reasonable heat transfer medium, the coolant
circuit must operate at a pressure of about 1000
psi. This would necessitate designing the cool-
ant system to withstand this pressure and may
result in thick sections which are overstressed
by thermal stresses. The pumping power require-
ment of several percent of the system power out-
put may have a significant degrading effect on
the system economics. Clearly, a decision con-
cerning the potential of helium as a coolant can
only be made after a detailed study has been
made of the trade-offs between system pressure,
lifetime (based on thermal fatigue), and total
power cost.

Water is similar to helium in that a
pressurized system would be required, although
the operating pressure for water could be lower.
Since the pressure required to maintain water as
liquid increases markedly with increasing
temperature, it will be necessary to evaluate
the trade-offs between system temperature, sys-
tem pressure, thermal stresses, and plant ther-
mal efficiency.

ture will increase the plant thermal efficiency,

Increasing the system tempera-

increase the system pressure, and increase
thermal Stresses in the structural members of
the coolant circuit (due to the larger section
sizes imposed by the higher pressure). Decreas-
ing the system temperature will have the desir-
able effects of reducing the system pressure and
the thermal stresses, but will have the undesir-
able effect of reducing the plant thermal effi-

ciency. The main disadvantage of water is its
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reaction with 1ithium, which produces corro-
sive lithium oxide or lithium hydroxide,
hydrogen, and ~50 kcal of heat enérgy per mole
of lithium.
operational and safety problems.

The 1iquid metals, particularly lithium,

This reaction would pose both

normally function extremely well as coolants,
but the presence of strong magnetic fields
makes them very difficult to pump and limits
“their flow turbulence in a way that would re-
duce the quantity of heat that they could
transfer. A number of methods have been pro-
posed for mitigating these effects and it is
recommended that developments in this area need
to be followed very closely because of the at-
tractiveness of a combined breeding and cooling
circuit.

The organic coolants lack the stability
required for operation at elevated tempera-
tures in an irradiation field. They do not
merit further investigation.

The sodium-potassium-nitrate-nitrite
mixtures, the lithium-sodium hydroxides, and
the lithium-sodium-potassium carbonates are
all oxidizing and would react with lithium to
produce corrosive lithium oxide and release a
sizable amount of energy varying from 60 kcal
per mole of lithium for nitrate-nitrite mix-
tures to 25 kcal per mole of lithium tor the
hydroxides. The hydroxides are very corrosive
and would probably require nickel-base alloys,
but the other two coolants could be contained
in iron- and nickel-base alloys. Upon mixing
with lithium, the nitrate-nitrite mixtures
would evolve N2’ and the hydroxides would
evolve H2. The nitrate-nitrite mixtures
undergo thermal decomposition, which is
probably accelerated to some unknown degree by
A11 three coolants are solid at
ambient temperatures, but only the carbonates

irradiation.

melt at too high a temperature to be used in

a system with the restraint of a maximum first
wall temperature of 400-500°C.
that there are other carbonates with lower

It is possible

melting temperatures. However, further eval-

uvation must be made of the consequences of

intermixing these oxidizing salts with 1ithium
before the potential of these coolants for
fusion systems containing lithium can be
assessed.

The fluorides, best represented by LiF-34
mole % BeFZ, have such high melting temperatures
that they cannot be used in an iron- or nickel-
base alloy where the maximum first wall tempera-
ture is restricted to 400-500°C.
are reasonably well known, and it is unlikely

The fluorides

that there is a salt which has properties more
attractive than those of LiF-34 mole % BeFZ'
The chlorides have not been studied as
extensively as the fluorides, but there are
several chloride salts with melting points in
The compatibility of the

chlorides with iron- and nickel-base alloys has

the range of interest.

not been studied in much detail, but it is quite
likely that a suitable container material exists
among the iron- and nickel-base alloys. Thus,
it is felt that the chlorides are worthy of
further evaluation.

Several specific areas have been enumerated
for the various coolants in which additional in-
formation is needed to make decisions about the
usefulness of each coolant. These areas are
described for each coolant, and it is recommend-
ed that future work on coolants concentrates on
thesé spécitic areas.

1) Helium.
system pressure, thermal fatigue, and
total power cost. ’

2) Water.
operation and safety of intermixing
with |1thium,

3) Liquid metals.

Evaluate trade-offs between

Evaluate the consequences on

Maintain an awareness
of new developments related to the
ability to pump in strong magnetic

fields.
4) Lithium and beryllium fluoride salt
mixtures. No further evaluation is

required since the present information
is adequate.

5) Sodium-potassium-nitrate-nitrite mix-
tures. Evaluate the rate of decompo-
sition in a strong irradiation field.



Evaluate the consequences {experimen-
tally) of intermixing these mixtures
with lithium.
6) Lithium-sodium hydroxides. Perform
corrosion experiments with poten-
tially suitable iron- and nickel-
base alloys. Evaluate safety conse-
quences of intermixing with lithium.
7) Chlorides. Review chloride phase
diagrams and choose chloride systems
with melting points and compositions
for further evaluation. Perform com-
patibility experiments with poten-
tially suitable iron- and nickel-
base alloys. Perform experiments to
evaluate stability in an irradiation
field.
8) Organic coolant. No further evalua-

tion is required due to the document-

ed dissociation and fouling whic
occurs in an irradiation field.

9) Lithium-sodium-potassium carbonates.

Make extensive review of literat
to determine whether carbonates
exist which have melting points
compositions of interest.

6.4 CONCLUSIONS

Many uncertainties exist concerning
exact performance requirements of coolant
for fusion devices and the capabilities o
the various coolants. For these reasons,
seems inappropriate to make inflexible de
sions about which coolants are best. How
ever, it is appropriate and necessary for
progress that we identify the more promis

coolants and that we periodically reexami

the data on coolant requirements and capabil-

ities. The service requirements associat
with commercial fusion power applications
and the known properties of the candidate

h

ure

and

the

s

¥
it

ci-

ing
ne

ed

coolants have been critically reviewed. The
following conclusions seem in order.
1)} The salt candidates, HITEC, sodium

hydroxide, and chlorides, appear
offer the most promise based on

to
the
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4)

5)

6)

guideline of low pressure operation.

The sodium-potassium-nitrate-nitrite
salt mixtures have been used most
widely; therefore, primary emphasis is
given to these salts. Much further
experimental work is needed in the

areas of corrosion and stability before
a final assessment can be made of their
potential usefulness for fusion appli-
cations.

In terms of stability and compatibility,
helium is the coolant with the most
potential, but it must be shown that
helium can remove the heat from the
first wall without imposing intolerable
thermal stresses.

Water is potentially useful as a cool-
ant, but it will require a pressurized
system.
with 1ithium and the consequences of

It will also react vigorously

this reaction must be evaluated further.
The liquid metals are excellent from a
compatibility standpoint, but the
strong magnetic fields of fusion de-
vices increase the pumping power re-
quired and decrease the heat transfer
capabilities of these fluids. Propos-
als for mitigating these effects should
be investigated further in order to de-
termine the applicability of liquid
metals.

Both the LiF-BeF2 salts and the car-
bonates have melting points which are
too high for near-term applications
involving iron- or nickel-base alloys
where the maximum temperature must be
restricted to the 400-500°C range.

They may be useful for higher tempera-
ture systems but should be reassessed
with a specific system in mind.

The organic coolants dissociate under
irradiation and form tars which inter-
fere with heat transfer and pumping.
There does not seem to be a suitable
short-term solution to this problem,
and these fluids are not recommended
for fusion applications.

-
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7. TOROIDAL FIELD COIL OPTIONS
W. C. T. Stoddart

7.1 INTRODUCTION

The coil system of a tokamak power reac-
tor consists of the toroidal field (TF) coils,
the ohmic heating solenoid, and additional ORNL-DWG 77-3726
poloidal field (PF) windings for plasma shap-
ing and control. Three options are available

Ot
(4]
1

for the conductor in the design of these

N
w
T

coils: normal resistive windings, cryoresis-
tive windings, and superconducting windings.
The current generation of experimental toka-

o
T

maks have provided a technology base for both
resistive and cryoresistive coils, while the
Large Coil Program at ORNL1 will provide the

PLANT EFFICIENCY (%)
o
T

technology base for large superconducting
coils.

Resistive, cryoresistive, and supercon- ) | | ) |

ducting windings have all been considered for o] 5 10 15 20 25
2,3 THERMAL FUSION POWER/COIL POWER

the PF systems of tokamak reactors; how-
ever, only superconducting TF systems have

been considered in these reactor studies be- Fi 21 Eff P 1
ig. 7.1. ect of coil power consumption
cause of the unfavorable power balance that on plant efficiency for a steam cycle efficiency

would result from the use of resistive coils. of 35%.
Figure 7.1 shows the variation of plant effi-
ciency with the ratio of thermal fusion power

to coil power for a steam cycle efficiency of power density in the representative tokamak reac-
35%. It appears that the power balance be- tor considered in this study is significantly
gins to look attractive when the thermal fu- greater than that of previous tokamak reactor
sion power is at least an order of magnitude designs (see Table 7.1). Therefore; we have
greater than the TF coil power requirements. conducted a preliminary design study to determine
In this regard it is interesting to note that to what extent resistive windings can be incorpo-
the ratio of thermal fusion power to compres- rated into the design of the TF system. The in-
sion coil power in the Reference Theta-Pinch centive for such a study is that resistive coils
Reactor4 is ~18; the compression coil employs may ease certain maintenance and engineering

room temperature resistive windings in this problems in a commercial reactor. Table 7.2
design. The theta-pinch can achieve an ac- presents the design parameters used in this
ceptable power balance with resistive coils study.

because it operates with a relatively high
fusion power density. In general, previous
tokamak reactor designs have operated with
too Tow a fusion power density to allow an
attractive power balance with resistive wind-
ings in the TF system.z’s']o The fusion

81
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Table 7.1. Comparison of power density in
various fusion reactor studies

Reactor Fusion powera Plasma volume Power densityb
design (MW) (m3) (MW/m3)
ANL/EPR 798 544 1.47
ORNL/EPR 513 675 0.91
GA/EPR 513 300 1.1
UWMAK-I 5000 6400 0.78
UWMAK-T1 5000 6415 0.70
UWMAK-I11 _ 5000 2370 2.11
PPPL 5305 2190 2.42
This study® 2000 266 7.52

aCOrresponding to 22 MeV/fusion event.
bRatio of fusion power to plasma volume.
“The figures presented here differ from those in Sect,.2 due to the

assumption ot a circular plasma.

Table 7.2. Resistive toroidal magnet
system design parameters

Coil shape circular

Plasma radius 1.5m
Major radius 6m
TF coil inside diameter " hm
Field on axis 3.92 7
Number of coils 18

Electrical power @ 100%

4150 MW(e)
duty factor (max)

%The assumption of circular coil and
plasma shape results in a change in
the required toroidal field from the
3.6 T reported in Sect. 2. The plasma
volume and total thermal power are
al1so reduced.

P. N. Haubenreich, "Subprogram I, Large Coil
Project," in Program for Development of To-
noidal Supenrconducting Magnets for Fusdion
Research, ORNL/TM-5401, Oak Ridge National

Laboratory, Oak Ridge, Tennessee (April 1976).

B. Badger et al., UWMAK-TII, A Noncirculan .
Tokamak Power Reactor Desdign, UWFDM-150,
University of Wisconsin, Madison, Wisconsin
(July 1976).

Fusion Engineering Staff, Cuncepiunt Desigh
Study 0§ a Noncircufan Tokamak Demanstration
Fusion Power Reactor, GA-A13992, General
Atomic Company, San Diego, California
(November- 1976).

An Engdneening Desdign Study of a Reference
Thetd-Pinch Reacton (RPTR), LA-5336, ANL-
8019, joint report of Argonne National
Laboratory, Argonne, I11inois and Los Alamos
Scientific Laboratory, Los Alamos, New
Mexico (March 1974).

W. M. Stacey, Tokamak Experimental Power
Reactor Conceptual Design, ANL-CTR-76-3,
Argonne National Laboratory, Argonne,
I11inois (August 1976).

D. G. McAlees et al., Plasma Engineering 4in
a Deuterium-Trnitium Fueled Tokamak, ORNI/TM-
5573, Oak Ridge National Laboratory, Oak
Ridge, Tennessee (October 1976).



7. C. C. Baker et al., Expernimental Fusion
Power Reactor Conceptual Design Study,
GA-A14000, General Atomic Company, San
Diego, California (July 1976).

8. B. Badger et al., UWMAK-T, A Wisconsin
Torodidal Fusion Reacton Desdign, UWFDM-68,
liniversity of Wisconsin, Madison, Wiscon-
sin (November 1973; revised March 1974).

9. B. Badger et al., UWMAK-1T, A Conceptual
Tokamak Vowenr Reacton Design, UWFDM-112,
University of Wisconsin, Madison,.Wiscon-
sin (October 1975).

10. R. G. Mills (ed.), A Fusion Power Plan,
MATT-1050, Princeton Plasma Physics
Laboratory, Princeton, New Jersey (Aughst
1974).

7.2 DESIGN DESCRIPTION

A preliminary designI]

of a resistive
toroidal magnet system was developed for the
Note that the

coil shape was assumed to be circular;

parameters given in Table 7.2.

Fig. 7.2 illustrates the basic coil geometry
assumed. In carrying out this study, an eval-
uation of alternatives was made in the areas
of materials selection, electrical insulation,
cooling technique, and structural design ap-
proach; these alternatives were evaluated on
the basis of fabrication requirements, devel-
opment needs, tapita] and operating costs,
and risk. Preliminary findings are summarized

below.

TT. R J.Averill, R. D. Hay, W. G. Lampton,
and E. J. Rappenport, Preliminary Engd-
neering Stﬁdy of Toroddal Magnets to
Opena;e at Elevated Temperatunres, con-
tractor's report prepared by Magnetic
.Cngincering Associates, Cambridge, -

_Massachusetts (November 1976).
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"able in small billets.

7.3 MATERIAL SELECTION

The fundamental requirement for the conduc-
tor material is high electrical conductivity,
but when raw material costs are also considered,
the conductor material choice is basically Tim-
ited to copper, aluminum, or their alloys.
Structural integrity is another important con-
sideration because of the high internal forces.
generated within the conductor; structural pa-
rameters of importance are the modulus of elas-
ticity and yield strength.

Table 7.3 includes the range of copper and
aluminum alloys considered as reasonable alter-
natives; Table 7.4 is a summary of their physi-
cal properties. The Glid-Cop copper alloys
(formed by the dispersion of fine particles of
aluminum oxide in high purity copper) have the
most attractive electrical and structural prop-
erties. Manufacturing development is necessary
to produce the large sections required for the
TF coils, but the material is presently avail-
This alloy system was
chosen for the conductor of the reference design.

The individual turns of the TF coils must
be electrically insulated from each other. The
electrical insulation, in addition to its major
function of resisting an electrical stress on
the order of 300-3000 V/cm, may also be subject
to mechanical stress of a complex nature at
room- to slightly-elevated temperatures. The
additional requirement of resistance to radia-
tion damage limits the choice of materials that
may be considered.
materials such as the polyimide KAPTON and in-

Combinations of organic

organics such as micas or ceramics seem to be
appropriate choices.

The choice of Glid-Cop as the electrical
conductor precludes the need for interleaved
or lumped structural material, as will be dis-
cussed in a later paragraph.
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Fig. 7.2. TF coil geometry.

7.4 STRUCTURAL DESIGN AND FABRICATION

The structural design of a resistive
coil is determined by allowable stress, me-
chanical loading, deésign lite ot the coil,
and allowable space envelope for the coil.

The general phiilosophy of the Princeton Large

Torus TF coils was used in the preliminary
design of -the TF coils. The coils are con-
sidered to be supported by wedging at the
tapered coil nose and resistance to the hoop

stresses within the magnet itself. No con-

sideration was given to out-of-plane loading
on the TF coils. A stress analysis of the
proposed coil design was performed using the

computer program STARDYNE. For the reference

design, the following stress levels are esti-

mated for a homogenized structural model:

maximum principal stress 4720 psi,
minimum principal stress 3560 psi,
maximum shear stress 4070 psi,
maximum von Mises stress 7260 psi.

These stresses are generally acceptable for a

preliminary design.

A detailed examination

of the heterogeneous nature of the coil would be
required for a detailed design.

The materials proposed and their usage in
the coil design do nul constitute an unsupport-
able extrapolation trom current technology such
as the Tokamak Fusion Test Reactor (TFTR) TF
coils. The incorporation of special mechanical
and electrical coolant flow paths would require
appropriate detailéd consideration, but it
appears that no insurmountable problems exist.

7.5 COOLING METHOD

Tn this initial evaluation we did not try to
recaver the heat generated in the TF ¢oils but
considered only the cooling requirement for elec-
trical and structural integrity. We considered
several alternatives for the coolant, fnc]uding
helium gas, organic liquids, molten salts, and
pressurized water. Pressurized water appears to
be the obvious choice, considering flow rates,
corrosion, temperature effects on conductor re-
sistivity, strength, and reliahility. To mini-
mize resistance heating, we used low current



Table 7.3.

Nominal chemical compositions, weight percentages, and relative costs

of selected coppers .and copper alloys and aluminum and aluminum alloys

Chemical compositfbn (%)

Fe Other

: Cu + Ag Ag
Alloy {or Al) {minimum)
Copper-based
CDA 102 99.95% - - -
CDA 110 99.90% - - -
CDA 116 99.90% 0.085 - -
CDA 150 "~ 99.80% - - 0.15 Zr
CDA 162 99.00 - 0.02° 1.0 Cd
CDA 175 9.9 - 0.10° 2.5 Co; 0.6 Be
CDA 182 99.1 - 10° 0.9 Cr
CDA 185 99.2 0.08 - 0.7 Cr
CDA 194 97.5 - 2.4 0.13 Zr; 0.04 P
CDA 195 97.0 - 1.5 0.8 Co; 0.6 Sn; 0.1 P
Glid-Cop A1-20 99.6 - - 0:4 A1,0,
G1id-Cop A1-35 99.3 - - 0.7 A1,0,
G1id-Cop A1-60 98.9 - - 1.1 A10,
Aluminum-based
EC-H19 99.45% - - -
5005-H19 - - 0.8 Mg
6101-T61 - - 0.50 Si; 0.60 Mg

%Minimum value.
b .
Maximum value.

density, which will require a relatively small
percentage of the conductor cross section for
cooling channels.

The heat deposition due to nuclear heat-
ing of the conductor is small compared with
The heat
transfer between the blanket and the TF coils
may be significant if inadequatc thermal bar-
It is felt that this heat
flow may be kept to a reasonable limit by an

that due to resistive heating.

riers are present.

appropriate choice of insulation type and
geometry.

7.6 COST

There are generally two costs to be consid-
ered relative to the TF coil: operating and
capital. For our purposes, the power consumed by
the TF coils will be viewed in terms of its
effect on power balance. A simple estimate of
the power required per coil may be obtained from
the following equation:

B2RZ o D+b,

NC A bh .
where Pc is the power required per coil in watts,

=T 14
PC ax.lo

B 'is the on—axis)fie1d in tesla,
R is the plasma major radius in meters,

p is the conduclur's conductivity in ohm-
meters, .
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Table 7.4. Properties of copper alloys of high electrical conductivity and strength

characteristics. Aluminum alloys given for rgference.

Temperature base is room temperature (70°F)
Yield

Electrical Yield strength Fatigue

conductivity strength (cold-worked strength Annealing Cost

annealed annealed to half hard, (psi for tempgrature index
Alloy (% IACS) (psi) or aged) 108 cycles) (°c) (volume basis)
Copper-based
CDA 102 101 10,000 36,000 13,000g 375-650 1.05
CDA 110 101 10,000 36,000 13,000 375-650 1.00
CDA 11b 100 10,000 36,000 - 475-750 1.01
CDA 150 93 6,000 A0, 000 - n 2.60
CDA 162 Q0 7,000 45,000 30,000 425-750 1.05
CDA 175 45 25,000 60,000 35,000° ¢ 2.70
CDA 182 80 14,000 42,000 - c 1.35
CDA 185 80 14,000 42,000 - 4 ¢ -
CDA 194 65 24,000 50,000 21,000d 375-650 0.99
CDA 195 50 65,000 80,000 26,000 400-600 1.07
Glid-Cop A1-20 89 53,000 72,000 220,000 650 2.6
Glid-Cop Al1-35 85 61,000 80,000 - 700 2.6
G1id-Cop A1-60 78 65,000 >83,000 - 800 2.6
Aluminum-based
EC-H19 62 4,000 24,000 >7,000 345 0.15
5005-H19 54 6,000 29,000 - 345 0.15
6101-T61 58 - 28,000 - - 0.21

%Based on CDA 110 = 1.00 for 0.25 x 1.00 in strip in 10,000-1b quantities.

bFor half hard material.
CRequires solution and aging.
dEor hard material.

inside diameter in meters,
radial build in meters,

D is the coil
b is the coil
h is the coil
A is the coil

axial build in meters,
packing fraction,

Nc is the number of coils.

Substitution of the previously determined
coil parameters indicateé a power demand of
135 MW for the coil system, which is generally
The
plant efficiency of such a system would be
Jess than 15% (see Fig. 7.1).

The capital cost of such a large copper

within the range stated in Table 7.2.

magnet system is difficult to estimate.
Based on the limited data available, the

manufacturing and fabrication costs on a noncom-
mercial basis are estimated to be on the order
of $20/1b in 1976 dollars. The estimated weight
of the installed copper is 17.5 x 106 1b; cost
would thus be on the order of $350 million.

In summary, about 19% of the generated
power (using a 35% thermal efficiency) would be
dissipated in the coils and the capital cost
would be a significant portion of the total
plant cust. For reference, the cost of a com-
parable superconducting coil system is estimated
to be about $90 million.



7.7 DISCUSSION

The electrical power requirements and the
capital costs of a resistive TF coil set may
be excessive even for the high power density
system considered here. However, a study of
overall plant assembly and maintenance reveals
that it may be advantageous to use supercon-
ducting coils in regions where access to the
internal regions is not required and resistive
coils where disassembly is necessary. Spe-
cific areas where resistive coils may be re-
quired are the locations of neutral beam
injectors or large vacuum ports. The resis-
tive coils would require development of a new
electrical joint design beyond current experi-
ence in terms of size and ampere turns.

The TFTR program at Princeton Plasma
Physics Laboratory will identify some of the
major difficulties in dealing with large re-
sistive TF coil sets. Special needs of
power-producing devices such as the joints or

interfacing to superconducting systems are
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being addressed to some degree in The Next Step
(TNS) program. The questions of how the goals
may be accomplished are thus being considered at
several locations. The reliability of such

large resistive coils is not entirely certain;
however, they seem to be within a reasonable
extrapolation of current practice, i.e., a factor

of about two compared to TFTR.

7.8 CONCLUSIONS

The TF coil set for commercial fusion power
does not appear to be economically .attractive if
totally resistive. However, there may be some
advantage to utilizing both resistive and super-
conducting coils in the design of the toroidal
field system. The next period of study will
address the questions of total system power
balance, space allocation for the several
required magnetic systems, and the concept of a
coupled superconducting and resistive TF magnet

system.
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8. THE VACUUM TOPOLOGY

R. W. Werner

8.1 INTRODUCTION

It is a prime objective of the Demo study
to profitably exploit the unique features of
the fusion energy source. This means that the
nuclear island of a commercially viable fusion
power plant must be constructed around its own
peculiar characteristics. It cannot look like
a fission plant, an LMFBR, or a fossil plant.
Neither can it afford the pitfall of copying,
on an upgraded scale, the characteristics of
machines designed for experimental physics.
This latter problem is evidenced in virtually
all reactor designs to date. One of the spe-
cific things that can be recognized as being
in this “hand-me-down" category is that of
locating immediately next to the plasma the
closed surface that separates the "hard"
vacuum of the plasma zone from atmospheric
pressure. This closed surface used in such a
way contains hundred to thousands of lineal
meters of welds or complex mechanical seals.
Once the last weld has been made, some fusion
power has been generated, and radioactive
parts have been produced, then the system be-
comes difficult to repair as a direct conse-
quence of its own assembly. If the closed
surface develops a pinhole leak in the irradi-
ated, cyclically stressed welds, it is doubt-
ful that it can be repaired without unreason-
able difficulty. When the surface must be
replaced, a long-term major shutdown is in-
volved.

In this study we address the idea of
enclosing the entire reactor in a vacuum build-
ing. We thus completely change the character
of this closed surface from one requiring
absolute vacuum integrity and an extremely
Tong 1ife expectancy to one Lhat need have
only high pumping impedance — it can be s]%ght-
1y leaky because the pressures on either side
are about the same — and a shorter life re-
quirement because it comes apart. Two vacuum
zones are proposed: the ultraclean vacuum of
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the plasma zone and the vacuum of the remainder
of the volume. These would be differentially
pumped. It is likely that there would also be

a ternary guard vacuum between the interior
surface of the main building and an inside
shell. In addition to the assembly, disassembly,
and repair advantages there are others worth
citing. Inevitably, there are also disadvan-
tages.

8.2 THE TECHNICAL ADVANTAGES

The principal gains we see at this time are
listed below.

8.2.1 Elimination of A1l Remote Field Welding

in the Reactor Region

The primary vacuum in many of the present
reactor concepts is established by peripheral
seam welds generally made between adjacent
blanket modules. The total length of these
welds that must have 100% integrity against
leakage can be thousands of meters. In the
event of a leak, it must first be found — no
small task — and then repaired. In the event
of replacement of blankets, the entire weld must
be cut. ATl the operations (leak hunting, re-
pair, cutting, and replacement) almost certainly
must be done remotely. This is an incredibly
difficult task. Furthermore, these weld zones
will be subject to both thermal stress and
thermal cycling with almost certain leakage in
time. These welds are not necessary and can be
eliminated by moving the primary vacuum to the
room temperature enclosure.

8.2.2 "Hands-On" and Remote Handling Compati-
bility

The reasonable concern of experimentalists

that a vacuum enclosure is inhibiting and causes
unreasonable difficulty for some experiments is
satisfactorily answered by.the fact that pump-
down time from atmospheric pressure to 10~ torr



is 10 hr for facilities having a larger volume
than would be required for a fusion reactor,
such as the NASA Plum Brook space chamber.]
Thus, work or experiments requiring "hands-on"
operation (neglecting the problems of radia-
tion) could be done within a 24-hr period. For
the remainder of the experiments, tests, rou-
tine maintenance, etc., the vacuum could be re-
tained. One must not, however, lose sight of
the fact that a commercial reactor is not an
experiment, and there cannot be "hands-on"
operation anyway on a day-to-day or week-to-
week basis.

T. Space Powen Facility: Description and
Capabilities, NASA, Lewis Research Center,
Plum Brook Station, Sandusky, Ohio (June
1974).

8.2.3 Replacement Ease — Blanket Module

With the blanket modules assembled as a
nested set with a minimum of mechanical con-
nections and no welded connections, it is
possible to visualize remote module replace-
ment that will have a minimum amount of dif-
ficulty. The optimum replacement technique
could be one using simple translation of the
first blanket zone (FBZ) or of the total
blanket units exiting between the toroidal
coils. (A rectangular blanket using FBZ units
and taking advantage of this total vacuum
topology is discussed in Sect. 4.)

8.2.4 Remote Handling

In addition to the blanket modules, there
is remote handling involved in a significant
number of other reactor components — such as
injectors — that probably can be repaired or
replaced in a total vacuum environment more
readily than in one where the vacuum is in
only the plasma zone. In fact, anything that
penetrates the reactor vessel to communicate
in one way or another with the plasma (pres-
sure transducers, temperature transducers,

plasma diagnostic probes, etc.) can be much more
readily replaced when it does not have to pass
through a vacuum-tight intervening wall.

8.2.5 Reduction of Physical Size

The elimination of welds which would have
established the primary vacuum in the plasma
region if a vacuum building were not used also
eliminates the need to provide access space to
these welds. Eliminating this access space can
reduce the total reactor diameter by as much as
2-3 m.

8.2.6 Operation Time

The effective on-line time of the rcactor
should improve with the use of a vacuum enclo-
sure since the need to let the plasma zone up
to air or up to argon is eliminated. This
should decrease markedly the "bake-in" or out-

gassing fimes.

8.2.7 Tritium Control and Accidental Release

The use of a vacuum vessel operating at
room temperature creates a highly effective
diffusion barrier against tritium release. If
there is an accidental release of tritium from
the reactor zone, it can be collected on the en-
veloping cold wall and recovered in a controlled
way.

8.2.8 Relaxation of Pressure Loads

The welding of the blanket modules, one to
the next, creates a structure that is effective-
1y an externally loaded pressure vessel. This
high temperature vesscl is subject to creep
buckling. The problem may have a divergent
solution; if the walls are thin for good neu-
tronics, good tritium breeding, and minimum
neutron heating, they may fail by buckling. If
the walls are thick enough to resist buckling
at some temperature (T), then the additional
neutron‘heating of the thicker material causes
the temperature to rise to T + AT, lowering the
creep huckling resistance., 4 series of nested
blanket modules physically assembled side by



side circumvents this potential problem.

8.2.9 More Effective Control of Heat Transfer

The proximity of 4-K toroidal field coils
and divertor coils to 1000-K blankets, 500-K
shields, room temperature vertical field coils,
etc. creates a heat transfer problem that ab-
solutely must be minimized. The penalty paid
because of eneryy transfer into a cryogenic
coil an& the consequent refrigerator load is
500 W/W.
coupling the energy exchange is to reduce it
to a problem of radiation heat transfer and
introduce the use of inexpensive thin foil
At a penalty of 500 W/W,
100% of the plasma power generated is non-

The most effective means for de-

radiation shields.

productively used for refrigeration when the
thermal energy loss from the blanket or other
thermal surfaces to the coil is equal to only
0.2%. We can perhaps afford a heat leak of
0.002% of the total blanket energy, or about
20 kW thermal loss to the cryogenic coils in
a 1000-MW(t) reactor.
come from any heat source, not just the

Since this energy can

blanket, thermal isolation is extremely impor-
tant.

8.2.10 Environmental Protection for Refrac-

tories

The refractory metals which are candidates
for blanket zone materials — niobium, vanadium,
molybdenuin, tungsten, titanium, and tantalum
— cannot be used at elevated temperatures
without a protective atmosphere. Cover gases
such as argon may be acceptable, but consider-
ing the need to minimize all convective and
conduction heat transfer, a vacuum background

is a better solution.

8.3 THE TECHNICAL DISADVANTAGLS

The disadvantages and possible means of
circumventing them are Tisted below.

g1

0
8.3.1 Large Surface Areas and Continuous Qut-
gassing

The differential pumping of the plasma zone

and the remaining volume minimizes this problem.
Simple, high impedance closures such as spring
clips, baffles, O-rings, or metal bonds can be
made. These can be intrinsically part of a
module or, if not, can be designed to be easily

replaced or removed.

8.3.2 Components that "Abhor" Vacuum

There are components that function more
effectively in a normal pressure environment.
These are parts with low vapor pressure charac-
teristics such as lubricated bearings, certain
parts of injectors that may arc or have corona
discharge, etc.
blanket shield zone and can be individually

These parts are outside of the

pressurized or sealed. Fortunately, the

number of sensitive components is small.

8.3.3 Vacuum Welding In Situ

Within the blanket.area with its nested
modules, there is a problem that adjacent parts
operating at high temperature may vacuum-fuse
together if they are initially in physical con-
tact.
8.3.1 must therefore include a coating or bar-
rier that prevents the weld. Further study is
needed here. ’

The simple closures mentioned in Sect.

8.3.4 The Vacuum Builiding Itself

The building of a large vacuum enclosure
is not trivial. However, the approximately 2 m
of concrete which will be required as a bio-
logical shield can also be used as structure.
There can be no substantial difference in the
building size required for the reactor whether
it is constructed for use as a vacuum building

or used at atmospheric pressure.

8.3.5 Construction Beyond CurrentATechno]ogy

There may be a fear or reservation that
vacuum enclosures of the physical size needed
to house a fusion reactor are structurally



unreasonable or visionary. This incorrect
assumption is countered by the existence of
the NASA Plum Brook facility.
of that facility is reproduced in Fig. 8.1.
Registered on the figure are the approximate
dimensions of the representative tokamak
reactor specified in Table 2.3. Clearly the

volume, the dimensions, and the shielding

A cross section

would be adequate.

Figure 8.2 shows a plan view of the Plum
Brook facility including assembly areas, dis-
assembly areas, hot celis, ottices, cryogenic
areas, etc.; everything needed in a representa-
tive way for a fusion reactor facility. Plum
Brook, as a total facility, cost ~$29 million
in 1962 dollars, as indicated in the cost
breakdown of Table 8.1. In terms of 1976 dol-
lars, using an average escalation rate of 6.5%
for labor and materials, the cost would be
A$70 million. A check mark (V) indicates
those items on the cost breakdown uniquely re-
lated to the vacuum system. They amount to
about 33% of the total. These added costs
may be more than recovered by savings in the

reactor capital cost.

8.4 THE VACUUM SYSTEM AND PUMPDOWN TIMES

As a first approximation to gage the
pumping power, and assuming the NASA Pium
Brook facility to be more than that required
for housing a fusion reactor, then the vacuum
system, the vacuum levels attainable, and the
pumpdown times actually realized for that
station all have encouraging values. A sum-
mary of the characteristics is reproduced
here.

8.4.1 Vacuum System of Plum Brook

The basic vacuum system consists of thirty-
two 48-in.-diam LN,-baffled diffusion pumps
mounted in the chamber floor plus two roughing
trains of five stages each. Each roughing

train consists of:

Stage 1 Two 1000-hp Roots Blowers
Stage 2 One 500-hp Roots Blower
Stage 3

One 300-hp Roots Blower
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Stage 4
Stage 5

One 200-hp Roots Blower
Three Beach-Russ rotary piston-type
mechanical vacuum pumps

[Approximate total power: Roughing = 6 MW,
Diffusion pumping = 1.2 MW, Total = 7.2 MW
(Author)]

8.4.2 Current Achievable Vacuum Level

Vacuum capability: For clean chamber
and spacecraft with LN, baffles opera-

ting 1 x 10-8 torr.

Current operating experience: For high
level of outgassing from test support
equipment and test article (no LN,
baffles operating) — 5 x 1077 to

1 x 10-% torr.

Roughing pump performance per train:

Stage 1 30,500 cfm
Stage 2 18,300 cfm
Stage 3 9,900 cfm
Stage 4 4,720 cfm
Stage 5 2,160 cfm

Typical pumpdown times:

Atmospheric pressure to 20 torr 2 hr
10-3 torr 6 hr
10-¢ torr 10 hr

8.5 DISCUSSION

The burden of proof as to whether the
vacuum building concept is a good idea remains
unresolved. Citing, more or less in a philo-
sophical way, the advantages and disadvantages
serves Lo brinyg Lhe idea Into focus but solves
nothing.

It seems that théré is an economical op-
purlunity to test the concept and compare 1t
with competing concepts as far as remote main-
tenance, assembly, disassembly, gas control,
etc. are concerned by making use of the existing
Plum Brook vacuum chamber. This chamher would
be suitable for testing in whatever way was
appropriate — mock~ups of portions of a rcactor -
a quadrant or octant for instance. The advan-
tage of the facility is that testing by remote
means can be done either in a vacuum or at

atmospheric pressure.
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Table 8:1. Actual construction costs at Plum Brook space power facility
representative of 1962-63 dollar values

Site development $  407,516.63
Electrical installation 626,000.00
Water, sewer, and gas installations 230,688.00
Steam distribution system 85,562.48
Maintenance, assembly, and disassembly area 3,803,657.27
Operations and shop area 1,882,261.84
Office area 440,028.49
Control area . 473,073.79
Security and monitoring area 58,000.00
Concrete housing and shield for test chamber 4,570,580.91
2yaluminum cold wall test chamber — fabrication 4,649,933.80
YAluminum cold wall test chamber — cryogenic piping 641,324.67
/Aluminum cold wall test chamber — cleaning, leak
checking, insulation 398,085.02
/Cryogenic and other cooling systems 2,385,292.53
YPumping systems 1,659,607.90
Instrumentation and controls 1,224,302.02
Water treatment system 153,668.58
Safety and radioactivity monitoring equipment -0-
Cranes 175,514.75
Special foundations for equipment 100,000.00
Decontamination equipment 50,000.00
Mechanized entry doors 2,562,871.47
Slavemasters and manipulators 1,091.86
'Special tools for shop in hot area 7,554.89
Design and engineering 2,250,468.14

TOTAL ~$ 28,845,085.00

2/Indicates those items uniquely related to the vacuum system.
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9. POWER CONVERSION SYSTEM

R. L. Reid

9.1 INTRODUCTION

The thermal power liberated during the
burn portion of the representative reactor unit
is 2260 MW(t): 1422 MW(t) from thermalization
of the 14.1-MeV neutrons, 353 MW(t) from 3.5-
MeV alpha particles, and 485 MW(t) from exo-
The burn is
estimated to be 95% of the operating cycle

thermic reactions in the blanket.

(20-min burn, 1 min off), which results in an
equivalent steady-state power of 2150 MW(t),
all of which is assumed to be available to the
power conversion system.

Heat is transferred from the blanket of
the reactor to a steam power cycle by way of
an intermediate heat transport loop. The
primary purpose of this loop is to prevent
pressurizing the low pressure blanket by high
pressure steam should there be a tube leak in
the steam generator. The coolant for both the
intermediate heat transport loop and the
blanket is a molten salt composed of sodium
and potassium nitrates.

The initially selected blanket coolant in-
let and exit temperatures were 500%F and
900°F; these -values were primarily set by the
freezing and decomposition temperatures of
the salt. The temperature differences across
the primary loop to the intermediate loop heat
exchanger were set at 50%F on the hot side aml
18°F on the cold side.
the molten salt entering and exiting the steam

The temperatures of

generator in the intermediate loop were there-
fore 850°F and 482°F, respectively.

9.2 HEAT BALANCE

A heat balance was determined for the
steam cycle for 2150 MW(t) delivered to the
steam generator by molten salt at 850°F inlet
and 482°F exit temperatures. The steam tur-
bine selected is an 1800-rpm tandem compound,
two-flow high pressure section, four-flow Tow
pressure section, with five stages of feed-
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water heating configuration. Four moisture
removal sections are used in the low pres-
sure turbine which drains to the feedwater
heaters.

The saturation temperature of the steam
generator was set at 540°F, which corresponds
This is the

current region of operation for steam generators

to a boiler pressure of 963 psia.
for nuclear applications. Two hundred degrees
of superheat were assumed, which results in a
steam exit temperature of 740°F. The steam
generator inlet feedwater temperature was set

at 377°F in order to maintain a minimum tempera-
ture difference of 10°F at the "pinch point"
within the steam generator, i.e., at the boiler
inlet section. Figure 9.1 shows the tempera-
tures of the water and molten salt within the
steam generator.

A condenser pressure of 2.5 in. of mercury
in conjunction with a mechanical draft cooling
tower was selected. This corresponds to a con-
denser saturation temperature of 108.7°F. Cool-
ing tower water flow was determined based on a
range of 20°F, a wet bulb temperature of 70°F,
and an approach to the wet bulb of 10°F.

A heat balance for this cycle, generated by
the ORCENT computer code, shows a net thermal
efficiency of approximately 35%. A heat balance
diagram (Fig. 9.2) shows the temperatures, pres-
sures, flow rates, and extraction arrangement
for this cycle. An overall energy schematic for
the power conversion system (primary loop, in-
termediate loop, and secondary loop) is shown in
Fig. 9.3. The steam cycle design parameters are
presented in Table 9.1.

The heat balance presented is representa-
tive but not necessarily optimum. Trade studies
to evaluate the effect of coolant temperatures
on blanket design and plant efficiency should
be performed. Also variations to the steam
cycle — such as including steam reheaters be-
tween the high pressure and low pressure

turbines — should be evaluated.
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Fig. 9.1. Steam generator coolant temperatures.

9.3 ENERGY STORAGE SYSTEM

The operating cycle for the representa-
tive reactor unit utilizes a 20-min burn
followed by a 1-min downtime to pump out and
recharge the torus and charge the ohmic heat-
ing transformer. This cyclic or pulsed mode
of operation presents two problems: the first
“involves the steam turbine, for which the
steam inlet temperature and pressure must be
maintained constant during the entire cycle;
the second concerns minimizing thermal cycling
in the blanket cooling system and structure.
Supplying constant steam conditions to the
turbine throttle is imperative. Blanket life
will be increased if thermal cycling is
minimal; however, minimizing thermal cycling
is not absolutely essential to the operation
of the plant.

To provide constant power to the steam
turbine for this intermittent plasma operation,

a coolant storage system is proposed. The prin-
¢iple employed is storage of the coolant in the
intermediale Tuup al a hiyh Lemperalure durlng
the burn. This hot coolant (molten salt) is
then introduced into the circuit in a controlled
An
equal volume of the stored hot salt is stored in

a tank after itvhas passed through the steam

manner during the off part of the cycle.

generalur. The cuulanl punp In the Intermediate
loop runs at a constant speed so that the steam
generator 15 supplied with a constant heat in-
put, which 1< 98% of the thormal power being
produced. The oreration is schematically de-
picted in Fig. 9.4 and is described as follows.
One of three identical coolant loops for
the blanket is shown in the figure. The coolant
flow rate is .about 2700 ft3 per minute, and each
nf the two storage tanks will hold a little over
2700 ft3. The cold storage tank is full of cold
salt when the plasma burn is initiated. When the

salt temperature from the intermediate heat
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Overall energy schematic for the power conversion system.
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Table 9.1. Representative reactor steam cycle design

parameters

Steam generator
Thermal power-

Molten salt inlet temperature
Molten salt exit temperature
Molten salt flow rate
Feedwater inlet temperature
Steam exit temperature

Boiler pressure

Feedwater heaters

Number of heater stages
Inlet temperature to heaters
Exit temperature from heaters

Condenser
Flow rate
Pressure
Temperature

High pressure turbine (2-flow)
Inlet temperature
Inlet pressure

Inlet enthalpy
Flow rate

Low pressurc turbinc (4-flow)

Inlet temperature
linlét pressure
Inlet enthalpy
Flow rate

Feedpump_turbine
Inlet pressure
EXit pressure
Inlet enthalpy
Flow rate

Power output

Cooling tower (mechanical draft)

Nesign wet hulb temperature
Approach to wet bulb

Range

Flow rate

Overall
Generator output
Net thermal efficiency

2150 MW
850°F
482°F

~62 x 106 1bs/hr
377°F
740°F
963 psia

5
112.9Y%F
375°F

7.3 x 108 1bs/hr
1.23 psia
108.7%F

740°%F
963 psia
1353.9 Btu/1b
7.3 x 105 1bs/hr

410°F
200 psia
1216.4 Btu/1b
6.8 x 108 1bs/hr

197.9 psia
1 5 psia
1216.4 Btu/1b
111,400 1bs/hr
8.4 MW

70%F
10°F
20°F
239 x 106 1bs/hr

750 Mu(e)
w35%
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exchanger, ic‘ reaches operating temperature,
valves V; and V, (the valves into and out of
the hot and cold storage tank, respectively)
are opened proportionally to permit 5% of the
flow through the intermediate heat exchanger
to flow out of the cold storage tank and into
the hot storage tank. The flow out of the hot
storage tank through the exit valve V, and

into the cold storage tank through inlet valve

V3 is regulated by the temperature of the salt
going into the steam generator, Ts’ to hold
this temperature constant at the design value.
While the coolant pump in the intermedi-
ate loop, P,, runs at constant speed, the
pump in the primary loop, Py, is capable of
running at variable speed in order to reduce
the coolant flow through the blanket when the
plasma is off. The speed of pump Py is con-
trolled by the temperature drop across the
blanket to hold this aT as nearly constant as

<
- -

1 <
— -

J2
INTERMEDIATE LOOP

SECONDARY LOOP

Energy storage system schematic.

possible and minimize the thermal cycling of the

blanket.

9.4 CONCLUSIONS

1.

For the temperature range of the molten
salt reactor coolant (inlet temperature
~500°F, exit temperature ~900°F), a

net thermal efficiency in the range of
35% ran he achieved.

The heat balance for the power conver-
sion system is representative but was
not optimized.

An energy storage system, consisting
primarily of tanks to store hot molten
salt coolant during the burn and to
release the hot salt during the down-
time of the tokamak cycle, appears
feasible as a means of providing
constant heat input to the steam
generator.
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APPENDIX

DESCRIPTION OF THE ECONOMICS MODEL

R. L. Reid
A.1 INPUT PARAMETERS A.2 PLASMA SIZE SCALING MODEL
The input parameters employed in the eco- The following equations are employed in the
nomics model are given in Table A.1. Geometri- plasma parameter scaling model. The equations
cal relationships are shown in Fig. A.1. for plasma radius and field on axis are based on

trapped ion mode scaling and are normalized to

Table A.1. Parameters required the TNS plasma parameters.] Also, the plasma

for economics model temperature is held constant at.the TNS value.

|/1.0 + o2
Parameter . Symbol S (plasma shape factor) = ————7——2
. 2
Neutron wall Toading, MW/m L 04 06
a (plasma radius, m) = 29.06 87-* o
Average plasma beta 8 L0.6 ASl.4 Z0.%
; ' . 0.4 ¢0.6 p0.2570.1
Aspect ratio, R /a A By (field on axis, T) = 0.524 L S A Z

0.6 GO, b
Distance from plasma edge to P

TF coil, m _ A
Space between plasma edge and R, (major radius, m) = aA
first wall, m A

S0
P (thermonuclear power, MW) = 4n232ASL<}%4%>
Blanket thickness, m . AB .
_ pf22.4
Space between blanket and Po (thermal power, M) = P<I7.6>
shield, m AA .
b (plasma height, m) = ac
Shield thickness, m Ag P
Space between shield and TF
coil along the major radius, m O 1. TNS Engineering Progress Report fon the
. Month of August 1976, WFPS-TN-025, Westing-
Plasma elongation, b/a 0p house Electric Corp., Fusion Power Systems
. . a Division, Pittsburgh, Pennsylvania (Septem-
TF coil elongation OTf
ber 1976).
Vertical distance from plasma a .
edge to TF coil, m AV
A.3 COMPONENT COST SCALING MODEL
Effective Z of plasma A

The following equations are employed in the
cost scaling model. Refer to Fig. A.1 for

geometrical relationships.
aInput either o1 O Av.
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Fig. A.1 Simplified tokamak geometry.
Blanket Cost ag (shield radius, m) = ap + A5 + Ay

"Cost scales as the blanket volume.

bS (shield vertical radius, m) = b, + A, + A

. _ ’ B B
ag (blanket radius, m) = a + Beo

A

VS (shield volume, m3) = RoaSAS x
bB (blanket vertical radius, m) = b + Aso

by Ag
. 1.0 + = + = (19.74)
VB (blanket volume, m3) = RoaBAB x s s
b A C. (shield cost, $) = 51,050 (V_)
1.0+ 8+ 81 (19.74) s s
ag 3
Toroidal Field Coil Cost
Cg (blanket cost, $) = 63,100 (VB)
Cost scales as the stored energy to the 0.8
Shield Cost . power. The TF coil elongation, Orps 1s used as

the 1nput value or is calciilated as
Cost scales as the shield volume.

-



b + 8,
TE "3 ¥R ° if AV 1S input.

a+ A

_y - 2
.0 1.0 (Rc/Ro)

Rc (coil radius, m)

n
—

X (geometry factor)

E (stored energy, MJ) = 15.7 B% Rg Orc X

TF
CTF (cost of TF coils, $) = 43,000 £0-8

Po]oida]_Fie]d Coil Cost

Cost scales as coil volume which is
approximated as the major radius, Ro’ times
the plasma current, I, assuming a constant
current density in the coil conductor.

ab; <1 + ol
“T—?—E

c B;S

E (unit cost PF, $/MH) = 77,850

I (plasma current, A)

- Cpr
Cop (cost of PF coils) = - %P

Poloidal Field Driving System (PFDS) Cost

Cost scales as plasma voit seconds, LI.

L (plasma inductance, henries ) ~ R, (In 8 x A

-1.75)

Corps

——5——-(unit cost PFDS, $/MW) =
90,800 BTS
—x—— (In 8 x A - 1./5)

| c
Cppps (cost of PFDS, §) = —Eggi x P

Vacuum System Cost

Cost scales as the surface area of the
torus.

C
pl (unit cost of vacuum system, $/MW)

_ 58,400
58,400

(g}

Cv (cost of vacuum system, $) = ﬁl x P
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Tritium Handling System Cost

Cost scales as the surface area of the
torus. A ’
CT ‘
ﬁ—-(unit cost of tritium handling system, $/MW)

_ 76,800
76,800

CT (cost of tritium handling system, $)

c
=P_Txp

Neutral Beam System Cost

Cost scales as the thermonuclear power of
the plasma.

C (cost of beams) = 87 x P-x 1000

beam

Turbine System Cost

Cost scales as the thermal power to the 0.8
power.

Ciyr (cost of turbine system, $)

p° -0,20
= 33 <§?§§> x P0 x 1000

Conventjonal Electrical System Cost

Cost scales as the thermal power, to the 0.6
power.

Cer (cost of conventional electrical systeri, $)

Py 00
f 1" 3785 x Po x 1000

Heat Transport System Cost

Cost scales at the thermal power.
Cut (cost of heat transport system, $)

= 45 x P, x 1000

1&C Cost

Cost is held constanf.
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CI&C (cost of 1&C, $) = 12,000,000 (fusion
related) + 13,000,000 (PWR related)
= 25,000,000

Auxiliary and Maintenance Cost

Cost is held constant.
CA&M (cost of auxiliary and maintenance, $)
= 30,000,000 (fusion related) + 24,000,000

(PWR related) = 54,000,000

Building Cost

Cost of the vacuum containment building

is held constant. The other buildings scale

as the thermal power to the 0.8 power.
Cb]d (cost of buildings, $) = 70,000,000 +

p0 0.8
30,000,000 Cﬁﬁﬁg

Reactor Cost
Cr (cost of reactor, §) = Cg+ Co + Cqp + Cpp
+ Cv +0.33C

beams

Electrical Plant Cost

Cep (total capital cost, $) = CPFDS + 0.67 cbeams

+ CCE

Total Plant Cost

ctota] (total capital cost, §) = CR + CEP +C

T

*Cour * Cur * Oprd * Crac * Casm
Unit Cost
Ctotal
UC [unit cost, $/kW(t)] = 15557p
o

A.4 DUTY FACTOR MODEL

The following equations are employed in
the duty factor model. Refer to Fig. A.1 for
geometrical relationships.

Assumptions
(1) The plasma safety factor, q, is con-

stant and equal to the TNS value.

The plasma temperature is constant and

equal to the TNS value.

(2)

(3)

is 18 x 10% A/m? (1800 A/cmd) .

A, (TF coil winding cross-sectional area, m2)

6
) 5 %10 BTR0
J

t, (radial thickness of winding, m)

- (R, -RJ - l/}no - R ) -(Aw/n) 1.27

stress (hoop stress in TF coil, psi)

Ro * Rc
= 0,25 B.RJ In| 5=——=—]1.45 x 10°*
To RO - Rc‘

tC {radial thickness of case, m)

=ty (%ﬁ%%%%)

tTF (radial thickness of TF coil, m) = tw + tC
ROH (radius of OH coil, m) = R0 - Rc - trp

RB (radius of bore, m) = ROH -0.31

A¢ (flux swing capability of OH coil, V-sec)

(R2

- 0.31Ry,
77

= 60

I (plasma current, A) 2
a BT 1+g¢
6{T.5 I%

=2.75 x 10 TA/5.0)

Lp (plasma inductance, henries)

= 1.05 x 10-© Ro[1n (8R) - 1.75]
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R (plasma resistance, ) Ty
2.0 D (duty factor) = 70
- : -8 a 6 l B
= (].6 x 10 ) T8 R %
: (0
PA {average thermal power, MW) = Po D
, 86 - 0.25 LT 4 ‘ Ctotzﬂ

Ty (burn time, min) = ——'T{T—p_ & UCA [average unit cost, $/kW(t)] = m
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